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Abstract
Integrin-mediated adhesion to the extracellular matrix
plays a fundamental role in tumor metastasis. Salvicine,
a novel diterpenoid quinone compound identified as a
nonintercalative topoisomerase II poison, possesses
a broad range of antitumor and antimetastatic activity.
Here, the mechanism underlying the antimetastatic
capacity of salvicine was investigated by exploring the
effect of salvicine on integrin-mediated cell adhesion.
Salvicine inhibited the adhesion of human breast
cancer MDA-MB-435 cells to fibronectin and collagen
without affecting nonspecific adhesion to poly-L-lysine.
The fibronectin-dependent formation of focal adhesions
and actin stress fibers was also inhibited by
salvicine, leading to a rounded cell morphology.
Furthermore, salvicine down-regulated B1 integrin
ligand affinity, clustering and signaling via
dephosphorylation of focal adhesion kinase and
paxillin. Conversely, salvicine induced extracellular
signal-regulated kinase (ERK) and p38 mitogenactivated protein kinase (MAPK) phosphorylation.
The effect of salvicine on B1 integrin function and cell
adhesion was reversed by U0126 and SB203580,
inhibitors of MAPK/ERK kinase 1/2 and p38 MAPK,
respectively. Salvicine also induced the production of
reactive oxygen species (ROS) that was reversed by ROS
scavenger N-acetyl-L-cysteine. N-acetyl-L-cysteine
additionally reversed the salvicine-induced activation
of ERK and p38 MAPK, thereby maintaining functional
B1 integrin activity and restoring cell adhesion and
spreading. Together, this study reveals that salvicine
activates ERK and p38 MAPK by triggering the
generation of ROS, which in turn inhibits B1 integrin
ligand affinity. These findings contribute to a better
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understanding of the antimetastatic activity of salvicine
and shed new light on the complex roles of ROS and
downstream signaling molecules, particularly p38
MAPK, in the regulation of integrin function and cell
adhesion. (Mol Cancer Res 2008;6(2):194 – 204)

Introduction
Integrins are transmembrane glycoproteins composed of
noncovalently linked a and h subunits. Integrins are essential
for cell migration and invasion because they mediate adhesion
of cells to the extracellular matrix (ECM) and regulate
intracellular signaling pathways that control cytoskeletal
organization, force generation, and survival (1). Activated
integrins bind to the ECM, cluster at the binding site, and
initiate focal adhesions by recruiting cytoplasmic proteins, such
as focal adhesion kinase (FAK), c-Src, and paxillin (2).
Integrins also activate small GTPase, which in turn activates
downstream effector molecules, thereby leading to rearrangement of actin stress fibers and activation of cell adhesion and
spreading (3).
Inhibition of the integrin signaling pathway is of great
interest in development of drugs for the effective treatment of
cancer. Recent research has led to the development of integrin
inhibitors that may lead to more effective cancer therapeutics.
Salvicine [4,5-seco-5,10-friedo-abieta-3,4-dihydroxy5(10),6,8,13-tetraene-11,12-dione] is a diterpenoid quinone
compound synthesized by structural modification of a natural
product isolated from the traditional Chinese medicinal plant
Salvia prionitis Hance (Labiatae ). The compound has
significant in vitro and in vivo activity against malignant tumor
cells and xenografts, particularly in human solid tumor models
(4), and is now in clinical trial in China. Salvicine is a novel
DNA topoisomerase inhibitor that directly inhibits DNA
topoisomerase (5) and induces the formation of reactive oxygen
species (ROS), which in turn modulate DNA damage and repair
(6). Salvicine is also antimetastatic and inhibits MDA-MB-435
cell invasion in vitro and lung metastasis of MDA-MB-435
orthotopic xenografts in vivo (7). Gene expression profiles
show that salvicine preferentially inhibits genes relevant to cell
adhesion and motility. These genes include the integrins and
downstream effector molecules, including FAK, paxillin,
and RhoC (7). Salvicine also inhibits the translocation of
RhoA and RhoC from the cytosol to the cell membrane (7).
Given the emerging correlation between intracellular ROS and
integrins, particularly the role of ROS in the regulation of
integrin function (8, 9), we propose that salvicine abolishes cell
adhesion and subsequent metastasis by inhibiting ROS-driven
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FIGURE 1. Salvicine inhibits integrin-mediated cell adhesion and disrupts focal
adhesions and actin stress
fiber networks. A. Salvicine
(SAL ) inhibits the adhesion of
MDA-MB-435 cells to fibronectin and collagen. Cells
were serum starved for 45 min
and then plated onto fibronectin (FN )-coated, collagen
(COL )-coated, or poly-L-lysine
(PLL ) – coated 96-well plates
in serum-free RPMI 1640 with
various concentrations of salvicine for 1 h. Adherent cells
were stained with crystal violet. Columns, mean of three
independent experiments;
bars, SD. B to D. Cells were
plated onto poly- L -lysine –
coated or fibronectin-coated
96-well plates (B), six-well
plates (C), or glass culture
slides (D) in serum-free RMPI
1640. Cells were allowed to
attach for 1 h and then incubated with different concentrations of salvicine for 1 h.
B. Effect of salvicine on cell
viability determined by the 3(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide
assay. C. Effect of salvicine
on apoptosis determined by
Annexin V/propidium iodide
double staining. D. Disruption
of focal adhesions and actin
stress fiber networks by salvicine. Focal adhesions, actin
stress fibers, and nuclei were
visualized by paxillin, phalloidin,
and 4¶,6-diamidino-2-phenylindole staining, respectively.
Bar, 8 Am.

