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Abstract Tissue Factor Pathway Inhibitor-2 (TFPI-2) is a

potent inhibitor of plasmin which activates metallopro-

teinases (MMPs) involved in extracellular matrix (ECM)

degradation. Its secretion in ECM makes TFPI-2 a potential

inhibitor to regulate tumour invasion and metastasis.

Moreover, TFPI-2 is frequently downregulated, particu-

larly in aggressive cancers. In this study, we silenced TFPI-

2 in the NCI-H460 non-small cell lung cancer cell line and

evaluated the role of TFPI-2 in cell invasion and its impact

on MMPs expression. As the effects of siRNA are tran-

sient, the consequences of both gene silencing and

restoration to normal expression could be studied kineti-

cally in the same cells. We showed that TFPI-2 expression

by NCI-H460 cells was effectively downregulated using

specific small interfering RNA and this silencing was

associated with an increase in the invasive potential of

tumour cells while migration was not affected. We also

showed that mRNA levels and protein expression of MMP-

2, -3, -9, -14 were not influenced by TFPI-2 silencing.

Moreover, the gelatinase activity of MMP-2 and MMP-9

was unmodified. In contrast, MMP-1 mRNA levels and

protein were significantly and similarly increased in cells

transfected with TFPI-2 siRNA. In conclusion, this study

confirms that TFPI-2 downregulation can contribute to

tumour invasion of lung cancer cells.
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Introduction

Lung cancer is frequently diagnosed at an advanced stage

and the progression of this cancer depends on the ability of

tumour cells to invade the surrounding tissue and form

metastases. This invasion process involves extracellular

matrix (ECM)-degrading proteases, particularly matrix

metalloproteinases (MMPs) that have been shown to be

highly expressed and activated in the tumour microenvi-

ronment [1, 2]. In fact, MMPs synthesised by tumour and/

or stromal cells are overexpressed in many human cancers,

particularly by highly aggressive malignant tumours [3–5].

Among secreted MMPs, gelatinases (MMP-2 and -9)

and collagenases (MMP-1, -8 and -13) have been recog-

nised to have an important role in tumour growth, invasion

and metastasis by cleaving ECM and basement membrane

components [2, 6]. MMPs are zinc-dependent endopep-

tidases synthesised as inactive zymogens (pro-MMPs) that

need proteolytic cleavage of the aminoterminal prodomain

to be activated [1, 7]. Activation of MMPs in the extra-

cellular environment depends on serine proteases, such as
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trypsin and plasmin, and also involves activated MMPs or

membrane-anchored matrix metalloproteinases (MT-

MMPs). Apart from tissue inhibitors of metalloproteinases

(TIMPs) that are specific regulators of MMP activity,

TFPI-2 (Tissue Factor Pathway Inhibitor-2), an inhibitor of

serine proteases, particularly plasmin, could indirectly

regulate the activation of MMPs [8–10], thus regulating

ECM degradation and tumour cell invasion.

TFPI-2 is a 32 kDa Kunitz-type serine proteinase

inhibitor, with an amino acid sequence similar to TFPI-1

and secreted into the extracellular matrix by a wide variety

of human cells including endothelial cells [11], monocytes

[12], fibroblasts [13], epithelial cells [14], smooth muscle

cells [15], syncytiotrophoblast cells [16, 17] and also sev-

eral human tumour cells [18–21]. Interestingly, TFPI-2,

now considered as a candidate tumour suppressor gene, has

been shown to be downregulated in particularly aggressive

tumours [19, 22, 23] in association with epigenetic chan-

ges. Hypermethylation of CpG islands of TFPI-2 promoter

and histone deacetylation have frequently been correlated

with transcriptional silencing of the TFPI-2 gene in cancer

cells [23–30]. In agreement with these studies, we have

demonstrated that decreased TFPI-2 gene expression and

hypermethylation are frequently associated with advanced

stages of non-small cell lung cancer, particularly with

lymph node invasion [20]. The consequences of TFPI-2

downregulation on MMP expression remain unclear and

could play a key role in controlling tumour invasion by

modifying the balance between ECM degrading proteases

and their inhibitors.

