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Integrin avf35 promotes FG carcinoma cell adhesion to vitronectin yet requires protein
kinase C (PKC) activation for migration on this ligand. Here we report that this PKC-
dependent cell motility event requires NF-KB-dependent transcription. Specifically, a
component within nuclear extracts prepared from PKC-stimulated FG cells exhibited a
significant increase in binding activity to a synthetic oligonucleotide containing a con-
sensus KB sequence. These nuclear DNA-binding complexes were shown to be comprised
of p65 and p50 NF-KB/rel family members and appeared functionally active because they
promoted transcription of a reporter construct containing a KB site. The NF-KB activation
event was directly linked to the av,35 motility response because the NF-KB-binding
oligonucleotide, when introduced into FG cells, inhibited cell migration on vitronec-
tin but not on collagen and had no effect on cell adhesion to either ligand. These
results suggest that the detected DNA-binding complexes interact with KB transcrip-
tional elements to regulate gene expression required for avp35-dependent cell motility
on vitronectin.

INTRODUCTION

Regulation of cell migration is a critical factor during
tissue remodeling associated with angiogenesis, em-
bryogenesis, inflammation, and wound healing (Al-
belda and Buck, 1990). Upon neoplastic transforma-
tion, cells acquire a migratory phenotype that
facilitates their ability to metastasize. Integrins are cell
surface receptors that mediate cell-matrix interactions
critical for cell motility (Ruoslahti, 1991; Hynes, 1992;
Leavesley et al., 1992, 1993; Klemke et al., 1994). Al-
though integrin-mediated cell adhesion is necessary
for migration, it is not always sufficient. For example,
recent studies have shown that integrin-dependent
cell motility, but not attachment, requires the presence
of exogenous growth factors (Chen et al., 1993; Mat-
thay et al., 1993; Klemke et al., 1994), suggesting that
cell motility involves activation events not required
for adhesion.

t Corresponding author.

FG pancreatic carcinoma cells attach to vitronectin
utilizing integrin av,85, yet are unable to migrate on
this ligand even though they attach and migrate on
collagen in an a2f31 integrin-dependent manner
(Leavesley et al., 1992). These findings indicate that FG
cell migration on collagen is constitutive whereas
av135-dependent migration on vitronectin requires ag-
onist activation. However, we recently showed that
FG cells can be induced to migrate on vitronectin in
the presence of soluble growth factors, such as epider-
mal growth factor and insulin-like growth factor,
which act by stimulating a PKC-dependent signaling
pathway (Klemke et al., 1994).
PKC is known to activate the adhesive properties of

some cells by enhancing the affinity of their cell sur-
face integrins (Shattil and Brass, 1987; Hibbs et al.,
1991; Valmu et al., 1991; Wilkins et al., 1991; Martin-
Thouvenin et al., 1992). In addition, PKC potentiates
signaling events leading to integrin-dependent cell
spreading and motility (Vuori and Ruoslahti, 1993;
Klemke et al., 1994). Although PKC can directly acti-
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vate signaling pathways, it can also regulate gene
expression by activating transcription factors such as
NF-KB (Dominguez et al., 1993; Diaz-Meco et al., 1993,
1994; Hirano et al., 1995). In this report, we provide
evidence that PKC-stimulated carcinoma cell motility
on vitronectin is due to a late activation signal leading
to the induction of NF-KB-mediated transcription.
These findings demonstrate a novel PKC-dependent
pathway leading to the modulation of integrin-medi-
ated cell function. In addition, we present the first
evidence that transcriptional activation by members of
the NF-KB family can regulate integrin-dependent cell
motility.

MATERIALS AND METHODS

Chemicals
All chemicals and reagents were purchased from Sigma Chemical,
St. Louis, MO, unless otherwise specified.

Cell Culture
FG human pancreatic carcinoma cells were cultured in RPMI-1640
containing 10% fetal bovine serum as previously described (Leaves-
ley et al., 1992).

