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Laminin-5 is an extracellular matrix protein that
plays a key role in cell migration and tumor invasion.
Cox-2 is an induced isoform of cyclooxygenases that
plays an important role in carcinogenesis, suppres-
sion of apoptosis, angiogenesis, and metastasis of
colon cancer. We report frequent co-expression of
cox-2 and laminin-5 at the invasive front of early-
stage lung adenocarcinomas. We investigated the ex-
pression of cox-2 and laminin-5 immunohistochemi-
cally in 102 cases of small-sized lung adenocarcinoma
(maximum dimension, 2 cm or less). Cox-2 and lami-
nin-5 were expressed in 97 (95.1%) and 82 (80.4%)
cases, respectively. Both were preferentially localized
in cancer cells at the cancer-stroma interface, al-
though cox-2 tended to show a diffuse staining pat-
tern in some cases. A comparison of their staining
patterns revealed a striking similarity in their distri-
bution in 24 cases, and a partial overlap between their
localization in another 20 cases. Moreover, an overall
correlation was found between the expression levels
of cox-2 and laminin-5 (P = 0.018). To gain insight
into the mechanisms that regulate the expression of
these proteins, we additionally studied their expres-
sion in 58 cases of stage I lung adenocarcinoma, in
which p53 status was determined by immunohisto-
chemistry, polymerase chain reaction-single strand
conformation polymorphism analysis, and direct se-
quencing. The results showed that tumors with mu-
tant p53 tended to express more cox-2 than those
with wild-type p53 (P = 0.080). Also, tumors that
overexpressed p53 had higher levels of cox-2 and
laminin-5 than those without p53 overexpression
(P = 0.032 and 0.047, respectively). Further immuno-
histochemical analysis showed that tumors that over-

expressed both epidermal growth factor receptor
(EGFR) and erbB-2 had higher levels of cox-2 and
laminin-5 than those without concomitant overex-
pression of these proteins (P = 0.014 and P = 0.018,
respectively). To see whether EGFR signaling is in-
volved in cox-2 and laminin-5 expression, we further
conducted in vitro analyses using six lung adenocar-
cinoma cell lines (A549, HLC-1, ABC-1, LC-2/ad,
VMRC-LCD, and L27). Western blot analyses showed
that cox-2 mRNA levels, and to a lesser extent lami-
nin-5 y2 mRNA levels, correlated with the expression
levels of erbB-2 and the phosphorylated form of
MAPK/ERK-1/2 protein. The addition of transforming
growth factor-a increased both cox-2 and laminin-5
v2 mRNA levels in A549, ABC-1, and L27 with differ-
ent Kinetics; the induction of cox-2 occurred earlier
than that of laminin-5 y2. Finally, the migration of
ABC-1 cells was inhibited by MAP kinase kinase inhib-
itor PD98059 and a selective cox-2 inhibitor NS-398.
In contrast, the migration of A549 cells was inhibited
by PD98059, but much less effectively by NS-398.
These results suggest that co-stimulatory mechanisms
may exist that increase the expression of cox-2 and
laminin-5 at the invasive front of lung adenocarcino-
mas and that EGFR signaling could be one of the
mechanisms. Further investigations are warranted
concerning the role of cox-2 and laminin-5 in cancer
cell invasion and the significance of p53 and EGFR
signaling in the regulation of cox-2 and laminin-5
expression. (Am J Pathol 2002, 160:1129-1141)

Cyclooxygenases are rate-limiting enzymes that catalyze
the conversion of arachidonic acid to prostaglandins.®™*
Cyclooxygenases exist in two isoforms: a constitutively
expressed isoform, cox-1, and an induced isoform,
cox-2. The expression of cox-2 is induced by cytokines
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and growth factors. Numerous clinical and experimental
studies have suggested that cox-2 plays an important
role in carcinogenesis, suppression of apoptosis, angio-
genesis, and metastasis of colon cancer.'™* Overexpres-
sion of cox-2 is frequently observed in colon adenoma
and carcinoma.”>” Inhibition of cox-2 reduced colon ad-
enoma formation in experimental animals®® and patients
with familial adenomatous polyposis.'° Specific inhibitors
of cox-2 reduced tumor growth in vivo'' and induced
apoptosis in tumor cells both in vitro and in vivo.'>"'*
Moreover, introduction of cox-2 cDNA increased the pro-
duction of metalloproteinases and a variety of angiogenic
factors'®'® and enhanced the metastatic potential of co-
lon cancer cells."®

Overexpression of cox-2 has been documented in var-
ious other cancers,'”?? including lung cancer.?®2°
Among the four histological types of lung cancer, cox-2 is
most frequently expressed in adenocarcinoma.?®2* In
patients with stage | lung adenocarcinoma, overexpres-
sion of cox-2 is associated with poor prognosis.?® Cox-2
inhibitors inhibited proliferation and induced apoptosis in
various lung cancer cell lines.?® Although these studies
suggested the involvement of cox-2 in invasion and me-
tastasis of lung adenocarcinoma, the underlying mecha-
nism for the overexpression of cox-2 in these tumors is
currently unclear. Results of culture studies suggest that
cox-2 is induced by epidermal growth factor receptor
(EGFR) signaling,?”-28 interleukin (IL)-1,29°° tumor necro-
sis factor-a,3" and the activated H-ras oncogene.*® A
recent study by Subbaramaiah and colleagues®® sug-
gests a potential role of p53 in suppressing the expres-
sion of cox-2. However, it is currently unclear which of
these factors are actually involved in the up-regulation of
cox-2 in primary cancers.

We have recently reported that the laminin-5 y2 chain
is frequently overexpressed at the invasive front of small-
sized lung adenocarcinomas (maximum dimension, 2 cm
or less), and that overexpression of the laminin-5 y2 chain
is associated with poor patient prognosis.®* Laminin-5
consists of three subunits, the a3, B3, and y2 chains, the
latter two being unique to this isoform. Laminin-5 is an
extracellular matrix protein that plays a key role in cell
migration and tumor cell invasion.®*~3® Several previous
studies have shown that laminin-5 is frequently ex-
pressed at the invasive front of several cancers, including
colorectal ®°~4" gastric,*? pancreatic,*® breast adeno-
carcinomas,®® uterine cervical®*°4* and oral**~*" squa-
mous cell carcinomas, and malignant melanoma.®%4°
However, the regulatory mechanism for the overexpres-
sion of laminin-5 in cancer is currently unclear.