In the present study, we therefore used an RNA inter-

ference method to knockdown transiently the expression of

TFPI-2 in the NCI-H460 non-small cell lung cancer cell

line. Two small interfering RNAs (siRNAs) were used to

trigger sequence-specific TFPI-2 RNA degradation and

gene silencing [31]. We then studied the effects of both

inactivation and restoration of TFPI-2 expression on cell

migration and invasion. Furthermore, we evaluated whe-

ther TFPI-2 silencing might be responsible for regulation

of MMP expression.

Materials and methods

Silencing RNA (siRNA)

Two siRNA oligonucleotides were designed for specific

silencing of TFPI-2 (Hi Performance 2-For Silencing siR-

NA duplexes; Qiagen Courtaboeuf, France). The forward

and reverse strand sequences of the siRNA were as follows:

r(GCA UGA GGA AAC AAA UCA U)dTdT (forward

Duplex 1) and r(AUG AUU UGU UUC CUC AUG

C)dTdG (reverse Duplex 1); r(GCA AUG CAU AAG AUG

AUA A)dTdT (forward Duplex 2) and r(UUU AUA UCU

UAU GCA UUG C)dAdA (reverse Duplex 2). The siRNA

was obtained after annealing the oligonucleotides accord-

ing to the manufacturer’s instructions. The target sequences

of the siRNA were 50-CAGCATGAGGAAACAAATCAT-

30 and 50-TTGCAATGCATAAGATATAAA-30 localised

in the 30UTR of the TFPI-2 mRNA. siRNA targeted against

MAPK was also used as control siRNA (Qiagen).

Cell culture and siRNA transfection

NCI-H460 cells from a non-small cell lung cancer were

obtained from American Type Culture Collection (LGC

Promochem, Molsheim, France). Cells were grown in

RPMI 1640 medium (Invitrogen, Cergy Pontoise, France)

supplemented with 2 mM L-glutamine, 1 mM sodium

pyruvate, 100 IU/ml penicillin, 100 lg/ml streptomycin,

25 mM sodium bicarbonate, 2 mM glucose and 10%

endotoxin-free heat-inactivated calf fœtal serum (FCS,

ATGC Biotechnologie, Noisy le Grand, France) in a

humidified atmosphere of 95% air and 5% CO2 at 37�C.

Confluent cells were washed with Ca2? and Mg2?-free

Hanks’ balanced salt solution and detached with 0.05%

trypsin–0.02% EDTA. Cell viability was determined by the

Trypan blue dye exclusion test and ranged between 90 and

95%. For siRNA transfection, 7.5 9 105 cells were plated

in 24-well plates (Falcon, Becton Dickinson, Le Pont de

Claix, France) for 18 h in complete medium. The amount

of siRNA to be used and the ratio of RNAiFect transfection

reagent were first defined. Transfections were thus per-

formed at 75% confluency using 0.25 lg of each TFPI-2

siRNA or 0.5 lg of control siRNA and the transfection

reagent (RNAiFect, Qiagen) at a 1:6 ratio. Untransfected

cells were incubated with RNAiFect transfection reagent

alone.

Reverse transcription and real-time polymerase chain

reaction (RT-PCR)

Total mRNA was extracted from harvested cells using the

Dynabeads mRNA Direct Kit (InvitrogenTM, Cergy-Pon-

toise, France) as previously described [12]. Total mRNA

was then reverse transcribed for 1 h at 42�C in incubation

buffer containing 250 lM of each deoxynucleotide tri-

phosphate, 5 lM oligo (dT)20 [32], 25 units of RNase

inhibitor, and 20 units of avian myeloblastosis virus reverse

transcriptase (Roche Diagnostics, Meylan, France).

The amount of TFPI-2 transcripts was assessed by real-

time PCR using the icycler iQ detection system (BioRad,

Ivry sur Seine, France). PCR was performed in a total

reaction volume of 25 ll containing 2 lL cDNA, a twofold

dilution of Platinum Quantitative PCR SuperMix-UDG

(InvitrogenTM), 0.32 lM of each primer (Genset SA, Paris,

458 Clin Exp Metastasis (2009) 26:457–467

123



France; Table 1) and a 50,000-fold dilution of Sybr Green

solution (Roche Diagnostics). Standard curves were also

established using 108 to 5 9 101 copies of purified PCR

products specific for each gene studied. To study TFPI-2

and MMP-2 gene expression, PCR were initiated by a step

of decontamination (50�C for 2 min) and denaturation

(95�C, 2 min), followed by 35 cycles at 95�C for 20 s and

67�C for 40 s. The hybridization/elongation step was per-

formed at 62�C for b-actin transcripts, 64�C for TFPI-1,

65�C for MMP-1, -3, and -14 and 69�C for MMP-9 tran-

scripts. The melting curve was analysed for each sample to

check PCR specificity. mRNA copy of the gene of interest

was first normalised to 106 copies of b-actin mRNA. The

results obtained in TFPI-2 siRNA-treated cells were then

related to 106 copies of the gene of interest expressed in

cells incubated with RNAiFect transfection reagent alone.

