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Background: Frequent overactivation of c-Myc aggravates a spectrum of cancers. However, cancer-specific inhibition of
c-Myc activity poses significant difficulty.
Results: Inhibition of 5-lipoxygenase down-regulates c-Myc expression and triggers proteasomal degradation in cancer cells but
not in normal fibroblasts.
Conclusion: Inhibition of 5-lipoxygenase selectively disrupts c-Myc function in cancer cells.
Significance: Inhibition of 5-lipoxygenase may be a novel strategy to control oncogenic c-Myc signaling.

Myc is up-regulated in almost all cancer types and is the sub-
ject of intense investigation because of its pleiotropic effects
controlling a broad spectrumof cell functions.However, despite
its recognition as a stand-alone molecular target, development
of suitable strategies to block its function is hindered because of
its nonenzymatic nature.We reported earlier that arachidonate
5-lipoxygenase (5-Lox) plays an important role in the survival
and growth of prostate cancer cells, although details of the
underlying mechanisms have yet to be characterized. By whole
genome gene expression array, we observed that inhibition of
5-Lox severely down-regulates the expression of c-Myc onco-
gene in prostate cancer cells.Moreover, inhibition of 5-Lox dra-
matically decreases the protein level, nuclear accumulation,
DNA binding, and transcriptional activities of c-Myc. Both the
5-Lox inhibition-induced down-regulation of c-Myc and induc-
tion of apoptosis are mitigated when the cells are treated with
5-oxoeicosatetraenoic acid, a metabolite of 5-Lox, confirming a
role of 5-Lox in these processes. c-Myc is a transforming onco-
gene widely expressed in prostate cancer cells and maintains
their transformed phenotype. Interestingly, MK591, a specific
5-Lox inhibitor, strongly affects the viability of Myc-overacti-
vated prostate cancer cells and completely blocks their invasive
and soft agar colony-forming abilities, but it spares nontrans-
formed cells where expression of 5-Lox is undetectable. These
findings indicate that the oncogenic function of c-Myc in pros-
tate cancer cells is regulated by 5-Lox activity, revealing a novel
mechanism of 5-Lox action and suggesting that the oncogenic
function of c-Myc can be suppressed by suitable inhibitors of
5-Lox.

Myc is a basic helix-loop-helix leucine zipper transcription
factor that dimerizes with its binding partnerMAX and associ-
ates with gene promoters containing the E-box motifs
(CACGTG or CACATG) to induce gene transcription (1). It is
up-regulated in almost all cancer types and is the subject of
intense investigation because of its pleiotropic effects control-
ling a broad spectrum of functions, including cell proliferation,
metabolism, differentiation, sensitization to apoptotic stimuli,
and genetic instability, which are events intimately associated
with initiation, promotion, and progression phases of cancer
(2). Myc function is deregulated in most human cancers by a
variety of mechanisms, including gene amplification, inser-
tional mutations, or chromosomal translocation of the Myc
gene (1, 2). Because of its central role in oncogenesis, Myc has
emerged as a promising stand-alone molecular target for ther-
apy of cancers afflicted with cells undergoing oncogene addic-
tion. Recent experimental data suggest that even a brief inhibi-
tion of c-Myc expressionmay be sufficient to permanently stop
tumor growth and induce regression of tumors, and Soucek et
al. (4) have shown in a preclinical mouse model that c-Myc
inhibition of RAS-induced lung adenocarcinoma, using a
reversible systemic expression of a Myc mutant that antago-
nizesMyc activity, regressed lung tumors by triggering apopto-
sis in cancer cells (3). Myc inhibition also exerted profound
growth arrest in normal tissues, although these were well toler-
ated (4), suggesting that direct targeting Myc could maintain
the therapeutic ratio of cancer treatment by preferential killing
of tumor cells relative to normal cells. Although Myc has been
identified more than 30 years ago and anti-Myc agents such as
antisense oligonucleotides, small interfering RNA (siRNA), or
phosphorodiamidate morpholino oligomers have been devel-
oped, which induce tumor cell growth arrest, differentiation,
and trigger apoptosis, direct targeting of Myc has yielded very
limited success for clinical use (1–7). Thus, unique upstream or
downstream regulator(s) that control Myc functions should be
explored that may help to develop additional, more effective
measures to modulate deregulation of c-Myc in cancer cells.
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Prostate cancer is themost common form ofmalignancy and
the second leading cause of cancer-related deaths inmen in the
United States (8). Epidemiological studies and experiments
with laboratory animals have repeatedly suggested a link
between consumption of high fat “Western” diets and clinical
prostate cancer (9–11). Recent analysis points toward a role of
�-6 fatty acids, such as arachidonic acid, in the promotion and
progression of prostate cancer; however, the underlying mech-
anisms have yet to be fully characterized. Arachidonic acid, an
�-6 polyunsaturated fatty acid, is metabolized via cyclooxyge-
nase, lipoxygenase, and epoxygenase pathways to generate an
array of metabolites that regulate a variety of cell functions,
such cell proliferation, survival, motility, invasion, angiogene-
sis, and metastasis (12, 13). We and others have observed that
arachidonic acid promotes growth of prostate cancer cells via
metabolic conversion through the 5-Lox2 pathway (14–17).
Interestingly, it was observed that prostate cancer cells contin-
uously generate 5-Lox metabolites, from arachidonic acid in
serum-free medium without any exogenous stimuli, which
deliver signals via the G-protein-coupled receptor (OXER1)
and eventual activation of PKC-� (14, 16–20). This feature sig-
nifies a deregulated state of 5-Lox in prostate cancer cells
because neutrophils, which express 5-Lox under normal cul-
ture condition,maintain 5-Lox in an inactive state that does not
generate 5-Lox metabolites until activated by phosphorylation
and intracellular calcium surge (21–24). Interestingly, we
observed that inhibition of 5-Lox blocks production of 5-Lox
metabolites and induces apoptosis both in androgen-sensitive
as well as androgen-independent prostate cancer cells (16–20).
This apoptosis is prevented by exogenous 5-hydroxyeicosatet-
raenoic acid and its dehydrogenated derivative 5-oxoeicosatet-
raenoic acid (5-oxoETE), suggesting that the 5-Lox activity
plays an essential role in the survival of prostate cancer cells.
Recently, we observed that 5-Lox is not expressed in normal
prostate epithelium but is highly expressed both in human and
mouse prostate tumor tissues as well as in prostate cancer cell
lines,3 suggesting that 5-Lox is specifically expressed in prostate
tumors, which together with its critical role in the survival of
prostate cancer cells makes 5-Lox a promising target for ther-
apy. However, details of the signaling mechanisms mediating
the effects of 5-Loxmetabolites in the regulation of survival and
growth characteristics of prostate cancer cells are yet to be fully
understood.
To gain an insight into downstream signaling mechanisms

