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Abstract

Purpose: The current study aims to evaluate the in vitro cytotoxic and cell migration effects of
synthetic curcumin and its analogues on HER2 and nuclear factor kappa B (NFkB) pathways, as
well as the in vivo inhibitory effect on cancer growth of metastatic breast cancer.

Methods: Cell viability, protein expression, and protein localization were determined in vitro
using MTT assay, western blotting, and immunofluorescence, respectively. Meanwhile, scratch
wound healing assay and gelatin zymography were conducted to investigate the metastasis
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e Curcumin analogues Results: Curcumin, PGV-0, and PGV-1 exhibited cytotoxic effect against HER2-overexpressing
e HER2 breast cancer cells. Although PGV-1 showed the best activity in the single cytotoxic assay,
* Metastasis curcumin showed the strongest synergism with doxorubicin. Curcumin and PGV-0 inhibited
¢ NFxB membrane localization of HER2. In contrast, PGV-1 neither inhibited localization nor decreased
L]

Triple-negative breast cancer the expression of HER2, nonetheless showed the most potent inhibition against nuclear

localization of p65 indicating the different mechanisms of curcumin, PGV-0, and PGV-1.
Regarding cancer metastasis, curcumin and PGV-1 showed inhibitory activities against cell
migration and inhibited MMP-2 and MMP-9 protein expression. Lastly, PGV-1 was more potent
compared to curcumin to suppress the tumor formation of metastatic breast cancer xenograft
model in nude mice.

Conclusion: Overall, our study strengthens the potency of curcumin analogue, PGV-1, for
treating several types of cancer, including metastatic breast cancer.

Introduction

Curcumin ((1E,6E)-1-(4-hydroxy-3-methoxyphenyl)-7-
(3-methoxy-4-methylphenyl) hepta-1,6-diene-3,5-dione)
(Figure 1A), a symmetric molecule isolated from turmeric
(Curcuma longa), exerts potent chemopreventive activities
via numerous mechanisms including interfering cell cycle

(PGV-0) ((2E,5E)-2-[(4-hydroxy-3-methoxyphenyl)
methylidene]-5-[(3-methoxy-4-methylphenyl)
methylidene] cyclopentane-1-one) (Figure 1B) and
Pentagamavunon-1 (PGV-1) ((2E,5E)-2-[(4-hydroxy-
3,5-dimethylphenyl)  methylidene]  -5-[(3-methoxy-
4,5-dimethylphenyl)  methylidene]cyclopentan-1-one)

signaling pathway, inhibiting cancer metastasis, and
modulating redox homeostasis in cancer cells.'* Despite
its superior potency, curcumin has not been available
for clinical cancer therapy due to its chemical instability
and poor bioavailability.” Namely Pentagamavunon-0

(Figure 1C), the curcumin analogues were synthesized
by the Faculty of Pharmacy Universitas Gadjah Mada,
differ from curcumin in their chemical core in order to
improve the physicochemical properties of curcumin.®
Both PGV-0 and PGV-1 have been demonstrated to
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Figure 1. The structures of curcumin and its analogues. A.
Curcumin, B. PGV-0, C. PGV-1

exhibit better cytotoxic and anti-inflammatory activities
compared to curcumin.”® Our previous study showed
that PGV-0 and PGV-1 possess cytotoxic activities and
augment the sensitivity of resistant breast cancer cells
to doxorubicin.’ In this concern, we also analyzed the
hypothetical interaction between PGV-0 or PGV-1 and
HER?2 receptor under molecular docking, showing that
those compounds bind to HER-2 receptor at ATP binding
site. In addition, PGV-0 and PGV-1 also strengthen the
cytotoxicity of 5-fluorouracil in colon cancer cells.!*! In
general, PGV-1 performed most potent to inhibit cancer
cell growth. Recently, PGV-1 showed a strong inhibitory
effect against 4T1 cells, a triple-negative breast cancer
(TNBC) cell model, under in vitro experiment through
ROS generation."”” These studies warrant the potency of
PGV-0 and PGV-1 to be further investigated as anticancer
drugs, especially to the specific types of breast cancers,
namely HER2 positive and TNBC.

