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Arachidonate 5 Lipoxygenase Expression in Papillary
Thyroid Carcinoma Promotes Invasion Via MMP-9 Induction
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ABSTRACT

Arachidonate 5-lipoxygenase (ALOX5) expression and activity has been implicated in tumor pathogenesis, yet its role in papillary thyroid
carcinoma (PTC) has not been characterized. ALOX5 protein and mRNA were upregulated in PTC compared to matched, normal thyroid tissue,
and ALOX5 expression correlated with invasive tumor histopathology. Evidence suggests that PTC invasion is mediated through the induction
of matrix metalloproteinases (MMPs) that can degrade and remodel the extracellular matrix (ECM). A correlation between MMP-9 and ALOX5
protein expression was established by immunohistochemical analysis of PTC and normal thyroid tissues using a tissue array. Transfection of
ALOX5 into a PTC cell line (BCPAP) increased MMP-9 secretion and cell invasion across an ECM barrier. The ALOX5 product, 5(S)-
hydroxyeicosatetraenoic acid also increased MMP-9 protein expression by BCPAP in a dose-dependent manner. Inhibitors of MMP-9 and
ALOXS5 reversed ALOX5-enhanced invasion. Here we describe a new role for ALOX5 as a mediator of invasion via MMP-9 induction; this
ALOX5/MMP9 pathway represents a new avenue in the search for functional biomarkers and/or potential therapeutic targets for aggressive
PTC. J. Cell. Biochem. 113: 1998-2008, 2012. © 2012 Wiley Periodicals, Inc.
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PAPILLARY THYROID CARCINOMA

P apillary thyroid carcinoma (PTC) constitutes ~80% of all
thyroid cancers [Ries et al., 2008] and typically arises from a
gain-of-function mutation in the RET, RAS, or BRAF genes which
comprise a linear signaling cascade resulting in activation of the
mitogen-activated protein kinase/extracellular signal-regulated
kinase (MAPK/ERK) system [Melillo et al.,, 2005]. Currently,
thyroidectomy remains the main treatment option for PTC and
post-surgical management is associated with significant morbidity,
exposing patients to surgical risk and requiring lifelong hormone
replacement therapy. Recurrent or persistent disease occurs in up to
400% of thyroidectomy cases, with a poor prognosis when aggressive
cancer is evident [Vasko and Saji, 2007]. Biomarkers for the
early identification of aggressive PTC and identification of new

therapeutic targets could lead to better disease management and
decreased morbidity.

Arachidonate 5-lipoxygenase (ALOX5) is a central regulator of
acute inflammation and has been implicated in cancer pathogenesis
[Hanaka et al., 2002; Luo et al., 2003; Luo et al., 2004]. The most
characterized function of ALOX5 in leukocytes is the conversion of
arachidonic acid (AA) and other fatty acids to bioactive compounds
such as 5(S)-hydroxyeicosatetraenoic acid (5-HETE), leukotriene B4
(LTB4), and other leukotrienes [Randall et al., 1980; Bokoch and
Reed, 1981; Goldyne et al., 1984; Bednar et al., 1987]. There is a
growing body of evidence suggesting that ALOX5 has a role
in tumorigenesis, and may be a potential therapeutic target and
biomarker. ALOX5 expression by cancer and stromal cells has been
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demonstrated in a variety of tumors in studies based on clinical
samples, and validated in experimental models [Ghosh and Myers,
1997; Marks et al., 2000; Ding et al., 2003; Pires de Miranda et al.,
2003]. Tissue culture models of prostate and breast cancer
demonstrate that in vitro inhibition of ALOX5 and/or ALOX5
activating protein (FLAP) can induce apoptosis in cancer cells [Avis
et al,, 2001; Tong et al., 2002; Ding et al., 2003; Ghosh, 2003].
Similar studies show that the addition of 5-HETE, or AA to cancer
cell lines can increase cell viability and growth in vitro [Ghosh
and Myers, 1997; Zeng et al., 2002]. To date, there have been no
significant studies investigating a mechanistic role between ALOX5
function and tumor invasion.

Invasion in cancer is mediated through a complex network of
extracellular proteases which can degrade the extracellular matrix
(ECM) and modify the tumor microenvironment. Matrix metallo-
proteinases (MMPs) and their inhibitors, tissue inhibitors of matrix
metalloproteinase (TIMPs), have been shown to play central roles in
tumor invasion by degrading ECM, regulating other proteases, and
producing signaling molecules in the extracellular environment
[Sato et al., 1994; Chambers and Matrisian, 1997; Westermarck and
Kahari, 1999; Egeblad and Werb, 2002; Pires de Miranda et al.,
2003]. MMP-9 (gelatinase B) is a secreted 92-kDa type IV
collagenase which is expressed and secreted by invasive tumors,
and has been implicated in PTC pathogenesis [Stuve et al., 1996;
Opdenakker et al., 2001; Egeblad and Werb, 2002].