of 5-Lox, we performed a global gene expression array and
observed thatMK591, a specific inhibitor of 5-Lox activity (25–
29), remarkably inhibits the expression of c-MycmRNA.More-
over, inhibition of 5-Lox dramatically reduced the protein level,
nuclear accumulation, DNA binding, transcriptional activity,
and oncogenic function of c-Myc in prostate cancer cells. Inter-
estingly, MK591 does not alter the basal level of c-Myc and its
target proteins in normal fibroblasts, which do not express
5-Lox, suggesting that the oncogenic c-Myc function in trans-
formed cells is specifically suppressed by inhibition of the 5-Lox

activity. We also observed that Myc-driven prostate tumors
express high levels of 5-Lox, and Myc-transformed prostate
cancer cells depend on 5-Lox activity for their survival as well as
metastatic abilities. Altogether, our findings indicate that the
activity of 5-Lox is required for the oncogenic functions of
c-Myc in prostate cancer cells and suggest that prostate cancer
cells promote their survival and metastasis using arachidonic
acid, a common fatty acid in “modern diets” via metabolic con-
version through the 5-Lox pathway. Because deregulation of
Myc is one of themost common abnormalities in humanmalig-
nancy and is frequently observed in aggressive cancer cells, our
findings open up a new avenue to effectively regulate c-Myc
function through inhibition of 5-Lox activity by specific chem-
ical inhibitors, such as MK591.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—LNCaP human prostate cancer
cells and human foreskin fibroblasts (HFF) were purchased
from American Type Culture Collection (Manassas, VA). Cells
were grown either in RPMI 1640 medium or DMEM (Invitro-
gen). All the media were supplemented with 10% FBS and anti-
biotics. Antibodies against c-Myc and survivin were purchased
from R&D Systems (Minneapolis, MN), and antibodies against
TMPRSS2, cyclin D1, CDK4, ATF3, TNF-�, and GADD45-�
were from Santa Cruz Biotechnology (Santa Cruz, CA). Poly-
clonal antibody against Aurora kinase was purchased fromCell
Signaling Technology (Danvers, MA). Polyclonal anti-5-Lox
antibody was from ProteinTech (Chicago), and anti-�-actin
antibody was purchased from Sigma. MK591 was obtained as a
generous gift from Dr. Robert N. Young (Merck-Frosst Centre
for Therapeutic Research, Quebec, Canada).
Cell Viability Assay—Cell viability was measured by Cell

Titer 96�AQueousOne SolutionCell ProliferationAssay (Pro-
mega Corp., Madison, WI) as described before (16–20).
Microscopy—Cells (�3 � 105) were plated overnight in

RPMI medium 1640 supplemented with 10% FBS onto 60 mm
diameter tissue culture plates (Falcon) and allowed to grow for
48 h. On the day of experiment, the spent culture medium was
replaced with 2 ml fresh RPMI medium and the cells were
treated with inhibitors. Control cells were treated with solvent
(DMSO). Photographs were taken with a Nikon digital camera
attached to a LEICA microscope at �400. Image acquisition
and data processing were done with a Dell computer attached
to the microscope using Q-Capture 7 software.
Gene ExpressionArray—LNCaP cells were plated and treated

with 30 �M MK591 for 8 or 16 h at 37 °C. Then the cells were
harvested, washed, and lysed in lysis buffer. RNA was isolated
using Qiagen RNeasy mini kit (Qiagen, Valencia, CA). For
reverse transcription, 500 ng of total RNAwas used as template,
and gene expression in treated and untreated samples was ana-
lyzed by Illumina Human HT-12v4 Whole Genome Gene
Expression (WGGX) Array (Illumina Corp.) in duplicate.
Reverse Transcriptase and Real Time Quantitative-Polymer-

ase Chain Reaction (RT-PCR and qPCR)—LNCaP cells were
plated and treated with 30 �M MK591 at 37 °C. Then the cells
were harvested and washed, and RNA was isolated from expo-
nentially growing cells using Qiagen RNeasymini kit fromQia-
gen. For reverse transcription (RT), 500 ng of total RNA was

2 The abbreviations used are: 5-Lox, 5-lipoxygenase; 5-oxoETE, 5-oxoeicosa-
tetraenoic acid; HFF, human foreskin fibroblast; qPCR, quantitative PCR.

3 S. Sarveswaran and J. Ghosh, unpublished observations.
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used as template, and expressions of 5-Lox and c-Myc were
analyzed by PCR using human gene-specific primer sets for
5-Lox (forward, 5�-CCC GGG GCA TGG AGA GCA-3�;
reverse, 5�-GCGGTCGGGCAGCGTGTC-3�) or c-Myc (for-
ward, 5�-CAA GAG GCG AAC ACA CAA CGT C-3�; reverse,
5�-CTG TTC TCG TCG TTT CCG CAA C-3�). A primer set
for�-actin (forward, 5�-CTCCTGCTTGCTGATCCACAT-
3�; reverse, 5�-AAC CGC GAG AAG ATG ACC CAG-3�) was
used as control. For the real time qPCR, 1 �g of total RNA was
used for the RT reaction using high capacity cDNA-RT kit from
ABI. Then the qPCRs were performed using TaqMan gene
expression assay kits from ABI/Invitrogen using the ABI-7500
fast real time qPCR machine.
Western Blot—Cells (�3� 105) were plated in 60-mm diam-