HER?2 positivity (HER2*), a subtype of breast cancer
characterized by either HER2 protein overexpression or
gene amplification, is found in approximately 15%-30% of
breast cancers and contributes with low survival and poor
clinical outcome in breast cancer patient.”® This reduced
survival is closely related to aggressive proliferation of
HER2-overexpressing cells'*; as well as the occurrence
of breast cancer metastasis as HER2 overexpression
increases the invasive potential of cancer cells. HER2
activates multiple signaling axes, especially in MAPK
signaling system and STAT3; leading to rapid tumor
proliferation and cancer metastasis.'”” HER2 also promotes
epithelial-mesenchymal transition (EMT) by upregulating
TGFB/SNAIL-ZEB1, activates a Wnt-dependent EMT-like
dissemination program, and downregulates E-cadherin
expression.’®’” Interestingly, the increase of HER2
expression could be observed in metastatic cancer cells
even though the primary tumor is HER2 negative.'>'®

In addition, HER2 signaling shows crosstalk with
nuclear factor kappa B (NFkB) pathway. HER2 activates
NF«kB pathway primarily through IkB kinase-a (IKKa),
differing from the ordinary activation of NFkB that is
primarily through IKKP." Reciprocally, NFkB regulates
the expression of HER2 through its binding to the
promoter of the HER2 gene.***! As a powerful transcription
factor, NFkB also activates the expression of myriads
genes involving in proliferation, invasion, metastasis, and
EMT.?? Further, constitutive activation of NFkB in HER2*
cells causes resistance to anti-HER2 drugs.” Accordingly,

HER2 and NF«B signaling are promising pathways to
target the aggressive proliferation and metastasis of breast
cancer.

In this study, we utilized HER2-overexpressing breast
cancer cells, MCF7/HER2-5, as a model to evaluate
the activities of synthetic curcumin analogues, PGV-0
and PGV-1, in HER2 and NFkB signaling pathways. In
addition, we also employed 4T1 cells for in vivo tumor
implanted model representing the TNBC tumor model.
The result of this study is expected to provide more
comprehensive evidence of PGV-0 and PGV-1 to be
developed as HER2* or HER2-breast cancer therapy and
for more comprehension of TNBC.

Materials and Methods

Chemicals and cell lines

Curcumin, PGV-0, and PGV-1 were synthesized by
Curcumin Research Center (CRC), Faculty of Pharmacy;,
Universitas Gadjah Mada. All cell lines were the collection
of Nara Institute of Science and Technology (NAIST),
Japan. Mammary carcinoma cells, MCF-7/HER2-
5 and MCF-7/mock cells were kindly given by Prof.
Yoshio Inouye (Department of Surgery, Toho University
School of Medicine). HEK293T cells and 4T1 cells were
obtained from Prof. Masashi Kawaichi (NAIST). All
cells were maintained in Dulbecco’s modified Eagle
medium (DMEM) medium at 37°C supplemented with
10% FBS (Sigma), HEPES (Sigma), sodium bicarbonate
(Sigma), 150 TU/mL penicillin (Gibco), and 150 pug/mL
streptomycin (Gibco), and 1.25 ug/mL fungizone (Gibco).

Cytotoxic assay

MCE-7/HER2-5, MCF-7/mock, and HEK293T cells were
plated in 96-well plates at a density of 1 x 10* cells per
well and allowed to grow for 24 h. The cells were then
treated with a series concentration of curcumin, PGV-
0, and PGV-1 for 24 h. After treatment, 5 mg/mL of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, Sigma) in PBS was diluted in DMEM
(1:9), 100 pL of the reagent was added to each well, and
incubated for 3 h at 37 °C. The reaction of MTT formazan
was stopped by 10% sodium dodecyl sulfate (SDS) in
0.01 N HCI followed by incubation overnight at room
temperature. To absorbance at A 595 nm was measured
using an ELISA microplate reader.