In this study, we report that cox-2 and laminin-5 are
frequently co-localized at the invasive front of early-stage
lung adenocarcinomas. We also present data showing
that overexpression of cox-2 and laminin-5 is associated
with p53 abnormalities and concomitant overexpression
of EGFR and erbB-2. Finally, the results of our in vitro
experiments also support the hypothesis that EGFR sig-
naling is involved in the aberrant expression of cox-2 and
laminin-5 in lung adenocarcinomas.

Materials and Methods

Patients and Tumors

We analyzed two groups of early-stage lung adenocar-
cinomas. First, we investigated the expression of cox-2
and laminin-5 immunohistochemically in 102 cases of
small-sized lung adenocarcinoma (maximum dimension,
2 cm or less) that were resected at the National Cancer
Center Hospital between 1984 and 1991. We recently
reported the expression of laminin-5 and its prognostic
significance in these small-sized adenocarcinomas.®*
The clinicopathological features of these patients and
tumors are detailed in that report. Second, we examined
the expression of cox-2 and laminin-5 immunohisto-
chemically in 58 cases of stage | lung adenocarcinoma
resected at the same hospital between 1985 and 1994,
and analyzed its relationships with p53 abnormalities and
the expression of EGFR and erbB-2. The p53 status of
these adenocarcinomas was extensively characterized
throughout the coding regions (exons 2 to 11), along with
that of other non-small cell carcinomas (squamous cell,
adenosquamous, and large-cell carcinomas), by poly-
merase chain reaction-single strand conformation poly-
morphism analysis, and direct sequencing.*® Most of
these 58 tumors were resected after 1990 and exceeded
2 cm in maximum dimension; therefore, there was no
overlap between the two groups of tumors. Additionally,
the distributions of laminin-5 a3, B3, and y2 chains were
studied in 20 cases of lung adenocarcinoma resected at
Tokyo University Hospital between 2000 and 2001. His-
tological typing of the tumors was based on the new
World Health Organization classification.*® Disease
stage was determined according to the TNM classifica-
tion of the International Union Against Cancer.>® The
tumor tissues were routinely fixed in 10% formalin and
embedded in paraffin.

Immunohistochemistry

Tissue blocks were cut into 4-um-thick sections and
deparaffinized through graded xylene and ethanol series.
The sections were then washed in phosphate-buffered
saline (pH 7.4), and treated with 0.3% hydrogen peroxide
in methanol for 30 minutes. For antigen retrieval, sections
were heated for 10 minutes at 120°C by autoclave treat-
ment (for cox-2, laminin-5, p53, and erbB-2) or digested
with 0.1% protease type XXVII (Sigma, St. Louis, MO,
USA) for 20 minutes at room temperature (for EGFR).
After incubation for 10 minutes with 10% normal swine
serum to block nonspecific binding of the antibodies, the
sections were incubated with rabbit polyclonal anti-cox-2
antibody (at a concentration of 2 wg/ml; IBL, Gunma,
Japan), mouse monoclonal anti-laminin-5 y2 chain anti-
body“® (at a concentration of 1 ug/ml), mouse monoclo-
nal anti-p53 antibody (at a dilution of X1/100, clone
DO-7; Novocastra, Newcastle-upon-Tyne, UK), mouse
monoclonal anti-EGFR (at a dilution of X1/10, clone
31G7; Zymed), or rabbit polyclonal anti-c-erbB-2 (at a
concentration of 0.25 pg/ml; Nichirei, Tokyo, Japan). Af-
ter overnight incubation with the primary antibody at 4°C,
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Table 1. Sources of Antibodies to Laminin-5 Subunits Used in this Study

Laminin subunit Source Species Dilutions
Laminin «3 Chemicon Mouse monoclonal (clone P3H9-2) X1/200
Laminin a3 Chemicon Mouse monoclonal (clone P3E4) X1/200
Laminin B3 Transduction Laboratories Mouse monoclonal (clone 17) x1/4,000
Laminin B3 Santa Cruz Goat polyclonal X1/50
Laminin y2 Chemicon Mouse monoclonal (clone D4B5) X1/50
Laminin y2 Pathology Division, NCCRI Mouse monoclonal (clone 1-97)%3 1 pg/ml

NCCRI, National Cancer Center Research Institute.

the sections were reacted with biotinylated secondary
antibody for 45 minutes. Subsequently, the sections were
allowed to react for 30 minutes with avidin-biotin-peroxi-
dase complex (ABC) by using a Vectastain ABC kit (Vec-
tor Laboratories, Burlingame, CA, USA) and subjected to
the peroxidase reaction with 0.02% 3,3'-diaminobenzi-
dine tetrahydrochloride as a chromogen in Tris-HCI
buffer (pH 7.6) containing 0.007% hydrogen peroxide.
No significant staining was observed in the negative con-
trols, which were prepared by using the same class of
mouse immunoglobulin at the same concentration.

We additionally used five commercially available anti-
bodies against each subunit of laminin-5, ie, a3, B3, and
y2 chains. Immunohistochemistry was performed after
antigen retrieval by autoclave treatment as described
above for other antibodies. The sources and dilutions
used for these five antibodies are summarized in Table 1.

Immunohistochemical Evaluation

Tumor cells were often heterogeneous with respect to
cox-2 and laminin-5 expression, even within the same
tumor (see below). Therefore, the expression of cox-2
and laminin-5 was graded by using the following meth-
od.3* First, sections were scanned at low magnification to
identify the area showing the highest level of expression.
Then, that area was viewed with a X 10 objective, and the
expression levels were graded on a scale of 0 to 2+ as
follows: 0, either no positive cancer cells present or only
a few scattered positive cancer cells; 1+, cluster(s) of
positive cancer cells present, but accounting for less
than 30% of the tumor cells within the visual field; 2+,
cluster(s) of positive cancer cells that accounted for more
than 30% of the tumor cells within the visual field. The
grading for cox-2 was independently performed without
previous knowledge of the grading for laminin-5, and vice
versa. Overexpression of EGFR and erbB-2 was judged
positive when most cancer cells (>50%) showed clear
membranous staining. Only membranous staining was
evaluated; cytoplasmic staining was not taken into ac-
count in evaluating EGFR or erbB-2 staining. Overexpres-
sion of p53 was evaluated as positive when more than
20% of the tumor cells showed nuclear staining.

