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Curcumin is known to possess various biological functions, including anti-inflammatory, anti-
oxidative, and anti-cancer activities. Natural killer (NK) cells are large lymphocytes that

First published online directly kill cancer cells. However, many aggressive cancers, including breast cancer, were

Apat 1, 20 reported to escape the successful killing of NK cells in a tumor microenvironment. In this
study, we investigated the anti-cancer effect of curcumin in coculture of human breast
carcinoma MDA-MB-231 and NK (NK-92) cells. We found that curcumin had an immune-
stimulatory effect on NK-92 by increasing the surface expression of the CD16* and CD56*™
population of NK-92. We confirmed that the cytotoxic effect of NK-92 on MDA-MB-231 was

significantly enhanced in the presence of curcumin, which was highly associated with the
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curcumin was correlated with decreased expression of pErk and PI3K in MDA-MB-231.
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Introduction

Curcumin is one of the major food flavors that have a
bright yellow color. Curcumin is extracted from the roots of
the plant Curcuma longa and structurally is a hydrophobic
polyphenol (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione) [1]. The biological activities of curcumin
include anti-oxidant, anti-inflammatory, and anti-microbial
effects [2—4]. From an anti-inflammatory perspective,
curcumin has also shown to have anti-cancer effects on
lung cancer, skin squamous cell carcinoma, pancreatic
cancer, and breast cancer [5-8]. Jin et al. [5] found that
curcumin treatment induced cell apoptosis via suppression
of the PI3K/Akt pathway in A549 cells. Wu et al. [6]
observed that curcumin decreased the invasive ability of
A431 cells and also inhibited the transcription level of
STAT3 mRNA in a dose-dependent manner. Curcumin was
also reported to induce apoptosis by decreasing the Bcl-2/
Bax expression ratio and increasing caspase-9/3 activation
in pancreatic cancer cells [7].

Breast cancer is the most common cancer among women
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and the fifth cause of death from cancer in the world [9].
Many studies have reported that curcumin has a strong
inhibitory effect on the growth of various breast cancer
cells in vitro as well as in vivo [10, 11]. The anti-cancer
mechanisms of curcumin in breast cancer cells include
modulating cell cycle regulation, inducing apoptosis,
inhibiting tumor metastasis, and modifying the tumor
immune environment [12].

Natural killer (NK) cells are large granular lymphoid
cells that lyse cancer cells without prior activation [13, 14].
NK cells express two surface molecules, CD56 and CD16,
which are closely associated with the major function of NK
cells [15]. The CD56" cells can be additionally divided into
CD56"™ and CD56™*#". The CD56"™ CD16" population of NK
cells is known to have more cytolytic granules (perforin,
granzyme) than the CD56"*#" CD16" population and facilitates
antibody-dependent cell cytotoxicity when recognizing
tumor cells [15]. On the other hand, CD56™"CD167"" cells
secrete large amounts of cytokines such as IFN-y [16, 17].

Recently, it has been shown that tumor cells or tumor
microenvironments limit the anti-tumor activity of NK cells,



which results in impairment of NK cell function [18-21].
Moreover, curcumin was reported to reverse the immuno-
suppression of NK cells and recover the cytotoxic effect on
tumor cells. Bhaumik ef al. [22] found that curcumin
increased the production of nitric oxide of NK cells, which
contributes to the tumoricidal effect of NK cells in AK-5 rat
tumor. Fiala [23] showed that curcumin improved the
cytotoxicity of NK cells, which increased apoptosis of the
pancreatic cancer cells [23].

However, the molecular mechanism of curcumin in
increasing the anti-cancer effect of NK cells is not clearly
understood yet. In this study, we investigated the enhanced
anti-cancer activity of NK cells by curcumin, especially
against MDA-MB-231, which is an invasive ER negative
human breast carcinoma. We further tried to identify the
signaling molecules that are responsible for the anticancer
activity of NK cells. Finally, we explored how this improved
activity of antitumor NK cells affected MDA-MB-231.

Materials and Methods

Specimen Preparation

Curcumin (>97.0% pure) was obtained from Tokyo Chemical
Industry Co., Ltd. (Japan). Curcumin was dissolved using dimethyl
sulfoxide (Sigma-Aldrich, USA) and diluted with each medium for
human breast carcinoma MDA-MB-231 or natural killer (NK-92)
cell treatment.