Immunofluorescence

MCE-7/HER2-5 cells were seeded in glass coverslips
inside the 6-cm dish and cultured to 80% confluence. The
cells were then treated with compounds, either alone or
in combination with doxorubicin, and incubated for 24
h. After 24 h, the cells were fixed using 70% ethanol and
incubated for 15 min at room temperature. After rinsing
with PBS, the cells were incubated with the 1% BSA as
blocking serum for 30 min at room temperature. Then,
the cells were incubated with a primary antibody [mouse
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anti-p65 (Santa Cruz) or mouse anti-HER2 (Santa Cruz)]
overnight at 4°C followed by secondary antibody (Santa
Cruz) for 1 h. Then, DAPI staining was used to label
nuclei for 10 min at room temperature in the dark. The
cells were again rinsed with PBS and placed on sliding
glass. The slides were analyzed and photographed using a
fluorescence microscope.

Western blotting

MCEF-7/HER2-5 cells (2 x 10° cells/mL) were grown to
confluence and treated with PGV-1 or curcumin at the
indicated concentration for 24 h. After treating with the
compounds, the cells were washed with cold PBS. The
cells were then lysed in lysis buffer containing 50 mM
Tris-HCI (pH 8.0), 150 mM sodium chloride (NaCl), 0.1%
SDS, 1.0% NP-40 mM, 100x protease inhibitor cocktail,
and 100 mM phenylmethylsulfonyl fluoride in propanol
and incubated for 10 min at 4°C. Cells were scraped using
a scrapper on the ice and added to a microtube. The cell
suspension was sonicated for 10 s and centrifuged at
15000 rpm for 20 min at 4°C. The supernatant (cell lysate)
was used as the protein sample for western blotting. The
protein samples were denatured in 5x SDS-PAGE sample
buffer and subjected to 10% SDS-polyacrylamide gel
electrophoresis. The separated proteins were transferred
onto a PVDF membrane, followed by blocking with 5%
skim milk powder (w/v) in TBS (20 mM Tris and 133 mM
NaCl, 1 N HCI) containing 20% Tween 20 for 1 h at room
temperature. The membrane was probed for the protein
expression levels using a specific primary antibody of
mouse anti-HER2 (Santa Cruz) overnight at 4°C. Equal
protein loading was examined by tubulin detection using
a mouse anti-tubulin-specific antibody (Santa Cruz).
After washing with 1x TBS-T, the membrane was probed
with an HRP-conjugated appropriate secondary antibody
for 1 h at room temperature and visualized by ECL PRIME
or the ECL detection system.

Gelatin zymography

MCE-7/HER2-5 cells (2 x10°) on 6 well plate was
incubated for 24 h in CO, incubator then treated with
curcumin or PGV-1 for 24 h. The media were collected
and subjected to gel electrophoresis (SDS-PAGE) using 10
% gel containing 0.1% gelatin running at 100 volts, 50 A
for 2 h. The gel was renatured with renaturing solution
containing 2.5% Triton X-100 for 30 min and incubated
with incubation buffer for 20 h. The gel was then stained
with 0.5% Coomassie Brilliant Blue and incubated for 30
min. After 30 min, the gel was de-stained by a destaining
solution. The gel is scanned and documented. Band
intensities were measured using Image]J software.

Scratch wound healing assay

MCF-7/HER2-5 cells (8 x10%) were seeded into each
well of 24 well plates and incubated for 24 h. Cells were
then starved by changing the medium into serum-free

medium for 18 h. Cells then were scratched with a yellow
tip and treated with curcumin, PGV-1, doxorubicin, or
the combination treatment. Following the treatment, cells
were documented at 0, 24, 48 h. Quantification of the area
of wound closures were calculated using Image] software.

