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Fibronectin increases RhoA activity through inhibition of
PKA in the human gastric cancer cell line SGC-7901
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Abstract. Fibronectin/integrin-mediated signaling plays a key
role in the regulation of adhesion, migration and metastasis
of tumors. Numerous studies have addressed the significance
of the association between integrin and RhoA, but the exact
mechanism is unclear. Results from laboratories, including
ours, have demonstrated that PKA inhibits the activity and
function of RhoA. This study was designed to investigate the
relationships among the fibronectin/integrin-, cAMP/PKA-
and RhoA-mediated intracellular signal transduction pathways.
Rho activity was detected by pull-down assay. cAMP concen-
tration was measured by radioimmunoassay. The distribution
of the PKA catalytic subunit and the phosphorylation of vaso-
dilator-stimulated phosphoprotein (VASP) were detected by
fluorescence microscopy and Western blotting, respectively, to
examine the activation of PKA. cAMP-mediated gene expres-
sion activity was analyzed using a luciferase reporter gene
assay. The results revealed that, in SGC-7901 cells, soluble
fibronectin increased RhoA activity and blocked the inhibition
of RhoA activity by cAMP/PKA. The cAMP level, which was
increased by forskolin and pertussis toxin, was decreased by
fibronectin. The nuclear location of the PKA catalytic unit, the
phosphorylation of VASP and cAMP response element (CRE)-
directed reporter gene expression induced by forskolin were
blocked by fibronectin. However, fibronectin did not block
VASP phosphorylation or CRE-directed reporter gene expres-
sion induced by cAMP. These data suggest that fibronectin/
integrin induces RhoA activation through the inhibition of
cAMP/PKA signal transduction. The possible point of action
of fibronectin/integrin is adenylate cyclase.

Introduction

Integrin is an important receptor of cellular adhesion molecules
and mediates cell-to-cell and cell-to-extracellular matrix
adhesion (1). It has been demonstrated that cell adhesion is
correlated with the growth, invasion and metastasis of tumors (2).
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RhoA is a key member of the Rho family of small GTP-binding
proteins and mediates signaling relating to cytoskeleton
arrangement, migration, proliferation and gene expression (3-5).
Previous studies have found that invasive growth and metastasis
were inhibited in a variety of cancer cells overexpressing RhoA
when RhoA activity was inhibited (6-8). Numerous studies
have addressed the significance of the association between
integrin and RhoA (9), but the exact mechanism through which
integrin increases the activity of RhoA is unclear. PKA is a
protein kinase related to the cAMP signaling pathway. Studies
have suggested that PKA inhibits the activity and function of
RhoA (7,10). The possible interactions among integrin, RhoA
and PKA are unknown. This study examined the relationships
among the PKA-, RhoA- and integrin-mediated intracellular
signal transduction pathways.

Materials and methods

Cell lines and reagents. The human gastric adenocarcinoma cell
line SGC-7901 was provided by the Institute of Biochemistry
and Cell Biology, Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences, China. Dulbecco's modified
Eagle's medium (DMEM) was from Gibco (Grand Island,
NY, USA). Fetal calf serum (FCS) and newborn calf serum
were from Minhai Bio-engineering Co. Ltd. (Lanzhou, China).
Mouse monoclonal antibody against RhoA was from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Goat anti-mouse and
rabbit horseradish peroxidase-conjugated secondary antibodies
were from Jackson ImmunoResearch Laboratories (West Grove,
PA,USA).The 'I-cAMPradioimmunoassay (RIA) kit was from
the Nuclear Medical Laboratory of the Shanghai University of
Traditional Chinese Medicine, China. Rabbit antibody against
PKA catalytic subunit (PKA-C)-a and rabbit antibody against
p-vasodilator-stimulated phosphoprotein (p-VASP) were from
Santa Cruz Biotechnology. Fibronectin (from bovine plasma)
and pertussis toxin were from Sigma (St. Louis, MO, USA).
Enhanced chemiluminescence (ECL) reagents were from
Amersham Biosciences (Buckinghamshire, UK).