Cell Lines and Culture

Lung adenocarcinoma cell lines A549, VMRC-LCD, and
ABC-1 were obtained from the Japanese Cancer Re-
search Resources Bank (Osaka, Japan), and HLC-1 and

LC-2/ad from the RIKEN Cell Bank (Tsukuba, Japan).
Lung adenocarcinoma cell line L27 was established in
our laboratory. All cell lines were maintained in culture
with Dulbecco’s modified Eagle medium supplemented
with 10% fetal calf serum, glutamine, and antibiotics, in a
humidified atmosphere with 5% CO, and 95% air. To
investigate the effect of transforming growth factor
(TGF)-a on the expression of cox-2 and laminin-5 2
mMRNA, preconfluent culture was washed and the culture
media were replaced with serum-free Dulbecco’s modi-
fied Eagle medium containing 0.2% bovine serum albu-
min. After culture of the cells in the serum-free media for
18 hours, recombinant human TGF-a was added to a final
concentration of 50 ng/ml, and cells were lysed for RNA
extraction at 1, 3, 8, and 24 hours after addition of TGF-a.

RNA Extraction

Total RNA was isolated using an RNeasy kit (Qiagen,
Hilden, Germany). All samples were treated with RNase-
free DNase (Qiagen) during the isolation, following the
manufacturer’s protocol. The purity and concentration of
RNA were determined by spectrometry at 260 nm.

Real-Time Reverse Transcriptase-Polymerase
Chain Reaction (RT-PCR)

Real-time RT-PCR was performed by using the SYBR
green system as described previously.®' Briefly, 2 ug of
total RNA was reverse transcribed by using random hex-
anucleotide primers and SuperScript Il reverse transcrip-
tase (Life Technologies, Inc., Gaithersburg, MD). To pre-
vent the reamplification of carryover PCR products,
cDNAs were first treated with AmpErase uracil-N-glyco-
sylase (Perkin-Elmer Biosystems, Valencia, CA, USA).
The PCRs were performed by using the SYBR Green
Core Reagents kit (Perkin-Elmer). The PCR amplification
was performed by using a 96-well optical tray and caps in
a final reaction volume of 50 ul. We used the PCR cycle
parameters as recommended by the manufacturer’s pro-
tocol. Real-time detection of the amplified cDNA was
performed by using a Gene Amp 7700 Sequence Detec-
tion System (Perkin-Elmer).

The following oligonucleotides were used for the PCR:
forward cox-2 primer, 5’-TGCATTCTTTGCCCAGCACT-
3'; reverse cox-2 primer, 5-AAGGCGCAGTTTACGCT-
GTCT-3'; forward laminin y2 chain primer, 5’-TGGAT-
GAGTTCAAGCGTACACA-3'; reverse laminin y2 chain
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Figure 1. Expression and localization of cox-2 and laminin-5. Cox-2 and laminin-5 were frequently co-localized in the cytoplasm of cancer cells at the
cancer-stroma interface. A: Cox-2. B: Laminin-5. In some cases, cox-2 and laminin-5 were co-localized in cancer cells near the necrotic area. C: Cox-2. D:
Laminin-5. In other cases, discrepancy in distributions occurred owing to a somewhat diffuse staining pattern of cox-2, and to relatively strong cox-2 staining in

some bronchioloalveolar carcinomas. E: Cox-2. F: Laminin-5.

primer, 5'-GCTTTTAGCAAGATTGGCACG-3'. These
primers were designed by using the computer program
Primer Express (Perkin-Elmer) following the manufactur-
er’s instructions. Primers were chosen from sequences of
different exons. Sequence specificity of the primers was
confirmed by homology searches through databases at
NCBI by using the computer program BLASTN. Primers
were purchased from Greiner Japan (Tokyo). To normal-
ize the data, 185 rRNA was quantitated by real-time
RT-PCR using the TagMan Ribosomal RNA Control Re-
agents kit. After normalization, the results were ex-
pressed in arbitrary units. Negative controls lacking tem-
plate RNA were always included in each experiment.

Western Blot Analysis

Cell lysates were obtained as follows: for total cell lysates,
cells were lysed in a lysis buffer consisting of 50 mmol/L
Tris-HCI (pH 6.8) and 2% sodium dodecy! sulfate with a
cocktail of proteinase inhibitors. After sonication, lysates
were boiled for 5 minutes and cleared by centrifugation.
For phosphoprotein analysis, cells were lysed in a cold
buffer containing 1% deoxycholate, 1% Nonidet P-40,
0.1% sodium dodecyl sulfate, 50 mmol/L NaF, 1 mmol/L
sodium orthovanadate, and a cocktail of proteinase in-
hibitors under constant shaking for 30 minutes, and then
cleared by centrifugation. Protein concentrations were



Table 2. Correlation between Levels of Cox-2 and Laminin-5
Expression in Lung Adenocarcinomas

Cox-2
Laminin-5 — + 2+
- 2 12 4
+ 2 42 16
2+ 0 13 11

determined by the DC Protein Assay kit (BioRad, Her-
cules, CA, USA). For Western blotting, equal amounts of
protein samples were size-separated on premade 5 to
12.5% gradient polyacrylamide gels (Biocraft, Tokyo, Ja-
pan) and electroblotted onto nitrocellulose membranes.
Nonspecific binding was blocked by immersion of the
membranes for 20 minutes in a solution containing 5%
skim milk and 0.1% Tween 20. The membranes were then
incubated for 2 hours at room temperature with sheep
polyclonal anti-EGFR antibody (at a dilution of X1/1000;
Upstate Biotechnology, Lake Placid, NY), rabbit poly-
clonal anti-c-erbB-2 antibody (at a concentration of 0.025
wg/ml; Nichirei), rabbit polyclonal anti-ERK1/2 (p42/44
MAP kinase) antibody (at a dilution of X1/1000; New
England Biolabs, Beverly, MA), or rabbit polyclonal phos-
pho-ERK1/2 (Thr202/Tyr204) antibody (at a dilution of
X1/1000; QCB, Camarillo, CA). After washing, the mem-
branes were incubated for 1 hour at room temperature
with peroxidase-linked secondary antibody. The antigen
was detected using enhanced chemiluminescence West-
ern blotting detection reagents (Amersham, Arlington
Heights, IL) following the manufacturer’s instructions.

