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ABSTRACT
NFkappaB transcription factor regulates gene expression in response to extracellular stimuli such as TNF alpha. The genes regulated by

NFkappaB encode for proteins which control cell growth and survival. Met is the tyrosine kinase receptor for hepatocyte growth factor, and it

too promotes cell mitogenesis and survival. Previously, we showed that Met gene expression is regulated by TNF alpha. In this report, we

identify and characterize a TNF alpha response element in the Met promoter. This element contains tandem C/EBP sites adjacent to an

NFkappaB site. Binding of the NFkappaB p65 subunit and C/EBP beta to this element is induced by TNF alpha. To examine the interplay of

NFkappaB and Met in vivo, we determined that Met mRNA and protein levels are reduced in the livers of p65�/� mice as compared to

controls. In p65�/� mouse embryonic fibroblasts (MEFs), Met induction by TNF alpha is abrogated while Met’s basal gene expression is

reduced by half as compared to controls. When overexpressed in p65�/� MEFs, Met confers resistance to TNF-alpha-mediated cell death.

Conversely, expression of dominant negative Met in wild-type MEFs renders them sensitive to cell death induced by TNF alpha. A similar

response following TNF alpha challenge was observed in hepatocytic cells treated with siRNA to knockdown endogenous Met. Together, these

results indicate that the Met gene is a direct target of NFkappaB and that Met participates in NFkappaB-mediated cell survival. J. Cell.

Biochem. 107: 1222–1236, 2009. � 2009 Wiley-Liss, Inc.
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T he hepatocyte growth factor receptor (also known as Met) is a

transmembrane tyrosine kinase that elicits a variety of

biological responses including cell growth and survival [for review,

see Trusolino and Comoglio, 2002; Birchmeier et al., 2003]. Met

induces cell survival by inhibiting both the intrinsic and extrinsic

apoptotic pathways [Graziani et al., 1991; Bardelli et al., 1996; Fan

et al., 1998; Wang et al., 2002; Zou et al., 2007]. Due to Met’s

pleotropic effects on cell function, it is not surprising that the Met

gene is overexpressed in a significant percentage of human cancers

and that its expression is upregulated in remnant tissues following

responses to tissue injury or loss [e.g., during liver regeneration;

Hoshino et al., 1993]. Thus, regulated expression of the Met gene

appears to contribute importantly to normal and aberrant growth

and survival. It is unclear, however, which factors govern Met gene
ames Y. Dai and Marie C. DeFrances contributed equally to this work.

ames Y. Dai’s present address is Program in Biostatistics and Biomathem
enter, Seattle, WA.

Correspondence to: Dr. Reza Zarnegar, PhD, Department of Pathology, Un
cience Tower, Pittsburgh, PA 15261. E-mail: rezazar@pitt.edu

eceived 17 March 2009; Accepted 1 May 2009 � DOI 10.1002/jcb.22226

ublished online 15 June 2009 in Wiley InterScience (www.interscience.w
promoter activity. In order to gain a better understanding of how

Met’s gene expression is controlled, we cloned and partially

characterized the mouse Met promoter [Seol and Zarnegar, 1998]

while others cloned the human Met promoter region [Gambarotta

et al., 1994]. Through analysis of the promoter sequences and

functional experimentation, it was determined that transcription

factors such as ets1 [Gambarotta et al., 1996], Pax3 [Epstein et al.,

1996], Sp1 [Seol and Zarnegar, 1998], p53 [Seol et al., 1999], and

AP1 [Seol et al., 2000] regulate the transcription of the Met gene. In

other studies, we determined that Met gene expression is highly

inducible in human and mouse cell lines following treatment with

various inflammatory cytokines such as tumor necrosis factor alpha

(TNF alpha) and interleukin-1 alpha (IL-1 alpha) [Moghul et al.,

1994; Chen et al., 1996, 1997]. These findings suggest that
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extracellular cues dictate Met gene activity and that proper Met gene

promoter function requires a specific transcription factor repertoire.

Apoptosis is a critical physiological process for organ develop-

ment, tissue homeostasis, and removal of potentially unsavory cell

types. The Rel/NFkappaB transcription factors block apoptosis in a

wide range of cells types. NFkappaB (nuclear factor kappa B) was

originally identified as a nuclear factor that bound to an enhancer

element in the kappa light chain immunoglobulin gene [Sen and

Baltimore, 1986]. It has subsequently been shown to control the

inducible expression of numerous genes and to actively participate

in processes such as cell growth, inflammation and cancer in

organs like the liver [Karin and Greten, 2005]. To date, five proteins

belonging to the NFkappaB family have been identified in

mammalian cells: RelA (also known as p65), c-Rel, RelB, p105/

p50 (NFkappaB1), and p100/p52 (NFkappaB2). In unstimulated cells,

NFkappaB hetero- and homodimeric complexes are sequestered in

the cytoplasm in an inactive form due to association with members

of the inhibitor of NFkappaB (IkB) family [for review, see Li and

Stark, 2002]. Stimuli such as inflammatory cytokines IL-1 beta and

TNF alpha lead to phosphorylation of IkB and its disengagement

from the NFkappaB dimeric complex [for review, see Lentsch and

Ward, 1999]. NFkappaB dimers then translocate to the nucleus and

activate a variety of genes that carry a specific 10 bp DNA consensus

binding site [Henkel et al., 1992]. Several NFkappaB targets are

genes involved in cell survival such as Bcl-2 family members Bcl-XL

[Lee et al., 1999] and A1/Bfl1 [Grumont et al., 1999], adaptor

molecules TRAF1 and TRAF2, and apoptosis inhibitors IAP-1 and

IAP-2 [Wang et al., 1998].

It is well known that both NFkappaB and Met inhibit apoptosis in

the liver. For example, the major cause of embryonic death of RelA

(p65) knock out mice is massive apoptosis of hepatocytes by

days e15–16 [Beg et al., 1995], suggesting a role for NFkappaB

in protecting cells from pro-apoptotic stimuli produced in the

embryonic liver, released perhaps by resident hematopoietic cells

[Beg and Baltimore, 1996]. Notably, a similar phenotype is seen in

Met global knock out embryos [Bladt et al., 1995] indicating that loss

of the Met signaling axis blocks efficient hepatocyte growth and

survival during the prenatal period. Given the similarity of the liver

histology of knock out animals lacking Met or NFkappaB, it is

tempting to speculate that their functions in hepatic development

are interdependent and inextricably linked.

In this report, we present evidence that NFkappaB upregulates the

promoter activity of the Met gene to facilitate cellular resistance to

apoptosis. Our findings identify Met as an important NFkappaB

transcriptional target and mediator of NFkappaB-induced cell

survival.

