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Growth factor stimulations induce dynamic changes in
the cytoskeleton beneath the plasma membrane. Among
them is the formation of membrane ruffles organized in
a circular array, called ‘circular dorsal ruffles’ (CDRs).
Physiological functions of CDRs include downregula-
tion of cell growth by desensitizing the signalling
from growth factor receptors as well as rearrangement
of adhesion sites at the onset of cell migration. For the
formation of CDRs, not only the activators of actin
polymerization, such as N-WASP and the Arp2/
3-complex, but also membrane deforming proteins
with BAR/F-BAR domains are necessary. Small
GTPases are also involved in the formation of CDRs
by controlling intracellular trafficking through endo-
somes. Moreover, recent analyses of another circular
cytoskeletal structure, podosome rosettes, have revealed
common molecular features shared with CDRs. Among
them, the roles of PI3-kinase and phosphoinositide
5-phosphatase may hold the key to the induction of
these circular structures.
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slit-robo GAP.

The cellular membrane is composed of a myriad
number of lipid molecules. Building a robust limiting
barrier that separates the cell’s outer and inner spaces,
the lipid bi-layer is a highly flexible, fluid-like structure

in which transmembrane as well as lipid-anchored pro-
teins are embedded. A very close look at the surface of
the plasma membrane reveals its ‘highly bumped’
structure. Analysis using a scanning electron micro-
scope has shown that the cell extends membranous
protrusions with various shapes: some are spiky,
others are spread flatly and some others turn inward
with wrinkled rims. Such local shapes of the
plasma membrane are respectively called filopodia,
lamellipodia and membrane ruffles (/). For the induc-
tion of these dynamic changes in membrane morph-
ology, mechanical forces must be applied by the actin
cytoskeleton. A wide range of extracellular stimuli is
known to trigger polymerization and depolymerization
cycles of actin filaments beneath the plasma mem-
brane. The mechanism involves various signalling mol-
ecules, including N-WASP and WAVE, which activate
the actin nucleation promoting factor Arp2/3 complex
(2); Linll, Isl-1 and Mec-3 kinase, which regulates
actin polymerization through phosphorylation of cofi-
lin (3) and Rho-mediated signalling, which promotes
myosin-dependent contraction of the actin cytoskel-
eton (4).

Recent findings have shown that in certain groups of
cells, stimulation by growth factors can induce a
unique membrane structure driven by actin polymer-
ization at the dorsal side of the plasma membrane. The
most notable feature of this structure is its circular
arrangement called the circular dorsal ruffles (CDRs)
(5, 6). Clearly distinct from membrane ruffles that
form at the cell periphery, CDRs appear as an ‘actin
ring’ induced in the central area of the dorsal plasma
membrane of fibroblasts (7, §). Its movement seems
highly organized, because the ruffled edges of the
membrane are observed to constrict towards its centre
in a coordinated manner, during which its circular
shape is maintained (9, /0). Among many discussions
concerning the physiological functions, bulk internal-
ization of transmembrane proteins, together with their
associated extracellular materials, is one of the most
important roles of this dynamic membrane structure.

In this review, we will overview the molecular mech-
anism of CDR formation. The physiological function
of CDRs has been enigmatic since long, but recent
findings revealed its necessary roles in cell migration.
The PI 3-kinase (PI3K) signalling pathway, including
lipid phosphatases, has been recognized as a key
regulator for the circular array of CDRs. We will
also discuss another structure with circular mem-
brane—cytoskeleton interfaces, called ‘podosome ros-
ettes’. Although podosome rosettes are membrane
protrusions formed at the ventral side of the plasma
membrane (thus called invadopodia in cancer cells),
they also share a number of factors in common
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with CDRs. By comparing the signalling pathways
that regulate the formation of these two structures,
we attempt to extract a common mechanism underpin-
ning the induction and maintenance of the circular
array of the actin-based membrane structures.