In vivo experiment

Nude mice bearing metastatic breast cancer cells were
generated by subcutaneously (s.c.) implantation of 4T1
cells (5 x 10* cells in 0.2 mL medium) into the four flanks
of 6-week-old nude mice on day 0. Starting from the same
day, treatments were given with curcumin and PGV-
1 (25 mg/kg BW) in corn oil via intra-peritoneal (i.p)
administration every 2 days for 12 days. The untreated
mice received corn oil as a vehicle. Tumor sizes were
measured during this period.

Data Analysis

The data analysis were conducted according to the
previously reported.”” All statistical analyses were
performed using ANOVA in SPSS 16 software with P
value of 0.05 as considered to be significantly different.

Results

Cytotoxic activity of curcumin analogues against MCF-
7/HER2-5, MCF-7/mock, and HEK293T cells

A single treatment of curcumin, PGV-0, and PGV-1 on
MCEF-7/HER2-5 and MCF-7/mock showed cytotoxic
effects (Figure 2A and 2B) with IC, values as shown in
Table 1. The IC_; of curcumin, PGV-0, and PGV-1 were
52, 32, 14 uM on MCF-7/HER2-5 and 38, 18, 5 uM on
MCEF-7/mock, respectively. The compounds resulted in
higher IC, values on MCF-7/HER2-5 cells, indicating that
the transfection of HER2 genes altered the cell response
to the compounds. Among the other compounds, PGV-
1 exhibited the strongest cytotoxicity on both mammary
carcinoma cells.

Selectivity is an important property of desired
chemotherapeutic agents, in which a compound should
exhibit higher potency against cancer cells compared to
normal cells. Mathematically, selectivity is a ratio that
measures the window of cytotoxicity in normal cells,
with selectivity index (SI) >3 represents good selectivity
of a compound.** Hence, we also checked the cytotoxic
activity of compounds on HEK293T cells (kidney cells
that represented normal cell model) and calculate their
SI. As shown in Figure 2C and Table 2, only PGV-1

Table 1. IC, value of curcumin analogues on MCF-7/HER2-5 and MCF-7/
mock cells

IC,,
Compound
MCF-7/HER2-5 MCF-7/mock HEK293T
Curcumin 52 pM 38 uM 40 pM
PGV-0 32 uM 18 pM 30 pM
PGV-1 14 pM 5 pM 78 uM
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Figure 2. Cytotoxic effects of curcumin analogues on MCF-7/HER2-
5 cells, MCF-7/mock cells, and HEK293T cells. MCF-7/HER2-5,
MCEF-7/mock, and HEK293 cells (1 x 10* cells/well) were seeded in
a 96-well plate, incubated for 24 h, and then treated with curcumin,
PGV-0, or PGV-1. Cell viability was determined using MTT
assay as described in the methods. A graph was plotted between
concentration and cell viability of curcumin analogues on A. MCF-
7/HER2-5 cells, B. MCF-7/mock cells, and C. HEK293T cells. The
cytotoxicity of curcumin analogues was expressed by percent cell
viability and is shown as the mean + SE of three experiments.
The IC50 values were obtained from the calculation of the linear
regression of concentration vs % cell viability with P<0.05.

exhibited SI > 3 in both MCF-7/HER2-5 and MCEF-7/
mock cells, suggesting its good selectivity and potency to
be considered as a chemotherapeutic agent.

Cytotoxic effect of the combination of curcumin analogues
with doxorubicin on MCF-7/HER2-5 cells

Here, we used doxorubicin that known to be the standard
chemotherapy for breast cancer as a threat against
several adverse effects and raising resistance. Therefore,
the application of combinatorial therapy is desirable to
increase the effectivity of doxorubicin. A combinatorial
cytotoxic assay was conducted by combining the
curcumin analogues and doxorubicin on MCF-7/HER2-5
cells with serial concentrations of 1/20, 1/8, 1/4, and 1/2
of the IC_| values of both compounds. The combination
index (CI) value was calculated to evaluate the synergistic
effect of the combination. A synergistic effect is indicated
by a CI value <0.9. The result showed that the three
compounds enhanced the cytotoxicity of doxorubicin
(Figure 3). In addition, the combination of curcumin
and doxorubicin showed the lowest cell viability among
the other combinations, suggesting that curcumin and
doxorubicin was the best combination. Furthermore, the
CI value confirmed that the combination of curcumin
and doxorubicin at all doses was synergistic and resulted
in the lowest CI value among all combinations (Tables 3,
4, and 5). This finding suggests that curcumin was the best
combination with doxorubicin.

