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Gelsolin-induced epithelial cell invasion is

dependent on Ras-Rac signaling
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Gelsolin is a widely distributed actin binding protein
involved in controlling cell morphology, motility,
signaling and apoptosis. The role of gelsolin in tumor
progression, however, remains poorly understood.
Here we show that expression of green fluorescent pro-
tein (GFP)-tagged gelsolin in MDCK-AZ, MDCKtsSrc
or HEK293T cells promotes invasion into collagen
type I. In organ culture assays, MDCK cells express-
ing gelsolin—-GFP invaded pre-cultured chick heart
fragments. Gelsolin expression inhibited E-cadherin-
mediated cell aggregation but did not disrupt the
E-cadherin—catenin complex. Co-expression of domin-
ant-negative RacIN17, but not RhoAN19 or Cdc42N17,
counteracted gelsolin-induced invasion, suggesting a
requirement for Racl activity. Increased ARF6, PLD
or PIPSK 1o activity canceled out gelsolin-induced
invasion. Furthermore, we found that invasion in-
duced by gelsolin is dependent on Ras activity, acting
through the PI3K-Rac pathway via the Ras guanine
nucleotide exchange factor Sos-1. These findings
establish a connection between gelsolin and the Ras
oncogenic signaling pathway.
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Introduction

Vertebrate cells harbor an extensive repertoire of actin
binding proteins which, by virtue of their specific inter-
action with monomeric or filamentous actin, enable the
cell to control diverse physiological processes including
cell morphology, cell motility, wound repair, cytokinesis,
endocytosis and differentiation. Tumor-associated pro-
cesses such as invasion and metastasis are known to be
critically dependent on dynamic alterations in the organ-
ization of the actin cytoskeleton. Dysregulation of actin-
based motility is regarded as a prominent factor in cell
transformation, and is very probably associated with
tumorigenesis (Kassis er al., 2001). This may arise either
through modulation of the properties of actin regulatory
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proteins, or direct modulation of their expression levels.
The latter is corroborated by gene-expression profiling
studies using DNA microarrays. Clark er al. (2000)
identified a set of genes selectively upregulated in
metastatic mouse and human melanoma cells. Several
of these genes encode proteins that regulate the actin
cytoskeleton directly or indirectly and include thymo-
sin B4, a-actinin-1, calmodulin, a-catenin and IQGAPI.
Kobayashi et al. (2002) recently showed that upregulation
of thymosin B4 correlated with tumorigenicity of malig-
nant mouse fibrosarcoma cells.

Gelsolin is the prototype and founding member of a
family of actin binding proteins involved in controlling the
organization of the actin cytoskeleton in cells (reviewed
in Sun et al., 1999). Upon activation by calcium, they
fragment and cap the fast-growing end of actin filaments.
Removal of gelsolin from the (+) end of actin filaments
(uncapping) favors actin polymerization and is controlled
by phospholipids such as phosphatidylinositol 4,5-
bisphosphate (PIP,) (Hartwig et al., 1995; Tolias et al.,
2000) or lysophosphatidic acid (Meerschaert et al., 1998).
Cells deficient in gelsolin exhibit defective chemotaxis
and wound healing, and are defective in neurite retrac-
tion (Witke et al., 1995; Lu et al., 1997). Conversely,
overexpression of gelsolin increases membrane ruffling
and chemotaxis (Cunningham et al., 1991).

Although the biochemistry of gelsolin and the
structure—function relationship with respect to calcium,
PIP, and actin binding have been well characterized, its
potential value as a prognostic marker and its direct role in
tumorigenesis remain unclear. A number of studies have
shown downregulation of gelsolin in breast cancers of
humans, mice and rats (Asch et al., 1996, 1999), lung
cancers of heavy smokers (Dosaka-Akita et al., 1998),
prostate cancers (Lee et al., 1999) and ovarian cancer
(Afify and Werness, 1998). Shieh e al. (1999) found high
expression of gelsolin in a subset (14%) of human early
stage non-small cell lung cancers. However, it is unclear
whether altered gelsolin expression levels in tumors are
merely a side-effect, or reflect a more general and direct
causal relationship with tumorigenesis. Only in the case
of bladder cancer has inhibition of tumor growth by
transfection of gelsolin been demonstrated (Tanaka et al.,
1995, 1999).

To assess whether modulation of cytosolic gelsolin
levels triggers changes in cellular behavior, we investi-
gated whether gelsolin promotes invasion of cells. We
demonstrate that cells overexpressing gelsolin invade into
a collagen type I matrix, but also into pre-cultured chick
heart fragments. We show that these events are dependent
on the Ras—PI3K—Rac signal transduction pathway. Our
findings establish a causal relationship between gelsolin
expression and in vitro invasion by way of signaling
through Ras.
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Results

Gelsolin expression induces invasion of

MDCK-AZ cells

Collagen invasion. Expression of green fluorescent
protein-tagged gelsolin (G-GFP) in MDCK-AZ cells
resulted in an evenly distributed cytosolic localization of
the fusion protein, with no particular enrichment in sub-
cellular compartments or regions (Figure 1A). Western
blots on cytosolic extracts revealed the presence of a
105 kDa protein in MDCK-AZ cells that express G-GFP
(MDCK-G cells) (Figure 1B). When parental MDCK-AZ
or MDCK-G cells were stained for F-actin, no significant
changes in the overall organization of the actin cytoske-
leton, or in the distribution and quantity of actin stress
fibers, were noticed (Figure 1D and E), suggesting that
expression of G-GFP does not induce massive F-actin
depolymerization through its F-actin severing activity in
resting MDCK-AZ cells. Furthermore, MDCK-G cells
(Figure 1H) displayed no overt alterations in cell morph-
ology in comparison with MDCK-AZ cells (Figure 1),
unlike MDCK-Ras-f cells or a temperature-sensitive
mutant of the v-Src kinase (Figure 1F and G).