Antibodies
Affinity-purified rabbit polyclonal antibodies specific for p65 (amino
acids 3-19), c-rel (amino acids 152-176), relB (amino acids 540-558),
and p52 (amino acids 298-324) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA) and have been previously de-
scribed (Kunsch and Rosen, 1993; Lewis et al., 1994; Oeth et al., 1994).
A rabbit monospecific polyclonal antibody directed to p50 was
kindly provided by Paul Oeth and Nigel Mackman, Scripps Re-
search Institute, La Jolla, Califomia.

Adhesive Ligands
Vitronectin was purified as previously described (Yatohgo et al.,
1988). Collagen type 1 was obtained from Collaborative Research
(New Bedford, MA) or Upstate Biotechnology (Lake Placid, NY).

Adhesion Assay
Polystyrene, nontissue culture-treated, 48-well cluster plates
(Costar, Cambridge, MA) were coated for 2 h at 37'C with 10 jig/ml
vitronectin or collagen I in phosphate-buffered saline (PBS), pH 7.4;
before use, the wells were blocked with RIA grade 1% heat-dena-
tured bovine serum albumin (BSA). The cells were starved for 24 h,
then harvested with trypsin/EDTA (Life Technologies, Gaithers-
burg, MD) and the trypsin was inactivated with soybean trypsin
inhibitor (Type I-S). Cells were washed with serum-free Fibroblast
Basic Medium (FBM) containing 0.5% BSA (Clonetics, San Diego,
CA; BSA/FBM), incubated for 3 h in the presence of 3, 10, or 30 ,M
of a KB or a mutated KB oligonucleotide, and then treated for 1 h
with 5 ng/ml phorbol myristate acetate (PMA) in BSA/FBM before
time zero of the adhesion assay. Cells were added at a concentration
of 50,000 cells/well in BSA/FBM and allowed to adhere for 2 h.
Nonadherent cells were removed by gentle washing and remaining
adherent cells were quantified using a colorimetric cell titer assay
(CellTiter 96; Promega, Madison, WI). Each data point was calcu-
lated from assays performed in triplicate. Nonspecific adhesion as
determined by attachment to BSA-coated wells has been subtracted.

Cell Migration Assay
Cellular migration assays were performed as previously described
(Klemke et al., 1994).

Oligonucleotides and Radiolabeling Procedures
Single-stranded oligonucleotides encoding the consensus NF-KB
binding site d(5' CAGAGGGGACTTTCCGAGA 3'), a mutated
NF-KB binding site d(5' CAGAGGGGACTTAQAGAGA 3'), or a
consensus Oct-1 binding site d(5' TGTCGAATGCAAATCAC-
TAGA 3') were annealed with their complementary strands and
subsequently end labeled with [32y]ATP (Amersham, Arlington
Heights, IL) to a specific activity greater than 107 cpm/,ug using T4
polynucleotide kinase (Boehringer Mannheim Biochemicals, India-
napolis, IN).

Electrophoretic Mobility Shift Assay
Nuclear extracts were prepared by a modification of the method of
Dignam et al. (1983). Two micrograms of nuclear extract were incu-
bated with 1-2 ng (approximately 10,000 cpm) of radiolabeled dou-
ble-stranded oligonucleotide and incubated for 15-30 min at room
temperature in a binding buffer containing 20 mM HEPES, pH 7.9,
0.2% NP40, 50 mM KCl, 1 mM dithiothreitol, 5% glycerol, 0.5 mM
phenylmethylsulfonyl fluoride, and 0.5 ,ug poly-deoxyinosinic-de-
oxycytidylic acid. In the case of electrophoretic mobility supershift
experiments, DNA binding reactions were followed by a 30-min
incubation at 4°C with Igs specific for the various NF-KB members.
The specificity of p65 binding was demonstrated by addition of a
60-fold molar excess of either a peptide used to generate the p65
antisera (specific peptide) or a peptide directed against relB (irrel-
evant peptide). After the binding reaction, the samples were frac-
tionated on 6% nondenaturing polyacrylamide gels in 0.5x TBE,
dried, and exposed to x-ray film for autoradiography.

Plasmids
The chloramphenicol acetyltransferase (CAT) reporter plasmids
pBL-CAT and p2xKB-CAT, containing the thymidine kinase (TK)
promoter alone or the TK promoter together with a tandem repeat
of an NF-KB binding site have been previously described (Becker et
al., 1995).