While previous studies support a role of ALOX5 in tumor growth,
there are no mechanistic studies demonstrating how ALOX5 or
5-HETE mediate tumor invasion, and there is only limited evidence
correlating ALOX5 expression and activity with invasiveness in
clinical samples [Soumaoro et al., 2006]. Additionally, inflammato-
ry cytokines have been shown to regulate the expression of MMP-9;
however, there is no evidence linking ALOX5 activity with MMP-9
regulation. Here, we explore the functional role of ALOX5
expression in PTC, and demonstrate that ALOX5 expression levels
positively correlate with aggressive tumor histopathology. Further-
more, we demonstrate a new functional role for ALOX5 in MMP-9
regulation and tumor invasion in an experimental model of human
PTC.

TABLE I. Characteristics of Patient Samples

PATIENT TISSUE SAMPLES

PTC and matched, normal thyroid tissues were obtained from
patients at New York Eye and Ear Infirmary and Westchester Medical
Center in accordance with institutional IRB-approved -clinical
protocols. Samples contained >90% PTC or >90% normal
appearing tissue, as confirmed by histology. In addition, clinical
pathology reports were collected for gathering data on TNM stage,
tumor grade, age, sex, tumor size, and location of disease. Tumors
were also graded for invasive histopathology on a scale of 1-3 using
our Tumor Invasive Score (TIS): TIS-1=no evidence of invasive
disease, TIS-2=Ilymphatic spread and/or involvement of the
capsule without extra-thyroidal extension, TIS-3 = extra-glandular
extension and/or spread to local tissue (summarized in Table I).

CELL LINES AND CULTURE CONDITIONS

The human PTC cell line BCPAP was purchased from DSMZ
(Braunschweig, Germany). BCPAP are BRAFV600E positive PTC
cells derived from the tumor of a 76-year-old patient with nodal
metastasis [Fabien et al., 1994]. The cell line was validated by
sequence analysis for the BRAFV600E mutation (data not shown).
Cell lines were maintained in a humidified incubator at 37°C and
5% CO, in RPMI 1640 (Mediatech Inc, Manassas, VA) supplemented
with 10 mg/ml 1-glutamine (Mediatech Inc.), 100IU penicillin,
100 mg/ml streptomycin (Mediatech Inc), and 10% fetal bovine
serum (Sigma, St. Louis, MI) unless specified otherwise. Inhibition of
ALOX5, MMP-9, and MMPs were achieved with the addition of
Zileuton (Cayman Chemicals, Ann Arbor MI), anti-MMP-9 antibody
(Calbiochem CAT# 444236, San Diego, CA), and 1,10 Phenanthro-
line (1,10 PE, Invitrogen, Carlsbad, CA), respectively.

TRANSFECTION OF ALOX5-pcDNA3.1(—) IN BCPAP

The neomycin resistant pcDNA3.1(—) plasmid containing the
ALOX5 coding region was kindly provided by Dr. Thomas Brock
(University of Michigan Medical School). pcDNA3.1(—) plasmids
containing the ALOX5 gene, or the empty vector control, were
transfected into BCPAP cells (referred to as ALOX5-BCPAP and

Age Sex Size (cm) Multifocal TNM Stage TIS BRAFV600E genotype ALOX5 T/N mRNA
55 M 2.1 Y T3NxMx 1l 3 V600E 96.08
23 F 3.4 N T3NxMx I 3 V600E 63.47
39 F 1.1 N T3N1aMx 1 3 V600E 54.04
74 F 2.3 Y T3NxMx i 3 WT 40.46
41 F 13 Y T3N1bMx I 3 V600E 27.48
74 F 3.0 Y T4aN1MO I 3 WT 21.82
52 M 0.9 Y T3N1aMx I 3 V600E 14.7
45 F 1.7 Y T3N1bMx I 3 WT 6.46
49 F 1.2 Y T3NxMx Il 2 WT 28.74
61 F 2.8 Y T3NxMx 1 2 WT 8.52
36 F 2.6 Y T2NxMx 1 2 V600E 7.78
54 F 15 N T3NXMO I 2 WT 4.54
31 M 1.7 N T1NxMx I 2 V600E 1.46
25 F 2.5 N T2NxMx I 1 V600E 3.61
37 F 2.0 Y TINxMx 1 1 WT 1.66
68 F 2.5 Y T2NxMx 1l 1 WT 0.93
63 F 2.1 Y T2NXMO I 1 WT 0.31

TIS score is based on invasive histopathological features, TIS-1=no evidence of invasive disease, TIS-2 = evidence of lymph node involvement and/or capsule

involvement, TIS-3 = extra thyroid extension and/or regional spread.
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pcDNA-BCPAP, respectively) in six well plates using FuGENE™ 6
Transfection Reagent (Roche Molecular Biochemicals, Indianapolis,
IN) according to manufacturer’s protocol. Cells were grown under
standard culture conditions with the addition of 1mg/ml G418
(Promega, Madison, WI). ALOX5 mRNA transcription was quanti-
fied by real-time RT-PCR (Fig. 3A) and ALOX5 protein was
determined by western blot analysis (Fig. 3B).

