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The inflammatory cytokine Tumor Necrosis Factor Alpha (TNF-a) is known to trigger inva-

sive growth, a physiological property for tissue healing, turning into a hallmark of progres-

sion in cancer. However, the invasive response to TNF-a relies on poorly understood

molecular mechanisms. We thus investigated whether it involves the MET oncogene,

which regulates the invasive growth program by encoding the tyrosine kinase receptor

for Hepatocyte Growth Factor (HGF). Here we show that the TNF-a pro-invasive activity re-

quires MET function, as it is fully inhibited by MET-specific inhibitors (small-molecules, an-

tibodies, and siRNAs). Mechanistically, we show that TNF-a induces MET transcription via

NF-kB, and exploits MET to sustain MEK/ERK activation and Snail accumulation, leading to

E-cadherin downregulation. We then show that TNF-a not only induces MET expression in

cancer cells, but also HGF secretion by fibroblasts. Consistently, we found that, in human

colorectal cancer tissues, high levels of TNF-a correlates with increased expression of both

MET and HGF. These findings suggest that TNF-a fosters a HGF/MET pro-invasive paracrine

loop in tumors. Targeting this ligand/receptor pair would contribute to prevent cancer pro-

gression associated with inflammation.

ª 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.
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TNF-a, produced by the major players of the inflammatory

response, i.e. infiltrating immune cells and fibroblasts, and

by cancer cells themselves (Balkwill, 2009; Hanahan and

Coussens, 2012). It is well known that TNF-a (i) induces epi-

thelialemesenchymal transition (EMT), a crucial preliminary

step of invasive growth (Thiery et al., 2009; Bates and

Mercurio, 2003); (ii) confers a pro-invasive phenotype on

mammary epithelial cells (Montesano et al., 2005); and (iii)

promotes experimental metastasis (Balkwill, 2006; Malik

et al., 1990; Orosz et al., 1993).

The signaling mechanisms underlying the pro-invasive

activity of TNF-a are still largely obscure. In epithelial cells,

TNF-a binds the high-affinity TNF receptor 1 (TNFR1), which

activates NF-kB transcription factor (Balkwill, 2009; Karin,

2006). The latter is known to regulate expression of genes

involved in EMT and invasive growth (Balkwill, 2009). An

important indirect target of NF-kB is the Snail protein (Wu

et al., 2009), which plays a key role as transcriptional

repressor of E-cadherin (Thiery et al., 2009). TNF-a signaling

thus results in decreased E-cadherin expression, which is

followed by breakdown of intercellular junctions, resulting

in EMT and invasive growth.

TNF-a was also shown to upregulate the expression of the

ligandereceptor pair HGF (Tamura et al., 1993) and MET

(Moghul et al., 1994; Chen et al., 1996). HGF is mostly secreted

by cells of mesenchymal origin, such as cancer-associated fi-

broblasts (Vermeulen et al., 2010), whereas its tyrosine kinase

receptor MET is expressed in cells of the epithelial stem/pro-

genitor compartment, and carcinoma cells, and regulates

the invasive growth program (Boccaccio and Comoglio,

2006). The MET gene is a direct target of NF-kB, as shown in

the case of cell treatment with TNF-a (Dai et al., 2009), or

ionizing radiation (De Bacco et al., 2011).

MET activates an intricate network of intracellular signals,

mostly shared by other growth factor receptors. Its peculiar

pro-invasive activity has been associated with prolonged

ERK activation (Trusolino et al., 2010); ERK, in turn, was shown

to be required for expression of Egr-1, a transcription factor

that upregulates Snail, the E-cadherin repressor (Grotegut

et al., 2006).

In this work we offer mechanistic evidence that invasive

growth induced by TNF-a requires theMET signaling pathway,

leading to Snail stabilization and E-cadherin downregulation.

We also show that TNF-a sustains expression of HGF in fibro-

blasts, and that expression of TNF-a significantly associates

with MET and HGF in human colorectal cancer tissues. These

data provide a rationale for exploring the use ofMET inhibitors

to prevent cell invasion associated with inflammation.
2. Material and methods

2.1. Cell lines, compounds, and siRNA

Cell lines (A549, A431, T47D, SW-48, H322, and MRC-5) were

purchased from the American Type Culture Collection

(ATCC, Rockville, MD, USA). Cells were grown in RPMI 1640

or DMEM (Sigma Chemical Co., St Louis, MO, USA), supple-

mented with 1% L-glutamine (Sigma) and 10% Fetal Bovine
Serum (FBS, Lonza group Ltd, Switzerland). Recombinant hu-

man Hepatocyte Growth Factor (HGF, R&D systems, Minneap-

olis, MN, USA) was used at a concentration of 50 ng/ml or as

otherwise specified. Recombinant human TNF-a (Sigma) and

recombinant human IL-1a and IL-1b (Peprotech, Rocky Hill,

NJ, USA) were used at a concentration of 10 ng/ml.

For MET inhibition, cells were incubated with the small

molecule kinase inhibitor JNJ-38877605 (500 nM in DMSO, 2 h

before stimulation) (Janssen Pharmaceutica NV, Beerse,

Belgium) (De Bacco et al., 2011), PHA 665752 (500 nM in

DMSO, 2 h before stimulation) (Tocris Cookson Ltd., Bristol,

UK), Crizotinib (500 nM in DMSO, 2 h before stimulation)

(Sequoia Research Products Ltd., Pangbourne, UK), or the

MET-monoclonal antibody MvDN30 (28 mg/ml in PBS, 48 h

before stimulation) (Metheresis Translational Research,

Lugano, Switzerland) (Pacchiana et al., 2010).