Physiological Functions of CDRs

It has long been recognized that cells develop ‘mem-
brane ruffles’ in response to stimulations with growth
factors; membrane ruffles are small fin-shaped mem-
brane regions with rims that curl up and then move
centripetally. Membrane ruffles are divided into two
categories according to their location within the cell:
one is the ‘peripheral ruffle’, which forms at the cell
edge, whereas the other is called the ‘dorsal ruffle’,
which emerges at the dorsal side of the plasma mem-
brane. The latter type of membrane ruffles are further
divided into two groups, straight dorsal ruffles and
CDRs. CDRs are typically ring-shaped, F-actin-rich
structures found at the dorsal plasma membrane of
cells treated with various growth factors (Fig. 1A).
About 5—10min after stimulation by growth factors,
numerous short actin filaments, which are recognized
as phase-dense dots under the light microscope, start
to coalesce into a circular array with diameters of
~10 £ 5pum (Fig. 1B) (10, 11). When observed by scan-
ning electron microscopy, each unit of the short actin
filament can be recognized as small bumps emanating
from the dorsal plasma membrane (5, /2). Each of
these short actin dots then become bundled filaments
that are subsequently assembled into a mature actin
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ring of the CDRs. At the later stages of CDR forma-
tion, the edges of the circular actin ring are gradually
constricted to enclose its inner membrane arca (Fig.
1B), wherein certain transmembrane receptors as well
as their associated molecules are sequestered and then
internalized into the cytosolic space.

CDR formation has scarcely been observed in cancer
cell lines (6) but has been reported in relatively naive cell
lines such as mouse embryonic fibroblast (MEF) (7, 13),
Swiss3T3 (/4), NIH3T3 (5, 10, 15), glia (12), human
foreskin fibroblasts (8, 16), porcine aortic endothelial
[wWhen expressing exogenous platelet-derived growth
factor receptor (PDGFR)] (/7—19) and non-responder
variant 6 (NR6) fibroblasts expressing wild-type human
EGF (epidermal growth factor) receptor (EGFR) (20).
Conditions that trigger CDR formation are stimulation
by growth factors, including platelet-derived growth
factor (PDGF) (8, 12), hepatocyte growth factor (21),
EGF(20), as well as treatment with agents like 12-O-
tetradecanoylphorbol-13-acetate that modify intracel-
lular signalling pathways (22). Among these conditions,
PDGEF stimulation is the best characterized in the study
of CDR formation. It has been shown that activation of
the PDGF B-receptor (PDGFRJ), and not PDGFRa,
efficiently induces CDRs (17, 19). The kinase insert
domain of PDGFRf} has been observed to be important
for this activation (/8) but the exact mechanism for
how this region is involved in the formation of CDRs
remains unknown.

As briefly mentioned above, the main function of
CDRs is thought to be the ‘bulk’ endocytosis of
membrane-associated proteins. An excellent study by

+PDGF

5 min 30 sec

Fig. 1 CDR formation in response to growth factor stimulation. (A) CDR formation in NIH3T3 cells before (left panel) or after (right panel)
PDGF stimulation. F-actin staining with rhodamine-phalloidin is shown. Bar, 10 um. (B) Time-lapse images of actin cytoskeleton during CDR
formation probed by Lifeact-mCherry transfected in NIH3T3 cells. Arrowheads indicate precursor and matured dorsal ruffles. Bar, 10 pm.
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Orth et al. (20) first proposed that CDR is an import-
ant platform for sequestration and internalization of
ligand-bound EGFR. Based on the comparison
between NR6 cells (which form CDRs) and Hela
cells (which do not form CDRs), a clear discrepancy
was observed: EGF internalization in NR6 cells is in-
dependent of clathrin but requires PI3K activity,
whereas the opposite is true in the HeLa cells.
Furthermore, it was also shown that CDR formation
correlates well with the ability of EGF/EGFR endo-
cytosis, and that the receptor—ligand complex was
observed to be sequestered at the edges of the CDR
ring in the NRG6 cells (20). Welliver et al. (23) recently
reported that the lateral diffusion of membrane-
anchored proteins is limited within circular ruffles in
macrophages stimulated by the macrophage colony
stimulating factor. Although this study focuses on a
sort of peripheral ruffle that curls up to form a rela-
tively small circular macropinocytic cup (thus distinct
from the CDR discussed here), the presence of a strong
diffusion barrier at the edge of the circular ruffles
could explain how the receptor molecules are trapped
inside the CDR to be encapsulated within the endocy-
tic vesicles.

