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Expression and localization of mRNAs for
matrix metalloproteinases and their inhibitors
in mixed bronchioloalveolar carcinomas with

invasive components
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Matrix metalloproteinases (MMPs) are believed to play an essential role in cancer invasion, although detailed
differences between noninvasive and invasive lung carcinomas are still unclear. To elucidate the expression
and activity patterns of MMPs in noninvasive and invasive carcinoma of the lung, we performed in situ
hybridization and real-time reverse transcription-polymerase chain reaction to detect messenger RNAs
(mRNAs) of MMPs and their tissue inhibitors (TIMPs). The basement membrane was evaluated by
immunohistochemistry for type IV collagen. Gelatinase activity was examined by zymography and in situ
zymography. A total of 14 surgically resected primary pulmonary adenocarcinomas were used for this study. All
the tumors were adenocarcinoma mixed bronchioloalveolar carcinomas according to the 1999 WHO
classification. MMP and TIMP2 mRNAs were detected by in situ hybridization in all samples, in both
noninvasive and invasive carcinoma components. Signals for MMP mRNAs were significantly higher in both
noninvasive and invasive carcinomas than in tumor-free lung tissue. However, the differences were small
between noninvasive and invasive carcinomas, not only in the amount of mRNA but also in the activity of the
MMPs. In most carcinomas, stromal fibroblast-type cells tended to express levels of MMP and TIMP2 mRNAs
that were higher than or at least similar to those expressed in epithelial cells. Our data on mixed
adenocarcinoma suggest that noninvasive carcinoma areas already express a molecular mechanism involving
MMPs similar to that expressed by invasive carcinoma areas. Stromal fibroblast-type cells seem to be the most
important source of MMPs, from the earliest event of tumor invasion by pulmonary adenocarcinomas.
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Matrix metalloproteinase (MMP) is essential in
remodeling the extracellular matrix. The degrada-
tion of the extracellular matrix and basement
membranes by MMPs is believed to be crucial in
tumor invasion.™? Tissue inhibitor of metalloprotei-
nases (TIMPs) were initially recognized as inhibitors
of MMPs, as the name implies. However, subsequent
studies revealed that TIMP2 also plays an important
role in the activation of MMP2. A complex of TIMP2
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and MT1-MMP is now known to be a receptor and
activator of MMP2.?

MMP1, MMP2, MMP3, MMP7, MMP9, MMP11,
MMP13, MT1-MMP, TIMP1, and TIMP2 have been
detected in various histological types of lung
carcinomas.*'®* However, previous studies rarely
examined noninvasive carcinomas, and little is
known about how MMP expression differs in
noninvasive and invasive carcinomas. Immunohis-
tochemical detection of MMP2 in bronchioloalveo-
lar carcinomas has produced a great variety of
results. The expression frequency of MMP2 in
bronchioloalveolar carcinomas has been reported
to range from 17 to 96%."*" This might be due
to the different immunodetection methods used.
Another possible reason for this diversity is the



leaching of target proteins that can occur during
fixation, processing, or staining. MMPs other than
membrane-type MMPs are secreted proteins. There-
fore, in situ hybridization has the advantage over
immunohistochemistry in allowing detection of the
actual pattern of MMP synthesis. Using in situ
hybridization, we excluded reactive changes such as
desquamative interstitial pneumonia-like reaction
from the evaluation of messenger RNAs (mRNAs) for
MMPs. Morphological studies that pinpoint the
distribution and degree of synthesis of MMP
transcripts are few, and as far as we know, this kind
of study has not been attempted on preinvasive lung
lesions. In this study, we investigated the mRNAs
for MMP2, MMP9, MT1-MMP, and TIMP2 in mixed
type pulmonary adenocarcinomas with noninvasive
(bronchioloalveolar) and invasive areas using non-
radioactive in situ hybridization. The basement
membrane was evaluated by immunohistochemical
detection of type IV collagen. Real-time reverse
transcription-polymerase chain reaction (RT-PCR)
for MMP and TIMP mRNAs and conventional and
in situ zymography were also used.

