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Fatty acid metabolism impacts multiple intracellular signal-
ing pathways in many cell types, but its role in prostate cancer
cells is still unclear. Our previous studies have shown that the -3
polyunsaturated fatty acid docosahexaenoic acid (DHA) induces
apoptosis in human prostate cancer cells by a syndecan-1 (SDC-
1)-dependent mechanism. Here, we examined the contribution
of lipoxygenase (LOX)- and cyclooxygenase (COX)-mediated
DHA metabolism to this effect. Pan-LOX inhibitor (nordihy-
droguaiaretic acid), 15-LOX inhibitor (luteolin) or 15/12-LOX
inhibitor (baicalein) blocked the induced effect of DHA on SDC-1
expression and apoptosis in human prostate cancer cells, whereas
5-LOX inhibitor, AA861, was ineffective. Human prostate cancer
cells lines (PC3, LNCaP and DU145 cells) expressed two 15-LOX
isoforms, 15-LOX-1 and 15-LOX-2, with higher 15-LOX-1 and
lower 15-LOX-2 expressions compared with human epithelial
prostate cells. Knockdown of 15-LOX-1 blocked the effect of
DHA on SDC-1 expression and caspase-3 activity, whereas silenc-
ing 15-LOX-2, 5-LOX, COX-1, COX-2 or 12-LOX had no effect.
Moreover, the ability of DHA to inhibit the activity of the PDK/Akt
(T308) signaling pathway was abrogated by silencing 15-LOX-1.
These findings demonstrate that 15-LOX-1-mediated metabolism
of DHA is required for it to upregulate SDC-1 and trigger the sign-
aling pathway that elicits apoptosis in prostate cancer cells.

Introduction

Prostate cancer, the most frequently diagnosed cancer in males and a
leading cause of male cancer-related death in the USA, can be modi-
fied by dietary fatty acids. Higher intake of n-3 polyunsaturated fatty
acids (PUFA) is associated with lower prostate cancer risk (1,2) and in
prolonging survival of men diagnosed with advanced prostate cancer
(3). Docosahexaenoic acid (22:6 n-3, DHA) is a long chain n-3 PUFA
that is mainly acquired in humans through consumption of coldwa-
ter fish products. Epidemiological studies showed that DHA inhib-
its the incidence and development of several types of cancer (2,4-7)
and increases the efficacy of anticancer radiation and chemotherapies
(8,9). An accumulating body of evidence including our data shows
that DHA inhibits proliferation and promotes apoptosis of a variety
of cancer cells in vitro and in vivo (10-16). These biological effects
may directly or indirectly link to induction of intracellular oxidative
stress (17,18) and lead to disruption of the tumor microenvironment
by anti-inflammatory, antiangiogenic and immunomodulatory pro-
cesses (19-21). However, the molecular mechanisms remain unclear.

Abbreviations: BSA, bovine serum albumin; COX, cyclooxygenase; DHA,
docosahexaenoic acid; FBS, fetal bovine serum; HDHA, hydroxydocosahex-
aenoic acid; HpDHA, hydroperoxydocosahexaenoic acid; LOX, lipoxyge-
nases; mRNA, messenger RNA; NDGA, nordihydroguaiaretic acid; PARP,
poly(ADP-ribose) polymerase; PDK1, 3’-phosphoinositide-dependent kinase
1; PrEC, prostate epithelial cells; PUFA, polyunsaturated fatty acids; RT-PCR,
real-time PCR; SDC-1, syndecan-1; siRNA, small interfering RNA.

DHA accumulates primarily in the phosphatidylethanolamine and
phosphatidylserine of cellular membranes, but it can also be oxy-
genated to produce bioactive lipids. This oxygenation is thought to
principally occur through lipoxygenase (LOX)- and the cyclooxyge-
nase (COX)-mediated pathways, which form a wide range of lipid
mediators causing a plethora of physiological or pathological effects
on the organism (22,23). One proposed explanation for the tumor-
inhibitory effect of n-3 PUFA is that n-3 PUFA compete for the same
metabolic enzymes (LOX and COX) with n-6 PUFA (24). However,
until now, no specific enzyme has been confirmed relevant to this
antitumorigenic process. Although the potential use of DHA as a
chemopreventive agent has been reported, the knowledge of lipid-
processing pathways and bioactive lipid metabolites, which regu-
late the inhibitory effects, in cancer remains relatively limited. One
study from neuroblastoma cells showed that metabolites of DHA,
17-hydroxydocosahexaenoic acid (17-HDHA) via 17-hydroperoxy-
docosahexaenoic acid (17-HpDHA) through 15-LOX and auto-oxi-
dation, contributed to direct cytotoxicity by inducing apoptosis and
decreasing proliferation (25). This implied a tumor-suppressing role
for DHA metabolites.

