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Abstract The transcriptional regulation of the fibronectin (FN) gene in hepatoma cells by phorbol myristate
acetate (PMA) was investigated. PMA increased the synthesis and mRNA levels of FN and its promoter activity in Hep3B
hepatoma cells. The PMA-induced activation of FN expression was blocked by a protein kinase C (PKC) inhibitor and
did not require a new protein synthesis. Deletion analysis revealed that the sequence between positions —69 and +136
of the FN gene was responsible for the PMA induction. Two PMA-inducible nuclear protein complexes were found to
bind to a putative NF-kB site at —41 and were identified as a p65/p50 heterodimer and a p50/50 homodimer of NF-«xB
family. Mutations in the —41 NF-kB site, however, did not block the PMA induction of the FN promoter but rather
enhanced it. Overexpression of p65 increased the FN promoter activity. While overexpression of p50 alone did not
affect the promoter activity, it decreased the p65-induced activation of the FN promoter. Mutations in the —41 NF-kB site
attenuated the p50-mediated suppression of the p65 transactivation of the FN promoter. Deletion of the sequence
between +1 and +136 decreased the basal and PMA-induced activities of the FN promoter. This study shows that PMA
induces the transcription of the FN gene in hepatoma cells via the PKC pathway. The DNA sequence between +1 and
+136 is responsible, at least in part, for the PMA-induced activation of the FN gene, while the —41 NF-kB binding site
plays as a negative regulatory element for it. In addition, this study is the first to show a role for NF-kB p65 in the
transcriptional activation of the FN gene. J. Cell. Biochem. 76:437-451, 2000.  © 2000 Wiley-Liss, Inc.
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Fibronectin (FN) is a structurally and func-
tionally diverse glycoprotein and exists in a
soluble protomeric form in blood plasma, named
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responsible for the synthesis of FN. The FN
deposition is followed by the deposition of colla-
gen type I and other ECM components suggest-
ing that FN may act as the organizer of the
ECM in the fibrotic liver [Martinez-Hernandez
and Amenta, 1993]. In addition, deposition of
FN by endothelial cells from injured liver accel-
erates the conversion of normal hepatic stellate
cells (also known as Ito cells) to myofibroblast-
like cells that have greatly increased synthetic
activity for a wide variety of matrix proteins
[Jarnagin et al., 1994]. The accumulation of
ECM in the space of Disse by hepatic stellate
cells, combined with that by the injured hepato-
cytes, is accompanied by loss of fenestrae from
sinusoidal endothelial cells and causes portal
hypertension. It has been reported that hepatic
stellate cells on an individual basis produce
more matrix than hepatocytes and the activa-
tion of these cells is an invariant feature of
chronic liver injury that ultimately lead to fibro-
sis [Benyon and Arthur, 1998]. In the liver, how-
ever, the hepatocyte cytoplasm volume surpasses
hepatic stellate cell cytoplasm volume by sev-
eral orders of magnitude. Even a small contribu-
tion from hepatocytes thus could represent the
major contribution to the deposition of matrix
[Martinez-Hernandez and Amenta, 1995].

Accumulation of FN has also found in fibrotic
septa and capsules of tumor nodules in hepato-
cellular carcinoma as well as in fibrotic septa in
liver cirrhosis [Oyama et al., 1989; Tavian et
al., 1994; Koukoulis et al., 1995; Matsui et al.,
1997]. While normal hepatocytes synthesize
plasma FN but rarely synthesize cellular FN
[Kornblihtt et al., 1983], hepatocytes near fi-
brotic septa in liver cirrhosis and most hepa-
toma cells in hepatocellular carcinoma produce
cellular FN suggesting the participation of cel-
lular FN in the hepatic fibrogenesis and in the
malignant phenotypes of hepatoma [Tavian et
al., 1994; Matsui et al., 1997]. Yet, little is
known about the signaling pathways and regu-
latory mechanisms involved in the upregula-
tion of FN expression in hepatocytes and hepa-
toma cells during these processes.

Expression of the FN gene is regulated by
various factors including transforming growth
factor-g (TGF-B), dexamethasone and viral pro-
teins such as adenovirus E1A [Dean et al.,
1988; Nakajima et al., 1992]. Intracellular sig-
nal pathways mediated by cAMP and protein
kinase C (PKC) have been shown to play roles
in the regulation of the FN gene expression

[Dean et al., 1988, 1989; Studer et al., 1993;
Rovin et al., 1995; Lee et al., 1996, 1997, 1998].
Regulatory elements and transcription factors
responsible for the regulation of the FN gene
expression by the cyclic AMP pathway and sev-
eral factors have been described [Kornblihtt et
al., 1996]. Cyclic AMP-responsive elements
(CRE) at position —160 and —170 of the rat and
human FN promoter, respectively, have been
shown to mediate the basal and cAMP-induced
expression of the FN gene [Bowlus et al., 1991;
Miao et al., 1993]. Among many CRE-binding
proteins described, ATF-2 binds to the CRE of
the human FN gene and cooperates with NF-1
and CP1 that bind to an adjacent CCAAT ele-
ment for the transcription of the FN gene in
hepatocytes [Srebrow et al., 1993; Alonso et al.,
1996]. A G10 stretch at —104 and two Spl
binding sites at —104 and —50 of the rat FN
gene have been shown to be involved in the
adenovirus E1A-induced repression of the rat
FN gene through the binding of G10BP, a nega-
tive regulator of Spl transcription factor [Na-
kajima et al., 1992; Suzuki et al., 1995]. In
addition, an AP-1 site at —453 of the rat FN
gene is recently shown to mediate the angioten-
sin II-induced transcriptional activation of the
FN gene [Tamura et al., 1998]. It is still un-
known, however, about the regulatory mecha-
nisms responsible for the regulation of the FN
gene expression by the PKC pathway. Here we
studied the role of phorbol 12-myristate 13-
acetate (PMA), a well-known PKC activator, in
the expression of FN in hepatoma cells and
regulatory elements and transcription factors
responsible for the PMA action.

