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Abstract The proinflammatory cytokine tumor necrosis factor (TNF) o is mainly produced in cells from
the monocyte/macrophage lineage. TNFa is also a key signaling molecule in the liver functioning as an important
physiological and pathogenic mediator. In hepatocytes or human hepatoma cells TNFa is expressed at extremely
low levels but TNFa biosynthesis can be induced by interleukin (IL)-1p or 12-O-tetradecanoylphorbol-13-acetate (TPA).
Here, we show that IL-1B and TPA stimulated TNFao gene transcription in hepatoma cells mediated by a composite
TPA-responsive element/cAMP response element. Both IL-1f and TPA triggered phosphorylation and activation of the
basic region leucine zipper transcription factors c-Jun and ATF2 and expression of dominant-negative mutants of c-Jun
and ATF2-reduced TNFo promoter activity and secretion of TNFa. Expression of the nuclear dual-specific
MAP kinase phosphatase-1 (MKP-1) blocked TNFa promoter activity and TNFa secretion following IL-18 or TPA
stimulation, indicating that MKP-1 functions as a nuclear shut-of-device of IL-1B and TPA-induced TNFa expression.
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The gene encoding the cytokine tumor necro-
sis factor o (TNFa) is among the earliest genes
expressed in lymphocytes following activation
through the antigen receptor. TNFa shows a
pleiotropic spectrum of bioactivities involving
the regulation of immune responses, proli-
feration, and programmed cell death. Most
importantly, TNFa functions as a major proin-
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flammatory mediator and dysregulated TNFa
function has been connected with a variety of
diseases, including Crohn’s disease and rheu-
matoid arthritis [Jones and Moreland, 1999;
Bell and Kamm, 2000]. The analysis of TNFa-
deficient mice revealed that TNFu is a key
player of the innate immune system, as shown
by an impaired defense against certain intra-
cellular pathogens in TNFa-deficient animals
[Marino et al., 1997].

TNFa binds to two surface receptors, TNF
receptor 1 and 2. The TNF receptor 1, that
is highly expressed in liver, contains a protein—
protein interaction domain termed death
domain in its cytoplasmic portion, connecting
the TNF receptor 1 with caspase activation
and apoptosis. However, TNFa alone is not able
to induce liver cell death. Rather, hepato-
cytes require sensitization to TNFa-toxicity by
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compounds that block NF-xB activation or RNA
or protein synthesis [Tilg and Diehl, 2000;
Liedtke et al., 2002]. The proapoptotic function
of TNFua is obviously masked by concomitant
activation of the transcription factor NF-«B
that protects liver cells from TNFa-induced
apoptosis. Gene targeting experiments showed
that NF-kB has a protective function in the liver
[Beg et al.,, 1995]. Massive liver apoptosis
occurred in RelA knockout mice, leading to
embryonic death. Interestingly, crossbreeding
of RelA~'~ mice with TNFo receptor 1 knockout
mice rescued the animals [Doi et al., 1999],
indicating that TNFa-induced activation of NF-
kB during liver development protects against
apoptosis. TNFa also induces transcription of
genes encoding proinflammatory cytokines
such as interleukin-8, resulting in the extra-
vasation of neutrophils in the liver that damage
the organ. TNFa may also play a prominent role
in viral hepatitis, alcoholic liver disease, and
fulminant hepatic failure (reviewed in [Brad-
ham et al., 1998]). Thus, TNFa« clearly functions
as a mediator of hepatotoxicity. However, the
fact that TNFa activates the hepatoprotective
transcription factor NF-kB, and the observation
that hepatocyte proliferation during liver
regeneration requires TNFa signaling via acti-
vation of the TNF receptor-1 [Yamada et al.,
1997], indicate that TNFa functions as a “two-
edged sword” in the liver [Bradham et al., 1998].

Unstimulated hepatocytes synthesize extre-
mely low amounts of TNFo mRNA. However,
signaling molecules such as IL-1f or the tumor
promoter 12-O-tetradecanoylphorbol-13-acet-
ate (TPA) induce TNFa gene transcription and
subsequently TNFa biosynthesis [Frede et al.,
1996]. Thus, an analysis of the regulation of
TNFa biosynthesis, including the study of the
signaling cascade that connects extracellular
stimulation with enhanced TNFu gene transcrip-
tion, and the identification of the responsible gene
regulatory proteins, is essential for the under-
standing of the physiology and pathophysiology
of TNFa in the liver. Members of the mitogen-
activated protein (MAP) kinases have been identi-
fied to be responsible for TNFa gene expression
in lymphocytes and non-lymphocyte tissues. In
T lymphocytes, extracellular signal-regulated
protein kinase (ERK), c-Jun-N-terminal kinase
(JNK), and p38 MAP kinase have been shown to
cooperate to regulate TNFa gene expression
[Hoffmeyer et al., 1999]. In embryonic stem cell-
derived cardiac myocytes, it has been suggested

that JNK represses TNFo gene expression,
whereas p38 MAP kinase positively regulates
TNFo biosynthesis [Minamino et al., 1999]. A
variety of transcription factors including NF-xB,
AP1, AP2, nuclear factor of activated T cells, Sp1,
Egr-1, c-Jun, CAAT/enhancer binding protein
B and ATF2 have been proposed to control TNFo
gene transcription in various cell types [Rhoades
et al., 1992; Tsai et al., 1996, 2000; Yao et al.,
1997; Zagariya et al., 1998; Falvo et al., 2000]. We
have studied the intracellular signaling path-
ways and the transcription factors responsible for
stimulus-induced TNF« gene expression in hepa-
toma cells. The results show that stress-activated
protein kinases and the basic region leucine
zipper transcription factors c-Jun and ATF2 are
integral parts of the signaling cascades that
connect IL-1B and phorbol ester stimulation of
hepatoma cells with enhanced TNFo gene tran-
scription.

