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Abstract Prostate cancer cells can produce IL-18 bind-
ing protein (IL-18BP) in response to interferon-y (IFN-
v), which may function to neutralize IL-18, an anti-tumor
factor formerly known as IFN-y inducing factor. The con-
sumption of n-3 polyunsaturated fatty acids (PUFAs) has
been associated with a lower risk of certain types of can-
cer including prostate cancer, although the precise mecha-
nisms of this effect are poorly understood. We hypoth-
esized that n-3 PUFAs could modify IL-18BP production
by prostate cancer cells by altering IFN-y receptor-medi-
ated signal transduction. Here, we demonstrate that n-3
PUFA treatment significantly reduced IFN-y-induced IL-
18BP production by DU-145 and PC-3 prostate cancer
cells by inhibiting IL-18BP mRNA expression and was
associated with a reduction in IFN-y receptor expression.
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Furthermore, IFN-y-induced phosphorylation of Janus
kinase 1 (JAK1), signal transducers and activators of tran-
scription 1 (STAT1), extracellular signal-regulated kinases
1/2 (ERK1/2), and P38 were suppressed by n-3 PUFA treat-
ment. By contrast, n-6 PUFA had no effect on IFN-y recep-
tor expression, but decreased IFN-y-induced IL-18BP pro-
duction and IFN-y stimulation of JAK1, STAT1, ERK1/2,
and JNK phosphorylation. These data indicate that both
n-3 and n-6 PUFAs may be beneficial in prostate cancer by
altering IFN-y signaling, thus inhibiting IL-18BP produc-
tion and thereby rendering prostate cancer cells more sensi-
tive to IL-18-mediated immune responses.

Keywords N-3 PUFAs - IFN-y signaling - IL-18 binding
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Abbreviations
IFN-yR  Interferon-y receptor
IL Interleukin

IL-18BP IL-18 binding protein

DHA Docosahexaenoic acid

DPA Docosapentaenoic acid

ELISA  Enzyme-linked immunosorbent assay
EPA Eicosapentaenoic acid

ERK Extracellular signal-regulated kinase
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GC-MS  Gas chromatography—mass spectrometry
JAK Janus kinase

JINK c-Jun N-terminal kinase

MHC Major histocompatibility complex

NK Natural killer

PBS Phosphate-buffered saline

PPARs Peroxisome proliferator-activated receptors
PUFAs  Polyunsaturated fatty acids

gPCR Quantitative polymerase chain reaction

@ Springer


http://dx.doi.org/10.1007/s00262-014-1630-z

250

Cancer Immunol Immunother (2015) 64:249-258

SH Src homology

STAT Signal transducers and activators of
transcription

TBS Tris-buffered saline

TBST TBS containing 0.05 % tween-20
Th T helper
TNF Tumor necrosis factor

Introduction

Prostate cancer is one of the most common solid cancers
worldwide. It is estimated that approximately one in 1,600
men in developed countries will develop prostate cancer at
some point in their lives with Oceania, Europe, and North
America having the highest incidence rates in the world
[1]. Furthermore, it is expected that Canada will experience
a dramatic increase in new cases of prostate cancer by 2021
[2]. Over the past couple of decades, some immune thera-
pies for prostate cancer have focused on specific cytokines.

Interleukin (IL)-18 is a member of the IL-1 family (orig-
inally designated interferon-y (IFN-y)-inducing factor) and
was first identified as a major immunomodulatory cytokine,
activating macrophages to produce IFN-y and neutrophils
to release tumor necrosis factor (TNF) [3, 4]. In addition,
IL-18 promotes the proliferation and enhances the cyto-
toxicity of natural killer (NK) cells [5]. The growth of both
subcutaneous and orthotopic prostate cancers is suppressed
by IL-18 in a mouse model of RM1 prostate cancer [6], and
IL-18 increases the tumor infiltration of neutrophils, mac-
rophages, CD8" T cells, and CD4" T cells. This effect is
dependent on IFN-y [6].