Cell Transfection and CAT Assays
FG cells were transiently transfected by electroporation. A total of
107 cells were transfected per point with equimolar amounts of test
plasmids (5 pmol) with a Gene Pulser (Bio-Rad Laboratories, Rich-
mond, CA) at settings of 300 V and 960 mF, with a 0.4-cm electrode
gap. The pSV-bgal (Promega, Madison, WI) reporter plasmid was
included in all transfections to control for transfection efficiency.
Forty-eight hours after transfection, cells were incubated for 3 h
either with media alone or with 30 ,AM double-stranded KB or
mutated KB oligonucleotides described above followed by stimula-
tion with PMA (10 ng/ml) for 2 h. At the end of the incubation
period cells were harvested, resuspended in 100 ,ll 0.25 M Tris-HCl
(pH 8.0), and subjected to three rapid freeze/thaw cycles in dry
ice/ethanol and in a 37°C water bath, respectively. Cell lysates to be
used for CAT assays were incubated for 10 min at 60°C, centrifuged
for 3 min at 13,000 x g, and the supernatant was transferred to a
new tube and normalized for protein concentration. CAT assays
were done by incubating cell lysate protein extracts with 0.1 mCi
[14Clchloramphenicol (60 mCi/mmol, Amersham, Buckingham-
shire, England) in the presence of 10 mM n-butyryl-coenzyme A for
3 h at 37°C. To terminate the reaction, 500 ,ul of ethyl acetate was
added. Butyrylated and nonbutyrylated chloramphenicol were sep-
arated by thin-layer chromatography and subsequently visualized
with a Molecular Dynamics PhosphorImager (Sunnyvale, CA).
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Phosphodiester Oligonucleotide Treatment of Cells
FG cells were harvested and resuspended at 106 cells/ml in BSA/
FBM containing 3, 10, or 30 ,uM of double-stranded oligonucleotide
for 3 h at 37'C in a humidified incubator. Cells were then treated
with 5 ng/ml PMA for 1 h, washed twice in BSA/FBM, and utilized
in cellular adhesion or migration assays as described above.

RESULTS

Vitronectin-mediated Cell Motility Requires a Late
Activation Event Induced by PKC
FG carcinoma cells readily adhere to vitronectin
using integrin avf35, however, they depend on PKC
activation to migrate on this ligand (Klemke et al.,
1994). This requirement for PKC is a particular at-
tribute of integrin av135, because these same cells
readily migrate on collagen using integrin a2f31
without exogenous activation of PKC (Leavesley
et al., 1992). It is well documented that certain integrin-
mediated adhesive interactions can be activated by
agonist stimulation (Shaw et al., 1990; Santala and
Heino, 1991; Wilkins et al., 1991; Martin-Thouvenin
et al., 1992). In fact, PKC is known to activate multiple
signaling pathways resulting in both immediate as
well as delayed cellular responses (Davis et al., 1993;
Juliano and Haskill, 1993; Shaw et al., 1993; Vuori and
Ruoslahti, 1993; Bott et al., 1994). Therefore, we exam-
ined the kinetics of PKC induction of FG motility on
vitronectin. FG cells were stimulated with phorbol
ester for 1 h, washed, and then allowed to migrate on
vitronectin for various time intervals. Alternatively,
after PMA treatment, FG cells were cultured for 24 h
in the absence of serum and then allowed to migrate.
As depicted in Figure 1, FG cell migration was delayed
for 6 h after PKC stimulation. In contrast, cells pre-
treated 24 h earlier exhibited rapid vitronectin-di-
rected migration that was measurable within 2 h (Fig-
ure 1). These rapid kinetics are comparable to those
observed when FG cells were allowed to migrate on
collagen without previous PKC activation (our unpub-
lished observations). These findings indicate that
avp35-dependent cell migration on vitronectin is the
consequence of a late activation event mediated by
PKC.