Flow cytometry

NCI-H460 transfection efficiency with siRNA was fol-

lowed using flow cytometry. NCI-H460 cells were either

transfected with RNAiFect at a 1:6 ratio and 0.5 lg non-

silencing siRNA labelled with Alexa Fluor 488 or incu-

bated with RNAiFect alone. Twenty-four hours after

transfection cells were trypsinised and washed twice with

PBS. At least 104 cells were acquired using a 488 nm laser

flow cytometer (FACSCalibur, BD Biosciences, Le Pont de

Claix, France), and data were analysed using the CELL-

QuestR software (BD Biosciences).

Cell migration and invasion

Cell migration was studied using a model based on a

Boyden chamber (8 lm pore size, BD Biosciences) over a

7 day period after transfection by TFPI-2 siRNA. Cells

were harvested daily by trypsinisation, then washed and

counted and 5 9 105 transfected cells were suspended in

400 ll of serum-free medium and seeded on the upper

chamber of the inserts. The lower chamber of a 24-well cell

culture plate was filled with culture medium (600 ll)

containing 10% FCS used as chemoattractant and

incubated for 48 h at 37�C in 5% CO2. The cells remaining

in the inserts were removed by aspiration and wiping with

cotton swabs. Migrated cells on the lower surface of the

filter and adhering to the plate were detached by 0.05%

trypsin–0.02% EDTA. Cells were then counted using a

Malassez chamber and the results were expressed as the

percentage of migrating cells ±SEM.

To study the cell invasion through basement membrane

components, cell culture inserts were coated with a thin

layer of 0.8 mg/ml MatrigelTM (BD Biosciences) according

to the manufacturer’s instructions.

Immunoblotting

Proteins from the extracellular matrix were solubilised in

TNC buffer (50 mM Tris–HCl pH 7.5, 0.15 M NaCl,

10 mM CaCl2 and 0.05% Brij35) after cell elimination by

trypsination.

Total proteins from plated cells were also harvested by

solubilisation in RIPA buffer (25 mM Tris–HCl pH 7.6,

150 mM NaCl, 1% Igepal, 1% sodium deoxycholate, 0.1%

SDS). After centrifugation at 15,000g for 5 min, total

protein concentrations of the supernatants were measured

using the Lowry method (Total Protein Kit, Sigma, Saint

Quentin Fallavier, France). Total proteins (10 lg) were

separated on 12% sodium dodecyl sulphate polyacrylamide

gel electrophoresis (SDS–PAGE) and transferred to a

nitrocellulose membrane. Membranes were then saturated

for 1 h in TNT buffer (10 mM Tris–HCl pH 7.4, 150 mM

NaCl, 0.5% Tween-20) with 5% non-fat milk, incubated

overnight at 4�C with polyclonal rabbit anti-TFPI-2 anti-

body (generous gift of W. Kisiel, diluted at 1:3,000),

MMP-1 epitope specific rabbit antibody (Lab Vision Cor-

poration, Francheville, France, diluted at 1:100) or anti-b-

actin mouse monoclonal antibody (Sigma, clone AC-74,

diluted at 1:2,000) in TNT buffer with 5% non-fat milk.