Our previous work has demonstrated that DHA induces apop-
tosis in human prostate cancer cells through a pathway that involves
activation of the nuclear receptor peroxisome proliferator-activat-
ing receptor-y, to upregulate a peroxisome proliferator-activating
receptor-y target gene, syndecan-1 (SDC-1). SDC-1 is a transmem-
brane heparan sulfate proteoglycan that, when upregulated by DHA,
induces apoptosis through inhibition of the PDK1/Akt/Bad survival
pathway (12,14). We, therefore, sought to determine if specific LOX
and COX enzymatic pathways of DHA are involved in the SDC-1-
associated antitumorigenic effect. In this study, we have used human
prostate cancer cells to explore the potential of DHA metabolism
by 15-LOX-1, 15-LOX-2, 12-LOX, 5-LOX, COX-1 and COX-2 on
SDC-1, its signaling pathway and subsequent apoptosis. We identified
15-LOX-1 as a critical enzyme in DHA upregulation of SDC-1 and
induction of apoptosis.

Materials and methods

Materials

Anti-SDC-1 (H-174) antibody was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Anti-Akt, antiphospho-Akt (S473), antiphospho-Akt
(T308), antiprotein serine/threonine kinase 3’-phosphoinositide-dependent
kinase 1 (PDK1), antiphospho-PDK1 (S243), antipoly(ADP-ribose) polymer-
ase (PARP) and antihorseradish peroxidase-conjugated secondary antibody
against rabbit were purchased from Cell Signaling Technology (Danvers, MA).
Caspase-Glo® 3/7 assay was from Promega (Madison, WI). Anticaspase 3
was from Santa Cruz Biotechnology. DHA was from Sigma Chemical Co (St.
Louis, MO) and prepared as 600 pmol/l stocks complexed to bovine serum
albumin (BSA) as described (26). Nordihydroguaiaretic acid (NDGA), luteo-
lin, baicalein and AA861 were purchased from Cayman Chemical Company,
Ann Arbor, MI. Hoechst 33342 was from Invitrogen (Eugene, OR). COX-1
small interfering RNA (siRNA) (Cat. No. SI00301511), COX-2 siRNA (Cat.
No. SI00301525), 15-LOX-1-siRNA (Cat. No. S100022449), 15-LOX-2
siRNA (Cat. No. S100022498), 12-LOX-siRNA (Cat. No. S100294679),
5-LOX-siRNA (Cat. No. SI00294714) and control siRNA with no known
human target (Cat. No. 1027280) were purchased from Qiagen (Austin, TX).

Cell lines and cell culture

PC3, LNCaP and DUI145 cells were purchased from the American Type
Culture Collection (Manassas, VA) and maintained in advanced Dulbecco’s
modified Eagle’s medium (Invitrogen, Grand Island, NY) containing 1%
fetal bovine serum (FBS) (PC3 cells), RPMI 1640 medium (Invitrogen) with
10% FBS (LNCaP cells) or Eagle’s minimum essential medium (Invitrogen)
containing 10% FBS (DU145 cells). Normal human prostate epithelial cells
(PrEC) were purchased from Clonetics (San Diego, CA) and maintained in
Clonetics Prostate Epithelial Cell medium.
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Western blot assay