RNA EXTRACTION AND QUANTITATIVE REAL-TIME RT-PCR

RNA was isolated using TRizol® (Invitrogen) according to
manufacturer’s protocol. Quantitative real-time RT-PCR was
performed using an ABI 7900HT System (ABI, Foster City, CA.).
Target transcripts were quantified using SYBR®Green One-Step
qRT-PCR (Invitrogen) for ALOX5 (forward: 5-TGGAAT-
GACTTCGCCGACTTTGAG-3/, reverse: 5-TAGCCAAACATCAGG-
TCTTCCTGC-3') and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA (forward: 5-ACCACAGTCCATGCCATCAC-3,
reverse: 5-TCCACCACCCTGTTGCTGTA-3') with quantitative
standards.

ALOX5 AND MMP-9 IMMUNOHISTOCHEMISTRY

All THC was performed on serial sections of a human thyroid cancer
tissue array (Cybrdi, Rockville, MD). ALOX5 IHC was performed by
Charles Rivers Laboratories, Pathology Services (Wilminton, MA).
Sections were processed under pressure in Declere solution (Sigma),
followed by H,0, and microwave antigen retrieval. Sections were
blocked with 1.5% goat serum, 5% milk, and 1% BSA, followed by
1:50 dilution of ALOX5 primary antibody (BD Transduction
Laboratories) and 1:1,000 dilution of goat anti-mouse secondary
antibody (Jackson ImmunoResearch Laboratories, West Grove, PA)
and processed with Vectastain ABC reagents, (Vector Lab,
Burlingame CA). MMP-9 THC was carried out in-house; after xylene
deparaffinization and antigen retrieval (10 mM Sodium Citrate,
0.05% Tween 20, pH 6.0) at 100°C for 20 min, sections were blocked
in Blocking Solution (Vectistain ABC KIT). A 1:200 dilution of anti-
MMP-9 antibody (Cell Signaling, Cat# 3852, rabbit polyclonal Ab)
in blocking solution was used for primary antibody binding, and
resolved with Vectastain ABC reagents. Sections were graded 0-4
for ALOX5and MMP-9 staining as follows: 1 = weak staining of less
than 50% of cells (referring to the total number of tumor or follicle
cells), 2=weak staining of greater than 500 cells, 3 =strong
staining of greater than 500%, and 4 =the strongest staining of
greater than 50% of cells. The sample and IHC stain identities were
blinded to two independent pathologists who scored the section.

CELL GROWTH AND VIABILITY

Growth curves were determined using standard trypan-blue
exclusion method for 5 time points collected over a period
of 120h for ALOX5-BCPAP, and pcDNA BCPAP, in triplicate
under standard conditions. Dose responses to AA and Zileuton
were determined by the metabolism of the tetrazolium salt, 3'-
[1-[(phenylamino)-carbonyl]-3,4-tetrazolium]-bis(4-methoxy-6-
nitro)benzene-sulfonic acid hydrate (XTT) as described by Roehm
et al. [1991]. In brief, 2,500 cells were plated (in replicates of six) in
96 well plates in complete media for 24h, followed by media
replacement with the experimental conditions (no treatment, 0.01,

0.10, 1.00, 2.50, and 5.00 uM AA in serum reduced media-1% FBS
supplemented RPMI; or, 7.5, 10, 25, 50, and 100 uM Zileuton in
complete RPMI). XTT metabolism was assessed after 72h of
incubation under standard conditions. Results were reported as a
percentage of the no treatment control.

LASER SCANNING CYTOMETRY FOR CELL CYCLE DETERMINATION

Ten thousand pcDNA-BCPAP or ALOX5-BCPAP cells were seeded
onto chambered slides under standard conditions. Cells were fixed at
50% growth confluence and stored in methanol at 4°C until
processing. Slides were washed twice in PBS for 5 min, stained with
DAPI (Sigma) at a concentration of 2.8 wg/ml for 15 min and rinsed
in PBS. Cover slips were mounted with antifade and analyzed for cell
cycle distribution on an iCys system (Compucyte, Cambridge, MA).

INVASION AND MIGRATION ASSAY

Cellular invasion and migration were assessed in quadruplicate
using the BD BioCoat™ Tumor Invasion System (BD Bioscience, San
Jose, CA). Cells were harvested at approximately 50% confluence,
and 15,000 or 25,000 cells were plated per upper chamber in serum
free RPMI, with 10% or 5% FBS supplemented RPMI in the lower
chamber as chemoattractant. Fifty micromole Zileuton, inhibitory
anti-MMP9 antibody, or 200 M 1,10 PE were added to the
chambers, and incubated under standard tissue culture conditions
for 22h. Invading and migrating cells were stained with 1%
Toludine Blue. Images were acquired at 50x or 100x magnification
by light microscopy, converted to 8-bit gray scale, optimized for
contrast and threshold, and cells automatically counted using the
ImageJ software [Rasband]. Percent invasion/migration for each
replicate was calculated [(invading cells/migrating cells) x 100];
P-values were determined by Student ¢-test.

