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The Ras-related protein Cdc42 plays a role in yeast cell budding and polarity. Two related proteins, Racl and
RhoA, promote formation in mammalian cells of membrane ruffles and stress fibers, respectively, which
contain actin microfilaments. We now show that microinjection of the related human Cdc42Hs into Swiss 3T3
fibroblasts induced the formation of peripheral actin microspikes, determined by staining with phalloidin. A
proportion of these microspikes was found to be components of filopodia, as analyzed by time-lapse phase-
contrast microscopy. The formation of filopodia was also found to be promoted by Cdc42Hs microinjection.
This was followed by activation of Racl-mediated membrane ruffling. Treatment with bradykinin also pro-
moted formation of microspikes and filopodia as well as subsequent effects similar to that seen upon Cdc42Hs
microinjection. These effects of bradykinin were specifically inhibited by prior microinjection of dominant
negative Cdc42Hs™' "N, suggesting that bradykinin acts by activating cellular Cdc42Hs. Since filopodia have
been ascribed an important sensory function in fibroblasts and are required for guidance of neuronal growth
cones, these results indicate that Cdc42Hs plays an important role in determining mammalian cell morphol-

ogy.

The Ras-related Rho subfamily of low-molecular-weight
GTP-binding proteins (p21s) are thought to play roles in cell
polarity, migration, and division (21). In mammals, the Rho
family is composed of a number of closely related (>50%
sequence identity) proteins, which include Racl and -2, RhoA,
-B and -C, and Cdc42Hs. These proteins are thought to cycle
between GTP-bound (on) and GDP-bound (off) states. Pro-
teins that regulate their cycling include GTPase-activating pro-
teins (GAPs) such as the breakpoint cluster region gene prod-
uct (Ber) and n-chimerin (14) as well as GDP/GTP exchange
factors such as Dbl (23). These regulators may also be target
proteins involved in effector function (34).

The first indication that p21s may be involved in determining
cell morphology came from experiments microinjecting Ras
into mammalian cells, which resulted in membrane ruffling (6).
Furthermore, addition of Clostridium botulinum C3 exoen-
zyme, which ADP ribosylates Rho specifically, causes cells to
lose stress fibers and to round up (10, 39). The cellular func-
tions of RhoA and Racl have been directly investigated by
monitoring changes in the cellular actin cytoskeleton induced
after microinjection of these proteins into Swiss 3T3 cells.
RhoA and Racl promote the formation of the actin microfila-
ment structures and of stress fibers and membrane ruffles,
respectively (39-41). By using dominant negative mutant p21
proteins (T17N, where Thr-17 has been changed to Asn) which
are specific inhibitors of endogenous p21 signalling pathways,
it has been shown that platelet-derived growth factor (PDGF),
phorbol myristate acetate (PMA), and Ras-GTP induce mem-
brane ruffling by activating the Racl pathway. Racl can also
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activate the RhoA-mediated stress fiber formation (41) and
the neutrophil oxidase (1, 29).

Cdc42 was originally detected in the yeast Saccharomyces
cerevisiae as a mutation that caused defects in budding and cell
polarity (2, 15, 27). Human Cdc42Hs can complement the
yeast mutant (36, 43), but its function in mammalian cells is
not known. We recently reported the characterization of po-
tential cellular targets for mammalian Cdc42Hs, including
the tyrosine kinase p120°“¥ (32) and the serine/threonine
kinase p657¥ (33), which bind the p21 only in its GTP form.
Their function remains to be established. The dbl oncogene
is a GDP/GTP exchange factor and potential activator of
Cdc42Hs, implying a role for Cdc42Hs in cell transformation
(23). Here, we show that microinjection of Cdc42Hs into se-
rum-starved, subconfluent Swiss 3T3 cells induced the forma-
tion of actin-containing microspikes at the cell periphery.
Some of these peripheral actin microspikes (PAM) were found
to be components of filopodia, as determined by time-lapse
phase-contrast microscopy. Filopodia are actin-containing
structures which have been proposed to have an important
sensory function in Swiss 3T3 cells (5) and in neural growth
cones (11, 26). The formation of filopodia promoted by
Cdc42Hs microinjection, with accompanying cell retraction,
was followed by membrane ruffling and lamellipodium forma-
tion. Actin staining of Cdc42Hs-microinjected cells also re-
vealed a loss of stress fibers. Among a variety of growth factors
examined, bradykinin was the only one found to mimic all of
the effects of Cdc42Hs microinjection. The use of dominant
negative proteins allowed us to determine the specificity of the
responses elicited by bradykinin. Filopodium formation was
inhibited by Cdc42Hs™ "™, while Rac1™"™ inhibited only ruf-
fling and lamellipodium formation. These results suggest that
Cdc42Hs plays an important role in determining mammalian
cell shape and cell polarity, possibly by causing specific changes
in actin polymerization.
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MATERIALS AND METHODS