Human prostate cancer cells were lysed in ice-cold lysis buffer (25mM
Tris—HCI, 150mM NaCl, 1% Triton X-100, 0.1 mg/ml phenylmethylsulfonyl
fluoride) with 1x proteinase and 1x phosphatase inhibitors (Roche Applied
Science). For the analysis of SDC-1 protein, lysates were dialyzed against
100mM Tris, 30 mM sodium acetate, pH 8.0 for 24 h at 4°C and then digested
by chondroitinase ABC (Seikagaku) and heparinase III (Sigma—Aldrich
Company, Allentown, PA) at 37°C overnight. Protein extracts were electro-
phoresed by 12.5% sodium dodecyl sulfate—polyacrylamide gel electropho-
resis and transferred to a nitrocellulose membrane. After blocking with 5%
non-fat dry milk, the membrane was washed three times with Tris-buffered
saline/Tween-20 and incubated with the primary antibody diluted in 3% BSA
at 4°C overnight. The blot was washed in Tris-buffered saline/Tween-20 and
incubated for 1h with a horseradish peroxidase-conjugated secondary anti-
body diluted 1:2000 for goat antimouse and goat antirabbit. The signal was
detected using the chemiluminescent detection system (Pierce). Band densities
on photographic films were analyzed using Image J 1.37v (NIH).

Gene silencing by siRNA

Cells were plated in six-well plates at a density of 2.0x 10° cells per well and
transfected with siRNA using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s protocol. Control cells received a negative control siRNA
with no known target. At 6h after transfection, wells were supplemented with
medium containing 1% FBS overnight. Cells were harvested after transfection
24, 48 and 72h to measure gene expressions.

Quantitative real-time PCR

Quantitative real-time PCR (RT-PCR) was performed as described (13,26). Briefly,
total cell RNA was prepared. Quantitative analysis of gene expression was gener-
ated with Applied Biosystems 7500 Real-Time PCR System and the SYBR Green
Master Mix kit. The primers used for human SDC-1 were 5’-ggagcaggacttcac-
ctttg (forward) and 5’-ctcccageacctctttect (reverse). Primers for human COX-1
were 5’-tgcccagetectggecegeegett-3” (forward) and 5'-gtgeatcaacacaggegectctte-3”
(reverse). Primers for human COX-2 were 5'-gtttgcattctttgcccage-3” (forward) and
5’-caggcaccagaccaaagacc-3” (reverse). Primers for human 15-LOX-1 were 5-gct-
geggcetetgggaaatcatet-3” (forward) and 5-gggeccgaaaaatactectectca-3” (reverse).

DHA metabolism and prostate cancer

Primers for human 15-LOX-2 were 5-tgatgacaagtgggactggttget-3” (forward)
and 5’-actcagagaagccttcaatgeega-3” (reverse). Primers for human 12-LOX were
5’-agaatggttccctgtttgaaget-3” (forward) and 5’-ccattgggctecatcttcag-3” (reverse).
Primers for human 5-LOX were 5’-ccaaagcgatggagaacctg-3 (forward) and 5'-gca-
gaaggtgggtgatggtc-3” (reverse). Primers for human peptidylprolylisomerase B
housekeeping gene were 5-gcccaaagtcaccgtcaa (forward) and 5’-tccgaagagac-
caaagatcac (reverse). Data were normalized to the housekeeping control peptidyl-
prolylisomerase B and are presented relative to control.

Detection of apoptosis

PC3, DU145 and/or LNCaP cells were treated with 30 pM DHA and/or luteo-
lin (1 pM) or transfection with specific oxygenase or control siRNA. Apoptosis
was measured by caspase-3 activity using Caspase-Glo® 3/7 assay following
the manufacturer’s protocol and/or Hoechst 33342 staining or cleaved PARP
using western blot assay.

Statistical analysis

Data are expressed as mean and standard deviation or standard error. Statistical
analysis was performed using one-way analysis of variance. P values <0.05
were considered statistically significant.

Results

DHA-induced apoptosis and SDC-1 are blocked by pan-LOX or
15-LOX inhibitor

Because our previous studies had shown that DHA upregulated
SDC-1 expression and induced apoptosis in prostate cancer cells
(12,14), we sought to clarify the requirement for DHA metabolism
in this process. The human LOX enzymes that may be involved in
DHA signaling are 5-LOX, 12-LOX, 15-LOX-1 and 15-LOX-2. To
determine whether DHA itself or an oxygenated metabolite by LOX
caused those effects, we treated cells with pan-oxygenase inhibitor,
NDGA, 15-LOX inhibitor, luteolin, 15-LOX-1/2 and 12-LOX inhibi-
tor, baicalein or 5-LOX inhibitor, AA861 and measured SDC-1 gene
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Fig. 1. Inhibition of DHA-induced apoptosis and SDC-1 by pan-oxgenase and 15-LOX inhibitors. A and C. PC3 cells was treated with DHA-BSA (30 pM)
and indicated concentrations of NDGA (A) or luteolin (C) for 48 h. Caspase-3 activity was measured by Caspase-Glo 3/7 assay. Values representing the mean