MATERIALS AND METHODS
Cell Cultures

Hep3B (ATCC HB 8064) and HepG2 (ATCC
HB 8065) human hepatocellular carcinoma cell
lines were obtained from the American Type Cul-
ture Collection (Rockville, MD). Cells were cul-
tured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine
serum (Life Technologies, Gaithersburg, MD), 100
U/ml of penicillin, 100 pg/ml of streptomycin,
and 0.1%, nonessential amino acids. Cells were
incubated at 37°C in a 5% CO, air environment.

Radioactive Labeling and
Immunoprecipitation of FN

Radioactive labeling of cells with [35S]methio-
nine, the extraction of cell layer FN, and immu-
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noprecipitation of FN were performed as previ-
ously described [Lee et al., 1996, 1997]. Samples
containing the immunoprecipitated FN were
analyzed by SDS-PAGE using a 6% gel and
subsequent fluorography.

Northern Blot Hybridizations

Isolation of total cellular RNA and subse-
quent hybridization with a radiolabeled cDNA
probe were performed as described previously
[Lee et al., 1997]. As cDNA probes, FH1 human
FN ¢DNA [Kornblihtt et al., 1983] and 18S
ribosomal RNA ¢cDNA were used.

Oligonucleotides

Oligonucleotides were synthesized from com-
mercial companies, Life Technologies and Bi-
oneer (Taejeon, Korea). The sequences of oligo-
nucleotides used in this study are listed in
Table I.

Plasmid Construction

The plasmids pF1900CAT, pF414CAT,
pF166CAT, and pF123CAT containing the 5’
flanking region of the rat FN gene sequence
fused to the chloramphenicol acetyltransferase
(CAT) reporter gene were provided by Dr. Kin-
ichiro Oda (Science University of Tokyo, Tokyo,
Japan) and previously described [Nakajima et
al., 1992]. To construct the plasmid pGL2F1900
containing the rat FN gene fused to the lucifer-
ase reporter gene, pF1900CAT was cleaved with
Pst]l and the 2.1-kb PstI fragment containing
the rat FN gene sequence between positions
—1908 and +136 was inserted into the PstI site
of pBluescript II KS (—) (Stratagene, San Diego,
CA) to generate pBS-F1900. Then, pBS-F1900
was cleaved with BamHI and HindIIl, and the
2.1-kb BamHI-HindIIl fragment was inserted
into the BglII-HindIII site of pGL2-Basic (Pro-
mega, Madison, WI) to generate pGL2F1900.

For construction of 5’ sequential deletion con-
structs, pF414CAT, pF166CAT, and pF123CAT
were cleaved with Bgl/Il and HindIIl. Each
BglII-HindIII fragment containing the sequence
from —414, —166, and —123 to +136 of the rat FN
gene was inserted into the BglIl and HindIII
site of pGL2-Basic to generate pGL2F414,
pGL2F166, and pGL2F123, respectively. For
construction of pGL2F69, pGL2F1900 was
cleaved with BssHII at the position —69 of the
FN gene, filled-in with Klenow enzyme, and
then cleaved with HindIII. The 217-bp BssHII-
HindIII fragment containing the sequence from
—69 to +136 of the FN gene was inserted into
the Smal-HindlIII site of pGL2-Basic.

For construction of a site-directed mutant
construct pGL2F1900m kB containing point mu-
tations in the —41 NF-«B site (5'-GGGACT-
GTCC-3’ to 5'-GacACTGTCC-3’), an oligo-
nucleotide FNm «B encompassing the sequence
from —59 (BssSI site) to +1 (Blpl site) of the rat
FN gene containing those mutations was syn-
thesized and dephosphorylated by an alkaline
phosphatase. Another piece of insert was
cleaved from pGL2F1900 with XAo0l and BssSI.
A vector DNA was made by digestion of
pGL2F1900 with Xhol and Bipl. The 1.8-kb
Xhol-BssSI fragment from pGL2F1900 and the
59-bp FNm-«B oligonucleotide with BssST and
Bipl sites at each end were ligated into the
Xhol and BlplI sites of the vector DNA. To con-
struct pGL2F69m kB, pGL2F1900m B was
cleaved with BssHII, filled-in with Klenow en-
zyme, and then cleaved with HindIII. The
BssHII-HindIII fragment was inserted into the
Smal-HindIlI site of pGL2-Basic.

For construction of pGL2hF510 containing
the human FN gene sequence from -510 to +69
fused to the luciferase reporter gene, pFN-CAT
(—=510) containing the human FN gene se-
quence fused to the CAT reporter gene (pro-

TABLE I. Oligonucleotides Used in This Study

Oligonucleotide Sequence?