Subcloning, site-directed mutagenesis, and protein expression. Racl, RhoA,
Cdc42Hs, and Rho-GDP dissociation inhibitor (GDI) cDNAs were subcloned
into pGEX-2T (44) derivatives p265 (3) and p265polyG, derivatives of p265 with
a polyglycine spacer between the thrombin cleavage site and cDNA cloning site
(20). This latter vector generated fusion proteins that were better substrates for
thrombin cleavage. Mutagenesis was carried out by using the Clontech Trans-
former Site-Directed Mutagenesis kit on cDNAs subcloned in pBluescript. Mu-
tants were sequenced before subcloning into Escherichia coli expression vector
p265 or p265polyG. The n-chimerin cDNA domain expression vector was as
described previously (14). For protein purification, E. coli cells carrying an
appropriate plasmid were grown to an optical density at 650 nm of 0.5, and
isopropylthiogalactoside (1 mM) was added. Cells were harvested, resuspended
in a mixture of thrombin cleavage buffer, phenylmethylsulfonyl fluoride (1 mM),
and a cocktail of protease inhibitors and then frozen at —20°C. When required,
cells were thawed and sonicated (four times for 30 s each, setting 4, MSE
sonicator), and cell debris was removed by centrifugation at 14,000 X g for 10 to
20 min. Supernatants were then applied to glutathione-Sepharose columns, pro-
teins were eluted with thrombin, and the thrombin was removed by using ben-
zadiamine-Sepharose columns. Proteins were frozen (—20°C) in aliquots. All
proteins were greater than 95% pure as determined by image analysis of proteins
separated on sodium dodecyl sulfate-polyacrylamide gels, using a Quantimet 570
image analyzer (Cambridge Instruments). The GTPase activities of Cdc42Hs and
Cdc42Hs mutants (G12V and Q61L) were measured as previously described (4).
Over a 10-min time course at 15°C, the proportions of GTP hydrolyzed were 25%
for wild-type Cdc42Hs, 5% for the G12V mutant, and 0% for the Q61L mutant.

Cell microinjection and staining. Swiss 3T3 cells were grown on ethanol-
washed glass slides (gridded to allow relocation of microinjected cells) in Dul-
becco’s modified Eagle medium plus 10% fetal calf serum (FCS; Gibco) at 37°C
in 5% CO,. Subconfluent cells were starved in Dulbecco’s modified Eagle me-
dium plus 0.2% NaHCO; for 48 h before injection. Proteins were normally
microinjected in 20 mM Tris-HCI (pH 7.4), using an Eppendorf microinjector
and Zeiss Axiovert microscope. Successful injection was determined visually at
time of injection or also by coinjection of a marker protein such as mouse
immunoglobulin . Cell viability was estimated to be greater than 90%. For
time-lapse studies, the cells were maintained on a heated platform (37°C) and
viewed under phase contrast. For actin staining, the cells were incubated for the
appropriate time before being washed with phosphate-buffered saline (PBS),
fixed in 3% paraformaldehyde in PBS for 20 min, and washed in 0.2% Triton
X-100 in PBS for 5 min. Slides were then stained with rhodamine-conjugated
phalloidin (0.2 mg/ml; Sigma) (to stain filamentous actin) in PBS for 1 h, washed
in PBS three times for 3 min each, briefly washed in water, and finally mounted
in Mowiol-1,4-diazabicyclo(2.2.2) octane (DABCO) (Aldrich). Cells were pho-
tographed under fluorescence, using Ektachrome 400 film (Kodak), or under
phase contrast, using PAN F 50 film (Ilford). Quantification was carried out from
photographic records of the experiments.

Reagents. PMA, lysophosphatidic acid (LPA), bradykinin, bombesin, insulin,
and 1-oleyl-2-acetyl-rac-glycerol were from Sigma, PDGF was from Amersham,
and epidermal growth factor (EGF) was from Boehringer Mannheim.