Several independent MDCK-G clones (western blots are
shown in Figure 1C) were tested for invasion into collagen
type I. Whereas parental MDCK-AZ or EGFP-expressing
MDCK-AZ cells (MDCK-E, control) lacked any invasive
potential (Figure 1J, 1-3), all MDCK-G clones tested
were found to invade the collagen matrix (Figure 17,
5-8). Similar findings were obtained with independent
MDCKitssrcCl2 clones (Figure 1K). EGFP-expressing
MDCKitssrcCl2 cells were invasive only at the v-Src
permissive temperature of 35°C (Figure 1K, 1 and 2). As
reported previously for MDCKtssrcCI2 cells (Kotelevets
et al., 1998), collagen invasion of EGFP-expressing
MDCKitssrcCI2 cells at 40°C (the v-Src non-permissive
temperature) could be induced by addition of hepatocyte
growth factor (HGF) (Figure 1K, 3). Significantly, at 40°C,
G-GFP-expressing MDCKtssrcCl2 cells were invasive in
the absence of HGF (Figure 1K, 5). Taken together, these
findings indicate that elevated cytosolic levels of gelsolin
can trigger invasion.

Invasion into chick heart fragments (PHF). To further
assess the invasive capacity of MDCK-G cells, we
performed stringent assays involving confrontation experi-
ments with embryonic chick heart fragments. In addition
to several collagen types, chick heart extracellular matrix
(ECM) contains fibronectin and laminin (Bracke et al.,
2001b). Confrontation treatments of MDCK-E cells with
embryonic chick heart tissue resulted in formation of an
epithelioid cell layer around the tissue (Figure 2A and B,
black arrowheads). However, no invasion of chick heart
fragments was observed. By contrast, MDCK-G cl6 cells
failed to form an epithelioid layer and were also detected
inside the tissue (Figure 2C and D, white arrowheads),
indicating that gelsolin expression promotes invasion of
MDCK-AZ cells into chick heart fragments.

Gelsolin expression inhibits aggregation of
MDCK-AZ cells

The effect of gelsolin expression on E-cadherin-mediated
cell aggregation was investigated by both slow (under
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Fig. 1. Gelsolin expression promotes collagen type I invasion of
MDCK-AZ cells and MDCKtssrcCl2 cells. (A) Epifluorescence
microscopy image of MDCK-G cells. (B) Western blot analysis on
MDCK-AZ cytosolic proteins (lane 1) or MDCK-G cytosolic proteins
(lane 2), probed with anti-GFP antibodies. G-GFP is indicated by an
arrowhead in (B). (C) Western blot analysis on MDCK-G cytosolic
proteins (clones 1-3 and 6) probed with a monoclonal anti-gelsolin
antibody. Endogenous and GFP-tagged gelsolin are indicated. (D) Texas
Red-phalloidin  staining of MDCK-AZ cells expressing EGFP.
(E) Texas Red-phalloidin staining of MDCK-G cells. (F-I) Phase-
contrast images. Fibroblastic phenotype of MDCK-Ras-f cells (F) and
MDCKtssrcCl2 cells, grown at 35°C (G). (H) MDCK-G cells.
(I) MDCK-AZ cells. Bar in (A), (D) and (E) = 40 um; bar in (F), (G),
(H) and (I) =50 pum. (J) Collagen invasion index levels of four
independent MDCK-G clones. MDCK-AZ and MDCK-E cells were
used as negative controls; DHD-FIB is a positive control. (K) Collagen
invasion of MDCKtssrcCl2 G-GFP cells. EGFP-expressing
MDCKtssrcCl2 cells are only invasive at the v-Src permissive
temperature. MDCKtssrcCl2 G-GFP cells are invasive at the v-Src
permissive and non-permissive temperatures. Data are means * SE of
three independent experiments.
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Fig. 2. Invasion of MDCK-G cells in pre-cultured chick heart
fragments. Sections of confrontation cultures of MDCK-E cl3 control
cells (A and B) and MDCK-G cl6 (C and D) cells, fixed after 7 days
and stained with hematoxylin—eosin (A and C) or with antiserum
against MDCK cells (B and D). Black arrowheads in (A) and (B) mark
MDCK-E cells. White arrowheads in (C) and (D) mark invasive
MDCK-G cells. Bar = 100 um.

static conditions) and fast (Gyrotory shaking) aggregation
assays in the absence or presence of DECMA-1, a
monoclonal E-cadherin neutralizing antibody.

In slow aggregation assays, MDCK-AZ and MDCK-E
cells aggregated as relatively large cell clusters in the
absence of DECMA-1 (Figure 3A and C). Addition of
DECMA-1 antibody resulted in the formation of numerous
smaller cell colonies (Figure 3B and D). Interestingly,
MDCK-G cells formed colonies with a size compar-
able to MDCK-E cells in the absence of DECMA-1
(Figure 3E and F, compared with D), suggesting that
gelsolin expression affects cell aggregation similarly to
DECMA-1. These observations were further investigated
by fast aggregation assays where the particle diameter was
measured with an LS particle size analyzer. Figure 3G
shows that the particle diameter of MDCK-E is much
larger than that of MDCK-G in the absence of DECMA-1
antibody (Figure 3G, compare circles with triangles).
Treatment of MDCK-E cells with DECMA-1 antibody
(Figure 3G, diamonds) drastically reduced their particle
diameter to a size comparable to MDCK-G. To test
whether gelsolin perturbs E-cadherin-mediated formation
of cell—cell contacts, we investigated whether MDCK-G
cells contain an intact E-cadherin—B-catenin—o-catenin
complex. Immunoprecipitation of [-catenin from
MDCK-G cells showed that associated o-catenin and
E-cadherin levels in MDCK-G cells were similar to those
found in MDCK-AZ or MDCK-E cells (Figure 3H),
suggesting that gelsolin does not promote alterations in
expression level of either of these components, or
competitively interferes with formation of the complex.