MATERIALS AND METHODS
Reporter Constructs

The TNFo promoter/luciferase construct
PTNFa(—1311)luc [Rhoades et al., 1992] was a
kind gift of James S. Economou, UCLA, Los
Angeles, CA, USA. The reporter plasmid pTNFa
(TRE/CRE)?luc that contains two copies of
the composite TRE/cAMP response element
(CRE) of the human TNF« gene, was generated
by subcloning of two copies of the synthetic
annealed oligonucleotides 5-TCG AGC CTC
CAG ATG AGC TCA TGG GTT TCT G-3' and
5-TCG ACA GAA ACC CAT GAG CTC ATC
TGG AGG C-3' into the Xho I and Sal I-sites of
plasmid pHIVTATA-CAT [Thiel et al., 1996].
This sequence was subsequently multimerized
as described, excised together with the minimal
promoter and cloned into pGL3-Basic (Pro-
mega). The transcription unit present in this
reporter plasmid contains a minimal promoter
consisting of the human immunodeficiency
virus TATA box and the adenovirus major late
promoter initiator element. Plasmid pGL3-
HIV-1 LTR that directs luciferase transcription
under the control of the HIV long terminal
repeat (sequence from —120 to +83) was a kind
gift of Jakob Troppmair, Julius-Maximilians-
University, Wiirzburg, Germany.

Expression Vectors

The expression vectors encoding dominant-
negative mutants of ATF2, ATF4, CREB, c-Jun,
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and C/EBP [Olive et al., 1997; Ahn et al., 1998;
Steinmiiller et al., 2001; Vinson et al., 2002;
Thiel et al., 2004] have been described else-
where. An expression plasmid encoding
MEKKI1A, a truncated form of MEK kinase 1
that lacks amino acids 1-351 [Minden et al.,
1994] was a kind gift of Michael Karin, Uni-
versity of California, San Diego, CA, USA. The
coding region was cloned into plasmid
p3XFLAG-CMV-7.1 (Sigma) generating the
plasmid pCMV-FLAG-MEKKI1A. Expression
vectors encoding FLAG-tagged p38 MAP kinase
and a constitutively active form of MAP kinase
kinase 6 (MKKG6b(E)) have been described [Han
et al., 1996; Jiang et al., 1996] and were kind
gifts from Jiahuai Han, Department of Immu-
nology, The Scripps Research Institute, La
Jolla, CA, USA. The expression vector encoding
IxkBS32A/S36A was a kind gift of Thomas Wirth,
University of Ulm, Germany. Expression plas-
mids encoding constitutively active MAP kinase
kinase 1 [Mansour et al., 1994] and MKP-1 [Sun
et al., 1993] were kind gifts of Natalie G. Ahn
and Sam Mansour, Department of Molecular,
Cellular, and Developmental Biology, Univer-
sity of Colorado, Boulder, CO, USA and Nicho-
las K. Tonks, Cold Spring Harbor Laboratory,
Cold Spring Harbor, NY, USA, respectively.

Cell Culture, Transfections
and Reporter Gene Assays

Human HepG2 hepatoma cells were cultured
and transfected as described [Steinmuiiller et al.,
2001]. The amounts of expression vectors
transfected are indicated in the figure legends.
The luciferase reporter plasmids (1 pg/plate)
and the internal reference plasmid pRSVp (2 ug/
plate) were transfected into cells grown on
60 mm plates. Twenty-four hours post-transfec-
tion, the serum concentration was lowered to
0.05% (for the stimulation with TPA) or 0.0%
(for the stimulation with IL-1B) and the cells
were incubated for further 24 h. Stimulation
with TPA (50 ng/ml, dissolved in DMSO) was
performed for 8 h. Stimulation with IL-1 (1 ng/
ml, Strathmann Biotech, Hannover, dissolved
in sterile water as a 5 ng/ml stock solution) was
performed for 8 h. Lysates were prepared
using cell culture lysis buffer (Promega) and
B-galactosidase and luciferase activities were
measured as described [Thiel et al., 2000]. Each
experiment was repeated at least two times
with consistent results.

Lentiviral Gene Transfer

The lentiviral transfer vectors pFUW-MKP-1
and pFUW-A-ATF2, encoding MKP-1 and the
dominant-negative ATF2 mutant A-ATF2,
respectively, were generated via subcloning of
the coding region into plasmid pFUW [Lois
et al., 2002]. The viral particles were produced
by transient transfection of 293T/17 cells as
described [Stefano et al., 2006].

Western Blots

Nuclear extracts were prepared as described
[Kaufmann and Thiel, 2002]. Twenty micro-
grams of nuclear proteins were separated by
SDS—PAGE and the blot was incubated with
antibodies directed against either c-Jun
(Upstate # 06—225, dilution 1:1,000), or ATF2
(Santa Cruz # sc-6233, dilution 1:3,000), or the
phosphorylated forms of c-Jun (Upstate # 06-
659, dilution 1: 2,500) and ATF2 (Santa Cruz #
sc-8398, dilution 1:1,000). Blots were developed
with a horseradish peroxidase conjugated anti-
mouse (for anti-phospho-ATF2) or anti-rabbit
secondary antibody (for the c-Jun, phospho-c-
Jun and ATF2 antibodies) and ECL (Amer-
sham, Freiburg, Germany).

Reverse Transcriptase-Polymerase
Chain Reactin (RT-PCR)

RNA was isolated as described [Chomczynski
and Sacchi, 1987]. One microgram total RNA
from unstimulated, IL-1p, and TPA-stimulated
HepG2 cells was reverse transcribed. The
following gene-specific primers were used:
TNFo: 5-AGC CTC TTC TCC TTC CTG AT-3'
and 5'-GAG GAC CTG GGA GTA GAT GA-3
(product size 317 nucleotides); p-actin: 5-TTC
AACTCCATCATGAAGTGT GAC GTG-3' and
5-CTA AGT CAT AGT CCG CCT AGA AGC
ATT-3' (product size 309 bp). The PCR condi-
tions were: denaturation (95°C, 30 s), annealing
(B-actin: 57°C; TNFa: 59°C, 30 s), primer
extension (72°C, 1 min) for 40 (TNF«) or 30 (B-
actin) cycles. Amplified products were resolved
by electrophoresis on 2% agarose gels and
stained with ethidiumbromide.

ELISA

Twenty-four hours after stimulation with IL-
18 (1 ng/ml) or TPA (50 ng/ml) cell culture
supernatants were collected and immediately
frozen at —70°C. Human TNF« was quantified
using the BD OptEIA™ human ELISA Set (BD
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Biosciences, San Diego, CA) according to the
instructions.