integrin-dependent pathways. The aim of the present study was
to investigate the induction of intracellular ROS by salvicine
and the involvement of ROS in integrin signaling during cell
adhesion and spreading.

Results
Salvicine Inhibits Integrin-Mediated Cell Adhesion and
Spreading
Our previous studies showed that salvicine strongly inhibits
MDA-MB-435 cell invasion in vitro and metastasis in vivo (7).
Cell-ECM adhesion is an essential step in cancer metastasis.
For this reason, we investigated the effect of salvicine on MDAMB-435 cell adhesion to fibronectin and collagen, the most
common components of the ECM and typical integrin ligands.

We found that salvicine inhibits cell adhesion in a dosedependent manner (Fig. 1A). By comparison, cell adhesion to
poly-L-lysine, which does not engage with integrins, was not
affected. Cell viability was assessed in parallel to determine if
the effect of salvicine on cell adhesion was due to cytotoxicity.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
assay showed that MDA-MB-435 cells maintain a high level
of viability under the experimental conditions of this investigation (Fig. 1B). We also found that apoptosis was not induced
when MDA-MB-435 cells were treated with salvicine for
1 h (Fig. 1C).
Formation of focal adhesion and actin stress fibers is an
essential event in cell adhesion and spreading (10). The effect
of salvicine on fibronectin-dependent formation of focal
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adhesions and actin stress fibers was investigated. MDA-MB435 cells were plated onto fibronectin-coated or poly-L-lysine –
coated glass culture slides in serum-free RPMI 1640. Figure 1B
shows fibronectin-induced cell spreading, with focal adhesions
localized at the periphery of cells, and well-organized actin
stress fibers. By comparison, cells cultured on poly-L-lysine –
coated slides maintained a rounded morphology and failed to
assemble focal adhesions and stress fibers. Treatment with
salvicine dramatically reduced fibronectin-dependent formation
of focal adhesion and disrupted actin stress fiber networks. This
was accompanied by the rounding up of cells and the retraction
of cells from the substratum (Fig. 1D).
Salvicine Down-Regulates the Function of b1 Integrin
Integrins are the major receptors for ECM proteins. The
expression level, affinity for ligands, cell surface distribution,

and downstream signaling of integrins are closely related to the
ability of these molecules to initiate cell-ECM attachment.
Because a5h1 integrin is the prototypic fibronectin receptor
and a2h1 integrin is the major receptor for collagen in MDAMB-435 cells (11), we analyzed the effect of salvicine on the
expression levels of a2, a5, and h1 integrin subunits in MDAMB-435 cells. Using flow cytometry, we show that salvicine
has no effect on the expression levels of a2, a5, or h1 integrin
subunits (Fig. 2A). This result suggests that salvicine has an
adverse effect on cell adhesion by down-regulating integrin
function rather than expression levels. The h1 integrin is
common to both the fibronectin and collagen receptors,
so the effect of salvicine on h1 integrin activation was
investigated using a h1 integrin monoclonal antibody (12G10)
that specifically recognizes activated h1 integrin (12, 13).
Salvicine treatment inhibited the binding of h1 integrin to