Cell Migration Assay

Cell migration assay was performed using Biocoat cell
culture inserts with 8-um porosity polyethylene teraphtha-
late filters (BD Biosciences, NJ). Briefly, confluent tumor
cells were trypsinized and plated onto the upper cham-
ber and allowed to attach to the membrane for 1 hour.
Then TGF-a (50 ng/ml) was added into both upper and
lower chambers with or without 50 wmol/L PD98059 (Cal-
biochem, Darmstadt, Germany) or 100 umol/L NS-398
(Cayman Chemical, Ann Arbor, MI). Preliminary experi-
ments showed that no cytotoxicity occurred at these con-
centrations as inspected under the microscope or by the
trypan blue exclusion test. Control culture received only
vehicle (0.2% dimethyl sulfoxide). Cells were allowed to
migrate for 24 hours (A549 cells) or 48 hours (ABC-1
cells). Then, the upper surface of the membrane was
wiped to remove nonmigratory cells. Cells that had mi-
grated to the undersurface of the membrane were fixed
with methanol, stained with Giemsa solution, and
counted. To determine the number of migrated cells for
individual wells, cells in five randomly chosen fields were
viewed at X400 magnification with an eyepiece
equipped with a grid square, and the number of cells
within the largest square was counted, and the means
were calculated. The results for each culture condition
were expressed as mean = SE of four individual wells.
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Statistics

The correlation between cox-2 and laminin-5 expression
was determined by Spearman’s rank coefficient. The differ-
ences in cox-2 and laminin-5 expression according to the
presence or absence of p53 abnormalities or EGFR/erbB-2
overexpression were examined by the Mann-Whitney U
test. The results were considered significant if the P value
was <0.05. All tests were two-sided. With regard to the
induction of mRNA levels of cox-2 and laminin-5 y2 by
TGF-a in cultured cells, the ratios of TGF-a-treated levels
versus control levels were calculated for each time point,
and the results are expressed as mean = SE. The differ-
ences were considered significant if 1.0 did not lie within the
95% confidence interval of the treated-to-control ratio. Sta-
tistical calculations were performed with the StatView com-
puter program (Abacus Concepts, Berkeley, CA).

Results

Co-Localization of Cox-2 and Laminin-5

During the course of our studies on lung cancer, we
found that cox-2 was often expressed at the cancer-
stromal interface in small-sized lung adenocarcinoma.
Because this pattern of expression was similar to that of
the laminin-5 y2 chain,®* we examined a series of small-
sized lung adenocarcinomas for the expression of cox-2
and laminin-5. Overall, cox-2 was expressed in 97 of 102
cases (95.1%), and laminin-5 in 82 of 102 cases (80.3%).
Cox-2 and laminin-5 were frequently co-localized in the
cytoplasm of cancer cells at the cancer-stromal interface
or at the invasive front of the tumors (Figure 1, A and B).
Strong staining was typically observed in cancer cells
that invaded the fibrous stroma in a scattered manner. In
some cases, tumor cells near the necrotic area stained
positive for both laminin-5 and cox-223 (Figure 1, C and
D). A comparison of cox-2 and laminin-5 staining re-
vealed a striking similarity in the distribution of these two
proteins in 24 of 102 cases, and a partial overlap be-
tween their distribution in another 20 cases. In the re-
maining cases, discrepancies in distribution occurred
owing to a somewhat diffuse staining pattern of cox-2,
and to relatively strong cox-2 staining in some bronchi-
oloalveolar carcinomas (Figure 1, E and F) or in some
cancer cells that showed bronchioloalveolar carcino-
ma-like spread along the alveolar structure. Both cox-2
and laminin-5 were localized mainly within the cyto-
plasm of cancer cells; however, stromal cells, includ-
ing fibroblasts, endothelial cells, and macrophages,
were occasionally stained for cox-2. The expression
levels of cox-2 and laminin-5 were then graded on a
scale of 0 to 2+ based on the area that showed the
highest expression of these proteins (see Materials
and Methods). As shown in Table 2, a positive corre-
lation was found between the expression levels of
cox-2 and laminin-5 (P = 0.018).
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Table 3. Summary of 58 Cases of Stage I Lung Adenocarcinoma