For MEK inhibition, cells were incubated with PD 98059

(20 mM in DMSO, 2 h before stimulation) (Calbiochem, La Jolla,

CA, USA).

For NF-kB inhibition, cells were incubatedwith IKK 16 (1 mM

in DMSO, 2 h before stimulation) (Santa Cruz Biotechnology,

Santa Cruz, CA, USA).

For SRC inhibition, cells were incubated with Saracatinib

(5 mM inDMSO, 2 h before stimulation) (Selleckchem, Houston,

TX, USA).

siRNAs targeting MET, RELA SNAIL, EGR-1 or functional

non-targeting control siRNAs (100 nM, ON-TARGET plus

SMARTpool�, Dharmacon, Lafayette, CO, USA) were tran-

siently transfected into subconfluent cells using Lipofect-

amine 2000� (Invitrogen, Carlsbad, CA, USA) according to

the manufacturer’s instructions.

2.2. Scatter assay

103 cells were seeded in 96-well plates and allowed to form

compact colonies. Stimuli where then added in serum-free

medium. 24 h after treatment, cells were fixed with 11%

glutaraldehyde (Sigma), and stained with crystal violet.

Images representative of results obtained in at least three in-

dependent experiments were acquired with a Leica photoca-

mera (Leica DFC320, Leica, Wetzlar, Germany) connected

with an inverted light microscope (DM IRB, Leica).

2.3. Oris cell migration assay

Cell migration was analyzed using the Oris� Cell Migration

Assay (Platypus Technologies, Madison, WI, USA), according

to manufacturer’s instructions. Briefly, 2 � 103 A549 cells

were seeded, grown to confluence and serum-starved for

48 h. Then, cell seeding stoppers were removed and cells

were stimulated with TNF-a or HGF, in the presence of JNJ-

38877605 or MvDN30. After 72 h, cells were fixed, stained,

and photographed as above. Images are representative of re-

sults obtained in at least three independent experiments.

2.4. Transwell assay

Cell migration and invasion assays were performed in Trans-

well� chambers (6.5 mm diameter polycarbonate filter with
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http://dx.doi.org/10.1016/j.molonc.2014.09.002
http://dx.doi.org/10.1016/j.molonc.2014.09.002


MET 1A sequence 50-CCAAAGGCATGAAATATCTTGCA-30

30-TCAGCAACCTTGACTGTGAATTTT-50

PGK sequence 50-CAGATTGTTTGGAATGGTCCTG-30

30-CCCCTAGAAGTGGCTTTCACC-50.

M O L E C U L A R O N C O L O G Y 9 ( 2 0 1 5 ) 3 7 7e3 8 8 379
8.0 mm pore size, Corning, NY, USA). For migration assay, cells

(A549: 5 � 103/transwell; T47D: 105) were directly seeded on

the upper side of the filters. For invasion assay, filters were

coated with reconstituted Matrigel basement membrane

(Collaborative Research, Waltham, MA, USA) at the following

concentrations: A549 cells (105/transwell) with 12.5 mg/cm2;

H322 cells (105/transwell) with 5 mg/cm2; SW-48 cells (105/

transwell) with 5 mg/cm2 and T47D cells (105/transwell) with

10 mg/cm2. Culture medium supplemented with 1% FBS was

added to both chambers, and stimuli to the lower chamber.

After 24 h cells on the filter upper side were mechanically

removed, and those migrated onto the lower side were fixed,

stained, and photographed with a 10� objective as above.

Morphometric analysis was performed using NIH ImageJ soft-

ware (National Institutes of Health, Bethesda, MD). Data

shown are the mean of at least three independent experi-

ments in duplicate � S.E.M.

2.5. Western blot

Confluent cells were serum-starved for 48 h, and then were

treated. To obtain whole-cell lysates, cells were solubilized

in boiling Laemmli buffer. Protein concentration was deter-

mined using a BCA Protein Assay Reagent kit (Pierce Biotech-

nology, Rockford, IL, USA). Equal amount of proteins were

resolved by SDSePAGE in reducing conditions, and trans-

ferred onto a Hybond-C nitrocellulose membrane (Amersham

Biosciences, Uppsala, Sweden). Blots were probed with the

following primary antibodies: mouse anti-human MET

(DL21) (Prat et al., 1991),mouse anti-p65/RelA (#610869, BD Bio-

sciences, Bredford, MA, USA), rabbit anti-phospho MET

[Tyr1349 (130H2, #3133), Cell Signaling Technology (CST), Fre-

mont, CA, USA], mouse anti-phosphoeNFekB p65 [Ser536

(#3036), CST], rabbit anti-phospho ERK 1/2 [Thr202/Tyr204

(#9101), CST], rabbit anti-ERK 1/2 (#9102, CST), rabbit anti-

phospho-MEK 1/2 [Ser217/221 (#9154), CST], rabbit anti-MEK

1/2 (47E6, #9126, CST), rabbit anti-phospho Akt [Ser473, D9E

(#4060), CST], rabbit anti-Akt (#9272, CST), rabbit anti-Snail

(#3879, CST), rabbit anti-Egr-1 (588, #sc-110, Santa Cruz

Biotechnology) and biotinylated goat-anti-HGF (#BAF294,

R&D). Antibodies were visualized with appropriate horse-

radish peroxidase-conjugated secondary antibodies (Amer-

sham), and the enhanced chemiluminescence system (ECL,

Amersham). As a control of equal protein loading, blots were

stripped with Restore Western Blot Stripping Buffer (Thermo

Scientific, Rockford, IL, USA), and probed with mouse anti-

vinculin (#V9131, Sigma), goat-anti-GAPDH (#ab9483, Abcam,

Cambridge, UK), or goat-anti actin (I-19, #SC-1616, Santa

Cruz). For control of equal nuclear protein loading, blots

were decoratedwithmouse anti-laminB (#NA12, Calbiochem).

