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Rapl GTPase: Functions, Regulation, and Malignancy
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Rapl is a member of the Ras family of small GTPases that is activated by diverse
extracellular stimuli in many cell types. It is activated by distinct types of Rapl gua-
nine nucleotide exchange factors coupled with various receptors or second messen-
gers, while activated Rapl is down-regulated by Rapl GTPase-activating proteins,
through which Rapl activation is controlled spatio-temporally. Functionally, Rapl
either interferes with Ras-mediated ERK activation or activates ERK independently
of Ras in a cell-context dependent manner. Accumulating evidence also indicates that
Rapl is a major activator of integrins, playing important roles in the regulation of a
variety of integrin-dependent cellular functions. Most recently, significant evidence
has emerged that dysregulation of Rapl activation is responsible for the development
of malignancy. Recent extensive research has begun to unveil the roles of this contro-
versial small G protein in physiology and diseases.
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Rapl GTPase was discovered by Kitayama and col-
leagues in 1989 as a gene (K-rev) product that restored a
malignant phenotype of K-Ras-transformed fibroblasts
(1). Rapl is a member of the Ras family of small GTPases
bearing the highest homology to Ras (2). Although its bio-
logical functions remained controversial for a decade,
recent extensive studies have begun to elucidate the roles
of Rapl in physiology and diseases.

Regulation of Rapl signaling

Rapl binds to either GTP or GDP, and the transition
between the two states represents a molecular switch (3).
The GTP- and GDP-bound Rapl differ in the conforma-
tion of two regions, switch 1 and 2, allowing downstream
effector molecules to discriminate between two states,
GTP-form “on” and GDP-form “off” signals. The GDP-
GTP cycle is regulated by guanine nucleotide exchange
factors (GEF) and GTPase-activating proteins (GAP).
GEF's facilitate release of the bound nucleotides, allowing
Rapl1 to rebind more abundant GTP in the cells, whereas
GAPs enhance the intrinsic GTPase activity of Rapl to
hydrolyze the bound GTP to GDP.

Rapl GEFs

Several types of GEFs sharing a catalytic GEF domain
are coupled with distinct receptors or secondary messen-
gers (Fig. 1). C3G, the first Rapl GEF to be isolated,
binds to SH3 domains of Crk adaptor proteins, through
which it is recruited to the membrane signaling domains
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and phosphorylated for activation (4). Epac family pro-
teins have auto-inhibitory domains capable of binding c-
AMP, and the binding of c-AMP results in the activation
of their GEF activity via conformational change (5, 6).
Recently, a c-:AMP analogue that selectively inhibited the
c-AMP-mediated activation of Epac without affecting
PKA activity was reported (7), and, by using it, it was
shown that Epac mediated some of the c-AMP-induced
cellular functions previously thought to be mediated by
PKA (8). Members of CalDAG (CD)-GEFs have Ca?t and
DAG-binding sites (9—-11). CD-GEF III is translocated to
the cell membrane by DAG, and CD-GEF 1 is regulated
by Ca?*, suggesting that they are major Rapl activators
operating downstream of PLC. PDZ-GEFs bear a Rapl-
binding domain and PDZ domain, and interact with
RaplGTP and other proteins such as PDZ-containing
synaptic scaffold molecules (S-SCAM) respectively (12).
Most recently, a CDM family member protein, DOCK-4,
has been shown to activate Rapl, although it does not
share the conserved GEF catalytic domain and its mech-
anism of Rap1 activation remains to be seen (13).

Rapl GAPs

In contrast to the marked molecular diversity of GEFs,
only two families of Rapl-specific GAPs sharing a cata-
lytic GAP-related domain (GRD) have been identified:
rapGAPs and SPA-1 family proteins (2). Proteins bearing
the GRD are conserved from C. elegans and D. melango-
master to mammals. rapGAP-I was the first GAP to be
isolated (14), and rapGAP-II bearing an additional N-ter-
minal region binds to Ga and is translocated to the mem-
brane via G protein-coupled receptors (15). The SPA-1
family consists of structurally related proteins including
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Fig. 1. Regulatory molecules for Rapl activation. Rapl is acti-
vated by several distinct types of specific guanine nucleotide
exchange factors (GEFs) that are coupled with various receptors via
adaptor molecules, scaffold proteins, or second messengers, while it
is inactivated by two groups of specific GTPase-activating proteins
(GAPs) that associate with receptors or cytoskeletal structures.
Intracellular activation status of Rapl is controlled spatio-tempo-
rally by the balance between GEFs and GAPs. SPA-1 family pro-
teins are targeted for degradation by human papillomavirus E6 pro-
tein (HPV-E6). Tri-G; trimeric G proteins.
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Fig. 2. Effector molecules of Rapl. RaplGTP specifically inter-
acts with various effector molecules to exert the biological func-
tions. Rap1 has an effector domain essentially identical to Ras, and
some of the effector molecules are shared with Ras. A part of Rapl
functions is Ras-dependent, and also Rapl may cross-talk with
other small GTPases including Ral and Rac. AF-6/afadin binds to
both Rap1GTP and Rap1GAPs (SPA-1) and facilitates Rapl inacti-
vation. AF-6/afadin is also associated with nectin, but it remains to
be seen whether Rapl affects the nectin-mediated cell adhesion.