Materials and methods
Tissue Samples

A total of 14 pulmonary adenocarcinomas were
analyzed (Table 1). All the tumors were classified as
mixed bronchioloalveolar carcinoma according to
the 1999 World Health Organization classification.?”
The tumors were collected by lobectomy at the
National Cancer Center Hospital East (Kashiwa,
Japan) between July 2000 and February 2001. The
TNM classification was used for clinical staging.*®
Fresh tumor tissue and tumor-free tissue from each
patient was quickly frozen in liquid nitrogen and
stored at —80°C until the extraction of RNA and
protein. Tissue samples from the tumor-free areas
of the lungs, the noninvasive component, and the

Table 1 Clinicopathological features
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invasive carcinoma component were frozen in
liquid nitrogen with OCT compound (Miles, Inc.,
Elkhart, IN, USA) and stored at —80°C for in situ
hybridization, immunohistochemistry, and in situ
zymography.

Immunohistochemistry of Type IV Collagen

Acetone-fixed cryostat sections were used for im-
munohistochemical staining. The sections were
treated with 0.3% H,O, in methanol for 15 min at
room temperature to block endogenous peroxidase
activity. They were then washed with phosphate-
buffered saline (PBS). The tissues were then in-
cubated with monoclonal antibody directed against
type IV collagen (1:50; clone CIV 22, Dako, Glostrup,
Denmark) for 1h at room temperature. The samples
were washed with Tris-buffered saline and the color
was developed using the EnVision + System (Dako),
according to the manufacturer’s instructions. The
chromogen was diaminobenzidine. Sections were
counterstained with hematoxylin and mounted. A
sample from which the primary antibody was
omitted acted as the negative control. The degree
of basement membrane preservation was scored
as complete preservation (CP), partial destruction
(PD), or complete destruction (CD), as described
previously.*

RNA Extraction and Reverse Transcription

Total RNA was extracted used by Trizol reagent (Life
Technologies, Inc., Rockville, MD, USA). To avoid
the contamination of DNA, the samples were treated
with 40U of RNase-free DNase I (Takara, Kusatsu,
Japan) in 200 ul volume of RNA solution with DEPC-
H,0, 10mM of MgCl,, and 40U of RNase Inhibitor
(Toyobo, Osaka, Japan) at room temperature for
15min. The RNA samples were quantified by
spectrophotometry. Complementary DNA (cDNA)

Patient  Age (years)/sex  Location Size (cm) Stage (TNM) Subtype Growth pattern Extent of lepidic growth (%)
1 73/M LLL 16 1B (200) M BAC, P 80
2 74/M RUL 4 1B (200) NM BAG, P 90
3 71/F LLL 4 1B (200) NM BAC, P 95
4 68/F RUL 2.7 2A (110) NM BAC, P 80
5 66/M RUL 4.3 1B (200) NM BAG, P 80
6 82/M RUL 5.1 1B (200) NM BAC, P 90
7 73/M LLL 15.2 2B (210) NM BAG, P 30
8 78/F RUL 2.6 1A (100) NM BAC, P 40
9 65/M RLL 3 1A (100) NM BAC, P 40
10 62/M RML 3.8 2B (210) NM BAG, P 30
11 68/F RUL 2.8 1B (200) NM BAC, P 90
12 75/M RUL 45 1B (200) NM BAC, P 40
13 65/F RUL 3.2 1B (200) NM BAC, A 80
14 64/F RUL 2.9 1B (200) NM BAC, P 80

RUL, right upper lobe; RML, right middle lobe; RLL, right lower lobe; LUL, left upper lobe; LLL, left lower lobe; M, mucinous type; NM,
nonmucinous type; BAC, bronchioloalveolar pattern; P, papillary pattern; A, acinar pattern.
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were synthesized with oligo(dT),, primer using the
ThermoScript RT-PCR System (Life Technologies)
according to the manufacturer’s protocol. The cDNA
products were purified using the QIAquick PCR
Purification Kit (Qiagen, Hilden, Germany) and
eluted in 10 mM of Tris-HCI pH 8.5.