Western blots shown are representative of results obtained in

at least three independent experiments.

2.6. Immunofluorescence analysis

To evaluate E-cadherin downregulation, cells were seeded in

24-well plates (5 � 104) and treated with the indicated stimuli.

After 24 h, cells were fixed in 3% para-formaldehyde, incu-

bated with mouse anti-E-cadherin antibodies (#610182, BD

Biosciences) for 1 h, and revealed by appropriate Alexa-
Fluor-tagged secondary antibodies (Molecular Probes by Life

Technologies, Karlsruhe, Germany). Nuclei were counter-

stainedwith DAPI (Roche Applied Science, Basel, Switzerland).

Images representative of at least three independent experi-

ments were acquired with a Leica fluorescence microscope

(Leica DMI 3000 B).

2.7. Real-time qRT-PCR

Cells were treatedwith TNF-a, and total RNAwas extracted by

RNeasy Mini Kit (Qiagen, D�osseldorf, Germany), quantified us-

ing Nanodrop� (Nanodrop products, Wilmington, DE, USA),

and reverse-transcribed with High Capacity cDNA reverse

Transcription Kit (Applied Biosystems Inc, Foster City, CA,

USA). Real-Time PCR was performed on AB PRISM 7900HT

Sequence Detection System, using TaqMan� PCR Master

Mix, or SYBR� PCR green Master Mix (Applied Biosystems

Inc). EGR-1, HGF, TNF-a, TNFR1,MET, RON, ACTIN, UBIQUITIN,

and GAPDH TaqMan primers are commercially available

(Applied Biosystem Inc). SYBR green primers for MET and

PGK were designed in house; sequences are as follows:
Data were normalized against endogenous control (GAPDH,

ACTIN, UBIQUITIN, or PGK). Non-treated or DMSO-treated

cells were used as calibrators. Reported values are the mean

of at least two independent experiments in triplicate � S.E.M.

2.8. Immunohistochemistry

35 patients diagnosed with colorectal cancer and giving their

informed consent were recruited at the Candiolo Cancer Insti-

tute, under a protocol approved by the Institutional Review

Board (Study ID number: NCT02238821, registered in Clinical-

Trials.gov). Fresh specimens of the surgically resected tumor

and adjacent mucosa were fixed in 10% formaldehyde and

embedded in paraffin for pathological diagnosis. For immuno-

histochemistry, tumor sections underwent antigen retrieval

with Dako Epitope Retrieval citrate buffer pH 6.0 at 98 �C for

60 min (Dako, Hamburg, Germany). Sections were then incu-

bated with rabbit anti-MET antibodies [C-12 (#SC-10) Santa

Cruz Biotechnology] or mouse anti-TNF-a antibodies [P/T2

(#ab9579) Abcam Cambridge, UK] for 1 h and NovoLink Max

Polymer Detection System kit was used as the secondary

detection system with DAB as chromogen (Leica Microsys-

tems, Newcastle, UK). Intensity of the signal was classified

on a scale ranging from 0 to 3 by the pathologist (I.S.).

2.9. Gene expression analysis

Published datasets were analyzed as provided by the authors

(GSE 39582) (Marisa et al., 2013). The level of expression for

each gene was calculated as the average expression of the

http://ClinicalTrials.gov
http://ClinicalTrials.gov
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Figure 1 e TNF-a induces cell scatter, migration and invasion via MET. (A) Micrographs (103) of A549 cell scatter, taken 24 h after treatment

with TNF-a (10 ng/ml), in the absence (vehicle) or in the presence of the MET small molecule kinase inhibitor JNJ-38877605 (500 nM) or the

monovalent Fab fragment of the anti-MET monoclonal antibody DN30 (MvDN30, 0.28 mg/ml). HGF (50 ng/ml) was used alone as positive

control, or in combination with TNF-a. CTRL: cells without TNF-a. (B) Micrographs (43) of A549 cell migration assessed with Oris assay,

taken 72 h after treatment with TNF-a (10 ng/ml), in the absence (vehicle), or in the presence of JNJ-38877605 (500 nM) or MvDN30 (28 mg/ml).

HGF (50 ng/ml) was used alone as positive control, or in combination with TNF-a. CTRL: cells without TNF-a. (C) A549 cell invasion assessed

in Transwell assay 24 h after treatment with TNF-a (10 ng/ml), or MvDN30 (28 mg/ml), or the association of both (left panel), or after treatment

with TNF-a (10 ng/ml), or HGF (50 ng/ml), or the association of both (right panel). Graphs represent the fold change vs. control (untreated cells)

of the number of invading cells. Bars: mean of three independent experiments ± S.E.M. (D) A549 cell invasion assessed in Transwell assay 24 h

after treatment with TNF-a (10 ng/ml) or HGF (50 ng/ml), in cells transfected 48 h before with siRNA against MET (siMET) or control siRNA