RESULTS

Interleukin-1B and Phorbol Ester Stimulate
TNFa Gene Transcription in Human
HepG2 Hepatoma Cells

HepG2 hepatoma cells were cultured in
serum-free or serum-reduced medium for 24 h
and then stimulated with IL-1p or TPA for 3 h.
The cells were harvested and the RNA was
isolated and analyzed by RT-PCR. Figure 1A
shows that the treatment of hepatoma cells with
IL-1B or TPA led to an upregulation of TNF«
mRNA. Next, we used the ELISA technique to
quantify the secreted TNFa protein following
stimulation (Fig. 1B). Treatment of the cells
with TPA triggered a significant secretion of
TNFa into the cell culture medium. The biolo-
gical activity of IL-1p towards TNFa secretion in
HepG2 cells was much weaker and TNFa
concentration secreted was close to the detec-
tion limit of the assay.

Interleukin-18 and Phorbol Ester Enhance
TNFa Gene Promoter Activity in Human
HepG2 Hepatoma Cells

To identify genetic elements and transcrip-
tion factors responsible for the IL-1B or TPA-
responsiveness of the TNFa gene, we analyzed a
human TNFa promoter/luciferase reporter gene
in transient transfection experiments. In
humans, the TNFo promoter consists of an
intervening sequence of ~1,300 nucleotides
located between the TNFB and TNFo open
reading frames. We used a reporter plasmid
encompassing —1311 nucleotides of the regula-
tory region of the TNFu gene (Fig. 2A). HepG2
cells were transfected with the TNFo promoter/
luciferase reporter plasmid pTNFa(—1311)luc
together with the internal reference plasmid
pRSVp. Cells were serum-starved for 24 h and
then stimulated with either IL-18 (1 ng/ml) or
TPA (50 ng/ml) for 8 h. Cell extracts were
prepared and the relative luciferase activities
(luciferase light units divided by [B-galactosi-
dase units) were determined. Figure 2B shows
that the addition of IL-1p or phorbol ester to the
cells induced reporter gene transcription con-
trolled by the regulatory region of the human
TNFa gene. Luciferase activity was enhanced
by a factor of ~2 (IL-1B) and 6 (TPA). Thus,
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Fig. 1. Upregulation of TNFae mRNA and protein concentra-
tions in HepG2 hepatoma cells as a result of IL-1 and TPA
stimulation. A: HepG2 cells were stimulated with IL-18 (1 ng/ml)
or TPA (50 ng/ml) for 3 h. Total RNA was isolated, the mRNA
reverse transcribed and the cDNA analyzed by PCR using
primers to detect TNFo and B-actin. B: HepG2 cells were
cultured in serum-reduced or serum-free medium for 24 h and
then treated with TPA (50 ng/ml) or IL-1B (1 ng/ml) for 24 h.
Secreted TNFa in the cell culture medium was detected by ELISA.

IL-1p and TPA trigger signaling cascades that
converge on the TNFa gene.

The proximal region of the human TNFa
promoter contains a genetic element encom-
passing the sequence 5-TGAGCTCA-3' which is
very similar to the classical phorbol 12-O-
tetradecanoylphorbol-13-acetate (TPA)-respon-
sive element (TRE, sequence 5-TGAGTCA-3')
or the CRE (sequence 5-TGACGTCA-3'). In
cells derived from the immune system this motif
has been reported to function as an integrative
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Fig. 2. IL-1Band phorbol ester enhance TNFo promoter activity pTNFo(TRE/CRE)?luc (C) were transfected into HepG2 cells
in human hepatoma cells. A: The reporter plasmid together with the internal standard plasmid pRSVp Cells were

pTNFa(—1311)luc contains the luciferase reporter gene and
the regulatory region derived from the human TNFa gene. The
reporter plasmid pTNFa(TRE/CRE)?luc contains two copies of the
composite TRE/CRE motif of the TNFa gene upstream of a
minimal promoter consisting of the human immunodeficiency
virus TATA box and the adenovirus major late promoter initiator
element. B, C: The reporter plasmids pTNFa(—1311)luc (B) or

genetic element for diverse signal transduction
pathways including stimulation by antigens,
calcium, or lipopolysaccharides [Tsai et al.,
1996, 2000]. To analyze the biological role of
this composite TRE/CRE motif in IL-1p or TPA-
stimulated hepatoma cells, we created a repor-

incubated in serum-free or serum-reduced medium for 24 h and
then stimulated with IL-1B (1 ng/ml) or TPA (50 ng/ml) for 8 h.
Cells were harvested, cell extracts were prepared and analyzed
for B-galactosidase and luciferase activities. Luciferase activity
was normalized to B-galactosidase activity, which served as
control for transfection efficiency. Data are means & SD forn=4
experiments.

ter gene containing two copies of this element
upstream of a minimal promoter. The transcrip-
tion unit of this reporter gene termed pTNF«
(TRE/CRE)?luc is depicted in Figure 2A.
Figure 2C shows that the stimulation of HepG2
cells with IL-1B or phorbol ester upregulated
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reporter gene transcription controlled by the
composite TRE/CRE element of the TNFu
promoter.

IL-1B and Phorbol Ester Stimulation Triggers
Phosphorylation and Activation of ATF2 and c-Jun
in Human Hepatoma Cells

In the cell, ATF2 and c-Jun have to be
phosphorylated in order to function as tran-
scriptional activators. ATF2 contains on its N-
terminus a phosphorylation-dependent tran-
scriptional activation domain [Livingstone
et al., 1995] that is controlled via phosphoryla-
tion of threonine residues 69 and 71 by the
stress-activated protein kinases c-Jun-N-term-
inal protein kinase (JNK) and p38 [Gupta et al.,
1995; van Dam et al., 1995]. Likewise, phos-
phorylation of serine residues 63 and 73 of c-Jun
by c-Jun N-terminal kinase (JNK) is necessary
to turn c-Jun into a biologically active transcrip-
tional activator. We used phospho-specific anti-
bodies to detect phosphorylation of ATF2 and c-
Jun following stimulation of HepG2 cells with
II-1B or TPA. Figure 3 shows the detection of
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Fig. 3.

treated with IL-1p (1 ng/ml) (A) or TPA (50 ng/ml) (B

247

phosphorylated ATF2 and c-Jun in IL-1B and
TPA-treated hepatoma cells. The overall levels
of ATF2 did not change significantly as a result
of IL-1P treatment. TPA, in contrast enhanced
the levels of c-Jun in HepG2 cells. We conclude
that IL-1p and TPA convert ATF2 and c-Jun
into biologically active transcription factors.