IFN-y is a major T helper (Th)1-type cytokine produced
mainly by Th1 cells, cytotoxic T cells, and y3 T cells in the
cancer microenvironment [7, 8]. IFN-y signals through the
IFN-y receptor (IFN-yR) and can inhibit tumor cell prolif-
eration by activating signal transducers and activators of
transcriptionl (STAT1) homodimers [9], promote apopto-
sis by increasing the expression of CD95 (Fas) and TNF-
related apoptosis-inducing ligand [10], enhance killing of
cytotoxic T cells by increasing the surface expression of
MHC class I on cancer cells [11], inhibit the generation
and activation of regulatory T cells [12], and down-regulate
angiogenesis [13].

The anti-tumor effects of IL-18 and IFN-y can be regu-
lated by IL-18 binding protein (IL-18BP), a soluble inhibi-
tory receptor for IL-18 that is constitutively present in human
serum at 4.9 ng [14]. Enhanced production of IL-18BP is
associated with resistance to anti-tumor immune responses
and correlates with poor prognosis in patients with prostate
cancer [15]. In addition, activation of a cell-mediated, tumor-
directed immune system may itself activate the production of
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IL-18BP by cancer cells. Cancer cell-derived IL-18BP may
thereby dampen localized cell-mediated immune responses
and result in abrogated NK and CD8™ T cell responses typi-
cal of prostate cancer [16]. DU-145 and PC-3 human pros-
tate cancer lines produce IL-18BP when they are treated with
IFN-y, which may allow the prostate cancer tissue to evade
the immune system [15].

Diets rich in n-3 polyunsaturated fatty acids (PUFAs),
such as docosahexaenoic acid (DHA, 22:6, n-3) and eicos-
apentaenoic acid (EPA, 20:5, n-3), have been shown to
reduce the risk of developing prostate cancer [17]. Dietary
n-3 PUFA treatment was also reported to potentiate the
effect of hormone ablation therapy on androgen-dependent
prostate cancer and prevent the development toward andro-
gen-independent prostate cancer [18]. N-3 PUFAs inhibit
IFN-vy signaling in macrophages, suggesting that they are
able to directly modify IFN-y-mediated immune responses
[19]. The effect of n-3 PUFAs on IFN-y-induced IL-18BP
production by prostate cancer cells has not been studied,
and we hypothesized that n-3 PUFAs could modify IL-
18BP production by prostate cancer cells, possibly by mod-
ifying IFN-yR-mediated signal transduction. In this study,
we evaluated the effect of n-3 PUFAs on IFN-y signaling
and IL-18BP production by human prostate cancer cells,
DU-145 and PC-3.

Materials and methods
Cell lines

Human prostate DU-145 and PC-3 carcinoma cells were
purchased from American type culture collection, main-
tained in RPMI 1640 medium (Corning cellgro, Manassas,
VA, USA), and supplemented with 10 % FBS (Corning
cellgro), 100 U/mL penicillin, and 100 pg/mL strepto-
mycin (Corning cellgro). The media were changed every
3-4 days. The percentage of live cells after PUFA-Na
treatment was determined by staining the cells with 0.4 %
trypan blue (Sigma-Aldrich, Oakville, ON, Canada).

Enzyme-linked immunosorbent assay (ELISA)

DU-145 cells were incubated with 0.4, 2, 10, 50 ng/mL
IFN-y (R&D Systems, Minneapolis, MN, USA) for 24 h,
or pre-treated with 10, 50, 100 uM of EPA-Na (Sigma-
Aldrich), DHA-Na (Sigma-Aldrich), and arachidonic acid
(AA)-Na (20:4, n-6; Sigma-Aldrich) in phosphate-buffered
saline (PBS) for 2 and 24 h followed with 24-h treatment of
10 ng/mL IFN-y. PC-3 cells were pre-treated with 100 uM
of EPA-Na, DHA-Na, and AA-Na in PBS for 2 or 24 h fol-
lowed by a 24-h treatment with 10 ng/mL of IFN-y. The
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supernatant was analyzed for IL-18BP release using a
commercial ELISA kit (Abcam, Cambridge, MA, USA)
according to the manufacturer’s instructions.