Expression of dominant-negative Rac1 (Rac1N17)
abolishes gelsolin-induced collagen invasion

Small GTPases play a critical role in cell transformation
(Schmitz et al., 2000). Rac, for example, is a downstream
effector of Ras in cell transformation (Qiu et al., 1995).

Gelsolin induces invasion
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Fig. 3. Gelsolin overexpression inhibits E-cadherin-mediated cell
aggregation. (A-F) Slow aggregation assay. Phase-contrast images are
shown of MDCK-AZ cells in the absence (A) or presence (B) of
DECMA-1 antibody. (C) and (D) depict MDCK-E clI3 cells in the
absence (C) or presence (D) of DECMA-1 antibody. (E) and (F) depict
MDCK-G cll and MDCK-G cl3, respectively. Bar = 500 pm. (G) Fast
aggregation assay. Plotted curves of relative volume distribution
(Y-axis) as a function of particle diameter (X-axis) are shown for
MDCK-E clI3 without DECMA-1 antibody after 30 min (open circle),
MDCK-E cI3 with DECMA-1 antibody at 0 min (open square) and
30 min (open diamond) and MDCK-G cll without DECMA-1 antibody
at 30 min (open triangle). (H) Western blots showing MDCK-G cells
contain an intact E-cadherin—catenin complex. B-catenin was immuno-
precipitated from MDCK-AZ (lane 1), MDCK-E cI3 (lane 2) or
MDCK-G cl3 (lane 3) lysates and probed with anti-B-catenin antiserum
(top panel). The blot was stripped and reprobed with anti-o-catenin
(middle panel) or pan anti-E-cadherin antibodies (bottom panel).
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Azuma et al. (1998) demonstrated that Rac expression is
upregulated in fibroblasts derived from gelsolin-deficient
mice and that these fibroblasts showed defects in motility
behavior. To investigate the contribution of Rac activity
in gelsolin-induced invasion, we employed MDCKT23
cells expressing activated Racl (MDCKT23-RaclV12)
or dominant-negative Rac (MDCKT23-RacIN17) in a
doxycyclin-regulated manner (Jou and Nelson, 1998).
MDCKT23-RacIN17 and MDCKT23-Rac1V12 cell lines
that stably express G-GFP were generated and we termed
these clones MDCKT23-RaclN17-Gelsolin-GFP and
MDCKT23-Rac1V12-Gelsolin-GFP, respectively.

Western blots on lysates from MDCKT23-RacIN17-
Gelsolin-GFP and MDCKT23-Rac1V12-Gelsolin-GFP
clones revealed that gelsolin expression levels were com-
parable to those obtained in MDCK-AZ cells (Figure 4A).
Gelsolin localized in cell-cell contacts in MDCKT23-
Racl1V12-Gelsolin-GFP (Figure 4B, top panel, white
arrowheads), and co-localized with Rac1V12, a phenom-
enon that was not observed in MDCKT23-RacIN17-
Gelsolin-GFP cells (Figure 4B, lower panels; see also
Supplementary figure 1 available at The EMBO Journal
Online). Gelsolin expression had no appreciable effect on
the invasive properties of MDCKT23-RaclV12 cells in
the absence or presence of doxycyclin (Figure 4C, 13—-18).
However, expression of RacIN17 abrogated gelsolin-
induced collagen invasion in a doxycyclin-regulated
manner (Figure 4C, 5-10). Thus, Rac activity appears to
be a critical factor in the pathway leading to gelsolin-
mediated invasion.

Gelsolin-induced invasion of HEK293T cells

We also investigated whether gelsolin promotes invasion
of other cell types. To this end we performed collagen
invasion assays using HEK293T cells. This approach
enabled us to reconstruct, in part, the signaling pathway
leading to invasion through co-transfection experiments
with cDNA constructs encoding signaling components,
thereby circumventing the need to generate stable cell
lines.

G-GFP in HEK293T cells (Figure 5A) showed the same
subcellular distribution as in stable transfected MDCK-AZ
or MDCKT?23 cells. We calculated that 60—70% of all cells
expressed the fusion protein (or EGFP) after 48 h, as
judged by epifluorescence microscopy. Untransfected
HEK?293T, or HEK293T cells expressing EGFP alone,
did not invade the collagen matrix (Figure 5B, 1 and 10).
However, HEK293T-Gelsolin-GFP cells (293G-GFP)
were invasive (Figure 5B, 2 and 3). Similar findings
were obtained with HCT8/E-11 colon adenocarcinoma
cells, or with a gelsolin cDNA construct encoding
untagged cytoplasmic gelsolin (data not shown).
Interestingly, expression of fragmin, an actin binding
protein from Physarum with properties similar to gelsolin
(Constantin et al., 1998), did not promote collagen
invasion of HEK293T cells (Figure 5B, 14).