SPA-1 (16, 17), E6TP1/SPAR (18, 19), and SPA-Ls (20),
all of which have additional domains such as PDZ, LZ,
and actin-binding domains. A prototypic SPA-1 was iso-
lated as a protein induced by the mitogenic stimulation
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Fig. 3. Dysregulated of Rapl activation in the immune and
hematopoietic systems causes characteristic disease com-
plex. SPA-1 is a non-redundant Rapl GAP in the peripheral T cells
and hematopoietic progenitors in bone marrow, and SPA-1-deficient
mice reveal age-dependent progression of T cell-immunodeficiency
followed by myeloproliferative disorders. Excess Rap1GTP is accu-
mulated in the antigen-stimulated T cells and the early hematopoi-
etic progenitors in bone marrow leading to the T cell unresponsive-
ness (anergy) and abnormal myeloprolirefation, respectively.
Mayjority of SPA-1-deficient mice with CML develop lethal blast cri-
sis likely due to the second genetic hits. A portion of SPA-1-deficient
mice develops MDS with severe anemia, but it remains to be seen
whether they also ultimately progress into AML as in human MDS.
Leukemic blast cells, but not mature leukocytes in CML, continue
to exhibit excess Rap1GTP, which is suggested to play a critical role
in the invasion of blast cells into vital organs. Commit.HP; commit-
ted hematopoietic progenitors.

in lymphohematopoietic cells (16), and E6TP1 as a pro-
tein targeted for degradation by human papillomavirus
(HPV) E6 oncoprotein (18). More recently, SPAR, which
may be a human counterpart of rat E6TP1, was reported
to regulate the formation of the dendritic spur in neurons
(19). Also, several isoforms of SPA-1-like proteins (SPA-
Ls) were identified in the neuronal synaptic vesicles (20).
Thus, each GAP appears to show a unique expression
profile and subcellular localization in different cells of
various tissues (17). Rap1GAPs play a crucial role in the
spatiotemporal control of Rap1 activation in cells (21).

Biological functions of Rapl

Recent studies have highlighted two major biological
functions of Rapl, regulation of ERK activation and
integrin-mediated cellular functions (Fig. 2). Several
effector molecules that bind Rap1GTP have been identi-
fied, many of which are also capable of binding RasGTP,
including c-Rafl, B-Raf, RalGEFs (RalGDS, RIf, Rgl), AF-
6/Afadin, and PI3K p110 (reviewed in Ref. 2).