MATERIALS AND METHODS

CELL CULTURE AND PLASMIDS

Hepa1-6, HepG2, and NIH3T3 cells (mouse and human hepatocel-

lular carcinoma cells and normal mouse fibroblasts, respectively)

were obtained from the American Type Culture Collection (Rock-

ville, MD). RelA knock out mouse embryonic fibroblasts (MEFs) and

wild-type counterpart controls were kindly provided by Dr. Amer

Beg (H. Lee Moffitt Cancer Center & Research Institute, Tampa, FL).
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pCMV–RelA expression vector was kindly provided by Dr. David

Brenner (Columbia University, NY, NY). pMEX-C/EBP beta

was obtained from Dr. Steven McKnight (University of Texas

Southwestern, Dallas, TX). The serially deleted forms of the Met

promoter fused to the CAT reporter gene were reported earlier [Seol

and Zarnegar, 1998]. A dominant negative version of mouse Met

(lacking the entire cytoplasmic region of Met) was described

previously [Monga et al., 2002] and then subcloned into various

vectors including a GFP bicistronic expression vector according to

the manufacturer’s recommendations (Clontech, Mountain View,

CA). The wild-type (S1) and mutant (M1) forms of the composite

NFkappaB-C/EBP site in the Met promoter (depicted in Fig. 2A)

were cloned into the Bgl II site of the pGL2 luciferase reporter gene

(Promega, Madison, WI).

ASSURANCES

Appropriate University of Pittsburgh Institutional Animal Care and

Use Committee (IACUC) and Recombinant DNA (rDNA) approvals

were obtained prior to commencing these studies.

ANIMALS

Snap frozen liver tissue and unstained histological tissue sections of

p65�/� or control mice were obtained from Dr. Amer Beg (H. Lee

Moffitt Cancer Center & Research Institute, Tampa, FL). For partial

hepatectomy experiments, mice were subjected to liver resection as

described [Sakamoto et al., 1999].

SEMI-QUANTITATIVE RT-PCR

Total RNA was extracted from frozen liver tissues of p65�/� or

control mice using RNAzolB and subjected to semi-quantitative RT-

PCR (25, 30, and 40 cycles) following reverse transcription using

AMV Reverse Transcriptase (Promega) and Random Primer (Roche

Applied Science, Indianapolis, IN). The following Met primers were

synthesized and used in PCR: Forward: 50-GCAGAAACCCCCATCC-

AGAATGTC-30and Reverse: 50-GGCCCCTGGTTTACTGACATACG-

C-30. Products were analyzed by agarose gel electrophoresis.

Beta-actin primers were purchased from Clontech and added at

the recommended concentration as an internal control. Negative

controls for PCR contamination included addition of no template

and/or no RT: no product was detected by gel analysis.

WESTERN BLOT ANALYSIS

Protein lysate was made from liver tissues or cell lines as indicated.

Equal amounts of protein (50mg) were separated by 8% SDS–

polyacrylamide under reducing conditions. Protein was transferred

to nitrocellulose membrane, and Ponceau S staining was performed

to confirm proper transfer and equal loading of samples. The

membrane was blocked for 1 h at room temperature with 5% non-fat

milk in TBS-T buffer (20 mM Tris–HCl, 150 mM NaCl, and 0.1%

Tween-20), and then the membrane was incubated with anti-Met

antibody (SP-260; Santa Cruz Biotechnology, Inc., Santa Cruz, CA)

typically at a dilution of 1:500–1:1,000 at 48C overnight. The

secondary antibody was goat anti-rabbit horseradish peroxidase

conjugated from Chemicon and typically used at a 1:20,000

dilution. The signals were visualized by the enhanced chemilumi-

nescence system (ECL solution, Amersham Corp.).
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PREPARATION OF NUCLEAR EXTRACTS AND ELECTROPHORETIC

GEL MOBILITY SHIFT ASSAYS

Hepa1-6 cells were grown to approximate 80% confluence, serum-

starved for overnight and then treated with or without TNF alpha at

50 ng/ml for 3 h. Cells were washed twice with cold phosphate-

buffered saline and scraped with a rubber policeman in the same

buffer. Nuclear protein extracts were prepared as we previously

described [Seol et al., 2000]. Double-stranded oligonucleotides used

in electrophoretic gel mobility shift assays (EMSAs) were labeled

with [alpha-32P] dCTP by end labeling with Klenow fragment of

DNA polymerase and used (0.2–0.4 ng) in gel mobility shift. One

microgram of poly(dI–dC) (Pharmacia) was used as the non-specific

competitor in 10ml of reaction mixture. Ten micrograms of nuclear

protein extract was used in each binding reaction. For competition

assays, a 50-fold molar excess of unlabeled oligonucleotides was

incubated in reaction mixtures. When antibodies (1ml) were used in

supershift assays, they were incubated with nuclear extracts for

20 min before adding other reagents. Gels were run in 0.5� TBE

buffer at a constant voltage of 190 V, dried, and autoradiographed

with intensifying screens.

OLIGONUCLEOTIDES AND ANTIBODIES

The following oligonucleotides were synthesized to perform

EMSAs: S1: 50-GGGGATAATGATTGCAAAATGAAATCATTGGGA-

CAATCCGTCCATGCAC-30; M1: 50-GGGGATAATGATTGCAAAAT-

GAAATCATTAACTGGCAAGTCCATG-CAC-30; S2: 50-GGGGATAA-

TGATTGCAAAATGAAATCATT-30; M2: 50-GGGGATAATGAGGAA-

CGAATGAAATCATT; S3: 50-AATGAAATCATTGGGAC-AATCCG-

TCCATGCAC-30; M3: 50-AATGAAATCATTAAACTGGCAAGTCC-A-

TGCAC-30; M4: 50-CCGTCCCGACGGGGGACAATCCGTCCATGCAC-

30. The following oligonucleotdides and antibodies were purchased

from Santa Cruz Biotechnology, Inc.: consensus C/EBP (CC) site:

50-TGCAGATTGGGCAAT CTGCA-30; consensus NFkappaB (CN) site:

50-AGTTGAGGGGACTTTCCCAGG-30; antibodies against C/EBP

alpha, beta, and delta as well as against c-Rel, p65, and p50 were

used in gel supershift assays.

CAT/LUCIFERASE ASSAYS

Hepa1-6 cells were cultured in 6-well plates for 24 h and then

transfected with various mouse Met-CAT chimeric plasmids using

lipofectamin (Life Technology, Inc.). Five micrograms DNA and 5ml

of lipofectamin were mixed at room temperature for 30 min and

incubated with serum-free DMEM overnight. Cells were then

cultured in DMEM for 48 h. After cells were washed twice with PBS,

pelleted, resuspended in 150ml of 0.25 M Tris–HCl (pH 7.5), and

disrupted by five freeze–thaw cycles, the protein suspension was

clarified by centrifugation at 15,000g for 5 min at 48C. The

supernatant was collected and assayed for CAT or luciferase activity.

CAT activity was determined as follows: reaction mixtures

containing the cell extract, 0.2mCi of [14C] chloramphenicol, and

4.4 mM acetyl coenzyme A were incubated for 2 h at 378C. The

reaction products were separated by thin-layer chromatography

(Kodak, Rochester, NY) and visualized by autoradiography.

Experimental results were normalized by beta-galactosidase

activity. Luciferase activity was measured using Luciferase Assay

Reagent (Promega) according to the manufacturer’s recommenda-
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tions and a Lumat luminometer (Lumat LB 9507, EG&G Berthold,

Bad Wildbad, Germany).