Co-transfection of Rac1L61 or RacIN17 with G-GFP
showed that RacI1N17 blocked invasion induced by the
actin binding protein (Figure 5B, 4 and 5). The observation
that RhoN19 did not counteract the effect of gelsolin in
HEK?293T cells (Figure 5B, 6) suggests that Rho is not
implicated in the signal transduction pathway leading to
invasion mediated by gelsolin. Furthermore, neither C3
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Fig. 4. RacIN17 inhibits invasion induced by gelsolin in MDCKT23
cells. (A) Western blot showing gelsolin expression levels in stable
transfected MDCKT23-Rac1N17-Gelsolin-GFP (cIC; lane 1) and
MDCKT23-Rac1V12-Gelsolin-GFP (cll; lane 2). The blot was probed
with anti-gelsolin antibody. (B) G-GFP is targeted to cell-cell contacts
in MDCKT23-Rac1V12-Gelsolin-GFP cells. Upper three panels:
gelsolin co-localizes with activated Racl. Left: G-GFP staining pattern
in MDCKT23-Rac1V12 cells. Middle: staining pattern of activated
Racl. Right: merged image showing co-localization between G-GFP
and RaclV12 (yellow). Gelsolin localizes at cell-cell contacts
(arrowheads), and co-localization is strong in cells with high Rac1V12
expression. Lower three panels: G-GFP does not co-localize with
inactivated Racl (RacIN17). Left: G-GFP staining pattern. Middle:
RacIN17 staining. Right: merged image. Bar = 50 um. (C) RacIN17
blocks gelsolin-mediated invasion of collagen gels. Induction of
RacIN17 expression in three representative MDCKT23-RacIN17-
Gelsolin-GFP clones (‘-dox’) counteracts invasion (compare lanes 6, 8
and 10 with 5, 7 and 9, respectively). Induction of Rac1V12 expression
in three representative MDCKT23-Rac1V12-Gelsolin-GFP clones does
not affect invasion index levels (compare lanes 14, 16 and 18 with 13,
15 and 17, respectively). Lanes 3 and 4, parental MDCKT23-RacIN17
cells; lanes 11 and 12, parental MDCKT23-Racl1V12 cells. Lane 1,
MDCK-AZ cells (negative control). Lane 2, positive control. Results
are representative of three independent experiments (mean = SE).

transferase (3 pg/ml), an inhibitor of Rho, nor Y27632
(1 uM), an inhibitor of Rho-kinase (ROCK), blocked
MDCK-G invasion to a significant degree (data not
shown). Similarly, Cdc42N17 did not counteract gelsolin-
induced invasion (Figure 5B, 8). Differences in collagen



invasion were not due to lack of expression of small
GTPases (Figure 5C).

Contribution of the ARF6-PLD/ARF6-PIP5K 1c
pathways

Tolias et al. (2000) demonstrated that Rac-induced
uncapping of gelsolin from filament ends in thrombin-
stimulated platelets is mediated by activation of phospha-
tidylinositol 4-phosphate 5-kinase low (PIPSK 1la). In
HeLa cells, activation of PIPSK 1o by ADP ribosylation
factor 6 (ARF6) required the product of PLD activity,
phosphatidic acid (Honda et al., 1999). Santy and
Casanova (2001) showed that ARNO acts as an exchange
factor for ARF6, and that ARF6 can lead to activation of
Rac but also to activation of phospholipase D (PLD).
Considering the role of Racl in gelsolin invasion, we
investigated the contribution of the ARF6-PIP5K 1o and
ARF6-PLD pathways in HEK293T cells.

Co-expression of dominant-negative PLD1 or PLD2
with G-GFP did not affect invasion of 293G-GFP cells
(Figure 6A, top panel, 4 and 6). By contrast, over-
expression of wild-type PLD1 or PLD2 (Colley et al.,
1997a,b) resulted in strong inhibition of invasion
(Figure 6A, top panel, 5 and 7), suggesting that increased
PLD activity antagonizes gelsolin invasion. Dominant-
negative ARF6 had no effect on gelsolin invasion either,
whereas co-expression of wild-type ARF6 with G-GFP
abrogated invasion (Figure 6A, top panel, 8 and 9).
Finally, wild-type PIP5K 1o also inhibited gelsolin
invasion (Figure 6A, top panel, 10). Combined, these
findings suggest that the ARF6 pathway leading to
activation of Racl-PIP5K 1o or PLD is not a prerequisite
for gelsolin invasion. The lower panels in Figure 6A and B
show equal expression levels of G-GFP and detection of
PLD, ARF6 and PIP5K 1o epitope-tagged proteins.

Involvement of the Ras—PI3K kinase pathway in
gelsolin-induced invasion

The Ras guanine nucleotide exchange factor (GEF) son of
sevenless (Sos-1) couples Ras signaling to Rac via distinct
associations with Grb2 and Eps8/E3bl, respectively
(Innocenti et al., 2002). We explored the role of these
signaling proteins in gelsolin invasion by co-transfection