Another important aspect of CDR is its involvement
in cell migration. In resting cells, mature focal adhe-
sions are interconnected with actin stress fibers for a
strong attachment of the cell onto the substratum.
Once stimulated by growth factors such as PDGF,
cells need to disassemble these cytoskeletal structures
to be transformed from the ‘static’ to the ‘motile’ state.
It has been observed that stress fibres tend to decrease
within the CDR rings formed in response to PDGF
stimulation (5, /7). In addition, a lamellipodial
plasma membrane extension was specifically induced
in the area where the CDR was present. Although
the exact mechanism for how the stress fibres are dis-
assembled within the CDR remains unknown, a recent
study on integrin trafficking could provide a clue to
this observation. It was found that integrin B3-GFP
accumulated at the edges of CDRs upon PDGF stimu-
lation, and then internalized into endocytic compart-
ments in a manner dependent on CDR formation, but
not on clathrin-mediated endocytosis (9). The interna-
lized integrin then passes through recycling endo-
somes, and is eventually transcytosed to the ventral
side of the plasma membrane to create new adhesion
sites. Such dynamic rearrangement of integrin mol-
ecules through their bulk endocytosis mediated by
CDRs plays a pivotal role in the transition from the
static to the motile state at the onset of cell migration.
Interestingly, integrin Bl and its downstream kinase,
integrin-linked-kinase, were shown to be required for
PDGF-induced CDR formation (24, 25), indicating
the existence of not only passive, but also active roles
of integrin signalling in CDR formation.

Molecular Mechanism of CDR Formation

Two major characteristics of CDRs, responsiveness to
extracellular stimulation and highly organized morph-
ology, require a variety of molecules for the regulation
and construction of this actin-based structure. These
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include various kinds of signalling proteins such as
protein kinases, small GTPases, adaptors and regula-
tors of actin polymerization.

Regulators of actin polymerization

The treatment of cells with inhibitors of actin polymer-
ization, such as cytochalasin D or latrunculin A, in-
hibits the formation of CDR structures (26, 27).
Central to the actin polymerization at the CDR ring
is the N-WASP-mediated activation of the Arp2/3
complex. N-WASP has been shown to localize at the
rim of the CDR ring (71, 28), and N-WASP —/— as
well as WIP —/— (an N-WASP-associated protein)
MEFs exhibit almost no CDRs upon PDGF stimula-
tion, unlike that observed in the wild-type MEFs that
efficiently induce many CDRs (28, 29). Cortactin, an-
other activator of the Arp2/3 complex, has also been
reported to be necessary for CDR formation (77, 30).
Involvement of the WASP family verprolin-
homologous proteins (WAVESs), another major group
of Arp2/3-activator proteins, in CDR formation has
been controversial (/3, 29). Not only actin polymeriza-
tion, but also proteins associated with the actin cyto-
skeleton are important for CDR formation. For
example, mammalian actin-binding protein 1 was
demonstrated to localize at, as well as required for
the formation of, CDRs (30). As for the adaptor pro-
teins, Nck, in complex with a scaffolding protein
Gabl, has been demonstrated to trigger the activation
of N-WASP, resulting in local actin polymerization for
CDR formation (31, 32). These studies support the
involvement of activators and modulators of Arp2/
3-dependent actin polymerization in the formation of
CDRs.

