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Improved understanding of the involvement of matrix metalloproteinases (MMPs), includ-

ing membrane-type MMPs (MT-MMPs), in human tumours has potential diagnostic, prog-

nostic and therapeutic implications. We assessed the relationship between MT-MMP

expression and clinicopathological parameters in human non-small cell lung cancer

(NSCLC) and histologically normal lung tissue by quantitative Real Time PCR (qRT-PCR).

All MT-MMPs (MMPs 14–17, 24 and 25) were detected by qRT-PCR with significantly higher

MMP-14, -15 and -17 expression observed in tumour relative to normal lung specimens.

MMP-16 was undetectable in normal lung but expressed in 8% tumours. MMP-15 demon-

strated significant overexpression in adenocarcinomas relative to squamous cell carcino-

mas and normal lung tissue. MMP-14 mRNA expression strongly correlated to MMP-14

proteolytic activity in preclinical tumour models, indicating that qRT-PCR may predict

MMP-14 activity levels in NSCLC. These data suggest that MMP-14, -15 and -17 may be good

markers of disease, or therapeutic targets for treatment of human NSCLC.

� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Non-small cell lung cancer (NSCLC) is the major cancer type

in developed countries. Early stage NSCLC, without distant

metastases or heavy regional nodal involvement, is often

amenable to surgical resection and adjuvant chemotherapy.

However, response to chemotherapy in NSCLC and prediction

of tumour pathogenesis is often poor. As a consequence, bet-

ter understanding of the molecular pathology of NSCLC,

determination of novel tumour markers and identification
er Ltd. All rights reserved
. Gill).
of targets for therapeutic exploitation are central to improv-

ing diagnosis and treatment.

Matrix metalloproteinases (MMPs) are a family of at least

24 zinc-dependent endopeptidases, with the collective ability

to degrade the basement membrane and all protein compo-

nents of the extracellular matrix (ECM).1–3 However, MMP

activity is not restricted to ECM degradation and is essential

for several processes involved in tumourigenesis, including

neovascularisation, induction of the epithelial–mesenchymal

transition and regulation of growth factor and chemokine
.
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activity to name but a few.1–8 The human MMP family is di-

vided into eight distinct structural groups: five of which are

secreted and three of which are membrane-type MMPs (MT-

MMPs)2. MT-MMPs are membrane-tethered proteolytic en-

zymes and constitute the largest family of MMPs identified

so far. The type I transmembrane structural class of MT-

MMPs contains MMP-14 (MT1-MMP), MMP-15 (MT2-MMP),

MMP-16 (MT3-MMP) and MMP-24 (MT5-MMP). The glycosyl

phosphatidylinositol (GPI)-anchored structural group encom-

passes MMP-17 (MT4-MMP) and MMP-25 (MT6-MMP). Very lit-

tle is known regarding the third MT-MMP group, the type II

transmembrane MMPs, which contains only MMP-23 (cys-

teine-array MMP), a member structurally different from all

other MMPs.9 Overexpression of MT-MMPs has been ob-

served in many forms of cancer.10 The functions of MT-

MMPs are known to include roles in activation of other

MMP family members, pericellular proteolysis, modulation

of cellular signalling, cellular migration, regulation of cellu-

lar proliferation and apoptosis, the angiogenic response

and regulation of tumour invasion metastasis.4,10–13 Given

the vast range of cellular processes influenced by the MT-

MMPs, evaluation of their expression and activity in human

tumours may be important in terms of diagnosis, prognosis

and treatment.

A number of recent studies have analysed genetic expres-

sion of MMP-14 in several human tumour types, including tu-

mours of the breast, colon, head and neck, oral cavity,

prostate and importantly for this study, pulmonary tumours

including bronchopulmonary and NSCLC.14–20 The majority

of these studies were semiquantitative and did not evaluate

expression of the other MT-MMP members.