RESULTS

Cdc42Hs induces the formation of PAM and ruffles. To
investigate the function of Cdc42Hs, we microinjected serum-
starved Swiss 3T3 cells with purified recombinant protein and
monitored changes in actin-containing structures by staining
with rhodamine-conjugated phalloidin. Within a few minutes
of microinjection with Cdc42Hs, actin filaments were seen
protruding outward from the cell periphery in the form of
microspikes (compare Fig. la and b). These (PAM) often
showed branching. At the same time, Cdc42Hs also caused a
reduction in the number of stress fibers and an increase in
diffuse and punctate actin staining. After 30 min, membrane
ruffling, identified as wavy “curtains” of actin staining at the
cell periphery, was also seen (Fig. 1c). By 1 h, few PAM
remained but membrane ruffling was still evident. We also
observed a direct relationship between the amount of Cdc42Hs
injected and the extent of PAM formation (see below) and
membrane ruffling. PAM and membrane ruffling were also
seen when a GTPase-negative mutant, Cdc42Hs®"?V, was mi-
croinjected, suggesting that the GTP-bound form of the pro-
tein is responsible for these actin-based cytoskeletal effects
(data not shown).

Specificity of Cdc42Hs effects on cell morphology. Microin-
jection of RhoA and Racl (latter shown in Fig. 1d) and K-Ras
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did not induce PAM formation. However, membrane ruffling
was induced by the latter two proteins as described previously
(6, 41). Dominant negative mutant proteins (T17N) have
higher affinity for GDP than wild-type protein and prevent
signalling by endogenous proteins, possibly by titrating out an
activating exchange factor(s) (16, 42). Coinjection of Cdc42Hs
with dominant negative Cdc42Hs™ "™ inhibited PAM forma-
tion and membrane ruffling (Fig. le), while coinjection of
Cdc42Hs with dominant negative Racl™’™N inhibited only
membrane ruffling (Fig. 1f). This finding suggests that
Cdc42Hs directly induced PAM formation and then activated
Racl to cause membrane ruffling. To confirm this, we coin-
jected Cdc42Hs with the Rac-GAP domain of n-chimerin (14).
This resulted in loss of membrane ruffling but did not reduce
the extent of PAM formation (Fig. 1g). n-Chimerin is predom-
inantly a Rac-GAP with little effect on Cdc42Hs (31); its GAP
domain is approximately 37-fold less potent for Cdc42Hs than
for Racl (4). Under the conditions of the microinjection ex-
periments, n-chimerin should not significantly affect the
Cdc42Hs-GTP state. Rho-GDI (19) promotes the cytoplasmic
localization of Rho subfamily members (RhoA, Racl, and
Cdc42Hs) and possibly prevents downstream signalling via
these proteins (22, 28, 35, 46). Rho-GDI coinjected with
Cdc42Hs not only inhibited the formation of Cdc42Hs-induced
PAM and membrane ruffling but also reduced endogenous
levels of stress fibers and polymerized actin (Fig. 1h).

Taken together, these results suggest that Cdc42Hs induces
the formation of PAM, associated with a redistribution of actin
polymers, followed by Racl-mediated membrane ruffling.

Bradykinin induces changes in cell morphology similar to
that seen with Cdc42Hs. As growth factors have been shown to
activate Racl and RhoA pathways (40, 41), we screened vari-
ous factors for the ability to induce PAM formation in serum-
starved Swiss 3T3 cells. The bioactive peptide bradykinin was
found to induce the formation of PAM and membrane ruffles
with a temporal pattern similar to that observed with Cdc42Hs.
PAM were formed after 10 min. There was also a reduction in
stress fibers and an increase in punctate and diffuse actin stain-
ing (compare Fig. 2a and b) similar to that observed after
Cdc42Hs injection. Bradykinin was found to be effective at
levels down to 10 ng/ml. By 30 min after bradykinin treatment,
there was a reduction in the number of PAM formed and an
increase in membrane ruffling (Fig. 2c).

In contrast, PMA (200 nM), PDGF (20 ng/ml), EGF (20
ng/ml), bombesin (20 nM), insulin (2 mg/ml), and FCS
(0.5%) did not induce PAM formation. As a further con-
trol, we treated cells with LPA (40 ng/ml), which is known to
activate RhoA (40). LPA induced formation of stress fibers
(Fig. 2d) but not of PAM. 1-Oleyl-2-acetyl-rac-glycerol, a
membrane-permeable diacylglycerol, also resulted in the for-
mation of PAM, but only at relatively high concentrations (100
pg/ml).