eter plates and allowed to grow for 48 h. The old medium was
then replaced with 2 ml of fresh RPMI 1640 medium, and the
cells were treated with inhibitors. After treatment, cells were
harvested, washed, and lysed in lysis buffer (50 mM HEPES
buffer, pH7.4, 150mMNaCl, 1mMEDTA, 1mMorthovanadate,
10 mM sodium pyrophosphate, 10 mM sodium fluoride, 1%
Nonidet P-40, and a mixture of protease inhibitors). Proteins
were separated by 12% SDS-PAGE and transferred to nitrocel-
lulose membranes. Membranes were blocked with 5% nonfat
milk solution and then blotted with the appropriate primary
antibody followed by peroxidase-labeled secondary antibody.
Bands were visualized by enhanced chemiluminescence detec-
tion kit from Pierce and analyzed with a densitometer using
Kodak imaging software. Unless otherwise mentioned, protein
blots were analyzed in three independent experiments.
DNA Binding Assay—LNCaP cells were treated, and nuclei

were isolated using a kit from Sigma. Localization of c-Myc was
detected by Western blot using nucleoporin-A as a control.
DNA binding activity of c-Myc was measured using an ELISA
kit from Active Motif (Carlsbad, CA) using 4 �g of nuclear
extracts per assay. Free wild type (WT) and mutated E-box
DNA sequences were used in parallel as positive and negative
controls for assay validation.
Luciferase Assay—LNCaP cells were transfected with lentivi-

ral E-box-luciferase constructs (�90% cells transfected), ex-
panded, and re-plated in 96-well culture plates in triplicate.
Cells were then treated withMK591, and the luciferase activ-
ity was measured by a luciferase assay kit from Promega
Corp. (Madison, WI). Ibuprofen and 10058-F4 (a Myc-Max
binding inhibitor) were used as negative and positive con-
trols in parallel assays.
Invasion Assay—Invasion assay was done in Matrigel-coated

Boyden transwell chambers from BD Biosciences. Transwells
were soaked in 50 �l of serum-free medium for 30 min at room
temperature, and then �40,000 cells (in RPMI 1640 medium
containing 0.1% BSA) were placed into the upper chambers.
These chambers were then placed in a 24-well plate (one per
well) on top of 500�l of RPMI 1640mediumcontaining 3% fetal
serum as chemo-attractant. Inhibitors were added directly to
the medium and mixed. Then the cells were incubated at 37 °C
in the CO2 incubator for 16 h. Noninvaded cells along with
Matrigel in the upper chambers were scraped with a cotton tip
applicator, and then the membranes were fixed in methanol,

stained with 0.25% crystal violet, and observed under a Leica
microscope at�200.
Soft Agar Colony Formation Assay—Colony formation assays

were performed in 6-well plates by placing �15,000 LNCaP
cells in 0.5ml of 0.3% soft agar on top of a 2-ml base layer of 0.6%
agar. Plates were allowed to settle, and then the wells were cov-
eredwith 2ml of fresh RPMI 1640medium containing 10% FBS
with or without inhibitors. Plates were incubated at 37 °C in the
CO2 incubator for a maximum period of 3 weeks. Cell growth
medium and inhibitors were exchanged every 4th day. At the
end of the incubation, cells were stained with 0.25% crystal vio-
let, and colonies were counted under a Leica microscope at
�150.
Immunohistochemistry—Formalin-fixed paraffin-embedded

sections from treated and untreated LNCaP prostate tumors
were de-paraffinized and soaked in graded concentrations of
ethanol. Then the sections were treated with antigen-retrieval
buffer in the microwave (power setting, high) for 1 min. After
washing, sections were blocked in 10% horse serum for 1 h at
room temperature and then treated either with control rabbit
IgG or with primary rabbit polyclonal anti-c-Myc or anti-sur-
vivin antibody (1:100) overnight at 4 °C, followed by secondary
anti-rabbit IgG labeled with HRP. After washing, slides were
stained for 30 s using 3,3�-diaminobenzidine as substrate and
then counter-stained with hematoxylin (Harris) for 30 s. Block-
ing, antibody treatment, and color development were done
using Vectastain Elite impression kit (catalog no. MP-7401;
Vector Laboratories, Burlingame, CA). Photographs were
taken with a Nikon digital camera attached to a Leica micro-
scope at�600.

RESULTS

Inhibition of 5-Lox Decreases c-Myc mRNA Expression in
Prostate Cancer Cells—We reported earlier that 5-Lox is con-
tinuously active in prostate cancer cells generating 5-hy-
droxyeicosatetraenoic acid series of metabolites and that treat-
ment with chemical inhibitors of 5-Lox blocks production of
5-Lox metabolites and induces apoptosis in these cells (14,
16–20). Similar effectswere foundwhen these cancer cellswere
treated with lentiviral shRNA(s) against 5-Lox (19, 20), con-
firming a critical role of 5-Lox in prostate cancer cells and sug-
gesting that 5-Lox may turn out to be an attractive therapeutic
target for clinical prostate cancer. Although our findings
uncovered that 5-Lox metabolites play an important role in
prostate cancer cell biology, details of the underlying mecha-
nisms bywhich 5-Loxmetabolites promote survival and growth
characteristics of prostate cancer cells have yet to be fully
characterized.
To explore downstream signaling events mediated by 5-Lox

activity, we performed a global gene expression array after
treating prostate cancer cells with MK591, a specific second-
generation chemical inhibitor of 5-Lox activity (25–29). Anal-
ysis of �34,000 genes in prostate cancer cells at 8 and 16 h
post-MK591 treatment revealed that the expression of the
c-Myc oncogene is significantly down-regulated. A set of
�6000 significantly up- or down-regulated genes by MK591
treatment is shown in Fig. 1a. Detailed analysis of the global
gene expression profile indicated that the c-Myc oncogenic sig-
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naling is presumably down-regulated in prostate cancer cells
upon inhibition of 5-Lox activity (Fig. 1, b and c). Later, by PCR
analysis we confirmed that expression of c-Myc mRNA is
down-regulated in prostate cancer cells when treated with
MK591 in a time-dependent manner (Fig. 1, d and e).