Effect of curcumin analogues on the expression and
localization of HER2

To confirm whether the cytotoxic activity of curcumin
analogues was related to HER2 overexpression of MCF-
7/HER2-5 cells, the expression of HER2 was observed
by western blotting (Figure 4). MCF-7/HER2-5 cells
exhibited a higher expression of HER2 compared to the
mock cells. Although the cytotoxic effect of PGV-1 was
more potent than those of curcumin and PGV-0, PGV-
1 did not decrease the expression of HER2. Furthermore,
curcumin decreased the levels of 185-kDa HER2 and
exhibited two additional bands, which are interesting for
further investigation.

Immunofluorescence staining revealed that curcumin, as
well as PGV-0 inhibited HER2 localization to the plasma
membrane (Figure 5). On the other hand, PGV-1 and
its combination with doxorubicin had no effect on the
localization of HER2 protein on MCF-7/HER2-5 cells.
These findings revealed the different mechanisms of
PGV-1 effects than those of curcumin and PGV-0.

Table 2. Selectivity index (SI) of curcumin analogues

SI
Cell type
Curcumin PGV-0 PGV-1
MCF7/mock 1.05 1.67 15.60
MCF7/HER2-5 0.77 0.94 5.57

Table 3. CI value of combinational cytotoxic assay of curcumin and
doxorubicin

Doxorubicin (pM)

Curcumin(pM)

0.2 0.3 0.5
4 0.11 0.16 0.16 0.35
5 0.14 0.18 0.17 0.34
8 0.16 0.17 0.19 0.30
16 0.45 0.23 0.27 0.31

Table 4. Cl value of combinational cytotoxic assay of PGV-0 and doxorubicin

Doxorubicin (pM)

PGV-0 (uM)

0.06 0.1 0.3 0.5
4 0.23 0.21 0.21 0.25
5 0.23 0.25 0.28 0.27
8 0.23 0.32 0.44 0.31
16 0.35 0.48 0.54 0.38

Table 5. Cl value of combinational cytotoxic assay of PGV-1 and doxorubicin

Doxorubicin (uM)

PGV-1 (M)

0.06 0.1 0.3 0.5
0.9 0.60 0.74 1.04 0.94
2 1.47 0.87 1.03 0.88
3.5 2.80 0.43 0.74 1.41
7 3.94 0.51 0.80 0.52
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Figure 3. Combinational cytotoxic activity of curcumin and its
analogues against MCF-7/HER2-5 cells. MCF-7/HER2-5 cells (1 x
10* cells/well) were seeded in a 96-well plate, incubated for 24
h, and then treated with a combination of doxorubicin with A.
Curcumin, B. PGV-0, and C. PGV-1. Cell viability was determined
using MTT assay as described in the methods. The graph is plotted
using the mean values from three replications.
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Figure 4. The effect of curcumin and its analogues on HER2
expression in MCF-7/HER2-5 cells analyzed by western blotting.
Cells were treated with /2 IC50 value of each of the single compound
and its combination with doxorubicin for 24 h and then analyzed
using western blotting as described in the methods.

Effect of curcumin analogues on p65 localization

The NF«B pathway has been reported to be downstream
of HER2 and regulates numerous cellular functions,
including those involved in tumorigenesis.'” Therefore,
we examined the effect of curcumin analogues on the
activation of p65, an active subunit of NFxB, as shown in
Figure 6. We found the more localized p65 in the nucleus
in doxorubicin treatment, indicating the activation of
p65 occurred. Curcumin and its analogues decreased the
nucleus expression of p65 and PGV-1 showed the lowest
nucleus localization of this protein. This was an interesting
finding, considering that PGV-1 did not decrease the

expression or the localization of HER2. Thus, the effect of
PGV-1 on the localization of p65 was not related to HER2
expression, but maybe due to the inhibition of HER2
activation as reported previously.’ In this regard, PGV-1
showed a unique effect compared to curcumin and PGV-0
and needs for further investigation.

