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Docosahexaenoic acid inhibits the
phosphorylation of STAT3 and the growth
and invasion of renal cancer cells
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Abstract. Docosahexaenoic acid (DHA) has a variety
of anti-tumor activities. The present study examined the
anti-tumor activity of DHA in renal cancer cells and its
underlying mechanisms of action. The effects of DHA on
the viability and proliferation of the human renal cancer cell
lines Caki-1 and 786-O were examined by an MTS assay
and cell counting. In addition, cell cycle distribution and cell
apoptosis were analyzed by flow cytometry and Annexin V
staining, and modulation of cell mobility and invasive-
ness was assessed by wound healing and Matrigel invasion
assays. Effects of DHA on intracellular signaling pathways
were also analyzed by western blotting. It was observed that
DHA significantly reduced the viability and proliferation
of Caki-1 and 786-0 cells (P<0.01). Specifically, there were
increases in the sub-Gl and G2/M cell populations, as well
as the percentages of cells exhibiting Annexin-positive and
propidium-iodide-negative staining. In addition, the covered
area in a wound and the number of cells invading through
a Matrigel chamber decreased when Caki-1 or 786-0 cells
were treated with DHA. Phosphorylation of epidermal growth
factor receptor was also upregulated following DHA treat-
ment, while phosphorylation of signal transducer and activator
of transcription 3 and Akt was downregulated. Collectively,
these data suggest that DHA may be useful in the treatment of
renal cell carcinoma.
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Introduction

Docosahexaenoic acid (DHA) and eicosapentaenoic acid
(EPA) are two distinct forms of omega-3 fatty acids (FAs).
Omega-3 FAs are typically found in fish oil and have a general
polyunsaturated FA structure with the presence of a double
bond at the third carbon (when counting from the methyl
end of the chain) (1). Increased consumption of omega-3
FAs has been associated with a lower incidence of various
types of cancer, including colon (2), breast (3,4) and prostate
cancer (3,4). It has also been demonstrated that omega-3
FAs exert a range of anti-tumor effects, including inhibitory
effects on angiogenic mediator production (5), the induction of
apoptosis (6), inhibitory effects on tumor invasion and metas-
tasis (7,8) and regulatory effects on signaling pathways (9). In
particular, the anti-tumor effects of EPA and DHA have been
observed in breast cancer, whereby higher intakes of these FAs
are associated with a reduced risk of mortality (10,11). It has
also been demonstrated that administration of DHA during
anthracyclin-based chemotherapy against metastatic breast
cancer improves clinical outcomes, suggesting that omega-3
FA may be an effective adjuvant in the treatment of cancer (12).

Renal cell carcinoma (RCC) represents ~3% of all adult
cancer cases (13). In patients with RCC, ~30% have meta-
static disease at the time of diagnosis, while another 20-30%
develop metastases following surgery (14). Although the
treatment options available for metastatic RCC have recently
improved due to the clinical development of targeting agents
including sorafenib, sunitinib and everolimus (15), metastatic
RCC remains a fatal disease. RCC cells originate from the
renal proximal tubules and express high levels of multi-drug
resistance proteins, thus they are resistant to most forms of
chemotherapy. Previous attempts to treat patients with RCC
using targeted agents have failed in the majority of cases (14,16).
Therefore, studies aiming to identify a novel therapeutic agent
to treat patients with metastatic RCC are required. The present
study used in vitro techniques including MTS and prolif-
eration assays and flow cytometry analysis to investigate the
anti-tumor activities of DHA on the proliferative and invasive
capacities of RCC cells at clinically relevant concentrations of
10-200 uM, as previously determined (17-20). The potential
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roles of signal transducer and activator of transcription 3
(STAT3) signaling in the cellular activities of DHA-treated
renal cancer cells were also evaluated.

Materials and methods

Cell lines and reagents. The human renal cancer cell lines
Caki-1 and 786-O were purchased from the American Type
Culture Collection (Manassas, VA, USA). DHA was purchased
from Cayman Chemical Company (Ann Arbor, MI, USA).
Antibodies against epidermal growth factor receptor (EGFR,;
cat. no. 4267S), phosphorylated (p)-EGFR (p-Tyr1068; cat.
no. 22348S), STAT3 (cat. no. 9132S), p-STAT3 (p-Tyr705; cat.
no. 9145 L), extracellular signal-regulated kinase (ERK; cat.
no. 9102), p-ERK (p-Thr202/Tyr204; cat. no. 9101S), Akt (cat.
no. 9272) and p-Akt (p-Ser473; cat. no. 9271; all from Cell
Signaling Technology, Inc., Danvers, MA, USA) were used in
the present study. Horseradish peroxidase (HRP)-conjugated
secondary antibodies and an Amersham Enhanced Chemilu-
minescence (ECL) Gel system (GE Healthcare Life Sciences,
Chalfont, UK) were also used.