—69/-27 5'-GCGCAGGGCCTCGTGGGGGGGCGGGAAGGGACTGTCCCATAT-3’
—50/-27 5'-GGGCGGGAAGGGACTGTCCCATAT-3'

—50/—27mkB 5'-GCGGGAAGacACTGTCCCATAT-3’

Consensus NF-«kB
Consensus Egr-2

5'-AGTTGAGGGGACTTTCCCAGGC-3’
5'-GGATCCAGCGGGGGCGAGCGGGGGCG A-3'

Consensus Ets-2
Consensus Spl

5'-TCGGGCTCGAGATAAACAGGAAGTGGTC-3’
5'-ATTCGATCGGGGCGGGGCGAGC-3’

Oct-1 5'-GGCCTGGGTAATTTGCATTTCTAAAA-3’

aUnderlining indicates target sites; lowercase boldface letters indicate introduced mutations.
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vided by Dr. Douglas C. Dean, Washington Uni-
versity, St. Louis, MI) was cleaved with Pvull
at position —510 and PstI at position +69. The
579-bp Pvull-Pst] fragment was inserted into
the EcoRV and Pstl site of pBluescript KS (—)
to generate pBS-hF510. Then, pBS-hFN510 was
cleaved with Kpnl and BamHI and the result-
ing fragment was inserted into the Kpnl and Bg/II
site of pGL2-Basic to generate pGL2hF510.

CMV-p65 and CMV-p50 used as expression
vectors for p65 and p50 subunit of NF-kB, re-
spectively, were provided by Dr. Patrick A Bae-
uerle (Tularik Inc., South San Francisco, CA)
and described previously [Schmitz and Bae-
uerle, 1991].

Transient Transfection of DNA

DNA transfection was performed by liposome
method using a LipofectAmine™ reagent (Life
Technologies). Cells (2 X 10° cells per dish)
were plated the day before transfection onto
35-mm culture dishes and grown to an approxi-
mate 70% confluence. Cells were transfected
with a total 1 pg of DNA containing 0.6 ng of
FN-reporter construct, 0.1 pg of pSV-B-galacto-
sidase (Promega) as an internal control, and 0.3
pg of pGL2-Basic as a carrier. For each transfec-
tion, 1 pg of DNA diluted into 100 ul with
serum-free medium was mixed with 6 ul of
lipofectAmine™ reagent diluted into 100 ul with
serum-free medium, and incubated at room tem-
perature for 30 min to allow DNA-liposome
complexes to form. The complexes were diluted
with 0.8 ml of serum-free medium and added
onto the cells. Cells were incubated with the
complexes for 6 h at 37°C in a CO, incubator.
After incubation, the transfection mixture was
removed and cells were incubated overnight
with a fresh medium containing 10% serum for
recovery. Then, cells were incubated with the
indicated reagents in a medium containing 0.5%
serum for 24 h and harvested at 48 h from the
start of transfection.

Luciferase and B-Galactosidase Assays

Cells were washed twice with phosphate-
buffered saline (PBS) and incubated with 250
ul of a lysis solution (100 mM potassium phos-
phate, pH 7.8, 0.2% [v/v] Triton X-100, 1 mM
dithiothreitol [DTT]) at room temperature for
10 min. The lysates were transferred to micro-
centrifuge tubes and cell debris was removed by
centrifugation at 10,000g for 2 min. For lucifer-
ase assays, 100 pl of the cell lysates were mixed

with 500 pl of a luciferase assay buffer (15 mM
potassium phosphate, pH 7.8, 25 mM glygly-
cine, pH 7.8, 15 mM MgSO,, 4 mM ethylene
glycol-bis(B-aminoethyl ether)-N,N,N’,N’-tetra-
acetic acid, 2 mM ATP, 1 mM DTT). The reac-
tion mixture was incubated with 100 ul of the
luciferase assay buffer containing 100 pM lu-
ciferin (Analytical Luminescence Laboratory,
Bedford, MA) and then luminescence was mea-
sured in a luminometer (Berthold, Wildbad,
Germany). B-Galactosidase assays were car-
ried out using 10 pl of the cell lysates and a
Galacto-Light® chemiluminescent reporter as-
say system (Tropix, Ann Arbor, MI) according to
the manufacturer’s directions. The luciferase
activity was normalized by the B-galactosidase
activity for the correction of the transfection
efficiency.

Nuclear Extraction and Electrophoretic Mobility
Shift Assay (EMSA)