MMP PROTEIN ARRAY

Conditioned medium was prepared from pcDNA-BCPAP and
ALOX5-BCPAP cells. Conditioned media were collected, and
clarified by centrifugation at 1,000g for 5min. Secreted MMPs
and TIMPs were assessed using a RayBio Human Matrix Metallo-
proteinase Antibody Array I (RayBio, Norcross, GA) according
to manufacturer’s protocol. The resulting autoradiographs were
quantified by spot densitometry using the ImageJ software
[Rasband].

WESTERN BLOT ANALYSIS

Western blot analysis was performed on serum-free conditioned
media (SFCM) for MMP-9, and cell lysates for ALOX5 and beta-
actin. SFCM was prepared from 700,000 cells seeded in T-25 flasks,
supplemented with 10 wM AA (Cayman Chemicals), 0.1 pM 5-HETE,
1.0 puM 5-HETE, or ethanol (vehicle control). SFCM and cells were
collected at 32 h. For Western blot analysis of MMP-9, SFCM was
concentrated by trichloroacetic acid (TCA) precipitation. Proteins
were separated by 8% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) following standard Laemmli condi-
tions [Laemmli, 1970]. Membranes were blocked in 6% milk in Tris-
buffered saline plus Tween-20 (TBST-20 mM Tris, 500 mM NaCl
pH 7.5, 0.05% Tween-20) for 1h at room temperature, incubated
with a 1:1,000 dilution of anti-MMP9 antibody in 6% milk-TBST
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overnight, washed three times for 5 min each in TBST, and incubated
with secondary antibody at a 1:15,000 dilution (Peirce, Rockford, IL)
in 1% milk TBST for 2h at room temperature. Membranes were
washed three times for 5 min in TBST, and visualized by Pierce ECL
Western Blotting Substrate. ALOX5, and beta-actin Western blot
analysis were performed on cell lysates. Twenty micrograms of
protein were fractionated by 10% SDS-PAGE and processed as
described above with the following modifications. A 1:200 dilution
of anti-ALOX5 mouse monoclonal antibody (BD Transduction
Laboratories CAT# F58420-150, San Jose, CA), or a 1:1,000 dilution
of anti-beta-actin rabbit monoclonal antibody (Cell Signaling CAT#
13E5, Danvers, MA), in 3% milk TBST were used. The optical density
of the autoradiographic images were calculated with Imagel
[Rasband] using the following formula: OD =band area x LOG
[(average background pixel intensity—average black control pixel
intensity)/average band pixel intensity—average black control pixel
intensity)].

STATISTICAL ANALYSIS

Data were analyzed as described using Microsoft Excel (Redmond,
WA), GraphPad Prism 5 (La Jolla, CA), or NCSS (Kaysville, UT). All
bar graphs represent mean values + standard error of the mean
(SEM), unless otherwise specified.

ALOX5 EXPRESSION IN PTC AND CORRELATION WITH INVASIVE
HISTOPATHOLOGY

To investigate ALOX5 expression in invasive PTC, ALOX5 mRNA
was quantified by real-time RT-PCR in 17 pairs of PTC and matched,
normal thyroid tissue (summarized in Table I). ALOX5 expression in
PTC was significantly increased by 12.6-fold, compared to the
matched normal thyroid tissue (Fig. 1A). Additionally, the fold
change in ALOX5 mRNA for each matched pair were calculated and
correlated positively with TIS (Fig. 1B), suggesting aggressive PTC is
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Fig. 1.

associated with increased ALOX5 expression (Spearman correlation
rs=0.74 P=0.0007). The BRAFV600E mutation is known to be
associated with aggressive disease and ALOX5 expression trended
upwards in BRAFV600E positive samples but did not reach
statistical significance (BRAF wt 12.60+4.78-fold change;
BRAFV600E 32.56 + 12.11-fold change; P =0.05), further strength-
ening a role between ALOX5 and aggressive disease.

ALOX5 is a bioactive molecule involved in stimulating acute
inflammation through the metabolism of AA to active compounds
which are involved in cell signaling [Jakobsson et al., 1992].
Preliminary lipidomic studies by quantitative LC-MS/MS demon-
strated the presence of the AA derived ALOX5 product, 5-HETE, at a
biologically relevant concentration of 13.47 4 4.26 pg/mg tissue
(data not shown) [Yang et al., 2006].