+ SD (n = 3) with different letters are significantly different (P < 0.05). B and D. PC3 cells were treated with DHA-BSA (30 pM) and indicated concentration
of NDGA (B) or luteolin (D) for 8 h. Total RNA was isolated and SDC-1 mRNA was determined by RT-PCR. Values, expressed relative to controls (mean +
SD, n = 3), with different letters are significantly different (P < 0.05). E. PC3, DU145 and LNCaP cells were treated with DHA-BSA (30 pM) and/or luteolin

(1 pM) for 48 h. Cell morphologic changes were examined by Hoechst 33342 staining and observed by fluorescence microscopy. Representative photographs
were obtained from three separate experiments. Apoptotic cells with condensed nuclei and/or fragmented chromatin are indicated by arrows. The percentages of
apoptotic cells are expressed in the graph as means + SE of three individual experiments. Values with different letters are significantly different (P < 0.05).
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Fig. 2. Expressions of 15-LOX-1 and 15-LOX-2 in human prostate cancer cells. A and B. Human prostate cancer cells (PC3, DU145 and LNCaP cells) and

human PrEC were cultured and harvested at the same time. Total RNA was isolated,

and 15-LOX-1 and 15-LOX-2 mRNA were measured by RT-PCR. Values

expressed relative to PrEC cells (mean + SD, n = 3) with different letters are significantly different (P < 0.05). C. Protein extracts from PrEC, PC3, DU145 and

LNCaP cells were used for western blot analysis of 15-LOX-1, 15-LOX-2 and f-act

expression and caspase 3 activity. At doses below those required to
inhibit cell proliferation, NDGA prevented DHA stimulation of both
caspase-3 activity (Figure 1A) and SDC-1 (Figure 1B). Luteolin like-
wise blocked the effect of DHA on caspase-3 activity (Figure 1C) and
SDC-1 gene expression (Figure 1D). Hoechst staining further con-
firmed that luteolin suppressed DHA induced-chromatin condensa-
tion and/or DNA fragmentation, which are typical apoptotic nuclear
morphology (Figure 1E). Baicalein also abrogated the ability of DHA
to upregulate SDC-1 (Supplementary Figure 1A), whereas AA861
was not effective (Supplementary Figure 1B). Although these drugs

in.

have other effects, these data suggest that DHA-induced apoptosis
and SDC-1 are driven by 15-LOX or 12-LOX, but not by 5-LOX.

15-LOX are expressed in human prostate cancer cells

15-LOX belongs to the structurally and functionally related non-heme
iron dioxygenase family. It has two isoforms, 15-LOX-1 and 15-LOX-
2. There is evidence that 15-LOX converts DHA to new families of
lipid mediators that have potent anti-inflammatory and immunoreg-
ulatory actions (27). To investigate the role of 15-LOX isoforms in
DHA-induced apoptosis and SDC-1 in prostate cancer, we confirmed
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Fig. 3. Effects of 15-LOX-1 and 15-LOX-2 knockdown on DHA-induced apoptosis

in PC3 and LNCaP cells. A and B. PC3 and LNCaP cells were transfected

with a control siRNA, 15-LOX-1 siRNA or 15-LOX-2 siRNA. At indicated times after transfection, total RNA was isolated and 15-LOX-1 or 15-LOX-2 mRNA
was determined by RT-PCR. Data shown are the levels of 15-LOX-1 (A) or 15-LOX-2 (B) gene expression relative to control (n = 3). Values representing the

mean + SD (n = 3) with different letters are significantly different (P < 0.05). C and