Nuclear extracts were prepared using a pro-
cedure adapted from a previously described
method [Schreiber et al., 1989]. Cells were
grown to a 70—-80% confluence on 100-mm cul-
ture dishes and incubated with the indicated
reagent. After incubation, cells were washed
two times with ice-cold PBS, scraped in 1.5 ml
of PBS/plate, transferred to a microcentrifuge
tube, and pelleted by centrifugation at 10,000g
for 15 sec at 4°C. Cell pellets were resuspended
in 400 pl of cold Buffer A (10 mM N-2-hydroxy-
ethylpiperazine-N’-2-ethanesulfonic acid [HEPES],
pH 7.9, 10 mM KCl, 0.1 mM ethylenediamine-
tetraacetic acid [EDTA], 0.5 mM phenylmethyl-
sulfonylfluoride [PMSF], 1 mM DTT, 10 pg/ml
leupeptin, 10 pg/ml pepstatin, 10 pg/ml aproti-
nin)/plate and placed on ice for 15 min. The
tubes were added with 25 pl of 10% Nonidet
P-40, vortexed vigorously for 10 sec, centri-
fuged at 10,000g for 30 sec at 4°C, and the
supernatant was removed. The nuclear pellet
was resuspended in 25 pl of Buffer C (20 mM
HEPES, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1
mM PMSF, 1 mM DTT, 10 ug/ml leupeptin, 10
ng/ml pepstatin, 10 pg/ml aprotinin)/plate and
incubated with shaking for 15 min at 4°C.
Samples were centrifuged for 5 min as before
and the supernatant (containing nuclear ex-
tract) was collected. The nuclear extract was
frozen in small aliquots (5—10 ul) on dry-ice and
stored at —70°C. Protein concentration was
determined using a Bio-Rad®™ protein assay kit
(Bio-Rad Laboratories, Hercules, CA).
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Oligonucleotides were end-labeled with
[@-32P]dCTP (3,000 Ci/mmol; Amersham Phar-
macia Biotech) by incubation with a Klenow
enzyme at 37°C for 30 min. A labeled oligo-
nucleotide probe was separated from
unincorporated nucleotides using Sephadex G50
columns (Amersham Pharmacia Biotech). The
nuclear extract (2—4 pg protein) was incubated
with 5 fmol (~30,000 cpm) of a labeled probe for
20 min at room temperature in 15 pl of binding
buffer containing 25 mM HEPES (pH 7.9), 10%
glycerol, 0.05% Nonidet P-40, 1 mM EDTA, 0.5
M PMSF, 0.5 mM DTT, 2 pg poly(dI-dC), and 75
mM NaCl at a final concentration. Electropho-
resis was carried out at 4°C for 2.5 h at 150
volts in 0.5 X TBE buffer (45 mM Tris-HCI, pH
8.0, 45 mM boric acid, 1 mM EDTA) using a 4%
nondenaturating polyacrylamide gel. Gels were
dried and exposed to an X-ray film overnight at
—70°C. For the competition assays, the nuclear
extract was pre-incubated with an unlabeled
oligonucleotide at room temperature for 15 min
prior to the addition of a labeled probe. For the
supershift assays, the nuclear extract was pre-
incubated with 1 pl of antiserum directed
against NF-«kB family transcription factors
(Santa Cruz Biotechnology, Inc., Santa Cruz,
CA) at 4°C for 15 min prior to the addition of a
labeled probe.

RESULTS

PMA Stimulates FN Gene Expression in
Hepatoma Cells

We have previously showed that PMA stimu-
lates FN synthesis in human lung fibroblasts
through the activation of PKC pathway [Lee et
al., 1996]. To investigate whether the expres-
sion of FN is regulated by PMA in hepatoma
cells, we treated Hep3B human hepatocellular
carcinoma cells with various concentrations of
PMA for 24 h. PMA increased, maximally at 1
ng/ml, both the steady-state levels of FN mRNA
and FN synthesis in Hep3B cells (Fig. 1A and
B, respectively).

To investigate the involvement of transcrip-
tional regulation in the PMA stimulation of FN
expression, a FN promoter-luciferase reporter
construct containing the rat FN gene sequence
from —1908 to +136 (pGL2F1900) was gener-
ated and transfected into Hep3B cells. PMA
dose-dependently increased the activity of
pGL2F1900 maximally by 5.8-fold at a concen-
tration of 10 ng/ml compared to the untreated

control (Fig. 1C). PMA also increased the activ-
ity of the FN promoter by three-fold in HepG2
human hepatocellular carcinoma cells (Fig. 1D).
In addition, when a FN promoter-luciferase
construct containing the human FN gene se-
quence from —510 to +69 (pGL2hF510) was
transfected into Hep3B cells, PMA increased
the human FN promoter activity by six-fold in
the cells (Fig. 1E). These results show that
PMA stimulates FN expression by activating
the transcription of the FN gene in hepatoma
cells. The rat FN promoter was used for the
following experiments, since it has a relatively
longer sequence than the human FN promoter
and its regulatory elements have been studied
in detail.

Stimulation of FN Gene Expression by PMA
Occurs via the PKC Pathway and Does Not
Require a New Protein Synthesis

To investigate whether the effect of PMA on
FN gene expression is mediated through the
PKC pathway in Hep3B cells, a PKC inhibitor
bisindolylmaleimide (Sigma Chemical Co., St.
Louis, MO) was used to block the activation of
the PKC. Bisindolylmaleimide at 1 pM effi-
ciently blocked the PMA-induced increase of
FN mRNA levels (Fig. 2A) and of the promoter
activity of pGL2F1900 (Fig. 2B). In addition,
4a-phorbol 12,13 didecanoate (Sigma Chemical
Co.), a phorbol ester that does not activate
PKC, had no effect on the promoter activity of
pGL2F1900 excluding the nonspecific effect of
phorbol esters (data not shown). These results
indicate that the stimulation of FN gene expres-
sion by PMA occurs via the activation of PKC
pathway in hepatoma cells.

Cycloheximide, a protein synthesis inhibitor,
did not affect the PMA-induced increase of FN
mRNA levels (Fig. 2C). This result suggests
that the stimulation of FN gene expression by
PMA does not require a new protein synthesis
and may be mediated by the activation of a
pre-existing protein(s).

