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Perturbation of cytoskeleton dynamics
by the opposing effects of Rac1 and Rac1b
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Rac1, a ubiquitously expressed member of the Rho GTPase family, plays a pivotal role in the regulation of multiple cellular
processes including cytoskeleton reorganization, cell growth, differentiation and motility. Here we show that the tumor-
specific splice variant of Rac1, Rac1b, negatively regulates Rac1 activity. The expression of Rac1b in Hela cells interferes
with Rac1 activation by PDGF, leads to a reduction in membrane-bound Rac1 and promotes an increase in Rho activity.
The antagonistic relationship between Rac1 and Rac1b perturbs the regulatory circuitry that controls actin cytoskeleton
dynamics thereby leading to tumor-linked alterations in cell morphology and motility.

Introduction

Rac proteins constitute a subgroup of the Rho family of small
GTPases. Similar to all other small GTPases, Rac cycles between
an inactive GDP-bound and an active GTP-bound state and the
inter-conversion between these two states is tightly controlled
by the relative rates of guanine nucleotide exchange and GTP
hydrolysis."? The exchange and hydrolytic activities are acceler-
ated by guanine nucleotide exchange factors (GEFs) and GTPase
activating proteins (GADPs), respectively. Rac is stabilized in the
GDP-bound form and sequestered in the cytoplasm through
the interaction with Rho-GDP dissociation inhibitors (GDI).?
External cues such as growth factors and integrin ligands induce
the recruitment of Rac to the plasma membrane which promotes
the interaction of Rac with GEFs.* Activation of Rac by GEFs
and its subsequent interaction with effectors initiates down-
stream signaling cascades that control a wide range of cellular
functions, most notably, cytoskeletal reorganization, cell mor-
phological changes and cell motility.

There are three Rac genes, namely, Racl, Rac2, Rac3 and the
alternative splice variant of Racl, Raclb. Although these proteins
share 90% sequence identity, the variability in their C-terminal
polybasic region provides specificity by regulating their mem-
brane association, protein interactions and intracellular local-
ization.” Further specificity occurs by transcriptional regulation
and differential tissue distribution. While Racl is ubiquitously
expressed, the expression of Rac2 and Rac3 is restricted to
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hematopoietic tissues and the central nervous system, respec-
tively.’ Endogenous Raclb expression is considerably lower than
endogenous Racl.®” However, the expression of Raclb, increases
significantly in breast and colorectal tumors®” and in most cell
types where Raclb is expressed, levels of active Raclb are signifi-
cantly higher than levels of active Racl.*"!

Previous studies have identified biochemical and signaling
properties of Raclb that are distinct from or overlap with Racl.
For example, relative to Racl, Raclb displays a faster GDP/GTP
exchange rate, an impaired GTPase activity and an inability to
bind RhoGDI.” Additionally, Raclb is defective in activation of
two major downstream effectors of Racl, p2l-activated kinase
(PAK) and c-Jun kinase (Jnk).* On the other hand, similarly to
Racl, Raclb can stimulate NFxkB,® Akt'? and ROS production.”®
The partial functional overlap between Racl and Raclb raises
the question of whether the expression of Raclb impacts the sig-
naling activity of Racl. In this study, we have identified a role for
Raclb as a negative regulator of Racl. This antagonistic effect of
Raclb leads to an alteration in cellular properties that may under-
lie the role of Raclb in tumor cells.

Results

Raclb inhibits Racl activation. In order to assess the functional
relationship between Racl and Raclb, we first examined whether
Raclb expression would affect growth factor-induced Racl acti-
vation. Serum-deprived HeLa cells transfected with HA-tagged
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Figure 1. Rac1b inhibits Rac1 activation. (A) HeLa cells were transfected with vector or HA-tagged Raclb, serum-starved and then stimulated with
PDGF (30 ng/ml) for the indicated intervals. GTP-bound Rac1 was isolated by the PBD pull-down assay and detected by immunoblotting (IB) with anti-
Rac1 antibody. Total Rac1 and expression of Raclb in whole cell lysates (WCL) were detected by IB with anti-Rac1 antibody. To calculate fold change,
the levels of activated Rac1 were quantified by densitometry scanning and normalized to the levels of total Rac1. The results are representative of
three independent experiments. Quantification of active Racl immunoblots of the 0 and 10 minute timepoints from three independent experiments
are also shown (bottom). Results are the mean + SD and are presented as the levels of active Rac1 relative to the respective time 0. (B and C) HelLa cells
were transfected with pSuper constructs expressing scrambled shRNA (shControl) or shRNA targeting Rac1b (shRac1b). Cells were selected with blasti-
cidin for 3 days, transfected with HA-tagged Rac1b wobble (Rac1b wobble) and serum-starved. (B) GTP-bound Rac1 was isolated by the PBD pull-down
assay and immunoblotting (IB) and quantification (bottom) were done as in (A). Results are the mean + SD and are presented as the levels of active
Rac1 relative to the shControl at time 0. (C) Raclb knockdown was determined by semi-quantitative PCR. RPLP1 was used as a control.