Inhibition of 5-Lox Dramatically Decreases the Protein Level
of c-Myc in Prostate Cancer Cells—Next, we examined whether
the decrease in c-MycmRNA byMK591 is also associated with
a decrease in the protein level of c-Myc.We observed that pros-
tate cancer cells treated withMK591 show a dramatic decrease

FIGURE 1. Inhibition of 5-Lox down-regulates expression of c-Myc. a and b, LNCaP cells were plated and treatedwithMK591 (30�M) at 37 °C for 8 and
16 h. Then the gene expression was analyzed by Illumina HT12-v4 whole genome gene expression array in duplicate. Data are presented as fold change
in gene expression at 8 h post-treatment, which were obtained by dividing values of inhibitor-treated samples with the corresponding control solvent
(0.2% DMSO)-treated samples. c shows actual values of c-Myc expression in arbitrary array units (AAU) at 8 and 16 h post-treatment presented as mean
values of duplicate determination of each data point� S.D. d, time-dependent change in the expression of c-Myc mRNA in LNCaP cells is shown after
treatment with 30 �MMK591. Note: ibuprofen (a cyclooxygenase inhibitor) and PD176146 (a 15-lipoxygenase inhibitor) were used as negative controls.
e, real time PCR data of c-Myc gene expression are shown in treated and control samples. Data are presented as mean values of triplicate determination
of each data point � S.E.
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in the level of c-Myc proteins in a clear dose- and time-depen-
dent manner, which is detectable as early as in 4 h post-treat-
ment (Fig. 2, a and b). We also observed that MK591-induced
loss of c-Myc protein is effectively prevented by 5-oxoETE, a
metabolite of 5-Lox, suggesting that theMK591-induced loss of
c-Myc in prostate cancer cells is mediated via inhibition of the
5-Lox activity (Fig. 2c). Additionally, we observed that knock-
down of 5-Lox by shRNAdramatically decreases c-Myc protein
level, confirming that in prostate cancer cells expression of
c-Myc is tightly regulated by 5-Lox (Fig. 2d).
Inhibition of 5-Lox Down-regulates Nuclear Accumulation,

DNA Binding, and Transcriptional Activities of c-Myc—
Because, the c-Myc oncoprotein is a transcription factor, we
examined whether inhibition of 5-Lox affects the transcrip-
tional activity of c-Myc using various in vitro assays. We
observed a significant decrease in the nuclear accumulation of
c-Myc protein upon MK591 treatment in a time-dependent
manner (Fig. 3a).We also observed that theDNAbinding activ-
ity of c-Myc is decreased accordingly when the cells are treated
with MK591 (Fig. 3b). Moreover, we measured the transcrip-
tional activity of c-Myc by transfecting prostate cancer cells
with lentiviral luciferase constructs of the consensus c-Myc-
binding sequence (E-box-Luciferase), and we observed that
treatment with MK591 dramatically decreases the transcrip-
tional activity of c-Myc in prostate cancer cells (Fig. 3, c–e).
Interestingly, we found that 5-oxoETE (a metabolite of 5-Lox)
prevents MK591 treatment-induced loss of c-Myc transcrip-
tional activity, suggesting that the MK591-induced loss of
c-Myc transcriptional activity in prostate cancer cells is medi-
ated via its inhibition of the 5-Lox activity (Fig. 3f).
Inhibition of 5-Lox Alters the Expression of c-Myc Target

Genes in Prostate Cancer Cells, but Not in Noncancer Cells—
Because c-Myc is well known for its strong oncogenic activity
that regulates the transcription of a set of genes, which in turn

regulate important cell functions such as cell survival, prolifer-
ation, invasion, andmetastasis, we analyzed expression of some
well known c-Myc target genes after treating prostate cancer
cells with MK591. The oncogenic function of c-Myc involves
promotion of cell division via activation of cyclins and cyclin-
dependent kinases and prevention of cell death via activation of
anti-apoptotic proteins (30–35).Weobserved thatMK591dra-
matically decreases themRNAand protein levels of several well
characterized apoptosis and cell cycle-regulating c-Myc targets
(such as survivin, aurora kinase, TMPRSS2, ADAMTS1, cyclin
D1, Gemin4, and proliferating cell nuclear antigen) and
increases the levels of apoptosis-promoting c-Myc targets (such
as ATF3, GADD45, and TNF-�) in a dose-dependent manner
(Fig. 4, a–c). We also observed that MK591 and the Myc-Max
dimerization inhibitor (10058-F4) similarly affect c-Myc and its
targets under the same experimental condition (Fig. 4d). More-
over, we observed that treatment with MK591 dramatically
decreases the viability of the LNCaP human prostate cancer
cells. Note: similar effectswere seen in PC3 andDU145prostate
cancer cells (data not shown). Interestingly, we observed that
treatment with MK591 does not alter the protein levels of
c-Myc or its targets, and it does not affect the viability of normal
nontransformedHFF in the same experimental conditions, show-
ing a strong cancer-specific effect of this compound and suggest-
ing a differential regulation of c-Myc by 5-Lox in normal versus
cancer cells (Fig. 4, e–g). To understand the basis for the differen-
tial effect ofMK591,we found thatLNCaPcells expresshigh levels
of 5-Lox,whereas the expressionof 5-Lox inHFFcells is undetect-
able.We also observed that a direct inhibitor of c-Myc (10058-F4)
strongly affects the viability of LNCaP cells, although its effect on
HFF cells was small but significant (Fig. 4, j and k).
5-Lox Inhibition-induced Degradation of c-Myc Protein in

Prostate Cancer Cells Is Proteasome-mediated—The c-Myc
oncoprotein undergoes rapid turnover inside the cells, and its

FIGURE 2. Inhibition of 5-Lox by chemical inhibitor or shRNA decreases levels of c-Myc protein. LNCaP cells (3� 105) were plated in 60-mm diameter
plates and allowed to grow for 48 h. Then the old mediumwas replaced with 2ml of fresh RPMI 1640medium, and the cells were treated with drugs. a and b,
dose- and time-dependent changes in the levels of c-Myc proteins by treatment with MK591 or ibuprofen or PD176146 are shown by Western blot. These
experimentswere done three timeswith similar results.Con, control. c shows thatMK591 treatment-induced loss of c-Myc protein is significantly preventedby
pretreatment with exogenous 5-oxoETE (an active metabolite of 5-Lox). d, effect of lentiviral shRNA knockdown of 5-Lox on c-Myc protein level is shown by
Western blot. Representatives of two independent experiments with similar results are shown here.
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threshold is maintained via ubiquitination followed by protea-
somal degradation (33–36). Thus, next we examined the role of
proteasome in 5-Lox inhibition-induced loss of c-Myc protein
in prostate cancer cells. We observed that pretreatment of cells
with MG132 (a proteasome inhibitor) effectively prevented
MK591 treatment-induced loss of 5-Lox protein in a dose-de-
pendent manner, whereas MG101 (an inhibitor of calpain) was
ineffective, suggesting that inhibition of 5-Lox by MK591 may
trigger degradation of c-Myc via activation of the proteasomal
pathway (Fig. 5a). Proteasomal degradation of the c-Myc pro-
tein is preceded by its phosphorylation at Thr-58 and loss of
phosphorylation at Ser-62 residues (35–37). We observed that
c-Myc protein is dually phosphorylated in untreated prostate
cancer cells and that treatment with MK591 increases phos-
phorylation of c-Myc at Thr-58 and decreases phosphorylation
at Ser-62 (Fig. 5, b–d). Although the identities of the kinase(s)
and phosphatase(s) responsible for these changes are not
known at this time, these findings are consistent with the
known pre-requisite to initiate the proteasomal degradation of
c-Myc protein.
Inhibition of 5-Lox Interrupts c-Myc Oncogenic Functions in