Identification of the PMA-Responsive Region in
the FN Promoter

The nucleotide sequence containing the 5'-
flanking sequence of the rat FN gene between
—1908 and +136 has been reported [Nakajima
et al., 1992]. It contains several cis-regulatory
elements or binding sites for transcription fac-
tors such as putative AP-1 site at —453, AP-2
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Fig. 1. Stimulation of fibronectin gene expression by phorbol myristate acetate
(PMA) in hepatoma cells. A: Confluent Hep3B hepatoma cells were incubated with
various concentrations of PMA for 24 h. Total RNA was isolated from the cells and
10 pg of each sample were subjected to electrophoresis and analyzed by Northern
blot hybridization. A 18S probe was used as a control to correct for the amounts of
RNA loaded. FN, fibronectin; 18S, 18S ribosomal RNA. B: Confluent Hep3B cells E
were incubated with PMA for 24 h and then labeled with 30 pCi/ml [*>S]methio-
nine (1,000 Ci/mmol) for 2 h. FN was isolated by immunoprecipitation from the
combined fractions of the medium and cell layer extracts containing equal
amounts (5 X 10° cpm) of radioactive total protein and then analyzed by the
SDS-PAGE. Arrowhead indicates the location of FN (M, = 220-240 kDa). C: Hep3B
cells were transfected with DNA containing pGL2F1900 construct and treated with
PMA for 24 h. Each bar represents the luciferase activity as mean = S.D. of two
different experiments relatively to the untreated control. D: HepG2 hepatoma cells
were transfected with DNA containing pGL2F1900 construct and treated with 10
ng/ml of PMA for 24 h. Each bar represents the luciferase activity as mean + SD of
three different experiments relatively to the untreated control. E: Hep3B cells were
transfected with DNA containing pGL2hF510 construct and treated with 10 ng/ml
of PMA for 24 h. Each bar represents the luciferase activity as mean = SD of three
different experiments relative to the untreated control.
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site at —364, CRE at —160, and two GC boxes
or Spl sites at —104 and —50 [Nakajima et al.,
1992]. To locate the cis-regulatory element(s)
that confers PMA responsiveness, a series of 5
deletion through the 5'-flanking region of the
FN gene was generated (Fig. 3A). Deletion of

the 5’ flanking region to —414 did not have a
significant effect on the basal promoter activity.
Deletion to -166 increased the basal activity by
74% relative to that of pGL2F1900. Deletion to
—123 decreased the basal activity by 67% rela-
tive to that of pGL2F1900 (Fig. 3A), suggesting
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Fig. 2. Stimulation of FN gene expression by phorbol myristate
acetate (PMA) occurs via the protein kinase C pathway and does
not require a new protein synthesis. A: Hep3B cells were
pre-incubated with 1 pM of bisindolylmaleimide for 2 h, fol-
lowed by treatment with 10 ng/ml of PMA for 24 h. Northern
blot hybridizations were performed as described in Figure 1.
BIM, bisindolylmaleimide; FN, fibronectin; 18S, 18S ribosomal
RNA. B: Cells were transfected with DNA containing pGL2F1900
construct and treated with the indicated reagents as described
above. Each bar represents the luciferase activity as mean * SD
of two different experiments relatively to the untreated control.
C: Cells were pre-incubated with 10 pg/ml of cycloheximide for
1 h, followed by treatment with 10 ng/ml of PMA for 24 h.
Northern blot hybridizations were performed as described in
Figure 1. CHX, cycloheximide.

the presence of an important regulatory ele-
ment for the basal activity within the sequence
from —166 to —123. In support of these results,
a previous study reported that the sequence be-
tween —164 and —90 is important for the basal
expression of the rat FN gene and this activity is
mediated by CRE at —160 [Miao et al., 1993].
Further deletion to —69 decreased the basal
promoter activity by 90% relative to that of
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Fig. 3. 5'-sequential deletion analysis for the phorbol my-
ristate acetate (PMA)-induced promoter activity. A: A diagram of
5'-sequential deletion constructs fused to the luciferase. The
transcriptional start site is shown as +1. The basal activity of
each construct is represented as percentage, with the activity of
the longest construct listed as 100%. B: Hep3B cells were
transfected with DNA containing each deletion construct and
treated with 10 ng/ml of PMA for 24 h. Each bar represents the
luciferase activity relative to the untreated control of each
construct as mean =+ SD of three different experiments.

pGL2F1900 (Fig. 3A), suggesting an additional
regulatory element for the basal activity within
the sequence from —123 to —69.

PMA increased the promoter activities of vari-
ous 5'-deletion constructs as well as that of
pGL2F1900 by five- to seven-fold compared to
the untreated control of each construct (Fig.
3B). A construct with deletion to —69 (pGL2F69)
still showed the PMA-induction of the promoter
activity. These results suggest that the se-
quence downstream of the position —69 of the
FN gene is an essential region required for the
PMA induction of the FN promoter.

The NF-kB Site at —41 Is a Binding Site for the
PMA-Induced Proteins

Sequence analysis of the PMA-responsive re-
gion between —69 and +136 revealed potential
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binding sites for transcription factors such as
Egr-2 (5'-GGGGGGGCGG-3') between —54 and
—45, Sp-1 (5'-GGGCGG-3') between —50 and —45,
Ets-2 (5'-GGGAAG-3') between —46 and —41, and
NF-«B (5'-GGGACTGTCC-3') between —41 and
—32 (Fig. 4A). To investigate whether PMA
induces the binding of nuclear proteins to these
sequence motifs, EMSA was performed. The
sequences of synthetic oligonucleotides used for
EMSA are shown in Table I. When a —69/—27
oligonucleotide containing the sequence be-
tween —69 and —27 of the FN gene was used as
a probe, two DNA-protein complexes consisting
of an upper major complex and a lower minor
complex were induced by PMA (Fig. 4B, lanes 1
and 2). Binding of nuclear proteins to a Oct-1
probe used as an internal control was not differ-
ent between PMA-treated and untreated cells
showing equal amounts of nuclear proteins from
each condition were used for EMSA (Fig. 4B,
lanes 3 and 4).