D. Cells were transfected with control siRNA, 15-LOX-1 siRNA (C) or

15-LOX-2 siRNA (D) for 6h and then supplemented with growth medium containing 1% FBS overnight. Cells were treated with DHA-BSA (30 uM) for 48 h.
Caspase-3 activity was measured with the Caspase-Glo® 3/7 assay. Values expressed relative to controls representing the mean + SD (n = 3) with different letters
are significantly different (P < 0.05). E. LNCaP cells were transfected with control siRNA, 15-LOX-1 siRNA or 15-LOX-2 siRNA for 6 h and then supplemented
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that human prostate cancer cells express 15-LOX-1 and 15-LOX-2
and compared their expression with that of normal PrEC. As shown in
Figure 2, messenger RNA (mRNA) for 15-LOX-1 was barely detect-
able in PrEC cells, but it was markedly higher in prostate cancer cell
lines (Figure 2A). The level of 15-LOX-2 mRNA was >20-fold lower
in cancer cells than in PrEC cells (Figure 2B). Western blots con-
firmed the presence of both 15-LOX-1 and 15-LOX-2 proteins in the
cancer cells with relative protein levels consistent with corresponding
mRNA levels (Figure 2C).

DHA-induced apoptosis in human prostate cancer cells is mediated
through 15-LOX-1 pathway

15-LOX attacks DHA to form a series of 17-hydroperoxy products
(28) and also can act in concert with COX-2 and 5-LOX to form other
products (29); 12-LOX attacks DHA to form monohydroxy products
(30,31). To test the contribution of these individual LOX and COX to
DHA-induced apoptosis, PC3 and LNCaP cells were transfected with
15-LOX-1, 15-LOX-2, 5-LOX, 12-LOX, COX-1 and COX-2 siRNAs.
As shown in Figure 3, knockdown of 15-LOX-1 was specific for
15-LOX-1 expression and knockdown of 15-LOX-2 was specific for
15-LOX-2 expression in both cell lines (Figure 3A and 3B). Neither
15-LOX-1 nor 15-LOX-2 siRNA inhibited the expression of 5-LOX,
12-LOX, COX-1 and COX-2 (Supplementary Figure 2). Knockdown
of 15-LOX-1 blocked DHA-induced apoptosis as measured by cas-
pase-3 activity (Figure 3C) and caspase-cleaved PARP expression
(Figure 3E), whereas 15-LOX-2 knockdown had no eftect (Figure 3D
and 3E). 5-LOX and 12-LOX, which were likewise silenced by their
specific siRNAs (Supplementary Figure 3A and B), failed to block
the ability of DHA to induce apoptosis (Figure 4A and 4B). Similar

data were obtained with COX showing that knockdown of COX-1 and
COX-2 (Supplementary Figure 3C and D) did not impede the ability
of DHA to induce caspase activity (Figure 4C and 4D). These data
indicate that DHA-induced apoptosis is mainly mediated by 15-LOX-
1, but not by the other oxygenase enzymes.

SDC-1 upregulation by DHA is 15-LOX-1 dependent

Our previous studies found that upregulation of SDC-1 is an essential
requirement for DHA-induced apoptosis in prostate cancer cells (12),
and as shown in Figure 1, inhibition of LOX activity with relatively
non-selective pharmacological agents inhibited DHA upregulation of
SDC-1. To identify the involvement of a specific oxygenase on the
DHA effect on SDC-1, we examined SDC-1 expression in PC3 cells
transfected with 15-LOX-1, 15-LOX-2, 5-LOX, 12-LOX, COX-1 and
COX-2 siRNAs. SDC-1 message and/or protein levels were measured
by RT-PCR and western blot assay, respectively. Specific knockdown
of 15-LOX-1 blocked DHA-mediated SDC-1 upregulation (Figure SA
and 5C), whereas silencing 15-LOX-2 (Figure 5B and 5D), 5-LOX
(Supplementary Figure 4A), 12-LOX (Supplementary Figure 4B),
COX-1 (Supplementary Figure 4C) and COX-2 (Supplementary
Figure 4D) had no effect. Thus, DHA upregulation of SDC-1 is a
15-LOX-1-dependent process.