Migration of FG Cells Requires PKC-induced
Gene Expression
PKC not only activates early signaling events but is
known to regulate gene transcription (Gross et al.,
1993; Bott et al., 1994). Therefore, we tested the
possibility that the delayed migration response of
FG cells on vitronectin is due to PKC-mediated de
novo gene expression. FG cells were stimulated
with PMA in the presence or absence of actinomycin
D and then allowed to migrate on vitronectin or
collagen. As illustrated in Figure 2A, PKC-depen-
dent migration was inhibited with actinomycin D in

400

/-10

Cu

300

200

100

0
0 4 8 12 16 20 24

Time (Hrs)

Figure 1. Kinetics of phorbol ester-stimulated FG cell migration on
vitronectin. FG cells were treated with 5 ng/ml PMA for 1 h,
washed, and allowed to migrate toward vitronectin, for various
times in modified Boyden chambers. Alternatively, cells were cul-
tured for 24 h after a 1-h PMA treatment and then allowed to
migrate toward vitronectin. After cell migration, cells were stained
with crystal violet and enumerated by counting cells in a 40x field.
Each data point represents the mean ± SE of four replicate migra-
tion chambers.

a dose-dependent manner. In contrast, constitutive
collagen migration was independent of de novo
gene expression and thus was not inhibited with
actinomycin D. Identical results were obtained
when cells were stimulated with another PKC-acti-
vating phorbol ester, phorbol dibutyrate (our un-
published results). In addition, cycloheximide in-
hibited cell migration induced by PKC activation
(Figure 2B), indicating that de novo protein synthe-
sis of a gene product(s) is required for PKC-induced
motility on vitronectin. It is important to note that
neither cycloheximide nor actinomycin D inhibited
FG cell attachment to vitronectin or collagen (our
unpublished results). These findings demonstrate
that av135-dependent adhesion of FG cells to vitro-
nectin leads to a motility response only after activa-
tion of a PKC-mediated transcriptional event and de
novo protein synthesis. These results account for the
late acting effects of PKC on av,35-dependent vitronec-
tin cell motility (Figure 1). Importantly, this PKC-
induced motility event is not due to an increase in
avf35 levels on the cell surface because no changes in
expression of this integrin were detected either by
immunoprecipitation or flow cytometric analysis us-
ing a monoclonal antibody specific for avf35 (our un-
published observations).
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Activation of PKC in FG Cells Leads to NF-icB
DNA Binding Activity
Several studies have shown that isoforms of PKC
can activate NF-KB-mediated transcriptional events
(Dominguez et al., 1993; Diaz-Meco et al., 1993,
1994; Hirano et al., 1995). In addition, recent reports
have indicated that NF-KB-mediated transcriptional
events are associated with the expression of genes
involved in diverse cellular adhesive functions (Eck
et al., 1993; Narayanan et al., 1993; Shu et al., 1993;
Sokoloski et al., 1993). To examine the effects of PKC
activation on NF-KB binding activity in FG cells, an
electrophoretic mobility shift assay was performed
using nuclear extracts prepared from untreated or
PMA-treated FG cells. As shown in Figure 3, a com-
ponent within nuclear extracts from PMA-treated
cells bound to a radiolabeled synthetic oligonucleo-
tide containing a consensus NF-KB binding se-
quence (Figure 3A), but exhibited no measurable
binding to an oligonucleotide encoding a mutated
NF-KB binding site (Figure 3B). The specificity of
this interaction was demonstrated because a 100-
fold molar excess of the unlabeled consensus KB
oligonucleotide effectively competed for binding
while the control oligonucleotide containing the

r | X X Figure 2. Effect of actinomycin D
or cycloheximide on phorbol ester-
stimulated FG cell migration toward
vitronectin or collagen. (A) FG cells
were incubated for 2 h in the pres-
ence of 0-50 ng/ml actinomycin D,

10 50 0 10 50 and then treated with PMA (5 ng/
- PMA- ml) for 1 h. Cells were then washed

and allowed to migrate toward
vitronectin or collagen for 20 h. Mi-
grant cells were stained with crystal
violet and quantified by measuring
OD 600 nm values of the eluted dye.