Raclb were treated with platelet-derived growth factor (PDGF)
and the level of active Racl was examined by pulldown assay
using a GST-fusion protein containing the p21 binding domain
of PAK (PBD) (Fig. 1A)." Consistent with the well-established
effect of PDGF-induced activation of Racl, PDGF treatment
induced a time-dependent increase in the levels of GTP-bound
Racl. In contrast, the PDGF-induced accumulation of Racl-
GTP was abrogated in cells expressing Raclb. A similar effect
on Racl-GTP was observed when Raclb expressing cells were
treated with epidermal growth factor (not shown). The abroga-
tion of PDGF-mediated Racl activation persisted for up to 60
min post stimulation (not shown) indicating that the expres-
sion of Raclb interferes with rather than delays Racl activation.
These observations indicate that Raclb can interfere with Racl
activation. To ascertain that endogenous Raclb can similarly be
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involved in the suppression of Racl activation, Raclb expression
was silenced using an RNA interference (RNAi) approach. As
illustrated in Figure 1B, the level of Racl-GTP increased when
small hairpin RNA (shRNA) targeting Raclb (shRaclb) was
transfected into HeLa cells. Furthermore, when a Raclb plasmid
mutated at wobble codons within the shRNA-targeted region to
render it resistant to RNAi-mediated cleavage was expressed, the
suppression of Racl activation was restored. Thus, Raclb appears
to act as a negative regulator of Racl.

Raclb interferes with Racl localization in the plasma mem-
brane. We next sought to determine the mechanisms by which
Raclb might interfere with Racl activation. Because of its com-
promised GDI binding, Raclb has been shown to localize consti-
tutively to the plasma membrane.® This raises the possibility that
Raclb could interfere with the membrane recruitment of Racl.
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To test this idea, the membrane partitioning of Racl was assessed
in the presence or absence of Raclb. For these experiments, the
constitutively active form of Raclb, RaclbV12, was used to
minimize fluctuations in the levels of protein activity. Similar to
Raclb, RaclbV12 was found to attenuate PDGF-induced Racl
activation (Sup. Fig. 1). Serum-starved HeLa cells with or with-
out RaclbV12 expression were stimulated with PDGF and the
extent of Racl membrane association was determined by subcel-
lular fractionation and fluorescence microscopy. As illustrated in
Figure 2A and B, the PDGF-induced recruitment of endogenous
Racl to the membrane fraction was significantly reduced follow-
ing the expression of RaclbV12. To ascertain that the RaclbV12-
induced decrease in membrane-associated Racl reflects, at least
in part, the plasma-membrane pool of Racl, the subcellular
distribution of GFP-Racl was analyzed in PDGF-treated Hela
cells in the presence or absence of RaclbV12. In agreement with
the cell fractionation data, the abundance of Racl in the plasma
membrane was reduced upon the expression of RaclbV12 (Fig.
2B). Together, these results indicate that Raclb interferes with
the membrane targeting of Racl. This interpretation is further
supported by the observation that Raclb knockdown led to an
increase in PDGF-dependent membrane association of Racl
(Fig. 2C). Since the activity of Racl depends on its reversible
association with the plasma membrane, our findings indicate that
Raclb may inhibit Racl activation by limiting the availability of
Rac-targeting sites in the membrane.