Membrane-binding proteins

As described above, CDRs are morphologically com-
posed of deep membrane invaginations as well as pro-
trusions. Consistently, dynamin 2 (Dyn2), a large
GTPase involved in membrane invagination and scis-
sion (33), is also observed to localize at CDRs (/1).
Overexpression of Dyn2 strongly induces the forma-
tion of CDRs (our unpublished observation), whereas
a dominant-negative form of Dyn2 (K44A) inhibits
PDGF-stimulated  macropinocytosis (11,  34).
Furthermore, the depletion of Dyn2 results in the in-
hibition of CDR formation (35). Despite these find-
ings, it is still unclear how its GTPase activity is
involved in the formation of CDRs. To understand
this, numerous Dyn2-binding proteins, most of them
containing SH3 domains that recognize the proline-
rich domain of dynamin may be the key. It is of
particular note that a group of such Dyn2-binding pro-
teins have Bin-Amphiphysin-Rvs (BAR) and Fer-CIP4
homology-BAR (F-BAR) domains, functional mod-
ules that are directly involved in membrane deform-
ation (36—38). These domains have abilities to bind
membrane lipids and to deform the plasma membrane.
Sorting nexin 9 (SNX9), which contains a BAR
domain at its C-terminus and associates with
N-WASP, has been shown to be critical for CDR for-
mation (27). SNX9 stimulates N-WASP- and Arp2/
3-mediated actin polymerization by binding to

23



T. Itoh and J. Hasegawa

PI(3,4)P,

Fig. 2 Models of CDR formation based on the phosphoinositide con-
version from PI(3,4,5)P; to PI(3,4)P,. (A) Upon stimulation with
growth factors, PI3K is activated and produce PI(3,4,5)P5-rich area
on the plasma membrane (blue). SH3YLI1 is then recruited to the
membrane via its SYLF domain that recognizes PI(3,4,5)P;.
SH3YLI simultaneously makes complex with a phosphoinositide
S-phosphatase SHIP2, resulting in a formation of PI(3,4)P,-enriched
area (red) by dephosphorylation of PI(3,4,5)P;. Downstream target
of PI(3,4)P,, such as Tappl, is thought to be involved in actin
polymerization. (B) ARAPI, which contains PH domains that col-
lectively bind to PI(3,4,5)P5, is recruited to the plasma membrane
and it then keeps Arfl/5 in a GDP-bound state (blue). When the
phosphoinositide conversion from PI(3,4,5)P3 to PI(3,4)P2 takes
place, ARAPI detaches from the plasma membrane, allowing the
activation of Arf1/5 into its GTP-bound form (red).

PI(4,5)P, at the plasma membrane. In addition,
expression of the BAR domain-containing protein
Tuba stimulates CDR formation, whereas its knock-
down inhibits CDR formation (39). Conversely, an
Inverse BAR (I-BAR) domain-containing MIM/
IRSpS53, which induces membrane protrusion was
also reported to localize at CDRs. These studies sug-
gest that membrane-deforming proteins play import-
ant roles in CDR formation.

Recently, our group demonstrated that a new SH3
domain-containing protein, SH3YLI, is localized at, as
well as is essential for the formation of, CDRs in
PDGF-stimulated NIH3T3 cells (/5). This protein
has an evolutionarily conserved domain module in its
N-terminal region that we named the ‘SYLF’ domain,
which binds to several D5-phosphorylated phosphoi-
nositides [most strongly to PI(3,4,5)Ps]. Furthermore,
the SH3 domain of SH3YLI interacts with SHIP2, a
PI(3,4,5)P; 5-phosphatase and depletion of these pro-
teins suppresses CDR formation. Our model of roles
for the phosphoinositide conversion mediated by the
SH3YL1-SHIP2 complex in CDR formation is
depicted in Fig. 2A.

Protein kinases and small GTPases

Signalling pathways involved in the regulation of
actin polymerization for the formation of CDRs also
include various protein kinases and small GTPases.
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P21-activated kinase 1 (Pakl) has been demonstrated
to localize at CDRs with F-actin after PDGF stimula-
tion (/4). In addition, the expression of the dominant
active form of Pak1 stimulates the formation of CDRs
and macropinocytosis (40). Furthermore, Pakl inter-
acts with the Arp2/3 complex (4/) and PI3K (42), the
activities of which are essential for CDR formation,
suggesting that Pakl is a key player that functions
upstream of actin assembly.