Gas chromatography—mass spectrometry (GC-MS)

EPA-Na, DHA-Na, and AA-Na in PBS were added to cell
cultures to a final concentration of 100 uM, and the cultures
were incubated at 37 °C for 24 h. Lipid was extracted and
methylated by a method modified from Kang et al. [20].
Briefly, 5 x 10° cells were mixed with 1 mL hexane and
I mL 14 % BF;/MeOH after 24 h PUFA treatment. After
blanketing with nitrogen, samples were heated at 100 °C
for 1 h and then centrifuged on 200x g for 1 min after add-
ing 1 mL H,O. The upper hexane layer containing fatty
acid methyl esters was collected for GC-MS analysis.

GC-MS was performed in an Agilent 6§90N Network
GC System (Agilent Technologies, Mississauga, ON,
Canada) with a split/splitless injector (Agilent Technolo-
gies) and DB-23 column (Agilent Technologies). Fatty acid
components were quantified by a flame ionization detec-
tor (Agilent Technologies) and qualified by a MS detec-
tor (Agilent Technologies). Supelco 37 component fatty
acid methyl ester mix standard (Sigma-Aldrich) was used
to check the performance of the GC instrument. Samples
were analyzed at 130 °C for 1.0 min, 130-170 °C at 6.5 °C/
min, 170-215 °C at 2.75 °C/min, 215 °C for 12 min, 215—
230 °C at 40 °C/min, and 230 °C for 3 min with hydrogen
as the carrier gas.

RNA isolation, cDNA synthesis, and quantitative
polymerase chain reaction (QPCR)

DU-145 cells were pre-treated with 100 uM of PUFA-
Na for 24 h and then stimulated for an additional 4 h with
10 ng/mL of IFN-y. Total RNA was isolated from cells
using TRI reagent (Sigma-Aldrich). First strand cDNA
was generated from 1 wg RNA with a mixture of 200 U
Moloney murine leukemia virus reverse transcriptase (Life
Technologies), 500 pg/mL oligo (dT) primer (Promega,
Madison, WI, USA), 10 mM dNTP Mix (Promega), 0.1 M
DTT (Life Technologies), and 5x first strand buffer (Life
Technologies). Duplex qPCR amplification of the IL-18BP
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
genes in each sample were performed using qPCR master
mix containing 100 ng cDNA reaction mixture, 1x PCR
Buffer (Life Technologies), 50 mM MgCl, (Life Technolo-
gies), 10 mM dNTP mix (Life Technologies), and 5 U/uL.
Tag DNA polymerase (Life Technologies). The primer sets
were designed using Primer-BLAST. All reactions were
performed in triplicate for 40 cycles. The expression of IL-
18BP was normalized using the Ct of GAPDH and was cal-
culated by the 2~ 22C method [21].

Protein isolation and western blot analysis

To evaluate the effect of n-3 PUFAs on IFN-y receptor
expression, DU-145 cells were treated with 100 uM of
PUFA-Na for 24 h. To determine the effect of n-3 PUFAs
on signal transduction of IFN-y pathway, DU-145 cells
were pre-treated with 100 pM of PUFA-Na for 24 h and
then stimulated for an additional 30 min with 10 ng/mL
of IFN-y. Protein was extracted from cells by lysing the
cells with lysis buffer containing 1 % triton X-100 (Sigma-
Aldrich), 1x complete protease inhibitor cocktail (Roche
Molecular Biochemicals, Indianapolis, IN, USA), 1x pro-
tease inhibitor cocktail (Sigma-Aldrich), 50 pg/mL 3.4
dichloroisocoumarin (Roche Molecular Biochemicals),
1 mM benzamidine (Sigma-Aldrich), 1 mM sodium ortho-
vanadate (Sigma-Aldrich), 5.4 mM sodium pyrophosphate
(Sigma-Aldrich), and 50 mM sodium fluoride (Sigma-
Aldrich) in tris-buffered saline (TBS). After measuring
the protein concentration using the Bradford protein assay
(Sigma-Aldrich), the protein concentration of each sample
was adjusted to the same level using lysis buffer. Finally,
the samples were boiled for 5 min in 4x NuPage lithium
dodecyl sulfate sample buffer (Life Technologies).