Myc-overactivated Prostate Cancer Cells—In addition to
enhanced proliferation and decreased cell death, Myc-driven
oncogenic characteristics in cancer cells include empowering
cells to increase the metastatic abilities of cancer cells, which

involves cell motility, invasion, and neo-colonization in distant
sites (38, 39). Oncogenic c-Myc signaling plays a causal role
especially in aggressive cancer, which can be tested in vitro by
measuring the ability of cells to invade through the extracellular
matrix and to form new colonies on soft agar in an anchorage-
independent manner (38–43). Thus, we examined whether
5-Lox activity plays any role in regulating the invasive and col-
ony-forming abilities of Myc-overactivated prostate cancer
cells. Metastatic LNCaP human prostate cancer cells (also PC3
and DU-145) are known to harbor overactivated c-Myc, which
promotes their invasive and colony-forming abilities (44–46).
We observed that treatment with MK591 dramatically de-
creases both the in vitro invasion as well as soft agar colony
formation by the LNCaP cells in a dose-dependentmanner (Fig.
6, a–d). Interestingly, ibuprofen, a cyclooxygenase inhibitor,
was observed to be completely ineffective in the same experi-
mental conditions. Recently, we observed that the protein levels
of both c-Myc and its targets are similarly affected by inhibition
of 5-Lox in the Myc-driven transgenic mouse tumor-derived
Myc-Cap prostate cancer cells, suggesting that these transgenic
mouse prostate cancer cells are similar to human prostate can-
cer cells in regard to their response to inhibition of 5-Lox activ-
ity.3 Moreover, we also observed that treatment with MK591
remarkably reduced the invasive capacity as well as soft agar
colony-forming ability of Myc-Cap cells in a clear dose-depen-

FIGURE 3. Inhibition of 5-Lox down-regulates c-Myc function in LNCaP cells. a, LNCaP cells were plated and treatedwithMK591 (30�M) at 37 °C for varying
periods of time up to 16 h. Nuclear accumulation of c-Myc was determined by isolation of nuclei followed by detection of proteins by Western blot using
nucleoporin as loading control. Ibu, ibuprofen. b, DNA binding activity of c-Myc was determined by ELISA using 4 �g of nuclear extracts per assay. Note: wild
type (Wt) E-box consensus sequence neutralizes c-Myc-DNA binding activity, whereas the mutated (Mut) version of the sequence cannot. c–e, dose- and
time-dependent effects of MK591 (MK) on c-Myc transcriptional activity (in terms of relative luciferase unit (RLU)) was detected by treating E-box-luciferase
construct-transfected LNCaP cells with doses of inhibitors as indicated. Note: 10058-F4 (F4), an inhibitor of Myc-Max binding, was used as positive control. NT
represents values obtained with the same number of nontransfected LNCaP cells under similar experimental conditions. f shows that MK591 treatment-
induced loss of c-Myc-luciferase activity in LNCaP cells is significantly prevented by the 5-Loxmetabolite, 5-oxoETE. These experimentswere performed two to
three times, and the results are shown as mean values of each data point� S.E. (n� 3). *, p��0.05 and **, p��0.005; Con, control.
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dent manner, which suggest that the Myc-driven oncogenic
characteristics of these cancer cells depend on the activity of
5-Lox. Altogether, our findings are consistent with the idea that
inhibition of 5-Lox by treatment with MK591 may severely
affect the metastatic capabilities of prostate cancer cells, pre-
sumably as a consequence of its inhibition of the c-Myc onco-
genic functions.
MK591 (an Inhibitor of 5-Lox)Decreases c-Myc Protein Levels

in Prostate Tumor Cells in Vivo—We wanted to verify whether
the in vitro effect of the inhibition of 5-Lox on c-Myc is valid in
vivo. We implanted prostate cancer cells subcutaneously in
nude mice and treated the mice with the 5-Lox inhibitor,
MK591, via oral gavage for 4 weeks. Results show that treat-
ment with MK591 significantly decreased the protein levels of
c-Myc in prostate tumor cells in vivo (Fig. 7a). Moreover, pro-

tein level of survivin (a target of c-Myc) was also found to be
similarly down-regulated (Fig. 7b). These findings indicate that
inhibition of 5-Loxmay down-regulate c-Myc even in the pres-
ence of a multitude of in vivo survival and growth-regulating
factors, and they suggest that the in vivo oncogenic function of
c-Myc in prostate cancer cells may be effectively inhibited by
suitable 5-Lox-targeting agents.
MK591 Treatment-induced Suppression of c-Myc Protein Is

Mediated via Inhibition of Stat3-mediated Transcription—To
understand the mechanism underlying the loss of c-Myc pro-
tein upon MK591 treatment, we performed a “cycloheximide-
chase” experiment. We found that the decrease in c-Myc pro-
tein with MK591 treatment is not faster than blockade of
protein translation by cycloheximide (Fig. 8a), which triggered
us to check for the involvement of transcriptional blockade in