Cell Lines and Culture

Human breast carcinoma MDA-MB-231 and NK-92 cells were
provided by ATCC. MDA-MB-231 was cultured in RPMI1640
(Corning, USA), supplemented with 10% heat-inactivated fetal
bovine serum (FBS; Yong-In Frontier, Korea), and NK-92 was
maintained in minimum essential Medium (MEM) alpha (Gibco,
USA), supplemented with 20% FBS and 0.1 mM B-mercaptoethanol
(Sigma-Aldrich, USA). Both cell lines were cultured in the presence
of 100 U/ml penicillin and streptomycin (Gibco, USA) at 37°C in a
humidified atmosphere with 5% CO,.

Cell Cytotoxicity of Curcumin on MDA-MB-231 and NK-92

The cytotoxic effect of curcumin on MDA-MB-231 and NK-92
was assessed using thiazolyl blue tetrazolium bromide (MTT; Sigma-
Aldrich, USA). Cells were seeded at a density of 1 x 10* cells per
well in a 96-well flat-bottom plate, and serially diluted curcumin
(0, 10, 20, 30, 40, 50, 60, 70, 80, 90, or 100 uM) was added for 24 or
48 h. Then, MTT solution was added to each well, and the were
cells incubated in accordance with the reactive time of the
solution. The absorbance was measured using a microplate reader
(BMG Labtech, Germany) at 570 nm.

CytoTox 96 Nonradioactive Cytotoxicity Assay
The specific cytotoxic effect of NK-92 on MDA-MB-231 was
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analyzed by a CytoTox 96 Non-Radioactive Cytotoxicity Assay kit
(Promega, USA). Briefly, MDA-MB-231 was plated at a density of
5 x 10° cells per well in a 96-well flat-bottom plate and incubated
overnight. Then, NK-92 was cocultured at an effector cell/target
cell (E/T) ratio of 1:2 in the presence of different concentrations (0,
0.1, 1, or 10 uM) of curcumin for 5 h. The cells were centrifuged
and the supernatants were harvested and transferred to each well
of a fresh plate. CytoTox 96 reagent was added to each well and
incubated for 30 min at room temperature in the dark, and then
the stop solution was added. The absorbance was recorded at
490 nm within 1 h.

Flow Cytometry Analysis

MDA-MB-231 was plated at a density of 5 x 10° cells per well in
a 6-well plate overnight and cocultured with NK-92 (E/T ratio =
1:2) in the presence of curcumin for 5 h. NK-92 was harvested and
stained with anti-CD56-APC (BD Biosciences, USA), anti-CD16-PE
(BD Biosciences, USA), and VP (BD Biosciences, USA). The cells
were analyzed by flow cytometry (Novocyte Flow Cytometer;
ACEA Biosciences, USA). The positivity of CD56 or CD16 was
determined by comparison with the defined cutoff values obtained
with unstained control cells as previously described [24].

ELISA

MDA-MB-231 and NK-92 were cocultured in the presence of
curcumin for 5h. Cell-free supernatants were harvested to
measure the production of IFN-y using a human enzyme-linked
immunosorbent assay kit (BD Biosciences, USA). Absorbance was
measured at 450 nm using a microplate reader (BMG Labtech,
Germany).

Western Blot Analysis

MDA-MB-231 and NK-92 were cocultured in the presence of
curcumin for 5 h. The cells were harvested differently according
to each experiment. MDA-MB-231 or NK-92 was lysed by protein
extraction buffer (Intron Biotechnology, Korea). The proteins in
the cell lysates were quantified by the Bradford assay, separated
by electrophoresis, and transferred to nitrocellulose membranes,
which were then incubated with 1% and 2™ antibodies. Phospho-
Stat Antibody Sampler Kit (#9914; Cell Signaling, USA) onto NK-92
and MAPK Family Antibody Sampler Kit (#9926; Cell Signaling,
USA) and Stat3 and pStat3 antibodies (Cell Signaling, USA) onto
MDA-MB-231 were used for 1% antibodies. The blots were
visualized by enhanced chemiluminescent detection solutions
(Intron Biotechnology, Korea).

Statistical Analysis

Data were processed using Microsoft Excel and results are
presented as the mean +SD. Comparisons of several means
were performed by one-way or two-way analysis of variance
followed by Fisher’s exact test to identify significant differences
between groups, with p-values of less than 0.05 being considered
significant.
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Results

Cytotoxic Effect of Curcumin on MDA-MB-231 or NK-92

To confirm the cell cytotoxic effect of curcumin on
human breast carcinoma MDA-MB-231, the cells were
treated with serially diluted concentrations of curcumin for
24 or 48 h, and cytotoxicity was validated by MTT assay.
As expected, curcumin showed a great cytotoxic effect on
MDA-MB-231 cells (IC5;=45uM at 24h, 23 uM at 48 h)
(Fig. 1A, p < 0.0001). However, curcumin did not affect the
cell viability of NK-92 (Fig. 1B).