Fig. 5. Co-transfection of RacIN17, but not of RhoN19 or Cdc42N17,
abrogates gelsolin-induced collagen type I invasion of HEK293T cells.
(A) Epifluorescence images of HEK293T cells transiently transfected
with G-GFP (upper left) or EGFP (lower left). Right panels show
corresponding DAPI staining of nuclei. Bar = 50 um. (B) Collagen
invasion. Upper panel: invasion index levels (mean * SE, n = 3) are
shown for parental HEK293T cells (lane 1, negative control) and
gelsolin-transfected HEK293T cells (293G-GFP, lane 2). Lanes 4-9
represent co-transfections between G-GFP and activated or inactivated
Racl (lanes 4 and 5), RhoA (lanes 6 and 7) or Cdc42 (lanes 8 and 9).
Lanes 3 and 10-13 are controls. Lane 14, fragmin does not induce
invasion. EV, empty vector. Middle panel: western blot on cytosolic
proteins from transfected HEK293T cells showing equal expression
levels of G-GFP or tubulin. The numbers at the top correspond to
numbers in the histogram. Lower panel: EGFP expression (upper
autoradioagram) in cells that were double transfected with empty vector
or activated GTPases. Lower autoradiogram: tubulin. Fragmin was
visualized using affinity-purified anti-fragmin antibodies. (C) Western
blots showing expression of Rac, Rho or Cdc42, co-transfected with
G-GFP (left panel) or with EGFP (right panel). DN, dominant-negative;
CA, constitutively active.

Gelsolin induces invasion

experiments. Co-expression of G-GFP and activated H-Ras
(RasV12) did not significantly affect invasion index levels
of gelsolin (Figure 7A, compare 4 with 2). Co-expression
of G-GFP and dominant-negative Ras (RasN17) com-
pletely abrogated collagen invasion by gelsolin (Figure 7A,
5), suggesting that the signaling pathway leading to
invasion induced by gelsolin requires Ras activity. Since
expression of RasN17 downregulated expression of
G-GFP but also EGFP [Figure 7B, compare 5 with 2—4
in the upper panel and compare (a) with 14 and 15 in the
lower panel], we employed RasGAP, a GTPase-activating
protein that converts Ras-GTP to Ras-GDP and inhibits
Ras function (Iida et al., 2001). Co-expression of RasGAP
with gelsolin also inhibited invasion (Figure 7A, 6).
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Fig. 6. ARF6, PLD or PIPS lo kinase activity is not required for
collagen invasion induced by gelsolin. (A) Upper panel: histogram
showing collagen invasion index levels (mean = SE, n = 3) of
HEK?293T cells co-transfected with PLD1 (lanes 4 and 5), PLD2
(lanes 6 and 7), ARF6 (lanes 8 and 9) or PIPSK 1o (lane 10) and
G-GFP. Lanes 1-3 represent controls. Middle panel: western blots
showing expression of gelsolin and tubulin (control for equal loading)
in PLD1 (4 and 5) or PLD2 (6 and 7) HEK293T cells co-transfected
with G-GFP. Numbers at the top correspond to numbers in the top
panel. Bottom panel: similar to above but for ARF6 (8 and 9) and
PIP5K 1a (10). (B) Western blots showing expression of PLD1 and 2,
ARF6 and PIPSK 1.

A potential role for Ras and Rac acting through the same
pathway via Sos-1 was investigated by co-expression of
the PH domain of Sos-1 with G-GFP. PH-Sos-1 has been
reported to act in a dominant-negative manner towards
Sos-1 (Chen et al., 1997). PH-Sos-1 counteracted invasion
by gelsolin, whereas full-length Sos-1 showed no
inhibitory effect (Figure 7A, 7 and 8), suggesting that
invasion by gelsolin is dependent on a signaling mechan-
ism whereby Ras and Rac act in the same pathway.

Ras signaling can bifurcate via PI3K and TIAM-1,
leading to Rac activation (Sander et al., 1998), or the
mitogen-activated protein kinase (MAPK) pathway
through activation of Raf-1, which activates MEK
(MAPKK) (Marshall, 1995). Dominant-negative MEK
(Figure 7A, 10) or PD98059 (50 uM) (data not shown), a
pharmacological inhibitor of MEK, did not abrogate
gelsolin-induced invasion. Therefore, invasion mediated
by gelsolin does not require signaling through the
Raf-MEK-MAPK pathway. By contrast, co-expression
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Fig. 7. Collagen invasion mediated by gelsolin is dependent on
Ras-PI3K activity. (A) Histogram. RasN17-EGFP (lane 5), RasGAP
(lane 6), PH-Sos-1-EGFP (lane 7) and p85AiSH2N (‘PI3KDN’, lane 9)
counteract invasion. WT Sos-1 (lane 8) or MEKDN (lane 10) shows no
effect. RasV12C40 shows no inhibition of invasion (lane 13).
RasV12S35 (lane 11) and RasVI2E38 (lane 12) inhibit collagen
invasion by gelsolin. Lanes 1-3 and 14-16 are controls. Values are
representative of three independent experiments (mean * SE).
(B) Upper panel: western blots on double transfected HEK293T cells
demonstrating expression of G-GFP (tubulin is the control). Numbers
correspond to numbers in the histogram in (A). Middle panel: western
blots showing G-GFP and tubulin for lanes 7-13 in the histogram.
Lanes 1-3 are controls. Lower panel: controls showing expression of
EGFP corresponding to lanes 14 and 15 in the histogram. (a) illustrates
that expression of EGFP, like G-GFP [(B) upper panel, lane 5], is also
downregulated when co-expressed with RasN17-EGFP. (C) Western
blots showing expression of RasV12, RasN17-EGFP, RasGAP,
p85AiISH2N, RasV12E38, RasV12C40, RasV12S35, MEKDN, WT
Sos-1 and PH-Sos-1-EGFP in cells co-transfected with G-GFP.