Quantitative Real-Time PCR

Quantitative real-time fluorescence PCR was per-
formed using a LightCycler instrument (Roche
Diagnostics GmbH, Mannheim, Germany) and SYBR
Green as the fluorogenic dye. cDNA solution (1 ul)
corresponding to 100 ng of total RNA was subjected
to 40 PCR cycles (10s at 95°C, 10s at 60—68°C, and
10-15s at 72°C) in 10 ul reaction mixture containing
1 x LightCycler-DNA Master SYBR Green I (Roche),
2.25—4.0 mM MgCl,, and 0.25 uM each gene-specific
primer: 5-TCTCCTGACATTGACCTTGGC-3' (MMP2
forward) and 5-CAAGGTGCTGGCTGAGTAGATC-3'
(MMP2 reverse); 5-CCCTTCCTTATCGCCGACAA
G-3' (MMP9 forward) and 5'-AACATCCGGTCCACCT
CGC-3’ (MMP9 reverse); 5'-TCCAGCAACTTTATGGG
GGTG-3' (MT1-MMP forward) and 5-AGGTTCCAGG
GACGCCTCA-3 (MT1-MMP reverse); 5'-CTTCCACA
GGTCCCACAACC-3' (TIMP1 forward) and 5-CAGC
CCTGGCTCCCGAGGC-3' (TIMP1 reverse); or 5'-CTG
GACGTTGGAGGAAAAGAAG-3' (TIMP2 forward)
and 5-TGCTTATGGGTCCTCGATGTC-3' (TIMP2 re-
verse). After amplification, a melting curve was
obtained by cooling the product to 60°C, and heating
to 94°C at 0.2°C/s with fluorescence collection at
0.2°C intervals. To confirm the amplification speci-
ficity, the PCR products were subjected to melting-
curve analysis and subsequent agarose gel electro-
phoresis. The PCR products of each reaction were
used as external PCR standards. The serial 10*-fold
dilutions of these PCR products, corresponding to
1 x 10%°-1 x 10* copies/ul, were amplified in parallel
with the experimental samples, as described above.
Based on the amplification curves of the external
standards, a standard curve was generated for each
cDNA. LightCycler software was used to calculate
approximate gene-specific mRNA copy numbers.

Preparation of Digoxigenin-Labeled cRNA Probes

The cDNAs were subcloned into the BlueScript
transcription vector and the constructs were linear-
ized with the appropriate restriction enzymes to
allow transcription of both antisense and sense RNA
probes. The probe sizes for MMP2, MMP9, MT1-
MMP, and TIMP2 were 416 base pairs (bp; nucleo-
tides 1264—1680), 454bp (nucleotides 1554—2008),
356 bp (nucleotides 948-1303), and 362 bp (nucleo-
tides 574-936), respectively. The transcription pro-
ducts were designed to eliminate the risk of
crosshybridization to other MMPs. Digoxigenin-
labeled single-stranded RNA probes were generated
with the DIG RNA Labeling Kit (Roche).
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In Situ Hybridization

Frozen tissue sections (8 um thick) were fixed in 4%
paraformaldehyde-PBS for 20min and rinsed in
DEPC-H,0. The sections were treated with 1 ug/ml
proteinase K (Dako) at room temperature for 5 min,
and the background was quenched with 0.3% H,0,
in methanol for 20min. Hybridization was per-
formed at 50°C overnight with RNA probes at a
concentration of 0.5 yg/ml in mRNA In Situ Hybri-
dization Solution (Dako).

Stringent posthybridization washes were for
20min at 55°C in 0.1 x SSC, then in 0.01 x SSC.
The samples were then washed in Tris-buffered
saline, and the slides incubated with anti-digoxigen-
in-HRP antibody (1:400; Dako) for 60min at room
temperature. To amplify the signal, biotinyl-tyramide
solution (GenPoint, Dako) was added to the slides,
which were then incubated for 15min. After the
slides were washed, they were incubated with
streptavidin—HRP (Dako) for 15min. The signals
were visualized with diaminobenzidine for 2—5 min.
Sections were counterstained with hematoxylin.
Sense RNA probes were used as the negative control
for each hybridization reaction, and samples with no
RNA probe also acted as negative controls for each
run. The results were reported as follows: —, <10%
reactivity; +, 10-40%; + +, 40-70%; + + +, 70—
100%. Alternatively, the results of in situ hybridiza-
tion were scored for the statistical analysis: 0,<10%
reactivity; 1, 10-40%; 2, 40-70%; 3, 70-100%.