On the other hand, expression of guanosine dipho-
sphate (GDP)-bound dominant negative forms of Ras,
Rac and Rab5 inhibit the induction of CDRs by
growth factor stimulation (7, 43). Interestingly, it was
also shown that Rab5-mediated endocytosis is required
for the activation of Rac at early endosomes to induce
CDR formation (44). Consistent with that report, we
found that CDR formation is blocked by the overex-
pression of the Hrs FYVE domain, which masks
PI(3)P on early endosomes (/5). These studies indicate
that the endocytic pathway through the early endo-
somes, mediated by small GTPases, is required for
the induction of CDR formation.

Some GTPase activating protein (GAP) molecules
for adenosine diphosphate (ADP)-ribosylaton factors
(Arfs), such as ASAPI [Arf GAP domain, SH3
domain, ankyrin repeat and pleckstrin homology
(PH) domain] and ACAPI1/2 (Arf GAP domain,
coiled-coil, ankyrin repeat and PH domain 1/2) are
localized at CDRs. It has also been shown that over-
expression of those Arf GAPs strongly inhibits CDR
formation (45, 46). Recently, we found that ARAPI1
(Arf GAP with Rho GAP domain, ankyrin repeat and
PH domain 1) regulates the ‘ring size’ of the CDRs in a
manner dependent on its Arf GAP activity (/0).
Furthermore, expression of dominant negative
mutants of Arfl and Arf5, the substrates of ARAPI,
induces the formation of larger CDRs. Together with
the fact that the PH domains of ARAPI collectively
recognize PI(3,4,5)P5 at the plasma membrane (/0), we
propose a model of CDR size control by ARAPI-
Arf1/5 under the control of phosphoinositide conver-
sion from PI(3,4,5)P; to PI(3.4)P, (Fig. 2B).

Mathematical Models

The shape and the dynamics of CDRs as circular
waves that propagate and then constrict have also
been attracting researchers in the field of mathematical
as well as theoretical biology. By the use of polydi-
methylsiloxane substrates with varying elasticity, it
was found that the lifetimes, but not the sizes, of
CDRs were extended as the substrate stiffness
increased (47). This observation was explained by a
mathematical model that conceives of an efficient
replenishment of G-actin for CDR formation, which
is accomplished by the destruction of well-developed
stress fibres initially present in resting cells on the rigid
substrate (47). The same study also predicts a key role
for GAPs bound to WAVE, a Rac-dependent activator
for Arp2/3. Such molecules, exemplified by the F-BAR
domain-containing slit-robo GAPs (stGAPs) (48),
could be recruited to the membrane in response to
PDGF stimulation, and then form a belt of



‘suppressing zone’ for Rac activity, resulting in a spike
of Rac-dependent actin polymerization that corres-
ponds to the edge of the CDR (47).

Based on the fact that both convex and concave
types of membrane curvature-sensing/generating
proteins, MIM/IRSp53 and Tuba, have been found
to be localized at CDRs (28, 39, 49), the roles of
such curvature sensors/generators in CDR formation
have also been discussed. A mathematical simulation,
which conceives of involvement of activators of actin
polymerization with convex or concave surfaces for
their membrane binding, actually reproduced the for-
mation of periodic membrane undulations (waves)
(49). The model also predicted that a threshold value
of the level of actin polymerization should exist to trig-
ger this wave formation. Such properties seem consist-
ent with the characteristics of real CDRs, the
formation of which is induced only in response to
extracellular stimuli. A problem unsolved by this
study is that the simulation could have derived
repeated wave formations, whereas in the real CDR
the wave appears only once. This kind of feature
could be at least partly reproduced by introducing a
negative regulator of actin polymerization with curved
membrane binding surfaces, exemplified by stGAP, as
described above (47).