Data regarding the expression of the MT-MMP subfamily in

NSCLC are limited; therefore, the aim of the present study

was to: (a) assess the mRNA expression of the MT-MMPs by

qRT-PCR in human preclinical tumour models and paired

clinical human NSCLC tumour and histologically normal lung

tissue; (b) to evaluate the correlation between MMP-14 mRNA

expression and proteolytic activity.

2. Materials and methods

2.1. Human tissue samples

A total of 39 freshly resected and snap frozen specimens of

NSCLC were used for this study. In addition, the study also in-

cluded paired histologically normal human lung tissue speci-

mens for 15 of the tumours, excised distant to the tumour

mass. Patient ages ranged from 47 to 85 years (median 68

years). Informed consent was obtained from all patients prior

to specimen collection and all patient details were anony-

mised to ensure confidentiality. All experiments were per-

formed after first obtaining consent from the local research

and ethics committee according to Medical Research Council

Regulations.

The presence of tumour (or lack in terms of normal tissue

specimens) and histopathological classification was con-

firmed by pathologists at Bradford Royal Infirmary, UK. The

panel of tumours comprised 28 adenocarcinomas and 11

squamous cell carcinomas (SCCs) and a range of tumour

stages (4 pT1; 30 pT2; 4 pT3 and one pTx).
2.2. Cell culture

Cell lines were grown in monolayer culture in complete RPMI

1640 containing 10% v/v FBS, 1% v/v L-glutamine and 1% v/v

sodium pyruvate (Sigma, Dorset, UK). All cultured cells were

incubated at 37 �C in a humidified atmosphere of 5% CO2.

Cells were maintained in continuous exponential growth by

passage every 5–7 days. Cells were harvested when subconflu-

ent by trypsinisation (Trypsin-EDTA; Sigma) and stored as pel-

lets at –20 �C. Cell lines used in these studies include HT1080

(fibrosarcoma); MCF-7 and MDA-MB-231 (breast carcinoma);

HT29, BE, HCT116, COLO205, DLD1 (colorectal carcinoma);

A549, H661, H460 (NSCLC); PC3 and LNCAP (prostate carci-

noma). All cell lines were obtained from ECACC (Sailsbury,

Wiltshire, UK) or ATCC (Manassas, VA, USA).

2.3. Human tumour xenografts

Human tumour cell lines were xenografted in mice under a

project license issued by the UK Home Office, following

UKCCCR guidelines. Female mice (nu/nu from an inbred col-

ony, B and K Universal, Hull, UK) 6–8 weeks old were im-

planted subcutaneously with 2–3 mm3 fragments of H460,

A549 (NSCLC); MCF7 (breast carcinoma); BE, COLO205, DLD1,

HCT116, HT29 (colorectal carcinoma); PC3 (prostate adenocar-

cinoma) or HT1080 (fibrosarcoma) tumours. The resultant tu-

mours were removed, snap-frozen in liquid nitrogen and

stored at –70 �C.

2.4. Determination of MMP-14 mRNA expression by
semi-quantitative RT-PCR analysis

TRI REAGENTTM (Sigma) was used to isolate RNA from cell pel-

lets and tissue samples. Reverse transcription was performed

using AdvantageTM RT-for-PCR kit (BD Bioscience, Oxford, UK)

according to the manufacturer’s instructions. PCR was per-

formed using the TitaniumTM Taq PCR kit (BD Bioscience)

according to the manufacturer’s instructions and the primers

described below (Invitrogen, Paisley, UK). Primers were based

on previous studies,21,22and were MMP-14 (sense) 5 0-CGC TAC

GCC ATC CAG GGT CTC AAA-3 0; MMP-14 (antisense) 5 0-CGG

TCA TCA TCG GGC AGC ACA AAA-30; GAPDH (sense) 5 0-CCA

CCC ATG GCA AAT TCC ATG GCA-3 0; GAPDH (antisense) 5 0-

TCT AGA CGG CAG GTC AGG TCC ACC-30. PCR amplification

of MMP-14 involved initial denaturation of 94 �C for 4 min fol-

lowed by 30 cycles of 94 �C for 30 s, 62 �C for 30 s and 72 �C for

30 s. PCR for GAPDH involved denaturation at 94 �C for 4 min

followed by 25 cycles of 94 �C for 30 s, 60 �C for 30 s and 72 �C
for 90 s. All cycles were terminated with a 10 min incubation