Collagen Each bar represents the mean ± SE
T of quadruplicate samples. (B) FG

T cells were treated with 5 ng/ml
aPMA (inactive isomer) or ,BPMA

X@T (active isomer) for 1 h, washed, and
ggT m mT allowed to migrate for 20 h toward

vitronectin or collagen in the pres-
ence or absence of various concen-
trations of cycloheximide. Cell mi-
gration was enumerated by dye
uptake and expressed as the percent
of control migration (in the absence
of cycloheximide), which was desig-

05PMA - nated at 100%. Each bar represents
o 0.5 1 2 5 gM the mean ± of SE of quadruplicates.

mutated NF-KB binding site failed to do so (Figure
3). These results demonstrate that FG cells undergo
a significant increase in specific NF-KB binding ac-
tivity in response to PKC stimulation.
To further investigate whether the observed

NF-KB binding occurs as a consequence of PKC
activation, FG cells were pretreated with the PKC
inhibitor, calphostin C, and then nuclear extracts of
these cells were tested for NF-KB binding activity.
As shown in Figure 4A, the increase in NF-KB bind-
ing that occurs in response to PMA stimulation
could be blocked by pretreatment of these cells with
calphostin C, whereas calphostin C had no inhibi-
tory effect on the binding of the constitutive tran-
scription factor oct-1 (Figure 4B). It is important
to note that the concentration of calphostin C used
(40 nM) to block NF-KB activity was previously
shown to selectively block the PMA-induced FG
cell migration on vitronectin (Klemke et al., 1994).
These results suggest a pathway linking PKC stim-
ulation to the activation of NF-KB binding activity in
FG carcinoma cells. More importantly, these data
link NF-KB activation with FG cell motility on
vitronectin.
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Figure 3. PMA-induced NF-KB binding activity in FG carcinoma
cells. Electrophoretic mobility shift assay utilizing 2 ,ug of nuclear
extract prepared from untreated (-) or PMA-treated (+) FG carci-
noma cells and 1 ng of radiolabeled double-stranded oligonucleo-
tide containing either KB (WT) CAGAGGGGACTTAGAGAGA (A)
or mutant KB (MUT) CAGAGGGGACTTT-CCGAGA (B) consensus
sequences. DNA binding reactions were conducted at room tem-
perature for 20 min in the presence or absence of a 100-fold molar
excess of unlabeled competitor. After this incubation, bound nucle-
otide was fractionated from unbound nucleotide on 6% nondena-
turing polyacrylamide gels and exposed to x-ray film for autora-
diography. The slower-migrating band (arrow) represents the
NF-KB complex. The band immediately below the NF-KB complex
observed with both probes is nonspecific. Free oligonucleotide (F) is
evident at the bottom of the gel.

PKC Activation in FG Cells Promotes Formation of
NF-idB Transcription Complexes Containing p65
and p50
NF-KB represents a family of five distinct subunits that
form hetero- and homodimers that bind to and tran-
scribe DNA (Grilli et al., 1993; Liou and Baltimore,
1993). The major form of NF-KB is a heterodimer com-
posed of p65 and p50 subunits present in an inactive
form in the cytoplasm complexed to inhibitors, termed
IKBs, the prototype being IKBa (Baeuerle and Balti-
more, 1989; Rice and Ernst, 1993). Activation of cells
with a variety of stimuli results in phosphorylation
and proteolytic degradation of IKBa leading to the
translocation of NF-KB to the nucleus where it binds
DNA (Liou and Baltimore, 1993; DiDonato et al., 1995;
Lin et al., 1995). To identify which NF-KB family mem-
bers were capable of binding a KB regulatory element
in response to PKC activation of FG carcinoma cells,
supershift gel assays were performed using antibodies
specific for each of the NF-KB subunits. As demon-
strated in Figure 5, antibodies directed against either
p65 or p50 induced a supershift, whereas antibodies to
c-rel, rel B, and p52 did not. The specificity of anti-p65