Since bradykinin appeared to elicit responses similar to
those obtained with Cdc42Hs, the effects of the peptide were
examined in relation to the proteins used to dissect the
Cdc42Hs response. Microinjection of Cdc42Hs™ "™ before
bradykinin treatment significantly inhibited PAM formation
and the subsequent membrane ruffling (Fig. 2e). Microinjec-
tion of Racl™"™ or the Racl-GAP domain of n-chimerin
inhibited membrane ruffling but not PAM formation induced
by bradykinin (Fig. 2f and g). Finally, microinjection of Rho-
GDI before bradykinin treatment resulted in the reduction of
all filamentous actin structures (Fig. 2h).

Together, these results suggest that the action of bradykinin
is mediated by activation of Cdc42Hs which in turn activates
Racl.
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FIG. 1. Cdc42Hs promotes the formation of PAM and membrane ruffling in Swiss 3T3 fibroblasts. Proteins microinjected or coinjected were as follows: (a) none
(control starved cells); (b and c) Cdc42Hs (0.5 mg/ml) for 10 min (arrows indicate PAM) and 30 min (arrows indicate areas of ruffling), respectively; (d) Racl (1 mg/ml)
for 10 min; (e) Cdc42Hs (0.5 mg/ml) with Cdc42Hs™ "™ (1 mg/ml) for 10 min; (f) Cdc42Hs (0.5 mg/ml) with Rac1™”N (1 mg/ml) for 30 min; (g) Cdc42Hs (0.5 mg/ml)
with n-chimerin GAP domain (0.5 mg/ml) for 10 min; (h) Cdc42Hs (0.5 mg/ml) with Rho-GDI (1 mg/ml) for 10 min. Note that panel h required 50% longer exposure
than panels a to g. The bar indicates 10 wm. All cells shown in panels b to h were microinjected with the relevant protein(s).
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FIG. 2. Bradykinin treatment of Swiss 3T3 fibroblasts activates Cdc42Hs and Rac1 pathways. Proteins microinjected into and treatments of serum-starved fibroblasts
were as follows: (a) no protein (control starved cells); (b and c) bradykinin treatment (100 ng/ml) for 10 and 30 min, respectively; (d) LPA (40 ng/ml) for 10 min; (e)
Cde42Hs™N (1 mg/ml) injection followed by bradykinin treatment; (f) Racl™™ (1 mg/ml) injection followed by bradykinin treatment; (g) injection of n-chimerin GAP
domain (0.5 mg/ml) followed by bradykinin treatment; (h) Rho-GDI (1 mg/ml) injection followed by bradykinin treatment. Cells were incubated at 37C for 10 min, unless
otherwise stated, before fixation and staining with rhodamine-conjugated phalloidin. Note that panel h required 50% longer exposure than panels a to g. The bar indicates 10 wm.
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FIG. 3. Quantification of PAM and correlation of their formation with stress
fiber loss. (A) Serum-starved subconfluent fibroblasts were microinjected with
p21 proteins and/or treated with bradykinin and after 10 min stained with rho-
damine-conjugated phalloidin. Numbers of PAM greater than 1 pm in length
were estimated in randomly chosen cells. Columns: 1, control starved cells; 2,
Racl (0.5 mg/ml) microinjected; 3, Cdc42Hs (0.5 mg/ml) microinjected; 4,
Cdc42Hs (0.5 mg/ml) microinjected with Cdc42Hs™ 7 (1 mg/ml); S5, bradykinin
(100 ng/ml) treatment; 6, Cdcd42Hs™N (1 mg/ml) microinjected followed by
bradykinin (100 ng/ml) treatment. More than 50 cells were microinjected and
treated, and 10 cells were photographed for quantification. Standard deviations
are indicated as vertical bars. (B) Determination of numbers of PAM and stress
fibers in cells microinjected with 0.5 mg of Cdc42Hs protein (white squares) or
control buffer (black squares) per ml. Cells were fixed 10 min after microinjec-
tions and stained with rhodamine-conjugated phalloidin. Each square represents
a single cell.

Quantitative analysis of effects of Cdc42Hs and bradykinin
on actin-containing structures. To analyze the effects of
Cdc42Hs microinjection and bradykinin treatment in more
detail, we quantified changes in the number of PAM in popu-
lations of cells fixed 10 min after injection (Fig. 3A). It was
evident that injection of Cdc42Hs but not of Racl led to a
significant increase in the number of PAM; this number was
considerably less when Cdc42Hs was coinjected with dominant
negative Cdc42Hs™ ™. Bradykinin treatment was as effective
as microinjection of Cdc42Hs in increasing the number of
PAM,; its effect was also considerably diminished by prior in-
jection with dominant negative Cdc42Hs™ ™.

