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The Rho Family GTPase Rif
Induces Filopodia through mDia2

pletely blocked the induction of peripheral filopodia by
Cdc42 (Figure 1E) but not by Rif (Figures 1C and 1E).
Interestingly, expression of the WASP-CRIB domain
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School of Medical Sciences alone itself caused an induction of apical filopodia (Fig-

ure 1E). Rif-induced filopodia were also not affected byUniversity of Bristol
Bristol BS8 1TD expression of the SCAR-WA domain (Figure 1D), which

binds to and sequesters the Arp2/3 complex (see FigureUnited Kingdom
S1 in the Supplemental Data available with this article
online; [10]). These data together lead us to conclude
that Rif does not access the Cdc42/WASP/Arp2/3 path-Summary
way to stimulate filopodial protrusion.

In light of these results, we were interested to deter-Eukaryotic cells produce a variety of specialized actin-
rich surface protrusions. These include filopodia— mine if Rif utilizes the Diaphanous-related formin mDia2

to induce filopodia. Like the Arp2/3 complex, the Diaph-thin, highly dynamic projections that help cells to
sense their external environment [1]. Filopodia consist anous-related formins are capable of stimulating actin

polymerization; however, unlike Arp2/3, they do so fromof parallel filaments of actin, bundled by actin cross-
linking proteins. The filaments are oriented with their the “barbed” end of actin filaments and produce un-

branched, linear actin filaments in an Arp2/3-indepen-rapidly growing “barbed” ends at the protruding tip
and their slowly growing “pointed” ends at the base dent fashion [11–14]. It is therefore possible to imagine

a situation in which an appropriately targeted mDia2[2]. Extension occurs by polymerization at the tip [3]
and is controlled by regulation of filament capping [4]. activity could produce the parallel linear actin filaments

that form the body of filopodial projections. Indeed, re-The Rho GTPase Cdc42 is a key mediator of filopodia
formation, which it regulates through binding CRIB cent work by Alberts and colleagues has shown that

mDia2 binds to Cdc42 and that loss of mDia2 activitydomain-containing effectors [2]. Cdc42 binds and acti-
vates the WASP proteins, which in turn activate the significantly reduces the ability of Cdc42 to induce filo-

podia [15].actin-nucleating complex Arp2/3 [2]. It also binds and
activates IRSp53, which recruits the Ena/WASP family We used the yeast two-hybrid system to test whether

Rif is able to interact with mDia2. Wild-type Rif, as wellprotein Mena [5] to the filopodial tip and protects elon-
gating actin filaments from capping [4]. Previously, we as inactive Rif-TN and activated Rif-QL mutants, were

coexpressed with an mDia2 construct known to interactidentified another Rho family GTPase, Rif, as a potent
stimulator of filopodial protrusion through a mecha- with GTP bound RhoA [16]. This construct comprises

codons 47–800, encompassing the GTPase binding do-nism that does not require Cdc42 [6]. Here we charac-
terize the differences between filopodia induced by main (GBD) as well as the formin homology (FH) domains

FH3 and FH1, part of the FH2 domain, but not thethese two small GTPases and show that the Rif ef-
fector in this pathway is the Diaphanous-related for- C-terminal Dia-autoregulatory domain (DAD) (Figure 2B;

[17, 18]). Wild-type RhoA, RhoA-TN, and RhoA-QL allmin mDia2. Thus, Rif and Cdc42 represent two distinct
routes to the induction of filopodia—producing struc- bound mDia2 (Figure 2A). Surprisingly, despite the weak

similarity between Rif and RhoA [6], wild-type Rif, Rif-tures with both shared and unique properties.
TN, and Rif-QL also all interacted strongly with mDia2
in this assay (Figure 2A).Results and Discussion

The interaction between the GDP bound RhoA-TN
mutant and mDia2 was unexpected but does not contra-Both Rif and Cdc42 have been shown to induce filo-

podia; however, when they are compared in the same dict published work. The GTP-dependent interaction be-
tween RhoA and mDia2 was originally demonstratedsystem, clear differences emerge between the types of
with the isolated GBD domain (amino acids 47–257 [16]),filopodia produced.
and the interaction between RhoA-TN and longer mDia2The filopodial projections induced by Cdc42 are gen-
constructs was apparently never tested. Moreover, evi-erally short and often arise from the cell periphery (Figure
dence for interaction between GDP bound RhoA and1 and [7, 8]). Rif-induced filopodia are generally much
the Diaphanous-related formin mDia1 has been reportedlonger and also project from the apical surface of the
[11, 19]. Thus, in a yeast two-hybrid assay, Rif can inter-cell—the cells present a “hairy” phenotype (Figure 1 and
act with mDia2 in a similar fashion to RhoA.[6]). Rif-induced filopodia are not blocked by expression