at 72 �C to ensure complete elongation prior to incubation and

storage at 4 �C. RT-PCR products were separated through a 1%

w/v agarose gel containing 0.01% v/v ethidium bromide and

visualised under ultraviolet (UV) illumination.

2.5. Quantification of MT-MMP expression by
real-time RT-PCR (qRT-PCR)

For qRT-PCR, RNA extraction was carried out as for RT-PCR.

For cDNA synthesis, a total of 1 lg of total RNA was

reverse transcribed using random hexamers (Amersham,
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Buckinghamshire, UK) and Superscript II reverse transcrip-

tase (Invitrogen), according to the supplier’s instructions.

For PCRs, specific primers and fluorogenic probes for all MT-

MMPs were designed using Primer Express 1.0 software

(Applied Biosystems, Warrington, UK) and synthesised by Ap-

plied Biosystems. Where possible, to prevent the amplifica-

tion of genomic DNA and to ensure that the PCR signal was

generated from cDNA, primers were generated with se-

quences within different exons, close to intron-exon bound-

aries. BLASTN searches23 were conducted on all primer/

probe nucleotide sequences to ensure gene specificity. The

18S ribosomal RNA gene was used as an endogenous control

to normalise for differences in the amount of total RNA in

each sample, using previously validated procedures24; 18S

rRNA primers and probes were purchased from Applied Bio-

systems. PCRs were performed as described previously.24 To

determine relative RNA levels within the samples, standard

curves for the PCR were prepared by using cDNA from one

sample and making twofold serial dilutions covering the

range equivalent to 20–0.625 ng RNA (for 18S analyses, the

range was 4–0.125 ng).

2.6. Determination of MMP-14 protein levels
by ELISA assay

MMP-14 protein activity levels were measured using the Biot-

rak Activity Assay System (Amersham Biosciences), carried

out according to the manufacturer’s instructions. Briefly,

xenograft tissues were weighed, incubated for 15 min at 4 �C
in membrane extraction buffer (50 mM Tris–HCl, pH 7.6,

1.5 mM NaCl, 0.5 mM CaCl, 1 lM ZnCl, 0.01% v/v Brij-35 and

0.25% v/v Triton X-100), homogenised on ice and incubated

for a further 15 min at 4 �C. The resultant supernatants and

MMP-14 standards (ranging from 0.125 ng/ml to 32 ng/ml)

were incubated overnight at 4 �C on an anti-MMP-14 antibody

coated microplate. Following incubation, all wells were

washed (phosphate buffered saline containing 0.05% v/v

Tween-20), the detection reagent added and the plate agitated

and incubated at 37 �C for 6 h. The absorbance of each sample

was read at 405 nm and the concentration of MMP-14 in the

samples calculated from the standard curve.

2.7. Data analysis

For comparison of MT-MMP expression between NSCLC spec-

imens and histologically normal tissue, the data did not sat-

isfy normality or equal variance, so non-parametric

statistical tests were used. The Mann–Whitney U-test was

carried out to compare malignant and non-malignant sam-

ples. For all tests, a P-value of less than 0.01 was considered

statistically significant.

3. Results

3.1. Expression of MT-MMPs in human tumour
cell lines and xenografts

The expression of the MT-MMPs was assessed in a panel of hu-

man cell lines and human tumour xenografts representing sev-

eral different human tumour types by qRT-PCR. All MT-MMPs
were detected successfully (Fig. 1) and were in agreement with

expression observed by semi-quantitative RT-PCR (data not

shown). MMP-14 and MMP-15 were expressed at high levels in

all the tumour types represented in the screen (Fig. 1). MMP-

16, -17, -24 and -25 demonstrated differential expression

throughout the preclinical tumour panel, suggesting potential

associations between these MMPs and tumour origin or tu-

mour type (Fig. 1). In contrast to the other MT-MMPs, the type

II transmembrane MMP, MMP-23, was expressed at relatively

low levels in both lung cell lines and xenografts (Fig. 1) and

was not therefore analysed in subsequent studies.