PMA: - - + + + +

Calphostin C: - -

Competitor: + + +

Figure 4. Calphostin C blocks PMA-stimulated NF-KB binding.
(A) Electrophoretic mobility shift assay utilizing 1 ng of radiola-
beled KB oligonucleotide (as in Figure 3 legend) and 2 ,ug of nuclear
extract prepared from FG cells, unstimulated (lanes 1 and 4), PMA-
stimulated (lanes 2 and 5), or PMA stimulated and calphostin C
pretreated (lanes 3 and 6) in the absence (lanes 1-3) or presence of
100-fold molar excess of cold competitor (lanes 4-6). (B) Nuclear
extracts used in panel A were analyzed by electrophoretic mobility
shift assay for binding 1 ng of radiolabeled oct-i oligonucleotide as
follows: unstimulated (lanes 1 and 2), PMA stimulated (lanes 3 and
4), or PMA stimulated and calphostin C pretreated (lanes 5 and 6) in
the absence (lanes 1, 3, and 5) or presence (lanes 2, 4, and 6) of
100-fold molar excess cold competitor.

in this assay was established because the immunizing
peptide used to generate this antibody completely
blocked the supershifted band (Figure 5). The speci-
ficity of anti-p5O has been previously established
(Oeth et al., 1994). We further tested five different
antibodies directed to c-rel in gel supershift assays, yet
failed to detect measurable c-rel binding to the con-
sensus KB site (our unpublished observations). These
findings suggest that PKC activation of FG cells pro-
motes an NF-KB binding activity consisting of p65 and
p50.

Functional Activity of NF-acB Transcription
Complexes in PMA-activated FG Cells
Introduction of a tandem repeat of an NF-KB binding
site upstream of the TK promoter of pBL-CAT enabled
us to test the functional relevance of the detected
NF-KB transcription complexes. After transfection into
FG cells, the CAT expression from this construct in
resting cells was compared with the expression 2 h
after stimulation with PMA (Figure 6). In resting cells,
only a low level of CAT expression from this construct
was evident; stimulation with PMA led to a fivefold
increase in CAT expression. To confirm the specificity
of the observed induction of CAT activity, before PMA
stimulation we incubated FG cells for 3 h with an
excess of the double-stranded oligonucleotide previ-
ously used for detection of NF-KB binding activity.
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Figure 5. NF-KB binding activity is mediated by
p65 and p50. Nuclear extracts from untreated (-)
or PMA-treated (+) FG carcinoma cells were incu-
bated for 20 min at room temperature with 1 ng of
a radiolabeled NF-KB consensus oligonucleotide.
DNA binding reactions were followed by the ad-
dition of nonimmune rabbit IgG or Igs that specif-
ically recognize p65, c-rel, relB, p50, and p52, and
immunizing or irrelevant competing peptide (D
and E) as described in MATERIALS AND METH-
ODS. The slower-migrating supershifted bands are

indicated by the bracket.

This treatment virtually abolished the PMA-induced
increase of CAT expression from p2xKBCAT (Figure
6). In contrast, the control mutant KB oligonucleotide
did not interfere with the induction of CAT expression
from the reporter construct after PMA stimulation.
These findings demonstrate that the KB oligonucleo-
tide used in the DNA-binding assays directly impacts
NF-KB-mediated gene transcription in vivo.

FG Cell Motility Depends on PKC Induction
of NF-KB
To determine whether the vitronectin migration of FG
cells was dependent on PKC activation of NF-KB, FG
cells were incubated with a double-stranded oligonu-
cleotide containing the same NF-KB consensus bind-
ing site used in the DNA binding studies (above)
before PMA treatment. This approach has been shown
to cause significant cellular uptake of oligonucleo-
tides (Eck et al., 1993). As shown in Figure 7, the
NF-KB-specific oligonucleotide blocked PKC-medi-
ated vitronectin cell migration in a dose-dependent
manner, yet it had no effect on the a2f1-dependent
collagen migration of these cells. In contrast, the con-
trol oligonucleotide containing the mutant KB site had
no effect on FG cell migration. Moreover, neither oli-
gonucleotide affected FG cell adhesion to vitronectin
or collagen (Figure 7). These findings demonstrate that
activation of NF-KB by PKC is involved in avf35-de-
pendent cell migration but not adhesion on vitronec-
tin. Moreover, FG cell migration on collagen is consti-

tutive and thus is independent of the ability of PKC to
activate an NF-KB-mediated transcriptional event.