Confluent, serum-starved Swiss 3T3 cells have few stress
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fibers (40, 41). However, subconfluent, serum-starved cells still
possessed a considerable number of stress fibers. Since sub-
confluent cells have fewer areas of cell-cell contact than do
confluent cells, it is probable that they require more stress
fibers in order to maintain substrate attachment. Interestingly,
we found an inverse correlation between the number of PAM
and stress fibers determined after Cdc42Hs and control micro-
injections (Fig. 3B). More than 50 cells were microinjected or
treated in each case, and experiments were repeated at least
once. Quantification was carried out on photographs of a min-
imum of 10 cells in each case. Addition of LPA reversed the
loss of stress fibers resulting from bradykinin treatment (data
not shown). In some cells injected with Cdc42Hs containing
many PAM and few stress fibers, cell retraction and rounding
were observed 30 min after injection, perhaps as a conse-
quence of the loss of stress fibers.

PAM are components of both filopodia and retraction fi-
bers. We considered that PAM were likely to be components
of dynamic peripheral cellular structures that were undergoing
either protrusion or retraction prior to fixation and staining
with phalloidin. To investigate the relationship of PAM to
these structures, cells were treated with bradykinin and
changes in their morphology were monitored by time-lapse
phase-contrast microscopy prior to staining. Figure 4 shows the
analysis of one such cell. More peripheral structures were
revealed by phalloidin staining than by phase-contrast micros-
copy, reflecting differences in sensitivity of detection. Over a
10-min period after exposure to bradykinin, protrusions of up
to 12 wm were seen to form (compare Fig. 4a and b). We
designated these protrusions as filopodia because of their sim-
ilarity in morphology, size, and kinetic nature to those previ-
ously described (5, 8). PAM, detected by phalloidin staining,
were indeed found to be components of these filopodia (Fig.
4d). However PAM also contributed to fibrous structures at
regions where there was cell retraction; these probably repre-
sented retraction fibers (12). It is clear that filopodia and re-
traction fibers are indistinguishable on the basis of phalloidin
staining (Fig. 4d), and time-lapse analysis is essential to ob-
serve their formation.

Cdc42Hs promotes the formation of filopodia. To investi-
gate the effect of Cdc42Hs on filopodium formation, cells were
microinjected with the protein and changes in their morphol-
ogy were analyzed by time-lapse microscopy. At least 10 cells
were individually monitored, and experiments were repeated
on two or more occasions for all phase-contrast analyses.
Within a few minutes of microinjection of Cdc42Hs, filopodia
could be seen protruding from the cell (Fig. 5A; compare
panels a and b). These filopodia normally extended in length
from 1 to 15 wm. Over the next 10 min, new filopodia were
formed while some existing filopodia decreased in size (Fig.
SA, panel c). Occasionally the cell surface was seen to extend
between the filopodia to form lamellipodia (filled-in area in
Fig. 5A, panel d). Subsequent to filopodium formation, most
cells microinjected with Cdc42Hs displayed retraction as well
as membrane ruffles and lamellipodia (Fig. 1). Membrane ruf-
fles were identified by phase-contrast microscopy as the for-
mation of transient darkened cell edges or surfaces, and la-
mellipodia were identified as cell surface expansions. Serum-
starved control or bovine serum albumin (BSA)-microinjected
cells showed very little change in morphology over a 15-min
time course (Fig. 5B, panels ¢ and d). Microinjection with
purified RhoA, Racl, or K-Ras proteins did not induce filop-
odia (data not shown).

In cells not possessing filopodia, microinjection with the
dominant negative Cdc42Hs™ "™ had no effect on cell mor-
phology (Fig. 5B, panels a and b). However, cells with existing
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FIG. 4. PAM are components of filopodia and retraction fibers in Swiss 3T3 fibroblasts. A serum-starved subconfluent fibroblast was treated with 100 ng of
bradykinin per ml and photographed at 0 (a) min and 10 (b) min. (c) Diagrammatic representation indicating cell shape at 0 min (dashed line) and changes in shape
after 10 min (bold lines). (d) The cell was then fixed and stained with rhodamine-phalloidin to stain filamentous actin. Note an example of a filopodium protruding
from the cell (straight arrows) and an example of a retraction fiber resulting from a region of cell retraction (curved arrows). The bar indicates 7 pum.