3.2. MT-MMP expression in NSCLC specimens
and histologically normal lung tissue

The high level and range of MT-MMP expression observed in

preclinical models of lung cancer (Fig. 1) led us to evaluate

the expression of MMP-14, -15, -16, -17, -24 and -25 MT(1–6)-

MMP in clinical specimens of NSCLC and associated histolog-

ically normal lung tissue by qRT-PCR. MMP-14 was expressed

in 100% of NSCLC tumour specimens analysed in our study at

levels significantly higher than that observed in histologically

normal lung tissue (Fig. 2; P< 0.01). Of the other type I trans-

membrane MMPs, MMP-15 demonstrated significantly higher

expression in NSCLC compared to histologically normal lung

tissue (Fig. 2; P < 0.01), MMP-16 was absent or expressed at ex-

tremely low levels in all clinical specimens evaluated (Fig. 2)

and MMP-24 demonstrated no significant difference in

expression between NSCLC and histologically normal lung

tissue (Fig. 2; P = 0.5).

The GPI-anchored MT-MMPs, MMP-17 and -25 were also

expressed in both NSCLC and the associated histologically

normal lung tissue (Fig. 2), although a significant difference

between tumour and normal was detected for MMP-17 but

not MMP-25 (P < 0.01 and P = 0.9, respectively).

3.3. Relationship between MT-MMP expression
and tumour pathology

In contrast to the other MT-MMPs evaluated, expression of

MMP-15 demonstrated differential expression between NSCLC

tumour subtypes (Fig. 3). In addition to being significantly high-

er than that observed in histologically normal lung tissue

(P < 0.01), the levels of MMP-15 in adenocarcinoma (n = 28) were

also significantly higher than that detected in squamous cell

carcinoma (SCC) (n = 11; P< 0.01) (Fig. 3). In contrast, although

MMP-14 also demonstrated significantly higher expression in

NSCLC compared to histologically normal lung, no significant

difference was observed between tumour types (Fig. 3).

Although expressions of MMP-14, -16, -17, -24 and -25 were

detected in human NSCLC, no significant correlation was ob-

served between the expression of the individual MMPs and

either tumour stage (pT status), tumour grade or presence

of lymph node invasion (pN status) (data not shown).

3.4. Correlation between MMP-14 activity
and MMP-14 qRT-PCR expression

Levels of proteolytically active MMP-14 were determined in

human tumour cell lines and xenografts using the fluorogenic
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Fig. 1 – Matrix metalloproteinases expression in human tumour cell lines and xenografts as measured by quantitative

RT-PCR (qRT-PCR). Values of gene output are probe, and therefore gene specific, thus precluding comparison of expression

between genes.
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MT1-MMP (MMP-14) Biotrak assay. MMP-14 activity levels de-

tected using this assay ranged from 1.1 to 0.02 ng MMP-14 per

mg tissue, with the highest levels detected in HT1080

(1.12 ± 0.10 ng MMP-14 per mg tissue) and lowest in H460

(0.02 ± 0.01 ng MMP-14 per mg tissue) (Fig. 4). Comparison of

MMP-14 activity levels with MMP-14 mRNA expression, as

measured by qRT-PCR, demonstrated an excellent correlation

between the levels of active MMP-14 and MMP-14 mRNA

expression in both cell lines (data not shown) and xenografts

(Fig. 4; R2 = 0.9).