Preparation of Rhotekin-GST. The plasmid DNA encoding
RhoA binding domain of Rhotekin fused to glutathione-S-
transferase (GST) was transfected into E. coli. The bacteria were
cultured at 37°C overnight and then induced with isopropyl-3-
D-thiogalactopyranoside at 30°C for 2 h to express proteins.
The bacteria cells were lysed with lysis buffer containing
50 mmol/l Tris-HCI pH 74, 1% NP-40, 150 mmol/l1 NaCl,
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5 mmol/l MgCl,, 1 mmol/l dithiothreitol (DTT), 10 pg/ml apro-
tinin, 10 pg/ml leupeptin and 1 mmol/l phenylmethansulfonyl
fluoride. The lysate was centrifuged, and the supernatant was
incubated with glutathione beads at 4°C for 2 h. The beads were
washed five times with washing buffer containing 50 mmol/l
Tris-HCI pH 7.4, 0.5% Triton X-100, 150 mmol/l NaCl,
5 mmol/l MgCl, and 1 mmol/l DTT. After the final washing,
the beads were suspended in washing buffer containing 10%
glycerol and maintained at -70°C until use.

RhoA-GTP pull-down assay. Rho activity was measured
according to the method of Ren ez al (11). Briefly, 3x10° cells
were seeded on a 10-cm dish. Following various treatments, the
cells were washed with Tris-buffered saline (TBS) and lysed
with 400 1 lysis buffer containing 50 mmol/l Tris-HCI pH 7.4,
1% NP-40, 1% CHAPS, 200 mmol/l NaCl, 1 mmol/l MgCl,,
10 pug/ml leupeptin, 10 pg/ml aprotinin and 1 mM PMSF.
The cell lysate was centrifuged to eliminate the cell debris.
As a loading control, 10 ul of supernatant was reserved, and
the remainder was incubated with GST-Rhotekin-glutathione
beads at 4°C for 45 min, with continuous agitation. The beads
were washed three times with buffer containing 50 mmol/l
Tris-HCI1 pH 7.4, 2% NP-40, 200 mmol/l NaCl and 10 mmol/1
MgSO,. After the final washing, 20 ul of 2X sodium dodecyl
sulfate polyacrylamide gel -electrophoresis (SDS-PAGE)
loading buffer was added to the beads, then the beads were
boiled for 5 min to release the proteins.

Western blotting. SDS-PAGE gels of various concentrations
were cast according to the molecular size of the target proteins.
Sample proteins were accumulated using a voltage of 80 V/icm
and then separated using a voltage of 120 V/cm on gel. Following
electrophoresis, the proteins on the gel were transferred onto
a polyvinylidene fluoride membrane, and the membrane was
blocked with 3% bovine serum albumin (BSA) in TBS-T for
1 h at room temperature (RT). Incubation with the primary
antibody was carried out at 4°C overnight, and incubation with
the secondary antibody was carried out at RT for 50 min, with
washing three times after each incubation. ECL reagents were
used to visualize the positive bands on the membrane. Briefly,
same volumes of solution A and solution B were combined
and added to the protein side of the membrane, followed by
incubation at RT for 1 min. The exposure time of the first film
was 15 sec. The exposure time of the second film was adjusted
according to the intensity of the signals on the first film.

Fluorescence microscopy. The cells grown on cover slips
were fixed with freshly prepared 2% paraformaldehyde in
phosphate-buffered saline (PBS). After being permeabilized
with 0.3% Triton X-100 and washed with PBS, the cells were
incubated with the primary antibody (PKA-C-a antibody;
1:200) for 2 h at RT and then with a fluorescein isothiocyanate-
conjugated secondary antibody (1:50) for 1 h at RT, with three
washes after each incubation. The distribution of PKA-C in
the cells was observed using fluorescence microscopy.