FIGURE 2. Salvicine down-regulates h1 integrin function without affecting the expression level of a2, a5, or h1 integrin subunits. A. Salvicine does not alter
the expression level of a2, a5, or h1 integrin subunits. Cells were plated and cultured overnight in RPMI 1640 containing 10% fetal bovine serum. The medium
was replaced with serum-free RPMI 1640 and cells were incubated with 8 Amol/L salvicine for 1 h. The cells were then incubated with nonspecific mouse IgG
(thin line ) or specific anti-a2, anti-a5, or anti-h1 integrin antibodies (thick line ) and detected by flow cytometry. B. Salvicine down-regulates the ligand affinity
of h1 integrin. Cells were plated onto six-well plates coated with fibronectin or poly-L-lysine in serum-free medium, allowed to adhere for 1 h, and then
incubated with various concentrations of salvicine for 1 h. The binding of h1 integrin to 12G10 was detected by flow cytometry. C. N29 and Mn2+ reverse the
inhibitory effect of salvicine on cell adhesion. Cells were harvested and seeded onto 96-well plates coated with fibronectin (a) or collagen (b) in the presence
of N29 (5 Ag/mL) or Mn2+ (1 mmol/L). Columns, mean of three independent experiments; bars, SD. D. Salvicine inhibits h1 integrin clustering induced by
fibronectin. Bar, 20 Am. E. Salvicine inhibits the phosphorylation of FAK and paxillin. Cells were seeded on fibronectin-coated plates in serum-free medium,
allowed to adhere for 1 h, and then incubated with various concentrations of salvicine (a) or for different times (b). Phosphorylated FAK (p-FAK ) and paxillin
(p-paxillin ) were detected by Western blot analysis.
Mol Cancer Res 2008;6(2). February 2008
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FIGURE 3.

Salvicine activates ERK, p38 MAPK, and
AKT. Cells were plated onto
six-well plates coated with fibronectin (A) or poly-L-lysine (B) in
serum-free medium, allowed to
adhere for 1 h at 37jC, and then
incubated with various concentrations of salvicine (a) or for
different times with 8 Amol/L
salvicine (b). Cell lysates were
analyzed by Western blot analysis with antibodies against total
ERK1/2, p38 MAPK, and AKT
or antibodies against the phosphorylated ERK (Thr202/Tyr204;
p-ERK ), p38 MAPK (Thr 180/
Tyr182; p-P38), and AKT (Ser473;
p-AKT).

12G10 (Fig. 2B). Moreover, the integrin-activating antibody
N29 (14) restored cell adhesion to fibronectin and collagen,
with control IgG showing no effect. Mn2+, which uniformly
activates integrins by inducing an active conformation (15),
gave similar results as N29 (Fig. 2C). Together, these results
suggest that salvicine down-regulates the ligand affinity of h1
integrin.
When integrins bind to ECM proteins, they become
clustered in the plane of the cell membrane and associate with
signaling complexes (16). We next tested whether salvicine
affects the distribution and downstream signaling of integrins.
As shown in Fig. 2D, h1 integrin forms clusters at the cell
periphery in the presence of fibronectin, whereas cells grown on
poly-L-lysine show an even distribution of h1 integrin.
Exposure to salvicine dramatically reduces the clustering of
h1 integrin at the cell periphery (Fig. 2D). Correspondingly, the
phosphorylation of FAK, an early consequence of the integrinligand interaction, was inhibited by salvicine in a dose- and
time-dependent manner, with the dephosphorylation of FAK
being initiated after 20 min (Fig. 2E). Salvicine also induced the
dephosphorylation of paxillin, a key scaffolding protein located
at the interface between the cell membrane and the actin
cytoskeleton.
Salvicine Activates Extracellular Signal-Regulated Kinase
and p38 Mitogen-Activated Protein Kinase, Negative
Modulators of Fibronectin-Induced Cell Adhesion
The effect of salvicine on the activation status and role of
extracellular signal-regulated kinase (ERK), p38 mitogenactivated protein kinase (MAPK), and AKT in integrinmediated bidirectional signaling was investigated (17, 18).
Western blot analysis using antibodies specific to phosphorylated ERK1/2, p38 MAPK, and AKT revealed activation of
these proteins by salvicine in a dose-dependent manner

(Fig. 3A). The salvicine-induced phosphorylation of ERK,
p38 MAPK, and AKT was initiated after 5 min of exposure to
salvicine (Fig. 3A). This is earlier than the observed salvicineinduced dephosphorylation of FAK. Salvicine also induced the
phosphorylation of ERK, p38 MAPK, and AKT in the absence
of fibronectin (Fig. 3B). This shows that the salvicine-induced
activation of ERK, p38 MAPK, and AKT is ECM protein
independent.
The role of ERK1/2, p38 MAPK, and AKT in salvicineinhibited cell adhesion was investigated using specific inhibitors of these signal molecules. Pretreatment with U0126,
an inhibitor of the ERK activator MAPK/ERK kinase 1/2,
or SB203580, a specific inhibitor of p38 MAPK, partially
reversed the inhibition of fibronectin-induced cell adhesion by
salvicine, whereas the phosphatidylinositol 3-kinase inhibitor
wortmannin had no effect (Fig. 4A). These findings provide
evidence that activated ERK and p38 MAPK, rather than
AKT, are involved in the inhibition of cell adhesion by
salvicine.
Activated ERK and p38 MAPK Negatively Regulate b1
Integrin Function
The down-regulation of h1 integrin function by activated
ERK and p38 MAPK was investigated. Pretreatment with
U0126 or SB203580 partially reversed the inhibitory effect of
salvicine on the binding of h1 integrin to 12G10 (Fig. 4B).
U0126 and SB203580 also restored h1 integrin clustering in
salvicine-treated cells (Fig. 4C) and lead to partial restoration of
FAK phosphorylation (Fig. 4D). By comparison, pretreatment
with U0126 or SB203580 did not restore disrupted actin stress
fiber networks or reverse the cell morphology induced by
salvicine (Fig. 4C). These results suggest that the disruption of
the actin stress fiber networks is not attributed to the downregulation of h1 integrin function.
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Salvicine Activates ERK and p38 MAPK in a ROSDependent Manner
Our previous study found that salvicine stimulated intracellular ROS production in human breast cancer MCF-7 cells (6).
There is also evidence that oxidants activate MAPK signaling
pathways (19). These findings lead us to investigate the
mechanism underlying the salvicine-induced activation of ERK
and p38 MAPK and to determine the role of ROS in this
process. ROS production in MDA-MB-435 cells was assessed
following exposure to salvicine. We found that salvicine
increased the level of ROS in a time-dependent manner with
ROS generation starting after 5 min of exposure to salvicine
and peaking at 60 min (Fig. 5A). Such an increase in