Protein samples were electrophoresed on a NuPAGE
Novex 4-12 % Bis—Tris Gel (Life Technologies) at 200 V
for 30 min. Separated proteins were transferred to a nitro-
cellulose membrane (Life Technologies) at 30 V for 1 h.
The membrane was removed and washed with TBST (TBS
containing 0.05 % tween-20). After blocking with 5 %
nonfat milk/TBST at 4 °C over night, the membrane was
probed with rabbit polyclonal antihuman IFN-yRa (IFN-
yR1, Santa Cruz Biotechnology, Santa Cruz, CA, Canada),
rabbit polyclonal antihuman Janus kinase 1 (JAK1) (BD
Biosciences, Mississauga, ON, Canada), rabbit polyclonal
antihuman pho-JAK1 (Cell Signaling Technology, Danvers,
MA, USA), rabbit polyclonal antihuman STAT1 (BD Bio-
sciences), rabbit polyclonal antihuman pho-STAT1 (BD
Biosciences), rabbit polyclonal antihuman extracellular
signal-regulated kinasel/2 (ERK1/2; Cell Signaling Tech-
nology), rabbit polyclonal antihuman pho-ERK1/2 (Sigma-
Aldrich), rabbit polyclonal antihuman c-Jun N-terminal
kinase (JNK; Cell Signaling Technology), rabbit polyclonal
antihuman pho-JNK (Cell Signaling Technology), rabbit
polyclonal antihuman P38 (Cell Signaling Technology),
rabbit polyclonal antihuman pho-P38 (Sigma-Aldrich),
and mouse monoclonal antihuman actin (Sigma-Aldrich)
antibody diluted with 5 % nonfat milk/TBST at room tem-
perature for 3 h. The membrane was washed with TBST
three times for 15 min each and incubated with horserad-
ish peroxidase-conjugated goat anti-rabbit IgG (Santa Cruz
Biotechnology) and horseradish peroxidase-conjugated
goat anti-mouse IgG (Santa Cruz Biotechnology) diluted
in 5 % nonfat milk/TBST at room temperature for 1 h.
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Table 1 Fatty acid composition
of PUFA-treated DU-145 cells

Fatty acids

Composition (% of total long chain fatty acids identified)

Control EPA DHA AA
16:0 24.99 £ 0.04 26.78 £ 0.15 24.82 £ 091 30.90 £ 0.15
18:0 17.12 £ 0.08 14.77 £ 0.06 14.38 £ 0.64 17.12 £0.03
18:1, n-9 41.35 £0.22 16.75 £ 0.14%%%* 16.61 £ 0.50%** 19.66 £ 0.34%%*
18:2, n-6 2.89 + 0.08 1.01 & 0.01%** 0.95 &+ 0.02%** 0.31 £ 0.06%*%*
* p < 0.05, compared with 20:4, n-6 (AA) 546 £0.22 3.52 + 0.13%** 2.70 £ 0.05%** 25.52 £ 0.34%**
control, one-way ANOVA 20:5, n-3 (EPA) 0.42 £ 0.03 7.07 £ 0.15%** 1.05 & 0.06%** 0.60 £ 0.01
** p <0.01, compared with 22:5,n-3 (DPA) 4.98 £ 0.55 25.99 & 0.09%** 5.27 £2.36 3.97 £0.91
control, one-way ANOVA 22:6, n-3 (DHA) 2.80 +0.13 412 +0.11% 34.22 + .88 1.91 £ 0.06
% p <0.001, compared with n-6/n-3 ratio 1024£009  0.122 £ 0.01% 0.09 % 0.01%* 4.04 £ 0.64%%%
control, one-way ANOVA
After washing with TBST three times for 15 min each, the 800 A
blot was developed in chemiluminescent peroxidase sub- I xhx 1
strate (Sigma-Aldrich) for 1 min and exposed to UV light T 600 - I
in a ChemiDoc XRS system (BD Biosciences) for image E I . %% 1 =T
acquisition. 2 I 1 -
Statistical analysis : 0 kS
= 1
Data were analyzed using SPSS 11.5 software (IBM Cor- 3 2007
poration, Armonk, NY, USA). One-way ANOVA followed -
with the Bonferroni posttest was performed to determine 0 ' . ! z \
the significance of the observed differences. The statistical Untreated 0.4 2 10 50

significance was set at p < 0.05.