Tissue Homogenates and Gelatin Zymography

Tissue samples from pulmonary adenocarcinomas
and tumor-free tissues stored at —80°C were homo-
genized on ice in 50 mM Tris-HCI buffer (pH 7.5).
containing 0.15M NaCl, 10 mM CaCl,, 0.02% NaN,
and 0.05% Brij 35. The homogenates were then
centrifuged at 10000g for 20min at 4°C. After
protein concentrations were measured, the super-
natants (50 ug of protein/lane) were incubated at
37°C for 30min in sodium dodecyl sulfate (SDS)
sample buffer without reducing agent, then resolved
by SDS-polyacrylamide gel electrophoresis on 10%
polyacrylamide gels containing 0.1% gelatin at 4°C.
After electrophoresis, the gels were washed in 2.5%
Triton X-100 to remove the SDS, incubated for 24h
at 37°C in 50mM Tris-HCl (pH 7.5) containing
0.15M NaCl, 10mM CaCl,, and 0.02% NaN;, and
then stained with 0.1% Coomassie brilliant blue
R250. The ratio of activated MMP2 to total MMP2
activity (62kDa/[66 kDa+ 62kDa]) was calculated
from the gelatinolytic activity measured by densito-
metric analysis of the gel.?

Film In Situ Zymography

In situ zymography was performed essentially as
described previously.*® Briefly, frozen sections cut



with a cryostat were mounted onto gelatin films that
were coated with 7% gelatin solution (Fuji Photo
Film Co., Ltd, Tokyo, Japan). The films with sections
were incubated for 4h at 37°C in a moist chamber,
stained with 0.3% Biebrich Scarlet (Aldrich Chemi-
cal Co., Inc., Milwaukee, WI, USA), and counter-
stained with hematoxylin. To confirm the specificity
of in situ zymography, frozen sections were also
placed onto gelatin-coated film containing 1,10-
phenanthroline (Fuji Photo Film), which is an
inhibiter of MMPs. The results are reported as
follows: —, negative; +, mild reaction; +, extensive
reaction.

Statistical Analysis

Statistical analysis was performed with StatView
version 5.0 (SAS Institute Inc., Cary, NC, USA).
Differences were analyzed using the Mann—Whitney
U-test and the Scheffé method. A value of P<0.05
was deemed statistically significant.

Results
Clinicopathological Features

Clinical and pathological data for the 14 patients in
the study are summarized in Table 1. They consisted
of eight men and six women, with a mean age of 70
years (range, 62—82 years). All were Japanese.
Histologically, all the tumors were adenocarcinoma
mixed bronchioloalveolar carcinomas. All noninva-
sive carcinomas were bronchioloalveolar carcino-
mas. All but one invasive carcinomas were papillary
carcinomas; the other invasive carcinoma was an
acinar carcinoma. The proportion of the carcinoma
that was bronchioloalveolar ranged from 30 to 95%.
In the noninvasive carcinoma area, 13 carcinomas
were nonmucinous and one was mucinous. Two
carcinomas were stage 1A, nine were stage 1B, one
was stage 2A, and two were stage 2B.

Type IV Collagen Immunohistochemistry

The basement membrane was partially destroyed in
four of 14 lesions among the noninvasive carcino-
mas (Table 3, Figure 1). All four lesions had stromal
fibroblast proliferation. We confirmed the complete
preservation of the basement membrane in tumor-
free tissues and its complete destruction in invasive
carcinoma tissues.

Quantitative Real-Time RT-PCR

PCR results were positive for MMP2, MMP9, TIMP1,
and TIMP2 in all tumor-free and carcinoma tissues
(Table 2). Eight of 14 tumor-free samples (57%) and
12 of 14 carcinoma samples (86%) expressed MT1-
MMP mRNA, as detected by PCR. TIMP expression
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Figure 1 Type IV collagen immunohistochemistry showing
partial destruction of the basement membrane in a bronchioloal-
veolar carcinoma with fibrotic focus.

Table 2 Results of quantitative real-time RT-PCR

Tumor-free tissue Tumor tissue P-value
MMP2 96.65+120.35 282.57+603.85 0.2689
MMP9 15.71+17.18 179.44+399.73 0.1378
MT1MMP 21.81+29.23 101.57+211.59 0.1741
TIMP1 1739.54+2273.48 3191.88+3821.46 0.2326
TIMP2 10331.61+13206.87 4483.62+5172.19 0.135

Copy numbers/100 ng total RNA, mean+s.d.

was very much higher than MMP expression in both
tumor-free and carcinoma samples. MMP2 and
MMP9 mRNA levels tended to be higher in
carcinoma tissue than in tumor-free tissue, whereas
TIMP2 expression tended to be higher in tumor-free
tissue than in carcinoma tissue.