Membranes were washed and incubated for 1 h with per-

oxidase-labelled anti-rabbit IgG (Sigma, diluted at

1:80,000) or peroxidase-labelled anti-mouse antibody

(Sigma, diluted at 1:5,000). Finally, three washes in TNT

were performed and after exposure for 1 min to the

Table 1 Oligonucleotide

sequences used for real-time

PCR

Forward Reverse

TFPI-2 50 AACGCCAACAATTTCTACACCT 30 50 TACTTTTCTGTGGACCCCTCAC 30

b-actin 50 GCCCTAGACTTCGAGCAAGA 30 50 AGGAAGGAAGGCTGAAGAG 30

TFPI-1 50 GCCTGGGCAATATGAACAAT 30 50 ATTGCGGAGTCAGGGAGTTA 30

MMP-1 50 CTGCTGCTGTTCTGGGGT 30 50 GCATGAGCAAGATTTCCTCC 30

MMP-2 50 GGCCCTGTCACTCCTGAGAT 30 50 CAGTCCGCCAAATGCCCCGG 30

MMP-3 50 ATCCCGAAGTGGAGGAAAAC 30 50 GCCTGGAGAATGTGAGTGGA 30

MMP-9 50 AGACCGGTGAGCTGGATAG 30 50 GTGATGTTGTGGTGGTGCC 30

MMP-14 50 CGAGGGGAGATGTTTGTCTT 30 50 TCGTAGGCAGTGTTGATGGA 30
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Chemiluminescence Reagent Plus (PerkinElmer Biosys-

tems, Courtaboeuf, France), membranes were drained,

wrapped in a plastic bag and exposed to autoradiography

film (Kodak, NY, USA) for 10 min in the dark. Band

intensities of MMP-1 and b-actin obtained on autoradiog-

raphy film were measured by the QuantityOne software

(GelDocXR, BioRad, Ivry sur Seine, France) and expressed

in arbitrary units corresponding to pixel integration. MMP-

1 intensity was the related to those of b-actin. The results

obtained in TFPI-2 siRNA-treated cells were then related

to those obtained in NCI-H460 cells incubated with

RNAiFect transfection reagent alone.

Immunohistochemical analysis of TFPI-2 and MMP

protein expression

Immunohistochemical analysis was performed on cells

obtained after trypsinisation, centrifugation and formalin

fixation. Cytoblocks were then prepared with the Shandon

kit according to the manufacturer’s instructions (Shandon

Inc., Courtaboeuf, France), but with only one cytocentrif-

ugation step. The plug of cells formed was routinely

processed and paraffin embedded.

Serial 4 lm thick cytoblock sections were then depa-

raffinized, rehydrated and subjected to water bath heat

antigen retrieval for 20 min in a citrate buffer (Target

Retrieval Solution pH 6.0, Dako, Trappes, France) for

MMP-1, MMP-9, and TFPI-2. An ethylenediamine tetra-

acetic acid buffer (MS-Unmasker, pH 7.8, Diapath) was

used for MMP-14, and pH 9.0 Target Retrieval Solution

(Dako) for MMP-2 and MMP-3. Slides were incubated for

30 min with a polyclonal rabbit anti-TFPI-2 antibody

diluted at 1:1000 or a polyclonal rabbit antibody specific for

either MMP-1 (diluted at 1:100) or MMP-9 (1:50) or MMP-

14 (1:50; LabVision Corporation) or a monoclonal mouse

antibody IgG1 specific for MMP-2 (1:50; clone A-Gel VC2,

LabVision Corporation) or a monoclonal mouse antibody

IgG2b against MMP-3 (1:100; clone SL-1IID4, LabVision

Corporation). After washing, biotinylated goat anti-rabbit

and anti-mouse antibodies were incubated for 30 min and

immunostaining was performed with the Lab Vision

Autostainer (LabVision Corporation) using a peroxidase-

streptavidin detection system with diaminobenzidine as

chromogen (Dako REAL Detection System, Dako). Slides

were hæmatoxylin counterstained.

Gelatin zymography

MMP-9 and MMP-2 activity in conditioned medium of

NCI-H460 transfected with both TFPI-2 siRNA duplexes

or incubated with RNAiFect alone was determined by

gelatin zymography as previously described [33]. Cells

were cultured in serum-free medium for 48 h before col-

lecting conditioned medium from day 1 to day 6 after

transfection, and then concentrated 100-fold using the

Minicon-B15 concentrator (Millipore). A 20 ll aliquot of

the concentrated conditioned medium was loaded onto

10% SDS–PAGE containing 1 mg/ml gelatin (Prolabo,

Fontenay sous Bois, France). Pro-enzyme MMP-9

(92 kDa), pro-enzyme MMP-2 (72 kDa), active MMP-9

enzyme (82 kDa) and active MMP-2 enzyme (62 kDa)

(Calbiochem, VWR International S.A.S, Fontenay-sous-

Bois) were used as standards. Electrophoresis was per-

formed at 15 mA/gel constant current for 2 h and gels were

then washed twice in 2.5% Triton X-100 and incubated for

18 h at 37�C in 50 mM Tris–HCl, pH 7.4, and 10 mM

CaCl2. Gels were then fixed and stained in 30% ethanol

containing 10% acetic acid and 0.1% Coomassie blue R-

250 and subsequently de-stained in 45% ethanol containing

10% acetic acid. Areas of gelatin digestion were visualised

as nonstained regions of the gel.