Results

N-3 PUFA treatment increased n-3 PUFA level in DU-145
cells

The effect of fatty acid treatment on DU145 and PC-3 cell
viability was determined using trypan blue assay. None of
the fatty acids (EPA-NA, DHA-Na, or AA-Na) that were
tested had any significant effect on DU145 or PC-3 cell
viability after 2-h and 24-h treatments (supplementary
Figure 1). To determine whether the DU-145 cells were
absorbing the PUFAs in culture, we ascertained the fatty
acid profile of the DU-145 whole cell lysates after treat-
ment. Compared to the untreated control, treatment with
100 uM of EPA-Na significantly increased the amount of
EPA, docosapentaenoic acid (DPA), and DHA in the cell
lysates. Treatment with DHA-Na (100 wM) increased
the amount of EPA and DHA in the cell lysates. Treat-
ment with AA-Na (100 uM) increased the amount of AA
in the cell lysates. Notably, EPA-Na and DHA-Na treat-
ment decreased AA content in the cell lysates. EPA-Na,
DHA-Na, and AA-Na treatments (100 uM) all significantly
decreased oleic acid (18:1, n-9) and linoleic acid (18:2,
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IFN -y (ng/mL)

Fig. 1 IFN-y induces IL-18BP production by DU-145 cells. ELISA
measurement of IL-18BP production by DU-145 cells induced by
IFN-y treatment at indicated concentrations for 24 h. ***p < 0.001,
compared with untreated cells, one-way ANOVA followed with Bon-
ferroni posttest. Error bars represent SEM (n = 3)

n-6) levels. EPA-Na and DHA-Na treatments resulted in a
significantly decreased n-6/n-3 ratio. AA-Na treatment sig-
nificantly increased the n-6/n-3 ratio (Table 1).

N-3 PUFAs reduced IL-18BP production by DU-145 cells
and PC-3 cells

DU-145 cells produce IL-18BP after IFN-y stimulation in
a dose-dependent manner, and a 24-h treatment with 0.4,
2, 10, 50 ng/mL IFN-y all significantly induced IL-18BP
production by DU-145 cells (Fig. 1).

To evaluate the effect of n-3 PUFAs on IFN-y-induced
IL-18BP production, DU-145 cells were pre-treated with
PUFA-Na for 2 or 24 h, then stimulated with IFN-y for
24 h, and IL-18BP production was measured by ELISA.
Treatment with all three PUFAs (EPA-Na, DHA-Na, and
AA-Na) for 2 h and 24 h showed a dose-dependent inhibi-
tion of IFN-y-induced IL-18BP production (Fig. 2a, b).
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Fig. 2 N-3 PUFA treatment inhibits IFN-y-induced IL-18BP produc-
tion by DU-145 cells. a ELISA determination of IL-18BP produc-
tion by DU-145 cells pre-treated with indicated concentrations of
PUFA-Na for 2 h, followed with 10 ng/mL IFN-y treatment for 24 h.
b ELISA measurement of IL-18BP production by DU-145 cells pre-

Similarly, IFN-y-induced IL-18BP production by PC-3
cells was significantly decreased by 100 uM of EPA-Na,
DHA-Na, and AA-Na for 2 h (Fig. 3a) and 24 h (Fig. 3b).

N-3 PUFAs inhibited IFN-y-induced IL-18BP mRNA
expression

We performed qPCR to see if the suppressing effect of
n-3 PUFAs on IL-18BP production by IFN-y-treated DU-
145 cells was transcription-dependent. IFN-y treatment
for 4 h increased IL-18BP mRNA expression by DU-145
cells. However, 24 h pre-treatments with 100 uM of EPA-
Na, DHA-Na, and AA-Na all significantly suppressed the
increased IL-18BP mRNA expression in DU-145 cells
induced by IFN-y treatment (Fig. 4).