Radioimmunoassay of cAMP. SGC-7901 cells were placed
in 12-well plates at a density of 10° cells/well with DMEM
supplemented with 10% FCS. Following various treatments,
the cells were rapidly collected and re-suspended in 50 mM
acetate buffer at pH 4.75. The samples were frozen and thawed
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Figure 1. Rho activity in SGC-7901 cells treated with soluble fibronectin.
Cell lysate input (2.5% of total lysate) and pull-down of GTP-RhoA were
analyzed by Western blotting with an antibody against RhoA. (A) Western
blotting: lane 0, untreated cells; lane 1, cells treated with 10 yg/ml fibronectin
for 5 min; lane 2, cells treated with 10 pg/ml fibronectin for 15 min; lane 3,
cells treated with 10 ug/ml fibronectin for 30 min. (B) Western blotting
results were analyzed by GeneSnap/GeneTools software, and the raw volume
ratio of active RhoA to RhoA input (pull-down/input) was calculated and
presented. Each bar represents the mean + SD obtained from three indepen-
dent experiments. “P<0.01 compared to bar 0.
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three times, followed by sonication seven to eight times. The
levels of cAMP were determined by competition binding with
['25T]-succinyladenosine 3'.5'-cyclic monophosphate tyrosyl
methyl ester (SCAMP-TME). The amount of bound radioac-
tivity was determined by y counting. The cAMP level of each
sample was measured using commercial RIA kits as previ-
ously described (12).

Reporter gene assay. Cells were seeded on a 24-well plate
the day before transfection. pCRE-Luc and f-gal plasmid
DNA (0.8 ug/well) was transfected using Lipofectamine 2000
according to the manufacturer's instructions (Invitrogen,
Carlsbad, CA, USA). After incubation at 37°C in 5% CO,
for 18-20 h, the cells were treated with cAMP or forskolin
for 7.5 h. Certain cells were pre-treated with fibronectin for
30 min. The cells were lysed, and the lysate was used for
luciferase and f3-galactosidase activity assay. Luminescence
was measured in a luminometer.

Statistical analysis. Data are expressed as the means =+ stan-
dard deviation (SD). Statistical significance was tested with
the Student's t-test, and P<0.05 was considered a significant
difference.

Results

Soluble fibronectin increases RhoA activity in SGC-7901
cells. Typically, fibronectin is used to coat the culture surface
so that integrin on the cells is activated when the cells attach
to the surface. In this experiment, fibronectin was added to the
culture medium to ascertain whether or not soluble fibronectin
activates integrin. Addition of fibronectin to the culture
medium of the SGC-7901 cells time-dependently increased
RhoA activity (Fig. 1). This indicated that soluble fibronectin
had the same biological activity as attached fibronectin. In the
subsequent experiments, soluble fibronectin was applied to
examine the effect of this protein.
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Figure 2. Rho activity in SGC-7901 cells treated with soluble fibronectin
followed by forskolin. Cell lysate input (2.5% of total lysate) and pull-down
of GTP-RhoA were analyzed by Western blotting with an antibody against
RhoA. (A) Western blotting: lane FK, cells treated with 10 uM forskolin for
25 min; lane FN/FK, cells treated with 10 pg/ml fibronectin for 5 min fol-
lowed by 10 uM forskolin for 25 min; lane FN, cells treated with 10 pug/
ml fibronectin for 30 min; lane C, untreated cells. (B) The Western blotting
results were analyzed by GeneSnap/GeneTools software, and the raw volume
ratio of active RhoA to RhoA input (pull-down/input) was calculated and
presented. Each bar represents the mean + SD obtained from three indepen-
dent experiments. *P<0.05 compared to bar C; "P<0.01 compared to bar C;
‘P<0.01 compared to bar FK.
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Figure 3. Concentration of cAMP in SGC-7901 cells with various treatments.
The levels of cAMP were determined by competition binding with ['*I]-
succinyladenosine 3',5'-cyclic monophosphate tyrosyl methyl ester (SCAMP-
TME). A, Untreated cells; B, cells treated with 10 zg/ml fibronectin for 2 h;
C, cells treated with 10 M forskolin for 1.5 h; D, cells treated with 1.0 ug/
ml fibronectin for 30 min followed by 10 M forskolin for 1.5 h; E, cells
treated with 10 gg/ml fibronectin for 30 min followed by 10 M forskolin for
1.5 h; F, cells treated with 400 ng/ml pertussis toxin for 12 h; G, cells treated
with 10 gg/ml forskolin for 30 min followed by 400 ng/ml pertussis toxin for
12 h. The results represent the mean + SD of three independent experiments.
2P<0.01 compared to bar A; "P<0.001 compared to bar C; ‘P<0.01 compared
to bar F.
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Figure 4. Effects of soluble fibronectin on PKA-C distribution in SGC-7901 cells, shown by immunofluorescence microscopy. (A) Untreated cells; (B) cells
treated with 10 zM forskolin for 1.5 h; (C) cells treated with 10 ug/ml fibronectin for 30 min followed by 10 #M forskolin for 1.5 h; (D) cells treated with
10 pug/ml fibronectin for 2 h; (E) cells treated with 800 ng/ml pertussis toxin for 18 h; (F) cells treated with 10 yg/ml fibronectin for 30 min followed by
800 ng/ml pertussis toxin for 18 h. Original magnification, x400 for fluorescence microscopic images.