(siCTRL). Graphs represent the fold change vs. control (untreated cells) of the number of invading cells. Bars: mean of three independent
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corresponding probesets. Statistical analysis was performed

with R-Bioconductor (R: Development Core Team, 2004). Heat-

map visualization was performed with GEDAS software (Fu

and Medico, 2007).
2.10. Statistical analysis

Numerical results were expressed asmean� S.E.M. Statistical

significance was evaluated using two-tailed Student’s t test

and correlations were evaluated with Fisher’s exact test. P-

values <0.05 were considered significant.
3. Results

3.1. TNF-a induces cell scatter, migration and invasion
via MET

In epithelial cells, we observed that TNF-a induces a “scat-

tered phenotype”, featuring cell dissociation from compact

islands (EMT), reminiscent of the response elicited by HGF,

the MET ligand (Figure 1A). We thus investigated whether

MET was involved in mediating the effects of TNF-a in the

scatter assay, and in other assays that require EMT as a pre-

requisite, such as cellmigration and invasion. To this purpose,

we treated epithelial cells lines (lung carcinoma A549 and

H322, and colon carcinoma SW-48) with TNF-a in the presence

of specificMET inhibitors, such as the small-molecule tyrosine

kinase inhibitor JNJ-38877605 (De Bacco et al., 2011), or the

monovalent Fab fragment of the anti-MET monoclonal anti-

body DN30 (MvDN30) (Pacchiana et al., 2010; Petrelli et al.,

2006). The latter exerts a specific MET inhibitory activity by

inducing the release (or shedding) of the extracellular domain

of the MET protein (Supplementary Figure 1A). Either JNJ-

38877605 or MvDN30 fully inhibited cell scatter (Figure 1A),

motility (Oris assay, Figure 1B), and invasion (Transwell assay,

Figure 1C and Supplementary Figure 1B and C). Similar results

were obtained in invasion assays with commercially available

MET inhibitors such as PHA 665752 and Crizotinib

(Supplementary Figure 1A, D and E), or in cells where MET

expression was knocked-down by siRNA (Figure 1D). The

concomitant administration of TNF-a and HGF enhanced the

scatter, motility and invasion responses, suggesting a mecha-

nism of synergism or (reciprocal) sensitization (Figure 1AeC).

We further assessed whether TNF-a was able to induce a pro-

invasive activity in a cell line (T47D, ductal breast epithelial

cancer) that does not express MET, but its homolog RON

(Yao et al., 2013), together with TNFR1 (Figure 1E). In this cell

line, the RON ligand MSP induced cell migration and invasion,

while TNF-a was ineffective (Figure 1F).

These results indicate that the migratory and pro-invasive

responses to TNF-a require MET expression and activity.
experiments ± S.E.M. Inset: Western blot showing MET protein in A549

siRNA (siCTRL). Vinculin was probed as control of equal protein loading. (

T47D cells. Data were represented as 40-ct. (F) T47D cell migration (left)

with TNF-a (10 ng/ml), or MSP (50 ng/ml). Graphs represent the fold chan

three independent experiments ± S.E.M.
3.2. MET inhibition does not interfere with TNF-a pro-
apoptotic activity

TNF-a exerts a bifunctional role, by promoting either cell

death or survival in a context-dependent manner (Balkwill,

2009). MET activation is crucial to protect cells from apoptosis

induced by stressful events and DNA damaging agents, such

as ionizing radiation (De Bacco et al., 2011). We thus reasoned

that MET inhibition could unbalance the equilibrium between

TNF-a-induced cell death and survival, in favor of apoptosis,

leading to the “apparent” inhibition of cell migration and inva-

sion. A549 cells were thus treated with TNF-a (10 ng/ml, the

dose used to induce the above pro-invasive response), in the

presence or in the absence of MET inhibitors (JNJ-38877605

or MvDN30). Apoptosis was assessed by flow-cytometric anal-

ysis of Annexin V labeling (Supplementary Figure 2A and B)

and Caspase-3 activation (Supplementary Figure 2C). In no

case, MET inhibition associated with TNF-a increased the

number of apoptotic cells. We further assessed e again with

negative results e whether association of MET inhibitors and

TNF-a induced necrosis, measured as release of lactate dehy-

drogenase (Supplementary Figure 2D).

Taken together, these results indicate that MET inhibition

does not affect the pro-invasive response to TNF-a by

unleashing the TNF-a pro-apoptotic activity.

3.3. TNF-a induces MET expression via NF-kB

Next, we investigated the molecular mechanisms linking the

pro-invasive activity of TNF-a to MET, by assessing whether

TNF-aupregulatesMETexpression. In time-courseexperiments

withA549cells,TNF-a (10ng/ml) inducedabiphasicMETprotein

accumulation, peaking at 6 and at 24 h, as shown by Western

blot analysis (Figure 2A). MET protein increase was associated

with MET mRNA induction, as shown by quantitative Real-

Time PCR (Figure 2B). MET protein accumulation after stimula-

tion with TNF-a was observed also in other cell lines, although

with different kinetics (Supplementary Figure 3A and B).

We then investigated whether NF-kB, known to be a main

transcription factor activated by TNF-a, was responsible

for MET induction. Therefore, expression of the NF-kB tran-

scriptionally functional subunit p65/RelA was knocked-down

in A549 cells by siRNAs specifically decreasing p65/RelA levels

by approximately 90% (data not shown). Silencing p65/RELA

completely prevented MET mRNA induction by TNF-a, indi-

cating that NF-kB is indeed required for TNF-a-induced MET

transcriptional upregulation (Figure 2C). The same was

observed by treating cells with TNF-a in the presence of

IKK 16, an inhibitor of the kinase complex IKK that mediates

NF-kB activation by TNFR1 (Waelchli et al., 2006)

(Supplementary Figure 3C).