Rapl signaling in cell proliferation

Following the discovery of Rapl, efforts were initially
directed to investigating its effects on Ras-ERK signal-
ing, and it was found that a dominant active Rapl
mutant (RapV12) attenuated the Ras-mediated ERK
activation, probably via competitive interference with c-
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Rafl activation by Ras (22, 23). On the other hand, Rap1l
was reported to stimulate the cell growth in another
fibroblast line (24) and to be capable of activating B-Raf
independently of Ras in certain cell types (25, 26). The
differential effects of Rapl on c-Rafl and B-Raf activa-
tion were suggested to be due to much stronger binding of
RaplGTP to the cysteine-rich domain of c-Rafl than to
that of B-Raf (27). In the immune system, anergic T cell
clones that failed to proliferate by specific antigen stimu-
lation exhibited unusually high Rap1GTP levels (28), and
forced expression of RapV12 in normal T cell clones
induced an anergic state with compromised ERK activa-
tion in response to the antigens (28, 29). On the other
hand, it was reported that CD2 promoter-driven RapV12
transgenic mice showed no evidence of T cell anergy in
vivo (30). While a RapV12 mutant was used widely as a
constitutively active form (31), recent analysis has
revealed that RapV12 is less yet significantly susceptible
to Rapl GAP (32), thus indicating the need for careful
interpretation of experimental results using the mutant,
particularly in the cells with abundant GAPs. Using
SPA-1 gene-targeted mice, we found that deregulated
activation of endogenous Rapl in hematopoietic progeni-
tors resulted in enhanced proliferation leading to ERK
activation (33), suggesting that Rap1GTP induced ERK
activation independently of Ras possibly via B-Raf. In
contrast, persistent Rapl activation following antigen
activation in T cells of SPA-1 —/— mice ultimately caused
anergy due to uncoupling of Ras-mediated ERK activa-
tion (34). It appeared that the amount of RaplGTP
attained in SPA-1 —/— T cells was much higher than in
RapV12-transgenic mice, and thus the level of Rap1GTP
was suggested to play a role in setting the threshold for
activation of T cells by antigens through the modulation
of Ras-ERK signaling. The results reinforced the notion
that the effects of Rap1 signaling on cellular proliferation
were highly cell-context-dependent. In addition, Rapl
was shown to be responsible for the activation of MKK3/
6-p38MAPK pathway by cell stretching stimuli (35) as
well as in NMDA receptor-dependent removal of synaptic
AMPA receptors for long-term depression in neurons
(36).

Rapl signaling in cell adhesion

The first indication that Rapl regulated cell adhesion
came from the observation that overexpression of mem-
brane-targeted C3G in the adherent cells induced mark-
edly enhanced cell spreading, while that of SPA-1
resulted in cell rounding followed by detachment from
the matrix (37). Consistent with this, it was reported that
C3G gene-targeted mice were embryonic-lethal due to
aberrant epithelial cell adhesion in developing tissues
(38). In Drosophila, it was reported that Rapl mutation
disrupted normal cell shape and morphogenesis in the
eye, ovary and wing in the embryos (39), and that Rapl
regulated the position of adherens junction markers in
the epithelium lining the wing (40). Since then, much evi-
dence has accumulated that Rapl mediates the activa-
tion of integrins (2, 41, 42). Rapl was shown to play criti-
cal roles in various integrin-dependent cellular functions
such as immunological synapse formation (29), macro-
phage phagocytosis (43, 44), and chemokine-induced
migration of leukocytes (45, 46). It was found that Rapl
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signaling mediated the inside-out activation of integrins
via various stimuli, inducing an increase in integrin
affinity, avidity, or both (30, 41). Furthermore, integrin-
mediated cell adhesion induced by Mn?2* or by an activa-
tory antibody that was capable of activating integrin still
required Rap1 activation (47), suggesting that Rap1 sign-
aling was required for the entire process of integrin-
mediated cell adhesion. Most recently, it was found that a
new Rapl effector, RAPL, mediated the spatial regula-
tion of LFA-1 by Rapl and regulated the lymphocyte
movement and migration by a chemokine (48), and we
reported that AF-6/Afadin bound to both RaplGTP and
RaplGAPs including SPA-1 and regulated integrin-medi-
ated cell adhesion by modulating the GAP activity (49).
Afadin is shown to bind to nectin involved in adherens
junctions (50), and it remains to be seen whether Rapl
affects cell adhesion systems other than integrins.

Rapl in malignancy

In spite of the initial attention paid to the possible roles
of Rapl in malignancy, little evidence was obtained for
such roles until very recently. It was reported that the
degradation of E6TP1 by oncogenic HPV-E6 via EG6AP
ubiquitin ligase was highly correlated with the cellular
transformation in vitro (51-53). It was found also that
CD-GEF I was activated recurrently by proviral integra-
tion in leukemia-prone BXH-2 recombinant strain of
mice, and such leukemia cells exhibited constitutive
Rapl activation (54). Most recently, two independent
works have provided more direct evidence for Rapl
involvement in malignancy.

Good Rap and bad Rap

During the search for genes homozygously mutated in
tumor cells, recurrent mutation of a CDM (C. elegans ced-
5, vertebrate DOCK180, and Drosophila Myoblast City)
family gene called DOCK-4 was found in some human
and mouse tumor cells (13). DOCK4 was shown to be a
specific Rapl activator, the mutation of which in cancer
cells caused the loss of function. Introduction of a wild-
type DOCK-4 into such cancer cells suppressed their
growth and invasion in vivo, which was associated with
the restoration of adherens junctions among the cancer
cells (13). This effect of DOCK-4 was replicated by
RapE63 expression, and thus it was indicated that loss of
Rapl-mediated intercellular adherens junctions due to
DOCK-4 disruption played a critical role in the growth
and invasion of some human cancers.