Suppression of PDKI/Akt activation by DHA is 15-LOX-1
dependent

Our previous studies have shown that DHA upregulation of SDC-1
results in decreased phosphorylation of PDK1 and Akt (T308) that
leads to induction of apoptosis (12). To examine the requirement
of 15-LOX-1 in this signaling pathway, PC3 cells were transfected
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experiments. Relative ratios are shown in graphs, and values representing the mean + SE (n = 3) with different letters are significantly different (P < 0.05).

with either 15-LOX-1 or 15-LOX-2 siRNA prior to treatment with
DHA, and protein phosphorylation was measured by western blot.
As shown in Figure 6, following 15-LOX-1 knockdown, DHA was
unable to inhibit the phosphorylation of either PDK1 or Akt (T308).
As shown previously, pAkt (S473) was not affected by DHA and was
not impacted by 15-LOX-1 knockdown in these experiments. These
results indicate that 15-LOX-1 metabolism of DHA is critical for its
ability to suppress PDK1/Akt activation.

Discussion

Metabolites of PUFA serve as important messengers in many physi-
ological and pathological events. Although beneficial effects of DHA
on human health have been reported, the role of its metabolism in dis-
eases especially cancer remains to be understood. Our previous studies
showed that an n-3 PUFA-enriched diet inhibits tumor progression in
a mouse model of prostate cancer and that DHA specifically induces
apoptosis in cultured human prostate cancer cells by upregulation
of SDC-1 (12,14,32). DHA metabolism is catalyzed by two major
groups of enzymes, LOX and COX, and in this study, we explored
the contribution of these enzymes to DHA’s ability to induce apopto-
sis in prostate cancer cells. We have demonstrated that 15-LOX-1 is
required for the SDC-1 signaling involved in DHA-induced apoptosis.
These findings offer clues to systematically explore the chemopreven-
tion activity of DHA in prostate cancer.
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The oxygenation of DHA by LOX produces diverse lipid mediators.
15-LOX converts DHA to its 17S-hydroxy and a series of other prod-
ucts (33); aspirin-acetylated COX-2 generates its 17R-hydroxy product,
which then can be converted by 5-LOX to new families of lipid mediators
such as resolvin D series and neuroprotectins D formed through epoxi-
dation and enzymatic hydrolysis (23). DHA can also be converted by
human platelet 12-LOX to 14- and 11-HDHA (31,34) and by human neu-
trophil 5-LOX to 7-HpDHA and its 7-hydroxy derivative 7-HDHA (35).
A recent study showed that a DHA oxygenation product, 17-HpDHA,
induces cytotoxicity in neuroblastoma cells (10), which suggests that
DHA metabolism may impact cellular activities related to cancer.

It is reported that reduced prostate cancer risk was associated with
high erythrocyte DHA (36), and in prostate tissue, reduced DHA
level was associated with cancer compared with benign prostatic
hyperplasia and advanced stage disease (37). Therefore, dietary
supplementation with DHA may prevent or delay metastases in
prostate cancer (38). In this study, we have demonstrated that the
major metabolic enzymes of DHA including 15-LOX-1, 15-LOX-2,
5-LOX, 12-LOX, COX-1 and COX-2 were all expressed in prostate
cancer cells. Exogenous DHA induced apoptosis in these cells.
Moreover, specific knockdown of 15-LOX-1 prevented this effect.
Individual silence of 15-LOX-2, 12-LOX, 5-LOX, COX-1 or COX-2
did not change 15-LOX-1 expression and also did not block DHA-
induced apoptosis. In addition, 15-LOX-1-mediated DHA metabolites
including 17-HpDHA, 17-HDHA, 10,17-dihydroxy-DHA and
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Fig. 6. 15-LOX-1 knockdown blocks the effect of DHA on phosphorylations of PDK1 and Akt. PC3 cells were transfected with control siRNA, 15-LOX-1 siRNA
or 15-LOX-2 siRNA for 6h and then supplemented with growth medium containing 1% FBS overnight. Cells were treated with DHA (30 pM) for 48 h before
harvest. PDK1, p-PDK1 (S243), total Akt and pAkt (T308 and S473) were measured by western blot assay. Data shown are representative of three independent
experiments. Relative ratios are shown in the graph, and values representing the mean + SE (n = 3) with different letters are significantly different (P < 0.05)

7,17-dihydroxy-DHA induced SDC-1 expression and activated
caspase-3 activity in PC3 cells (39). These data support a potential
role of 15-LOX-1-guided DHA metabolism in the induction of
apoptosis of prostate cancer.