Fibronectin blocks the inhibition of cAMP/PKA on RhoA
activity. To explore the relationships among integrin, PKA
and RhoA, the cells were treated with forskolin, an acti-
vator of adenylate cyclase, to increase the concentration of
cAMP and the activity of PKA. This treatment caused a
significant decrease in RhoA activity. The cells were then
treated with fibronectin followed by forskolin treatment.
Treatment of the cells with 10 zg/ml fibronectin prevented
forskolin-induced inhibition of RhoA activity (Fig. 2).

Fibronectin decreases the intracellular cAMP concentra-
tion in SGC-7901 cells. In the cultured SGC-7901 cells,
fibronectin treatment had little effect on the basal level of

cAMP. The cAMP level was significantly increased by
forskolin and pertussis toxin. However, in cells treated with
fibronectin followed by forskolin and pertussis toxin treat-
ment, the increase in the cAMP level induced by forskolin
and pertussis toxin was blocked by fibronectin treatment (Fig.
3). Since forskolin is an activator of adenylate cyclase and
pertussis toxin is an inhibitor of inhibitory G protein, these
results suggest that fibronectin decreases the cAMP level by
inhibiting the activity of adenylate cyclase.

Fibronectin prevents the nuclear location of the PKA
catalytic subunit in SGC-7901 cells. To examine the changes
in the distribution of the PKA-C induced by fibronectin,