N-3 PUFAs inhibited the expression of IFN-yR
and supressed IFN-yR-mediated signal transduction

Next, we measured the effect of n-3 PUFA treatment on
IFN-yR expression and IFN-yR-mediated signal trans-
duction in DU-145 cells. Western blot analysis of IFN-yR
expression showed that EPA and DHA, but not AA, treat-
ment significantly decreased IFN-yR expression by DU-
145 cells (Fig. 5a). To evaluate the effect of n-3 PUFAs
on IFN-yR-mediated signal transduction, we treated the
cells with PUFAs for 24 h and then stimulated them with
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treated with indicated concentrations of PUFA-Na for 24 h, followed
with 10 ng/mL IFN-y treatment for 24 h. *p < 0.05; **p < 0.01;
*#%p < 0.001, compared with cells treated with IFN-y alone, one-
way ANOVA followed with Bonferroni posttest. Error bars represent
SEM (n =3)

IFEN-y for 30 min. EPA treatment significantly decreased
IFN-vy-induced phosphorylation of JAK1 (Fig. 5b), STAT1
(Fig. 5¢), ERK1/2 (Fig. 5d), and P38 (Fig. 5f). Similarly,
DHA treatment significantly decreased phosphorylation of
JAK1 (Fig. 5b), STAT1 (Fig. 5¢), ERK1/2 (Fig. 5d), and
P38 (Fig. 5f) induced by IFN-y. AA treatment reduced
phosphorylation of JAKI1 (Fig. 5b), STAT1 (Fig. 5c),
ERK1/2 (Fig. 5d), and JNK (Fig. 5e).

Discussion

Our data indicate that n-3 PUFAs modified the IFN-y/IL-
18BP/IL-18/IFN-y loop (Fig. 6). IFN-y dose-dependently
stimulated DU-145 prostate cancer cells to produce IL-
18BP in a transcription-dependent manner, confirming an
earlier study [15]. We further showed that DU-145 cells
incorporated higher amounts of n-3 PUFAs when they were
cultured with soluble forms of the fatty acids, and IFN-y-
induced IL-18BP production by DU-145 prostate cancer
cells was diminished by n-3 PUFA treatment in a transcrip-
tion-dependent manner. A similar effect was observed with
the PC-3 prostate cancer line. Our data also showed that
n-3 PUFAs decreased the expression of IFN-yR and inhib-
ited the signal transduction initiated by functional IFN-yR
in DU-145 prostate cancer cells. [FN-y-induced phospho-
rylation of JAK1, STAT1, ERK1/2, and P38 was inhibited
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Fig. 3 N-3 PUFA treatment reduces IFN-y-induced IL-18BP produc-
tion by PC-3 cells. a ELISA determination of IL-18BP production
by PC-3 cells pre-treated with 100 uM PUFA-Na for 2 h, followed
with 10 ng/mL IFN-y treatment for 24 h. b ELISA measurement of
IL-18BP production by PC-3 cells pre-treated with 100 uM PUFA-
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Fig. 4 N-3 PUFA treatment suppresses IFN-y-induced IL-18BP
mRNA expression in DU-145 cells. qPCR measurement of IL-
18BP mRNA expression in DU-145 cells pre-treated with 100 uM
PUFA-Na for 24 h, followed with 10 ng/mL IFN-y treatment for 4 h.
*p < 0.05; **p < 0.01; ***p < 0.001, compared with cells treated
with IFN-y alone, one-way ANOVA followed with Bonferroni post-
test. Error bars represent SEM (n = 4)
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Na for 24 h, followed with 10 ng/mL IFN-y treatment for 24 h.
*p < 0.05; ***p < 0.001, compared with cells treated with IFN-y
alone, one-way ANOVA followed with Bonferroni posttest. Error
bars represent SEM (n = 3)

by n-3 PUFA treatments. Supplementation of AA, an n-6
PUFA, had a similar suppressing effect on IFN-y-induced
IL-18BP production and mRNA expression. Although n-6
PUFA treatment did not change IFN-yR expression, n-6
PUFA inhibited JAK1, STAT1, ERK1/2, and JNK phospho-
rylation under IFN-y stimulation suggesting that n-6 PUFA
may influence membrane-proximal events such as IFN-yR
dimerization or directly inhibit JAK1/2 autophosphoryla-
tion. Therefore, n-3 and n-6 PUFAs have fundamentally
different effects on IFN-y signaling, and this warrants fur-
ther investigation.