Statistical analyses

The results of transcript quantification, migration and

invasion assays were expressed as means ± SEM. Stu-

dent’s t test was used to compare differences between

transfected and untransfected cells. Data were considered

as significant with P B 0.05.

Results

TFPI-2 mRNA and protein expression was inhibited

by TFPI-2 siRNA

NCI-H460 tumour cells were transfected with two siRNA

that targeted different regions of the 30UTR of the human

TFPI-2 transcripts or with a non-silencing siRNA. The

concentrations of siRNA and transfection reagent that

effectively inhibited TFPI-2 mRNA expression after 72 h

of transfection were 0.5 and 3 lg, respectively.

TFPI-2 mRNA and protein levels were evaluated for

6 days after cell transfection with TFPI-2 siRNA duplexes

or with RNAiFect alone. mRNA levels were significantly

decreased in siRNA transfected cells as early as 24 h as

assessed by RT and real-time PCR. Maximum silencing

with a 80% decrease in transcript level was achieved

between 3 and 4 days, inhibition then remaining less

effective 5 days after transfection (Fig. 1a). A decrease in

TFPI-2 protein level was also observed in the extracellular

matrix 3 and 5 days after transfection of cells with TFPI-2

siRNA, while the presence of TFPI-2 triplets were dem-

onstrated in the extracellular matrix of NCI-H460 incubated

with RNAiFect alone (Fig. 1b). Immunohistochemical
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staining performed for TFPI-2 clearly showed reduced

expression of TFPI-2 in cells transfected by siRNA for 3

and 5 days (Fig. 1c).

In view of the similarities between the TFPI-1 and TFPI-

2 cDNA sequences, particularly in the regions coding for

the three tandem Kunitz-type protease inhibitor domains,

we therefore investigated the effects of TFPI-2 siRNA on

TFPI-1 mRNA expression by NCI-H460 cells. The speci-

ficity of the inhibitory effect of siRNA against TFPI-2 was

also checked by measuring the amount of MAPK tran-

scripts. The results showed that TFPI-2 siRNA had no

effect on MAPK and TFPI-1 mRNA expression,

demonstrating specificity of the TFPI-2 silencing (Fig. 2).

Moreover, MAPK mRNA levels were reduced when cells

were transfected with MAPK siRNA, while TFPI-2 mRNA

levels were not affected.

TFPI-2 silencing promoted lung cancer cell invasion

NCI-H460 cells were incubated with either transfection

agent alone or with both TFPI-2 siRNA duplexes. Because

siRNA transiently downregulated TFPI-2 expression, we

assessed cell migration and invasion 48 h after deposition

of cells into culture inserts and until 8 days after trans-

fection. The migratory ability of cells transfected with

TFPI-2 siRNA was similar to that obtained with cells

treated by the transfection agent alone, remaining between

19 and 28% throughout the experiment (Fig. 3a). In con-

trast, downregulation of TFPI-2 significantly increased the

invasion of NCI-H460 cells through MatrigelTM, that

mimics basement membrane components, from day 4 to

day 6 after transfection (Fig. 3b). The maximum effect was

observed 5 days after cell transfection by TFPI-2 siRNA,

with an invasion of 20.8 ± 1.8% compared to

10.3 ± 1.6% for cells treated with RNAiFect alone

(P \ 0.001). The results showed a reduced ability of cells

to invade MatrigelTM-coated filters, similar to that obtained

with control cells, when expression of TFPI-2 was restored

(Fig. 3b).