filopodia when microinjected with Cdc42Hs™'"™ displayed a
rapid loss of filopodia (in 10 cells examined, approximately
75% of filopodia were lost within 4 min). This finding suggests
that Cdc42Hs activity may be necessary for the maintenance of
filopodia. When cells were microinjected with dominant neg-
ative Racl™N, existing filopodia were not lost (data not
shown). Dominant negative Cdc42Hs™ "™ appears to act spe-
cifically on the Cdc42Hs pathway because it did not inhibit
membrane ruffling induced by Racl, nor did it affect levels of
stress fibers. Specificity of response was also observed follow-
ing use of two other point mutations of Cdc42Hs. Microinjec-
tion of the mutant Cdc42HsP?** did not result in significant
filopodium formation, while microinjection of the mutant
Cdc42Hs' resulted in filopodium formation to a level at
least as high as that seen following microinjection of
Cdc42HsS'?Y (data not shown). These results are consistent
with the report that the corresponding Rac2 mutant Rac2°°'™

was more effective than wild-type Rac2 in inducing ruffles
whereas Rac2P3%4 was ineffective (51). The equivalent D38A
mutation in Ras leads to a loss of effector function, while the
Cdc42Hs?%'T mutation, like Ras®®'", results in the protein
having negligible GTPase activity (see Materials and Meth-
ods).

Bradykinin also promotes filopodium formation. When an-
alyzed over the same time course, bradykinin was found to
promote the formation of filopodia similar to that observed
upon Cdc42Hs microinjection (Fig. 6). Areas of cell expansion
and cell retraction were also seen (shown diagrammatically in
Fig. 6d). As with Cdc42Hs microinjection, most cell retraction
occurred after the period of maximal filopodium formation.
Bradykinin was effective at promoting filopodium formation at
levels down to 10 ng/ml.

Bradykinin-promoted filopodium formation is mediated by
Cdc42Hs. Using time-lapse analysis, we quantified the forma-
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FIG. 5. Cdc42Hs promotes the formation of filopodia in Swiss 3T3 fibroblasts. (A) Cdc42Hs protein (0.5 mg/ml) was microinjected into serum-starved subconfluent
fibroblasts, which were photographed under phase-contrast microscopy at 0 (a), 5 (b), and 15 (c) min after microinjection. Arrows (b and c) indicate filopodia which
have formed. (d) Diagrammatic representation showing cell shape at 0 min (dashed lines), new filopodia present at 15 min (black lines extending out from cell), and

areas of cell extension as lamellipodia (filled-in areas). Some cells also showed areas of retraction. The bar indicates 10 wm. (B) Dominant negative Cdc42Hs

T17N

protein (1 mg/ml) was microinjected into two serum-starved subconfluent fibroblasts and photographed at 0 (a) and 15 (b) min after microinjection. Control BSA (0.5
mg/ml) was microinjected into the cell in the center of the field, which was then photographed at 0 (c) and 15 (d) min. The bar indicates 10 wm.

tion of new filopodia during the first 15 min following treat-
ment with bradykinin or microinjection with Cdc42Hs and its
mutants (Fig. 7). Filopodium formation, which was negligible
in control starved cells (lane 1), was considerably increased
upon treatment with 10% foetal calf serum (FCS, lane 2). The
extent of filopodium formation promoted by bradykinin treat-
ment (columns 3 to 5) and microinjection of Cdc42Hs (col-
umns 6 to 8) appeared to be concentration dependent. The
GTPase-deficient mutant Cdc42Hs®'?Y (column 9) was as ef-
fective as wild-type Cdc42Hs. The effect of bradykinin was
inhibited by prior microinjection of the dominant inhibitory
mutant Cdc42Hs™™ (column 10) but not of the Racl coun-
terpart Rac1™”™ (column 11). As previously mentioned, mi-
croinjection of the mutant Cdc42Hs™* ™™ did not promote filop-
odium formation (column 12). Coinjection of this mutant and
the wild type was also without effect (data not shown).

These results show that the extent of filopodium formation
was dependent on the concentration of the causative agent and
that the effects of bradykinin were mediated by Cdc42Hs.
Treatment with EGF at 100 ng/ml (but not at 10 ng/ml) also
resulted in significant production of filopodia, but it was not as
potent as bradykinin (data not shown). In contrast, treatment

with PMA (200 nM), PDGF (100 ng/ml), or LPA (40 ng/ml)
did not result in filopodium formation.