4. Discussion

MMPs are central regulators in the tumourigenic process and

the major proteases involved in ECM breakdown and remod-

elling.1 The original hypothesis that MMPs were involved

purely with ECM degradation and consequently tumour inva-

sion and metastasis was demonstrated to be too simplistic

and the MMPs are now known to be a major force in the phe-

notypic evolution of cancer.25 Growth-factor receptors, cell

adhesion molecules, chemokines, cytokines, apoptotic li-

gands and angiogenic factors are just some examples of the

diversity of substrates targeted by the MMPs.3

Identification of proteolytic enzyme expression and local-

isation in human cancers is critical in understanding the

characteristics of individual cancer types, referred to as the

cancer degradome.26 Identification of specific MMPs impor-

tant in the various stages of cancer progression will lead to

improved understanding of different cancers and may repre-
sent new markers of disease or may lead to the identification

and validation of new therapeutic targets.

The purpose of this study was to comprehensively analyse

expression of the membrane-type MMP (MT-MMP) subfamily

in human NSCLC and to evaluate the relationship between

genetic expression of MMP-14 and the presence of active

MMP-14. We have shown differential expression of these

MMPs in NSCLC and demonstrated significantly higher levels

of several family members in tumours compared to histolog-

ically normal lung tissue (Fig. 2).

MMP-14 was expressed in 100% of NSCLC tumour speci-

mens analysed in our study (Fig. 2). The high levels of MMP-

14 expression quantified in NSCLC in this study reinforce pre-

vious studies, implicating increased MMP-14 expression in

lung cancer by semi-quantitative in situ hybridisation and

cDNA array analysis.15,27 Although in our study MMP-14 was

detected at low levels in histologically normal lung tissue,

expression was significantly higher in NSCLC specimens

(P < 0.01; Fig. 2). The elevated levels of MMP-14 we observed

in NSCLC demonstrated no relationship to tumour stage, tu-

mour grade, presence of tumour lymph node invasion or dif-

ferential between histological tumour type (data not shown).

Data focussing on the expression of MMP-15 (MT2-MMP) in

NSCLC are sparse. As for MMP-14, MMP-15 displayed a statis-

tically significant difference (P < 0.01) in expression between

tumour tissue and histologically normal lung (Fig. 2). This is

supported by a previous study in which MMP-15 levels were

suggested to be higher in adenocarcinoma cells than either

type II alveolar cells or bronchiolar epithelial cells.28 Further



Fig. 2 – Differential expression of the MT-MMP subfamily in human NSCLC and histologically normal lung tissue by qRT-PCR.

Values are after normalisation to 18S-rRNA and are therefore gene specific. Expression data are plotted as mean

expression ± standard error (SE).
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to demonstrating increased MMP-15 expression in NSCLC rel-

ative to histologically normal lung tissue, we have also shown

significantly higher expression in lung adenocarcinoma rela-

tive to lung SCC (P < 0.01; Fig. 3), a previously unreported

observation. No such differential was observed for MMP-14

(Fig. 3). This strongly suggests that MMP-15 may be a viable

marker for molecular diagnostics of NSCLC and as such war-

rants further investigation. Similarly, the suggestion that

MMP-15 has an anti-apoptotic mechanism and may connect

tumour metastasis and apoptotic resistance11 is also of rele-

vance to our study and worthy of further investigation due

to the high levels of MMP-15 we observed in NSCLC

specimens.
There is very little data concerning the expression of MMP-

16, MMP-17, MMP-24 or MMP-25 (MT(3–6)-MMP) in human tu-

mours and no specific evidence for their involvement in

NSCLC. MMP-16 was absent or expressed at extremely low

levels in all clinical samples evaluated (Fig. 2). It is interesting

to note the expression profile of MMP-16 in preclinical human

tumour models, the differential in expression observed be-

tween tumour types and between cells grown in vitro or as

in vivo tumour xenografts (Fig. 1). These observations could

be the consequence of the degree of xenograft vascularisation

or invasiveness, as supported by the recent associations be-

tween MMP-16 and both tissue vascularisation29 and b-cate-

nin mediated tumour invasion .30 Identification of any such



Fig. 3 – Elevated expression of MMP-15 by qRT-PCR in

lung adenocarcinomas compared to SCC (P < 0.01) and

histologically normal lung (P < 0.01).
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Fig. 4 – MMP-14 activity levels determined by ELISA (a)