MMP-2 and MMP-9 expression was not affected

by TFPI-2 silencing

Expression of both MMP-2 and -9 transcripts in NCI-H460

was not significantly modified when TFPI-2 was silenced

with siRNA (Fig. 4a). Despite low levels of MMP-9 tran-

scripts expressed in NCI-H460 cells treated with RNAiFect

alone or with TFPI-2 siRNA, weak protein expression was
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Fig. 1 Inhibition of both TFPI-2 mRNA expression and protein level

by RNA interference. a Quantification of TFPI-2 mRNA expression

in NCI-H460 cells from day 1 to day 6 after transfection with TFPI-2

siRNA. TFPI-2 mRNA copy number was first normalised to 106

copies of b-actin mRNA. The results obtained in TFPI-2 siRNA-

treated cells were then related to 106 copies of TFPI-2 mRNA

expressed in cells incubated with RNAiFect transfection reagent

alone. Data are presented as means ± SEM (n = 10), * P \ 0.05,

** P \ 0.001, *** P \ 0.0001, Student t-test. b TFPI-2 protein

expression in extracellular matrix from NCI-H460 cells incubated

with TFPI-2 siRNA, or left unincubated, by immunoblotting. c
Immunohistochemical staining of NCI-H460 cells silenced with

TFPI-2 siRNA or incubated with RNAiFect only using a rabbit

polyclonal antibody against TFPI-2
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Fig. 2 Specificity of TFPI-2 silencing. Quantification of TFPI-2,

TFPI-1 and MAPK transcripts was performed after 3 days of NCI-

H460 cell transfection with specific TFPI-2 or MAPK siRNAs.

mRNA copy number of the gene of interest was first normalised to

106 copies of b-actin mRNA. The results obtained in siRNA-treated

cells were then related to 106 copies of gene of interest expressed in

cells incubated with RNAiFect transfection reagent alone. Data are

presented as means ± SEM of at least three independent experiments
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observed (Fig. 4b). Similarly, the amount of MMP-2

mRNA was very low and not modified when TFPI-2 was

silenced compared to control cells and no staining of

MMP-2 protein was detected 3 days (Fig. 4b) or 5 days

after transfection (data not shown). Conditioned medium of

NCI-H460 incubated with RNAiFect alone or transfected

with TFPI-2 siRNA was collected from day 1 to day 6 and

concentrated 100-fold. ProMMP-9 and proMMP-2 were

detected in the conditioned medium of all samples, with a

higher signal for proMMP-2 (Fig. 4c). A slight increase in

proMMP-2 activity was obtained 3 days after transfection

only when NCI-H460 were silenced with TFPI-2 siRNA.

No active form was observed for either MMP but a weak

band of an intermediate form of MMP-9 was detected in

the conditioned medium. No difference in intensity was

observed between the conditioned medium from NCI-H460

incubated with the transfection reagent alone or from cells

transfected with TFPI-2 siRNA.

TFPI-2 silencing induced MMP-1 expression

The effects of TFPI-2 silencing on mRNA and protein

expression of MMP -1, -3, and -14 were studied by real-

time PCR and immunohistochemistry. Transfection of

NCI-H460 cells with TFPI-2 siRNA did not significantly

modify the expression of MMP-3 and MMP-14 mRNA.

However, a 2.9-fold increase (P \ 0.05) in MMP-1 tran-

scripts occurred 2 days after TFPI-2 silencing (Fig. 5a), but

MMP-1 protein staining appeared similar at day 3 in NCI-

H460 cells transfected with TFPI-2 siRNA or with

RNAiFect (Fig. 5b). MMP-3 was not detected and only a

few transfected NCI-H460 cells and untransfected cells

expressed MMP-14. This absence of difference in MMP

expression between transfected and non-transfected cells

was also evidenced after 5 days of TFPI-2 silencing (data

not shown). Moreover, we found by western blotting an

increase in MMP-1 expression occured 2 days and 3 days

incubation of NCI-H460 cells transfected with TFPI-2

siRNA or with RNAiFect alone (Fig. 5c). However, the

comparison of MMP-1 expression in these both cells

showed that MMP-1 was slightly increased when NCI-

H460 were silenced with TFPI-2 siRNA.

Discussion

TFPI-2 is a serine proteinase inhibitor expressed in the

extracellular matrix (ECM) that is downregulated particu-

larly in aggressive tumours [26]. In lung cancer, we

previously showed that TFPI-2 expression was also

decreased in several histological types of non-small-cell

lung cancer [20]. Silencing of TFPI-2 in malignant cells by

either histone deacetylation [34] or promoter hypermethy-

lation contributes to inactivation of this gene and promotes

tumour progression in several cancers including glioma

[26], choricarcinoma [25], pancreatic carcinoma [30], lung

carcinoma [20], breast cancer [24], melanoma [27] and

hepatocarcinoma [23]. Moreover, an aberrant-spliced

TFPI-2 transcript has recently been reported that represents

an additional mechanism in tumour cells to downregulate

TFPI-2, thereby favouring cancer progression [35].