ErbB- pi‘% Nucleotide Amino acid
Case Age Sex Size WHO Diff. Laminin-5 Cox-2 EGFR 2  IHC Mutation Exon Codon change change
N141T 64 M 7 pap M 1+ 2+ - + + + 5 141 TGC to TAC Lys to Tyr
AO11T 67 M 43 mix W 2+ 1+ - + + + 6 220 TAT to TGT Tyr to Cys
Q181T 69 M 27 sol P 2+ 2+ + + + + 7 242 CTT to CGT  Leu to Arg
Q311T 63 M 25 mix M 1+ 1+ - + + + 8 283 CGC to CCC  Argto Pro
Q491T 59 F 46 aci M 2+ 1+ - - + + 6 194 CTT to CGT  Leu to Arg
Q191T 56 M 33 mix M 2+ 2+ + - + + 7 250 CCC to CTC  Pro to Leu
Q691T 45 F 18 mix W 1+ 1+ - - + + 5 157 GTC to TTC  Val to Phe
5 143 GTG to xTG frameshift
Q701T 57 M 25 sol P 2+ 2+ + - + + 5 158 CGC to CTC  Argto Leu
Q721T 49 M 22 mix W 1+ 2+ + + + + 8 281 GAC to CAC  Asp to His
Q771T 60 M 19 mix W - 1+ - - + + 8 282 CGGto TGG ArgtoTrp
Q861T 49 F 19 mix W 1+ 2+ + - + + 6 213 CGA to CAA  Argto Gin
Q591T 66 M 16 mix W 2+ 2+ - - + + 7 247 AAC to ATC Asn to lle
Q391T 72 M 2 pap M 2+ 1+ - + — + 8 298 GAG to TAG  Glu to stop
Q351T 78 F 35 mix W 1+ 2+ + + - + 4 64 CCC to xCC  frameshift
Q801T 72 M 55 mix M 2+ 2+ + + - + 9 317 CAG to xAG  frameshift
Q121T 56 M 3.1 mix M 2+ 2+ + + + -
Q571T 64 M 4 pap M 2+ 1+ + + + -
Q551T 52 F 16 pap M 2+ 2+ - - + -
Q411T 67 M 5 sol P 2+ 2+ + - + -
Q461T 66 F 29 pap M 2+ 1+ + + + -
Q511T 76 M 25 mix W 1+ 1+ - - + -
Q611T 55 F 25 mix W 2+ 2+ + + + -
Q621T 65 M 25 mix W 2+ 2+ + + + -
Q761T 72 F 28 mix W 1+ - - - + -
1041T 38 F 7 pap M 2+ 1+ - - - -
1151T 57 F 33 mix W 1+ 1+ - + - -
2071T 65 M 25 mix W - - - - - -
Q131T 60 M 54 aci M 2+ 2+ - - - -
Q151T 70 M 7 mix M 1+ 2+ + + - -
Q1417 75 M 38 aci W 2+ 1+ - + - -
Q171T 79 M 37 sol P 2+ 2+ - - - -
Q561T 62 M 22 mix W 1+ 1+ - - - - (Polymorphism)
Q421T 50 F 16 pap M 1+ 1+ - - - -
Q291T 71 F 2 bac W 1+ 1+ - - - -
Q321T 62 M 22 mix M 2+ 2+ - - - -
Q261T 63 M 32 mix W 2+ 2+ - - - -
Q251T 67 M 38 mix W 1+ 1+ - + - - (Silent)
Q281T 59 F 26 mix W 1+ - - - - - (Silent)
Q361T 52 M 4 bac W - 1+ - - - -
Q371T 65 F 13 mix M 1+ 1+ - - - -
Q301T 59 F 19 mix W 1+ 2+ - - - -
Q381T 50 F 19 pap M 2+ 2+ - + - -
Q451T 78 F 4 mix W 2+ 1+ - + - -
Q501T 78 F 32 mix M 2+ 1+ - + - -
Q4817 58 F 25 mix W 1+ 1+ - - - -
Q4417 55 F 23 mix M 1+ 1+ - - - -
Q631T 57 M 25 mix M 1+ 1+ - - - -
Q651T 63 M 35 mix W 1+ 1+ - - - -
Q661T 70 M 21 pap M 2+ 2+ + - - -
Q671T 55 F 32 mix W 1+ 1+ + - - -
Q581T 78 M 38 aci W 1+ 2+ + - - -
Q821T 54 M 32 mix W 1+ 1+ + - - -
Q841T 57 M 24 mix M 1+ 1+ - - - -
Q851T 70 F 32 mix W 1+ 1+ - - - -
Qo11T 656 M 28 aci M 2+ 2+ + + - -
Q931T 65 M 25 sol P 2+ 2+ + - - -
Qo41T 74 M 28 pap M 1+ - - - - -
Q951T 62 M 27 sol P 2+ — + + - -
Q961T 71 M 38 mix P 2+ 2+ + + - -

WHO, World Health Organization histological classification; pap, papillary adenocarcinoma; aci, acinar adenocarcinoma; sol, solid adenocarcinoma
with mucin; mix, adenocarcinoma with mixed subtypes; Diff, differentiation; W, well; M, moderately; P, poorly differentiated.

P53 IHC, p53 overexpression by immunohistochemistry. X in nucleotide change indicates one base deletion. Q691T had two distinct p53 mutations.
Q561T had a nucleotide change that was interpreted as a polymorphism. Q251T and Q281T, which had a silent mutation, were included in the group
negative for p53 mutation.
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Table 4. Expression Levels of Cox-2 and Laminin-5 According to the Presence or Absence of p53 Mutation or Overexpression

Cox-2 Laminin-5
- + 2+ - + 2+
A
p53 mutation — 5 22 16 3 20 20
+ 0 6 9 0 7 8
P = 0.0802 P =0.5153
B Cox-2 Laminin-5
— + 2+ - + 2+
p53 overexpression - 5 20 13 3 20 15
+ 0 8 12 0 7 13
P =0.0316 P =0.0474

Relationships of p53 Status with Expression of
Cox-2 and Laminin-5

The genetic mechanisms underlying the overexpression
of cox-2 and laminin-5 in cancer are not clearly under-
stood. However, a recent study by Subbaramaiah and
colleagues®® suggested a potential role of p53 in sup-
pressing the expression of cox-2. Therefore, we studied
the relationships between p53 status and the expression
of cox-2 and laminin-5 in 58 cases of stage | lung ade-
nocarcinomas. We determined the p53 status of these
cases by PCR-single strand conformation polymorphism
analysis and direct sequencing. We also immunohisto-
chemically studied the overexpression of p53. Overall,
p53 mutation was found in 15 of 58 cases (25.9%), and
p53 overexpression in 20 of 58 cases (34.5%). Data
concerning p53 mutation and other immunohistochemi-
cal results are shown in Table 3. Three tumors with p53
mutation were negative for p53 overexpression, whereas
eight tumors without p53 mutation overexpressed p53.
The concordance rate of p53 mutation and overexpres-
sion was 81.0%. The relationships between p53 status
and the expression of cox-2 and laminin-5 are shown in
Table 4. Tumors with mutant p53 showed a tendency for
higher expression levels of cox-2 than those with wild-
type p53 (P = 0.080) (Table 4A). Also, tumors that over-
expressed p53 had higher expression levels of cox-2 and
laminin-5 than those without p53 overexpression (P =
0.032 and P = 0.047, respectively) (Table 4B).