IMMUNOHISTOCHEMISTRY

Immunohistochemistry was performed on unstained histologic

sections of p65�/� and wild-type mouse embryos. Anti-mouse Met

antibody was purchased from Santa Cruz Biotechnology, Inc. (B-2;

Cat# sc-8057) and used at 1:50 dilution. Anti-mouse secondary

antibody (Cat# BA-9200) from Vector Laboratories (Burlingame,

CA) was used at 1:200 dilution. IgG primary antibody was used as a

negative control. Histologic sections were photographed using a

Nikon (Melville, NY) Eclipse E600W microscope equipped with a

Nikon Coolpix 5700 digital camera.

DN-MET, MET AND GFP EXPRESSION VECTORS, TRANSFECTION

AND CELL VIABILITY ASSAYS

DN-Met and full-length mouse Met cDNAs were subcloned into GFP

bicistronic or pCMV expression vectors, respectively. GFP was

subcloned into the pCMV expression vector. p65�/� or control

MEFs were plated in 6-well plates 24 h before transfection. Cells

were grown to 50–60% confluence and transfected with the GFP-

DN-Met expression vector (p65þ/þ MEFs) or pCMV-GFP þ/�
pCMV-Met expression vector (p65�/� MEFs) by the lipofectamin

method for 8 h. Cells were serum starved for 36 h; TNF alpha at a

concentration of 50 ng/ml was added for 24 additional h under

serum-free conditions. The number of viable (as determined by

trypan blue dye exclusion) fluorescent green cells was counted using

an inverted fluorescent microscope. Vectors lacking Met cDNA were

included as controls where indicated.

SIRNA-MEDIATED KNOCKDOWN OF MET

Human Met double-stranded RNA oligos were purchased from

Ambion, Inc. (Austin, TX) The sequence of the Met3 SiRNA oligo

which was used in these studies is 50-GGTGAAGTGT-

TAAAAGTTGTT-30. The control siRNA oligo is GAPDH and was

supplied in the siRNA kit. RNA oligos were introduced into the cells

by the SilencerTM siRNA Transfection Kit (Applied Biosystems/

Ambion, Inc.) following the manufacturer’s instructions. Briefly,

HepG2 cells were seeded into 12-well plates at a concentration

of 105 cells/ml and grown 24 h before transfection. SiPORT Lipid was

mixed thoroughly with OPTI-MEM in reduced serum medium and

transfection was carried out as recommended by the supplier. The

efficiency of knockdown by RNAi was examined by Western

blotting after 48 h using antibodies to Met, TNFR-I, or TNFR-II

(purchased from Santa Cruz Biotechnology, Inc.) After siRNA

transfection, cells were serum starved overnight and subjected to

TNF-alpha-mediated apoptosis. Actinomycin-D was added at a

concentration of 100 ng/ml while that of recombinant human TNF

alpha (R&D Systems, Minneapolis, MN) was added at 20 ng/ml.

CELL DEATH ASSAYS

The Cytotoxicity Detection Assay (Lactate Dehydrogenase [LDH] Kit,

Roche Applied Science, #1644793) was used to determine the extent

of cell death. Briefly, cells were grown to 50% confluence in 96-well

plates and serum starved overnight. The cells were washed 2� in

serum-free medium and were exposed to TNF alpha and
JOURNAL OF CELLULAR BIOCHEMISTRY



actinomycin-D as described above. After incubating the cells at 378C
in 5% CO2, the plates were centrifuged at 250g for 10 min.

Supernatants were carefully removed (100ml/well) and transferred

into corresponding wells of an optically clear 96-well flat bottom

MTP plate and incubated for 30 min at RT. During this incubation

period, the MTP was protected from light. The absorbance of the

samples was measured at 490 nm using a microtiter plate (ELISA)

reader.

The second method used to examine the extent of cell death was

Western blot for caspase 3 activation. Protein lysates were made

from cells treated with TNF alpha and actinomycin-D as described

above. Anti-cleaved caspase-3 (Asp175) antibody (Cell Signaling

Technology, Beverly, MA) was used in Western blot analysis at the

dilution recommended by the supplier.

STATISTICAL ANALYSIS

Statistical analysis was carried out using the two-tailed Student’s

t-test. Values were considered to be statistically different when the

P-value was less than 0.05, and such values are indicated in the

figures with symbols.
RESULTS

TNF ALPHA INDUCES MET PROTEIN EXPRESSION

Previously our laboratory reported that TNF alpha strongly induces

Met expression at the mRNA level in ovarian carcinoma cell lines

[Moghul et al., 1994] and in a human hepatocellular carcinoma

(HepG2) cell line [Chen et al., 1997]. To further confirm this

induction pattern at the protein level using Western blot, we treated

Hepa1-6 cells (a mouse hepatocellular carcinoma cell line) and

NIH3T3 cells (a mouse fibroblast cell line) with various amounts of

TNF alpha for 24 h. As shown in Figure 1A, Met expression was
Fig. 1. TNF alpha upregulates Met in mouse epithelial and stromal cells. A: Hepa1-6

different doses as indicated. Protein extracts were prepared and subjected to Western im

anti-beta actin antibody to document equal protein loading and transfer. The data were

analysis. Fold induction over untreated control (0) is shown. B: TNF alpha (40 ng/ml) w

Western blot analysis of Met and beta actin protein expression was performed, and data w
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induced by TNF alpha in a dose-dependent manner in both Hepa1-6

and NIH3T3 cells. TNF alpha at 40 ng/ml induced maximal Met

expression in Hepa1-6 cells. Interestingly, in NIH3T3 cells which

showed lower basal Met expression, TNF alpha at 5 ng/ml induced a

dramatic increase in the level of Met protein. At high levels of TNF

alpha, we noted a drop in Met protein abundance in both Hepa1-6

and NIH3T3 cells; this observation likely reflects dose-dependent

TNF-alpha-induced cellular toxicity. In time course studies, Met

protein abundance was induced by TNF alpha in Hepa1-6 cells by

3 h of treatment (Fig. 1B).

TNF ALPHA INDUCES P65 AND C/EBP BETA BINDING TO

A CIS-ELEMENT IN THE MET PROMOTER REGION

Nucleotide analysis of the mouse Met gene promoter region

identified a potential NFkappaB-binding site at �745 to �697. A

putative C/EBP-binding site was also found within this region and is

located immediately upstream of the NFkappaB site (Fig. 2A). It has

been reported that members of the C/EBP family and the NFkappaB

family can physically interact [Stein et al., 1993] and synergistically

activate several cytokine genes [for review, see Richmond, 2002]. To

determine if the putative sites in the Met promoter are functional

and can bind to the NFkappaB and C/EBP transcription factors,

electrophoretic mobility band shift assays (EMSAs) were performed

using 32P labeled 50-mer oligonucleotides corresponding to this

cis-element (S1—Fig. 2A). Nuclear protein extracts from TNF alpha-

treated or untreated Hepa1-6 cells were incubated with the probe,

and the resulting complexes were identified by EMSAs. Various

antibodies against NFkappaB and C/EBP family members were used

in gel supershift assays to identify the binding factors. As shown in

Figure 2B, this element (S1) binds in a specific manner to several

proteins as evidenced by formation of multiple complexes.