Effect of curcumin and PGV-1 on cancer metastasis

Cancer metastasis involves multistep processes, including
cancer cell invasion to surrounding tissue and cell
migration.”” Matrix metalloproteinase proteins (MMPs),
especially MMP-2 and MMP-9, are key proteins in
invasion as these proteins degrade components of
extracellular matrix, allowing the cancer cells to invade
their surrounding tissues.” Hence, we checked the effect

Curcumin +
Curcumin Doxorubicin

C D

PGV-0 + PGV-1 +
PGV-0 Doxorubicin PGV-1 Doxorubicin

R
X
E F G H

Figure 5. The effect of curcumin and its analogues on HER2
expression in MCF-7/HER2 cells. Cells were treated with 2 IC50
value of each of the single compound and its combination with
doxorubicin for 16 h and then analyzed by immunofluorescence.
A. Untreated cells with antibody HER2; cells treated with B.
Doxorubicin, C. Curcumin, D. Curcumin+Doxorubicin, E. PGV-
0, F. PGV-0+doxorubicin, G. PGV-1, and H. PGV-1+doxorubicin.
Arrows indicate the localization of HER2
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Figure 6. Effect of curcumin and its analogues on p65 localization
in MFC-7/HER2-5 cells. Cells were grown on coverslips and treated
with compounds as indicated with the concentration of /2 IC50 and
then subjected to immunofluorescent staining with p65 antibody
and DAPI as described in the materials and methods. Visualizations
were performed under a fluorescence microscope with 400x
magnification.
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Figure 7. The effect of curcumin and PGV-1 on the secretion of MMP-2 and MMP-9. The MCF-7/HER2 cells (2 x 10° cells/mL) treated with
PGV-1 or curcumin at the indicated concentration for 24h. The band profiles of MMP-2 and MMP-9 expression in (A) curcumin treatment and
(B) PGV-1 treatment. The band intensities were quantified using ImageJ (n=3).
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Figure 8. The effect of curcumin and PGV-1 on cell migration. The MCF-7/HER2 cells (7.5 x 10° cells/mL) were scratched then treated with
PGV-1 or curcumin at indicated concentration alone and in combination with doxorubicin (10 nM). A and B. The morphology of the cells after
scratched and treated with the compounds for 0, 24, and 48 h under an inverted microscope with magnification of 100 x. C.

The percentage of 4T1 cells closure after treatment. The area of closure was measured using Image) (n=3) and % closure was calculated.
Asterisk (*) indicate statistical difference compared to % closure of control (untreated cells) at the same hour of observation (P<0.05).

of PGV-1 and curcumin on the expression of MMP-2 and
MMP-9 using gelatin zymography (Figure 7). We found
that both curcumin and PGV-1 decreased the level of
MMP-2 and MMP-9.

We then checked the effect of compounds on cell
migration using scratch wound healing assay to evaluate
the potential inhibitory effect of PGV-1 in cancer
metastasis (Figure 8). We used doxorubicin at alow dose as
an inducer of cell migration and we found that doxorubicin
did not inhibit cell migration. Meanwhile, curcumin only
inhibited cell migration at higher dose (25 uM). On the
other hand, PGV-1 exhibited an inhibitory effect on cell
migration at a dose as low as 1.75 uM. Combination of
curcumin or PGV-1 with doxorubicin showed similar
results with the treatment of each compound alone.
These results suggest that curcumin or PGV-1, but not
doxorubicin, was the key inhibitor of cell migration and
PGV-1 still performed a superior effect.