Dominant-Negative Mutants of ATF2 and c-Jun
Impair IL-1B and TPA-Stimulated TNFa Promoter
Activity in Human Hepatoma Cells

The composite TRE/CRE motif of the TNFa
gene functions in A20 B cells as a binding site for
a heterodimer consisting of the basic region
leucine zipper (bZIP) transcription factors
ATF2 and c-Jun [Tsai et al., 1996; Falvo et al.,
2000]. Moreover, constitutively active mutants
of c-Jun and ATF2 transactivate the TNFo
promoter in hepatoma cells [Al Sarraj et al.,,
2005]. To verify the involvement of ATF2 and/or
c-Jun in the IL-1f and TPA-triggered transcrip-
tional activation of the TNFa promoter, we used
dominant-negative mutants termed A-ZIPs.
These mutants inhibit DNA-binding of the
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IL-1pB and TPA-dependent phosphorylation of c-Jun and ATF2 in hepatoma cells. HepG2 cells were
). The cells were harvested as indicated and nuclear

extracts were prepared. Nuclear proteins were analyzed by Western blotting using antibodies for the
detection of c-Jun and ATF2 and phospho-specific antibodies to detect the phosphorylated forms of c-Jjun

and ATF2.
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>

wild-type bZIP proteins in a leucine zipper-
dependent fashion [Vinson et al., 2002; Thiel reporter: pTNFa(-1311)luc
et al., 2004]. Figure 4 shows that A-ATF2 was IL-1R

the most effective reagent in inhibiting TPA- l
and IL-1B-stimulated transcription of the repor-
ter gene under these conditions. A-ATF2 func-
tions as a dominant-negative mutant for both
ATF2 and c-Jun, due to the ability of ATF2 to
either form homodimers or heterodimers with c-
Jun. In addition, the IL-1p and TPA-mediated
upregulation of TNFa promoter/luciferase
reporter gene transcription was impaired by
A-Fos, a dominant-negative to c-Jun. Domi-
nant-negative mutants for CREB, ATF4, and C/
EBP did not significantly reduce reporter gene reporter: pTNFo(-1311)luc
transcription. A-C/EBP even enhanced tran-
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ATF2 and c-Jun, the upregulation of TNFo gene
transcription via the phosphorylated forms of
ATF2 and c-Jun, and the subsequent secretion
of TNFa into the cell culture medium.

Expression of the Dual-Specific Phosphatase
MKP-1 Impairs IL-18 and TPA-Induced
TNFa Gene Transcription

The nuclear phosphatase MKP-1 depho- - + = TPA
sphorylates the protein kinases ERK, p38 and - - + IL-1R
Fig. 4. Role of dominant-negative ATF2 and c-Jun mutants A-ATF2

upon TNFo promoter activity and TNFa secretion following
stimulation with IL-1pB or TPA. A: HepG2 cells were transfected
with the pTNFa(—1311)luc reporter plasmid, the pRSVP refer-
ence plasmid and 50 ng/plate of expression vectors encoding

either A-CREB, A-ATF4, A-Fos, A-ATF2, or A-C/EBP. Cells were
stimulated with IL-18 (1 ng/ml) (upper panel) or TPA (50 ng/ml)
(lower panel) as indicated. Forty-eight hours post-transfection
cell extracts were prepared and the B-galactosidase and

luciferase activities of these extracts determined. B: Lentiviruses
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encoding A-ATF2 were pseudotyped with the vesicular stomatitis - -+ = TPA
virus glycoprotein and used to infect HepG2 cells. As a control
mock-infected cells were analyzed. The cells were serum- = - + IL-1R

starved for 24 h and then treated with TPA (50 ng/ml) or IL-1B
(1 ng/ml) for 24 h. Secreted TNFa. in the cell culture medium was
detected by ELISA.
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JNK [Sun et al., 1993; Hirsch and Storck, 1997].
We performed transient transfection experi-
ments using a MKP-1 expression vector in order
to substantiate the involvement of these MAP
kinases in the IL-1p and TPA-triggered signal-
ing cascade. Fig. 5A reveals that expression of
MKP-1 blocked the IL-1 and TPA-induced
upregulation of TNFa promoter activity. More-
over, MKP-1 overexpression also impaired the
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Fig. 5. IL-1p and TPA-induced upregulation of the TNFa
promoter activity and TNFo secretion is blocked by over-
expression of MAP kinase phosphatase-1. The reporter plasmids
pTNFa(—1311)luc (A) or pTNFo(TRE/CRE)*luc (B) were trans-
fected into HepG2 cells together with the internal standard
plasmid pRSVP and either with the ““empty’” expression vector
pCMVS5 or an expression vector encoding MKP-1 (1 pg plasmid/
plate). Cells were stimulated with IL-1B (1 ng/ml) or TPA (50 ng/

transcriptional upregulation of the reporter
gene controlled by the composite TRE/CRE
motif (Fig. 5B), indicating that activation of
MAP kinases is necessary to connect IL-1p and
TPA stimulation with TNFa gene transcription
mediated by the TRE/CRE genetic motif.

Next, we tested the effect of MKP-1 expres-
sion on TNFa secretion using a recombinant
lentivirus. HepG2 cells infected with a
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0.

L

0.5
0.4
0.3
0.2
0.1

relative luciferase activi
(RLU / B-gal units x 10

+ + IL-1B
- + MKP-1

reporter: pTNFa-(TREICRE)ZIuc

0.6
0.5
0.4
0.3
0.2
0.1

relative luciferase activity
(RLU / B-gal units x 10 ‘3)

+ + TPA
+ MKP-1

ml) as indicated. Cell extracts were prepared and the
B-galactosidase and luciferase activities of these extracts
determined. C: HepG2 cells were infected with recombinant
lentiviruses encoding MKP-1. As a control mock-infected cells
were analyzed. The cells were serum-starved for 24 h and then
treated with TPA (50 ng/ml) or IL-1pB (1 ng/ml) for 24 h. Secreted
TNFa in the cell culture medium was detected by ELISA.
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MKP-1-encoding lentivirus showed a signi-
ficant reduction of TPA- and IL-1B-induced
secretion of TNFa (Fig. 5C), indicating that
phosphorylated MAP kinases are integral parts
of the signaling cascade connecting IL-1pB and
TPA stimulation with TNFa biosynthesis and
secretion.