The interaction between Rif and mDia2 was furtherof a dominant-negative mutant of Cdc42 [6]. We ex-
characterized in a series of mDia2 mutants. In the yeasttended these experiments to examine the effects of ex-
two-hybrid assay, wild-type Rif and Rif-QL, but not Rif-pression of the WASP CRIB domain, a construct that
TN, interact with the mDia2 GBD (amino acids 1–297),sequesters active Cdc42 [9]. Expression of the WASP
suggesting that, similar to RhoA [16], Rif interacts withCRIB (Cdc42/Rac interactive binding) domain com-
the mDia2 GBD in a nucleotide-dependent fashion (Fig-
ure 2B). Cdc42 interacts with mDia2 through a CRIB-*Correspondence: h.mellor@bristol.ac.uk (H.M.); s.pellegrin@bristol.

ac.uk (S.P.) like motif within the GBD, and mutation of a critical
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Figure 1. Rif Induces Filopodia Independently
from the Cdc42/WASP/Arp2/3 Pathway

HeLa cells were transfected with (A) active
Rif-QL (green) or (B) active Cdc42-QL (green)
and costained with DAPI to show the nuclei
(blue). The panels show projections of confo-
cal xy sections, and a single xz slice through
the broadest part of each cell. Both small
GTPases induced numerous long filopodia;
however, these project more prominently
from the apical surface with Rif than with
Cdc42. (C) Cells cotransfected with Rif-QL
(green) and the WASP CRIB domain (red). (D)
Cells cotransfected with Rif-QL (green) and
the SCAR-WA domain (red). Scale bars repre-
sent 10 �m.
(E) Quantification of filopodial induction and
distribution. Rif induced both peripheral and
apical filopodia, whereas Cdc42 only signifi-
cantly induced peripheral filopodia. Expres-
sion of the WASP-CRIB domain on its own
induced apical filopodia. This construct inhib-
ited the induction of peripheral filopodia by
Cdc42 but not by Rif. Expression of the
SCAR-WA domain had no effect on Rif-
induced filopodia, although it blocked Rac
induction of lamellipodia as expected (Figure
S1). Data are the mean � SD of n � 20 cells
in each case.

residue in this motif (H160) prevents this interaction [15]. tagged wild-type Rif, HA-Rif-TN, or HA-Rif-QL. Full-
length mDia2 failed to coprecipitate with immunoprecip-This mutation did not affect the interaction between

Rif and the mDia2 GBD (Figure 2B), in agreement with itated Rif (Figure 2C), and we also failed to see an inter-
action between mDia2 and active RhoA by this methodprevious evidence that Rif is not capable of binding

CRIB motifs [6]. Finally, Rif does not interact with an (data not shown). mDia2 makes a strong autoinhibitory
interaction between its GBD and its C-terminal DADmDia2 mutant lacking the GBD (amino acids 297–1171;

Figure 2B). Taken together, these data suggest that Rif domain [16], and disruption of this interaction in vitro
requires the addition of a 20-fold molar excess of activemakes a GTP-dependent interaction with the isolated

mDia2 GBD. The inactive Rif-TN construct does not in- RhoA [17]. We therefore generated an mDia2 deletion
mutant lacking the C-terminal DAD (mDia2 �DAD; aminoteract with the mDia2 GBD domain (amino acids 1–297),

nor with the mDia2 �GBD construct (amino acids 297– acids 1–1130) and tested the ability of Rif to interact
with this truncated protein. As shown in Figure 2D, Rif1171), but it does interact with mDia2 (amino acids 47–

800). The reasons for this are unclear; one possibility is coimmunoprecipitates with mDia2 �DAD. This interac-
tion is independent of the nucleotide status of Rif, inthat a second nucleotide-independent binding site is

present in mDia2 and that this binding site is disrupted agreement with the data from the yeast two-hybrid inter-
action assays. We conclude that the interaction betweenwhen the GBD domain is isolated from the rest of the

mDia2 protein. Rif and mDia2 is strongly competed by the auto-inhibi-
tory DAD domain to the extent that this interaction inIn order to confirm the interaction between Rif and

mDia2, we used an immunoprecipitation-based assay. not stable under conditions of extraction and immuno-
precipitation.Cos-7 cells were electroporated to introduce expression