Cell viability and proliferation assays. Cell viability was
assessed by an MTS assay using a CellTiter 96® AQueous
Non-Radioactive Cell Proliferation assay kit (Promega Corpo-
ration, Madison, WI, USA), as previously described (21).
Briefly, cells were seeded into 96-well plates (3x10° cells/well)
and following overnight incubation at 37°C, were treated for
24 h at 37°C with DHA (0, 25, 50 and 100 xM) prior to addi-
tion of MTS solution. The medium used for Caki-1 cells was
1X minimum essential media (MEM) with 10% fetal bovine
serum (FBS) and the medium for 786-O cells was RPMI
medium 1640 with 10% FBS, both purchased from Gibco;
Thermo Fisher Scientific, Inc. (Waltham, MA, USA). At 2 h
post-MTS addition. Prior to the measurement of absorbance,
20 ul CellTiter 96® Aqueous One Solution Reagent per well
was added before 2 h incubation at 37°C. The absorbance of
plates was then measured at a wavelength of 490 nm with a
microplate autoreader. A control group with 0 M DHA were
used as a comparison.

Cell proliferation was assessed by counting cell numbers
after cells seeded into 6-well plates (1x10* cells/well) had been
incubated at 37°C with DHA (0, 50, 100 uM) for 0, 24, 48
and 72 h. The medium used for Caki-1 cells was 1X MEM with
10% FBS and the medium for 786-0 cells was RPMI medium
1640 with 10% FBS, as previously stated. Total cell numbers
were then counted in four fields using a hemocytometer and
mean values were calculated from three replicates. The four
fields were the four corners of each square in the nine large
squares of the hemocytometer, counted using a CK40 phase
contrast microscope (Olympus Corporation, Tokyo, Japan).

Flow cytometry analysis. Cells were incubated for 24 h with
100 M DHA and a control group with 0 uM DHA were used
as a comparison. Propidium-iodide (PI)-stained nuclear frac-
tions were obtained and cell cycle data were acquired with
a flow cytometer using CellQuest™ software, version 5.2.1
(BD Biosciences, Franklin Lakes, NJ, USA), following the
manufacturer's protocol. Percentages of apoptotic cells were
also determined with a fluorescein isothiocyanate-conjugated
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Annexin V/PI double-staining assay, using an Annexin V
Apoptosis Detection kit (Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA), as described previously (21).

Cell motility and invasion assay. Cells were grown to
90-100% confluence on 6-well tissue culture plates. Cells were
seeded at 0.3x10%in a 6 well flat bottom plate (IWAKI, Co.,
Ltd., Hong Kong, China) with MEM (1X) with 10% FBS and
RPMI 1640 (1X) with 10% FBS for Caki-1 and 786-O cells,
respectively. A wound was then made by scraping the middle
of the cell monolayer with a P200 pipette tip, as previously
described (21). After floating cells were removed following an
extensive wash with 1 ml ice-cold phosphate-buffered saline,
fresh complete MEM and RPMI medium supplemented with
DHA was added to each type of cell, as previously detailed.
Following 12 h, cell migration and movements throughout
the wound area were observed using a CK40 phase contrast
microscope (Olympus Corporation, Tokyo, Japan). ImageJ
software version 1.46 (National Institutes of Health, Bethesda,
MA, USA) was used to analyze the images.

Cell invasion was evaluated using a Matrigel-coated
Transwell system in 24-well plates including a membrane with
8-um pores (BD Biosciences), as described previously (21).
Briefly, 2x10° cells suspended in 500 ul serum-free medium
(MEM and RPMI, as previously detailed) were added to
the insert and 750 ul serum-free medium with the indicated
concentration of DHA (0, 25, 50 and 100 uM) was added to the
bottom of the well. Following incubation for 24 h at 37°C, the
inserts were fixed in 100% methanol, then filters were stained
with 1% toluidine blue in 1% borax for 10 min. Cells that had
invaded through the Matrigel-coated Transwell inserts were
counted at a magnification of x400. Numbers of cells in at
least 10 randomly selected fields/wells were counted in three
independent experiments.