of gelsolin with the p85 subunit of PI3K lacking its
regulatory SH2 domain (p85AiSH2N; Hara et al., 1994),
and which acts in a dominant-negative manner preventing
PI3K activation, inhibited invasion (Figure 7A, 9).
Wortmannin and LY294002, both potent and specific
inhibitors of PI3K, also strongly inhibited invasion of
MDCK-G cells (data not shown), suggesting that PI3K



couples Ras signaling to Rac in the pathway leading to
gelsolin-induced invasion. This was further investigated
with RasV12 constructs containing additional point muta-
tions in the Ras effector domain (amino acids 32-40).
Previous studies have shown that RasV12C40 still
activates PI3K, whereas RasV12S35 or RasV12E38 can
activate Raf-1 (Withe et al., 1995; Rodriguez-Viciana
et al., 1997). Co-transfection of these RasV12 effector
mutants with G-GFP in HEK293T cells demonstrated that
RasV12C40 did not inhibit collagen invasion by gelsolin,
whereas RasV12S35 or RasV12E38 showed strong inhib-
ition (Figure 7A, 11-13). These results further point to an
important role for PI3K in gelsolin-induced invasion. An
overview of all the transfection experiments is presented in
Supplementary table 1.

Discussion

Based on northern blotting, western blotting and immuno-
cytochemistry experiments, downregulation of gelsolin
has been demonstrated in various types of cancer. Whereas
most non-small cell lung cancers express little or no
gelsolin, a subset is characterized by high expression
levels (Shieh et al., 1999); high focal expression of
gelsolin correlated with lymphatic invasion. Rao et al.
(2002) recently observed decreased gelsolin expression in
premalignant and malignant lesions of urothelial carcino-
ma, but increased expression in the transition from non-
invasive to invasive tumors. These authors argue that
conversion of a non-invasive tumor to an invasive tumor
may depend on acquiring a certain level of gelsolin
expression and that epigenetic mechanisms may be
involved in the regulation of gelsolin expression.
Evidence in support of epigenetic mechanisms regulating
expression of gelsolin has been reported in human breast
cancer cells (Mielnicki et al., 1999). As a note of caution,
not all tumor cells expressing high levels of gelsolin are
invasive. For instance, gelsolin has been identified as a
reliable marker for delineating the onset and progression
of renal cystadenomas and carcinomas (Onda et al., 1999),
but these tumors are not invasive.

Gelsolin is able to disrupt the actin cytoskeleton by
virtue of its F-actin severing activity. Expression of
gelsolin in fibroblasts causes a reduction in filamentous
actin (Cunningham et al., 1991), which could result in
reduced substrate-adhesive properties. However, several
observations reported in this study do not support this. For
instance, gelsolin(-GFP)-transfected MDCK cells showed
no reduction in stress fibers or total actin levels. Also,
MDCK-G cells showed the same, or reduced, motility
levels in wound healing assays in comparison with
MDCK-AZ cells (our wunpublished observations).
However, this observation requires confirmation through
other motility assays. In chemoattractant or wound healing
experiments, fibroblasts overexpressing gelsolin were
found to display increased motility rates (Cunningham
et al., 1991). Gelsolin may therefore affect motility
differently in epithelial cells as compared with fibroblasts.
Since fragmin was unable to induce collagen invasion,
although it regulates actin dynamics in a calcium-
dependent manner when expressed in CV1 or NIH 3T3
cells, we conclude that induction of collagen invasion is

Gelsolin induces invasion

Fig. 8. Schematic overview of the signal transduction pathway leading
to gelsolin-induced invasion. Arrows and arcs point to activation and
inactivation/blocking, respectively. Open and closed circles indicate
pharmacological inhibitors (shaded) and transfection with dominant-
negative constructs (dotted lines). Asterisks indicate Ras effector
mutants. The crossed arrow means that this pathway is not implicated.
The dotted arrow indicates direct binding. The thick arrow points to
parallel or branching pathways. For details, see Discussion.

not a common trait of F-actin severing proteins, but
appears closely related to an activity specific for gelsolin.

Gelsolin induced invasion of MDCK-AZ and HEK293T
epithelial cells as well as HCT8/E-11 colon adeno-
carcinoma cells and this is dependent on signaling through
the Ras—Rac pathway, with Ras acting through PI3K. A
schematic overview is shown in Figure 8. No effect was
observed by the MEK inhibitor PD98059 or dominant-
negative MEK 1 (a component of the MAPK pathway),
suggesting that the Raf-MEK-MAPK branch acting
downstream of Ras is not involved. Loss-of-function
mutants of Ras (Rodriguez-Viciana et al., 1997), the
dominant-negative p85 subunit of PI3K (Hara et al., 1994)
and specific PI3K inhibitors support a role for PI3K. A
sustained hyperactivation of the PI3K pathway or the
Raf-MAPK pathway was recently shown to be sufficient
for tumorigenesis of Ras-transformed EpH4 mammary
epithelial cells, whereas epithelial-mesenchymal transi-
tion and metastasis required Raf-MAPK activity in
synergy with TGFp receptor signaling (Janda et al.,
2002). Gelsolin-induced invasion does not require acti-
vation of the MAPK pathway and this may suggest that
elevated gelsolin levels would not lead to metastasis. Of
note, in murine melanoma cells, Fujita ez al. (2001) found
that gelsolin suppresses metastasis.