In Situ Hybridization

Hybridization with antisense probes for MMP2,
MMP9, MT1-MMP, and TIMP2 yielded dot-like
signals in the cytoplasm, whereas hybridization
with sense probes produced negative results. Sam-
ples containing no RNA probe also produced
negative results. The results of in situ hybridization
are summarized in Table 3. Tumor-free alveolar
epithelial and/or subepithelial fibroblast-type cells
displayed MMP2, MMP9, and MT1-MMP expres-
sion in 13 of 14 patients (93%), whereas TIMP2
expression was detected in 10 of 14 patients (71%).
In all patients, lesions of both the bronchioloalveo-
lar carcinoma component and the invasive carcino-
ma component expressed transcripts for MMP2,
MMP9, MT1-MMP, and TIMP2 in epithelial and/or
fibroblast-type cells (Figure 2a—h). Alveolar macro-
phages, neutrophils, lymphocytes, and endothelial
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Table 3 Results of in situ hybridization and type IV collagen immunohistochemistry in 14 cases of pulmonary adenocarcinoma

Patients  Type IV collagen MMP2 (E/S) MMP9 (E/S) MT1-MMP (E/S) TIMP2 (E/S)

N NIN INV N NIN INV N NIN INV N NIN INV N NIN INV
1 CP CP CD +/+ +/++ +/++ +/+ ++/+ ++/++ +/+ ++/+ ++H/+++ =+ I+ ++
2 CP CP CD —/— +/++ +/++ +/+ ++/++ ++/++ ++ A = =+ —+
3 Ccp CP CD +/+ +/++ +/++ —/— —/+ +/++ +H++ A A A == =+ 4+
4 CP PD CD +/+ +++ A+ +/++ ++/++ +/++ +/++ +/++ —/+ =+ —/++
5 CpP CP CD —/++ A+ +/+ +/++ +/+ ++/+ +++/+ =+ H+ 4+
6 CP CP CD —/+  —/++ +++ == +/++ B A I e B I B S o e
7 CP CP CD —/+ +/++ +/++ +/+ ++/+ +/+++ +/+ ++/++ ++/++  H+ H+ H++
8 CpP CP CD —/+ —/+ ++++ =+ ++/++ ++/+ —/+ +H/++ A+ ==+ +/+
9 CP PD CD +++ H ++ +/++ ++ A A 4+ +H/++
10 CP CP CD +/+ +H++ A B B A i = o B o S L o B S e AR T =
11 Ccp CP CD +H++ A A A A ++H/++ ++/+ ++/+ —/+  ++ +/+
12 CP CP CD ++/++ A+ A+ A+ A ++/++ —/— ++/+ +++H/++ =+ +H+
13 CP PD CD +H A+ A A+ A 4+ B A T o B Sk R T A S o S S +/+
14 CP PD CD +H++ A A A A +/+ ++/++ ++H/++ M+ —+

E, epithelial cells; S, stromal fibroblast-type cells; N, tumor-free tissue; NIN, noninvasive carcinoma area; INV, invasive carcinoma area; CP,

complete preservation; PD, partial destruction; CD, complete destruction.

cells showed signals of various strengths for MMPs
and TIMP2.

Expression of all the MMP and TIMP2 mRNAs
examined was higher in noninvasive and inva-
sive carcinomas than in tumor-free tissue. Levels
of mRNA expression did not differ significantly
between noninvasive and invasive carcinomas
(Table 4).

A comparative analysis of mRNA expression in
epithelial cells and stromal fibroblast-type cells is
shown in Table 5. Stromal fibroblast-type cells
expressed significantly higher levels of MMP2
mRNA than did epithelial cells in both noninva-
sive and invasive components (P=0.0003 and
P<0.0001, respectively). In the invasive carcinoma
component, stromal fibroblast-type cells also ex-
pressed higher levels of TIMP2 mRNA than did
epithelial cells (P=0.0245). Levels of MMP9 mRNA
and MT1-MMP mRNA were almost the same in both
noninvasive and invasive carcinomas.

Correlation between Basement Membrane Status and
In Situ Hybridization Results in Noninvasive
Carcinoma Area

In noninvasive carcinoma areas, the correlation
between the degree of basement membrane pre-
servation and in situ hybridization results was
analyzed statistically (Table 6). The stromal fibro-
blast-type cells had significantly higher levels of
MMP2 and MMP9 mRNAs in the specimens with
partially destroyed basement membrane than were
observed in the specimens with completely pre-

served basement membranes (P=0.0301 for MMP2
and P=0.0260 for MMP9).