ALOX5 ACTIVITY AND CELL DYNAMICS IN BCPAP

ALOXS5, 5-HETE and AA can confer a growth advantage in tissue
culture models of prostate and breast cancer [Ghosh and Myers,
1997; Avis et al., 2001; Tong et al., 2002; Ghosh, 2003]. To
determine the effect of these molecules in our PTC model; cell
growth, viability, and cell cycle characteristics were evaluated in the
BRAFVG600E positive cell line, BCPAP, transfected with an ALOX5
expression vector (ALOX5-BCPAP), or an empty, control vector
(pcDNA-BCPAP). Transfectants were validated for vector insertion
by real-time PCR (data not shown), ALOX5 mRNA expression by
real-time RT-PCR, protein expression (Fig. 2), and ALOX5 activity
by LC-MS/MS (data not shown). ALOX5-BCPAP had 156-fold
increase in ALOX5 mRNA expression compared to control (Fig. 2A)
and increased ALOX5 protein levels, determined by western blot
analysis (Fig. 2B).

The transfection of ALOX5/empty vector into BCPAP allows for
phenotypic comparisons to a genetically identical control, and the
direct characterization of ALOX5 upregulation in this PTC model.
ALOXS5 overexpression and the addition of Zileuton, were found to
have no effects on the cell cycle or growth dynamics, suggesting
no significant role for ALOX5 activity in proliferation and survival

w
"
g
.

ALOX5 Fold Change

01

ALOX5 mRNA expression correlates with tumor invasiveness. A: GAPDH normalized ALOX5 expression in 17 pairs of PTC and patient-matched, normal thyroid tissue

measured by quantitative real-time RT-PCR. Data points represent average values of samples run in triplicate, lines link tumor and patient-matched, normal thyroid pairs, and
colored line depicts TIS value (blue =TIS1, green =TIS2, red =TIS3). Mean ALOX5/GAPDH mRNA for patient-matched, normal samples is 0.27 +0.10, and for PTC is
3.291 4 2.089; P=0.0024 (Wilcoxon signed rank test). B: Box plot of the tumor-to-normal fold difference in ALOX5 expression stratified by TIS, demonstrate a positive

Spearman correlation (ry=0.74, P=0.0007; TIST n=4, TIS2 n=5, TIS3 n=38).
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Fig. 2.
A: Mean ALOX5 expression increased 156-fold in transfected cells.

(Fig. 3). The normal tissue concentration of AA in thyroid tissue
is unknown; however, un-esterified AA is reported to have a
physiologic concentration in the low micromolar range in
inflammatory tissues. Additionally, un-esterified-AA has been
shown to be cytotoxic to some cell lines in the nanomolar range
[Brash, 2001]. Here, the addition of free AA showed no comparative
effect on growth between cell lines, and was equally toxic
at concentrations above 50 uM, consistent with the previous
findings.
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Validation of ALOX5-BCPAP and pcDNA-BCPAP transfectants by quantitative real-time RT-PCR for ALOX5 mRNA (A), and western blot analysis for ALOX5 protein (B).

ALOX5 MEDIATED INVASION ACROSS ECM

The invasive property of ALOX5-BCPAP and pcDNA-BCPAP
(control) cells were determined using the BD BioCoat™ Tumor
Invasion System (BD Bioscience). This system utilizes Boyden
chambers, containing a porous membrane (8 micron pores) which
separates cells plated in the upper chamber from chemoatractant in
the lower chamber. Cells have to migrate through the membrane
pores to gain access to the chemoatractant. To investigate invasion,
membranes are coated with a thin layer of Matrigel that acts as an
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ALOX5 expression and activity under normal culture conditions. A: Growth curves were generated for ALOX5-BCPAP and pcDNA-BCPAP under standard conditions by

trypan-blue exclusion. B: Ten-thousand cells per condition were grown to 50% confluence and cell cycle was assessed by laser scanning cytometry. C: The dose dependent
effects of arachidonic acid (C) and Zileuton (D) on cell viability were determined by XTT metabolism. Twenty-five thousand cells were plated in replicates of six for each
condition and cell viability was measured at 72 h post treatment; error bars represent standard deviation.
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ECM barrier to migration; cells have to actively degrade the Matrigel
in order to migrate through the pores toward the chemoatractant. To
control for any change in the rate of cell migration (independent of
invasion), migration is also assessed in parallel in chambers without