Activation of Extracellular Signal-Regulated
Protein Kinase (ERK) Increases TNFa Promoter
Activity Independent of the TRE/CRE Motif

ERK was selectively activated in HepG2 cells
via expression of a constitutively active MAP
kinase kinase (MAPKKAN3-S218E-S222D),
the kinase that phosphorylates and activates
ERK. Activation of MAP kinase kinase by Raf
occurs via phosphorylation of the serine resi-
dues at positions 218 and 222. These serines
have been changed to glutamic and aspartic
acid residues, respectively. Moreover, residues
32-51 that are thought to stabilize the inactive
state of the kinase, had been deleted [Mansour
etal., 1994] (Fig. 6A). Transfection experiments
revealed that the activation of ERK strongly
stimulated TNFo gene promoter activity in
human hepatoma cells (Fig. 6B). The upregula-
tion of TNFa promoter activity was attenuated
by expressing MKP-1 (Fig. 6B, right bar).
Reporter gene transcription controlled by the
composite TRE/CRE motif was not altered
following activation of the ERK signaling path-
way (Fig. 6C) indicating that TNFo gene
transcription is controlled by the ERK signaling
pathway using genetic elements distinct from
the TRE/CRE motif.

The Constitutively Active MAP3 Kinase Mutant
MEKK1A Stimulates TNFa Promoter/Luciferase
Gene Transcription Involving ATF2 and c-Jun

The activity of c-Jun N-terminal kinase (JNK)
is controlled by the MAP3 kinase mitogen-
activated/extracellular signal responsive kinase
kinase (MEK) kinase-1 MEKK1). JNK, in turn, is
able to phosphorylate c-Jun and ATF2. To
stimulate JNK activity, we expressed a truncated
form of MEK kinase 1 (MEKK1A) in HepG2 cells.
Experimentally, MEKK1A strongly enhanced the
transcriptional activation potential of a fusion
protein consisting of the GAL4 DNA-binding
domain and the c-Jun transactivation domain
(GAL4-c-Jun) as well as the transcriptional
activation potential of a GAL4-ATF2 fusion
protein (data not shown). We tested two diffe-
rent concentrations of MEKKI1A-encoding
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Fig. 6. Expression of a constitutively active MAP kinase
kinase activates TNFo. promoter/luciferase reporter gene tran-
scription independent of the composite TRE/CRE motif.
A: Schematic representation of the modular structure of the
constitutively active MAP kinase kinase MAPKKAN3-S218E-
§222D. The ATP-binding site and the catalytic domain are
indicated. The mutantkinase carries two point mutations (S218E,
§222D) and a deletion of amino acids 32-51. B, C: The reporter
plasmids pTNFa(—1311)luc (B) or pTNFa(TRE/CRE)luc (C) were
transfected into HepG2 cells together with the internal standard
plasmid pRSVP and either the ““empty” expression vector
pCMV5 or an expression vector encoding MAPKKAN3-5218E-
§222D (0.25 pg plasmid/plate). Forty-eight hours post-transfec-
tion cell extracts were prepared and the B-galactosidase and
luciferase activities of these extracts determined.

expression vector. Figure T7A reveals that
transfection of 2 ng of expression plasmid
was sufficient to enhance the TNFa promoter
activity in human hepatoma cells. The stimu-
lating effect of MEKK1A expression upon TNFa
promoter activity was attenuated by expressing
MKP-1 (data not shown). Expression of
MEKKI1A also stimulated transcription of the
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galactosidase and luciferase activities of these extracts deter-
mined. D: Higher concentrations of MEKKTA activate NF-kB
controlled reporter gene transcription. The NF-kB responsive
reporter plasmid pGL3-HIV-1-LTR contains the proximal region
of the HIV-T LTR as regulatory region. The two binding sites for
NF-kB are indicated. The pGL3-HIV-1-LTR reporter plasmid was
transfected into HepG2 cells together with the internal standard
plasmid pRSVP and an expression vector encoding MEKK1A (2 or
100 ng plasmid/plate). E: The reporter plasmids pTNFa(—1311)luc
(upper panel) or pTNFo(TRE/CRE)’luc (lower panel) were
transfected into HepG2 cells together with MKK6(E) (25 ng/plate)
and a p38 MAP kinase expression vector (50 ng/plate) as
indicated. Forty-eight hours post-transfection cell extracts were
prepared and the B-galactosidase and luciferase activities of
these extracts determined.
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luciferase reporter gene controlled by the TRE/
CRE element (Fig. 7B). This effect of MEKK1A
on the activity of the TNFo promoter was
completely blocked by A-ATF2 and partially
by A-Fos (Fig. 7C). The results confirmed the
previous observation that either c-Jun or ATF2
or a heterodimer of ATF2 and c-Jun mediated the
MEKK1A-induced upregulation of TNFo promo-
ter/luciferase reporter gene transcription via the
TRE/CRE site. Expression of MEKK1A has been
reported to activate the transcription factor NF-
kB [Yao et al., 1997]. However, higher concen-
trations of MEKK1A-encoding expression vector
were needed, as demonstrated with an NF-xB-
responsive reporter plasmid (Fig. 7D). This
series of experiments revealed that we were
able to separate the JNK and the NF-«B
signaling pathways by using very low amounts
of MEKK1A expression vector.

Stimulation of TNFa Promoter/Luciferase Gene
Transcription by p38 MAP Kinase and
a Constitutively Active Mutant of MAP
Kinase Kinase 6

The results obtained with the dominant-
negative A-ZIP mutants shed light on the
important role of ATF2 in connecting IL-1B
and TPA stimulation with enhanced TNF« gene
transcription. ATF2 is activated by phospho-
rylation of the threonine residues 69 and 71,
catalyzed by the protein kinases p38 MAP
kinase or c-Jun N-terminal protein kinase. We
tested whether an activation of the p38 MAP
kinase signaling pathway influenced TNFo
promoter/luciferase reporter gene transcrip-
tion. To activate p38 protein kinase we
expressed a constitutively active mutant of
MAP kinase kinase 6, MKK6(E). Figure 7E
shows that expression of MKK6(E) was not
sufficient to increase reporter gene transcrip-
tion. Expression of MKK6(E) in the presence of
p38 MAP kinase elevated TNFa promoter/
luciferase gene transcription (Fig. 7E, upper
panel) and also enhanced transcription of a
reporter gene controlled by the TRE/CRE motif
(Fig. 7TE, lower panel), indicating that the
activation of p38 protein kinase stimulated
TNFa gene transcription involving ATF2 and
the TRE/CRE site.