Surprisingly, we also observed that IL-1a or IL-1b, two cyto-

kines known to activate NF-kB, did not induce either
cells treated for 48 h with siRNA against MET (siMET) or control

E) qRT-PCR showing TNFR1, MET and RONmRNA expression in

and invasion (right) assessed in Transwell assay 48 h after treatment

ge vs. control of the number of migrating/invading cells. Bars: mean of
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Figure 2 e MET expression is induced by TNF-a via NF-kB and associates with TNF-a in colorectal cancer. (A) Western blot showing MET

protein in A549 cells at the indicated time-points after TNF-a treatment (10 ng/ml). Vinculin was probed as control of equal protein loading. (B)

q-RT PCR showing MET mRNA induction in A549 cells at the indicated time-points after TNF-a treatment (10 ng/ml). Data were normalized

vs. PGK. Untreated cells were used as calibrator. Bars: mean of triplicate samples ± S.E.M of a representative experiment. (C) q-RT PCR showing

MET mRNA induction in A549 cells transfected 48 h before with siRNA against RELA (siRELA) or control siRNA (siCTRL), and treated with

TNF-a (10 ng/ml) for 6 h. Data were normalized vs. PGK. siRNA-transfected, untreated cells were used as calibrator. Bars: mean of triplicate

samples ± S.E.M of a representative experiment. (D) IHC analysis: sections of paraffin-embedded human colorectal adenocarcinomas from

representative cases stained with anti-TNF-a antibodies or anti-MET antibodies. Case 2, TNF-a/MET high: staining score 3D for both; case 23,

TNF-a/MET low: staining score 2D for both; case 32, staining score 2D TNF-a, 1D MET. (E) Graph representing the number of patients that

express high or low levels of TNF-a in association with high or low levels of MET in their colorectal cancer sections, stained as in D. As detailed

in Supplementary Table 1, TNF-a high: staining score 3D (13 cases); TNF-a low: staining score 1D and score 2D (22 cases); MET high: staining

score 3D (16 cases); MET low: staining score 1D or D2 (19 cases).
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migration or increased MET expression in A549

(Supplementary Figure 3D and E). This unexpected result

could be at least in part explained by the observation that IL-

1a and IL-1b could not induce phosphorylation of the NF-kB

subunit RelA on Ser536, which is conversely detected after

TNF-a stimulation (Supplementary Figure 3F), and it

is crucial for NF-kB transcriptional activity (Jeong et al., 2005).
3.4. TNF-a and MET expression correlate in colorectal
cancers

In a panel of 35 surgical samples of primary colorectal adeno-

carcinoma (for clinical data see Supplementary Table 1),

immunohistochemical analysis revealed that (i) TNF-a is

expressed e at variable levels e by both stromal and cancer

cells; (ii) MET is detectable e at variable levels e almost exclu-

sively in cancer cells (Figure 2D); (iii) high levels of TNF-a

expression significantly correlate with high levels of MET,

and e vice versa e low TNF-a significantly correlates with

low MET (Figure 2E and Supplementary Table 1) (P ¼ 0.0064,

Fisher’s exact test). The concordant expression between

TNF-a and MET suggests that an increased levels of the cyto-

kine may support the expression of the oncogene in vivo.
3.5. Activation of MET signaling by TNF-a

The blockade of the TNF-a pro-invasive response by MET ki-

nase inhibitors implies that TNF-a not only increases MET

expression, but also activates MET signaling. To investigate

this assumption, cells were treated with TNF-a in time-

course experiments, and MET was immunoprecipitated and

analyzed by Western blot with anti-phospho-tyrosine anti-

bodies. A modest increase of MET phosphorylation was

detectable, starting from 10 min and lasting up to 24 h

(Supplementary Figure 4A). The extent of this phosphoryla-

tion was however comparable to that induced by sub-

optimal doses of HGF, ranging from 0.5 to 5 ng/ml

(Supplementary Figure 4A), which are still capable of promot-

ing the full spectrum of HGF biological activities (Naldini et al.,

1991).

To explain the weak but significant MET phosphorylation

stimulated by TNF-a, we investigated whether TNF-a induced

HGF expression as well. However, we found that HGF mRNA

was negligibly expressed by A549 cells (as well as other epithe-

lial cells) at basal conditions, and not upregulated by TNF-a

(Supplementary Figure 4B and data not shown).

We then assessed whether, as in the case of other cell-

surface molecules, TNFR1 could physically associate with

MET, thus contributing to its activation. A549 cells were

treated with TNF-a and analyzed in time-course experiments

by immunofluorescence with anti-TNFR1 or anti-MET anti-

bodies. In confocal microscopy, no colocalization of the two

receptors could be observed (Supplementary Figure 4C). More-

over, in co-immunoprecipitation experiments, no association

between TNFR1 and MET was detectable either in the absence

or in the presence of TNF-a (data not shown). Altogether, these

experiments allowed to exclude that MET phosphorylation

induced by TNF-a resulted from direct interaction of the acti-

vated TNFR1 with MET.
We also investigated whether TNF-a could regulate MET

endocytosis and relocalization to the perinuclear compart-

ment. This event, as a rule elicited by MET binding to HGF,

was shown to facilitate activation of MET signaling, and its

downstream transducers such as STAT3 and MAP kinases

(Joffre et al., 2011; Kermorgant and Parker, 2008). However, un-

like HGF, TNF-a could not induceMET internalization from the

cell surface and endocytosis, as observed by immunofluores-

cence (Supplementary Figure 5A), and cell surface bio-

tinylation experiments (Supplementary Figure 5B).