The effects of bradykinin treatment in relation to Cdc42Hs
activity on the formation of lamellipodia and ruffles and on cell
retraction subsequent to filopodium formation were also ex-
amined. The results are summarized in Table 1. Microinjection
of the dominant negative Cdc42Hs™ "™ was able to prevent
these effects of bradykinin, while microinjection of dominant
negative Rac1™"™ prevented only the formation of lamellipo-
dia and ruffles. FCS (10%) also resulted in lamellipodia and
ruffles and in cellular retraction. In contrast, microinjection
with Racl or treatment with PDGF did not result in significant
retraction, although lamellipodia and membrane ruffles were
observed.

DISCUSSION

Members of the subfamily of Rho proteins have been as-
cribed roles in the formation of particular actin microfilament
structures. Racl is involved in the formation of cortical actin as
part of membrane ruffling (41), while RhoA causes the forma-
tion of stress fibers (39, 40). Here we show that Cdc42Hs,
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FIG. 5—Continued.

another family member, is involved in the formation of actin-
containing microspikes at the periphery of the cell. Some of
these PAM are components of filopodia which protrude out
from the cortex of the cell. Cdc42Hs microinjection also results
in a reduction in stress fibers and an increase in diffuse and
punctate actin staining. This redistribution of actin polymers
could be due to PAM and stress fibers being generated from a
common pool of actin. Another possibility is that both struc-
tures require the same actin-binding protein or proteins for
polymerization. It is interesting that fibroblasts overexpressing
the intestinal actin-binding protein villin produce numerous
actin-containing microvilli with a concomitant loss of stress
fibers (18). We found that bradykinin but not PDGF, insulin,
PMA, LPA, or bombesin treatment of cells resulted in mor-
phological and cytoskeletal effects similar to that seen upon
Cdc42Hs microinjection. Bradykinin is a mediator of inflam-
mation and hypotension and is a mitogen, thought to act
through bradykinin receptor-linked G proteins, which leads to

activation of phospholipases C and D and release of internal
calcium (9, 48, 50). Bombesin and LPA are, like bradykinin,
thought to act through receptors linked to G proteins (7, 49)
but cause different morphological and cytoskeletal effects. In
contrast, PDGF, EGF, and insulin operate through receptor
tyrosine kinases (13). Together, these findings suggest that
Rho subfamily members and Ras coordinate cellular changes
resulting from the activation of a variety of cell surface recep-
tors.

Microinjection of Ras and Rho subfamily proteins into
mammalian cells has revealed a hierarchy of interactions. Ras
can activate Racl, and Racl can activate RhoA (41). Our study
incorporates Cdc42Hs into this hierarchy by showing it to ac-
tivate Racl (Fig. 8). Membrane ruffling and lamellipodium
formation can be induced through microinjection of either
Racl or Cdc42Hs, in the latter case following the formation of
filopodia. This hierarchy is also reflected in the action of var-
ious growth factors with, for instance, PDGF inducing mem-
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FIG. 6. Filopodium formation is also promoted by bradykinin. Serum-starved subconfluent fibroblasts were treated with 100 ng of bradykinin per ml and
photographed under phase-contrast microscopy after 0 (a), 5 (b), and 15 (c) min. Straight arrows (b and c) indicate filopodium extensions; curved arrows (c) indicate
areas of cell retraction. (d) Diagrammatic representation of the cell indicating original cell shape at 0 min (dashed lines), filopodia present at 15 min (black extension
lines), areas of cell extension as lamellipodia at 15 min (filled-in areas), and areas of cell retraction at 15 min (hatched areas). The bar indicates 5 pm.

brane ruffling directly (via Racl) without affecting filopodium
formation, while bradykinin induces membrane ruffling (again
via Racl) subsequent to filopodium formation (via Cdc42Hs)
(Table 1). In addition, Cdc42Hs may inhibit RhoA signalling
because PAM formation is associated with a loss of stress fibers
(Fig. 8). The mechanisms for the cross talk between members
of the Rho family p21 proteins are unclear at present. How-
ever, proteins which are potentially GDP/GTP exchange fac-
tors and GAPs, such as Ber and Abr (25, 47), which can act on
more than one type of p21 may represent one means by which
cross talk could occur. Interactions between different p21 sig-
nalling pathways may allow coordinated and sequential cy-
toskeletal modifications important for events such as cell mi-
gration, mitosis, or neural growth cone movement (24, 30, 37).