Certainly, IFN-y is a complex cytokine with pleiotropic
effects on prostate cancer cells. IFN-y inhibits the DU-145
cell cycle by inducing the expression of cyclin-dependent
kinase inhibitor p21"VAF! [22] and dose-dependently inhib-
its DU-145 and PC-3 cell proliferation by down-regulat-
ing neu/HER-2 expression, but has no effect on LNCaP
prostate cancer cell proliferation [23]. Some cancer cells
escape the cell-mediated immune response by decreasing
the expression of Fas and thus avoiding Fas-mediated cell
death [24]. However, IFN-y up-regulates Fas and activates
Fas-mediated killing of LNCaP and PC-3 cells [25]. Fur-
thermore, an in vitro study has shown that IFN-y has the
ability to reduce the metastatic ability of DU-145 cells,
possibly due to changes in the expression of adhesion
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Fig. 5 N-3 PUFA treatment inhibits IFN-yR expression and IFN-
y signaling in DU-145 cells. a Western blot analysis of IFN-yRa
expression in DU-145 cells pre-treated with 100 uM PUFA for 24 h.
b—f Western blot measurement of pho-JAK1 and JAK1 (b), pho-
STAT1 and STAT1 (c), pho-ERK1/2 and ERK1/2 (d), pho-JNK and
JNK (e), and pho-P38 and P38 (f) in DU-145 cells pre-treated with

100 uM PUFA for 24 h, followed with 10 ng/mL IFN-y treatment
for 30 min. Data are representative of three independent experiments
with similar result. *p < 0.05; **p < 0.01; ***p < 0.001, compared
with untreated cells (a) or cells treated with IFN-y alone (b-f), one-
way ANOVA followed with Bonferroni posttest. Error bars represent
SEM (n = 3). Un untreated
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Fig. 6 Summary of the balancing effect of n-3 PUFAs on the IFN-y/
IL-18BP/IL-18/IFN-y loop. N-3 PUFAs decrease IFN-yR expression
and inhibit IFN-y-mediated signal transduction in DU-145 cells, so
that suppress IFN-y-induced IL-18BP production by DU-145 cells.
With less IL-18BP, there is more functional IL-18 to maintain IFN-y
level, which has anti-tumor effects

molecules [22]. The clinical use of IFN-y in treating can-
cer such as melanoma has been tested in some studies, and
IFN-y has shown promising effects [26]. However, IFN-y
has also been shown to have dual effects on some forms
of transformed cells in vivo. He et al. has reported that
injecting mice with plasmids that produce low levels of
IFEN-y (10 pg) can promote the growth of H22 hepatoma,
MA782/5S mammary adenocarcinoma, and B16 melanoma
in these mice. When the mice were injected with a tenfold
higher amount of IFN-y-producing plasmid constructs
(100 pg), the growth of the H22 hepatoma cells was inhib-
ited [27].

Cancer progression is a complex relationship between
the host’s immune response and the immune-evasion strat-
egies of the transformed cells. This push—pull relationship
requires the constant and coordinated production of several
factors, one of which is the IL-18/IL-18BP protein axis. In
this study, we have shown that IFN-y stimulation resulted
in IL-18BP production by DU-145 and PC-3 cells. IL-
18BP functions to neutralize 1L-18 [28], which is known
as a stimulator of IFN-y production [29]. IL-18 may con-
tribute to the elimination of cancer by inducing the pro-
duction of IFN-y. Furthermore, it has been reported that
IL-18 directly activates NK cells and cytotoxic T cells in
the tumor environment [30]. Therefore, producing IL-18BP
might be an attempt of cancer cells to counteract the harm-
ful stimuli delivered by IL-18 through IFN-y.

To our knowledge, our study is the first to report the
inhibitory effect of n-3 and n-6 PUFAs on IFN-yR-
mediated signal transduction in the context of prostate
cancer cells. Some previous studies have shown that treat-
ment with n-3 PUFAs inhibits proliferation of some types
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of cancer cells, including breast, lung, colon, and prostate
cancer cells [31-33]. In our study, fatty acid treatment (up
to 100 wM) did not significantly alter cell viability (sup-
plementary Figure 1). We also measured the fatty acid pro-
file of cells cultured with n-3 and n-6 PUFAs to determine
whether PUFA treatment changed the fatty acid content
of prostate cancer cells in vitro. The results showed that
EPA treatment increased EPA, DPA, and DHA levels in
the whole cell lysates. DHA treatment increased EPA and
DHA levels, and AA treatment increased AA level in the
cells. EPA and DHA treatments all decreased the n-6/n-3
ratio in the DU-145 cells, and AA treatment increased the
n-6/n-3 ratio, suggesting the successful incorporation of
PUFAs into the cells.