We thus used NCI-H460 cell line, obtained from a

patient with non-small-cell lung cancer, to study the rela-

tionship between TFPI-2 downregulation, MMPs and

invasion. We showed in this study that TFPI-2 transcripts

could be significantly downregulated in human non-small

cell lung cancer cells using siRNA technology. Consistent

with this mRNA degradation, we observed decreased levels

of TFPI-2 protein. RNA interference, that uses small

double-stranded RNA oligonucleotides and utilises cellular

machinery allowing targeting and degradation of comple-

mentary transcripts, have been widely used for gene
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silencing [31, 36–38]. Furthermore, siRNA is more sensi-

tive, specific and stable than antisense RNA and showed

better degradation of mRNA at lower concentrations [36,

39–41]. In our study, we first optimised the concentrations

of both siRNA and lipofectamine-based transfection

reagents to be used with our cell type. Gene silencing

experiments were then performed with the lowest possible

concentrations of reagents to knockdown TFPI-2 expres-

sion effectively without toxicity. Moreover, as siRNA

seems to be more effective in cells during the exponential

growth phase, transfection was performed at 75% cell

confluency. The specificity of siRNA had therefore to be

verified to perform further functional studies. In order to

raise silencing, we transfected cells with a combination of

two different siRNA duplexes against the TFPI-2 target.

Previous studies have shown that there are variations in

gene silencing with different siRNAs targeting the same

gene [42]. We particularly verified in this study that siR-

NAs specifically targeted TFPI-2 mRNA without reducing

TFPI-1 transcripts. Indeed, TFPI-1 is the major physiologic

inhibitor of the Tissue Factor/Factor VIIa complex and

considerable similarities exist between its cDNA and those

of TFPI-2 [43], particularly in the region coding for the

three tandem Kunitz-type protease inhibitor domains, K1,

K2 and K3 [44]. Moreover, the siRNA targeting MAPK

significantly reduced MAPK mRNA level without any

effect on the amount of TFPI-2 mRNA, suggesting that the

effect of siRNA was sequence specific.

Using all these standardised conditions, successful

knockdown of TFPI-2 expressed in NCI-H460 cells was

obtained with about 80% reduction in mRNA level, leading

to markedly decreased protein expression. Degradation of

the target was found to be maximal between 3 and 4 days

after transfection and returned to base levels by day 6. As

the effects of siRNA are transient, the consequences of

both gene silencing and restoration to normal expression

could be studied kinetically for the first time in the same

cells. siRNA-mediated gene silencing is thus a powerful
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expression. a Quantification of

MMP-2 and MMP-9 transcripts
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day 6 after transfection with

TFPI-2 siRNA. The MMP

mRNA copy number was first
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actin mRNA. The results

obtained in TFPI-2 siRNA-
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106 copies of MMP mRNA
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with RNAiFect transfection

reagent alone. Data are
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tool for screening the effects of TFPI-2 expression on cell

migration and invasion. Our results demonstrated that

TFPI-2 silencing was associated with a twofold increase in

invasive ability of NCI-H460 cells through basement

membrane components, whereas cell migration through

polycarbonate filters was not affected. This increase can

not be explained by an augmentation of proliferation as a

decrease in cell invasion was observed when TFPI-2 was

expressed again. This dynamic model in the same cells

demonstrated clearly the correlation between TFPI-2

expression and lung cancer cell invasion. Our findings are

consistent with previous reports demonstrating that the

downregulation of TFPI-2 using an antisense oligonu-

cleotide strategy increased the invasive ability of A549

lung cancer cells in a MatrigelTM invasion assay and the

migration of cells from spheroids [45]. Other groups have

shown similar results in other cancer cell lines derived

from melanoma [46], prostate cancer [47],
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choriocarcinoma [22], glioblastoma [48] or meningiomas