intracellular oxidants, revealed by the redox-sensitive fluorescent dye 2,7-dichlo-rodihydroflurescein diacetate, is most likely
due to hydrogen peroxide to which this probe is selectively
sensitive.
Two approaches were used to determine if ROS induced the
activation of ERK and p38 MAPK. First, we examined the
activation status of these pathways under oxidative stress by
exposing MDA-MB-435 cells to hydrogen peroxide. Second,
we used N-acetyl-L-cysteine (NAC), a well-recognized ROS
scavenger, to decrease the intracellular level of ROS (Fig. 5B).
Phosphorylation of ERK and p38 MAPK increased significantly after 5 min of exposure to hydrogen peroxide and was
maintained for 2 h (Fig. 5C). The time course of ERK and p38

FIGURE 4. Salvicine down-regulates cell adhesion and h1 integrin function by ERK and p38 MAPK signaling. Cells were pretreated with SB203580
(20 Amol/L), U0126 (10 Amol/L), or wortmannin (1 Amol/L) for 30 min before the addition of salvicine. A. Effect of SB203580, U0126, and wortmannin on the
inhibition of fibronectin-induced cell adhesion by salvicine. Columns, mean of three independent experiments; bars, SD. B. Effect of SB203580 and U0126 on
the reduction of h1 integrin ligand affinity by salvicine. C. Effect of U0126 and SB203580 on the reduction of h1 integrin clusters by salvicine. Bar, 20 Am. D.
Effect of SB203580 and U0126 on the salvicine-inhibited phosphorylation of FAK and paxillin.
Mol Cancer Res 2008;6(2). February 2008
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FIGURE 5. Salvicine activates ERK and p38 MAPK in a ROS-dependent manner. A. Salvicine induces an increase in the level of ROS in a timedependent manner. Cells were seeded onto six-well plates and cultured overnight. The complete medium was replaced with serum-free medium and cells
were incubated with 8 Amol/L salvicine for different times. The intracellular ROS level was detected by flow cytometry. B. NAC reverses salvicine-induced
ROS generation. Cells were pretreated with 5 mmol/L NAC for 30 min before exposure to 8 Amol/L salvicine. The intracellular hydrogen peroxide level was
measured after 1 h of incubation. Columns, mean of three independent experiments; bars, SD. C. Hydrogen peroxide induced an increase in the
phosphorylation of ERK and p38 MAPK in a dose-dependent (a) and time-dependent (b ) manner. Cells were seeded onto six-well plates and cultured
overnight. The complete medium was replaced with serum-free medium and cells were incubated with various concentrations of hydrogen peroxide or for
different times with 200 Amol/L hydrogen peroxide. D. NAC reverses salvicine-induced phosphorylation of ERK and p38 MAPK. Cells were pretreated with
5 mmol/L NAC for 30 min before the exposure of cells to 8 Amol/L salvicine.

MAPK activation by hydrogen peroxide is similar to that
observed for salvicine. The reversal of salvicine-induced
activation of ERK and p38 MAPK by NAC confirms the
involvement of ROS in this process (Fig. 5D). Together, these
results show that salvicine activates ERK and p38 MAPK by
up-regulating the intracellular level of ROS.
ROS Inactivates b1 Integrin and Reduces IntegrinMediated Cell Adhesion
Our data suggest a correlation between salvicine-induced
production of ROS and the inhibition of h1 integrin function.
Salvicine induces ROS production, which activates ERK and
p38 MAPK, and in turn, activated ERK and p38 MAPK downregulate h1 integrin ligand affinity and inhibit fibronectininduced cell adhesion. We used NAC to determine if the
inhibitory effect of salvicine on h1 integrin ligand affinity and
cell adhesion was ROS dependent. Pretreatment with 5 mmol/L
NAC reversed the inhibitory effect of salvicine on h1 integrin
ligand affinity (Fig. 6A) and restored the adhesion capacity of
MDA-MB-435 cells (Fig. 6B). NAC pretreatment also had a