Comparing the pattern of complex formation in the control and

TNF alpha-treated extracts, binding complexes are seen in the TNF
and NIH3T3 cells were serum-starved for 24 h and then treated with TNF alpha for

munoblot analysis using an anti-Met antibody. Blots were stripped and probed with an

normalized using the beta actin signal as an internal control following densitometric

as added to serum starved Hepa1-6 cells for varying amounts of time as indicated.

ere normalized as described in (A). Fold induction over untreated control (0) is shown.
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Fig. 2. TNF alpha induces binding of NFkappaB and C/EBP to the Met promoter. A: The nucleotide sequence of the Met promoter region corresponding to �745 to �697 bp

from the transcription start site is shown (top). It contains a putative NFkappaB site (blue oval/sequence in blue font) and tandem C/EBP sites (upstream C/EBP site [uC/EBP]—

red oval/sequence in red font; palindromic C/EBP site [pC/EBP]—green oval/sequence in green font). The arrows over the pC/EBP site indicate the palindromic repeats.

Oligonucleotides used in various experiments are shown (below). Yellow font indicates sequence that was mutated in mutant oligomers. B: The S1 oligonucleotide (a 50-mer)

corresponding to the Met promoter composite site was used as a probe in EMSAs. Nuclear protein extracts (NPE) from untreated control (lanes 2–8) or TNF alpha-treated

Hepa1-6 cells (lanes 9–15) were added as indicated. For supershift assays, various antibodies (Ab) against the NFkappaB family (p65 [65], p50 [50], and c-Rel [Rel]) as well as

anti-C/EBP alpha (al), C/EBP beta (be), and C/EBP delta (de) antibodies were utilized as indicated in the figure. Oligonucleotides corresponding to the published consensus C/EBP

(C) and NFkappaB (D) binding sites (labeled CC and CN in [C] and [D], respectively) were used as probes in gel shift assays with nuclear protein extracts (NPE) from Hepa1-6 cells

that were treated with or without TNF alpha. Various unlabeled oligos derived from the Met promoter composite element (i.e., S2, M2, S3, M3—see [A] for sequence) were added

as competitors as indicated in the figures. A variety of antibodies (Ab) as described in [B] were used in supershift studies as indicated. NS—non-specific negative control

oligomer; mN—mutant concensus NFkappaB site oligomer; Ig—IgG negative control antibody; p65—binding complex containing p65; p50—binding complex containing p50.

1226 MET IS A TRANSCRIPTIONAL TARGET OF NFKAPPAB JOURNAL OF CELLULAR BIOCHEMISTR
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alpha-treated extracts. Supershift assays showed no significant

reactivity with antibodies against c-Rel, p65, p50, C/EBP alpha,

C/EBP beta, or C/EBP delta in the nuclear extracts of untreated

control cells. On the other hand, p65 and C/EBP beta transcription

factors were readily detectable in the TNF alpha-treated cells as

indicated in Figure 2B (lanes 11 and 14). Other members of the

NFkappaB and C/EBP families were not detectable in treated cells.

These results indicate that TNF alpha induces p65 and C/EBP beta

binding to the cis-element in the Met promoter region.

THE PUTATIVE NFKAPPAB AND C/EBP SITES IN THE COMPOSITE

CIS-ELEMENT OF THE MET PROMOTER ARE FUNCTIONAL AND BIND

TO P65 AND C/EBP BETA

To determine the exact binding site of p65 and C/EBP beta within the

composite element in the Met promoter, we synthesized various

oligomers corresponding to different regions of the composite site.

(The nucleotide sequences of these oligos are shown in Fig. 2A.)

Oligonucleotide S2 corresponds to the Met promoter composite site

(�745 to �717) and contains the upstream C/EBP site but lacks the

NFkappaB site. A mutant version of this oligo designated M2 was

also synthesized and used as a negative control. In this mutant, the

TTGCAA which is the core C/EBP site was mutated as indicated in

Figure 2A. Oligonucleotide S3 (�728 to �697) contains the putative

NFkappaB site in the Met promoter and its mutated version is named

M3. The NFkappaB site has the sequence of GGGACAATCC. These

oligos were used as competitors in EMSAs and consensus published

C/EBP (CC) and NFkappaB (CN) oligonucleotides were used as

probes. As shown in Figure 2C, TNF alpha treatment of Hepa1-6 cells

induced C/EBP-binding activity to the consensus C/EBP-binding site

(CC— lane 3). The induced binding complex was mostly composed of

C/EBP beta as determined by supershift assays (lane 7). Minor

amounts of C/EBP alpha and delta were also detected (lanes 6 and 8,

respectively). Oligo S2 containing the putative upstream C/EBP-

binding site in the Met promoter efficiently competed with the probe

and abrogated binding (lane 9). On the other hand, the M2 oligomer

harboring a mutant upstream C/EBP site did not compete indicating

that the competition is site-specific (lane 10). This result agreed with

our previous data shown in Figure 2B that TNF alpha mostly induces

C/EBP-beta-binding activity. Subsequently a consensus NFkappaB

(CN) oligonucleotide was labeled and used in similar experiments.

We found that the binding of the NFkappaB p65 subunit was

markedly induced by TNF alpha treatment (Fig. 2D, lane 3 vs. lane 2).

As expected, specific and efficient binding of the p50 subunit to this

site was also detected (lane 8). The Met oligonucleotide containing

the NFkappaB site (S3) competed but its mutated version (M3) did

not suggesting again that the competition is site-specific (Fig. 2D).

THE 12 BP PALINDROME SEQUENCE ADJACENT TO THE

NFKAPPAB SITE IN THE MET PROMOTER COMPOSITE ELEMENT IS

ALSO A FUNCTIONAL C/EBP-BINDING SITE

In promoter studies, a palindrome sequence usually suggests the

presence of a transcription factor binding region. In the case of the

Met promoter, a 12 bp palindrome sequence lies between the

upstream C/EBP site and the NFkappaB site. Interestingly, this

sequence consists of a pentameric inverted repeat of AATGAAAT-

CATT (indicated by arrows in Fig. 2A) which may be the binding site
JOURNAL OF CELLULAR BIOCHEMISTRY
for a transcription factor(s) having functional effects on the Met

promoter. To further characterize the palindromic sequence, we used

different truncated and mutated forms of the composite element

in EMSAs. Oligo S3 (corresponding to �728 to �697 of the Met

composite site) was labeled and used as a probe with the nuclear

protein extracts from TNF alpha-treated Hepa1-6 cells. As shown in

Figure 3A (lane 3), binding of a prominent complex to S3 was

induced upon treatment with TNF alpha. This band supershifted

with anti-p65 antibody (lane 5) indicating that it contains

NFkappaB. Interestingly, this band also showed impeded migration

with anti-C/EBP beta antibody (lane 4), and addition of both

antibodies totally supershifted this complex indicating that it most

likely contains both p65 and C/EBP beta (lane 6). Based on these

observations, we suspected that C/EBP beta binds to the palindromic

sequence adjacent to the NFkappaB site since the probe used in

these studies (S2) lacks the upstream C/EBP site but contains the

palindrome.