Relationships of EGFR/erbB-2 versus Cox-2/
Laminin-5 Expression
Previous in vitro studies suggested that cox-2 could be

induced by tumor necrosis factor-o,®' IL-18,2°°° and
EGFR signaling,?”® whereas the expression of laminin-5

could be stimulated by epidermal growth factor (EGF)
and phorbol myristate acetate.®® Because EGFR seemed
to be a common upstream regulator of cox-2 and lami-
nin-5, we immunohistochemically studied the expression
of EGFR and its heterodimeric partner erbB-2 in the 58
cases of stage | lung adenocarcinoma. The results
showed that the expression levels of cox-2 and laminin-5
were higher in tumors that overexpressed both EGFR and
erbB-2 than in those without concomitant overexpression
of these proteins (P = 0.014 and P = 0.019, respectively)
(Table 5).

Expression Analyses of Cox-2, Laminin-5,
EGFR, and ErbB-2 in Lung Adenocarcinoma
Cell Lines

Next, we investigated whether similar relationships oc-
curred in lung adenocarcinoma cell lines. We analyzed
six cell lines: A549, HLC-1, ABC-1, LC-2/ad, VMRC-LCD,
and L27. The results are shown in Figures 2 and 3.
Quantitative RT-PCR analysis showed that three cell lines
(ABC-1, LC-2/ad, and L27) expressed mRNAs of cox-2
and laminin-5 y2 chain at relatively high levels, and that
two lines (HLC-1 and VMRC-LCD) expressed them at low
levels (Figure 2, A and B). Cell line A549 had a high level
of cox-2 mMRNA but a low level of laminin-5 y2 chain
mRNA. Western blot analysis showed that both EGFR
and erbB-2 were expressed at variable levels in all cell
lines except VMRC-LCD (Figure 3, A and B). A compar-
ison between Figures 2 and 3 shows that mRNA levels of
cox-2, and to a lesser extent laminin-5 y2, correlated well
not only with erbB-2 but also with the phosphorylated
form of MAPK/ERK-1/2 (Figure 3, B and C), one of the
major downstream molecules in the EGFR signaling path-
way. The levels of total ERK-1/2 were similar in all cell
lines examined (Figure 3D).

Table 5. Expression Levels of Cox-2 and Laminin-5 According to the Presence or Absence of Concomitant Overexpression of

EGFR and ErbB-2

Overexpression of Cox-2 Laminin-5

EGFR and erbB-2 - + 24 - + o4
- 4 26 15 3 24 18
+ 1 2 10 0 3 10

P =0.0139

P =0.0180
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Figure 2. Levels of cox-2 (A) and laminin-5 y2 (B) mRNAs in lung adenocarcinoma cell lines. Levels of mRNAs were determined by real-time quantitative RT-PCR
analysis. After normalization for 18S rRNA, data were expressed in arbitrary units. The results are the mean of duplicate measurements. Three cell lines (ABC-1,
LC-2/ad, and 127) expressed cox-2 and laminin-5 y2 chain mRNA at relatively high levels. Two lines (HLC-1 and VMRC-LCD) expressed them at low levels. Line
A549 had a relatively high level of cox-2 mRNA, but a very low level of laminin-5 y2 chain mRNA. LCD indicates VMRC-LCD.

Effect of TGF-a on Cox-2 and Laminin-5 2
Chain mRNAs

Next, we looked to see whether the addition of TGF-a,
one of the ligands for EGFR, could stimulate the expres-
sion of cox-2 and laminin-5 y2 mMRNAs. Four cells lines—
A549, ABC-1, L27, and LC-2/ad—were exposed to 50
ng/ml of TGF-« for up to 24 hours. Total RNA was isolated
at 1, 3, 8, and 24 hours, and subjected to real-time
RT-PCR analysis. Results are shown in Figure 4, A and B.
Treatment with TGF-a increased cox-2 mRNA levels 2.6-
fold in A549, 11.4-fold in ABC-1, and 1.8-fold in L27.
Laminin-5 y2 mRNA levels were also stimulated 3.2-fold
in A549, 4.1-fold in ABC-1, and 1.4-fold in L27. A com-
parison of Figure 4, A and B, shows that the induction
kinetics differed for cox-2 and laminin-5; cox-2 mRNA
levels peaked early at 1 hour, whereas laminin-5 y2 was
induced gradually for up to 24 hours. Treatment with
TGF-a did not induce any significant change in mRNA
levels of cox-2 or laminin-5 y2 chain in LC-2/ad (data not
shown).

Expression of Laminin-5 a3, B3, and y2 Chains
in Lung Adenocarcinomas

Although the induction of laminin-5 at the invasive front is
consistent with the hypothesis that laminin-5 contributes
to the invasion of cancer cells, the predominantly cyto-
plasmic localization of laminin-5 y2 chain raises some
doubt as to whether laminin-5 is ever secreted and de-
posited as an extracellular matrix, and whether our lami-
nin-5 y2 chain antibody may not recognize matrix-depos-
ited form of laminin-5. Also, Koshikawa and colleagues®?
recently reported that laminin-5 y2 chain was strongly
expressed at the invasive margin of cancer cells without
detectable signal for laminin-5 B3 or «3. To address
these issues, we used commercially available antibodies
against laminin a3, B3, and y2 chains, and compared the

staining patterns of these antibodies to those of our lami-
nin-5 y2 antibody. Thus, in total, we tested six antibodies,
ie, two antibodies for each chain of laminin-5. The results
are shown in Figure 5; A to C. Laminin a3 chain was
weakly positive in most cases of lung adenocarcinoma
cells. In comparison to laminin y2 chain, however, the
staining pattern of a3 chain was diffuse and localization
at the invasive front was not evident in most cases. Poorly
differentiated adenocarcinomas tended to be negative
for laminin a3 chain. In contrast, laminin 83 chain showed
a staining pattern identical to that of y2 chain. Although
laminin-5 y2 chain was mainly localized in the cytoplasm
of invading cancer cells, we did observe staining of base-
ment membrane for laminin y2 chain, especially when
3,3’-diaminobenzidine tetrahydrochloride reaction was
extended (Figure 5, D and E). These results were the
same for each pair of antibodies.