correlate strongly to MMP-14 expression by qRT-PCR

(b), as measured in human tumour xenografts. A close

correlation (R2 = 0.9) is observed between activity and

expression (c).
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relationship and their clinical significance have yet to be

undertaken. In the case of the lung cell lines, MMP-16 was de-

tected in the H460 cells grown in vitro but not in vivo (Fig. 1),

which is interesting in light of the fact that MMP-16 was ab-

sent in the majority of NSCLC samples.

Increased expression of MMP-17 was observed in NSCLC

and did demonstrate a statistically significant difference from

histologically normal lung (Fig. 2). Due to the low levels of

MMP-17 detected in the majority of samples, caution should

be adopted in the significance of this difference and the rela-

tionship to protein levels. MMP-24 and MMP-25 displayed dif-

ferential expression between tumour and normal tissue

although these failed to reach statistical significance (P = 0.5

and P = 0.9, respectively). Whilst we would predict that the

expression of the MT-MMPs might be related to the stage

and development of cancers due to their known involvement

in metastasis, cell migration and activation of other MMP

family members, no correlation was observed between tu-

mour stage, grade or lymph node invasion and the expression

of individual MT-MMPs (data not shown). These findings are

perhaps surprising given the well documented role of the

MMPs, including MT-MMPs, in various stages of cancer devel-

opment and tumour spread13.
The excellent correlation (R2 = 0.9) noted in this study be-

tween qRT-PCR and activity data for MMP-14 indicates that

qRT-PCR is a proportional measurement of the level of

MMP-14 protein present in a sample (Fig. 4). This correlation

thereby adds value to the qRT-PCR clinical sample data for

the MT-MMPs. Due to the nature of this assay, it does not take

into account any potential intrinsic regulation of MT-MMP

activity, such as by TIMPs, and may therefore signify the lev-

els of MMP-14 protein and total potential MMP-14 activity

rather than actual activity. Since both the qRT-PCR and
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activity assay capture a single snapshot in the tumour, it

would be interesting to assess the potential changes in

expression and activity during tumourigenesis and tumour

progression. In support of this, it would be desirable to evalu-

ate the expression and sub-tumoural distribution of specific

MT-MMPs using in situ hybridisation or immunohistochemis-

try, should specific and appropriate antibodies become avail-

able. In addition, it would also be interesting to differentiate

the levels of actual MMP-14 activity from total potential

MMP-14 activity in this context, to further assess MMP-14 as

a disease marker or target for therapeutic exploitation in

NSCLC.

Currently, there are no assays available to study the activ-

ity of MT(2–6)MMP in samples and we have not found any

commercially available antibodies suitable for the develop-

ment of such assays (data not shown). It will be important

to investigate the relationship between qRT-PCR data and pro-

tein expression for all MT-MMPs to ascertain if a similar rela-

tionship is observed as is seen for MMP-14.

This study is the first analysis of all 6 MT-MMPs in NSCLC

clinical specimens. Our data identify a number of MT-MMPs

as being differentially expressed in NSCLC relative to histo-

logically normal lung tissue, suggesting roles in tumourigen-

esis and/or as markers of disease. Using an MMP-14 activity

assay, we have demonstrated the value of qRT-PCR as a pred-

icator of protein expression. In summary, this study indicates

the potential use of MMP-14 and MMP-15 as disease markers

and therapeutic targets.