Zymography and Film In Situ Zymography

Using gelatin zymography, gelatinolytic activities of
approximately 92, 66, and 62 kDa were detected in
all the tumor-free (14/14 patients) and carcinoma
tissues examined (14/14 lesions). These corre-
sponded to the latent form of MMP9, and the latent
and active forms of MMP2, respectively. The MMP2
activity detected by zymography was measured by
evaluating the gels densitometrically, and the ratio
between activated and total MMP2 (62 kDa/[66 +
62kDa]) was calculated. The activation ratio for
MMP2 was significantly higher in tumor tissue
(54.14+14.7) than in tumor-free tissue (33.3+10.0;
P<0.01) (Table 7). The tumor/nontumor (T/N) ratio
for MMP2 activation ranged from 0.83 to 2.57 (mean,
1.71). The T/N ratios for tumors with lymph node
metastasis (1.97+0.67) tended to be higher than
those for tumors without lymph node metastasis
(1.644-0.47).

The gelatinolytic activity assessed by film in situ
zymography was minimal to mild in tumor-free
tissue, whereas gelatinolytic activity was clearly
evident in noninvasive carcinoma and invasive
carcinoma areas (Figure 3a). Extensive gelatinolytic
activity was observed in 12 of 14 noninvasive
carcinoma areas (86%), whereas the remaining two
cases showed mild reactivity. In all cases, inva-
sive carcinomas displayed extensive gelatinolytic
activity (Table 7).

>

Figure 2 Frozen sections. In situ hybridization for mRNAs in noninvasive carcinomas (a, c, e, g) and invasive carcinomas (b, d, f, h).
mRNAs for MMP2 (a, b) and TIMP2 (g, h) were predominantly expressed in stromal fibroblast-type cells. mRNAs for MMP9 (c, d) and
MT1-MMP (e, f) were expressed equally carcinoma cells and stromal fibroblast-type cells.
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Table 4 Results of in situ hybridization: (a) Total mRNA
expression in epithelial cells and stromal fibroblast-type cells,
(b) mRNA expression in epithelial cells and (¢) mRNA expression
in stromal fibroblast-type cells

Invasive
carcinoma

Noninvasive
carcinoma

Normal

(a) Total mRNA expression in epithelial cells and stromal
fibroblast-type cells

MMP2 1.93+1.14 3.21+1.05 3.86+0.86
P=0.0078* P=0.2646
P<0.0001*
MMP9 2.00+1.11 3.57+1.22 4.00+0.88
P=0.0190* P=0.5803
P<0.0001*
MT1MMP 2.64+1.59 4.14+1.29 4.714+0.99
P=0.0170* P=0.5238
P=0.0008*
TIMP2 1.07+0.92 1.934+0.83 2.36+0.75
P=0.0337* P=0.4046
P=0.0100*
(b) mRNA expression in epithelial cells
MMP2 0.71+0.61 1.144+0.66 1.364+0.50
P=0.1757 P=0.6380
P=0.0244*
MMP9 0.93+0.62 1.71+0.73 1.86+0.66
P=0.0135* P=0.8534
P=0.0031*
MT1MMP 0.14+0.86 2.07+0.62 2.36+0.63
P=0.0057* P=0.5751
P=0.0003*
TIMP2 0.29+0.47 0.86+0.54 0.86+0.54
P=0.0200* —
P=0.0200*

(c) mRNA expression in stromal fibroblast-type cells

MMP2 1.431+0.76 2.074+0.48 2.504+0.52
P=0.0248* P=0.1772
P=0.0001*
MMP9 1.07+0.62 1.86 £0.66 2.144+0.54
P=0.0059* P=0.4672
P=0.0002*
MT1MMP 1.50+0.86 2.07+0.83 2.36+0.75
P=0.1893 P=0.6507
P=0.0283*
TIMP2 0.7940.58 1.07+£0.48 1.50£0.52
P=0.3654 P=0.1112
P=0.0380*

Mean +s.d., *P<0.05.

Discussion

Transcripts for MMP2, MMP9, MT1-MMP, and
TIMP2 were clearly evident in both bronchioloal-
veolar carcinoma and invasive carcinomas. This is
the first report to show that MMP mRNAs are
predominantly expressed in the stromal cells of
lung cancers. We confirmed the concomitant gelati-
nolytic activity of these MMPs by conventional and
in situ zymography.