In experiments carried out in Figure 3B, the S2 oligo was used as a

probe. This oligo lacks the NFkappaB site but contains the upstream

C/EBP site and the palindromic sequence. As shown in the figure,

this oligo binds to C/EBP beta (lane 4) but not to NFkappaB p65 or

p50 subunits (lanes 6 and 7) as expected in supershift studies. Other

C/EBP isoforms (alpha or delta) did not associate with the oligo

(lanes 3 and 5, respectively). The mutated form of this probe

lacking the upstream C/EBP site (M2) did not compete (data not

shown). The studies show that C/EBP beta binds to the upstream C/

EBP site; however, they also suggest that binding of C/EBP beta to

the palindromic site is dependent on NFkappaB binding to the

NFkappaB site.

To further define the NFkappaB site and the adjacent C/EBP

palindromic site, oligos M3 and M4 which are mutant versions of S3

having either the core NFkappaB or the C/EBP palindromic site

mutated, respectively, were labeled and used in EMSAs. When the

NFkappaB site was mutated (M3), neither NFkappaB nor C/EBP beta

could bind to this oligo as determined by supershift assays (data not

shown). On the other hand, the binding of the NFkappaB p65 subunit

to the M4 oligo which has a mutated palindromic C/EBP site was not

affected (Fig. 3C, lane 3) but, as anticipated, C/EBP beta binding to

M4 was abrogated (lane 5). These data confirm our observations

discussed above that C/EBP beta binding to the palindromic

sequence is dependent on NFkappaB binding to its adjacent

cis-element. In the same experiment, we observed binding of the

NFkappaB p50 subunit to the M4 oligo (lane 4). This suggests that C/

EBP beta binding to the adjacent C/EBP palindromic site blocks the

NFkappaB p50 subunit from forming a heterodimeric complex with

the NFkappaB p65 subunit.

INDUCTION OF P65 AND C/EBP-BETA-BINDING ACTIVITIES TO

THE MET PROMOTER COMPOSITE SITE IN MOUSE LIVER AFTER

TWO-THIRDS PARTIAL HEPATECTOMY

The amount of Met mRNA is altered in the remnant liver after two-

thirds partial hepatectomy (PHx) in the rat [Hoshino et al., 1993]. It is

also reported that p65 [Cressman et al., 1994; FitzGerald et al., 1995]

and C/EBP [Yamada et al., 1997, 1998] binding activities are induced

in rodent liver after PHx. To demonstrate whether changes occur in

the binding of these transcription factors to the Met composite
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Fig. 3. C/EBP beta binds to the palindromic sequence in the Met composite element. The S3 oligonucleotide (see Fig. 2A for oligomer sequences) containing the NFkappaB site

and the palindrome (A), the S2 oligomer containing the upstream C/EBP site and the palindromic sequence (B), or the M4 oligomer containing the NFkappaB site and a mutated

palindromic sequence (C) was used as a probe in gel shift assays with nuclear protein extracts (NPE) from Hepa1-6 cells that were treated with or without TNF alpha. A variety of

antibodies (Ab) as described in Figure 2B were used alone or in combination in supershift studies. Ig— IgG negative control antibody. D: The S3 oligomer containing the

NFkappaB site and the palindrome was used as a probe in gel shift assays with nuclear protein extracts (NPE) from mouse livers collected at various times (min as indicated) after

partial hepatectomy (PHx). Antibodies (Ab) as defined in Figure 2B were used in supershift studies as indicated.
NFkappaB-C/EBP site during liver regeneration and to demonstrate

in vivo relevance to our findings, we made nuclear protein extracts

from mouse liver tissue at different time points after partial

hepatectomy. We then performed gel shift assays using radiolabeled

S3 oligonucleotide as a probe. Results in Figure 3D show that the

overall binding activities of NFkappaB and C/EBP beta to the Met

composite element are markedly increased 30 min after surgery and

remain high during the early phase of liver regeneration (lanes 2–6).

The binding complex contains p65 and C/EBP beta (Fig. 3D, lanes 8

and 12).

THE MET PROMOTER COMPOSITE ELEMENT CONFERS

SYNERGISTIC ACTIVATION BY P65 AND C/EBP BETA TO A

HETEROLOGOUS PROMOTER

To test the function of the Met promoter composite site, we

subcloned it into the pGL2 reporter vector upstream of the

SV40 basal promoter. This site (S1) was cloned in both sense

(S) and anti-sense (AS) orientations. We also subcloned as control a
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mutated version (M1) of the composite site (i.e., containing a

mutant NFkappaB site) in the sense orientation. These hetero-

promoter constructs were transfected into Hepa1-6 cells along

with the proper negative and positive controls as shown in

Figure 4A. Luciferase activities were measured. An approximate

two- to threefold upregulation of the reporter gene was found

when the composite element was cloned in sense or antisense

orientations as compared to the basal activity of the pGL2 plasmid

with the minimal SV40 promoter (SV/L). As expected, orientation

did not affect the heterologous promoter suggesting that the Met

composite element is a bona fide enhancer. In addition, the fold

activation of the reporter gene containing the Met composite

element was nearly similar to that achieved by the SV40 enhancer

(Fig. 4A). The NFkappaB-mutant (M1) composite element had

substantially lower activity than the wild-type (S1) composite

element which was slightly above the control (SV/L) indicating

that the NFkappaB site in this element is critical to its enhancer

function.
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Fig. 4. Met promoter is activated by NFkappaB and C/EBP beta. A: Shown to the left are diagrams of the chimeric luciferase constructs. The S1 oligonucleotide containing the

Met promoter composite element (red, green, and blue ovals) or its mutant version (M1) containing a mutated NFkappaB site (mNFkappaB) (see Fig. 2A for sequence) was cloned

into the pGL2 luciferase vector upstream of an SV40 promoter (light blue box—SV40 or SV). Constructs were transiently transfected into Hepa1-6 cells, and luciferase activity

(relative light units—RLU) was measured using a luminometer. Mean luciferase activity (�standard deviation) of the various constructs is graphed to the right. Luciferase—

brown triangle (Luc or L); SV40 enhancer— light blue oval (SV40E or SVE); (S)—sense orientation; (AS)—antisense orientation. B: The S1(S)/SV/L construct was transiently

transfected into Hepa1-6 cells in the presence or absence of various concentrations (ng/ml) of p65 and/or C/EBP beta expression vectors. Luciferase activity (relative light

units—RLU) was measured using a luminometer. Fold change in luciferase activity (�standard deviation) was calculated and graphed. Two-tailed Student’s t-test was

performed on the data, and the statistical differences in fold change luciferase activity in the presence (as indicated) or absence (0 ng/ml) of expression vector are shown with

symbols. �P¼ 0.0031; ��P¼ 0.014; #P¼ 0.008. 50-Deleted Met-CAT constructs containing various lengths (1.6, 0.8, or 0.5 kb—1.6CAT, 0.8CAT, and 0.5CAT, respectively) of

the mouse Met promoter were transiently cotransfected with or without p65 (C) or C/EBP beta (D) expression vector into Hepa1-6 cells, and CAT activity was measured.