Effect of Curcumin on the Surface Expression of CD16 or
CD56 in NK-92

To investigate whether curcumin has any effect on the
activity of NK-92, NK-92 was cultured in the presence or
absence of curcumin (0, 1, or 10 uM) for 5h and stained
with fluorescent anti-CD56 and anti-CD16 antibodies. As
mentioned in the Introduction, the expression of CD16 and
CD56 in NK cells is directly related to cytolytic and
maturation indicators, respectively, in NK cells. CD16"
cells are more cytolytic than CD16™ cells and CD56"™ cells
are more mature than CD56"" cells [15]. Curcumin (10 uM)
increased the frequency of CD16" NK-92 cells by up to
84.3% compared with untreated cells (2.62%) and modified
a substantial population of CD56"#" NK-92 cells to become
a CD56"™ population (curcumin-treated 41.8%, untreated
27.3%) (Figs. 2A and 2B). Furthermore, we examined whether
curcumin would still maintain the stimulatory effect on
NK-92 in a coculture with MDA-MB-231. The frequency of
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Fig. 1. Cytotoxic effect of curcumin on MDA-MB-231 and NK-92.

CD16" NK-92 in a coculture with MDA-MB-231 was
dramatically increased from 1.54% to 56.1% in the presence
of 10 pM curcumin (Figs.2C and 2D). Moreover, the
frequency of the CD56"™ NK-92 population was increased
from 37.4% to 42.7% when curcumin (10 pM) was added in
the coculture with MDA-MB-231.

Effect of Curcumin on the Function of NK-92

To clarify whether the increased frequency of CD16" or
CD56™™ in NK-92 was directly related to the functional
activity of NK cells, first, the target cell cytotoxicity of NK-
92 was evaluated in coculture with MDA-MB-231. The
effector (NK-92) and target (MDA-MB-231) ratio was 1:2
and different concentrations of curcumin (0, 0.1, 1, or
10 uM) were added in the culture (Fig. 3A). In the presence
of curcumin, there was a significant improvement in NK
cell cytotoxicity (Fig. 3A). In particular, 1 uM of curcumin
upregulated NK cell cytotoxicity with the maximum effect
of 48.4% compared with the control (24.7%). We also
examined whether curcumin enhances the expression of
IFN-y, the major secreted cytokine of NK cells. Although
coculture with MDA-MB-231 appeared to induce IFN-y
production from NK-92 compared with NK-92 alone,
curcumin treatment did not induce the secretion of IFN-y
from NK-92 (Fig. 3B).

Effect of Curcumin on the Expression of STAT Proteins
in NK-92

To determine how curcumin regulates the activity of NK
cells at the molecular level, we assessed the expression of
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(A) MDA-MB-231 and (B) NK-92 were seeded at a density of 1 x 10* cells per well and serially diluted curcumin (0, 10, 20, 30, 40, 50, 60, 70, 80, 90,
or 100 pM) was added for 24 or 48 h. Cytotoxicity was validated by MTT assay.
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Fig. 2. Effect of curcumin on the surface expression of CD16 and CD56 in NK-92.

(A, B) NK-92 cells were cultured in the presence or absence of curcumin (0, 10 uM) or (C, D) cocultured with MDA-MB-231 in the presence or
absence of curcumin (0, 1, 10 pM) for 5h and stained with fluorescent anti-CD56 and anti-CD16 antibodies. (A) Representative FACS plots
showing CD16 and CD56 expression from NK-92 only or (C) from NK-92 cocultured with MDA-MB-231.
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Fig. 3. Effect of curcumin on the function of NK-92.
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MDA-MB-231 was plated at a density of 5 x 10° cells per well in a 96-well flat-bottom plate and incubated overnight. Then, NK-92 was cocultured
at the E/T ratio of 1:2 in the presence of different concentrations (0, 0.1, 1, or 10 pM) of curcumin for 5 h. (A) Percentages of cytotoxicity of NK-92
in the presence or absence of curcumin. (B) IFN-y production (pg/ml) in supernatants from coculture of NK-92 and MDA-MB-231 in the presence

or absence of curcumin (0, 0.1, 1, 10, or 20 pM).

signal transducer and activator of transcription (STAT)
proteins from cell lysates of NK-92, which was cocultured
with MDA-MB-231 in the presence or absence of curcumin.
The STAT proteins are important transcription factors for
NK cell activation and regulation. The expression levels of
six different phosphorylated STAT proteins, pstatl, pstat2,
pstat3, pstat4, pstat5, and pstat6 (Fig.4A), show that
curcumin increased the expression of pstatd and pstat5
proteins (Figs. 4A and 4B), which are known to be directly
associated with the functional activation and maturation of
NK cells.