Raclb perturbs the interplay between Racl and Rho. We and
others have shown that Racl activation leads to the downregula-
tion of Rho.5"" In view of the observed antagonistic relationship
between Racl and Raclb, Raclb expression would be predicted
to influence Rho activity. To test this prediction, we examined
Rho activity in cells coexpressing Rac1V12 and RaclbV12. We
utilized an inducible HeLa Tet-off cell line (HTO-RaclV12)
in which expression of RaclV12 can be induced by tetracycline
(Tet) removal from culture media.” RaclbV12 plasmid was
transfected into HTO-RaclV12 cells in the presence of Tet.
Twenty-four hours after transfection, Tet was removed. The level
of Rho activity was measured by Rho-pulldown assay in which
GTP-bound Rho is selectively isolated by using the Rho-binding
region of Rhotekin.?® As illustrated in Figure 3A, the ability of
RaclV12 to downregulate Rho was compromised in the presence
of RaclbV12. Of note, the slight increase in Rho activity detected
upon the expression RaclbV12 alone might reflect the interfer-
ence with endogenous Racl activity. Moreover, when Raclb lev-
els were silenced by shRaclb, there was a 70% loss in Rho activity
(Fig. 3B). Together, these results indicate that Raclb blocks the
Racl-induced downregulation of Rho.

Raclb phenotype is dependent upon the Rho pathway. The
balance between the activities of Rac and Rho plays a critical role
in dictating cytoskeletal dynamics.>*** Because Raclb induces
perturbations in the relative activities of Rac and Rho, we tested
whether its expression would alter these dynamics. As demon-
strated in Figure 4A-C, HeLa cells expressing RaclbV12 dis-
played distinct cytoskeletal-based phenotypes. In sparsely plated
cells, moderate levels of ectopically expressed RaclbV12 were
accompanied by the generation of actin-rich protrusions (Fig. 4B),
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whereas high levels of RaclbV12 expression were associated with
the induction of persistent membrane blebbing (Fig. 4C). Both
phenotypes were abolished upon attenuation of the Rho axis.
Specifically, RaclbV12-induced membrane protrusions were sig-
nificantly reduced in the presence of a dominant negative form
of Rho, RhoAN19 (Fig. 4E), and the induction of membrane
blebbing by RaclbV12 was blocked when cells were treated with
Y-27632, an inhibitor of Rho-associated-kinase (ROCK), a Rho
downstream effector (Fig. 4F). Taken together, these results are
consistent with our biochemical data showing that Raclb expres-
sion leads to a predominance of Rho activity which in turn alters
cytoskeletal reorganization and cellular phenotypes. Of note, the
expression of RaclbV12 was not accompanied by the induction of
stress fibers, a well established phenotype of activated Rho.? This

observation is not unprecedented*

and could possibly reflect
other downstream Raclb-mediated activities that interfere with
stress fiber formation. The identity of these pathways remain to
be established.

Raclb promotes an invasive phenotype of colon cancer cells.
Raclb has been shown to be upregulated in colon cancer both
at early and late stage of disease.® Additionally, activation of the
Rho-ROCK pathway is sufficient to promote invasion of colon
cancer cells.” Therefore, we examined the contribution of Raclb
expression to the invasive phenotype of colon cancer cells. We
have selected for this analysis HCT-116 cells because the expres-
sion of Raclb in these cells is low relative to other colon cancer
cell lines (Sup. Fig. 2). The cells were transfected with Rac1bV12
and subjected to a cell invasion assay utilizing a Matrigel-coated
Boyden chamber. As shown in Figure 5A and B, HCT-116
cells expressing RaclbV12 migrated approximately 2-fold faster
than control cells and this effect was negated in the presence of
RhoAN19. These results indicate that by preventing the down-
regulation of Rho, Raclb expression may enhance cell invasion.
Additionally, in light of studies documenting membrane bleb-
bing as a mode of cellular invasion promoted through ROCK,*
the capacity of Raclb to induce membrane blebs could also con-
tribute to the invasiveness of Raclb expressing cells.

Discussion

The Rho family of GTPases has been implicated in the promo-
tion of cancer through diverse mechanisms that include dys-
regulated proliferation, and enhanced migration and metastasis.
While typically not harboring genetic mutations, many members
of this family, such as Rho A, B, C, E, G, Rac 1, 2, 3 and Cdc42
have been found overexpressed or hyperactivated in a large
variety of tumors.””?® For example, RhoA expression has been
found to be upregulated in colorectal, liver and skin cancers.?!
Similarly, overexpression of Racl is observed in testicular, gas-
tric and breast cancers.’** The recently identified member of the
Rho family, Raclb, has been found to be elevated in breast” and
colon cancer,® but the functional significance of this molecular
event has not been fully elucidated. Here we demonstrate that
Raclb expression leads to the downregulation of Racl activity
and, as a consequence, the upregulation of Rho activity. We pro-
pose that the Raclb-dependent increase in Rho activity might
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Figure 2. Rac1b inhibits Rac1 membrane recruitment. (A) HeLa cells transfected with vector or HA-tagged Rac1bV12 were serum-starved and PDGF-
stimulated, then subjected to subcellular fractionation. Membrane-bound Rac1 and Rac1b were detected by immunoblotting (IB) with anti-Rac1