Common and Distinct Features of CDRs
and Podosome Rosettes

Numerous characteristics of CDRs are similar to those
of podosomes (Table I). A podosome is an actin-based
adhesive structure formed at the ventral side of the
plasma membrane in monocyte-derived cells such as
macrophages and osteoclasts, and even fibroblasts
transformed by oncogenes like src tyrosine kinase (5).
It is a site of cell-substrate adhesion, where the
enzymes involved in the degradation of the extracellu-
lar matrix (ECM) are secreted, such as matrix
metalloproteinases. In cancer cells, a very similar struc-
ture called ‘invadopodium’ is known for its crucial role
in invasion through the basement membrane during
metastasis. Similar to CDRs, podosomes are also
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composed of numerous actin-based membrane inva-
ginations and protrusions, the components of which
include dynamin, WASP/N-WASP, Arp2/3, cortactin
and FBP17 (50—55). Surrounded by such invaginated
membranes, the highly bundled F-actin forms a ‘core’
of the membrane protrusion for the degradation of
ECM during invasive cell migration.

An interesting feature of podosomes is their assem-
bling pattern dependent on the cell type. In osteoclasts,
each podosome is first organized in a circular array
with diameters ranging from ~5 to 20 pum, which is
called the ‘podosome rosette’ (or ring). These circular
structures subsequently fused with each other, build up
a ‘belt’ of an F-actin-rich area that embraces the whole
periphery of the cell, thus referred to as the ‘podosome
belt’. The podosome belt is thought to function as a
‘sealing zone’ by tightly packing the contact area
between the basal membrane and the substrate for
efficient degradation of the ECM (56). In v-Src-
transformed fibroblasts, only the podosome rosette,
and not the podosome belt, is present, indicating the
existence of an additional mechanism for the fusion of
podosome rosettes and the expansion of podosome
belts.

Roles of microtubules and intermediate filaments

A role for microtubules in the formation of the podo-
some belt has been reported by several groups (63—65).
It has also been observed by electron microscopy that
microtubules are in very close proximity to the podo-
some core (59). As for the molecule linking between
microtubules and actin during podosome belt forma-
tion, unconventional myosin X (Myol0), an actin
motor protein that interacts with microtubules, is
known to be involved in this process (66). Our unpub-
lished data show that microtubules are also required
for CDR formation by PDGF stimulation in NIH3T3
cells. This may indicate that the circular arrangement
of actin-based membrane deformation is mediated, at
least in part, by intracellular membrane traffic along
the microtubules. Considering the size of their circular
arrangements, CDRs are more similar to podosome
‘rosettes’, but not podosome ‘belts’, because CDR

Table I. Comparison between signalling and cytoskeletal molecules involved in circular dorsal ruffles and podosome rosettes.

Circular dorsal ruffles

Podosome rosettes

PI signalling

PI3K Yes (57) Yes (58)
PIs 5-phosphatase SHIP2 (15) Synaptojanin 2 (58)
Accumulation of PI(3,4)P, Yes (15) Yes (58)
PI1(3,4)P,-binding proteins TAPPI (15, 68) Tks4 (60), TksS (58, 61)
Small GTPase
Arf Arfl, 5 (10) Arf6 (56)
Rac Yes (7, 43) Yes (50, 58)
Rho Yes (47) Yes (62)
Actin machinery
Arp2/3 Yes (11) Yes (517)
N-WASP Yes (29) Yes (53)
WAVE Yes (/3) and No (29) No (58)

Cytoskeletons other than actin
Microtubules
Intermediate filaments

Yes (our unpublished results)
unknown

No (62) [Yes for podosome belts (57)]
Yes (62)

25



T. Itoh and J. Hasegawa

has never been observed to grow as large as the size of
the entire cell. However, Pan et al. demonstrated that
microtubules are not necessary for podosome ‘rosette’
formation in Src-transformed MEFs (62). Instead, the
group revealed a previously unappreciated role of
vimentin, a component of intermediate filaments, in
the negative regulation of podosome rosette formation.
Whether intermediate filaments are also involved in the
regulation of CDRs awaits future studies.