Effect of curcumin and PGV-1 on tumor progression in
vivo

Since we did not find significant differences of the PGV-1
treatment on HER expression profiles, we then evaluated
the efficacy focusing on PGV-1 against tumor xenograft
using 4T1 cells, a highly tumorigenic HER2- and
metastatic cell line, which are suitable for our purpose in
developing an anti-metastatic agent.” We used curcumin
as the comparison. Previously, we found that PGV-1
exhibited strong in vitro cytotoxic effect to 4T1 cells
with the IC, value of 4 uM and inhibited cell migration
as well as MMP-9 expression in vitro. In this experiment
we succeeded in performing a xenograft mouse model
using 4T1 cells within 8 days. We administered PGV-1,
curcumin, or vehicle (corn oil) every two days for 12 days
and evaluated the tumor progression (Figure 9). Tumor
nodules were measurable, starting on day 8 after tumor
xenograft. Tumor on vehicle-treated mice grew rapidly and
reached tumor volume of ~600mm? only in 4 days after
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Figure 9. The effect of curcumin and PGV-1 on xenograft mouse
model. 4T1 metastatic breast cancer cells (5 x 104 cells) were
transplanted s.c. into the flanks of mice. Mice were then treated
with curcumin or PGV-1 (25 mg/kg BW) in corn oil were
administered to mice (50 mL of 10 mg/mL curcumin for 20 g BW)
via i.p. injection every two days for 12 days and tumor sizes were
recorded during this period. After 12 days, mice were sacrificed
and tumors were taken. A. Tumor sizes (mm) were measured every
2 days. B. Representation of tumor taken at the end of experiment
for each treatment.

tumor nodules appeared (day 12 after tumor injection).
Curcumin slightly inhibits tumor progression, although
not-significant statistically. On the other hand, PGV-1
significantly inhibited tumor progression compared to
vehicle and curcumin treatments indicating that PGV-
1 worked better in inhibiting tumor growth in vivo than
curcumin.

Discussion
This study was conducted to evaluate the tumor growth
inhibitory activities of curcumin and its analogues, PGV-0,
and PGV-1. At first, we conducted a new synthesis method
for PGV-1 to improve the effectivity of the preparation
by employing a high concentration of hydrochloric acid
to accelerate the coupling reaction between electrophilic
C-carbonyl at the benzaldehyde and the nucleophilic
side at the cyclopentanone. This reaction seemed to work
effectively to yield 50% PGV-1. Even though this result as
not much as the previously reported by Sardjiman et al,?®
but still comparable in the optimum yield and much more
efficient with only 1h reaction. Therefore, this reaction
method is recommended for further PGV-1 preparation.
For the anti-cancer evaluation, we used HER2-
overexpressing breast cancer cells, MCF-7/HER2-5 for
in vitro model, and then 4T1 cells for in vivo model. We
found the IC, value of curcumin analogues against MCF-
7/HER2-5 cells was higher than that against MCF-7/

mock cells, suggesting the HER2 expression alters in the
cell sensitivity to curcumin and its analogues. Still, all the
compounds exhibited cytotoxic activity with an IC,  value
<20 pM, indicating the high potential of these compounds
to be developed as chemotherapeutic agents. PGV-1
was found to be the most potent agent among the other
compounds. However, in combination with doxorubicin,
curcumin showed the maximum synergistic effect. The
molecular mechanism of this combination needs to be
elucidated further.