DISCUSSION

Cell motility is a highly regulated process that oc-
curs during embryonic development, inflammation,
wound healing, and cancer (Albelda and Buck,
1990). Although little is known regarding the mo-
lecular regulation of cell movement, it is clear that
integrin-mediated adhesion is involved in this pro-
cess. However, it is also apparent that such adhesion
events are not always sufficient for the expression of a

migratory phenotype. For example, we have previ-
ously shown that FG pancreatic carcinoma cells attach
to vitronectin via integrin av/35, yet fail to migrate on
this ligand even though these cells express a2/31, en-

abling them to attach and constitutively migrate on a

collagen substrate (Leavesley et al., 1992). Moreover,
transfection of FG cells with a cDNA encoding the
integrin 133 subunit promoted expression of av133 and
enabled them to migrate on vitronectin without pre-
vious activation (Leavesley et al., 1992). These findings
demonstrate that different integrins on the cell surface,
which recognize the same ligand, differ with respect to
their ability to promote cell migration and that avj35
promotes adhesion yet is unable to engage the motility
machinery. In this report we demonstrate that the
specific activation of av135-dependent motility in FG
cells depends on a transcriptional event mediated by
PKC.
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Figure 6. Functional activity of NF-KB transcription complexes.
Cellular extracts of FG cells transfected with p2xKB-CAT were ob-
tained after no stimulation (1), PMA treatment alone (2), or PMA
treatment in the presence of 30 ,M oligonucleotides containing
either the consensus KB recognition sequence (3) or a mutated KB
recognition sequence (4), were assayed for CAT activity. Results
were displayed as autoradiographs of a thin-layer chromatography
(A) or as a quantification of the amount of dibutyrylated [14C]chlor-
amphenicol (B).

Recent reports have shown that integrins can re-
spond to intracellular signals enabling them to un-
dergo conformational changes resulting in enhanced
ligand binding (Shaw et al., 1990, 1993; Hibbs et al.,
1991; Valmu et al.; 1991; Wilkins et al., 1991). For ex-
ample, cellular activation induces immediate integrin
function as measured by platelet aggregation (Shattil
and Brass, 1987; Ginsberg et al., 1992) or leukocyte
adhesion to endothelium (Lo et al., 1989). In each of
these cases, agonists, such as cytokines or phorbol
esters, were used to activate the integrin-dependent
cellular response. Phorbol esters are known to activate
the serine/threonine kinase PKC, which in turn, im-
pacts a wide range of biological properties. This is
likely due to the fact that PKC not only directly acti-
vates signaling molecules, but in addition, is capable
of inducing gene transcription (Ghosh and Baltimore,
1990; Diaz-Meco et al., 1993; Gross et al., 1993; Bott et
al., 1994; Hirano et al., 1995).

Transcriptional events have been linked to cell
movement in vivo. For example, both the C/EBP and

the ETS transcription factor families have been shown
to play a role in cell migration events during Drosoph-
ila development (Montell et al., 1992; Klambt, 1993). In
addition, the ETS family has been implicated in endo-
thelial cell migration and neovascularization during
mouse development (Grevin et al., 1993). These find-
ings reveal that during various biological processes in
vivo, cell migration is only achieved after induction of
specific transcriptional events. Thus, it is conceivable
that such transcriptional events are related to those
involved in FG cell migration on vitronectin.
We present several lines of evidence that the PKC-

dependent transcriptional event involved in FG cell
motility is mediated by NF-KB family members, and in
particular p65 and p50. First, PKC activation leads to
enhanced binding of a component within FG cell nu-
clear extracts to a consensus KB element whereas these
extracts exhibit no binding activity to an oligonucleo-
tide containing a mutated KB site. Second, pretreat-
ment of cells with the specific PKC inhibitor calphos-
tin C, which blocks av,35-dependent FG cell motility
on vitronectin (Klemke et al., 1994), leads to a dramatic
reduction of this NF-KB-dependent molecular inter-
action. Furthermore, antibodies specific for p65 and
p50 promote a gel supershift when incubated with FG
cell nuclear extracts in the presence of a KB oligonu-
cleotide indicating a potential nuclear complex con-
taining p65 and p50. The functional relevance of this
binding activity is demonstrated by transfection of FG
cells with CAT reporter constructs containing a tan-
dem repeat of a consensus KB binding site followed by
PMA-induced CAT transcription from these con-
structs, an event that is inhibited by the oligonucleo-
tide used for detection of the NF-KB binding activity.
Finally, this same oligonucleotide abolishes PKC-in-
duced FG cell motility on vitronectin while having no
effect on the constitutive, PKC-independent motility
on collagen or on adhesion to either ligand.
NF-KB is an inducible transcription factor originally