Role of NF-kB in IL-13 and TPA-Induced
TNFa Gene Transcription

IL-1B and TPA are strong activators of NF-xB
and the regulation of TNFa gene transcription

by NF-kB has been documented. Figure 8A
shows that IL-1B and TPA treatment enhanced
the transcriptional activity of an NF-kB-respon-
sive reporter gene and this upregulation was
attenuated by IkBS32AS36A, a non-degradable
form of IxB. In contrast, IL-1p and TPA-induced
reporter gene transcription under control of the
TRE/CRE motif of the TNFo gene was not
impaired by IkBS32AS364A, indicating that
NF-xB targets other genetic elements within
the TNFa regulatory region (Fig. 8B).

DISCUSSION

TNFua is a key signaling molecule in the liver,
not only regulating hepatocyte proliferation
during liver regeneration, but also functioning
as a key stimulus for various liver diseases.
TNFo mRNA and protein are not at all or barely
detectable in hepatocytes, but TNFa biosynth-
esis can be induced by some extracellular
signaling molecules. Among these molecules,
IL-1B and TPA have been described to induce
TNFa biosynthesis in human HepG2 hepatoma
cells [Frede et al., 1996], an established cell
culture model for liver parenchymal cells. IL-1§
activates, among others, the protein kinase
JNK and induces the translocation of the
transcription factor NF-«B into the nucleus.
Phorbol esters are polycyclic esters that mimic
diacylgycerol and thereby irreversibly activate
protein kinase C. As a result, intracellular
signaling cascades are induced, including the
activation of mitogen and stress-regulated
protein kinases and the translocation of NF-
kB. The objective of this study was to analyze
the stimulus-induced activation of TNFa bio-
synthesis in hepatoma cells.

A key element within the TNFo gene regula-
tory region is the composite TRE/CRE motif
that functions in B cells and macrophages as an
integrative genetic element for diverse signal
transduction pathways including stimulation
by antigens, calcium, or lipopolysaccharides
[Tsai et al., 1996, 2000]. We tested the biological
importance of this genetic element by analyzing
the activity of a reporter gene solely controlled
by the composite TRE/CRE motif and showed
that stimulus-transcription coupling initiated
by IL-1B or TPA involves this motif in human
hepatoma cells. Constitutively active mutants
of ATF2 and c-Jun transactivated reporter
genes under the control of the human TNFa
promoter and dominant-negative mutants of
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ATF2 and c-Jun blocked both the IL-1p and
TPA-induced signaling cascade directed
towards the TNFa gene. Moreover, we showed
that lentiviral expression of A-ATF2, a domi-
nant-negative ATF2 mutant, attenuated secre-
tion of TNFa into the culture medium following
stimulation with TPA or IL-1B. Hence, the
composite TRE/CRE functions as an integrative
genetic element in hepatoma cells for both the
IL-1P and TPA-triggered signaling pathways.
Both the signaling cascades induced by IL-1
and TPA in HepG2 cells triggered phosphoryla-
tion and activation of the bZIP transcription
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factors ATF2 and c-Jun, connecting stimulation
of the cells with alterations in the gene expres-
sion pattern. The fact that overexpression of the
dual-specificity phosphatase MKP-1 blocked
the stimulus-induced upregulation of TNFa
promoter activity and the secretion of TNFa
into the culture medium implicates that MAP
kinases are involved in connection of the
cytoplasmic signaling cascade with nuclear
targets. Expression of a constitutively active
MAP kinase kinase induced an upregulation of
TNFa gene transcription, but the composite
TRE/CRE motif was not involved in connecting
the ERK signaling pathway with TNFa gene
transcription.

The biological activities of ATF2 and c-Jun
are regulated by stress-activated protein
kinases, and ATF2 and c-Jun play an important
role in the cellular stress response. In fact,
overexpression of a constitutively active mutant
of the MAP2 kinase MKKG6, together with the
expression of the p38 MAP kinase, upregulated
transcription of a TNFa promoter/reporter
gene. Moreover, a reporter gene was also
activated that contained only the composite
TRE/CRE motif of the TNFuo gene as regulatory
sequence. The MAP3 kinase MEKK]1 has been
shown to be required for IL-1-induced JNK
activation [Xia et al., 2000]. Expression of a
truncated form of MEKK1 (MEKK1A) in hepa-
toma cells induced an upregulation of TNF«
promoter/reporter gene transcription, and
experiments involving dominant-negative
mutants revealed that either c-Jun or ATF2 or
heterodimers of both bZIP proteins are respon-
sible for the transcriptional effect of MEKK1A

Fig. 8. 1l-1B and TPA-induced activation of NF-kB upregulates
TNFo promoter activity independent of the composite TRE/CRE
motif of the TNFo gene. A: IL-1p and TPA activate NF-kB
controlled transcription in HepG2 cells. The NF-kB responsive
reporter plasmid pGL3-HIV-1-LTR was transfected into
HepG2 cells together with the internal standard plasmid
pRSVB. Cells were stimulated with IL-1B (1 ng/ml) or TPA
(50 ng/ml) as indicated. Forty-eight hours post-transfection cell
extracts were prepared and the B-galactosidase and luciferase
activities of these extracts determined. NF-kB activation and
upregulation of TNFa promoter activity was impaired following
expression of the undegradable kB mutant 1kBaS32A/S36A
(1 pg plasmid/plate). B: The reporter plasmid pTNFo(TRE/
CRE)?luc was transfected into HepG2 cells in the presence or
absence of an expression vector encoding lkBaS32A/S36A. Cells
were stimulated with IL-18 (1 ng/ml) or TPA (50 ng/ml) as
indicated. Forty-eight hours post-transfection cell extracts were
prepared and the B-galactosidase and luciferase activities of
these extracts determined.
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expression. We conclude that the activation of
stress-activated protein kinases converge to the
TNFa gene in human hepatoma cells, involving
the transcription factors ATF2 and c-Jun.