68 LI et al: RELATIONSHIPS AMONG PKA, RhoA AND INTEGRIN

A e —— e —— D-VASP

e = GAPDH
1 2 3 4 5 6

14r 2 axs

APDH)
o

1.2f

ol
¥

0.8 b
0.6
04

02F

Relative value (P-VASP/C

1 2 3 4 5 6

Figure 5. Effects of soluble fibronectin, cAMP and forskolin on the phos-
phorylation of VASP in SGC-7901 cells. (A) Using Western blotting, the
expression of p-VASP and GAPDH in each fraction was detected. Lane 1,
untreated cells; lane 2, cells treated with 100 xuM cAMP for 30 min; lane 3,
cells treated with 10 yg/ml fibronectin for 4.5 h followed by 100 yM cAMP
for 30 min; lane 4, cells treated with 10 zg/ml fibronectin for 5 h; lane 5, cells
treated with 10 uM forskolin for 30 min; lane 6, cells treated with 10 ug/
ml fibronectin for 4.5 h followed by forskolin for 30 min. (B) Western blot-
ting results were analyzed by GeneSnap/GeneTools software, and the raw
volume ratio of p-VASP/GAPDH input was calculated and presented. Each
bar represents mean = SD obtained from three independent experiments.
2P<0.001 compared to bar 1; ®P<0.01 compared to bar 5; NS, not significant
as compared to bar 2.
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Figure 6. Effects of soluble fibronectin on cAMP response element-dependent
transcription in SGC-7901 cells. The cells were transfected with pCRE-luc
and pPGal. Firefly luciferase activities were normalized to activities in each
sample, and the relative luciferase activity measured in the untreated cells
(A) was assigned the value of 1. A, Untreated cells; B, cells treated with
10 ug/ml fibronectin for 8 h; C, cells treated with 100 uM cAMP for 7.5 h;
D, cells treated with 10 pg/ml fibronectin for 30 min followed by 100 xM
cAMP for 7.5 h; E, cells treated with 10 yM forskolin for 7.5 h; F, cells
treated with 10 yg/ml fibronectin for 30 min followed by 10 #M forskolin for
7.5 h. Values are mean + SD obtained from three independent experiments.
1P<0.01 compared to bar A; ®°P<0.01 compared to bar E; NS, not significant
as compared to bar C.

immunofluorescence microscopy with an antibody against
PKA-C was applied to detect the location of PKA-C. The
results revealed that forskolin and pertussis toxin, not only
increased the fluorescent signal of PKA-C, but also increased
the nuclear distribution of the subunit; however, these increases
were blocked by fibronectin (Fig. 4).

Fibronectin decreases the p-VASP level in SGC-7901 cells. To
examine the changes in PKA activity induced by fibronectin,
the phosphorylation of VASP in cultured SGC-7901 cells

was detected by Western blotting. The p-VASP level was
significantly increased by both cAMP and forskolin. However,
only the phosphorylation of VASP induced by forskolin was
prevented by fibronectin treatment (Fig. 5).

Effects of fibronectin on cAMP response element-dependent
transcription. To further confirm the inhibition of fibronectin
on cAMP/PK A-mediated signal transduction, cAMP response
element (CRE)-dependent transcription was analyzed by
reporter gene assay. The results revealed that forskolin
stimulation caused an ~2.95-fold increase in CRE-dependent
transcription in the SGC-7901 cells. Treatment of cells
with 10 pg/ml fibronectin for 30 min prior to the treatment
with 10 uM forskolin for 7.5 h significantly decreased the
transcription activity induced by forskolin, while treatment
of the cells with CPT-cAMP caused a 6.51-fold increase in
CRE-dependent transcription; pre-treatment with fibronectin
did not suppress this increase (Fig. 6).

Discussion

Integrin consists of one a- and one [-subunit. To date,
8 B-subunits and 18 a-subunits have been identified, and these
subunits may assemble into 24 distinct integrins (13). Among
them, integrin a5p1 is a fibronectin receptor. When cells attach
to extracellular matrix containing fibronectin, integrin a.5p1
is activated (14). The activated integrin then associates with
G protein and causes a switch of the protein from GDP- to
GTP-binding (15). The GTP-binding G protein triggers signal
transduction and causes an alteration in cellular activity.

There have been numerous studies on fibronectin/
integrin-mediated signal transduction, and the majority have
investigated the interaction between fibronectin and integrin
through the attachment of cells to the extracellular matrix
containing fibronectin (16,17). However, a large portion of
fibronectin is soluble within the body. Soluble fibronectin
exists mainly in the blood plasma and reaches each part of
the body through the blood stream. There is no research data
addressing whether soluble fibronectin activates integrin-
mediated signal transduction. Our results revealed for the first
time that adding soluble fibronectin to culture medium caused
the activation of RhoA, a crucial event in integrin-mediated
signal transduction. This indicates that soluble fibronectin
also binds integrin and activates consequent signaling events.