RacIN17 inhibited gelsolin invasion, whereas
RhoAN19 or Cdc42N17 was ineffective. This effect was
independent of the level of gelsolin expression in stably
transfected cells, suggesting that gelsolin’s activity is
controlled by Rac. This finding further extends the
observation that gelsolin is an essential downstream
regulator of Rac (Azuma et al., 1998). RacIN17 as well
as Rac1V12 both localized at cell-cell contacts, as shown
previously (Jou and Nelson, 1998), but gelsolin was
targeted to cell—cell contacts only in Rac1V12-expressing
MDCKT23 cells, suggesting that Rac1V12 is able to
control the subcellular localization of gelsolin. It is unclear
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at present exactly if, and how, gelsolin translocation to
cell—cell contacts contributes to the invasive phenotype.
Although the E-cadherin—catenin complex remains intact
in MDCK-G cells, we do not exclude the possibility that
Rac-mediated gelsolin redistribution perturbs the inter-
action between the cell—cell adhesion complex and one of
the many intracellular targets of catenin (Zhurinsky et al.,
2000).

‘We have shown that increased ARF6, PLD or PIP5K 1o
activities counteract gelsolin-induced invasion. The obser-
vation that wild-type PIP5SK 1o or PLD (1 or 2) inhibits
invasion mediated by gelsolin may not be entirely
unexpected given that activation of PIP5K 1o by ARF6
in HeLa cells requires phosphatidic acid, the product of
PLD activity (Honda et al., 1999). Consequently, assum-
ing that PIP5K lo activation is linked with PLD in the
cellular models studied here, it may follow that when PLD
overexpression blocks gelsolin-induced invasion, over-
expression of PIPSK 1o causes a similar effect. PLD may
inhibit gelsolin through direct interaction. Gelsolin has
been reported to physically interact with PLD (Steed
et al., 1996) and to inhibit recombinant PLD1 and PLD2
activities in vitro (Banno et al., 1999), but no information
is available regarding their interaction in cells. However, it
seems unlikely that the lack of effect on gelsolin invasion
by dominant-negative PLD would be due to disruption of
its interaction with gelsolin. We therefore favor the
hypothesis that phosphatidic acid (or an effector of the
lipid) counteracts gelsolin invasion when expressed at high
levels. Whereas phosphatidic acid does not affect
gelsolin’s severing activity (in contrast to PIP,), we have
observed a direct interaction (Ky in the low micromolar
range) by tryptophan fluorescence changes (our unpub-
lished observations). An alternative hypothesis is that
phosphatidic acid enhances PIPSK 1o activity (in)directly,
thereby increasing cellular PIP, levels. High PIP,
concentrations could sequester gelsolin and prevent
its interaction with another component of the invasion
pathway. The counter-invasive effects on gelsolin by wild-
type ARF6 and PIPSK 1o are consistent with this idea.

Invasion requires adhesion to the ECM and proteolytic
degradation of ECM components, allowing cells to
intravasate/extravasate (Mareel et al., 1993). This process
is mediated by a group of related proteases termed matrix
metalloproteinases (MMPs; Egeblad and Werb, 2002). In
mesenchymal cells, Rac has been reported to upregulate
collagen type I-induced MMP2 activation (Zhuge and
Xu, 2001) and integrin-induced MMP-1 expression
(Kheradmand et al., 1998). Engers et al. (2001), on the
other hand, recently reported that Rac upregulates expres-
sion of tissue inhibitor of metalloproteinase-1 (TIMP-1)
and TIMP-2 in human epithelial tumor cells. A possible
role for gelsolin as an intermediary component between
Rac and distinct MMPs requires further analysis.

In conclusion, we present evidence that the actin
binding protein gelsolin can function as an effector of
the Ras—PI3K-Rac invasion-signaling pathway. Although
other components of the signal transduction pathway
remain to be discovered, the implementation of gelsolin in
gene therapy studies should be considered in light of the
data presented here. Suppression of metastasis has been
reported by ectopic gelsolin expression (Tanaka ef al.,
1999), but we show here that it can trigger invasion.
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Materials and methods

Reagents

Wortmannin (10 nM) and PD98059 (50 uM) were from Calbiochem
(Darmstadt, Germany). Clostridium botulinum C3 transferase was kindly
provided by Dr C.Gespach (INSERM U482, France) and Y27632 was
from Sanofi Recherche (Toulouse, France). 4’,6-diamidino-2-phenyl-
indole (DAPI) was purchased from Sigma (St Louis, MO). LY294002
was obtained from Biomol Research Laboratories (Devon, UK). Texas
Red-X—phalloidin and Alexa Fluor-594 goat anti-mouse IgG conjugate
were obtained from Molecular Probes (Eugene, OR). HiFi Platinum Tagq
polymerase was from Invitrogen (Merelbeke, Belgium) and restriction
enzymes were from New England Biolabs (Hertfordshire, UK).

Antibodies
See Supplementary data.

cDNA cloning

A cDNA encoding full-length human cytoplasmic gelsolin (Finidori et al.,
1992) was cloned as a BamHI-HindIll fragment into pEGFP-N1
(Clontech, CA) by PCR using pSV51-gelsolin plasmid DNA as a
template. G-GFP cDNA was also cloned into pcDNA6 (Invitrogen) for
transfection of MDCKT23Rac1V12/N17 cells to allow for blasticidin S
selection. For cDNA cloning of SOS-1 and PH-SOS-1, total RNA was
isolated from HEK293T cells using the Qiagen RNeasy Mini Kit
(Qiagen) and mRNA was reverse transcribed into first strand cDNA with
a 5RACE kit (Invitrogen), used according to the manufacturer’s
instructions. Fifty microliter PCR reactions were set up containing 2.5 U
of Taq polymerase, 2 pul of template cDNA and 0.8 uM primer. Thirty-
five cycles of PCR were performed using the following primers:
5-GGATCCATGTTTTATAATGGAAGGAACTCTTACAC-3’ and
5-TCAGTGTACTCCGGTACTGTAAAGATATCAATGC-3" for PH-
SOS-1; and 5-GGGAAGCTTATGCAGGCGCAGCAGCTGCCCT-
ACG-3" and 5-GGGTCTAGAGGAAGAATGGGCATTCTCCAACA-
GTG-3’ for full-length SOS-1. Following PCR, PH-SOS-1 was cloned
into pcDNA3.1/CT-GFP-TOPO® and SOS-1 was cloned into the
pcDNA3.1V5/His TOPO® expression vector (Invitrogen). The
pcDNA3.1-fragmin expression vector has been described previously
(Constantin et al., 1998). All constructs were verified by sequencing. See
Supplementary data for other constructs.