Since HER2 overexpression and NF«kB overactivation
are usually observed in cancer cells, both proteins have
been considered as desirable targets for cancer therapy.
Moreover, HER?2 signaling is related to the NF«B pathway
through PI3K/Akt signaling to activate IKK. Merhkofer
et al" reported that the IKK involved in HER2 signaling
is IKKa, which functions to phosphorylate IkB, resulting
in the degradation of IxB by the proteasome.' Protein
p65 that is released from IkB then translocated to the
nucleus to act as a transcription factor. Protein p65 is a
transcription factor for HER2 expression; hence, there is
a loop-like HER2-NF«xB-HER2 pathway that is a probable
cause for breast cancer resistance to chemotherapeutic
agents.” In the present study, our data revealed that
curcumin inhibited the localization of HER2. This result
is not the first report showing that curcumin acts as a
HER2 and a tyrosine kinase inhibitor. In 1999, a study
conducted by Hong et al. also demonstrated the same
result.** However, the two curcumin analogues exhibited
different activities on the localization of HER2. Based
on their structure, the difference between PGV-0 and
PGV-1 is due to the occurrence of methyl groups on
the benzene ring (Figure 1), which may be responsible
for their different mechanisms of action on cancer cells.
This study revealed that PGV-0 acts like curcumin in
inhibiting the localization of HER2, whereas PGV-1 did
not have any effect on HER2. In addition, this in vitro
assay confirmed our previous finding that PGV-1 exhibits
the lowest interaction with EGFR and HER2 in silico.’
Another interesting finding in this study is that curcumin
resulted in two additional bands with a higher molecular
weight than the 185-kDa HER2. Given that these protein
bands were found only in the curcumin-treated cells, it
is possible that curcumin affects the post-translational
modification of HER2. However, this hypothesis needs
further investigation.

In this study, curcumin and PGV-0 were found to
inhibit the translocation of p65 to the nucleus caused
by doxorubicin, which might be related to their
interaction with HER2. However, PGV-1 also inhibited
the translocation of p65. There are other pathways in
regulating of NFkB in addition to HER2 and PI3K/
Akt, such as mitogen-activated protein kinase 1, NFxB-
inducing kinase, NFxB-activating kinase, mixed-lineage
kinase 3, and TGFp-activated kinase 1! The effect of
PGV-1 on other upstream molecules of NFkB is worth
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to be elucidated further. Another phenomenon found
was that PGV-1 induced chromatin condensation in the
nuclei (Figure 5G). This result is in agreement with our
previous study showing that PGV-1 specifically induces
prometaphase arrest during mitotic phase of cell cycle.*?

Our study, together with other studies, demonstrated
that curcumin and PGV-0 target the tyrosine kinase
receptor and could block growth signaling in breast cancer,
whereas PGV-1 acts directly in the nucleus to abrogate cell
mitosis and decrease the localization of p65. These target
mechanisms of PGV-1 may significantly contribute to its
inhibitory effects of MMPs expression and cells migration
which is important to be developed as anti-metastatic
agent. In addition, PGV-1 was proven to work in vivo
to significantly inhibit the tumor development of 4T1
implanted tumor model but not for curcumin. Since 4T1
cells is a TNBC model which is characterized as metastatic
phenomena and supported with our previously finding,"
this in vivo data demonstrated that PGV-1 is suitable to
treat more general metastatic cancers much better than
curcumin. Overall, this study discovered that curcumin
analogues exhibited a synergistic effect with doxorubicin
on HER2-overexpressing breast cancer cells. Even that
PGV-1 not specifically targets HER2, it still works better
than curcumin to halt tumor development, including in
in vivo study. Taken together with the strong cytotoxic
effect of PGV-1 suggesting that this compound perhaps
possesses some additional targets that differ to curcumin
and PGV-0. In this regard, the cell cycle modulation may
be the most interesting target of PGV-1 that should be
more to pay attention.

Conclusion

In conclusion, we showed curcumin and its analogues,
PGV-0 and PGV-1 exhibit synergist cytotoxic effect with
doxorubicin in HER2-overexpressed breast cancer cells.
Curcumin and PGV-0 act at the upstream level of signaling
cascade by inhibiting the localization of HER2 tyrosine
kinase receptor, while PGV-1 acts at the downstream level
by inhibiting nuclear translocation of NF«B subunit, p65.
Moreover, PGV-1 show superior potency to inhibit cancer
metastasis than curcumin. In in vivo experiment, PGV-
1 exhibits more potent anticancer activity against TNBC
tumor compared to curcumin; hence, highlighting the
potency of PGV-1 to be considered as a chemopreventive
agent for metastatic breast cancer.
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