Finally, we considered that TNFR1 activates SRC (Pincheira

et al., 2008), which, in turn, can phosphorylate MET

(Emaduddin et al., 2008). Indeed, in A549 cells TNF-a activated

SRC, but the specific SRC inhibitor Saracatinib (Bertotti et al.,

2010) only weakly affected MET phosphorylation (data not

shown). However, Saracatinib inhibited cell migration and in-

vasion induced by TNF-a (Supplementary Figure 5C), indi-

cating that SRC may be critical to sustain the MET pro-

invasive signaling either directly or indirectly.

3.6. TNF-a downregulates E-cadherin via MET and the
downstream MEK-ERK/Snail pathway

Next we investigated whether TNF-a exploited MET signaling

to promote an early and crucial step of cell invasion such as E-

cadherin downregulation. Indeed, TNF-a caused a strong

decrease of E-cadherin expression at the cell surface, which

was prevented by the MET inhibitor, as observed by immuno-

fluorescence (Figure 3A). It is known that both TNF-a and HGF

induce E-cadherin downregulation through the transcrip-

tional repressor Snail (Wu et al., 2009; Grotegut et al., 2006).

This was confirmed in A549, where Snail silencing concomi-

tantly prevented E-cadherin downregulation (Figure 3B and

Supplementary Figure 6A) and cell invasion induced by TNF-

a, as well as by HGF (Figure 3C). After TNF-a stimulation, accu-

mulation of the Snail protein was observed between 3 and

24 h, with a peak after 6 h, and abolished by the MET inhibitor

(Figure 3D), suggesting that MET activation mediates Snail

induction.

Snail accumulation that follows MET stimulation by HGF

has been associated with activation of the MAP kinase

pathway (Grotegut et al., 2006). In time-course experiments,

TNF-a induced phosphorylation of MEK, peaking at

10e30 min, and lasting up 6 h, and of p42/p44 ERK, peaking

at 10e30 min and at 3e6 h. Both MEK and ERK phosphoryla-

tion was significantly reduced at late time-points by concom-

itant treatment with TNF-a and the MET inhibitor JNJ-

38877605, again suggesting that MET is required for prolonged

activation of the pathway (Figure 4A and Supplementary

Figure 7). Interestingly, phosphorylation of Akt, a signal trans-

ducer involved in protection from apoptosis, was induced by

TNF-a but unaffected by the MET inhibitor (Figure 4A). Activa-

tion of theMEK/ERK pathwaywas required to downregulate E-

cadherin and to induce Egr-1, a transcription factor implied in

Snail transcriptional induction by MET (Grotegut et al., 2006),

as shown in cells treated with TNF-a, and the specific MEK in-

hibitor PD 98059 (Figure 4B). Consistently, MEK inhibition or

Egr-1 silencing significantly prevented TNF-a-induced cell

migration or invasion (Figure 4C and D and Supplementary

Figure 6B).
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Figure 3 e TNF-a downregulates E-cadherin via MET through

Snail. (A) Immunofluorescence images (103) of A549 cells treated

with TNF-a (10 ng/ml), in the presence of JNJ-38877605 (500 nM),

or vehicle (DMSO), or HGF (50 ng/ml), for 24 h. CTRL: cells

without TNF-a. Cells were stained with anti-E-cadherin antibodies

(red). Nuclei were counterstained with DAPI (blue). (B) Western blot

showing E-cadherin protein in A549 transfected 48 h before with

siRNA against Snail (siSNAIL) or control siRNA (siCTRL), and

treated for 24 h with TNF-a (10 ng/ml). GAPDH was probed as

control of equal protein loading. (C) A549 invasion assessed in

Transwell assay 24 h after treatment with TNF-a (10 ng/ml), or HGF

(50 ng/ml), in cells transfected 48 h before with siRNA against

SNAIL (siSNAIL) or control siRNA (siCTRL). Graphs represent the

fold change vs. control (untreated cells) of the number of invading

cells. Bars: mean of three independent experiments ± S.E.M. (D)

Western blot showing Snail protein in A549 cells at the indicated

time-points after treatment with TNF-a (10 ng/ml), in the absence or

in the presence of JNJ-38877605 (500 nM). Vinculin was probed as

control of equal protein loading.
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Taken together, these experiments indicate that the pres-

ence of a functional MET is required for Snail accumulation

and E-cadherin downregulation by TNF-a. Among signaling

pathways depending of MET, sustained activation of MEK/

MAP kinases and induction of transcription factor Egr-1 are

likely critical to mediate cell migration and invasion induced

by TNF-a.
3.7. TNF-a induces HGF expression by fibroblasts, and
correlates with HGF in an inflammatory colorectal cancer
subtype

As observed in scatter, migration and invasion experiments

(Figure 1), TNF-a and HGF synergize. A likely explanation is

that increased expression of MET induced by TNF-a sensitizes

cells to HGF, as observed in cases of MET overexpression sus-

tained by ionizing radiation or hypoxia (De Bacco et al., 2011;

Pennacchietti et al., 2003). We further reasoned that, if HGF

would be transcribed together with MET in response to TNF-

a, as indicated by previous findings (Tamura et al., 1993), this

could result in a marked enhancement of the pro-invasive

MET signaling. However, we found that this was not the case

in carcinoma cells, as shown by HGF mRNA and protein anal-

ysis (Supplementary Figure4Banddatanot shown). Refractori-

ness of epithelial cells to express HGF is not surprising, as,

during differentiation, this gene is repressed in cells of endo-

dermal or ectodermal origin, while it is expressed in cells of

mesodermal origin, thusallowing formationof paracrine loops

(Sonnenberg et al., 1993). Consistently, we found that, in fibro-

blasts, TNF-a induced both HGF mRNA and pro-HGF, the

secreted precursor of the factor activated by extracellular pro-

teolytic cleavage (Naldini et al., 1992) (Figure 5A and B).