[49] and showed that TFPI-2 overexpression reduced the

tumour cell invasion. Morerover, Rao et al. found that

recombinant TFPI-2 inhibited the invasive ability of both

HT-1080 fibrosarcoma cells and SNB19 glioblastoma cells

through a reconstituted basement membrane in a dose-

dependent manner [19, 50]. It has been clearly established

that serine proteinase-activated MMPs could play an

important role in tumour invasion by cleaving ECM and

basement membrane components [1, 6, 7]. Some authors

have reported that TFPI-2 could regulate the activation of

proMMP-1 and proMMP-3 in the cellular environment by

inhibiting plasmin [9, 10]. TFPI-2 could also regulate the

MMP-2-dependent invasion, since gelatinase activity of

this MMP could be reduced after restoration of TFPI-2

expression in HT-1080 fibrosarcoma cells [51]. Another

report, preincubating recombinant proteins, demonstrated

direct TFPI-2 inhibition of active MMP-1 and -13, and to a

lesser extent, active MMP-2 and -9 [8, 52]. No difference

in the proform or active form of MMP-2 was observed after

TFPI-2 expression in choriocarcinoma cells [19, 22, 23].

Our findings are consistent with these previous studies

since the gelatinase activity of MMP-2 and -9 active forms

was not modified when TFPI-2 was transiently silenced and

then restored in NCI-H460 cells. On the other hand, zy-

mography showed a slight increase in proMMP-2 activity,

3 and 4 days after transfection, and thus simultaneously

with maximal TFPI-2 mRNA degradation. As no increase

in MMP-2 mRNA level was observed, this secretion could

occurred through a post-transcriptional mechanism. We

also found that tumour TFPI-2 gene expression was

reduced in 37% of NSCLC compared to non-affected lungs

[20] although MMP-2 mRNA expression was similar in

both tumour and non-tumour tissues. In our study, MMP-9

mRNA and protein expression were not affected by TFPI-2

silencing. In contrast, MMP-9 was upregulated in 41% of

tumour tissues, but no correlation was established between

TFPI-2 expression level and the amounts of activated

MMP-9 in tumour tissue (unpublished personal data).

These findings suggest that TFPI-2 silencing might

enhance the invasive potential of lung cancer cells by a

mechanism independent of MMP-9 activity but that could

involved MMP-2 activation in tumour microenvironment.

Transcriptomic and proteomic analysis [53, 54] has

shown that TFPI-2 is able to regulate various genes. We

therefore investigated whether mRNA and protein expres-

sion of MMP -1, 2, -3, -9, 14 could be modified by TFPI-2

silencing. MMP-3 and MMP-14 [3, 55, 56] have been

reported to be involved in the progression of many cancers

by degrading the ECM. However in our study expression of

these two MMPs were not affected by TFPI-2 silencing.

Finally, we showed that MMP-1 mRNA levels were

significantly enhanced when TFPI-2 was downregulated

and basal expression of MMP-1 transcripts was observed

when TFPI-2 was expressed again. This increase in MMP-1

mRNA could be too shortlived to have an impact on pro-

tein expression as suggested by our findings obtained with

immnohistochemistry. However western blotting showed

an MMP-1 increase in cells transfected with TFPI-2 siRNA

after 2 and 3 days. The enhanced transcription activity of

MMP-1 observed in our study may be explained by acti-

vation of signal pathways, for example the MAPK pathway

involving Ras/Raf/MAPK/ERK. Indeed, it has been

implicated in the activation of MMP-1 promoter activity

[57]. The mechanism has to be further characterized since

MMP-1 is an important interstitial collagenase that plays a

crucial role in tumour growth, cell invasion and metastasis

[58, 59]. Moreover high MMP-1 mRNA and protein levels

have been associated with poor prognosis in aggressive

tumours [60, 61]. We found that MMP-1 mRNA levels

were higher in 76% of NSCLC than in non-affected lung

tissues (unpublished personal data). Moreover, other

authors have shown that MMP-1 silencing reduced the

invasive potential of chondrosarcoma cells and melanoma

metastases [62, 63].

In conclusion, the present study provides evidence that

modified synthesis of TFPI-2 in the same cancer cells

might contribute to the regulation of tumour invasiveness

by a mechanism independent of MMP-2 and MMP-9

activity and expression of MMP-3 and MMP-14, but that

could involve MMP-1. It has now been clearly established

that TFPI-2 could have effects on tumour progression by

regulating mechanisms such as tumour apoptosis [64, 65]

and angiogenesis [66] and could be considered as a can-

didate tumour suppressor gene. TFPI-2 is thus a proteinase

inhibitor that could be considered for novel targeted ther-

apies for lung cancer.
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