and anti-HA antibodies, respectively. Flotillin is a plasma membrane marker. Total Rac1 in whole cell lysates (WCL) was detected by IB with anti-Rac1
antibody. The levels of membrane-bound Rac1 were quantified by densitometry scanning and normalized to the levels of total Rac1. Quantification of
membrane-associated Rac1 immunblots from three independent experiments are also shown (right). Results are the mean + SD and are presented as
the fold increase in membrane bound Rac1 relative to unstimulated vector. (B) Serum starved Hela cells were co-microinjected with EGFP-Rac1 and
vector (-Rac1bV12) or Rac1bV12. After 3 hours, cells were stimulated with PDGF (30 ng/mL) for 10 min, fixed and analyzed by fluorescence microscopy.
Images shown represent a single 0.25 pum optical section. Plasma membrane localization is reflected by the relative increase in fluorescence intensity
at the cell periphery. The entire cell periphery was observed and cells were scored as positive if at least 50% of the membrane periphery contained
Rac1. The number of cells displaying plasma membrane localization of Rac1 is expressed as the percentage of the total number of cells expressing
GFP-Rac1. Results are the mean = SD of three independent experiments with at least 25 cells scored for each condition in each experiment. Scale

bar represents 20 um. (C) HeLa cells were transfected with pSuper constructs expressing scrambled shRNA (shControl) or shRNA targeting Rac1b
(shRac1b). Cells were selected with blasticidin for 3 days and membranes were isolated by subcellular partitioning. Immunoblotting and quantification
(right) were done as in (A). To detect Rac1 and Raclb in WCL, 3% and 15%, respectively, of each sample was taken prior to subcellular partitioning and
loaded on an SDS gel. Results are the mean + SD of three independent experiments and are presented as the fold increase in membrane bound Rac1
relative to unstimulated shControl.
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Figure 3. Raclb modulates Rac1-mediated Rho activity. (A) HeLa Tet-off cells (HTO-Rac1V12),"® were transfected with vector or Rac1bV12, as indicated,
in the presence of tetracycline (Tet). Twenty-four hours after transfection, Tet was removed. After 24 hr, GTP-bound Rho was isolated by the RBD pull-
down assay and detected by immunoblotting (IB) with anti-RhoA antibody. Total RhoA in whole cell lysates (WCL) was detected by IB with anti-RhoA
antibody. Expression of Rac1V12 and Rac1bV12 was detected with anti-Rac1 antibody. The levels of activated Rho were quantified by densitometry
scanning and normalized to the levels of total Rho. Quantification of active Rho immunoblots from three independent experiments are also shown
(right). Results are the mean + SD and are presented as the levels of active Rho relative to vector control. (B) HeLa cells were transfected with pSuper
constructs expressing scrambled shRNA (shControl) or shRNA targeting Rac1b (shRac1b). Cells were selected with blasticidin for 3 days and GTP-bound
Rho was isolated by the RBD pull-down assay. Immunoblotting (IB) and quantification (bottom) were done as in (A). Results are the mean + SD and are

presented as the levels of active Rho relative to shControl.

constitute an effector mechanism by which Raclb promotes
tumor cell invasion.

It is now well established that the antagonistic relationship
between members of the Rho GTPase family regulate the bio-
logical output of their mutual activities.”” In many cell types,
transient Rho downregulation is necessary for Rac-induced cell
motility and morphological changes.”" For example, in neuronal
cells, Tiaml-induced activation of Rac antagonizes Rho signal-
ing during neurite outgrowth,'® and we have previously demon-
strated that Racl-induced transient downregulation of Rho is
necessary for epithelial and fibroblast cell spreading and migra-
tion.” Reciprocally, it has been demonstrated that the activity of
Rho can antagonize Rac. For example, the Rho/ROCK pathway
phosphorylates and activates FilGAP, a Rac GAP, which results in
suppression of Rac activity, lamellipodia formation and cell spread-
ing.?! The findings described in this study introduce another level
of regulation of the interplay between Rac and Rho activities by
demonstrating that Raclb can antagonize the activation of Racl.