protective effect on the integrity of the actin stress fiber
networks and fibronectin-stimulated cell spreading in the
presence of salvicine (Fig. 6C). These results indicate a
causative role of ROS in the salvicine-induced down-regulation
of h1 integrin ligand affinity and cell-ECM adhesion. We also
found that hydrogen peroxide significantly decreased the
binding of h1 integrin to 12G10 (Fig. 6D), suggesting
inactivation of h1 integrin ligand affinity by hydrogen peroxide.
Hydrogen peroxide also inhibited h1 integrin-dependent cell
adhesion (Fig. 6E). NAC reversed both inhibitory effects of
hydrogen peroxide (Fig. 6D and E). Together, these findings
confirm a significant role of ROS in the negative regulation of
h1 integrin ligand affinity and integrin-dependent cell adhesion.
Salvicine Inhibits RhoA Activity in a ROS-Dependent
Manner
Our data showed that NAC, but not U0126 and SB203580,
protects the actin stress fiber networks and cell morphology
from the inhibitory effect of salvicine. In addition, the reversal
of salvicine-induced inhibition of cell adhesion was more
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pronounced for NAC than for U0126 and SB203580. This
suggests that other downstream effectors of ROS participate in
the salvicine-induced disruption of the actin cytoskeleton and
inhibition of cell adhesion. RhoA is a key regulator of actin

cytoskeleton formation and seems from our following results to
be a downstream effector of ROS. Treatment of MDA-MB-435
cells with 8 Amol/L salvicine reduced RhoA activity (Fig. 7A),
and this effect was reversed by NAC pretreatment (Fig. 7B).

FIGURE 6. Salvicine inactivates h1 integrin in a ROS-dependent manner. A. Effect of NAC on salvicine-induced inhibition of h1 integrin ligand affinity. B.
Effect of NAC on salvicine-induced inhibition of cell attachment to fibronectin (a ) and collagen (b). Columns, mean of three independent experiments; bars,
SD. C. Effect of NAC on salvicine-induced disruption of focal adhesions and actin stress fibers. Bar, 8 Am. D. Inhibition of h1 integrin ligand affinity by
hydrogen peroxide. The ligand affinity of h1 integrin was inactivated in cells exposed to 200 Amol/L hydrogen peroxide for 1 h. Hydrogen peroxide – induced
inhibition of h1 integrin ligand affinity was reversed by pretreatment of cells with 5 mmol/L NAC. E. Inhibition of cell adhesion by hydrogen peroxide. h1
Integrin-dependent cell adhesion was inhibited by 200 Amol/L hydrogen peroxide. Columns, mean of three independent experiments; bars, SD.
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FIGURE 7. Salvicine inhibits RhoA activity in a ROS-dependent
manner. Cells were seeded onto fibronectin-coated or poly-L-lysine –
coated culture dishes, allowed to adhere for 1 h at 4jC, and then incubated
with 8 Amol/L salvicine for 1 h. A. Salvicine inhibits RhoA activity. B. Effect
of NAC on the salvicine-reduced activity of RhoA. Cells were pretreated
with 5 mmol/L NAC for 30 min before salvicine was added.

Discussion
Our previous studies show that salvicine, a novel diterpenoid
quinone compound, significantly reduces the metastatic potential of MDA-MB-435 cells both in vitro and in vivo.
Mechanistic studies indicate that the antimetastatic effect of
salvicine is closely related to the Rho pathway (7). In the
present study, we show that salvicine down-regulates h1
integrin function and inhibits cell-ECM attachment, thereby
providing further clues to the mechanism underlying the
antimetastatic efficacy of salvicine.
h1 Integrin plays a significant role in tumor metastasis by
mediating metastatic tumor cell adhesion and extravasation at
the target organ (20, 21). This is supported by the overexpression of the active conformation of h1 integrin in vulval
squamous cell carcinomas (22) and by the encapsulation and
less invasive nature of h1 integrin knockdown tumors in vivo
(22). In the present study, the positive interaction between h1
integrin and the 12G10 monoclonal antibody shows that h1
integrin is maintained in the active conformation in MDA-MB435 cells. Reversal of this interaction by salvicine suggests that
the antimetastatic capacity of salvicine is h1 integrin dependent.
ROS, including hydrogen peroxide, hydroxyl radical, and
superoxide anions, are important signaling molecules and
mediate a wide range of cellular responses, such as proliferation, differentiation, apoptosis, and adhesion, under pathophysiologic and physiologic conditions (23-25). ROS-induced
activation of cell adhesion is due to the inhibition by ROS of
the low molecular weight phosphotyrosine phosphatase and the
subsequent phosphorylation of FAK (25, 26). Conversely,
recent reports highlight an inhibitory role of ROS in the
regulation of integrin function and the cytoskeleton (27, 28).
ROS-induced inactivation of integrins is commonly investigated using antioxidants. The antioxidant NAC promotes cell