Promoter activity is expressed as relative CAT activity after normalization for beta-galactosidase. BCAT–CAT construct containing no promoter region as negative control. Two-

tailed Student’s t-test was performed comparing relative CAT activity in the absence or presence of p65 or C/EBP beta expression vector, respectively, and the statistical

differences are indicated with symbols. #P¼ 0.0018; @P¼ 0.0019; �P¼ 0.0003; ��P¼ 0.0022.
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Transfection of expression vectors for NFkappaB or C/EBP beta

also resulted in activation of the heterologous promoter via the Met

composite element (S1). As shown in Figure 4B, transfection with

both expression vectors synergistically activated the heterologous

promoter in a dose-dependent manner. We observed maximal

synergistic effects (sevenfold) when approximately 10 ng/ml of

each expression vector were used. Taken together, these results

demonstrate that the Met composite site is a functional enhancer and

that the p65 and C/EBP beta transcription factors synergistically

activate the heteropromoter containing this site.

To determine if p65 and C/EBP beta regulate the activity of the

Met promoter, Hepa1-6 cells were cotransfected with CAT reporter

vectors containing serial 50-deleted forms (1.6, 0.8, and 0.5 kb) of the

mouse Met promoter region along with expression vectors for p65 or

C/EBP beta. As shown in Figure 4C, the 1.6CAT and 0.8CAT

constructs exhibited the highest responsiveness to p65 NFkappaB.

However, responsiveness was lost in the 0.5CAT construct which

lacks the composite Met NFkappaB-C/EBP site. The negative control
Fig. 5. NFkappaB is essential for optimal Met expression. A: Met protein levels were a

using anti-Met antibody. Histologic images were photographed at 100�magnification. I

for various times as indicated and described in Materials and Methods Section. Cell protei

Met antibody. The Western signals were assessed by densitometric analysis (measured in r

the data comparing values to the 0 h time point, and the statistical differences are in
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construct without the Met promoter region showed no response to

p65 (BCAT). Similar experiments were performed using the C/EBP

beta expression vector with various Met-CAT constructs (Fig. 4D);

again, the 0.8CAT construct responded strongly while the 0.5CAT

showed decreased responsiveness. This proves that the NFkappaB

and the C/EBP response elements are located within the 0.8–0.5 kb

region of the Met gene promoter where the composite NFkappaB-C/

EBP site resides.

EXPRESSION OF MET IS REDUCED IN THE LIVERS OF

P65 KNOCK OUT MICE

To explore the in vivo relationship between p65 and Met, we

obtained embryonic tissue from p65�/� and wild-type mice and

analyzed it for Met mRNA and protein expression by semi-

quantitative RT-PCR and immunohistochemistry, respectively. We

found that both Met mRNA (data not shown) and protein (Fig. 5A)

levels are downregulated in the livers of p65�/� mice as compared

to littermate controls.
ssessed in p65�/� and control (p65þ/þ) mouse fetal liver by immunohistochemistry

nset: IgG control antibody (B) p65þ/þ and p65�/�MEFs were treated with TNF alpha

n extract was subjected to Western blot analysis for Met protein expression using anti-

elative OD units) and are graphed below. Two-tailed Student’s t-test was performed on

dicated with symbols. �P¼ 0.003; ��P¼ 0.0018; #P¼ 0.006.
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EMBRYONIC FIBROBLASTS FROM P65 KNOCK OUT MICE LOSE

MET INDUCTION BY TNF ALPHA

To prove that p65 is critical for Met gene induction, we obtained

p65�/� MEFs and wild-type controls. These cells were treated with

TNF alpha for various times (Fig. 5B). Their lysates were analyzed by

Western blot for Met protein expression. The induction of Met by

TNF alpha was totally abolished in the p65�/� MEFs. On the other

hand, in the wild-type MEFs, Met was induced by three- to fourfold

at 6 h post-treatment. Interestingly, as shown in Figure 5B, the basal

level of Met protein in p65�/� MEFs was also lower. Met protein

abundance in p65 knock out MEFs was consistently half that seen in

the wild-type MEFs. These data strongly suggest that Met is a target

gene of the NFkappaB transcription factor, and that p65 controls

Met’s basal as well as its inducible expression.

OVEREXPRESSION OF MET IN P65 KNOCK OUT MEFS CONFERS

RESISTANCE TO TNF-ALPHA-MEDIATED CELL DEATH

In a delicate balance of pro- and anti-apoptotic signaling, TNF alpha

can, on the one hand, induce cell death by simultaneously activating

the extrinsic (death receptor mediated) and intrinsic (mitochondrial

release of cytochrome c mediated by JNK) cell death pathways via

TNF receptor type-I (TNFR-I) activation. However, TNF alpha can

also lead to cell survival by stimulating the NFkappaB pathway on

the other. Our data led us to hypothesize that one of the reasons why

p65�/� MEFs are hypersensitive to TNF-alpha-mediated cell death

is because they lack adequate basal Met gene expression as well as

Met expression induced by p65. To test this hypothesis, we

overexpressed the mouse Met cDNA construct in p65�/� MEFs to

restore Met expression and then exposed these cells to TNF alpha. A

mouse Met expression vector was cotransfected with a GFP

expression vector in a 10:1 ratio into p65�/� MEFs. Viable green

fluorescent cells were counted in duplicate wells after TNF alpha

treatment. The results are shown in Figure 6A. Restoring Met

expression to p65�/�MEFs increased their survival when they were

challenged by TNF alpha treatment as compared to cells transfected

with the empty control vector. In other words, reconstitution of

p65�/� MEFs with Met rescues them from TNF-alpha-induced cell

death.

BLOCKING MET SIGNALING BY A DOMINANT NEGATIVE

APPROACH DECREASES CELL VIABILITY IN WILD-TYPE MEFS

FOLLOWING TNF ALPHA TREATMENT

Our data to this point suggested to us that Met induction by TNF

alpha is functionally important for promoting cell survival and

combating apoptosis. To explore this notion more fully, we cloned a

dominant negative form of mouse Met (DN-Met) into a bicistronic

GFP expression vector. This DN-Met-GFP coexpression plasmid

(DN-Met Vector) or its empty control (Control Vector) was

transiently transfected into wild-type MEFs (p65þ/þ). The

transfected cells were then challenged by TNF alpha treatment,

and the extent of cell viability was determined. TNF alpha treatment

profoundly reduced cell viability in cells expressing DN-Met as

compared to control (Fig. 6B) emphasizing the survival benefit Met

confers to cells in the face of TNF alpha exposure.
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BLOCKING MET SIGNALING IN HEPATOCYTIC CELLS BY MET

SIRNA-MEDIATED KNOCKDOWN ENHANCES CELL DEATH

FOLLOWING TNF ALPHA TREATMENT

We next wanted to test the effect of inhibiting endogenous Met in

human hepatocytic HepG2 cells. We carried out siRNA-mediated

knockdown of Met and observed a dramatic decrease in Met protein

by Western blot analysis (Fig. 6C) in cells receiving specific siRNA as

compared to the control siRNA. The expression levels of proteins

such as TNFR-I and TNFR-II did not change indicating the specificity

of the knockdown effect. When the cells were challenged with TNF

alpha, we observed enhanced cell death in cells treated with Met

siRNA as compared to cells treated with control siRNA or cells not

receiving siRNA (Fig. 6D,E). These data indicate that loss of Met

sensitizes hepatocytic cells to TNF alpha killing.