By and large, the membrane association of Racl is a prereq-
uisite for its activation. Similar to other members of the Rho
GTPase family, the C-terminus of Rac is modified by a gera-
nyl-geranyl moiety and a polybasic motif which target it to the
plasma membrane.* A growing body of evidence demonstrates
that Racl localization in the plasma membrane is compartmen-
talized. For example, Racl has been shown to interact prefer-
entially with cholesterol-enriched domains within the plasma
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membrane.*** Additionally, the pool of activated Rac molecules
appears to be confined to membrane areas that display high levels
3¢ Thus the productive recruitment of Racl
to the plasma membrane may be dependent on its interaction
with a specific set of predetermined binding sites. In the setting
of Raclb expression, the availability of these sites might become
limiting owing to the fact that Raclb does not bind Rho-GDI,
and therefore is constitutively bound to the plasma membrane.
Consistent with this idea, we have found that Raclb interferes
with both growth-factor induced Racl localization at the plasma
membrane and Racl downstream signaling. Thus, the antago-
nistic effect of Raclb on Racl could represent a novel dominant
interfering mechanism involving the competitive displacement of
Racl from the membrane.

ROCK activation has been implicated in a wide spectrum of
cellular processes that are linked to cancer invasion and metas-
tasis. ROCK stabilizes actin filaments and activates actomyosin
formation and contractility, and these activities are required for
cell migration through extracellular matrix.”? ROCK also causes
disruption of adherens junctions” and induces tumor cell dis-
semination and angiogenesis in vivo.”” Our data indicate that
Raclb may promote the activation of the Rho-ROCK axis which
in turn may contribute to the invasive behavior of Raclb express-
ing cells. This conclusion is supported by the observation that
Raclb induces a ROCK-dependent blebbing phenotype that

has been shown to endow the cell with the capability to invade

of integrin activation.
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Figure 4. Raclb modulates the dynamics of the actin cytoskeleton. (A-D) HelLa cells were
transfected with EGFP vector (A) or 0.5 g or 2 ng EGFP-tagged Rac1bV12 (B and C, respec-
tively) or 2 ug Rac1V12 (D) and stained for F-actin using rhodamine-phalloidin. Representative
images are shown. The boxed areas are enlarged at the right-hand-side of the corresponding
image. Scale bar represents 20 um. (E) HeLa cells were co-transfected with EGFP and either
vector, Rac1bV12 (0.5 pg), RhoAN19 (0.5 ng) or Rac1bV12 + RhoAN19. The graph shows the
number of cells with actin-rich protrusions as a percent of GFP-positive cells. Results are the
mean =+ SD of three independent experiments with at least 500 cells counted per condition. (F)
Hela cells were transfected with EGFP + vector or + Rac1bV12 (2 g) with or without Y-27632
(10 wM) treatment. The graph shows the number of cells with blebbing morphology as a per-
cent of GFP-positive cells. Results are the mean + SD of three independent experiments with at
least 500 cells counted per condition.

Rho/ROCK pathway might be functionally
linked to the acquisition of invasive proper-
ties during colon cancer progression.

In summary, our findings define a new
pathway leading to a gain in Rho function
through the expression of Raclb, which
in turn inhibits Racl-dependent down-
regulation of Rho. Given the accumulat-
ing evidence implicating Rho in tumor cell
migration and invasion, our findings suggest
that the status of Raclb expression in tumors
may constitute an important determinant of
their metastatic phenotype.

Materials and Methods

Constructs and antibodies. Constructs
encoding hemagglutinin (HA)-tagged Racl
and Racl G12V mutant (Rac1V12) were sub-
cloned into pCGN vector between the Xbal
and BamHI restriction sites from pCGT-
Racl and RaclV12 (generous gifts from Dr.
Linda Van Aelst). pCGN-Raclb construct
was generated by introduction of an annealed
oligonucleotide of the Raclb exon3b inser-
tion into pCGN-Racl construct. HA-tagged
RaclbV12 construct was generated by site-
directed PCR mutagenesis of pCGN-Raclb.
pEGFP-RaclbV12 construct was generated
by subcloning from pCGN-RaclbV12 into
the pEGFP-C3 (Clontech 6082-1) vector.
pCDNA3-RhoAN19 was kindly provided
by Dr. Alan Hall. All engineered constructs
were confirmed by sequencing. The target-
ing sequence for knockdown of Raclb and
scramble sequence were designed by Promega
siRNA Target designer for U6 Hairpin
Cloning System: Raclb, 5-GAA ACG TAC
GGT AAG GAT A; scramble, 5-GCA
GAG TAG ATA AGC TGA A. The Raclb
shRNA or scramble shRNA was ligated
into the pSUPER vector (a kind gift from
Dr. Guangwei Du) modified with insertion
of a blasticidin selective marker of pcDNA.
The Raclb wobble construct was generated
by introducing 5 nucleotide substitutions at
the wobble positions (underlined) 5-CAG
TTG GAG AGA CAT ATG GGA AAG
ATA TAA CCT CCC-3' and 5-GGG AGG
TTA TAT CTT TCC CAT ATG TCT
CTC CAA CTG-3' and was subcloned into
pCGN vector. The following antibodies