adhesion by increasing the thiol expression of h1 integrin (8).
The antioxidant DTT is also used to further understand the
responsive role of ROS in the regulation of aLh2 integrins (9).
The present study showed that NAC abrogates salvicineinduced ROS generation and reverses the effect of salvicine on
cell adhesion and spreading. Similar effects by hydrogen
peroxide were also reversed by NAC. Together, these findings
show that the negative regulation of cell adhesion driven by
salvicine is ROS dependent. Similarly, we show that NAC
reverses the salvicine-induced and hydrogen peroxide – induced
inhibition of h1 integrin ligand affinity. These data provide
direct evidence for the involvement of ROS in salvicinemediated h1 integrin inactivation.
ROS acts as a signaling molecule in the activation of several
pathways, including the MAPK and AKT pathways (19). The
involvement of the MAPK and AKT pathways in salvicinedriven ROS-mediated function was investigated using U0126,
SB203580, and wortmannin, specific inhibitors of MAPK/ERK
kinase, p38 MAPK, and phosphatidylinositol 3-kinase, respectively. Both U0126 and SB203580 partially reversed the
salvicine-induced inhibition of cell adhesion to fibronectin
and the salvicine-induced inhibition of h1 integrin affinity for
12G10, the monoclonal antibody specific for active h1 integrin.
By comparison, wortmannin had no effect. These results
suggest that ERK and p38 MAPK function as ROS effectors
and are responsible for the salvicine-induced inhibition of
integrin function and cell attachment.
Although it is generally accepted that p38 MAPK plays a
role in the regulation of integrin function and cell adhesion, this
role of p38 MAPK has not been widely studied (29, 30). A
recent study reported that the p38-dependent phosphorylation
of h1 integrin at Ser785 was critical for adhesion of the T-cell
lymphoma line Karpas299 to fibronectin and collagen.
However, this phenomenon was highly cell type specific (31).
Other issues, however, stand quite in contrast to this case and
gave a clue that p38 MAPK may inhibit h1 integrin function
(32). In our study, the findings that SB203580 reversed
salvicine-induced inhibition of h1 integrin ligand affinity and
phosphorylation of FAK offer the firsthand evidence that p38
MAPK mediates inhibition of cell adhesion to matrix proteins
by inhibiting h1 integrin function. The Ras-Raf-ERK pathway
is also involved in the inactivation of integrins, including aIIbh3
and a5h1 integrins (33, 34). An investigation of the mechanism
underlying the Ras-Raf-ERK pathway shows that activation
and cytoplasmic localization of ERK are required for
suppression of a5h1 integrin activation (34).
RhoA is a key regulator of actin stress fibers (35). We
previously showed that salvicine inhibits the membrane
translocation of RhoA (7). Consistent with this finding, our
present study shows that salvicine significantly reduces the
level of GTP-bound RhoA. These salvicine-induced changes
would enhance the disruption of actin stress fiber networks.
NAC pretreatment protects the actin stress fiber network and
cell morphology from salvicine-induced damage, with U0126
or SB203580 showing no effect. Furthermore, the protective
effect of NAC on salvicine-induced inhibition of cell adhesion
was greater than that of U0126 or SB203580. These results
suggest that RhoA is a downstream effector of ROS linked to
cytoskeleton disruption. These results are supported by
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previous findings that ROS inactivates low molecular weight
phosphotyrosine phosphatase and phosphorylates p190RhoGAP to trigger the hydrolysis of GTP-bound RhoA (36). There
is positive feedback between RhoA and integrins (37) that
drives the activation and clustering of integrins, the phosphorylation of FAK and paxillin, and enhancement of cell adhesion
(38, 39). Together, these findings strongly suggest that
salvicine-induced disruption of actin stress fiber is mainly
attributed to the ROS-dependent inhibition of RhoA activity;
this, in turn, negatively regulates integrin function and cell
adhesion.
In summary, these findings of the present study provide a
better understanding of the molecular mechanisms underlying
the antimetastatic activity of salvicine. The indirect action of
ROS-MAPK-h1 integrin provides clues to the function of
ROS upstream of the integrins in the molecular pathways
underlying salvicine-associated antimetastatic activity. Our
identification of p38 MAPK as a putative regulator in
integrin-mediated cancer metastasis provides a basis for future
investigations.