Effect of Curcumin on the Expression of p38, pErk, Akt,
PI3K, Stat3, and pStat3 Proteins in MDA-MB-231

The proliferation of cancer cells is known to be positively
correlated with the activation of MAPK/ERK (p38, pErk)
as well as PI3K/AKT (PI3K, Akt) pathway proteins [25].
Therefore, we examined whether curcumin inhibits the
expression of p38, pErk, Akt, and PI3K proteins in MDA-
MB-231 cells when they are cocultured with NK-92. The
expression of pErk and PI3K proteins from cell lysates of
MDA-MB-231 showed a significant decrease in the presence
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of curcumin (0.1 and 1 pM) (Figs. 5A and 5B). Moreover, we
also looked at whether curcumin modulates the expression
of stat3, the major transcription factor for cancer metastasis
[26], and the protein expression levels of stat3 and pstat3
were not changed by curcumin (Figs. 5A and 5C).

Discussion

Initially, we confirmed the growth inhibitory effect of
curcumin on human breast carcinoma MDA-MB-231, which
agrees with many other studies [10, 19, 27]. Our data show
that the IC, values of curcumin after 24 and 48 h in MDA-
MB231 culture were 45 and 23 uM (Fig. 1A), respectively,
which is very similar to the values (50 uM at 24 h and
20 uM at 48 h) reported by Lv ef al. [11]. Moreover, Liu et al.
[10] reported that curcumin exerted an antiproliferative
effect on MDA-MB-231 by inhibiting the expression of NF-xB
and MMP-1. Chiu and Su [27] showed that curcumin even
inhibited the cell migration of MDA-MB-231 by decreasing
NF-kB p65 expression.

However, the effect of curcumin on immune cells,
including NK cells, has not been well investigated even
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Fig. 4. Effect of curcumin on the expression of STAT proteins in NK-92.

NK-92 and MDA-MB-231 were cocultured in the presence or absence of curcumin (0, 0.1, or 1 pM) for 5 h. Cell lysates from NK-92 were assessed
for the expression of pstat proteins. p-Actin was used as the loading control. (A) pstatl, pstat2, pstat3, pstat4, pstat5, and pstat6 protein
expressions. (B) Relative band intensity of the pstats compared with the loading control.

though a variety of immune cells are critical components in
the tumor microenvironment that contribute to tumor
growth as well as metastasis [28]. Only a few studies have
reported on the immunomodulatory effect of curcumin on
NK cells. Zhang et al. [29] reported that curcumin was able
to partly rescue tumor exosome-mediated inhibition of NK
cell activation in mouse breast cancer. Fiala [23] found that
curcumin-enriched compound enhanced NK cell-induced
apoptosis of pancreatic cancer cells. A recent study showed
that a curcumin-enriched mixture induced the activation of
NK cells and phagocytosis of macrophages [30]. However,
these studies did not explore the fundamental molecular
mechanisms of NK cell activation by curcumin.

In this study, we observed that curcumin treatment
directly activated the cytolytic activity of NK-92 against
human breast carcinoma MDA-MB-231 (Fig.3), which
strongly correlated with the increased frequency of CD16"
NK-92 cells (Fig. 2). Therefore, our results provide solid
evidence for a direct immune-stimulatory effect of curcumin
on NK cells. Curcumin did not influence the production of
IEN-y from NK-92 in coculture with MDA-MB-231, which
disagrees with a report from another study [23]. Fiala [23]
showed that curcumin actually inhibited IFN-y production
by blocking statl signaling in NK cells cocultured with
human pancreatic cancer cells. We speculate that there is
a difference in complicated carcinogenetic mechanisms

between breast cancer cells and pancreatic cancer cells. The
Janus kinase (JAK)-STAT pathway contributes to cytokine
signaling in several tumor cells and also to the activation or
inhibition of NK cell functions. In particular, in the JAK-
STAT pathway, phosphorylation of statl, stat4, and stat5
can stimulate the maturation and cytotoxicity of NK cells,
whereas stat3 sand stat6 can restrain NK cell activity [31].
Our data show that the molecular mechanism responsible
for the activation of NK-92 by curcumin is specifically
associated with the upregulation of stat4 and stat5 (Fig. 4).
To the best of our knowledge, our study is the first report
that shows the direct effect of curcumin on the expression
of STAT proteins in NK cells.