3

A

5

Percent Invasion/Migration
[ %)
(=]
1

Matrigel. Invasion is reported as the percent of cells invading
through the Matrigel divided by the number of cells migrating for
each condition, thus reflecting changes in invasion controlled for
any change in migration (Fig. 4). ALOX5-BCPAP demonstrated a

pcDNA-BCPAP ALOX-BCPAP ALOX5-BCPAP

Fig. 4. ALOX5 promotes invasion across a Matrigel barrier. Fifteen thousand ALOX5-BCPAP + 50 uM Zileuton, and pcDNA-BCPAP (empty vector control) were incubated in
quadruplicate on ECM coated (invasion) or non-coated (migration) Boyden chambers. Cell were allowed to invade and migrated toward 10% FBS supplemented RPMI for 22 h
followed by quantification. A: Mean values for percent invasion/migration for each conditions are: pcDNA-BCPAP = 23.77% = 2.63, ALOX5-BCPAP = 50.56% =+ 3.52, ALOX5-
BCPAP + 50 wM Zileuton mean = 22.65 +2.33. ALOX5-BCPAP was significantly more invasive than the other two conditions (P<0.0001, t-test). B: Representative

photomicrographs of invasion and migration chambers at 100x magnification.
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significant increase in invasion (50.56% =+ 3.52% invasion/migra-
tion) compared to pcDNA-BCPAP cells (23.77% =+ 2.63% invasion/
migration). Concomitant treatment of the cells with the ALOX5
inhibitor, Zileuton, significantly reduced ALOX5-BCPAP invasion
(22.65% = 2.33% invasion/migration). Differences in invasion were
statistically significant (P < 0.0001). Additionally, there was no
significant difference in migration between all three conditions
(data not shown). Thus, increased ALOX5 expression increases cell
invasion, is reversible with ALOX5 inhibition, and does not affect
cell migration.

ALOX5 ACTIVITY AND MMP SECRETION BY PROTEIN ARRAY AND
WESTERN BLOT ANALYSIS

The influence of ALOX5 on cancer invasion has not been previously
described. However, the role of ALOX5 in atherogenesis through
the actions of inflammatory cells on the ECM suggests a parallel
mechanism in tumor pathogenesis. [Poeckel and Funk, 2010] MMPs
have a central role in both ALOX5 mediated atherogenesis, and
tumor invasion [Chambers and Matrisian, 1997; Egeblad and Werb,
2002]. Thus, we investigated the role of ALOX5 in MMP activity and
expression in our ALOX5 transfection model of PTC. Mini protein
array technology was used to assess secreted MMPs and TIMP levels
in conditioned media from ALOX5-BCPAP, and pcDNA-BCPAP
cells. A significantly higher level of the gelatinase, MMP-9,
was detected in ALOX5-BCPAP compared to pcDNA-BCPAP. All
other MMPs and TIMPS were present at relatively equal levels
(Fig. 5A).

To confirm the ALOX5-mediated increase in MMP-9, western blot
analysis was used to determine protein levels in both SFCM from
ALOX5-BCPAP cells, and in pcDNA-BCPAP cells incubated with
0.1 uM and 1.0 pM 5-HETE, and compared to SFCM from pcDNA-
BCPAP and pcDNA-BCPAP incubated with 10 uM AA (Fig. 5B). The
addition of 10 uM AA to PCDNA-BCPAP did not affect MMP-9
levels; however, the addition of 5-HETE resulted in increased MMP-
9 levels in a dose dependent manner. SFCM from ALOX5-BCPAP
had the highest levels of MMP-9 detected. These results corroborate
the protein array data, and demonstrate that ALOX5 mediated
induction of MMP-9 is 5-HETE dependent.

CONCORDANT EXPRESSION OF ALOX5 AND MMP-9 IN PTC AND
NORMAL THYROID TISSUE

ALOX5 expression and its metabolite 5-HETE result in increased
MMP-9 protein levels in vitro, and suggest that there should be a
correlation between ALOX5 and MMP-9 expression in vivo. Thus,
concordant expression of ALOX5 with MMP-9 protein levels was
investigated by IHC. Parallel sections of a human Thyroid/PTC tissue
array were stained for ALOX5 and MMP-9 protein (Fig. 6A). The
mean score from two blinded, and independent pathologist are
reported as 4.0 + 0.3 (tumor) and 2.3 + 1.0 (normal) for MMP-9, and
4.0+0.7 (tumor) and 2.1 4 1.3 (normal) for ALOX5, both statisti-
cally significant when normal compared to tumor (P < 0.001;
Student t-test). An MMP-9 and ALOX IHC score cut-off value of 2.5
was selected based on the mean value of normal, and samples were
re-scored as ‘4’ or ‘—’. Chi squares analysis of this data showed a
significant correlation between positive ALOX5 and MMP-9 scores
(P=0.026, Fisher’s Exact; N = 42). Additionally, a linear regression
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Fig. 5. MMP-9 levels in BCPAP conditioned media in response to ALOX5
gene transfection and exogenous 5-HETE. A: Conditioned media were prepared
from 100,000 pcDNA-BCPAP and ALOX5-BCPAP cells cultured, in duplicate,
and MMP protein levels were assessed using the RayBio Human Matrix
Metalloproteinases Antibody Array. ALOX5-BCPAP has significantly higher
levels of MMP-9 compared to pcDNA-BCPAP (P=0.032, t-test). B: 5-HETE
and ALOX5 increase MMP-9 levels in conditioned media, determined by
western blot analysis.

of the IHC scores for ALOX5 and MMP-9 resulted in a t-value of 2.34
with a probability of 0.024, further supporting a correlation between
MMP-9 and ALOX5 expression in vivo.