Western blot analysis. Cells at a density of 2x10° were treated
with O (control), 50 and 100 uM DHA for 6 h, then lysed in
radioimmunoprecipitation assay buffer composed of 10 mM
tris-HCI (Nacalai Tesque, Inc., Kyoto, Japan), 150 mM NacCl
(Kanto Chemical, Co., Inc., Tokyo, Japan), 1% Triton X-100
(MP Biomedicals LLC, Santa Ana, CA, USA), 5 uM ethyl-
enediaminetetra acetic acid (Nacalai Tesque, Inc.), 1%sodium
deoxycholate (Difco; BD Biosciences, San Jose, CA,
USA), 0.1% sodium dodecyl sulfate, 1.2% aprotinin, 5 yuM
leupeptin, 4 uM antipain, | mM phenylmethylsulfonyl fluo-
ride and 0.1 mM Na;VO, (all; Sigma Aldrich; Merck KGaA,
Darmstadt, Germany) according to a previously described
method (21). Samples were centrifuged at 16,000 x g for
20 min at 4°C. The amount of protein was quantified using
the DC protein assay kit (BD Biosciences) according to the
manufacturers protocol. Equal amounts (50 ul) of resulting
lysates were separated using a 10% SDS-PAGE gel and
transferred to nitrocellulose membranes. Membranes were
then blocked at room temperature with 5% skimmed milk
and tris-buffered saline and Tween-20 solution for 1 h.
The membranes were then incubated at 4°C overnight with
primary antibodies, then incubated at room temperature for
1 h with the corresponding secondary antibody (Rabbit Ig
HRP-linked Whole Ab, from Donkey; NA934-1ML; GE
Healthcare Japan Corporation, Tokyo, Japan) at a 1:5,000
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Figure 1. Effects of DHA on the viability and proliferation of renal cancer cells. (A) An MTS assay was performed to determine the viability of Caki-1 and
786-0 cells following treatment with 25, 50 and 100 xM DHA for 24 h. Cell viability was significantly decreased in Caki-1 cells treated with 50 and 100 uM
DHA and 786-0 cells treated with 100 xM. (B) Total cell counts as a measure of proliferation were determined in Caki-1 and 786-O cells following treat-
ment with 25, 50 and 100 xM DHA for 24, 48 and 72 h. Proliferation was significantly lower in both cell lines at all doses of DHA relative to controls at
corresponding time points. “P<0.01 vs. untreated control cells of respective cell lines. DHA, docosahexaenoic acid; Caki-1 and 786-0, renal cancer cell lines.

dilution. Immunolabelled proteins were subsequently visu-
alized by enhanced chemiluminescence with an Amersham
ECL Gel System, according to the manufacturer's protocol.

Statistical analysis. Data are presented as the mean + standard
error of the mean of three independent experiments. One
way analysis of variance followed by a protected Fisher's
least significant difference post hoc test was used to analyze
continuous data. The statistical significance of differences was
evaluated using a paired t-test and P<0.05 was considered to
indicate a statistically significant difference. JMP version 9
was used to assess all data (SAS Institute, Inc., Cary, NC,
USA).

Results

DHA inhibits the growth of renal cancer cells by inducing
apoptosis. To determine the effect of DHA on the prolifera-
tion of renal cancer cells in vitro, the renal cancer cell lines
Caki-1 and 786-0O were treated with various concentrations
of DHA (0, 25, 50 and 100 M) for 24 h prior to an MTS
cell viability assay. In Caki-1 cells, treatment with 50 and
100 uM DHA led to significant decreases in cell viability
(both P<0.01; Fig. 1A), while in 786-0 cells, only 100 xM
DHA induced a significant decrease in cell viability
compared with the control (P<0.01; Fig. 1A). To determine
total cell numbers, Caki-1 and 786-0O cells were counted
following treatment with 0, 50, 100 xM DHA for 24, 48 and
72 h. At each time point, total numbers of DHA-treated cells

were significantly lower than those of untreated control cells
(all P<0.01; Fig. 1B).