Filopodia are processes which form at the cell periphery and
protrude outward. They are believed to play a role in initiating
changes in cell shape and migration. They are thought to have
an important function as sensory structures to monitor the
environment and direct polarized growth, both in fibroblasts
(5) and in neural growth cones (26). For instance, stimulation
of a single filopodium can result in reorientation of the whole
growth cone (38), while growth cones lacking filopodia are no
longer able to navigate (11). Furthermore, actin polymeriza-

TABLE 1. Determination of morphological changes (excluding
filopodium formation) observed by phase-contrast time-lapse
microscopy within 20 min of p21 protein microinjections
or treatment with various factors®

Formation of

Treatment or lamellipodia” R .
microinjection and membrane etraction
ruffles
Control (starved) — _
Racl (0.5 mg/ml) ++ _
Cdc42Hs (0.5 mg/ml) + +
Cdc42Hs™ 7™ (1 mg/ml) - _
Bradykinin (10 ng/ml) + +
Bradykinin (100 ng/ml) + — _
Cdc42Hs™™ (1 mg/ml)
Bradykinin (100 ng/ml) + - +
Rac1™™ (1 mg/ml)
PDGF (10 ng/ml) 44 _
LPA (20 ng/ml) - _
FCS (10%) T+ 4

“ At least 10 serum-starved subconfluent cells picked randomly were moni-
tored in each case. —, no significant activity; +, low activity (estimated to affect
less than 50% of the cell surface); ++, high activity (estimated to affect more
than 50% of the cell surface).

 Expansions from the cell edge.

¢ Formation of transient darkened cell edges or surfaces.
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FIG. 7. Bradykinin-promoted formation of filopodia is mediated by
Cdc42Hs. Randomly chosen serum-starved subconfluent fibroblasts were moni-
tored by time-lapse phase-contrast microscopy for 15-min durations following
microinjection and treatment, and the formation of new filopodia was quantified.
At least 10 cells were monitored for each microinjection and treatment, and
experiments were repeated two to four times. Columns: 1, starved control cells;
2,10% FCS; 3, bradykinin (10 ng/ml); 4, bradykinin (100 ng/ml); 5, bradykinin (1
wg/ml); 6, microinjection with Cdc42Hs (0.5 mg/ml); 7, Cdc42Hs (1 mg/ml); 8,
Cdc42Hs (2.6 mg/ml); 9, Cdc42HsS'?V (1 mg/ml); 10, dominant negative
Cdc42Hs™™ (1 mg/ml) followed by treatment with bradykinin (100 ng/ml); 11,
dominant negative Rac1™”N (1 mg/ml) followed by treatment with bradykinin
(100 ng/ml); 12, dominant negative Cdc42Hs™ 7N (1 mg/ml). Standard deviations
are shown as vertical bars.

” Ras ——l

Bk — Cdc42Hs — Racl

(filopodia) (ruffling)
>
” stress fibre breakdown
’ (retraction)

FIG. 8. Signalling pathway for Cdc42Hs effects on fibroblast cell morphology.
Double lines indicate plasma membrane, and the box indicates bradykinin re-
ceptor. Activation of the Cdc42Hs pathway, either by bradykinin (Bk) or micro-
injection of cells, results in the production of filopodia. Following this initial
morphological change, there is a reduction of stress fibers and Racl-mediated
membrane ruffling and lamellipodium formation. Ras does not appear to activate
Cdc42Hs but can cause Racl-mediated membrane ruffling. Finally, it is possible
that the Cdc42Hs-mediated reduction in stress fibers results from an inhibition of
RhoA signalling.
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tion and depolymerization appear to be of fundamental im-
portance for the formation and retraction of filopodia (37, 45).
Recently, filopodia and membrane ruffling have been shown to
be involved in the passive uptake of Salmonella typhimurium
(17). All of these processes involve remodelling of the cell
surface, and in particular, the filopodia produced during neural
growth cone extension (8) are similar in structure and kinetic
nature to those of fibroblasts produced upon Cdc42Hs micro-
injection or bradykinin treatment. Thus, it would be interesting
to test directly for the possible involvement of Cdc42Hs in
neural growth cone development and migration. In conclusion,
our results show that Cdc42Hs promotes filopodium formation
and a redistribution of actin polymers and that Cdc42Hs and
Racl may act sequentially in promoting the formation of actin-
containing structures important for determining cell morphol-
ogy and polarity.
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