The active RhoA pull-down assay revealed that forskolin,
an adenylate cyclase activator, induced the inhibition of RhoA
activity. Treatment with fibronectin prevented this inhibi-
tion. These results suggest that fibronectin/integrin-mediated
signaling increases RhoA activity through the inhibition of
PKA activity. Therefore, elucidating the relationships among
fibronectin, PKA and RhoA will provide evidence for the
mechanism by which fibronectin activates RhoA.

Our previous investigation revealed that cAMP/PKA
signaling inhibited RhoA activation through phosphoryla-
tion of RhoA on serinel88 and antagonized RhoA functions
in regulating stress fiber formation, changes in morphology,
motility and the anchorage-independent growth of cancer
cells (7). In order to explore the relationship between the
fibronectin/integrin-mediated and cAMP/PKA-mediated
signaling pathways, we examined the effect of fibronectin on
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intracellular cAMP concentration in cultured SGC-7901 cells.
Our results revealed that fibronectin decreased the cAMP level
in association with adenylate cyclase. We examined the effect
of fibronectin on PKA activity. PKA is an isozyme existing
as a tetramer of two R- and two C-subunits. The isozyme is
activated by the binding of cAMP to the A and B binding
sites located in the carboxyl two-thirds of the R-subunits (18).
Occupancy of the R-subunits by cAMP subsequently results
in the rapid dissociation of the holoenzyme, allowing the cata-
Iytically active C-subunit to phosphorylate substrates (19,20).
To examine the activation of PK A, we detected the distribution
of PKA-C. Immunofluorescent staining indicated that nuclear
PKA-C was significantly increased by forskolin and pertussis
toxin and these increases were blocked by fibronectin.

We then detected the phosphorylation of VASP to indicate
the activity of PKA. VASP was first identified as a substrate
of PKA and PKG, which are regulated by cyclic nucleotides
(21,22). This protein has three PKA/PKG phosphorylation
sites, Serl57, Ser239 and Thr278; Serl57 is the preferred
target for PKA, while Ser239 is preferentially phosphorylated
by PKG (23). As a major substrate for PKA, VASP proteins
are used to assess the activation of the PKA signaling
pathway. Our results revealed that both cAMP and forskolin
increased the level of p-VASP Ser157. However, only the phos-
phorylation of VASP caused by treatment with forskolin was
prevented by fibronectin, while fibronectin had no effect on
the phosphorylation of VASP caused by treatment with cAMP.
These results not only reveal that fibronectin inhibits the acti-
vation of PKA, but also suggests that adenylated cyclase was
the point of action of fibronectin/integrin. Once cAMP was
formed, fibronectin was incapable of blocking its effect.

CREB is a 43-kDa transcription factor found exclusively in
the nucleus. CREB typically binds to the CRE as a homodimer,
but is transcriptionally inactive until phosphorylated at Ser133
by PKA (24,25). In order to observe the effects of soluble
fibronectin on CRE-dependent transcription, we measured
CRE-directed reporter gene expression. The results revealed
that treating cells with 10 M forskolin for 7.5 h induced a
2.9-fold increase in transcription activity. Pre-treatment with
10 ug/ml fibronectin for 30 min significantly decreased tran-
scription activity, while treating the cells with CPT-cAMP
induced a 6.5-fold increase in CRE-dependent transcription;
fibronectin treatment did not suppress this increase. These
results revealed that fibronectin inhibits CRE-directed reporter
gene expression by suppressing the activity of adenylate
cyclase.

In conclusion, our results provide evidence that fibronectin/
integrin induces RhoA activation through the inhibition of
cAMP/PK A-mediated signal transduction. The possible point
of action of fibronectin/integrin is adenylate cyclase. This not
only aids in the understanding of the relationships among the
fibronectin/integrin-, cAMP/PK A- and RhoA-mediated signal
transduction pathways, but also provides a novel target for
cancer therapy.
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