FIGURE 4.Alteration of transcription of c-Myc target genes in normal and cancer cells by inhibition of 5-Lox. a, LNCaP cells were treatedwithMK591 (30
�M) for 8h, and changes in theexpressionof c-Myc target geneswere analyzedby Illuminageneexpression array. Results presentedasmeanvalueof eachdata
point� S.D. b, real time PCR data are shown in 8-hMK591-treated samples comparedwith controls. c, MK591 treatment-induced changes in the protein levels
of Myc-targets in LNCaP cells were detected by Western blot. PD176146 (PD) (a 15-lipoxygenase inhibitor) and ibuprofen (Ibu) (a cyclooxygenase inhibitor)
were used as negative controls. d, comparative effects of MK591 and 10058-F4 on the protein levels of c-Myc and targets are shown in parallel experiments. e,
effects ofMK591on c-Myc and its targets are shown in the normal nontransformedHFF cells. Note: nodetectable inhibition in theprotein levels of either c-Myc
or its targets were observed in HFF cells after MK591 treatment. f and g, comparative effects of MK591 on the viability of cancer (LNCaP) and normal (HFF) cells
are shown under the same experimental conditions. LNCaP prostate cancer and normal HFF cells (2� 104 per well in 12-well plates) were plated as described
under “Experimental Procedures” and treatedwithMK591 for 72 h at 37 °C in the incubator. Control (C) cellswere treatedwith vehicle only (0.2%DMSO). At the
end of treatment period, cells were photographed under a microscope at�400, and cell viability was measured by Cell Titer 96� AQueous One Solution Cell
Proliferation Assay (Promega Corp.) as described before (18–20). h and i, expression of 5-Lox in HFF and LNCaP cells was detected by RT-PCR (using human
5-Lox gene-specific primer set) and Western blot respectively. Lane M, molecular weight markers. j and k, comparative effects of 1058-F4 on the viability of
cancer (LNCaP) and normal (HFF) cells are shown under the same experimental conditions. **, p��0.005.
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this process.We found that treatment of cells with actinomycin
D rapidly decreases the c-Myc protein level, suggesting that a
transcription blockade may cause c-Myc protein loss and may
play a role as a mechanism for MK591 treatment-induced
down-regulation of c-Myc (Fig. 8b). We addressed this by ana-
lyzing nuclear extracts and found that MK591 decreases the
nuclear enrichment of Stat3 (Fig. 8c). We confirmed this by
transfecting cells with Stat3-luciferase constructs that showed
thatMK591 exerts a strong and rapid inhibition of Stat3-medi-
ated transcription (Fig. 8d).Moreover, we found that Stattic, an
inhibitor of Stat3, mimics the inhibitory effects of MK591 on
both c-Myc protein loss and its transcriptional activity (Fig. 8, e
and f). Thus,MK591may down-regulate c-Myc in prostate can-
cer cells, at least partially, via inhibition of Stat3-mediated tran-
scription of c-Myc.

DISCUSSION

Our findings show, for the first time, that the expression and
function of c-Myc in prostate cancer cells are tightly regulated
by 5-Lox activity, revealing a novel mechanism of action of
5-Lox metabolites in prostate cancer. Previously, we reported
that the 5-Lox enzyme is continuously active in prostate cancer
cells and plays an important role in the survival of prostate
cancer cells (14, 16–20). However, downstream mechanisms
involved in the regulation of prostate cancer cell survival and
growth by 5-Lox are not fully understood. Recently, we
reported that 5-Lox inhibition-induced apoptosis in prostate
cancer cells occurs without the inhibition of Akt or ERK (18)

but via inhibition of protein kinase C-� (19, 20), suggesting the
existence of anAkt- and ERK-independent survivalmechanism
in prostate cancer cells that is fueled by metabolism of arachi-
donic acid via 5-Lox. Because signaling by the Akt/PKB and
ERKpathways has beenwell characterized to exert pro-survival
effects via defined anti-apoptosis mechanisms (47–51), our
findings indicate that the 5-Loxmetabolites of arachidonic acid
feed a survival mechanism that is independent of Akt or ERK
and suggest that prostate cancer cells are equipped with addi-
tional survival mechanisms (such as PKC-�) to bypass chemo-
therapies that are directed against Akt or ERK.However, details
of the underlying mechanisms of action of 5-Lox activity in the
regulation of the growth and survival characteristics of prostate
cancer cells are largely unknown.
To get an insight into the signaling network regulated by

5-Lox activity, our gene array analysis revealed that several apo-
ptosis and cell cycle-regulating genes (such as, c-Myc,
TMPRSS2, survivin, aurora kinase, and cyclin D1) are down-
regulated in prostate cancer cells upon inhibition of 5-Lox
(Figs. 1, a and b, and 4, a–c). Because c-Myc is a well known
regulator of apoptosis and promotes viability and growth of
cancer cells, we wanted to explore further whether the pro-
survival effects of 5-Lox involve regulation of c-Myc as a down-
stream mechanism. Initial observation of the inhibition of
c-Myc gene expression was confirmed by RT-PCR, which
showed that MK591 decreases c-MycmRNA in a time-depen-
dent manner (Fig. 1, d and e). Interestingly, later we observed

FIGURE 5.Proteasome-mediated degradation of c-Myc proteins after MK591 treatment.a, LNCaP cellswere plated as in Fig. 2b andpretreated eitherwith
a proteasome inhibitor (inh) (MG132) or a calpain inhibitor (MG101) for 30min at the indicated concentrations, and then the cells were treated withMK591 as
shown and incubated for 8 h at 37 °C. Cell lysate proteins were resolved by SDS-PAGE, and c-Myc protein levels were detected by Western blot. b, phosphor-
ylation of c-Myc at Thr-58 and Ser-62was detected byWestern blot using corresponding phospho-specific antibodies. c and d, time-dependent changes in the
amount of phosphorylation on Thr-58 and Ser-62 after MK591 treatment are shown. These experiments were done twice, and the results are shown quanti-
tatively as mean values of each data point� standard deviation (n� 2). C, control.
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that inhibition of 5-Lox showed a dramatic reduction in c-Myc
protein level in prostate cancer cells in a dose- and time-depen-
dent manner (Fig. 2, a and b). Moreover, we observed that
5-Lox inhibition-induced degradation of c-Myc protein is pre-
vented by 5-oxoETE, a metabolic product of 5-Lox (Fig. 2c).
Finally, we found that targeting the 5-Lox gene by shRNA
down-regulated the c-Myc protein level confirming that the
5-Lox activity tightly regulates c-Myc in prostate cancer cells
(Fig. 2d). These findings revealed a novel regulation of c-Myc by
5-Lox activity in prostate cancer cells. Because the c-Myc onco-
protein is a transcription factor, which coordinates expression
of diverse cellular programs that together regulate a variety of
cellular processes, wewanted to examine the regulation of tran-
scriptional activity of c-Myc by 5-Lox. We observed a steep
decrease in nuclear accumulation and DNA binding activities