To determine which of the sequence motifs
functions as a binding site for the PMA-induced
DNA-protein complexes, competition assays us-
ing consensus NF-«B, Egr-2, Ets-2, and Spl
oligonucleotides as competitors were performed.
The induced DNA-protein complexes were
efficiently competed by the consensus NF-«B
oligonucleotide but not by the consensus Egr-2,
Ets-2, and Spl oligonucleotides even at a 100-
fold molar excess concentration (Fig. 4C, lanes
3,4 vs. 5-10). These results suggest that the
NF-kB binding site at -41 may be a binding site
for the PMA-induced DNA-protein complexes.
To study further, a —50/—27 oligonucleotide
containing the sequence between —50 and —27
flanking the —41 NF-kB site was used as a
probe. Binding of the PMA-induced DNA-
protein complexes was competed by the —50/
—27 itself and by the consensus NF-kB, but not
by a —50/—27mkB oligonucleotide containing
point mutations in the —41 NF-«kB site (Fig. 4D,
lanes 3-6 vs. 7,8). No binding complexes were
observed when the —50/—27mkB was used as
a probe (Fig. 4D, lanes 9,10). Similar pattern
of DNA-protein complexes was observed when
the consensus NF-«B oligonucleotide was used
as a probe (Fig. 4E, lanes 1,2). The induced
DNA-protein complexes were efficiently com-
peted by the consensus NF-«kB and less effi-
ciently by the —50/—27, but not by the —50/
—27mkB (Fig. 4E, lanes 3-6 vs. 7,8). These
results show that the NF-«B site at —41 is a

binding site for the PMA-induced DNA-protein
complexes.

Identification of the PMA-Induced Proteins that
Bind to the —41 NF-kB Site of the FN Promoter

To identify the nature of the PMA-induced
DNA-protein complexes, supershift assays us-
ing antibodies against p65, p50, p52, c-Rel, and
Rel-B subunits of NF-«kB family were per-
formed. An antibody against the amino termi-
nal domain (corresponding to amino acids 3—-19)
of p65 supershifted the upper DNA-protein com-
plex (Fig. 5, lane 3). An antibody against the
amino terminal domain (corresponding to amino
acids 4-22) of p50 supershifted both upper and
lower DNA-protein complexes (Fig. 5, lane 5).
While clearly there was a loss of the original
DNA-protein complexes (Fig. 5, open arrow-
heads), the supershifted complexes appeared
as diffuse bands rather than clear bands (Fig. 5,
filled arrowheads). Antibodies against the car-
boxy terminal domain of p65 (corresponding to
amino acids 531-550) and of p50 (correspond-
ing to amino acids 338-357) as well as antibod-
ies against other members of NF-«kB family
such as p52, c-Rel, and Rel-B had no effect (Fig.
5, lanes 4,6 and 7-9). In addition, an antibody
against FN used as a nonspecific control had no
effect (Fig. 5, lane 10). These results indicate
that the upper DNA-protein complex is com-
posed of both p65 and p50 subunits, most likely
a p65/p50 heterodimer, and that the lower com-
plex is composed of only p50 subunit, most
likely a p50/p50 homodimer.

Effect of PMA on the Activities of Wild-Type and
Mutant FN Promoter

To examine the functional importance of the
—41 NF-kB site for the PMA response, mutant
FN promoter constructs containing point muta-
tions in the —41 NF-«kB site were generated
(Fig. 6A). Unexpectedly, mutations in the —41
NF-«B site of pGL2F1900 did not affect either
the basal or PMA-induced promoter activities
compared to the wild-type promoter (Fig. 6B).
Furthermore, mutations in the —41 NF-«B site
of pGL2F123 and pGL2F69 enhanced the PMA-
induced activities compared to each Wild-type
promoter (Fig. 6B). These results led us to
hypothesize that the —41 NF-«B site may be a
negative regulatory element rather than a posi-
tive regulatory element for the transcriptional
regulation of the FN gene in response to PMA
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cess. D: In lanes 1-8, the binding of nuclear proteins to a
labeled —50/—27 probe was competed with the indicated
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induced proteins that bind to the —41 NF-«B site. Nuclear
extracts were prepared from Hep3B cells incubated with 10
ng/ml of PMA for 24 h. The nuclear extracts were pre-incubated
with the indicated antibodies against NF-kB family before the
incubation with a labeled —50/—27 oligonucleotide. An anti-
human fibronectin antibody was used as a nonspecific negative
control. The original and shifted positions of DNA-protein
complexes are indicated with open and filled arrowheads,
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in hepatoma cells. This hypothesis was sup-
ported by the following experiments.

To examine whether p65 and p50 subunits of
NF-«B play roles for the transcriptional regula-
tion of FN gene in hepatoma cells, p65 and p50
expression vectors were co-transfected with FN
promoter constructs. Overexpression of p65 in-
creased the activity of pGL2F1900 by 36-fold
(Fig. 6C). While overexpression of p50 alone did
not affect the promoter activity, a combined
expression of p50 and p65 suppressed the p65-
induced promoter activity by more than 80%
(Fig. 6C). Mutations in the —41 NF-kB site,
however, attenuated the p50-mediated suppres-
sion of the p65-transactivation of the FN pro-
moter (Fig. 6C). These results provide a further
support for the function of the —41 NF-«B site
as a negative regulatory element for the tran-
scription of FN gene by PMA in hepatoma cells.
In addition, mutations in the —41 NF-«kB site
did not affect the p65-induced promoter activity
(Fig. 6C), suggesting the presence of a potential
p65-responsive element(s) at the position up-
stream of the —41 NF-«B site.