identified as a heterodimer consisting of a 65-kDa
subunit (p65) and a 50-kDa subunit (p50) (Baeuerle
and Baltimore, 1989). Both subunits share a 300-amino
acid region of N-terminal homology with various
members of the Rel transcription factor family (Blank
et al., 1992). NF-KB is found in the cell cytosol as an
inactive complex with inhibitors, termed IKBs (Bae-
uerle and Baltimore, 1988; Liou and Baltimore, 1993).
Earlier in vitro studies have shown that PKC can
phosphorylate lKB, resulting in the failure of the phos-
phorylated IKB to inhibit NF-KB DNA binding
(Shirakawa and Mizel, 1989; Ghosh and Baltimore,
1990). However, recent in vivo observations indicate
that IKB phosphorylation is necessary but not suffi-
cient for its proteolytic degradation and that this deg-
radation is required for the release of active NF-KB,
which then translocates to the nucleus where it binds
its target genes (DiDonato et al., 1995; Lin et al., 1995).

Vol. 6, July 1995 847



Migration
Vitronectin

0 3 10 30

Oligo (PM)

ca

V
u

E-

V4

8

6

4

21

10

81

6o

41

2A

a~

a

Adhesion

0 3 10

Oligo (gM)

Figure 7. An oligonucleotide containing a KB
consensus sequence inhibits migration of PMA
stimulated FG cells on vitronectin but not col-
lagen. FG cells were incubated with various
concentrations of KB (0) or mutated KB (K)
oligonucleotides for 3 h, treated with PMA (5
ng/ml) for 1 h, washed, and allowed to migrate
for 20 h toward vitronectin or collagen (left
panel) or adhere to immobilized ligands for 2 h
(right panel). Cell migration was enumerated
by dye uptake as described above. Cell adhe-
sion is presented as percent of total adherent
cell population. Cell attachment to BSA-coated

30 background

and was typically less than 5%. Each point rep-
resents the mean ± SE of triplicates.

It is well documented that several agents such as the
active phorbol ester PMA, mitogens, and cytokines
induce the nuclear expression and DNA-binding ac-

tivity of NF-KB family members in various cell types
(Grilli et al., 1993; Liou and Baltimore, 1993). In this
report we demonstrate enhanced DNA-binding activ-
ity of p65 and p50 as well as NF-KB-dependent tran-
scription upon PKC activation in FG cells.
The present study demonstrates a role for an NF-

KB-regulated transcriptional event resulting in spe-
cific integrin-mediated motility independent of cell
adhesion. Our results show that avf35, unlike a2f31 or
avf33, requires PKC activation resulting in NF-KB-
dependent transcription to engage the motility ma-

chinery. We propose that structural component(s)
within the X35 subunit may make av135 particularly
responsive to this activation pathway in FG cells. Spe-
cifically, a2l31 or avf33 expressed in these cells leads to
constitutive PKC-independent cell motility (Leavesley
et al., 1992). It is possible that regions within the ,B5
cytoplasmic tail or within the ectodomain of this sub-
unit require an interaction with a protein(s) whose
expression depends on PKC-mediated gene transcrip-
tion. Alternatively, without previous PKC activation,
the affinity of avf35 for vitronectin may not be com-
patible with receptor clustering necessary for actin
assembly and cell motility.
The data in this report define a novel activation

pathway leading to the regulation of integrin-medi-
ated cell motility. Although we have implicated a role
for NF-KB in PKC-dependent migration via integrin
avf35, we do not exclude participation of other tran-
scription factor families. Indeed it has recently been

shown that other transcription factors can synergize
with NF-KB to potentiate its function in gene tran-
scription. Our findings suggest that transcriptional
control of cell motility may ultimately impact our

understanding of cell matrix interactions important
during wound healing, inflammation, and cancer.
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