The Effect of Cox-2 and MAPK Kinase Inhibitors
on Tumor Cell Migration

Finally, we investigated the roles of MAPK kinase cas-
cade and cox-2 in tumor cell migration that occur after
stimulation with TGF-«. For this purpose we used a phar-
macological inhibitor of MAPK kinase, PD98059, and a
selective cox-2 inhibitor, NS-398. The results are shown
in Figure 6. In ABC-1 cells, both PD98059 and NS-398
strongly inhibited cell migration. In contrast, A549 cells
showed different responses to these inhibitors; PD98059
strongly inhibited the migration of A549 cells, but NS-398
was much less effective.

Discussion

We have shown that cox-2 and laminin-5 y2 chain are
frequently co-localized at the cancer-stromal interface
and at the invasive front of tumors. We often observed
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Figure 3. Expression of EGFR (A), erbB-2 (B), phosphorylated form of
ERK-1/2 (€), and total ERK-1/2 protein (D) in lung adenocarcinoma cell lines
(Western blotting). Lane 1, A549; lane 2, HLC-1; lane 3, ABC-1; lane 4,
LC-2/ad; lane 5, VMRC-LCD; lane 6, 127. Both EGFR and erbB-2 were
expressed at variable levels in all cell lines except VMRD-LCD (A and B).
mRNA levels of cox-2 and to a lesser extent laminin-5 y2 correlated well not
only with erbB-2 but also with the phosphorylated form of MAPK/ERK-1/2 (B
and C; see Figure 2). The levels of total ERK-1/2 were similar in all cell lines
examined (D).

strong expression of these two proteins in cancer cells
that invaded the fibrous stroma in a scattered manner.
Expression levels of these proteins were also strongly
correlated. In recent years, cox-2 has been the subject of
intensive investigation in cancer research. Those studies
collectively suggest that cox-2 plays an important role in
carcinogenesis, tumor angiogenesis, and metastasis of
colon cancer.'™* Cox-2 is frequently overexpressed in
various types of cancer, including lung cancer.’ 2% |t
has been shown that high levels of cox-2 protein expres-
sion correlate with poor prognosis of patients with stage
| lung adenocarcinoma.?® However, the precise role of
cox-2 in the development and progression of cancer is
not fully understood. Our results provide a link between
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cox-2 and laminin-5, a molecule that plays an important
role in cell migration and cancer invasion. The frequent
co-localization of cox-2 and laminin-5 points to the exis-
tence of a mechanism that regulates tumor cell invasion,
angiogenesis, and metastasis in a coordinated manner.

Previous in vitro studies have shown that the expres-
sion of cox-2 is induced by tumor necrosis factor-a,>'
IL-1B,29%° and EGFR signaling,?”?® whereas the expres-
sion of laminin-5 can be stimulated by EGF and phorbol
myristate acetate.®® Recent data from our laboratory also
show that in squamous cell carcinoma cell lines, the
expression levels of laminin-5 correlate with gene ampli-
fication of EGFR.®® Thus, EGFR signaling would be a
common upstream regulator of cox-2 and laminin-5. The
results of the present study are consistent with this hy-
pothesis; lung adenocarcinomas that overexpressed
EGFR and erbB-2, a heterodimeric partner of the EGFR
family, had higher levels of cox-2 and laminin-5 than
those without concomitant overexpression of these pro-
teins. It has been shown that erbB-2 potentiates EGFR
signaling.®* Also, treatment with TGF-a increased the
expression levels of mMRNA of cox-2 and laminin-5 y2
chain.

Although EGFR signaling seems to be involved in the
induction of cox-2 and laminin-5, the induction kinetics
were different. Also, the magnitude of response to TGF-a
was different in different cell lines tested. These obser-
vations suggest that the expression of cox-2 and lami-
nin-5 is not regulated in the same manner. Clearly, further
investigations are required to elucidate the regulatory
mechanisms for the expression of these molecules. In
this regard, another candidate molecule likely to be in-
volved in the regulation of cox-2 and laminin-5 is nuclear
factor (NF)-«kB. NF-«kB was initially isolated as a transcrip-
tion factor regulating immunoglobulin gene expression in
B lymphocytes.®® Studies show that NF-«B plays a key
role in inflammation, tissue remodeling, and possibly can-
cer.%® NF-«B is involved in the gene regulation of uroki-
nase-type plasminogen activator,®” vascular endothelial
growth factor,®® and IL-8.°%°° Indeed, a putative NF-«B
binding site, as well as two AP-1 sites, can be identified
in the promoter sequence of the human laminin-5 y2
gene (data not shown). We are currently investigating
whether IL-1B8 and tumor necrosis factor-a stimulate the
expression of cox-2 and laminin-5 in a coordinated man-
ner in lung adenocarcinoma cell lines, and if so, whether
inhibitors of NF-«kB attenuate this stimulating effect.

Another explanation for the co-expression of cox-2 and
laminin-5 in lung adenocarcinoma may be that prosta-
glandins produced through the action of cox-2 up-regu-
late laminin-5. This hypothesis could be tested by inves-
tigating whether the addition of PGE2 or other
prostaglandins to culture media stimulates laminin-5 ex-
pression in lung adenocarcinoma cell lines.