Finally, the curcumin-induced immunostimulatory effect
of NK cells resulted in significant cell cytotoxicity on MDA-
MB-231 in 1 pM of curcumin compared with untreated cells
(Fig. 3A). Lower concentrations of curcumin (0.1 and 1 pM)
did not exert a cytotoxic effect on MDA-MB-231 (Fig. S1),
whereas 10 uM of curcumin showed a slight effect on the
cell viability of MDA-MB-231 (Fig. 1A). Therefore, the
dramatic cytotoxic effect on MDA-MB-231 of curcumin
(Fig. 3A) certainly resulted from the activation of NK-92 by
curcumin treatment. Our data suggest that the anticancer
effect of curcumin at relatively low concentrations (0.1 and
1 uM) that have hardly any influence on the cell viability of
MDA-MB-231 is synergistically improved by the enhanced
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Fig. 5. Effect of curcumin on the expression of p38, pErk, AKT, PI3K, stat3, and pstat3 proteins in MDA-MB-231.
MDA-MB-231 and NK-92 were co-cultured in presence or absence of curcumin (0, 0.1, or 1 uM) for 5 h. Cell lysates from MDA-MB-231 were
assessed for the expression of p38, pErk, Akt, PI3K, stat3, and pstat3 proteins. B-Actin was used as the loading control. (A) p38, pErk, Akt, PI3K,

stat3, and pstat3 protein expression. (B) Relative band intensity of p38, pErk, Akt, PI3K, stat3, and pstat3 compared with the loading control.

antitumor activity of NK-92. This tumor cytotoxic event
was shown to be highly associated with downregulation of
pErk and PI3K expression, but not of p38 expression
(Fig. 5). The p38/Erk pathway is known to play a primary
role in integrating external signals into intracellular signals
to promote cell growth and proliferation in many cancer
cells. The PI3K and Akt proteins also participate in another
critical intracellular signal transduction pathway in cell
cycle regulation [25]. NF-«B is an essential transcription
factor that controls cell proliferation and survival. The
activation of NF-kB can be induced by multiple intracellular
signaling mechanisms, including the p38/Erk and PI3K/Akt
pathways, and persistent activation of NF-kB was observed
in various cancers. Thus, NF-kB-associated signaling
proteins, including p38, Erk, PI3K, and Akt, have become
selective candidates for anti-cancer therapeutic targeting
[32]. Recent studies reported that curcumin can directly
downregulate the expression of pErk, Akt, and PI3K
proteins in MDA-MB 231. However, those groups used
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much higher concentrations of curcumin (25-50 pM) than
used in our study to present a considerable reduction in the
expression of Akt and PI3K signaling molecules [33, 34].
We used only 0.1 pM of curcumin in a coculture of MDA-
MB 231 and NK-92 to achieve a significant decrease in pErk
and PI3K expression, which suggests a synergistic effect of
curcumin itself on MDA-MB-231 and through the activation
of NK cells.

Additionally, we investigated whether the expression of
stat3 protein in MDA-MB-231 is changed in coculture with
NK-92 by curcumin treatment. Stat3 protein is known to be
constitutively activated in some cancer cells, which leads to
promotion of tumor growth and metastasis [26]. Therefore,
we tried to investigate whether or not the synergistic effect
of curcumin contributes to tumor metastasis. Sui et al. [35]
reported that the antitumor effect of NK cells is involved
in the inhibition of hepatocellular carcinoma, which is
mediated by a blockade of stat3 in hepatocellular carcinoma.
However, we were not able to observe any modulation in



the expression of stat3 or pstat3 in MDA-MB-231 by the
curcumin-induced antitumor activity of NK cells (Figs. 5A
and 5C).

In summary, our study presented that the cytotoxic
activity of NK cells against MDA-MB-231 was positively
upgraded by curcumin. Moreover, the activation of stat4
and stat5 molecules seems to be responsible for the
enhanced anti-cancer activity of the NK cells, which led to
the downregulation of pErk and PI3K expression in MDA-
MB-231.
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