IHC analysis also provided qualitative data on protein expression
in PTC (Fig. 6B). Both ALOX5 and MMP-9 proteins are normally
expressed in inflammatory cells. Because cancer is often associated
with inflammation, it becomes important in determining if ALOX5
and MMP-9 are presently expressed by tumor cells, or infiltrating
leukocytes. ALOX5 and MMP-9 were primarily localized in
epithelial-derived PTC cells and exhibited diffuse cytoplasm and
nuclear staining (few inflammatory cells were noted in the PTC
tissue array sections (Fig. 1C).

MMP-9 AND ALOX5 ENHANCED INVASION

The above data suggest that ALOX5 may increase PTC invasiveness
through the actions of MMP-9, mediated by the ALOX5 metabolite
5-HETE. Thus, the increased invasiveness of ALOX5-BCPAP may be
mitigated by inhibiting MMP-9 activity. To test this, an MMP-9
inhibitory antibody and a pan-MMP inhibitor, 1,10-PE were
employed in an invasion assay (Fig. 7). The anti-MMP-9 antibody
significantly reduced ALOX5-BCPAP invasion (from 76.26% =+ 2.67
to 33.76% +5.92), almost to the basal invasion levels of pcDNA-
BCPAP (23.34% =+ 3.40%). 1,10 PE, which can inhibit all zinc
dependent MMPs (and target basal invasiveness), had an even
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Fig. 6. ALOX5 and MMP-9 [HC in parallel sections of a human Thyroid and PTC tissue array demonstrate concordant protein expression. A: Bar graphs representing the mean
IHC score from two independent pathologist, Tumor = 4.0+ 0.7 for ALOX5 and 4.0 & 0.3for MMP-9 Normal =2.1+ 1.3 and 2.3 £ 1.0 for MMP-9 (Tumor vs. Normal:
P<0.001 Student t-test for both). B: Representative IHC section of the 20 cancer and 26 normal-appearing thyroid tissues.

greater reduction on ALOX5-BCPAP invasion (18.75% =+ 2.54). The
differences in the percent invasion/migration between ALOX5-
BCPAP and the other experimental condition were all statistically
significant (P < 0.0001). These data support the hypothesis that
ALOXS5 can enhance invasion through induction of MMP-9.

In the present study, a new paradigm for ALOX5 in tumor invasion is
demonstrated by the induction of MMP-9 in PTC. Interestingly, both
ALOX5 and MMP-9 genes are commonly expressed in active
neutrophils, and are involved in atherogenesis through remodeling
of ECM [Poeckel and Funk, 2010]. In PTC, there is also a
phenomenon of ECM remodeling, which is evident in the strong
desmoplastic-fibrotic response, and formation of papillary struc-

tures; this is suggestive of an underlying inflammation-like
signaling process in the tumor microenvironment [Di Pasquale
et al., 2001]. Perhaps, there are some parallels between the role of
ALOX5 and MMP-9 in neutrophils and aggressive cancer cells; they
both migrate through, and modify the ECM, and are supported in the
signaling environment of damaged tissue.

Here, increased ALOXS5 is demonstrated in PTC samples compared
to matched, normal tissue, and increased expression correlated to
invasive histopathology features suggesting a role for ALOX5 in PTC
tumor invasion. The reference controls for these expression studies
were patient matched, normal-appearing thyroid tissue, taken from
an area of the thyroid absent of disease. This controls for any patient
specific genetic variation between normal and tumor samples, and
allows for the calculation of fold induction of ALOX5 as tumor/
normal tissue. While this is an ideal comparison for determining a
change in expression between tumor and normal tissue, it would
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Fig. 7. MMP-9 inhibition abrogates ALOX5 induced invasion in BCPAP cells. For each condition, 25,000 cells were plated in quadruplicate on ECM coated (invasion) or non-
coated Boyden chambers. Cells were allowed to invade and migrate toward 5% FBS supplemented RPMI for 22 h followed by quantification. A: Data is represented as the mean
percent invasion/migration; pcDNA-BCPAP=23.34+2.48; ALOX5-BCPAP=76.26 +2.67; ALOX5-BCPAP+anti MMP9=33.76 +5.92; ALOX5-BCPAP+ 1,10
PE=18.75 £ 2.54. Invasion was significantly increased only in ALOX5-BCPAP compared to pcDNA-BCPAP (P < 0.0001, t-test). B: Representative photomicrographs of

invasion and migration chambers at 50 x magnification.