MEKKI1 is upstream of several signaling
pathways including the regulation of JNK and
ERK activity and the activation of NF-«xB
[Hiranoetal., 1996; Leeetal., 1997; Karandikar
et al., 2000]. This pleiotropic activity has raised
questions about the specificity [Karin and
Delhase, 1998]. The analysis of MEKK1-defi-
cient embryonic stem cells revealed that
MEKKT1 signaling channels to the activation of
JNK, with marginal contribution to ERK and
NF-xB activation [Xia et al., 2000]. Here, we
showed by titration experiments that expres-
sion of low concentrations of the truncated form
of MEKK1 (MEKKI1A) (transfection of 2 ng
expression plasmid/60 mm plate) was sufficient
to activate TNFo gene transcription via the
activation of ATF2 and c-Jun without the
activation of NF-kB-controlled reporter genes.

In conclusion, our data shed light to the
importance of the transcription factors c-Jun
and ATF2 and the stress-activated protein
kinases JNK and p38 MAP kinase in the
stimulus-regulated transcription of the TNFa
gene in hepatoma cells. The composite TRE/
CRE motif functions as an integrative genetic
element for both the IL-1f and TPA-induced
signaling cascades. In addition, activators of the
ERK signaling cascade as well as activators of
NF-xB strongly upregulate TNFa gene tran-
scription using other genetic elements within
the TNFa regulatory region.

ACKNOWLEDGMENTS

We thank Karl Bach and Beate Wolf for
excellent technical help, Natalie G. Ahn, James
S. Economou, Jiahuai Han, Michael Karin, Sam
Mansour, Nicholas Tonks, Jakob Troppmair
and Thomas Wirth for their generous gifts of
plasmids, and Libby Guethlein and Oliver
Rossler for critical reading of the manuscript.
This study was supported by the Fellowship
from the “Deutscher Akademischer Austausch-
dienst” (DAAD) to Jude Al Sarraj.

REFERENCES

Ahn S, Olive M, Aggarwal S, Krylov D, Ginty DD, Vinson C.
1998. A dominant-negative inhibitor of CREB reveals
that it is a general mediator of stimulus-dependent
transcription of c-fos. Mol Cell Biol 18:967-977.

Al Sarraj J, Vinson C, Han J, Thiel G. 2005. Regulation of
GTP cyclohydrolase I gene transcription by basic region
leucine zipper transcription factors. J Cell Biochem 96:
1003-1020.

Beg AA, Sha WC, Bronson RT, Gosh S, Baltimore D. 1995.
Embryonic lethality and liver degeneration in mice
lacking the RelA component of NF-kappaB. Nature 376:
167-170.

Bell S, Kamm MA. 2000. Antibodies to tumor necrosis
factor o as treatment for Crohn’s disease. The Lancet 355:
858—-860.

Bradham CA, Plimpe J, Manns MP, Brenner DA,
Trautwein C. 1998. Mechanisms of hepatic toxicity. I.
TNF-induced liver injury. Am J Physiol—Gastrointest
Liver Physiol 275:G387—-G392.

Chomezynski P, Sacchi N. 1987. Single-step method of
RNA isolation by acid guanidinium thiocyanate-phenol-
chloroform extraction. Anal Biochem 162:156—159.

Doi TS, Marino MW, Takahashi T, Yoshida T, Sakakura T,
Old LdJ, Obata Y. 1999. Absence of tumor necosis factor
rescues RelA-deficient mice from embryonic lethality.
Proc Natl Acad Sci USA 96:2994—-2999.

Falvo JV, Uglialoro AM, Brinkman BMN, Merika M,
Parekh BS, Tsai EY, Morielli AD, Peralta EG, Maniatis
T, Thanos D, Goldfeld AE. 2000. Stimulus-specific
assembly of enhancer complexes on the tumor necrosis
alpha gene promoter. Mol Cell Biol 20:2239—-2247.

Frede S, Fandrey J, Jelkmann W. 1996. Interleukin 1§ and
phorbol ester induce tumor necrosis factor o production
in a hepatic cell line (HepG2). Pfligers Arch—Eur
J Physiol 431:923-927.

Gupta S, Campbell D, Dérijard B, Davis RJ. 1995.
Transcription factor ATF2 regulation by the JNK signal
transduction pathway. Science 267:389—393.

Han J, Lee J-D, Jiang Y, Li Z, Feng L, Ulevitch RJ. 1996.
Characterization of the structure and function of a novel
MAP kinase kinase (MKKS6). J Biol Chem 271:2886—
2891.

Hirano M, Osada S-I, Aoki T, Hirai S-I, Hosaka M, Inoue
J-I, Ohno S. 1996. MEK kinase is involved in tumor
necrosis factor a-induced NF-«kB activation and degrada-
tion of IxB-a. J Biol Chem 271:13234—-13248.

Hirsch DD, Storck PJS. 1997. Mitogen-activated protein
kinase phosphatases inactivate stress-activated
protein kinase pathways in vivo. J Biol Chem 272:
4568—-4575.

Hoffmeyer A, Grosse-Wilde A, Flory E, Neufeld B, Kunz M,
Rapp UR, Ludwig S. 1999. Different mitogen-activated
protein kinase signaling pathways cooperate to regulate
tumor necrosis factor a gene expression in T lympho-
cytes. J Biol Chem 274:4319-4327.

Jiang Y, Chen C, Li Z, Guo W, Gegner JA, Lin S, Han J.
1996. Characterization of the structure and function of a
new mitogen-activated protein kinase (p38p). J Biol
Chem 271:17920-17926.

Jones RE, Moreland LW. 1999. Tumor necrosis factor
inhibitors for rheumatoid arthritis. Bull Rheum Dis 48:
1-4.

Karandikar M, Xu S, Cobb MH. 2000. MEKK1 binds Raf-1
and the ERK cascade components. J Biol Chem
275:40120-40127.

Karin M, Delhase M. 1998. JNK or IKK, AP-1 or NF-«xB,
which are the targets for MEK kinase 1 action? Proc Natl
Acad Sci USA 95:9067—9069.



Regulation of TNFa Gene Transcription 255

Kaufmann K, Thiel G. 2002. Epidermal growth factor and
thrombin induced proliferation of immortalized human
keratinocytes is coupled to the synthesis of Egr-1, a zinc
finger transcriptional regulator. J Cell Biochem 85:
381-391.