vectors encoding Myc-tagged mDia2 together with HA- To test the potential involvement of mDia2 in Rif-
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induced filopodia, we carried out cotransfection studies
in NIH 3T3 cells, which do not express detectable levels
of endogenous mDia2 but which do express mDia1 [20].
Expression of active Rif in these cells did not lead to
significant filopodia formation; instead, Rif was concen-
trated to points of focused staining at the apical surface
(Figure 3B). When expressed on its own, full-length
mDia2 was cytoplasmic and had no significant effect
on actin morphology (Figure 3A); however, when active
Rif and mDia2 were coexpressed, mDia2 was translo-
cated to the plasma membrane, and the full Rif filopodial
phenotype was produced (Figure 3C). In HeLa cells,
expression of a dominant-negative mDia2 mutant [15]
blocked induction of filopodia by active Rif (Figure S2).
We conclude that mDia2 is required for Rif induction of
filopodia.

When Rif-QL and full-length mDia2 were coexpressed
in NIH 3T3 cells, an enrichment of mDia2 at the tip of
filopodia was clearly visible in some cells (Figures 3C
and 3D). In other cells, both proteins were evenly distrib-
uted along the length of the protrusions (Figure 3E).
Localization correlated broadly with expression level;
mDia2 was concentrated at the filopodia tip in low-
expressing cells and delocalized along the filopodia in
high expressers (data not shown). Localization of mDia2
at filopodia tips has been observed previously [15] and
correlates well with a model in which mDia2 binds to
the “barbed” ends of actin filaments and functions as
a high-affinity but partial, or “leaky,” cap [21]. Although
the inactive Rif-TN mutant bound to mDia2 equally well
as the activated Rif-QL (Figure 2), it did not stimulate
filopodial protrusion (Figure 3F). We conclude that Rif
exhibits nucleotide-independent binding to mDia2 but
that full activation of mDia2 requires GTP-Rif.

Finally, we compared the effects of Rif/mDia2 with
those of Cdc42/mDia2. In agreement with previous stud-
ies [15], mDia2 was seen at the tips of Cdc42-induced
filopodia (Figures 3G and S3), but coexpression of an
activated Cdc42 mutant with mDia2 did not potentiate
filopodia formation (Figure 3G). Furthermore, mutation
of the Cdc42 binding site in mDia2 did not affect Rif/Figure 2. Rif Interacts with mDia2
mDia2-induced filopodia (Figure 3H). The filopodia ob-

(A) Interaction of RhoA and Rif with mDia2 was measured with a
served with activated Cdc42 were markedly different toyeast two-hybrid assay by growth on Trp/Leu/His/Ade-deficient me-
those induced by Rif—they were short and confined todium. Plasmids encoding constitutively GDP bound (TN), wild-type

(WT), or constitutively GTP bound (QL) Rif or RhoA fused to the the periphery of the cell (compare Figures 3G and 3E).
Gal4-DNA binding domain (BD) were transfected into AH109 yeast Hence, under equivalent cellular conditions, and in the
cells together with mDia2 fused to the Gal4 activation domain (AD). presence of mDia2, Rif and Cdc42 produce morphologi-
The mDia2 construct comprises codons 47–800, as shown by the cally distinct filopodial projections.
bars drawn above the diagrammatic representations of mDia2 do-

We have identified mDia2 as the first downstreammains (B). Duplicate colonies are shown for each combination. The
effector of the Rif GTPase and shown that it is requiredinteraction between Rif-TN, Rif-WT and Rif-QL and various mDia2

mutations and truncations was also determined. The mDia2 con- for Rif induction of filopodia. We cannot preclude the
structs are mDia2 (amino acids 47–800), mDia2 GBD (amino acids possibility that other cellular activities also contribute
1–297), mDia2 GBD H160D, whose CRIB motif has been disrupted by to this process—by analogy with the multiple actions of
the H160D substitution, and mDia2 �GBD (amino acids 297–1171). Cdc42, this would seem highly likely. The mechanisms
Duplicate colonies are shown for each combination.