Altogether, we demonstrate that, upon challenge with TNF alpha,

blocking endogenous Met promotes cell death while restoring

Met expression in cells lacking p65 improves survival. These

observations highlight the importance of the Met tyrosine kinase to

the pro-survival cascade needed to counteract the cell death

pathway unleashed by TNF alpha.

DISCUSSION

Previous studies from our laboratory have shown that Met is

strongly induced at the mRNA and protein levels in different cell

types by several cytokines, especially TNF alpha and IL-1 alpha. The

molecular mechanisms mediating the induction of Met gene

expression remain largely unknown. In the present report, we have

identified and characterized a composite site in the upstream region

of the Met promoter which is responsible for the activation of this

gene by TNF alpha. This composite site contains tandem C/EBP sites

adjacent to one NFkappaB site. Using gel shift and supershift assays

and functional analysis, we identified the p65 subunit of the

NFkappaB family and the C/EBP beta isoform of the C/EBP family as

the transactivating factors which bind to this region and mediate

Met gene induction in response to TNF alpha in hepatic cells. We

showed that these two transcription factors cooperate with each

other to maximally induce the Met gene and that NFkappaB is

critically important for Met gene induction. To understand the

biological relevance of these observations, we performed functional

assays in p65�/� and control MEFs. We first observed that in p65�/

� MEFs, induction of Met protein by TNF alpha is abolished

supporting the notion that p65 plays an essential role in the

enhancement of Met gene transcription. We also noted that basal

Met protein level is approximately half that seen in the control

MEFs.

It is well known that TNF alpha unleashes both pro-survival (i.e.,

NFkappaB signaling) and pro-apoptotic (via JNK and caspase

activation) cues in cells. To experimentally promote TNF alpha’s

death axis, cells expressing NFkappaB must be treated with chemical

agents such actinomycin-D to negate NFkappaB’s induction of anti-

apoptotic genes. In the absence of NFkappaB signaling, death

signals are unopposed and cell death prevails. In light of these

facts coupled with our observations, we hypothesized that

upregulation of Met protein, a potent pro-survival factor, by the
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Fig. 6. Met participates in NFkappaB-mediated cell survival. A: A GFP expression vector was contransfected with (Met and GFP Vector) or without (GFP Vector) a mouse Met

expression vector at a 1:10 ratio into p65�/� MEFs. Viable green fluorescent cells were counted after 12 h of TNF alpha treatment as described in Materials and Methods

Section. Mean number of viable GFPþ cells per well was determined for each condition. Two-tailed Student’s t-test was performed on the data, and the statistical difference is

indicated with an asterisk. �P< 0.007. B: p65þ/þMEFs were transfected with a bicistronic GFP expression vector either containing (DN-Met Vector) or lacking (Control Vector)

a dominant negative form of mouse Met (DN-Met) and challenged by TNF alpha treatment as described in (A). The extent of cell viability was determined and calculated as

percentage of viable cells as compared to control. Two-tailed Student’s t-test was performed on the data, and the statistical difference is indicated with an asterisk. �P< 0.009.

C: HepG2 cells were subjected to siRNA-mediated knockdown of Met (Met siRNA). Total protein lysates were subjected to Western blot analysis using anti-Met, anti-TNFR-I, or

anti-TNFR-II antibody. Levels of TNFR-I or -II did not change indicating the specificity of the Met siRNA for its target. Control—siRNA to GAPDH. Untreated—cells receiving no

siRNA. D: HepG2 cells treated with siRNA to Met or GAPDH (control siRNA) or with no siRNA received TNF alpha in the culture medium as described in Materials and Methods

Section. LDH cell death assay was performed and optical density at 490 nm was measured. Two-tailed Student’s t-test was performed on the data, and the statistical differences

between cells receiving TNF alpha in the presence or absence of the indicated siRNA are shown with asterisks. �P¼ 0.005; ��P¼ 0.001. E: Total protein lysates were prepared

from HepG2 cells treated as in (D). Western blot analysis was performed using anti-cleaved caspase 3 antibody.
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TNF alpha–NFkappaB axis is likely to be important for promotion of

cell survival and inhibition of TNF-alpha-induced cell death. To test

this idea, we carried out two different approaches: gain-of-function

experiments (i.e., restoring Met expression to p65�/� cells) and

loss-of function experiments (i.e., blocking endogenous Met

signaling in wild-type p65þ/þ MEFs by dominant negative Met

or in HepG2 cells by Met siRNA). We determined that inhibition of

endogenous Met in wild-type MEFs or HepG2 cells augmented cell

death induced by TNF alpha treatment; on the other hand, enforcing

Met expression in p65 knock out MEFs promoted cell survival under

the same conditions. Therefore, our current results shed light on the

regulation and function of the Met gene and its importance to TNF

alpha–NFkappaB-mediated cell survival: Met is a bona fide target of

NFkappaB that confers survival advantage to cells under conditions

that promote NFkappaB activity, such as TNF alpha treatment.

Our laboratory has cloned and partially characterized the mouse

Met promoter region [Seol and Zarnegar, 1998]. Nucleotide

sequence analysis of the mouse Met promoter revealed that it lacks

a TATA box, and it has a high GC-content. These features resemble

those found in housekeeping and constitutively expressed gene

promoters. Interestingly, the Met promoter region also contains

several cis-acting regulatory elements that confer inducibility to this

gene in response to various growth and stress-related cues. Work in

our laboratory has characterized functional AP1, p53, and Sp1 sites

within the upstream region (i.e., within 500 bp) from the core

promoter. We have found that HGF induces Met expression, at least

in part, via the AP1 site [Seol et al., 2000]. Moreover, we have found

that Met is induced in response to UV irradiation and that p53

contributes to this induction through a p53 response element in the

promoter region [Seol et al., 1999]. We have reported that the Sp1

sites within the Met proximal promoter are essential for the basal

activity of the promoter [Seol and Zarnegar, 1998].

In the current studies, we found that NFkappaB and C/EBP beta

cooperate to induce Met gene expression via the composite

NFkappaB-C/EBP-binding site in the mouse Met promoter, a site

that is conserved in the human Met gene as well. Synergism between

the NFkappaB and C/EBP families in gene activation has been

shown to occur in immune response genes such as amyloid (A1, A2,

and A3) and cytokines (IL-6, IL-8, and G-CSF) [for review,

see Richmond, 2002]. Although the mechanisms responsible for

the cooperative effects have not yet been entirely clarified,

productive interaction requires the integrity of both the NFkappaB

Rel domain and the C/EBP leucine zipper motif [Stein et al., 1993].