Lee FS, Hagler J, Chen ZJ, Maniatis T. 1997. Activation of
the IxB kinase complex by MEKK1, a kinase of the JNK
pathway. Cell 88:213-222.

Liedtke C, Plimpe J, Kubicka S, Bradham CA, Manns MP,
Brenner DA, Trautwein C. 2002. Jun kinase modulates
tumor necrosis factor-dependent apoptosis in liver cells.
Hepatology 36:315—-325.

Livingstone C, Patel G, Jones N. 1995. ATF-2 contains a
phosphorylation-dependent transcriptional activation
domain. EMBO J 14:1785-1797.

Lois C, Hong EJ, Pease S, Brown EJ, Baltimore D. 2002.
Germline transmission and tissue-specific expression of
transgenes delivered by lentiviral vectors. Science 295:
868—872.

Mansour SJ, Matten WT, Hermann AS, Candia JM, Rong
S, Fukasawa K, Vande Woude GF, Ahn NG. 1994.
Transformation of mammalian cells by constitutive
active MAP kinase kinase. Science 265:966—970.

Marino MW, Dunn A, Grail D, Inglese M, Noguchi Y,
Richards E, Jungbluth A, Wada H, Moore M, Williamson
B, Basu S, Old LJ. 1997. Characterization of tumor
necrosis factor-deficient mice. Proc Natl Acad Sci USA 94:
8093-8098.

Minamino T, Yujiri T, Papst PJ, Chan ED, Johnson GL,
Terada N. 1999. MEKK1 suppresses oxidative stress-
induced apoptosis of embryonic stem cell-derived cardiac
myocytes. Proc Natl Acad Sci USA 96:15127-15132.

Minden A, Lin A, McMahon M, Lange-Carter C, Dérijard B,
Davis RJ, Johnson GL, Karin M. 1994. Differential
activation of ERK and JNK mitogen-activated protein
kinases by Raf-1 and MEKK. Science 266:1719-1794.

Olive M, Krylov D, Echlin DR, Gardner K, Taparowsky E,
Vinson C. 1997. A dominant negative to activation
protein-1 (AP1) that abolishes DNA binding and inhibits
oncogenesis. J Biol Chem 272:18586—18594.

Rhoades KL, Golub SH, Economou JS. 1992. The regulation
of the human tumor necrosis factor o promoter region in
macrophages, T cell, and B cell lines. J Biol Chem 267:
22102-22107.

Stefano L, Al Sarraj J, Rossler OG, Vinson C, Thiel G. 2006.
Up-regulation of tyrosine hydroxylase gene transcription
by tetradecanoylphorbol acetate is mediated by the
transcription factors Ets-like protein-1 (Elk-1) and Egr-
1. J Neurochem 97:92—-104.

Steinmiiller L, Cibelli G, Moll JR, Vinson C, Thiel G. 2001.
Regulation and composition of activator protein 1 (AP-1)
transcription factors controlling collagenase and c-Jun
promoter activities. Biochem J 360:599—607.

Sun H, Charles CH, Lau LF, Tonks NK. 1993. MKP-1
(3CH134), an immediate early gene product, is a dual
specificity phosphatase that dephosphorylates MAP
kinase in vivo. Cell 75:487—-493.

Thiel G, Petersohn D, Schoch S. 1996. pHIVTATA-CAT, a
versatile vector to study transcriptional regulatory
elements in mammalian cells. Gene 168:173—-176.

Thiel G, Kaufmann K, Magin A, Lietz M, Bach K, Cramer
M. 2000. The human transcriptional repressor protein
NAB1: Expression and biological activity. Biochim
Biophys Acta 1493:289-301.

Thiel G, Lietz M, Hohl M. 2004. How mammalian
transcriptional repressors work. Eur J Biochem 271:
2855—-2862.

Tilg H, Diehl AM. 2000. Cytokines in alcoholic and nonalco-
holic steatohepatitis. New Engl J Med 343:1467—-1476.
Tsai EY, Jain J, Pesavento PA, Rao A, Goldfeld AE. 1996.
Tumor necrosis factor alpha gene regulation in activated
T cells involves ATF2/Jun and NFATp. Mol Cell Biol 16:

459-467.

Tsai EY, Falvo JV, Tsytsykova AV, Barczak AK, Reimold
AM, Glimcher LH, Fenton MdJ, Gordon DC, Dunn IF,
Goldfeld AE. 2000. A lipopolysaccharode-specifc enhan-
cer complex involving Ets, Elk-1, Sp1, and CREB binding
protein and p300 is recruited to the tumor necrosis factor
alpha promoter in vivo. Mol Cell Biol 20:6084—6094.

van Dam H, Wilhelm D, Herr I, Steffen A, Herrlich P, Angel
P. 1995. ATF-2 is preferentially activated by stress-
activated protein kinases to mediate c-jun induction in
response to genotoxic agents. EMBO J 14:1798-1811.

Vinson C, Myakishev M, Acharya A, Mir AA, Moll JR,
Bonovich M. 2002. Classification of human B-ZIP
proteins based on dimerization properties. Mol Cell Biol
22:6321-6335.

Xia Y, Makris C, Su B, Li E, Yang J, Nemerow GR, Karin
M. 2000. MEK kinase 1 is critically required for c-Jun N-
terminal kinase activation by proinflammatory stimuli
and growth factor-induced cell migration. Proc Natl Acad
Sci USA 97:5243-5248.

Yamada Y, Kirillova I, Peschon JJ, Fausto N. 1997.
Initiation of liver growth by tumor necrosis factor:
Deficient liver regeneration in mice lacking type I tumor
necrosis factor receptor. Proc Natl Acad Sci USA 94:
1441-1446.

Yao J, Mackman N, Edgington TS, Fan S-T. 1997.
Lipopolysaccharide induction of the tumor necrosis
factor-o promoter in human monocytic cells. Regulation
by Egr-1, c-Jun, and NF-«xB transcription factors. J Biol
Chem 272:17795-17801.

Zagariya A, Mungre S, Lovis R, Birrer M, Ness S,
Thimmapaya B, Pope R. 1998. Tumor necrosis factor
alpha gene regulation: Enhancement of C/EBP-induced
activation by c-Jun. Mol Cell Biol 18:2815-2824.