by which filopodia form are still only partially resolved.(B) mDia2 domains include the N-terminal GTPase binding domain
Svitkina and colleagues have proposed a model for the(GBD), the formin homology (FH) domains FH3, FH1, and FH2, and

the C-terminal Dia-autoregulatory domain (DAD).
(C) Myc-tagged full-length mDia2 was expressed in Cos-7 cells to-
gether either with empty pcDNA3 vector or with HA-tagged Rif-TN,
Rif-WT, or Rif-QL. Samples of cell lysates were taken to confirm expressed in Cos7 cells together with Rif mutants as above. Sam-
expression of the various proteins (left panels). Rif was immunopre- ples of cell lysates were taken to confirm expression of the various
cipitated with immobilized anti-HA antibody, and coprecipitating proteins (left panels). Rif was immunoprecipitated with immobilized
mDia2 was detected by Western blotting (right panels). No interac- anti-HA antibody, and coprecipitating mDia2 was detected by West-
tion could be detected between Rif and full-length mDia2. ern blotting (right panels). The truncated mDia2 �DAD coprecipi-
(D) Myc-tagged mDia2 truncated to remove its DAD domain was tated with all three Rif constructs, including the GDP bound Rif-TN.
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Figure 3. mDia2 Is Required for the Formation Rif-Induced Filopodia

The Figure shows NIH 3T3 cells transfected with the following constructs and then immunostained with the appropriate antibodies:
(A) Full-length mDia2 (green), costained for F-actin (red).
(B) Rif-QL (green), costained for F-actin (red).
(C, D, and E) Rif-QL (green) and full-length mDia2 (red). (D) is a 2.5� magnified section of (C) showing the concentration of mDia2 to filopodia
tips seen in cells expressing a low concentration of mDia2. In cells with higher levels of mDia2 (E), Rif and mDia2 were evenly dispersed along
the filopodia. Coexpression of active Rif-QL with mDia2 lead to induction of numerous long filopodia in 82% of cells; compared to 32% with
Rif-QL alone and 0% with mDia2 alone (n � 30).
(F) Rif-TN (green) and full-length mDia2 (red).
(G) The constitutively active Cdc42-QL mutant (green) and full-length mDia2 (red).
(H) Rif-QL (green) and mDia2 H160D (red).
The scale bars represent 10 �m.

initiation of the short filopodia, or “microspikes,” that activities—the activities of actin crosslinking proteins,
as well as some mechanism to anchor the nascent fila-arise from lamellipodia at the periphery of the cell [22].

In this model, filaments within the dendritic array of ments into the subplasmalemmal actin cytoskeleton.
The key point is that pathways controlled by Rif andlamellipodial actin coalesce to form a cone-shaped initi-

ation structure. This is followed by binding of proteins Cdc42 produce different kinds of filopodial protrusions.
Cells produce a wide range of specialized filopodia andsuch as VASP to the barbed ends of these filaments to

protect them from capping and allow elongation. Fila- filopodia-like protrusions, from the apical microvilli of
absorptive epithelial cells to the highly ordered stere-ment bundling would then occur through recruitment of

the actin crosslinking protein Fascin [22]. In this model, ocilia of cochlear hair cells. With each of these struc-
tures, the modification of a basic form adapts them tothe Arp2/3 complex would play an initiating role in filo-

podia formation because it would be required for pro- a specific biological function. The differences between
Rif and Cdc42 show how such specializations mightduction of the dendritic actin array from which these

structures arise. be controlled. By relating these signaling pathways to
These experimental observations on microspike for- biological functions, we can begin to categorize and

mation seem to relate better to filopodia induced by dissect this family of protrusive structures.
Cdc42 than to those induced by Rif. Rif-induced filo-
podia do not preferentially arise from lamellipodia and

Experimental Proceduresare generally associated with the apical cell surface.
This would explain their independence from Arp2/3 and Constructs and Antibodies
suggests that an alternative initiation event is required. The polyclonal anti-Rif antibody has been described [6]. Mouse
The ability of membrane-associated formins such as monoclonal antibodies to the Myc epitope (9E10), HA epitope

(HA11), and goat polyclonal anti-Cdc42 antibodies were from SantamDia2 to elongate parallel actin filaments from the
Cruz, BAbCO, and Santa Cruz, respectively. Cy2-, Cy3-, and Cy5-barbed end [11–14] suggests one way in which this could
conjugated secondary antibodies were from Jackson Laboratories.happen. In this respect, it is particularly intriguing to see
Mammalian expression vectors encoding the SCAR-WA domain,the concentration of mDia2 to the tips of Rif-induced
the WASP CRIB domain, and mDia2 were from Laura Machesky,

filopodia. One would imagine that conversion of mDia2- Kate Nobes, and Art Alberts, respectively. Yeast two-hybrid vectors
induced actin filaments into filopodia (as opposed to, encoding mDia2 were from Erik Sahai; RhoA vectors were from

Pontus Aspenstrom. All other constructs were generated by stan-for example, actin stress fibers) would require additional
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dard methods. A full list of constructs is included in the Supplemen- actin filament capping regulates fibroblast motility. Cell 109,
509–521.tal Data.
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