To determine whether the inhibitory action of DHA on cell
proliferation was due to apoptosis-inducing effects, Caki-1
and 786-0 cells were treated with 100 M DHA for 24 h prior
to cell cycle analysis by flow cytometry. Following treatment
with DHA, it was observed that the sub-Gl populations of
Caki-1 and 786-0 cells (37.44 and 16.46%, respectively) were
greater than those of untreated controls (7.09% in Caki-1
and 6.26% in 786-0O control cells: Fig. 2A). DHA-treated
cell lines were also double stained with Annexin V and PI
and analyzed by flow cytometry. Following treatment
with 100 uM DHA, it was observed that the percentages of
Annexin-positive and PI-negative (apoptotic) cells in both the
Caki-1 and 786-0 cell lines were increased (18.81 and 9.92%,
respectively), relative to untreated controls (0.22% in Caki-1
and 0.14% in 786-0 control cells; Fig. 2B). Collectively, these
data suggest that DHA inhibits the growth of renal cancer cells
through the induction of apoptosis.

DHA inhibits cell motility and invasiveness of renal cancer
cells. The effects of DHA on the migration and invasion of
renal cancer cells were also evaluated by a wound scratch
assay. Monolayers of Caki-1 and 786-0O cells were disrupted
to create a uniform wound and grown for 12 h with 0, 25, 50,
100 M DHA. In both cell lines, treatment with 50 and 100 xM
DHA lead to significant decreases in the area covered by cells,
relative to that of untreated controls (Fig 3A and B; P<0.001).
Similarly, in Matrigel invasion assays, DHA treatment (25, 50
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Figure 2. Effects of DHA on cell cycle progression and apoptosis. (A) Cell cycle distribution of Caki-1 and 786-0 cells treated with 0, 25, 50 and 100 uM
DHA for 24 h. In both cell lines the population of cells in the sub-G1 phase was increased by DHA treatment (B) Annexin V/propidium iodide double-staining
of Caki-1 and 786-0 cells to determine rates of apoptosis following treatment with 0, 25, 50 and 100 xM DHA for 24 h. Cells that exhibited = V-positive and
propidium-iodide-negative staining (early apoptotic) are shown as a percentage on each graph. DHA, docosahexaenoic acid; Caki-1 and 786-0, renal cancer cell

lines.

and 100 xM) significantly decreased the invasive properties of
both cell lines (Fig. 3C and D; P<0.001). In particular, there
were markedly low numbers of invaded cells following treat-
ment with 50 and 100 M DHA. These results indicate that
DHA may suppress the migration and invasion of renal cancer
cells.

DHA alters EGFR phosphorylation status and STAT3
signaling. Potential signaling pathways underlying the
anti-tumor activity of DHA in renal cancer cells were subse-
quently investigated. Caki-1 and 786-O cells lysates were
subjected to western blotting following incubation of cells for
6 h in the presence or absence of DHA (50 and 100 xM; Fig. 4).
Previous studies have demonstrated that DHA is incorporated
into cellular membranes, where it may alter the localization
and function of EGFR by disrupting its association with
membrane lipid raft microdomains (9). Furthermore, it has
been documented that EGFR is overexpressed in RCC (22). In
Caki-1 and 786-0O cells, DHA treatment markedly increased
the phosphorylation of EGFR in a dose-dependent manner,
though had no observable effect on EGFR expression (Fig. 4).
The phosphorylation of key signaling molecules downstream
of EGFR, namely STAT3, Akt and ERK, was also evaluated.
Levels of p-STAT3 and p-Akt in both cell lines were decreased
by DHA in a dose-dependent manner (Fig. 4). However DHA
had no discernable effect on the levels of STAT3 and Akt.
Furthermore, DHA treatment had little effect on the levels of
ERK or p-ERK (Fig. 4).

Discussion

In the present study, DHA inhibited the proliferation and
invasion of renal cancer cells in vitro, possibly through
regulatory effects on the functions of EGFR, STAT3
and Akt. A previous study in Japan documented that the
mean concentration of serum DHA in healthy controls
was 18.52 mg/dl (563.0 uM) (17) and previous studies
investigating the anti-tumor effects of DHA on colon (18),
breast (19) and prostate cancer cells in vivo (20) have used
DHA concentrations between 10 and 200 M. Therefore, the
present study used DHA concentrations <100 M to obtain
clinically relevant results.