Roles of PI3K and lipid phosphatases

Results obtained by our recent studies have extracted a
key role for phospholipid turnover mediated by PI3K
and 5-phosphatases in the formation of a ‘ring’ struc-
ture, the common characteristic of CDRs and podo-
some rosettes (Table I). PI3K activity, as well as its
product PI(3,4,5)P;, has been shown to be important
for CDR formation(57). Consistenly, PI3K inhibitors
such as wortmannin or LY294002 significantly inhibit
CDR formation and macropinocytosis (13, 15, 67). In
addition, our group has demonstrated that overexpres-
sion of the PH domain of Grpl, which binds specific-
ally to PI(3,4,5)P;, blocked the formation of CDRs
(15). We also found that the PI(3,4,5)P; 5-phosphatase
SHIP2, which generates PI(3,4)P,, is localized at the
CDRs and the knockdown of SHIP2 disrupts ‘circular’
dorsal ruffles, but not the peripheral ruffles (75).
Moreover, the Tappl PH domain, which specifically
binds to PI(3,4)P,, is also concentrated at CDRs (Fig.
3A) and overexpression of Tappl or its PH domain
suppresses CDR formation (15, 68), suggesting that
both SHIP2 and its product PI(3,4)P, are essential for
the ‘ring-shaped’ CDR. Essentially, podosome rosettes
share a very similar property in their enrichment of, and
requirement for, the PI3K products. In Src-transformed
NIH3T3 cells, the PI(3,4)P,-specific probe Tappl PH

A HA-2xTapp1PH

O

F-actin

F-actin

domain was observed to localize at podosome rosettes
(58) (Fig. 3B). In addition, treatment by LY294002 as
well as overexpression of the Tappl PH domain also
suppressed podosome rosette formation (58). The
only discrepancy between these two circular structures
is phosphoinositide 5-phosphatases involved in
PI(3,4)P, synthesis. Whereas CDR is dependent on
SHIP2 as mentioned above, it is not required for podo-
some rosette formation. Instead, knockdown of synap-
tojanin 2, another phosphoinositide 5-phosphatase,
was revealed to block podosome rosette formation (38).

Next important question is the downstream targets
of PI(3,4)P, involved in the formation of each circular
structure. In fact, many studies have shown that
Tappl, Tks4 and Tks5, which bind specifically to
PI(3.,4)P», are required for CDR and podosome rosette
formation, respectively (/5, 58, 60, 61) (Table I).
However, the detailed molecular mechanisms of how
these PI(3,4)P,-binding proteins contribute to the
organization of these ring-shaped actin structures still
remains unclear.

Conclusions

This review has tried to summarize our current know-
ledge about two distinct circular structures mediated
by actin—membrane interactions: CDRs and podo-
some rosettes. Despite many studies that have deter-
mined a large number of molecules involved in the
formation of both structures, two fundamental ques-
tions remain to be answered: how do they become
circular, and why are they circular? The roles of nega-
tive regulators in signal transduction, such as SHIP2,
ArfGAPs and probably WAVE-associated srGAPs,
may be the key to solving these questions.
Considering the potential importance of these two

Merge

Fig. 3 Localizations of PI(3,4)P, at CDRs and podosome rosettes. (A) NIH3T3 cells expressing HA-2 x Tapp1PH [a specific probe for PI(3,4)P,]
were stimulated with PDGF for 5min, and then stained with anti-HA antibodies as well as rhodamine-phalloidin. (B) NIH3T3 cells expressing
an active form of Src (Y530F) were transfected with HA-2 x Tapp1PH, and then stained with anti-HA antibodies as well as

rhodamine-phalloidin. Bars, 10 pm.
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circular actin-based membrane structures for the
proper control of cell growth and cancer metastasis,
unprecedented approaches based on the common prin-
ciple underlying their morphology and dynamics will
provide a new strategy for cancer research.
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