through extracellular matrix in an amoeboidal-like, proteolysis-  were used: anti-HA monoclonal antibody (12CA5), anti-Racl

independent style.?®

38 Furthermore, Raclb promotes the invasion  antibody (BD Biosciences, BD610650), anti-Flotillin-1 antibody

of colon cancer cells in a Rho-dependent manner. Since Raclb  (BD Transduction Lab, 610821), anti-RhoA antibody (Santa

is overexpressed in colon cancer, its capacity to enhance the Cruz, sc-418).
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Cell culture, transfection and A 3-D Matrigel Invasion

growth factor stimulation. Hela (HCT-116)
and HCT-116 cellswere cultured in 5

Dulbecco modified eagle medium
(DMEM, Invitrogen, 11965)
supplemented with 10% fetal
bovine serum (FBS) (Invitrogen,
10438). Inducible expression of
T7-tagged RaclV12 in the Hela
Tet-Off system (HTO-RaclV12)
has been previously reported in
reference  19. HTO-RaclV12
cells were cultured in DMEM
supplemented with 10% FBS
and tetracycline (1 ng/ml, MP
ICN10301105) to
repress protein expression. All
cells were cultured at 37°C in the
presence of humidified 5% CO,.
HTO-RaclV12 cells were trans-
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fected with CaPO, by standard

procedure. HCT-116 cells were
transfected using Lipofectamine
2000 (Invitrogen, 11668). Hela
cells  were transfected using
Fugene 6 (Roche, 11815075001).
For shRNA knockdown experi-
ments, 24 h after transfection,
cells were selected using 10 g/

Figure 5. Rac1b promotes Rho-induced invasion of HCT-116 cells. HCT-116 cells transfected with vector,
Rac1bV12 or Rac1bV12 + RhoAN19 were applied to the upper chamber of a matrigel-coated transwell with
DMEM containing 10% FBS in the lower chamber. Cells migrating through the filter were stained with
crystal violet. The stain was subsequently eluted and measured by spectrophotometry at OD 595. (A) Rep-
resentative images (10x) of the lower surface of the transwell filter are shown. (B) Invasion index represents
the light absorbance value relative to the control. Quantification of invaded cells from two independent
experiments is shown. Results are the mean + SD and are presented as the extent of invasion as measured
by eluted crystal violet relative to vector. (C) Expression of Rac1bV12 and RhoAN19 were detected by im-
munoblotting (IB) with anti-HA and anti-RhoA antibodies, respectively, in whole cell lysates (WCL).

ml blasticidin (Invitrogen, R210)
for 3 days. For PDGF stimula-
tion, 1 day after transfection, cells were serum starved for 18 h
then incubated with PDGF stimulation medium DMEM, 0.1%
bovine serum albumin (BSA, Sigma, A7906) containing recom-
binant human PDGF-BB (Fitzgerald Industries International
Inc., 30R-AP004) at 37°C for the indicated intervals.

Cell morphology assays. In brief, HeLa cells were seeded
to approximately 50% confluency, transfected 24 hr later with
pEGFP, pEGFP-RaclbV12 or pEGFP-RaclV12 using Fugene
6 reagent. Transfected cells were incubated for 24 hr prior to
fixation and staining for F-actin using rhodamine-phalloidin
(Molecular Probes, R415). Images were captured by fluorescence
microscopy. Alternatively, cells were co-transfected with pEGFP
and either pPCGN vector,pCGN-Rac1bV12, pCGN-RhoAN19 or
pCGN-RaclbV12 + pCGN-RhoAN19. Twenty-four hours after
transfection, the cells were fixed and stained as described above.
F-actin was observed using fluorescence microscopy. For Y-27632
treatment, cells were co-transfected with pEGFP + pCGN vec-
tor or + pCGN-RaclbV12. Twenty-four hours after transfection,
cells were treated with Y-27632 (10 uM, Calbiochem, 688000)
for 4 hr. Blebbing cells were scored using live imaging.