We then investigated whether TNF-a and HGF expression

correlate in tumor tissues. As immunohistochemical detec-

tion of HGF is unreliable, owing to unspecific immunoreac-

tivity of the available antibodies (data not shown), we

analyzed a large dataset of colon cancer global gene expres-

sion (566 cases), used for classification into six molecular sub-

types (C1eC6) (Marisa et al., 2013). Not surprisingly, we found

that TNF-a expression was higher in C2 (104 cases), the sub-

type defined by a signature enriched in genes of the immune

system/inflammatory response (Marisa et al., 2013). Interest-

ingly, in this subtype, tumors expressing high levels of TNF-

a expressed also high levels of HGF, and the correlation was

statistically significant (Pearson ¼ 0.24, P < 0.05) (Figure 5C).

Taken together, these findings suggest that TNF-a not only

inducesMET expression in carcinoma cells, but also expression

of its ligand HGF in fibroblasts, a finding reflected in cancer tis-

sues, thus suggesting that a perilous pro-invasive paracrine cir-

cuit involving TNF-a, HGF and MET may take place in vivo.
4. Discussion

It is now recognized that the “hallmarks of cancer” are modu-

lated by the (inflammatory) microenvironment, but at

different extents (Hanahan and Coussens, 2012). Whereas

the basic hallmarks such as self-sustained proliferation,

evasion from apoptosis, and replicative immortality mainly

rely on genetic alteration of specific signal transduction path-

ways, and thus are largely cell-autonomous, the most

advanced and lethal hallmarks, i.e. invasion and metastasis,

are not yet firmly associated with specific genetic lesions,

and may be crucially sustained by “landscaping factors” pro-

vided by accessory cells of the microenvironment. However,

one could envision that key extracellular pro-invasive signals

still impinge on intracellular oncogenic pathways.
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Figure 4 e TNF-a sustains the MEK-ERK pathway through MET, and the MEK-ERK pathway is required for cell invasion. (A) Western blot

showing phosphorylation of MEK1/2 (p-MEK 1/2), p42/44 ERK 1/2 (p-ERK 1/2), and Akt (p-Akt), and the respective total proteins, at the

indicated time-points after A549 treatment with TNF-a (10 ng/ml), in the absence or in the presence of JNJ-38877605 (500 nM). Vinculin was

probed as control of equal protein loading. (B) Western blot showing E-cadherin and Egr-1 expression at the indicated time-points after A549

treatment with TNF-a (10 ng/ml), in the absence or in the presence of the MEK inhibitor PD 98059 (20 mM). GAPDH was probed as control of

equal protein loading. (C) A549 cell migration assessed in Transwell assay 24 h after treatment with TNF-a (10 ng/ml), in the absence or in the

presence of PD 98059 (20 mM). Graphs represent the fold change vs. control (untreated cells) of the number of migrating cells. Bars: mean of three

independent experiments ± SEM. (D) A549 cell invasion assessed in Transwell assay 24 h after treatment with TNF-a (10 ng/ml), in cells

transfected 48 h before with siRNA against EGR-1 (siEGR-1) or control siRNA (siCTRL). Graphs represent the fold change vs. control

(untreated cells) of the number of invading cells. Bars: mean of three independent experiments ± S.E.M.
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In this work we show that cell scatter, migration and inva-

sion induced by TNF-a are prevented by treatment with inhib-

itors (small-molecules or monoclonal antibodies) of the

tyrosine kinase receptor encoded by the MET oncogene. MET

is well known for its ability to sustain “invasive growth”, a ge-

netic program physiologically performed by stem/progenitor

cells for development and tissue regeneration, and inappro-

priately activated by cancer cells for invasion and metastasis

(Trusolino et al., 2010). Interestingly, the cooperation between

TNF-a andMET is committed to the pro-invasive response and

does not interfere with the context-dependent control of

TNF-a on apoptosis (Balkwill, 2009).

We then observed that the pro-invasive activity of TNF-a

associates with transcriptional upregulation of MET. Simi-

larly, we previously reported that ionizing radiation induces

invasive growth, and that the latter requires MET transcrip-

tional upregulation. Notably, we showed that MET induction

in irradiated cells is mediated by direct binding of NF-kB to

the MET promoter. In irradiated cells, NF-kB is the crossroad

of two pathways: one “intrinsic”, starting with activation of

ATM kinase by DNA damage, which, in turn, activates NF-kB
through the regulatory complex IKK; the other “extrinsic”,

entailing expression of TNF-a by irradiated cells and autocrine

stimulation (De Bacco et al., 2011). Starting from these obser-

vations, we now show that TNF-a is directly responsible for

MET transcriptional regulation, through the functional NF-kB

subunit p65/RelA, consistently with data obtained by others

in murine models (Dai et al., 2009). Interestingly, we also

found that, in cell lines such as A549, other cytokines acti-

vating NF-kB, such as IL-1a and IL-1b, fail to induce MET accu-

mulation, aswell as cell scatter and invasion. Indeedwe found

that, unlike TNF-a, these cytokines could not induce phos-

phorylation of p65/RelA at Ser536, which is required to sustain

NF-kB transcriptional activity (Jeong et al., 2005). This is at

variance with previous data (Moghul et al., 1994), and may

depend of the cellular context.