Materials and Methods
Drugs and Reagents
Tangerine yellow crystalloid salvicine was kindly provided
by Professor Jin-Sheng Zhang (Department of Phytochemistry,
Shanghai Institute of Materia Medica, Chinese Academy of
Sciences, Shanghai, People’s Republic of China). Salvicine was
structurally modified from the lead compound isolated from the
Chinese medicinal plant S. prionitis. The end product was
purified by column chromatography on a silica gel eluted with a
cyclohexane-ethyl acetate mixture (4:1, v/v) to produce
salvicine (65% yield). Purity was >99.8%, as determined by
high-performance liquid chromatography (40). Salvicine dissolved in DMSO at 0.05 mol/L was used as a stock solution and
maintained at 20jC in the dark. Aliquots were thawed just
before each experiment and diluted to the desired concentration with saline. Poly-L-lysine, collagen, fibronectin, and
2,7-dichlo-rodihydroflurescein diacetate were obtained from
Sigma-Aldrich. Antibodies against FAK and paxillin and
FITC-conjugated antibodies against a2, a5, or the h1 integrin
subunit were purchased from Santa Cruz Biotechnology. The
h1 integrin-activating antibody (clone N29) was obtained from
Chemicon. The antibodies against ERK1/2, p38 MAPK, and
AKT and phosphospecific antibodies to ERK1/2 (Thr202/
Tyr204), p38 MAPK (Thr180/Tyr182), and AKT (Ser473) were
obtained from Cell Signaling Technology. Phosphospecific
antibodies to FAK (Tyr397) and paxillin (Tyr118) were obtained
from Biosource International. Alexa Fluor 488 goat anti-rabbit
IgG, Alexa Fluor 488 goat anti-mouse IgG, and Alexa Fluor
532 phalloidin were obtained from Molecular Probes. U0126,
SB203580, and wortmannin were purchased from Calbiochem.
Cell Culture
The human breast cancer cell line MDA-MB-435 was
obtained from the American Type Culture Collection. Cells
were maintained in RPMI 1640 (Invitrogen) supplemented with
10% (v/v) heat-inactivated fetal bovine serum, 2 mmol/L
L-glutamine, 100 units/mL penicillin, 100 Ag/mL streptomycin,