Cell cultures

MDCK-AZ (Vleminckx et al., 1991) and HEK293T cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen), supplemented with 10% fetal bovine serum (FBS;
Invitrogen), 0.05% L-glutamine, 100 U/ml penicillin and 0.1 mg/ml
streptomycin. MDCKT23 cells, expressing Rac1V12 or RacIN17 under
the control of the tetracycline-repressible transactivator (Jou and Nelson,
1998), were grown in DMEM supplemented with 200 pg/ml
hygromycin B (Clontech, CA) and 20 ng/ml doxycyclin (Clontech).
Expression of RaclV12 or RacIN17 was induced by removing
doxycyclin (Tet-off) from the culture medium for 48 h. DHD-FIB rat
colon myofibroblasts (Dimanche-Boitrel et al., 1994) were used as a
positive control in collagen type I invasion assays. For microscopic
analysis, HEK293T cells were plated on coverslips coated with rat tail
collagen type I (Becton Dickinson, Bedford, MA).

Transfection and generation of stable cell lines

HEK293T cells were transiently transfected using calcium phosphate.
Forty-eight hours after transfection, cells were used for collagen inva-
sion assays and western blotting. MDCKtssrcCl2, MDCK-AZ,
MDCKT23RacIN17 and MDCKT23RaclV12 cells were stably trans-
fected with pEGFP-NI1-Gelsolin using LipofectAMINE reagent
(Invitrogen) according to the manufacturer’s instructions. Control
transfections were performed with pEGFP-N1. MDCKtssrcCl2 and
MDCK-AZ cells were selected in 1 mg/ml G418 (Duchefa, Haarlem, The
Netherlands) and MDCKT23RacIN17/V12 cells were selected in the
presence of 4 pg/ml blasticidin S (ICN, Aurora, OH) for 2 weeks.
Individual colonies were picked out and amplified.

Western blot analysis

Cells were disrupted in ice-cold lysis buffer (20 mM Tris—HCI pH 7.5,
150 mM NaCl, 1% Triton-X100, 1 mM PMSF) and a protease inhibitor
cocktail mix (Roche Diagnostics, Mannheim, Germany). The lysate was
sonicated and insoluble material was removed by centrifugation (20 000 g
for 10 min at 4°C). Western blotting was performed as described in



T’Jampens et al. (2002). Proteins were visualized by enhanced
chemiluminescence detection (ECL kit; Amersham Pharmacia Biotech).

Immunoprecipitation

Cells were lysed in lysis buffer (see above) supplemented with 1% NP-40.
One milligram of proteins was incubated with anti-B-catenin antiserum
at 4°C for 4 h and subsequently incubated overnight with protein
G-Sepharose (Amersham Pharmacia Biotech). The beads were washed
three times, boiled for 5 min in Laemmli sample buffer (Laemmli, 1970)
and proteins were fractionated by SDS-PAGE followed by western
blotting.

Immunostaining and microscopy

Cells were washed with PBS and fixed with 3.7% paraformaldehyde,
permeabilized with 0.1% Triton X-100 in PBS, incubated at 37°C with
anti-Myc monoclonal antibody (1 h, 1:800) followed by Alexa Fluor-594
goat anti-mouse IgG (30 min at room temperature, 1:300) or incubated
with Texas Red-X-phalloidin (30 min at room temperature, 1:200) or
DAPI (0.4 ug/ml). Stained cells were examined using a Zeiss Axioplan II
epifluorescence microscope equipped with a X40 objective. Images were
captured using a cooled CCD Axiocam Camera and KS100 software
(Zeiss, Gottingen, Germany).

Invasion assays

Invasion into collagen type I was performed as described previously
(Bracke et al., 2001a). Using a phase-contrast microscope controlled by a
computer program, invasive and superficial cells were counted in 12 fields
of 0.157 mm?. Trypan blue staining was performed to check cell viability.
The invasion index expresses the percentage of invading cells into the gel
over the total number counted. Invasion into pre-cultured embryonic
chick-heart fragments was performed as described previously (Bracke
et al., 2001b). Details on laminin and fibronectin in chick heart fragments
are described in De Bruyne et al. (1988).

Cellular aggregation

Aggregation assays were performed as described previously (Boterberg
et al., 2001). For slow aggregation, single-cell suspensions were seeded
on top of a semi-solid agar medium with or without DECMA-1. After
24 h, aggregate formation was evaluated subjectively under an inverted
phase-contrast microscope at a magnification of X40. For the fast
aggregation assay, single-cell suspensions were prepared with an
E-cadherin-saving procedure. Particle diameters were measured in a
Coulter LS200 counter (Coulter, Lake Placid, NY) and plotted as a
percentage of the volume distribution.

Miscellaneous

Protein concentration was measured according to Bradford (1976) using
bovine serum albumin as standard. SDS-PAGE (Laemmli, 1970) was
performed on 7.5, 10 or 15% polyacrylamide mini slab gels according to
Matsudaira and Burgess (1978).

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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