of c-Myc upon treatment with MK591 (Fig. 3, a and b). By
transfecting prostate cancer cells with the luciferase construct
of the c-Myc DNA-binding sequence (E-box), we observed that
inhibition of 5-Lox decreases the transcriptional function of
c-Myc that is prevented by 5-oxoETE, a product of 5-Lox activ-
ity, suggesting that the c-Myc function in prostate cancer cells
is dependent on 5-Lox activity (Fig. 3, c–f).
Our finding of the down-regulation of c-Myc and its target

genes by MK591 in prostate cancer cells, but not in the normal
HFF cells, suggests that the 5-Lox activity differentially regu-
lates the function of c-Myc in normal versus cancer cells (Fig. 4,
a–e). When prostate cancer cells are treated with MK591 (a
specific inhibitor of 5-Lox), a pronounced alteration in mor-
phology was observed in a dose- and time-dependent manner,
which is indicative of cells undergoing apoptosis. Interestingly,

FIGURE 6. Effects of MK591 on in vitro invasion and soft agar colony formation by LNCaP cells. a, invasive capabilities of LNCaP cells were assayed using
Matrigel-coated transwell chambers as described under “Experimental Procedures.” After incubation, cells were fixed and stained with crystal violet. Pictures
were taken with a Leica microscope at �200. Ibu, ibuprofen. b shows quantitative measurements of the number of invaded cells with or without drug
treatment. Results representmean values of individual data point� S.D. (n� 3). *, p��0.05; **, p��0.005. c, effects ofMK591 on soft agar colony formation
byLNCaPcells are shown.Cellswereplatedon soft agar inRPMI1640mediumasdescribedunder “Experimental Procedures.”After incubation for 3weeks, cells
were stainedwith crystal violet, andgrowing colonieswere countedundermicroscope at�150. Note: to distinguish growing colonies, a duplicate set of plates
was used to obtain pictures of initial colonies at day 1 for a side-by-side comparison. d, results are shown quantitatively as mean values of each data point�
S.D. (n� 3). **, p��0.005.
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this change was not seen in the normal nontransformed HFF,
which do not express 5-Lox in them, suggesting that the regu-
lation of cell survival by 5-Lox is not a general phenomenon.
Because we found that inhibition of 5-Lox kills prostate cancer
cells but not normal cells (HFF) and that prostate cancer cells
express 5-Lox but normal cells do not, our findings suggest that
expression and function of 5-Lox are cancer-specific (Fig. 4,
e–i). Degradation of c-Myc protein is known to bemediated via
proteasome activity (35, 36). We found that treatment with
MG132 prevents the loss of c-Myc protein, which is associated
with an increase in its phosphorylation atThr-58 and a decrease
in the phosphorylation at Ser-62, suggesting that inhibition of
5-Lox triggers proteasome-mediated degradation of the c-Myc
protein (Fig. 5, a–d). We also found that MK591 effectively
blocked the in vitro invasion as well as the soft agar colony-

forming abilities of prostate cancer cells at sub-lethal doses,
suggesting that MK591may be effective in preventing the met-
astatic ability of prostate cancer cells, which typically depends
on characteristics regulated by c-Myc oncogenic functions (Fig.
6, a–d). Finally, our observation of the down-regulation of
c-Myc in tumor xenografts by MK591 treatment suggests that
inhibition of 5-Lox may effectively block c-Myc function even
in the presence of various growth- and survival-regulating fac-
tors in vivo (Fig. 7, a and b). Finally, our results with cyclohex-
imide, actinomycin D, and stattic (the inhibitor of Stat3) sug-
gest thatMK591-induced loss of c-Myc protein is not primarily
due to enhanced protein degradation but rather happening as a
result of its blockade of the Stat3-mediated c-Myc gene tran-
scription (Fig. 8, a–f). Because the Myc oncogene-driven Hi-
Myc mouse model closely mimics development and progres-
sion of prostate cancer in humans (52, 53), we are using this
model to address the question of the regulation of c-Myc by
5-Lox activity. Preliminary observations of the expression of
5-Lox in Hi-Myc mouse prostate tumors as well as in tumor-
derived cell lines and the down-regulation of c-Myc by inhibi-
tion of 5-Lox in the Myc-driven prostate cancer cells (Myc-
Cap) support the concept that the regulation of expression and
function of c-Myc by 5-Lox activity are not restricted to LNCaP
cells only but also occur in other types of prostate cancer cells as
well (data not shown).
Dysregulated expression and function of c-Myc are some of

the most common abnormalities in human malignancy (1–7,
30). The importance of Myc as a cancer promoter stems from
the fact that the Myc oncoprotein is a pleiotropic basic helix-
loop-helix leucine zipper transcription factor that coordinates
the expression of diverse cellular programs that together regu-
late a variety of cellular processes, including cell growth and
proliferation, cell cycle progression, transcription, differentia-
tion, apoptosis, and cell motility (30–36). Expression of c-Myc
is frequently deregulated in a wide range of human cancers,
including prostate cancer, and is often associated with aggres-
sive, poorly differentiated tumors (1–7, 38–46). The c-Myc
oncoprotein, with many of its target genes encoding proteins
that help maintain the transformed state, can initiate or pro-
mote almost all human cancers, and discovering the role it plays
in cancer may lead to advance therapy. c-Myc is also a part of a
dynamic network whose members interact selectively with one
another and with various transcriptional co-regulators and his-
tone-modifying enzymes. The universal deregulation of c-Myc
gene expression in tumor cells makes inhibition of c-Myc an
attractive pharmacological approach for treating diverse types
of cancer. However, although the mechanisms of Myc function
are now well characterized, systemic Myc inhibition by direct
targeting yielded no significant clinical benefit (54). Plus, this
approach bears potential hazards because targeting c-Myc in
general may result in damage to noncancer cells that also
express low levels of c-Myc. Thus, the enthusiasm has been
muted by lack of direct evidence that Myc inhibition would be
therapeutically efficacious, raising concerns that it would
induce serious side effects by inhibiting proliferation andmain-
tenance of normal tissues. Recently, synthetic lethal approaches
(targeting c-Myc functional dependences) are becoming popu-
lar to target c-Myc (55, 56). Under the circumstances, our cur-