Our mutagenesis and gel shift studies indicated that a pair of tandem

C/EBP elements lie adjacent to an NFkappaB site in the Met

composite site. Furthermore, we observed that p65 occupation of the

NFkappaB cis-element is necessary for C/EBP-beta-binding to the

palindromic sequence in the Met composite site, perhaps due to p65-

mediated stabilization of C/EBP beta/DNA association through

protein–protein interactions. On the other hand, we noted that

preventing C/EBP beta engagement of the palindrome promotes

p50/p65 NFkappaB heterodimerization thus effectively altering

the NFkappaB repertoire acting at the Met promoter composite

site. Functional analysis of the Met promoter composite site in a

heterologous promoter suggested that the NFkappaB site is

particularly crucial for enhancer function. Overall, our data showed
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that TNF alpha simultaneously induced both p65 and C/EBP-

beta-binding activity to the Met composite element; evidently, for

the reasons just stated, p65 is the more critical transactivator, while

C/EBP beta partners with p65 to boost Met gene transcription.

Several in vitro and in vivo studies have suggested that Met is

crucial for cell survival. Similarly, it has been shown that TNF

receptor type-I (TNFR-I) also promotes cell survival through the

NFkappaB axis. In the present work, we linked the pro-survival

effects of the TNF alpha–NFkappaB axis to Met by identifying Met as

a key transcriptional target of this pathway. Studies of p65�/�
mouse embryos demonstrate hepatocyte apoptosis, liver degenera-

tion, and embryonic lethality at days e15–16 [Beg et al., 1995].

Similarly, Met�/� mouse embryos die due to multiple defects,

including lack of hepatocyte growth and survival [Bladt et al., 1995].

We found that Met mRNA levels are lower in p65 knock out livers as

compared to control livers using semi-quantitative RT-PCR.

However, because embryonic liver is composed of a mixture of

cell types thus preventing us from ascertaining Met mRNA

expression specifically in the hepatocyte compartment coupled

with the fact that a reduction in mRNA abundance may not

necessarily be reflected in lower protein levels, we used the

complementary approach of immunohistochemistry to examine Met

protein abundance in situ in hepatocytes. We observed that Met

protein level is substantially lower in the p65 knock out livers as

compared to controls. We also determined that siRNA-mediated

knockdown of Met enhances TNF-alpha-induced killing in

hepatocytic cells (HepG2). It is puzzling why p65�/� knock out

mice die of liver apoptosis. Our results may provide a clue as to the

reason only liver development is affected in these mice, namely

because their hepatocytes lack sufficient expression, and therefore

cytoprotection, from Met which makes them susceptible to death

(Schematic shown in Fig. 7A,B). Since the liver is the major site of

hematopoiesis during gestation, it has been postulated that

parenchymal liver cells must withstand an onslaught of pro-

apoptotic cues (such as TNF alpha and FasL, to name a few)

generated to fine tune the hematopoietic cell compartment [Beg and

Baltimore, 1996]. The role of Met in liver organogenesis and

hepatocyte survival has been well established by global [Bladt et al.,

1995] and liver specific [Borowiak et al., 2004; Huh et al., 2004]

knock out studies in mice. During development, Met is expressed in

rodent liver [DeFrances et al., 1992]. Thus, we speculate that during

the gestational period, ample expression of Met is demanded of the

liver to promote hepatocyte growth as well as survival in the

presence of the harsher cytokine microenvironment needed to kill

unwanted hematopoietic cells.

Additional experimental evidence has been gathered on the role

of NFkappaB, C/EBP, and Met in promoting hepatocyte survival and

growth. For proper liver regeneration to proceed, a balance of pro-

growth/pro-survival signals and mitoinhibitors must be maintained

[Michalopoulos and DeFrances, 2005]. It has been documented that

NFkappaB and C/EBP activity [Cressman et al., 1994; Diehl and

Yang, 1994; FitzGerald et al., 1995; Greenbaum et al., 1995] as well

as Met mRNA expression [Hoshino et al., 1993] are altered during

liver regeneration. In support of this, our findings show that

NFkappaB and C/EBP binding to the Met composite site is enhanced

following partial hepatectomy. Experimental in vivo inhibition
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Fig. 7. Schematic depicting that NFkappaB-mediated cell survival is dependent at least in part on Met. A: In the presence of NFkappaB (i.e., p65þ/þ), cells such as

hepatocytes are protected from pro-death signals mediated by the TNF alpha/TNFR-I axis. This is due in part to the upregulated expression of Met tyrosine kinase receptor

gene, which encodes a potent pro-survival factor, by NFkappaB, and to lesser extent, by C/EBP beta. B: In cells lacking NFkappaB (i.e., p65�/�), Met expression, and therefore

Met-mediated cytoprotection, are reduced. The pro-apoptotic arm of death signals such as TNF alpha is insufficiently countered, and death pathways prevail.
[Iimuro et al., 1998] or knock out [Borowiak et al., 2004; Huh et al.,

2004; Geisler et al., 2007] of either NFkappaB or Met in the

liver renders hepatocytes sensitive to apoptosis and delays liver

regeneration in most experimental models. While liver regeneration

following surgery or toxin exposure restores the liver to its original

homeostatic state, uncontrolled replication of initiated hepatocytes

leads to liver cell dysplasia and hepatocellular carcinoma in humans

and rodents. The inciting factors of liver tumorigenesis range

from infectious agents to inborn errors of metabolism to carcinogen

exposure which cause chronic and deleterious regenerative and

survival responses in the liver [for review, see DeFrances and

Michalopoulos, 2005]. Several studies in humans and rodents link

hepatocarcinogenesis with aberrant Met signaling [Suzuki et al.,

1994; Sakata et al., 1996; Bell et al., 1999; Park et al., 1999; Tavian

et al., 2000; Trusolino and Comoglio, 2002]. It is becoming clear

that the NFkappaB survival pathway is also active in chronic

hepatic inflammation, survival of initiated hepatocytes, and frank

tumorigenesis in the liver [for review, see Karin and Greten, 2005].

The mechanisms by which Met regulates apoptosis are only

partially understood. Upon activation, Met engages the anti-

apoptotic pathway of the PI3–kinase–Akt axis [Graziani et al.,

1991]. The cytoplasmic domain of Met associates with Bag1, a Bcl2-

interacting molecule [Bardelli et al., 1996], and Met signaling

leads to upregulated expression of the anti-apoptotic molecule

Bcl-XL [Fan et al., 1998]. In addition, we have demonstrated that

Met’s extracellular alpha chain binds to and sequesters the

death receptor Fas preventing its activation [Wang et al., 2002;

Zou et al., 2007]. The net results are cytoprotection against

apoptotic stimuli. Therefore, it is a compelling notion that NFkappaB

upregulates Met, a potent multi-functional anti-apoptotic signaling

molecule, to help stave off cell death. Along with TNF alpha,

they comprise a newly described ‘‘cell survival circuit’’: TNF

alpha!NFkappaB!Met! survival.
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