Previous studies showed that introduction of cox-2
cDNA resulted in a clone of cells expressing high levels
of angiogenic factors, including fibroblast growth factors
1 and 2, vascular endothelial growth factor, and platelet-
derived growth factor.'®'® With regard to cell migration,
Tsuijii and colleagues'® also showed that cox-2 over-
expression in colon cancer cells promoted the motility of
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Figure 4. Lung adenocarcinoma cell lines A549, ABC-1, and 127 were exposed to 50 ng/ml of TGF-« for up to 24 hours. Total RNA was isolated at 1, 3, 8, and
24 hours, and subjected to real-time RT-PCR analysis. Treatment with TGF-« increased cox-2 mRNA levels 2.6-fold in A549, 11.4-fold in ABC-1, and 1.8-fold in
127 (A). Laminin-5 y2 mRNA levels were also stimulated 3.2-fold in A549, 4.1-fold in ABC-1, and 1.4-fold in L27 (B). Cox-2 mRNA levels peaked early at 1 hour,
whereas laminin-5 y2 was induced gradually for up to 24 hours. Error bars indicate SE of quadruplicate measurements. *, P < 0.05.

co-cultured endothelial cells. Several recent studies also
indicate that cox-2 is involved in migration of cancer
cells,®97%4 consistent with the our results obtained with
NS-398. However, our data indicate that the role of cox-2
in cell migration is cell-dependent; cox-2 inhibitor inhib-
ited the migration of ABC-1 cells, but was much less
effective toward A549 cells. The basis of such cell-spe-
cific effect is unknown, and this issue certainly deserves
further investigations. The relative contribution of lami-
nin-5 and cox-2 in cancer cell invasion remains unclear,
too. Blocking antibody that specifically inhibits motility-
promoting function of laminin-5 would be required to
address this issue.

Recently, Koshikawa and colleagues®?® reported that
laminin-5 y2 chain was strongly expressed at the invasive
margin of cancer cells without significant signal for lami-
nin-5 B3 or a3. These authors also demonstrated the
secretion of the laminin y2 monomer, as well as the
laminin-5 heterotrimer, by two-dimensional sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis. They
speculated that the monomeric form of the y2 chain may
have a function distinct from the laminin-5 trimer. In con-
trast to their results, we observed identical staining pat-
tern for the laminin B3 and y2 chains. Sordat and col-
leagues™! also found co-expression of the laminin 83 and

y2 chains in colorectal cancers. We do not know the
reason for these discrepancies, but it may be because of
the use of different antibodies and/or different types of
cancer specimens investigated. Certainly, these issues
need to be addressed by further investigations.

It has been reported that laminin-5 may perform two
opposite functions, ie, promoting cell migration and as-
sembly of hemidesmosomes. Giannelli and colleagues®®
reported that the cleavage of the laminin y2 chain by
MMP-2 elicits cell migration on laminin-5. Conversely,
after cleavage of the laminin a3 chain by plasmin, lami-
nin-5 impedes cell motility and promotes hemidesmo-
some assembly.®® Thus, different functions of laminin-5
could be explained by differential processing of the sub-
units that comprise laminin-5. More recently, Koshikawa
and colleagues®’ found that MT1-MMP, which cleaves
laminin y2 chain more efficiently than MMP-2, plays es-
sential roles in cell migration on laminin-5. These authors
found that cell migration on laminin-5 was significantly
reduced by metalloproteinase inhibitors and MT1-MMP
antisense oligonucleotides.®” Interestingly, they found
co-localization of MT1-MMP and laminin-5 in breast and
colon cancer tissues. Whether cox-2 is directly involved
in induction of MMPs'® and/or processing of laminin-5
needs to be explored in the future.



With regard to the negative regulation of cox-2 and
laminin-5, it has recently been shown that wild-type p53
suppresses promoter activities of cox-2 and the expres-
sion of cox-2 protein.®3 This observation prompted us to
examine whether expression levels of cox-2 or laminin-5
are associated with the p53 status of tumor cells. Our
results showed that p53 abnormalities, including p53
mutation and overexpression, were associated with over-
expression of cox-2 and laminin-5. p53 mutation in tumor
cells is associated with poor prognosis of patients in
various cancers.®® The reason for this association is not
clear, but it is possible that overexpression of cox-2 or
laminin-5 could be at least partially responsible for the
poor prognosis of patients with tumors bearing a p53
mutation or overexpression. In this regard, it is notewor-
thy that wild-type p53 has a suppressive effect on the
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Figure 5. Expression of laminin a3, B3, and 2 chain in lung adenocarcino-
mas. A: Laminin a3 chain was weakly positive in most lung adenocarcinoma
cells. In comparison to laminin 83 (B) or y2 chain (C), the staining pattern
of the a3 chain was diffuse and localization at the invasive front was not
evident. In contrast, the laminin B3 chain (B) showed a staining pattern
identical to that of y2 chain (C). Although the laminin-5 2 chain was mainly
localized in the cytoplasm of invading cancer cells, we did observe staining
of basement membrane for the laminin y2 chain. Basement membranes of
well-differentiated adenocarcinoma (D) and capillaries (E) stained positive
for laminin-5.

expression of other genes involved in inflammation and
tissue remodeling, including vascular endothelial growth
factor,®® the inducible isoform of nitric oxide synthase,”®
and IL-6.”"

In summary, we have shown frequent co-localization
of cox-2 and laminin-5 at the invasive front of early-
stage lung adenocarcinomas, and provided data that
support the hypothesis that p53 abnormalities and
EGFR signaling are involved in the aberrant expression
of these proteins. The data point to the existence of a
mechanism that co-regulates the expression of these
proteins at the invasive front of cancer, probably facil-
itating tumor angiogenesis and invasion in a coordi-
nated manner. Further investigations are warranted to
elucidate the role of p53 and EGFR signaling in the
regulation of cox-2 and laminin-5.
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Figure 6. The effect of cox-2 and MAPK kinase inhibitors on migration of
lung adenocarcinoma cells. Cell migration assay was performed using cell
culture inserts. The number of cells that had migrated to the undersurface of
the membranes was counted as stated in Materials and Methods. In ABC-1
cells, both PD98059 (50 umol/L) and NS-398 (100 wmol/L) strongly inhibited
cell migration. In contrast, A549 cells showed different responses to these
inhibitors; PD98059 strongly inhibited the migration of A549 cells, but NS-398
was much less effective. 1, control (+0.2% DMSO); 2, TGF-a (50 ng/ml)
(+0.2% DMSO); 3, PD98059 (50 umol/L); 4, NS-398 (100 wmol/L). Results
are given as mean * SE of four wells.
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