and 0.25 Ag/mL amphotericin B. Cells were cultured in a
humidified atmosphere containing 5% CO2 at 37jC.
Cell Adhesion Assay
The cell adhesion assay was done as previously described
(41). Briefly, fibronectin, collagen, or poly-L-lysine was diluted
in sterile water and applied to 96-well plates overnight at 4jC.
Nonspecific binding sites were blocked with 1% bovine serum
albumin for 1 h at room temperature. Cells were serum starved
for 45 min, detached with 2 mmol/L EDTA in PBS, plated in
triplicate onto wells in serum-free medium with or without
salvicine or hydrogen peroxide, and allowed to adhere for 1 h at
37jC. Nonadherent cells were washed away and adherent cells
were fixed with 4% paraformaldehyde and stained with 0.1%
crystal violet in 2% methanol. Following extensive washing
with tap water, dye was extracted with 10% acetic acid and
quantified by measuring absorbance at 595 nm on a multiwell
spectrophotometer (VersaMax, Molecular Devices).
The effect of U0126, SB203580, wortmannin, or NAC on
salvicine-inhibited cell adhesion was investigated by adding the
inhibitors 30 min before the cells were detached.
Immunofluorescence
Cells were plated onto glass culture slides coated with
fibronectin or poly-L-lysine in serum-free medium, allowed to
adhere for 1 h, and then incubated with various concentrations
of salvicine for various times with or without pretreatment with
SB203580, U0126, or NAC for 30 min. Cells were fixed with
4% paraformaldehyde and permeabilized with PBS containing
0.1% Triton X-100. After blocking with 5% bovine serum
albumin for 30 min, cells were incubated with primary
antibodies for 1 h, washed thrice with PBS, and then incubated
with the Alexa Fluor 488 – conjugated secondary antibodies in
the dark. Cells were incubated with Alexa Fluor 532 –
conjugated phalloidin to stain stress fibers. The nuclei were
visualized by staining with 0.5 Ag/mL 4¶,6-diamidino-2phenylindole. Pictures were obtained using a Leica TCS
confocal microscope (Leica Microsystems, Inc.).
Analysis of Cell Viability
Cell viability was assessed using the 3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide assay. Cells were seeded
onto 96-well plates precoated with fibronectin. After 1 h of
attachment, salvicine was added in a total volume of 10 AL at
the desired concentration. The medium was replaced with fresh
RPMI 1640 after 1 h and then 20 AL of 5 mg/mL 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma
Chemical) were added to each well. The plates were then
incubated at 37jC for 4 h. Next, 100 AL of triplex solution
(10% SDS, 5% isobutanol, and 12 mmol/L HCl) were added,
and cells were incubated at 37jC for an additional 12 h. The
absorbance was measured at 570 nm using a multiwell
spectrophotometer.
Determination of Apoptotic Cells
Cells were seeded onto fibronectin-coated six-well plates in
serum-free RPMI 1640. Following 1 h of attachment, salvicine
was added at a range of concentrations. After 1 h of incubation,
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the level of apoptotic cells was quantified using an Annexin
V-FITC apoptosis detection kit (BD Biosciences). Briefly, cells
were resuspended in cold binding buffer and then incubated for
15 min in the dark at room temperature following the addition
of 5 AL of Annexin V-FITC and 5 AL of propidium iodide.
Flow cytometry analysis was done using a flow cytometer
(FACSCalibur, BD Biosciences).
Expression of Cell Surface Integrins
Cells were seeded onto six-well plates in complete medium
and cultured overnight. The growth medium was then replaced
with serum-free RPMI 1640, and the cells were incubated in the
presence of 8 Amol/L salvicine for 1 h. Cells were detached,
washed with 5% bovine serum albumin thrice, and incubated on
ice for 1 h with FITC-conjugated antibody against a2, a5, or the
h1 integrin subunit. The cells were then washed thrice and
resuspended in ice-cold PBS. The fluorescence intensity was
measured with a flow cytometer.
12G10 Binding
Cells were plated onto fibronectin-coated six-well plates in
serum-free medium, allowed to adhere for 1 h at 37jC, and then
incubated with 8 Amol/L salvicine for 1 h with or without
pretreatment with SB203580, U0126, or NAC for 30 min. Cells
were washed with PBS, detached with trypsin, resuspended in
100 AL of 5% bovine serum albumin, and incubated for 1 h on ice
with anti-active h1 integrin antibody 12G10 (Serotec). Cells were
washed thrice and then incubated with goat anti-mouse Alexa
Fluor 488 – conjugated secondary antibodies for 1 h in the dark.
The fluorescence intensity was detected with a flow cytometer.
Western Blot Analysis
Cells were washed twice with ice-cold PBS and then lysed
on ice for 30 min in lysis buffer [2 mmol/L sodium
orthovanadate, 50 mmol/L NaF, 20 mmol/L HEPES (pH 7.5),
150 mmol/L NaCl, 1.5 mmol/L MgCl2, 5 mmol/L sodium
pyrophosphate, 10% glycerol, 0.2% Triton X-100, 5 mmol/L
EDTA, 1 mmol/L phenylmethylsulfonyl fluoride, 10 Ag/mL
leupeptin, 10 Ag/mL aprotinin]. Lysates were clarified by
centrifugation at 14,000  g for 10 min at 4jC. Equal amounts
of protein were subjected to SDS-PAGE and transferred to
nitrocellulose membranes (Amersham Pharmacia Biotech). The
membranes were blocked with 5% nonfat milk in TBS-Tween
20 for 1 h at room temperature and then probed with primary
antibodies overnight at 4jC. After incubation with horseradish
peroxidase – conjugated secondary antibodies, the immunoreactive bands were visualized by the SuperSignal West Pico
Chemiluminescent kit (Pierce).
Intracellular Hydrogen Peroxide Measurement
Intracellular hydrogen peroxide measurement was done as
previously described (6). Briefly, the cells were seeded onto sixwell plates and cultured overnight. The complete culture
medium was replaced with serum-free RPMI 1640, and then
cells were incubated with various concentrations of salvicine or
for different times with 8 Amol/L salvicine, with or without
pretreatment with 5 mmol/L NAC. 2,7-Dichlo-rodihydroflurescein diacetate at a final concentration of 10 Amol/L was added

15 min before the end of the incubation. Cells were washed
twice with ice-cold PBS. The samples were kept on ice in the
dark for immediate detection using a flow cytometer.
RhoA Activity
Cells were seeded onto fibronectin-coated or poly-L-lysine –
coated culture dishes, allowed to adhere for 1 h at 37jC, and
then incubated with 8 Amol/L salvicine for 1 h. Cells were
washed with ice-cold PBS and then lysed in ice-cold lysis
buffer [25 mmol/L HEPES (pH 7.5), 150 mmol/L NaCl, 1%
Igepal CA-630, 10 mmol/L MgCl2, 1 mmol/L EDTA, 10%
glycerol, 1 mmol/L phenylmethylsulfonyl fluoride, 10 Ag/mL
leupeptin, 10 Ag/mL aprotinin]. The lysates were clarified by
centrifugation at 14,000  g at 4jC for 5 min. Rhotekin RBD
agarose (Upstate) was added to the supernatant and incubated
for 45 min at 4jC with gentle agitation. The agarose beads were
collected by centrifugation, washed, and then boiled in loading
buffer for 5 min. The protein samples were analyzed by
Western blot.
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