Involvement of the Sequence Between +1 and
+136 in the PMA-Induced FN Promoter Activity

To study the presence of potential positive
regulatory elements within the sequence down-
stream to the transcriptional initiation site (+1)
of the FN gene, 3’-deletion constructs,
pGL2F1900A+1/+136 and pGL2F69A+1/+136,
which lack the sequence between positions +1
and +136 were generated (Fig. 7A). Deletion of
the sequence between +1 and +136 decreased
the PMA-induced activity of pGL2F1900 by 52%
and nearly abolished that of pGL2F69 com-
pared to the wild-type promoter of each con-
struct (Fig. 7B). Deletion of the sequence also
decreased the basal promoter activity of
pGL2F1900 and pGL2F69 by 50% and 80%,
respectively (Fig. 7B). These results suggest
that the sequence between +1 and +136 plays
a role, at least in part, in the basal and PMA-
induced expression of the FN gene.

DISCUSSION

This study shows that the activation of PKC
signaling pathway by PMA induces the tran-
scription of the FN gene in hepatoma cells and
that the DNA sequence between +1 and +136
is responsible, at least in part, for the PMA-
induced activation of the FN gene, while the
—41 NF-«B binding site plays as a negative
regulatory element for the PMA response. In
addition, this study shows that NF-kB p65 plays
a role in the transcriptional activation of the
FN gene in hepatoma cells.

PKC phosphorylates and activates various
protein substrates and also regulates the ex-
pression of many target genes [Nishizuka,
1986]. Several isozymes of PKC are constitu-
tively expressed in Hep3B hepatoma cells and
by PMA treatment PKC-a is translocated from
cytosol to membrane or nuclear fraction, while
PKC-8 and € are translocated from membrane
to nuclear fraction [Hsu et al., 1998]. In many
cases, the regulation of gene expression by PKC
is mediated through the AP-1 element recog-
nized and activated by the AP-1 (Jun/Fos) tran-
scription factor [Angel et al., 1987]. The DNA
sequence of the 5’-upstream region of the rat
FN gene has been described previously [Na-
kajima et al., 1992]. There is an AP-1 element
at —453 suggesting its possible role in the ex-
pression of the FN gene by PKC. In addition, as
described previously [Lee et al., 1996], the FN
gene has other possible regulatory elements
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struct as mean = SD of three different experiments.
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containing either wild-type or deletion construct and treated
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construct of each construct as mean = SD of three different
experiments.

such as CRE at —160 and AP-2 at —364 that
may be involved in the PKC-induced FN expres-
sion. Our results, however, showed that deletion of
the FN gene sequence including the AP-1 and
CRE elements did not affect the PMA-induced
promoter activity, while deletion of the CRE
significantly decreased the basal promoter activ-
ity excluding the involvement of these elements
in the PMA-induced activity. Next, analysis of
DNA-binding proteins and mutation studies
showed that PMA induced binding of protein
complexes to the NF-kB site at —41 and this
element unexpectedly acted as a functionally
negative regulator for the PMA response (de-
scribed below). Further deletion analysis re-
vealed that the sequence between +1 and +136
was responsible for the activation of the FN
gene by PMA. It remains, however, to identify a
specific positive regulatory element(s) and a
transacting factor(s) for the PMA response
within this region (+1/+136) of the FN gene.
Since deletion of the sequence between +1
and +136 abolished approximately half of the
PMA-induced activity in the native promoter

pGL2F1900, it is suggested that there may be
other unidentified elements or mechanism for
the PMA response. One of the possible mecha-
nisms is that PMA may activate general tran-
scription machinery leading to the increased
transcription of the FN gene. It has been shown
that a component of general transcription ma-
chinery, possibly a TFIID-associated protein, is
induced in T cells by PMA and responsible for
the induction of HIV-1 transcription by PMA
[Sakaguchi et al., 1991]. In addition, PMA has
been shown to induce the phosphorylation of
the TATA-binding protein (TBP) via activation
of the mitogen-activated protein kinase path-
way and stimulate specific interactions of TBP
with other proteins in U937 leukemic cells
[Biggs et al., 1998]. It remains to be studied
whether PMA actually induces a component of
general transcription machinery such as TBP
for the regulation of the FN gene in hepatoma
cells. Taken these considerations and the action
of PKC on a number of target proteins together,
the transcriptional regulation of the FN gene
by PKC seems to be mediated by a complex
mechanism involving multiple cis-regulatory el-
ements and transcription factors.