Conflict of interest statement

None of the authors disclose any financial or personal rela-

tionships with other people or organisations that could inap-

propriately influence the present work.
Acknowledgements

This work was supported by Cancer Research UK (Programme

Grant A5953), The Big C Appeal and the Cancer Degradome

Integrated Project Grant LSHC-CT-2003-503297 from the Euro-

pean Union Framework Programme 6.
R E F E R E N C E S
1. Deryugina EI, Quigley JP. Matrix metalloproteinases and
tumor metastasis. Cancer Metast Rev 2006;25:9–34.

2. Egeblad M, Werb Z. New functions for the matrix
metalloproteinases in cancer progression. Nat Rev Cancer
2002;2:161–74.

3. Overall CM, Kleifeld O. Tumour microenvironment – opinion:
validating matrix metalloproteinases as drug targets and
anti-targets for cancer therapy. Nat Rev Cancer 2006;6:227–39.

4. Genis L, Galvez BG, Gonzalo P, Arroyo AG. MT1-MMP:
Universal or particular player in angiogenesis? Cancer Metast
Rev 2006;25:77–86.

5. Handsley MM, Edwards DR. Metalloproteinases and their
inhibitors in tumor angiogenesis. Int J Cancer 2005;115:849–60.
6. McQuibban GA, Gong JH, Tam EM, McCulloch CA, Clark-Lewis
CM, Overall CM. Inflammation dampened by gelatinase A
cleavage of monocyte chemoattractant protein-3. Science
2000;289:1202–6.

7. Pirila E, Sharabi A, Salo T, et al. Matrix metalloproteinases
process the laminin-5 gamma 2-chain and regulate epithelial
cell migration. Biochem Biophys Res Commun 2003;303:1012–7.

8. Radisky DC, Bissell MJ. Matrix metalloproteinase-induced
genomic instability. Curr Opin Genet Dev 2006;16:45–50.

9. Velasco G, Pendas AM, Fueyo A, Knauper V, Murphy G,
Lopez-Otin C. Cloning and characterization of human
MMP-23, a new matrix metalloproteinase predominantly
expressed in reproductive tissues and lacking conserved
domains in other family members. J Biol Chem
1999;274:4570–6.

10. Yana I, Seiki M. MT-MMPs play pivotal roles in cancer
dissemination. Clin Exp Metast 2002;19:209–15.

11. Abraham R, Schafer J, Rothe M, Bange J, Knyazev P, Ullrich A.
Identification of MMP-15 as an anti-apoptotic factor in cancer
cells. J Biol Chem 2005;280:34123–32.

12. Plaisier M, Kapiteijn K, Koolwijk P, et al. Involvement of
membrane-type matrix metalloproteinases (MT-MMPs) in
capillary tube formation by human endometrial
microvascular endothelial cells: role of MT3-MMP. J Clin
Endocrinol Metab 2004;89:5828–36.

13. Sounni NE, Noel A. Membrane type-matrix
metalloproteinases and tumor progression. Biochimie
2005;87:329–42.

14. Nawrocki B, Polette M, Marchand V, et al. Expression of
matrix metalloproteinases and their inhibitors in human
bronchopulmonary carcinomas: quantificative and
morphological analyses. Int J Cancer 1997;72:556–64.

15. Yamamura T, Nakanishi K, Hiroi S, et al. Expression of
membrane-type-1-matrix metalloproteinase and
metalloproteinase-2 in nonsmall cell lung carcinomas. Lung
Cancer 2002;35:249–55.

16. Myoung H, Kim MJ, Hong SD, Lee JI, Lim CY, Hong SP.
Expression of membrane type I-matrix metalloproteinase in
oral squamous cell carcinoma. Cancer Lett 2002;185:201–9.

17. Udayakumar TS, Chen ML, Bair EL, et al. Membrane type-1-
matrix metalloproteinase expressed by prostate carcinoma
cells cleaves human laminin-5 beta3 chain and induces cell
migration. Cancer Res 2003;63:2292–9.

18. Nabeshima K, Inoue T, Shimao Y, et al. Front-cell-specific
expression of membrane-type 1 matrix metalloproteinase
and gelatinase A during cohort migration of colon carcinoma
cells induced by hepatocyte growth factor/scatter factor.
Cancer Res 2000;60:3364–9.