There have been only three reports of MMPs
in bronchioloalveolar carcinomas, as far as we
know.’**' Earlier studies have reported lower
frequencies of MMP2 expression in bronchiolo-
alveolar carcinomas. Kodate et al'® showed that two
of 11 cases (18%) of bronchioloalveolar carcinoma
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Table 5 Results of in situ hybridization. Comparison of MMP
mRNA in epithelial cells and stromal fibroblast-type cells

Noninvasive carcinoma
area

Invasive carcinoma
area

Epithelial Stromal Epithelial Stromal

cells fibroblast- cells fibroblast-

type cells type cells

MMP2 1.14+0.66 2.00+0.39 1.36+0.25 2.50+0.52
P=0.0003* P<0.0001*

MMP9 1.71+0.53 1.86+0.44 1.86+0.44 2.14+0.29
P=0.5914 P=0.2205

MT1MMP 2.00+0.56 2.07+0.83 2.36+0.63 2.36+0.75

P=0.7908 —

TIMP2 0.86+0.54 1.07+0.48 0.93+0.73 1.50+0.52

P=0.2723 P=0.0245*

Mean +s.d., *P<0.05.

expressed MMP2, and that one of 11 cases expressed
MMP9. Kitamura et al*® reported eight of 48 cases
(17%) of lung adenocarcinoma expressed MMP2 in
the lepidic growth areas. However, Kumaki et al*!
detected the expression of MMP2 immunohisto-
chemically in 26 of 27 of bronchioloalveolar carci-
nomas (96%). This discrepancy might be the result
of different immunodetection methods used or other
technical factors. MMP is a secreted protein, except
for membrane-type MMPs such as MT1-MMP.
During fixation, processing, or staining, the target
protein can be lost. We used in situ hybridization to
avoid this problem and to determine the actual site
of MMP synthesis. Transcripts for MMP2, MMP9,
MT1-MMP, and TIMP2 were detected both in
bronchioloalveolar carcinomas and in the invasive
component of adenocarcinomas in 14 of 14 cases
(100%). Signal intensity increased gradually with
tumor progression.

By histological definition, bronchioloalveolar
carcinoma of the lung has no invasive focus.*
We anticipated that a bronchioloalveolar carci-
noma would have little MMP mRNA and minimal
gelatinolytic activity, as reported in earlier immuno-
histochemical studies.’®?*® Surprisingly, in situ
hybridization showed that bronchioloalveolar carci-
nomas had significant amounts of mRNA for MMP2,
MMP9, MT1-MMP, and TIMP2. In four cases of
bronchioloalveolar carcinoma, the gelatinolytic
activity was sufficient to destroy the basement
membrane. Our observations are consistent with
previous studies in which the basement membrane
of the bronchioloalveolar carcinoma was often
destroyed.?"**?% Qur results suggest that noninva-
sive carcinoma components in mixed adenocarci-
noma already express a molecular mechanism
involving MMPs similar to that expressed in
invasive carcinomas. Destruction of the basement
membrane was observed in bronchioloalveolar
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Table 6 Correlation between basement membrane status and in situ hybridization results in non-invasive carcinoma area

Epithelial cells Stromal fibroblast-type cells Epithelial cells Stromal fibroblast-type cells
MMP2 MMP9
CP 1.00+0.67 1.90+0.32 1.60+0.70 1.60+0.52
PD 1.50+0.58, P=0.203 2.50+0.58, P=0.030* 2.00+0.82, P=0.407 2.50+0.33, P=0.026*
MT1MMP TIMP2
CP 2.10+0.57 2.00+0.94 0.08+0.42 1.10+0.32
PD 2.004+0.82, P=0.803 2.254+0.50, P=0.653 1.00+0.82, P=0.593 1.00+0.82, P=0.767

CP, complete preservation; PD, partial destruction; mean+s.d., *P<0.05.

Table 7 The activation rate of MMP2 and in situ zymography
results

Case MMP2 activation rate Film in situ
measured by zymography zymography
N (%) T (%) T/N N NIN INV
1 30.6 45.9 1.6 + + +
2 17.6 29.8 1.69 - + +
3 49 78.3 1.6 + + +
4 30 77.1 2.57 — + +
5 43.3 54.2 1.25 - + +
6 33.4 33.7 1.01 — + +
7 31.5 38.5 1.22 + + +
8 34.7 64.9 1.87 - + +
9 25.5 61.9 2.43 + +
10 27.1 57.3 2.11 — + +
11 25 47.9 1.92 + + +
12 55.7 46.4 0.83 + + +
13 28.8 61.1 2.12 - + +
14 34.5 60.4 1.75 + + +

N, tumor-free tissue; T, tumor tissue; NIN, noninvasive carcinoma
area; INV, invasive carcinoma area.

carcinomas with myofibroblastic proliferation.
In situ hybridization showed that the main source
of MMPs was the stromal fibroblast-type cells. The
elevated transcripts of MMP2 and MMP9 in the
stromal fibroblast-type cells were correlated with
the basement membrane destruction. These observa-
tions suggest that MMP-secreting stromal cells are
crucial for tumor invasion.