FIGURE 7. In vivo effects of MK591 on protein levels of c-Myc and survivin
in prostate tumor xenografts. Prostate tumor xenografts were developed
by injecting LNCaP human prostate cancer cells (2� 106 per site) to a size of
�100 mm3. Then tumor-bearing mice were randomly divided into three
groups (n�10). Group1micewere treatedwith solvent only (1:1:8mixture of
DMSO/Cremophor/PBS). Groups 2 and3were treatedwith 100or 200mg/kg/
day ofMK591 orally for 4 weeks. At the end of treatment period, tumors were
dissected and processed for immunohistochemistry as described under
“Experimental Procedures.” Expressions of c-Myc (a), and survivin (b) in
tumors from treated and untreated mice were detected by corresponding
rabbit polyclonal antibodies (1:100). Photographs were taken with a Leica
microscope at�600. Note: data are presented with tumor samples obtained
from two representative mice in each group (#1 and #2) for side-by-side
comparison.

Inhibition of 5-Lox Disrupts c-Myc Signaling

FEBRUARY 20, 2015•VOLUME 290•NUMBER 8 JOURNAL OF BIOLOGICAL CHEMISTRY 5003



rent observation of the regulation of c-Myc by 5-Lox activity in
cancer cells revealed a novel mechanism that may open up a
new direction to monitor the oncogenic action of c-Myc and
thus may help overcome practical difficulties in designing
direct Myc inhibitory agents.
It is interesting to note that under normal health conditions,

5-Lox is expressed only in specific immune cells, such as neu-
trophils, eosinophils, and basophils, whereas its expression in
nonimmune parenchymal body cells is undetectable (14,
21–24). However, overactivation of 5-Lox has been implicated
in nonimmune cells associated with diseases such as asthma,
arthritis, psoriasis, and some types of cancer. Expression of
5-Lox in several types of cancer cells has been observed, which
suggests a strong implication of a role of fatty acids and ei-
cosanoids in cancer cells (12, 13, 57–60). The importance of
5-Lox in the survival and growth of prostate cancer cells has
been observed in various laboratories, including ours (14–20,
61–64). Interestingly, although 5-Lox plays an essential role in
the survival of prostate cancer cells, experimental evidence sug-
gests that this is not a general phenomenon. The 5-Lox knock-
out mouse strains have been developed. These mice grow nor-
mally with no special abnormalities and are fertile with normal
litter size, indicating that the activity of 5-Lox is not essential for

normal growth and development (65, 66) and suggesting that
agents that specifically block the activity of 5-Lox may turn out
to be attractive tools to treat prostate cancer. MK591 is a syn-
thetic compound (developed by Merck-Frosst Canada) that
blocks the synthesis of leukotrienes by inhibiting the activity of
5-Lox via binding with its activating protein, FLAP (25–29). It
does not inhibit cyclooxygenase, or epoxygenase, or 12-lipoxy-
genase activities. MK591 is a derivative of the parent com-
pound, MK886, and is currently under development for the
treatment of asthma because of its better bioavailability and
improved target specificity. Our in vitro findings indicate that
MK591 is a novel, promising compound to inhibit c-Myc func-
tions in prostate cancer cells, but not in nontransformed HFF
cells, and suggest that MK591 may turn out to be useful to
prevent prostate cancer growth as well as metastasis. However,
furtherwork is needed to extensively examine the in vivo effects
of MK591 to judge its suitability for therapeutic development
against clinical prostate cancer.
Because arachidonic acid is a common fatty acid in high fat

“Western” diets, and 5-Lox is up-regulated in prostate cancer
(57, 58), identification of the signaling pathway(s) through
which 5-Lox metabolites exert their pro-cancer effects will not
only add significantly to our understanding about the role of

FIGURE 8. Involvement of Stat3-mediated transcription in MK591 treatment-induced suppression of c-Myc protein in prostate cancer cells. a, LNCaP
cells were plated as in Fig. 2b and treated either with cycloheximide (Cyclohex) or MK591 and incubated for varying periods of time as indicated at 37 °C. Cell
lysate proteins were resolved by SDS-PAGE, and the c-Myc protein level was detected byWestern blot. b, cells were plated and treatedwith actinomycin D for
varying times as indicated at 37 °C, and the c-Myc protein level was detected by Western blot. c, time-dependent changes in the amounts of transcription
factors in the nuclear fraction were detected by cell fractionation and Western blot. d, Stat3-luciferase-transfected LNCaP cells were plated and treated with
MK591 as indicated, and the luciferase activity wasmeasured as described under “Experimental Procedures.” Note: Stattic (an inhibitor of Stat3) was used as a
positive control.NT represents the valueobtained fromsamenumbers of nontransfected LNCaP cells under the sameexperimental condition. This experiment
was done three times, and the results are shown quantitatively as mean values of each data point� S.E. (n� 3). e, effect of Stattic on c-Myc protein level is
shown; f, the effect of Stattic on c-Myc transcriptional activity was detected by treating E-box-luciferase construct-transfected LNCaP cells with doses of
inhibitors as indicated.MK591was also used inparallel for a side-by-side comparison. Results are shownquantitatively asmean values of eachdata point� S.E.
(n� 3). **, p��0.005.
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5-Lox in the biology of prostate cancer but also will open up
additional targets for therapeutic intervention and better man-
agement of clinical prostate cancer in human.Our current find-
ings indicate that prostate cancer cells obtain a clear benefit for
survival and growth from the metabolism of dietary arachi-
donic acid via 5-Lox, and they suggest thatmetabolites of 5-Lox
may contribute to the transformed phenotype of prostate can-
cer cells via signaling involving a key oncogene, c-Myc.
Although in normal cells Myc is turned on transiently by
growth factor signaling that instructs cell division cycle, its
function in cancer cells is almost always compromised either by
gene amplification or by mutation for uncontrollable cell pro-
liferation and tumor formation. Thus, Myc (being character-
ized as a driver of cancer) has repeatedly been recognized as an
elusive target for drug development, which in turn triggered
searching for upstream or downstream signals that regulate
function of Myc. Because normal cells, such as HFF, do not
express 5-Lox and are not affected by MK591 treatment, our
findings open up the possibility to control expression and func-
tion of c-Myc in prostate (and possibly other types of) cancer
cells by small molecular inhibitors of 5-Lox, such as MK591.
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