19. Munaut C, Noel A, Hougrand O, Foidart JM, Boniver J, Deprez
M. Vascular endothelial growth factor expression correlates
with matrix metalloproteinases MT1-MMP, MMP-2 and
MMP-9 in human glioblastomas. Int J Cancer 2003;106:848–55.

20. Okada A, Bellocq JP, Rouyer N, et al. Membrane-type matrix
metalloproteinase (MT-MMP) gene is expressed in stromal
cells of human colon, breast, and head and neck carcinomas.
Proc Natl Acad Sci USA 1995;92:2730–4.

21. Daja MM, Niu X, Zhao Z, Brown JM, Russell PJ.
Characterization of expression of matrix metalloproteinases
and tissue inhibitors of metalloproteinases in prostate cancer
cell lines. Prostate Cancer Prostat Dis 2003;6:15–26.

22. Jung M, Romer A, Keyszer G, et al. mRNA expression of
the five membrane-type matrix metalloproteinases
MT1-MT5 in human prostatic cell lines and their
down-regulation in human malignant prostatic tissue.
Prostate 2003;55:89–98.

23. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic
local alignment search tool. J Mol Biol 1990;215:403–10.



E U R O P E A N J O U R N A L O F C A N C E R 4 3 ( 2 0 0 7 ) 1 7 6 4 – 1 7 7 1 1771
24. Nuttall RK, Pennington CJ, Taplin J, et al. Elevated
membrane-type matrix metalloproteinases in gliomas
revealed by profiling proteases and inhibitors in human
cancer cells. Mol Cancer Res 2003;1:333–45.

25. Overall CM, Dean RA. Degradomics: systems biology of the
protease web. Pleiotropic roles of MMPs in cancer. Cancer
Metast Rev 2006;25:69–75.

26. Lopez-Otin C, Overall CM. Protease degradomics: a new
challenge for proteomics. Nat Rev Mol Cell Biol 2002;3:509–19.

27. Kettunen E, Anttila S, Seppanen JK, et al. Differentially
expressed genes in nonsmall cell lung cancer: expression
profiling of cancer-related genes in squamous cell lung
cancer. Cancer Genet Cytogenet 2004;149:98–106.
28. Kobayashi K, Nishioka M, Kohno T, et al. Identification of
genes whose expression is upregulated in lung
adenocarcinoma cells in comparison with type II alveolar
cells and bronchiolar epithelial cells in vivo. Oncogene
2004;23:3089–96.

29. Plaisier M, Koolwijk P, Hanemaaijer R, et al. Membrane-type
matrix metalloproteinases and vascularization in human
endometrium during the menstrual cycle. Mol Hum Reprod
2006;12:11–8.

30. Lowy AM, Clements WM, Bishop J, et al. beta-Catenin/Wnt
signaling regulates expression of the membrane type 3 matrix
metalloproteinase in gastric cancer. Cancer Res
2006;66:4734–41.


	Membrane type matrix metalloproteinases (MMPs) show differential expression in non-small cell lung cancer (NSCLC) compared to normal lung: Correlation of MMP-14 mRNA expression and proteolytic activity
	Introduction
	Materials and methods
	Human tissue samples
	Cell culture
	Human tumour xenografts
	Determination of MMP-14 mRNA expression bysemi-quantitative RT-PCR analysis
	Quantification of MT-MMP expression byreal-time RT-PCR (qRT-PCR)
	Determination of MMP-14 protein levelsby ELISA assay
	Data analysis

	Results
	Expression of MT-MMPs in human tumourcell lines and xenografts
	MT-MMP expression in NSCLC specimensand histologically normal lung tissue
	Relationship between MT-MMP expressionand tumour pathology
	Correlation between MMP-14 activityand MMP-14 qRT-PCR expression

	Discussion
	Conflict of interest statement
	Acknowledgements
	References