The stromal fibroblast-type cell is not an actual
part of the neoplasm. Ishii et al*” showed that
cancer-induced myofibroblasts are derived from the
bone marrow. MMP produced by the stromal
fibroblast-type cells is, of course, not directly
produced by the cancer cells, but the MMP from
the stromal fibroblast-type cell is likely to be
associated with cancer invasion. Classically, the
stromal fibroblast-type cells surrounding carcinoma
cells have been thought to result from the defensive
reaction of the host. However, increasing evidences
suggests that stromal fibroblast-type cell can assist
tumor progression in the microenvironment of the
cancer and stroma.?

Some bronchioloalveolar carcinomas with dis-
rupted basement membranes could be fully ready
for invasion. In such cases, a tumor motility

Figure 3 Film in situ zymography. A bronchioloalveolar carcino-
ma showing gelatinolytic activity (a). Gelatinolytic activity was
suppressed by 1,10-phenanthroline (b).

mechanism, such as the HGF/c-MET system, would
be important. Tokunou et al*® reported that c-Met
immunoreactivity was observed mainly in the
invasive areas of lung adenocarcinomas, whereas
only a small proportion of cells in bronchioloalveo-
lar carcinomas expressed c-Met.

We have shown that stromal fibroblast-type cells
were the main source of MMP2 and TIMP2 at each
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stage of lung adenocarcinoma. Early in 1980,
Shimosato et al*® reported that fibrotic foci were
negative prognostic factor in small peripheral lung
adenocarcinomas. Recently, fibrotic foci were repor-
ted to be an important factor in the stromal-invasion
grading of lung adenocarcinoma.®***"* Noguchi et al**
reported that the presence of active fibroblast
proliferation correlated with a poor prognosis in
small lung adenocarcinoma. We here present strong
evidence that fibroblast-type cells are important for
the motility of lung adenocarcinomas.

The extracellular matrix metalloproteinase indu-
cer (EMMPRIN; CD147) is expressed in both tumor
epithelial cells and peritumor stromal cells.*® It is
interesting that an inducer is itself secreted by
stromal cells. These studies underscore the impor-
tant role of stromal cells in cancer progression. MT1-
MMP mRNA is predominantly expressed in stromal
fibroblast-type cells in tumor-free tissue. However,
in both bronchioloalveolar carcinoma and invasive
carcinoma areas, epithelial cells (carcinoma cells)
and stromal cells exhibited equal levels of MT1-
MMP mRNA. MT1-MMP, an activator of MMP2, is a
transmembrane protein. Therefore, the MT1-MMP
synthesized by carcinoma cells might be more
important in actual tumor invasion than the MT1-
MMP synthesized by stromal cells.

The present study did not include pure bronch-
ioloalveolar carcinoma. Pure bronchioloalveolar
carcinoma may have different molecular mechan-
isms involving MMP from those of noninvasive
carcinoma component of mixed adenocarcinoma,
despite their identical morphologies. Several in-
flammatory lung diseases are known to produce
MMP.?*-%® Some sort of reactive process may involve
MMP expression in surrounding carcinomas.
Further study of MMP, including its expression in
pure bronchioloalveolar carcinoma and inflamma-
tory lung diseases, would therefore be valuable.

Taken together, our data on lung mixed adenocar-
cinomas indicate that bronchioloalveolar carcino-
mas express mRNAs for MMP2, MMP9, MT1-MMP,
and TIMP2 and the corresponding gelatinolytic
activities. A further combination study of MMP
and the tumor motility system should extend our
understanding of the invasion of lung adenocarci-
nomas. MMP2, MMP9, and TIMP2 mRNAs are
invariably expressed predominantly in stromal
fibroblast-type cells in tumor-free and carcinoma
tissues. Stromal fibroblast-type cells are crucial for
carcinoma invasion. The investigation of stroma-
targeted cancer therapy is therefore warranted.
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