Results from epidemiological and preclinical studies
suggest that omega-3 FAs, including DHA, reduce the inci-
dence of various types of cancer (1,3,4,23). In a mouse model
of breast cancer, tumor size was reduced significantly by
dietary DHA in a dose-dependent manner (24). Indeed, DHA
has been documented to have a range of anti-tumor effects,
including inhibitory effects on tumor angiogenesis (5), apop-
tosis-inducing activity (6), inhibitory effects on tumor invasion
and metastasis (7,8) and regulatory effects on signaling path-
ways (9). In addition, it has been documented that serum levels
of omega-3 FAs in patients with pancreatic cancer, lung cancer
or non-Hodgkin lymphoma were lower than those in healthy
controls (25,26), with the lowest levels observed in patients
with more advanced-stage cancer (26,27). It has also been
demonstrated that DHA reduces metastasis in animal models
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Figure 3. DHA suppresses the migration and invasion of renal cancer cells. (A) Wound healing data obtained from disruption of Caki-1 and 786-O cell
monolayers with a pipette tip following treatment with 0, 25, 50 and 100 xM DHA for 12 h. (B) Representative photomicrographs showing wound closure
in Caki-1 cells. Magnification x200. (C) Data obtained from a Matrigel invasion assay of Caki-1 and 786-O cells after incubation with DHA (0, 25, 50 and
100 M) for 24 h. (D) Representative photomicrographs indicating Caki-1 cell invasion, magnification x100. “P<0.001 vs. untreated control cells of respective
cell lines. DHA, docosahexaenoic acid; Caki-1 and 786-0, renal cancer cell lines.
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Figure 4. Effects of DHA on intracellular signaling pathways. Western blotting was performed to detect the phosphorylation of intracellular signaling mole-
cules (EGFR, STAT3, Akt and ERK) in Caki-1 and 786-0O cells following treatment with 0, 50 and 100 xM DHA for 6 h. In both cell lines, DHA treatment
markedly increased the phosphorylation of EGFR in a dose-dependent manner while downregulating the phosphorylation of STAT3 and Akt. DHA treatment
had little effect on the phosphorylation of ERK. DHA, docosahexaenoic acid; Caki-1 and 786-0, renal cancer cell lines; EGFR, epidermal growth factor
receptor; STATS3, signal transducer and activator of transcription 3; ERK, extracellular signal-regulated protein kinase.
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using mice (7,8) and prevents the migration and invasion of
human MDA-MB-231 mammary cancer cells in vitro (7). Diets
high in DHA-rich fish oil prevent breast cancer metastasis to
the bone by reducing the expression of cluster of differentia-
tion 44, regarded as a typical molecular signature of cancer
stem cells (7). Furthermore, in a mouse model of Lewis lung
carcinoma, DHA metabolites were found to inhibit vascular
endothelial growth factor- and fibroblast growth factor-induced
angiogenesis and suppress primary tumor growth and metas-
tasis (8). Since previous studies have identified an association
between omega-3 FAs and cancer development, the present
study investigated whether DHA serves a role in the progres-
sion and/or metastasis of RCC. DHA is incorporated into
cellular membranes and may disrupt lipid raft microdomains
that act as detergent-resistant signaling platforms (28), thus
leading to a disruption in signaling pathways associated with
numerous cancers, including EGFR signaling (9). EGFR is a
transmembrane receptor tyrosine kinase and its overexpres-
sion is frequently observed in RCC (22). Activation of EGFR
stimulates downstream signaling pathways that have been
implicated in the regulation of tumor growth, invasion and
metastasis (29). However, membrane localization of EGFR is
essential for its modulatory effects on downstream signaling
pathways, and previous studies have indicated that DHA
displaces EGFR from lipid rafts, thus leading to a subsequent
decrease in its downstream signaling activity (9). Analogous
to previous findings, the present study observed that DHA
treatment led to changes in the phosphorylation status of
EGFR and its downstream signaling pathways in renal cancer
cells. It has previously been observed that STAT3 and Akt
are constitutively activated in RCC patients, particularly in
those with metastatic diseases (30,31). In turn, constitutively
activated Akt in renal cancer cells may confer cellular resis-
tance to the EGFR inhibitor gefitinib (32). The present study
demonstrated that DHA inhibited the activation of STAT3
and Akt in a dose-dependent manner. As the STAT3 and Akt
pathways serve a key role in apoptosis, cell migration and
invasion (30,31), these data suggest that these pathways serve a
role in cancer progression.

In conclusion, similar to results from previous preclinical
and clinical studies investigating a range of cancers, the present
results suggest that DHA may be a potential therapeutic agent
for the treatment of renal carcinoma. However, applications of
the present findings are limited, due to a lack of in vivo and
clinical data regarding RCC. Therefore, future clinical studies
into the efficacy of DHA in preventing RCC metastasis are
necessary.
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