Rho activity assay. Preparation of the GST-fusion protein
containing the Rho-binding domain of Rhotekin (GST-RBD)
and Rho activity assay were performed as previously described in
reference 19. In brief, the GST-RBD fusion protein was purified
from bacterial cells in ice-cold buffer containing 10 mM Tris
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(pH 8, Fisher, BP152), 150 mM NaCl (Fisher, S640), 1 mM
EDTA (Fisher, S311) and 1 mM PMSEF (Pierce, 36978). The
cell suspension was incubated with lysozyme (100 pg/ml, Fisher,
BP535) for 15 min and 5 mM DTT (Invitrogen, 15508013),
1% Tween-20 (Fisher, BP337) and 0.03% SDS (Fisher, BP166)
were sequentially added. Cell lysates were clarified by centrifu-
gation and the GST-fusion protein was isolated by incubating
with glutathione sepharose beads (Pierce, 15160) for 5 min
while gently inverting at room temperature. For Rho activity
assay, equal numbers of Hela cells were lysed in ice-cold lysis
buffer (50 mM Tris, pH 7.2, 1% Triton X-100 (Sigma, x100),
0.5% sodium deoxycholate (Sigma, D6750), 0.1% SDS, 500
mM NaCl, 10 mM MgCl, (Fisher, M33), 10 ug/ml each of leu-
peptin (Calbiochem, 108975) and aprotinin (MP Biomedicals,
IC19115825) and 1 mM PMSF). The lysates were clarified by
centrifugation for 5 min at 14,000x g. Cell lysates were nor-
malized for the amount of protein and aliquots were taken to
analyze the protein amounts by immunoblotting. The lysates
were incubated with glutathione sepharose-conjugated GST-
fusion RBD protein for 1 h at 4°C. The proteins bound to the
sepharose-conjugated fusion protein were washed and eluted
with Laemmli buffer. The eluted Rho proteins were resolved
by SDS-PAGE and analyzed by immunoblotting using a mono-
clonal mouse anti-RhoA antibody. Densitometric analysis was
performed using NIH image version 1.61. Fold activation was

Small GTPases 95



calculated by normalizing each activated RhoA lane to the cor-
responding total RhoA lane and assigning a value of 1 to the
experimental control.

Rac activity assay. The GST-fusion protein containing the
p21 (Cdc42/Racl) binding domain of PAK (GST-PBD) was
purified from bacterial cells in ice-cold buffer containing 10 mM
Tris (pH 8), 150 mM NaCl, 1 mM EDTA and 1 mM PMSE.
The cell suspension was incubated with lysozyme (100 pg/ml)
for 15 min and 5 mM DTT, 1% Tween-20 and 0.03% SDS were
sequentially added. Cell lysates were clarified by centrifugation
and the GST-fusion protein was isolated by incubating with glu-
tathione sepharose beads for 5 min while gently inverting at room
temperature. The Rac activity assay was performed as previously
described in reference 39. In brief, HeLa cells were washed twice
with cold PBS supplemented with 1 mM MgCl, and 0.5 mM
CaCl, (Sigma, 223506) and lysed in lysis buffer [50 mM Tris, pH
7.4, 10 mM MgCl,, 1% Nonidet P-40 (US Biological, N3500),
10% glycerol (Fisher, G33), 100 mM NaCl, 0.5% sodium deoxy-
cholate, 10 mg/ml leupeptin, 1% aprotinin, 10 mg/ml pepstatin
(MP Biomedicals, IC19536805), 1 mM phenylmethanesulfonyl
fluoride, 10 mg/ml soybean trypsin inhibitor (MP Biomedicals,
IC10111325), 10 mM benzamidine (EMD Biosciences, 80057-
856)]. The lysates were clarified by centrifugation for 5 min at
14,000x g. Cell lysates were normalized for the amount of pro-
tein and aliquots were taken to analyze the protein amounts by
immunoblotting. Cell lysates were incubated with either GST
alone or GST-PBD (p21-binding domain) fusion protein-coupled
to Sepharose beads at 4°C for 30 min. The proteins bound to
the sepharose-conjugated fusion protein were washed and eluted
with Laemmli buffer. The eluted Racl proteins were resolved by
SDS-polyacrylamide gel electrophoresis (PAGE) and analyzed by
immunoblotting using a monoclonal mouse anti-Racl antibody.
Densitometric analysis was performed using NIH image version
1.61. Fold activation was calculated by normalizing each acti-
vated Racl lane to the corresponding total Racl lane and assign-
ing a value of 1 to the experimental control.