IL-18BP production by IFN-y-treated DU-145 and PC-3
cells was inhibited by EPA, DHA, and AA treatments, indi-
cating that PUFASs inhibited IFN-y signaling. Our data indi-
cate that n-3 PUFAs may modulate IFN-y-induced IL-18BP
production by down-regulating surface IFN-yR, a process
that can occur in vivo. Feng et al. [34] has shown that a
high n-3 PUFA diet in mice reduces IFN-yR surface expres-
sion by peritoneal macrophages and splenocytes. However,
Bonilla et al. [35] reported that although n-3 PUFA treatment
in vitro inhibits IFN-y-induced STAT1 phosphorylation and
pro-inflammatory cytokine production, it is not dependent
upon a change in the surface expression of [FN-yR.

In contrast to the effects of n-3 PUFAs, AA did not
change IFN-yR expression but modified the downstream
signaling of the JAK/STAT pathway. A functional IFN-
YR contains two IFN-yR1 chains for ligand-binding and
two IFN-yR2 chains for signal transduction. JAK1 and
JAK2 are attached to the intracellular carboxyl termini of
IFN-yR1 and IFN-yR2, respectively. The pathway is initi-
ated by the binding of antiparallel dimerized IFN-y to the
extracellular region of IFN-yR1, which causes a conforma-
tional change in IFN-yR. Inactive JAK2 kinase (attached
to IFN-yR2) is activated by autophosphorylation, which
in turn phosphorylates JAK1 (attached to IFN-yR1). Acti-
vated JAK1 phosphorylates the IFN-yR1 chain and forms
two docking sites for the Src homology (SH)2 domains
of STAT1. The homodimer of phosphorylated STAT1
functions as a transcription factor [36]. In addition to the
classical JAK/STAT cascade described above, the mito-
gen-activated protein kinase pathway is also involved in
IFN-yR-mediated signal transduction [37, 38].

It is possible that n-6 PUFAs modify signaling in any
number of areas along these pathways. Certainly, AA treat-
ment inhibited IFN-y-induced phosphorylation of JAKI,
STAT1, ERK1/2, and JNK. It has been postulated that AA
promotes tumorigenesis by serving as the precursor of pro-
inflammatory mediators such as 2-series prostaglandins
and 4-series leukotrienes [39, 40]. However, the associa-
tion between AA and the risk of cancer, such as breast and
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prostate cancers, is still not clear [41], and a derivative of
AA, 6 iodo-3-lactone, inhibits proliferation of colon cancer
cells [42]. Therefore, AA may promote the growth of some
neoplastic cells while inhibiting the proliferation of others,
processes that are likely dependent upon the tissue micro-
environment. Nevertheless, PUFAs such as EPA, DHA, and
AA may regulate receptor expression and signal transduc-
tion by increasing the fluidity of the plasma membrane or
activating fatty acid receptors such as G protein-coupled
receptor 40 and 120 and peroxisome proliferator-activated
receptors (PPARs) [43—47].

In this study, we showed that n-3 PUFAs modified the
IFN-y/IL-18BP/IL-18/IFN-y loop, an important immune
response to cancer. N-3 PUFAs inhibited IL-18BP pro-
duction and mRNA expression in DU-145 prostate cancer
cells when these cells were stimulated with IFN-y. IFN-yR
expression, and phosphorylation of JAK1, STAT1, ERK1/2,
and P38 were inhibited by n-3 PUFAs. N-6 PUFA treat-
ment has similar inhibiting effect on IFN-y-induced IL-
18BP production and mRNA expression in DU-145 cells.
However, IFN-yR expression was not changed by AA, and
JAK1, STAT1, ERK1/2, and JNK activation were altered.
Our results indicate that n-3/n-6 PUFAs are an important
modulator of prostate cancer cell production of IL-18BP.
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