Apoptosis is controlled by a diverse range of cell signals, which
may originate either extracellularly (extrinsic inducers) or intracel-
lularly (intrinsic inducers). Extracellular signals must either cross
the plasma membrane or be transduced to impact a response. In this
study, we explored the role of enzyme-dependent oxygenation of
DHA supplement in the membrane-mediated processes of prostate
cells. It is known that SDC-1, as a prototypical cell-surface proteo-
glycan with a type I transmembrane core protein, regulates cell-cell
and cell-matrix interactions, cell migration, adhesion, differentiation
and tumorigenesis (40—44). In human prostate cancer, recent studies
show that SDC-1 plays an important role in support of homeostasis
of the epithelial compartment of normal prostate and non-malignant
hormone-responsive and well-differentiated prostate tumors (45,46).
Our previous studies have shown SDC-1 to be effective in inducing
apoptosis and concomitantly inhibiting the growth of prostate cancer
cells (12). By demonstrating that DHA is unable to upregulate SDC-1
in the absence of 15-LOX-1 or in the presence of 15-LOX-1 pharma-
ceutical inhibitors, this study confirmed a role for SDC-1 in mediat-
ing the apoptotic properties of 15-LOX-1-guided DHA oxygenated
products in prostate cancer cells. Moreover, this study also shows that
SDC-1-dependent suppression of phosphorylation of PDK1/Akt by
DHA was blocked by 15-LOX-1 siRNA, implying that 15-LOX-1-
mediated metabolism of DHA initiates SDC-1 signaling, which leads
to apoptosis. The PDK1/Akt pathway appears to be very sensitive to
SDC-1 with a modest DHA-induced increase in SDC-1 resulting in a
marked inhibition of PDK1 and Akt phosphorylation (Figures 5 and
6) (12).

The standard therapies of prostate cancer include androgen ablation
that initially causes tumor regression. However, the tumor often even-
tually relapses and develops into hormone refractory prostate cancer
(47). A failure to undergo apoptosis maybe a major cause of resistance
of prostate cancer cells to this therapy because the majority of tumors
following androgen ablation have no increase in apoptotic indices
(48,49) and promotion of apoptosis in prostate cancer cells leads to
the regression of cancer cells and improved prognosis of refractory

disease (50). Thus, an agent that induces apoptosis may be useful for
chemotherapy against prostate cancer. This study assigned a central
role for 15-LOX-1-mediated metabolism of DHA in inducing apop-
tosis in cultured human prostate cancer cells. We also demonstrated
that DHA-induced apoptosis persists in COX-1, COX-2, 5-LOX,
12-LOX or 15-LOX-2 knockout prostate cancer cells, suggesting the
effect of DHA is independent of these enzymes. This specificity of
the 15-LOX-1 involvement in DHA metabolism could be beneficial
in enhancing the efficacy of conventional chemotherapy of prostate
cancer.

A recent study from Sapieha and colleagues (51) disclosed a key
role of a 5-LOX-product, 4-HDHA, in antiangiogenic effect of dietary
DHA in mouse retinopathy, whereas our data showed that in prostate
cancer cells, only 15-LOX-1-mediated DHA metabolism promotes
apoptosis. These results imply that a specific DHA metabolic
pathway may mediate a unique biological effect and may depend on
the cell of origin. Many lines of evidence support important roles for
inflammation and angiogenesis in the pathogenesis of prostate cancer
(52-55). Therefore, it will be important to investigate the possible
role of COX and LOX metabolism of DHA in anti-inflammatory and
antiangiogenic effects in prostate cancer.

In summary, this study describes an obligatory step in DHA metab-
olism required for its upregulation of SDC-1 and induction of apop-
tosis in prostate cancer cells. We identified 15-LOX-1 as the critical
oxygenase for DHA to induce SDC-1 signaling and subsequent apop-
tosis in prostate tumor cells. The findings provide insight into how
DHA modulates tumor progression.

Supplementary material

Supplementary Figures 1-4 can be found at http://carcin.oxford-
journals.org/
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