NF-kB transcription factors have been shown
to activate the expression of many genes in
response to various stimuli including cytokines
such as tumor necrosis factor-o, PKC activators
such as PMA, and viruses [Baeuerle and Ba-
ichwal, 1997; Barnes and Karin, 1997]. The
consensus element for NF-kB binding sites is
5'-GGGRNNYYCC-3' and the target genes for
NF-kB are mainly involved in immune and
inflammatory responses including genes for in-
flammatory cytokines such as interleukin-2 and
interleukin-8 and for inflammatory adhesion
molecules such as E-selectin [Baeuerle and Ba-
ichwal, 1997; Barnes and Karin, 1997]. In the
regulation of the target genes, a p65/p50 het-
erodimer has been shown as a classical transac-
tivator of NF-«B family and within this com-
plex the function of p50 is to improve the DNA
binding of p65, which is otherwise a weak
binder, and consequently help p65 act as a more
effective transactivator within p65/p50 [Grimm
and Baeuerle, 1993; Schmitz and Baeuerle,
1991]. Unlike most other known cases of the
NF-kB-mediated regulation of the target genes,
the —41 NF-«B binding site (5'-GGGACTGTCC-
3") of the FN gene acts as a negative regulatory
element for the PMA response and this activity
seems to be mediated by p50 subunit of NF-xB
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family. The results from our study demon-
strated that mutations in the —41 FN NF-«B
site did not eliminate the PMA-induced activa-
tion of the FN promoter but rather enhanced it,
whereas these mutations abolished the binding
of the PMA-induced DNA-protein complexes
composed of a p65/p50 heterodimer and a p50/
p50 homodimer. In addition, co-expression of
p50 and p65 suppressed the p65 alone-induced
transactivation of the FN promoter and this
p50-mediated suppression was largely blocked
by the mutations in the -41 NF-«B site. Further-
more, the —41 NF-«kB site had a preferential
affinity for the p50 subunit in DNA-protein
binding assays (data not shown). In the regula-
tion of the FN gene, therefore, p50 does not
appear to function as a helper subunit but may
actively inhibit the transactivation potential of
p65 and that of PMA by preferentially binding
to the —41 NF-«B site as a p50/p50 homodimer
or a p65/p50 heterodimer. The function of NF-«B
site as a negative regulatory element and the
negative actions for p50 against p65 action
have been reported in the regulation of other
genes. A NF-«kB site of the rat androgen recep-
tor gene functions as a negative regulator medi-
ated by a p50 homodimer in liver cells [Supakar
et al., 1995]. Overexpression of p50 blocks the
p65 alone-mediated transactivation of the vas-
cular cell adhesion molecule-1 gene in endothe-
lial cells [Ahmad et al., 1995] and that of inter-
leukin-8 gene in T lymphocytes [Kunsch and
Rosen, 1993]. In macrophages, p50 inhibits the
lipopolysaccharide-induced transcription of tu-
mor necrosis factor-a gene by binding to NF-«B
sites of the gene as p50 homodimers [Baer et
al., 1998]. It appears to be, therefore, that the
transcriptional regulation of a gene mediated
by specific subsets of NF-kB family proteins
differs depending on the specific gene and NF-«B
binding motifs present.

NF-«kB p65-mediated activation of the FN
gene in hepatoma cells is a novel finding from
this study providing a new target gene for
NF-kB transcription factors. Until now, NF-«B
has been shown to be involved in the transcrip-
tional regulation of inflammatory adhesion mol-
ecules such as E-selectin, vascular cell adhe-
sion molecule-1 and intercellular cell adhesion
molecule-1in endothelial cells [ Schindler et al.,
1994; Ahmad et al., 1995; Aoudjit et al., 1997].
Since our results showed that mutations in the
—41 FN NF-«kB site did not affect the p65-
induced activation of FN transcription, it could

be suggested that a cis-responsive element(s)
for the p65 transactivation is located at a posi-
tion upstream of the —41 FN NF-«B site. In-
deed, sequence analysis of the upstream region
showed several potential NF-«B sites in the rat
FN promoter. The p65-mediated transactiva-
tion may be mediated by either p65/p65 ho-
modimers or complexes of p65 with an endog-
enous NF-kB family. It may also occur through
complexing of p65 with other transcription fac-
tors expressed in hepatoma cells distinct from
NF-kB family. A study to identify the p65-
responsive element in the rat FN promoter and
the nature of proteins binding to the site is
undergoing in our laboratory. Taken together, it
is conceivable that NF-kB transcription factors
play as a dual regulator, positive and negative
regulator, acting on the potential p65-respon-
sive element and the —41 NF-«B site of the FN
gene, respectively.

Accumulation of FN in the fibrotic septa and
capsules of tumor nodules has been a character-
istic finding of hepatoma [Oyama et al., 1989;
Tavian et al., 1994; Koukoulis et al., 1995; Mat-
sui et al., 1997]. In this study, PKC and NF-«B
p65 were shown to upregulate the expression of
the FN gene in hepatoma cells suggesting their
roles as intracellular signal molecules in the
deposition of FN in hepatoma. NF-«B p65 also
activates the expression of the FN gene in nor-
mal hepatocytes (data not shown). Recently,
NF-«B has been shown to be activated by TGF-38
signaling [Li et al., 1998; Sakurai et al., 1998,
1999]. TGF-B has been well known to stimulate
the synthesis of matrix including FN and impli-
cated as a major fibrogenic factor responsible
for the deposition of matrix in liver fibrosis
[Benyon and Arthur, 1998]. The down-stream
signaling molecules for the TGF- action are
still unclear. These findings, combined with our
finding of the induction of FN expression by
NF-«kB, suggest that the TGF-B-induced FN
expression may be mediated by NF-kB leading
to the deposition of FN in the liver. Further-
more, the regulation of FN expression by NF-«B
may be involved in liver regeneration. It has
been reported that NF-«B is important for the
liver regeneration. A mice lacking the p65 com-
ponent of NF-kB dies of massive degeneration
of the liver by apoptosis [Beg et al., 1995].
NF-kB is rapidly activated in liver regeneration
after partial hepatectomy [Fausto et al., 1995].
FNs including the EIIIA* FN isoform have
been shown to be increased in regenerating
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liver [Caputi et al., 1995], suggesting a role for
FN in cell proliferation. Indeed, FN matrix has
been shown to play roles in the cell survival and
cell cycle progression [Globus et al., 1998;
Sechler and Schwarzbauer, 1998; Manabe et
al., 1999]. Taken together, the results of this
study suggest that the regulation of FN expres-
sion by NF-kB and PKC may play roles in the
various physiological and pathological pro-
cesses in the liver.
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