The reported experiments make a strong point about the

involvement of the MET kinase in the signaling cascade trig-

gered by TNF-a to elicit the pro-invasive phenotype. However,

the detailedmechanism of MET kinase activation by TNF-a re-

mains to be fully elucidated. Twomain hypotheses were chal-

lenged and disproved: (i) first, we considered concomitant

http://dx.doi.org/10.1016/j.molonc.2014.09.002
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Figure 5 e TNF-a induces HGF expression by fibroblasts in vitro and correlates with HGF in an inflammatory colorectal cancer subtype. (A) q-

RT PCR showing HGF mRNA accumulation in MRC-5 fibroblasts at the indicated time-points after TNF-a treatment (10 ng/ml). Data were

normalized against endogenous control (GAPDH). Untreated cells were used as calibrator. Bars: mean of triplicate samples ± S.E.M of a

representative experiment. (B) Western blot showing the HGF precursor pro-HGF in MRC-5 fibroblasts at the indicated time-points after TNF-

a treatment (10 ng/ml). Vinculin was probed as control of equal protein loading. (C) Heatmap showing association of TNF-a and HGF expression

in the C2 inflammatory subtype (104 samples) of a colorectal cancer dataset (Marisa et al., 2013) (Pearson [ 0.24, P < 0.05).
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induction of the MET ligand HGF (a known NF-kB target gene)

(Harrison and Farzaneh, 2000). This was excluded, at least in

epithelial cell lines, by lack of HGF mRNA or protein expres-

sion after TNF-a treatment. (ii) Second, as it was shown that

MET can be activated by physical interaction with other sur-

face receptors, including molecules lacking tyrosine kinase

activity (Trusolino et al., 2010), we hypothesized that the acti-

vated TNF receptor could oligomerize with MET. This was

ruled out by lack of receptor co-precipitation, and by lack of

receptor co-localization after fluorescent immunostaining

and confocal microscopy. We can also hypothesize that MET

phosphorylation is mediated by an intracellular kinase. A

likely candidate is SRC, which is known to phosphorylate

MET (Emaduddin et al., 2008), and can be activated by the

TNF Receptor (Pincheira et al., 2008). Indeed, in A549 cells,

TNF-a activated SRC, and invasion promoted by TNF-a was

prevented by the specific SRC inhibitor Saracatinib (Bertotti

et al., 2010), but modulation of MET phosphorylation was

barely detectable. These findings suggest that SRC involve-

ment in the crosstalk between TNF receptor and MET is prob-

able, but not conclusively proven. Moreover, we can propose

that, when the MET protein accumulates as result of tran-

scriptional upregulation, ligand-independent receptor oligo-

merization may be favored. This phenomenon has been well

documented in a number of conditions implying higher levels

of MET expression, such as MET gene amplification (Giordano

et al., 1989), or transcriptional upregulation by hypoxia or

ionizing radiation (Pennacchietti et al., 2003; De Bacco et al.,

2011).

Whatever themechanisms linkingTNF-a toMETactivation,

we could show that the pro-invasive response to TNF-a relies
on a chain of events depending of MET or its downstream

transducers. In particular, (i) sustained MEK/ERK activation;

(ii) accumulation of Snail protein; and (iii) E-cadherin downre-

gulation were shown to be prevented by specific MET inhibi-

tors. Moreover, we showed that transcription factor Egr-1,

known to promote Snail induction after HGF stimulation

(Grotegut et al., 2006), is required for migration induced by

TNF-a as well, and accumulates only in the presence of active

MEK/ERK pathway. Conversely, CSN2, a NF-kB target known to

prevent Snail degradation (Wu et al., 2009), was not induced by

TNF-a in our experimental setting (data not shown).

Finally, we showed that, while TNF-a does not induce

expression of HGF in epithelial cancer cells, it does so in fibro-

blasts, frequently associated with the inflammatory tumor

microenvironment (Hanahan and Coussens, 2012). This

in vitro finding was reverberated by a significant association

between TNF-a and HGF expression in the “inflammatory sub-

type” of human colorectal cancers, classified on the basis of

gene expression signatures (Marisa et al., 2013).

Taken together, the data presented in this paper allow to

move a step ahead in understanding the relationship between

the inflammatory microenvironment and cancer cells. It has

been previously shown that NF-kB sustains tumor progression

by driving in fibroblasts expression of cytokines, amongwhich

TNF-a is both a target and an activator of NF-kB (Erez et al.,

2010). We now show that TNF-a bridges fibroblasts to cancer

cells via the HGF/MET paracrine circuit, enabling the invasive

growth program. As TNF-a induces its own expression in both

accessory and cancer cells (see Supplementary Figure 4B),

chronic inflammation perpetuates and cell invasion is self-

sustained (Grivennikov et al., 2010). Therefore, inhibition of

http://dx.doi.org/10.1016/j.molonc.2014.09.002
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TNF-a should prevent invasion, as well as other cancer hall-

marks associated with inflammation, as shown in preclinical

models (Popivanova et al., 2008). However, clinical studies

showed that administration of TNF-a antibodies to arthritis

rheumatoid patients may increase the risk of serious infec-

tions and malignancies (Bongartz et al., 2006). Moreover, NF-

kB inhibitors caused severe immune deficiency and paradoxi-

cal acute inflammation in mice, hindering further develop-

ment of human NF-kB inhibitors (Grivennikov et al., 2010).

To counteract cancer invasion associated with inflammation,

an attractive alternative to TNF-a inhibitors could be MET in-

hibitors, which conjugate effective and specific targeting of

the pro-invasive pathway with an acceptable level of toxicity

(Peters and Adjei, 2012).
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