Cell fractionation assay. Hel.a cells were treated with ice-
cold hypotonic lysis buffer [20 mM HEPES pH 7.3 (Fisher,
AC21500), 2 mM EDTA, 5% glycerol, I mM PMSEF, 10 mg/ml
leupeptin, 1% aprotinin, 10 mg/ml pepstatin, 10 mg/ml soybean
trypsin inhibitor, 10 mM benzamidine, 10 mM sodium fluoride
(Fisher, $299) and 1 mM sodium orthovanadate (Sigma, S6508)]
on ice and dounce homogenized. Nuclei were pelleted by cen-
trifugation at 2,000 rpm for 10 min and the supernatant was col-
lected for ultracentrifugation. The supernatant was centrifuged
at 100,000 g at 4°C for 90 min, and the supernatant was saved as
a cytosolic fraction. The pellets (membrane fraction) were solu-
bilized and equal volumes of each sample was removed, added to
5x SDS buffer, resolved by SDS-PAGE and analyzed by immu-
noblotting. For WCL, the samples were taken prior to dounce
homogenization, combined with 5x SDS buffer and resolved by
SDS-PAGE. Densitometric analysis was performed using NIH
image version 1.61.

Fluorescence microscopy. Cells were fixed in 3.7% formalde-

hyde (Fisher, F79)/PBS for 1 h, permeabilized with 0.1% Triton
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X-100 for 3 min, and blocked with 1% bovine serum albu-
min (BSA)/PBS for 5 min. Rhodamine-conjugated phalloidin
(Molecular Probes, R415) was diluted in 1% BSA/PBS and incu-
bated for 1 h at 37°C in a humidified incubator. The coverslips
were mounted using Immu-mount (Thermo, 9990402) contain-
ing 0.04% p-phenylenediamine (Sigma, P6001). The cells were
photographed with a Zeiss Axiovert microscope.

Microinjection. For microinjection, HeLa cells were cul-
tured on gridded glass coverslips for 24 h then serum starved
18 h prior to injection. pEGFP-Racl combined with vector
(pCGN) or pCGN-RaclbV12 was prepared in microinjection
buffer.? Plasmids were expressed for 3 h prior to stimulation with
PDGEF-BB (30 ng/ml, Fitzgerald Industries International Inc.,)
for 10 min, then fixed and processed for indirect immunofluores-
cence to verify expression of RaclbV12.

Semi-quantitative PCR. Extraction of mRNA from total
RNA was performed with Oligotex columns (Qiagen, 74104),
according to the manufacturer’s instructions. The resulting
mRNA (2 pg) was reverse transcribed using oligo-dT primers
and then amplified with primers directed to the 5-untranslated
region of Racl (5“TTC CTA TCT CAG CGC CCT GCC) and
3'-in-frame insertion region of Raclb (5-CCC CGG GAG GTT
ATA TCC TTA) using 30 cycles of 94°C for 30 s, 55°C for 1
min, 72°C for 1 min.

Cell invasion assay. Matrigel (BD Biosciences, 354234) was
thawed at 4°C overnight and diluted (1:4) in serum-free DMEM.
15 wl of the suspension was evenly coated on a 6.5 mm tran-
swell membrane (8 wm pore size) of a Boyden chamber (BD
Biosciences, 354578) and allowed to solidify at 37°C for 16 h.
Two hours prior to use, 100 pl of DMEM was added to recon-
stitute the Matrigel barrier. Transfected HCT-116 cells were syn-
chronized in G by serum starvation for 20 h. 5 x 10° cells were
resuspended in 400 pl of serum free DMEM and then applied
to the upper chamber of the Matrigel-coated transwell filter.
DMEM containing 10% FBS was applied to the lower chamber
and the chamber was incubated for 36 h at 37°C in a humidified
atmosphere of 5% CO,. Subsequently, non-migrating cells that
remained on the upper surface of the filter were removed with
cotton wool; the cells that appeared on the lower surface of the
filter were fixed in 4% formaldehyde and then stained with crys-
tal violet (MP Biomedicals, ICN15251150). The crystal violet
was eluted with 10% acetic acid (Fisher, A38-212) and measured
by spectrophotometry at OD 595. In each experiment, for each
condition, triplicate transwells were analyzed.
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