also be insightful to investigate the expression profile of PTC in
normal thyroid tissue from healthy thyroids with no tumors. Similar
studies of Cyclooxygenase-2 (a close relative of ALOX5) expression
in oral squamous cell carcinoma demonstrated increased expression
level in tumor and matched normal (near-adjacent tissue to the
tumor) tissue, compared to normal tissue from healthy individuals,
suggesting that normal tissue, adjacent to cancer in the same organ,
may have an altered expression profile [Yang et al., 2006]. This may

be explained by signaling factors diffusing into the normal-
appearing, adjacent tissue and increasing the basal expression of
these genes. Both ALOX5 and COX-2 are inducible inflammatory
genes, and it is likely that they can be induced in the appropriate
microenvironment. Unlike collecting oral swabs for normal oral
mucosa, it would be impractical to obtain normal thyroid from
healthy volunteers, as this would require a potentially harmful and
invasive procedure with no benefit to the volunteer. We recognize
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that normal matched thyroid tissue may have higher levels of
ALOX5; however, this would cause our results to be an
underestimate of ALOX5 induction in PTC.

Previous investigations into the tumorigenic properties of ALOX5
in breast and prostate cancer models define its role in cell growth
dynamics by affecting cell cycle and inhibiting apoptosis, but do not
address tumor invasion [Ghosh and Myers, 1997; Avis et al., 2001;
Tong et al., 2002; Ghosh, 2003]. Here, we conducted similar growth
and survival experiments with our PTC model, and found that
ALOXS5 did not yield any significant advantages. This difference in
ALOX5-mediated phenotypes between PTC and other models may
be explained by differences in the oncogenic background of the
various tumors. Breast and prostate cancer do not typically signal
through oncogenic activation of ERK, as PTC. However, 5-HETE has
been demonstrated to signal through a RAS mediated, MAP-Kinase
dependent ERK activation pathway, leading to cell proliferation
[Capodici et al., 1998]. It is tempting to speculate that the mechanism
by which ALOX5 influences proliferation and survival in breast and
prostate cancer models is through this RAS/MAP/ERK pathway;
although this has not been thoroughly investigated. Activation of
this pathway by 5-HETE may be redundant in PTC, which already
has an activation mutation in this pathway [Melillo et al., 2005;
Vasko and Saji, 2007]. Up to 60% PTC is mediated through the
BRAFV600E mutation, an activation mutation downstream RAS.
Stimulating this pathway upstream with 5-HETE may yield no
additional effects downstream; however, it may stimulate parallel
pathways that originate upstream. This could explain the lack of
influence ALOX5 has on proliferation and survival in our PTC
model, and the induction of MMP-9. In fact, MMP-9 regulation has
been linked to cell invasion via a MAP-Kinase independent pathway
of RAS activation, thus supporting this hypothesis [Bernhard et al.,
1990; Stacey et al., 1991; Gum et al., 1996].

Based on our observation of increased ALOX5 expression in
invasive human PTC, and supported by evidence suggesting a role
for ALOX5 in ECM remodeling by active neutrophils, we
investigated the role of ALOX5 in tumor invasion and MMP
induction in PTC. BCPAP is a well-established BRAFV600E positive
PTC cell line isolated from a human with invasive PTC, and has been
characterized as a suitable model to study PTC in vitro [Fabien et al.,
1994]. To achieve ALOX5 overexpression, a cell is required to have a
permissive ALOX5 promoter and the presence of transcritptional
activators such as 1,25-dihydroxyvitamin D(3) and TGFB
[Silverman et al., 1998; Uhl et al., 2002]. Initial studies demonstrat-
ed that BCPAP and other PTC and normal thyroid cells lines had
relatively equivalent basal expression of ALOX5 (without the
addition of any factors-data not shown). Preliminary studies also
suggested that the ALOX5 promoter is hypomethylated in BCPAP
cells (data not shown). ALOX5 induction by stimulating with
transcriptional activators can activate multiple pathways, and make
it difficult to identify the direct cause of a new phenotype.
Ultimately, we decided to enhance ALOX5 expression in BCPAP by
introducing an ALOX5 expression vector, and empty vector control.
Although an artificial system, this method efficiently allowed us to
compare two relatively similar cells with the exception of ALOX5
expression, in a PTC background. Our system sufficiently establishes
a mechanistic relationship between ALOX5, invasion and MMP-9 in

a BRAFV600E/PTC background, and these experimental results were
supported by our clinical findings correlating ALOX5, MMP-9
and invasive PTC. This represents a significant new finding that
contributes to our understanding of how cancer cells subvert
endogenous signaling mechanism in tumor pathogenesis.

In summary, this study suggests that ALOX5 can enhance
invasion in PTC through a 5-HETE dependent induction of MMP-9,
and demonstrates a relationship between ALOX5 and tumor
invasion not been previously described. With further investigation,
this new paradigm for ALOX5 in tumor pathogenesis may yield new
clinical tools in diagnosing and treating PTC, and may be extended
to other cancers.
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