On the other hand, we found that SPA-1-deficient mice
developed a spectrum of myeloid disorders of late onset
that resembled human chronic myelogenous leukemia
(CML) in the chronic phase, CML in blast crisis and mye-
lodysplastic syndrome (MDS) (33). In the bone marrow of
preleukemic SPA-1 —/— mice, there was a marked expan-
sion of multipotential hematopoietic progenitors with
significant Rap1GTP accumulation and ERK activation.
Retroviral transduction of RapE63 in the normal hemat-
opoietic progenitors induced enhanced hematopoiesis
both in vitro on the stroma cells and in vivo (33), and we
speculate that constitutive Rapl signaling enhanced the
interaction of progenitors with stroma cells in the hemat-
opoietic microenvironment (niche), ultimately leading to
the deregulated expansion and/or survival of the progen-
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itors. The majority of mice further developed lethal blast
crisis probably via second genetic hit, and the blast cells
continued to show constitutive Rapl activation (33).
Restoring SPA-1 gene in the SPA-1 —/— blast cell line
abrogated the Rap1GTP accumulation and concomitantly
suppressed the leukemogenesis in vivo, strongly suggest-
ing that excess Rapl activation was responsible for not
only the initial leukemogenesis but also the maintenance
of malignant phenotype of the blast cells in vivo. Interest-
ingly, leukemia development in SPA-1 deficient mice was
preceded by the progression of T cell immunodeficiency,
suggesting that the independent effects of Rap1 dysregu-
lation on immune and hematopoietic systems collabora-
tively resulted in the pleiotropic myeloproliferative
disease complex (Fig. 3). Deficiency of NF1 (neuro-
fibromatosis-1) gene encoding RasGAP is known to cause
leukemia, CML in mice and juvenile CML in human, via
deregulated Ras activation in response to GM-CSF (55,
56), and that of TSC-2 (tuberous sclerosis-2) gene encod-
ing GAP specific for Rheb (57) may be related to the
tumors in this inherited human disease (58). Myeloid dis-
orders in SPA-1 deficiency are another example of the
tumor-suppressor functions of GAPs for small G proteins
(59). These results have indicated that either defective or
excess Rapl activation can contribute to malignancy via
distinct biological effects in different cell types.

Future prospects

Recent studies have begun to unveil the biological func-
tions of long-enigmatic Rapl GTPase in cell proliferation
and adhesion, and other functions such as protein trans-
port via cross-talk with other small G proteins has been
also reported (60). We recently developed the conditional
gene-engineered mice for SPA-1 and RapE63, analysis of
which might help to reveal new functional aspects of
Rapl. Roles of Rap1 signaling in physiology and diseases
can be highly diverse depending on the cell types of dif-
ferent tissues with various specified functions, and dis-
secting the molecular mechanisms should provide novel
clues for the control of human diseases including malig-
nancy.

REFERENCES

1. Kitayama, H., Sugimoto, Y., Matsuzaki, T., Ikawa, Y., and
Noda, M. (1989) A ras-related gene with transformation sup-
pressor activity. Cell 56, 77-84

2. Bos, J.L., de Rooij, J., and Reedquist, K.A. (2001) Rapl signal-
ling: adhering to new models. Nat. Rev. Mol. Cell. Biol. 2, 369—
377

3. Takai, Y., Sasaki, T., and Matozaki, T. (2001) Small GTP-bind-
ing proteins. Physiol. Rev. 81, 153-208

4. Gotoh, T., Hattori, S., Nakamura, S., Kitayama, H., Noda, M.,
Takai, Y., Kaibuchi, K., Matsui, H., Hatase, O., Takahashi, H.
et al. (1995) Identification of Rapl as a target for the Crk SH3
domain-binding guanine nucleotide-releasing factor C3G. Mol.
Cell. Biol. 15, 67466753

5. de Rooij, J., Zwartkruis, F.J., Verheijen, M.H., Cool, R.H., Nij-
man, S.M., Wittinghofer, A., and Bos, J.L. (1998) Epac is a
Rapl guanine-nucleotide-exchange factor directly activated by
cyclic AMP. Nature 396, 474-477

6. Kawasaki, H., Springett, G.M., Mochizuki, N., Toki, S,
Nakaya, M., Matsuda, M., Housman, D.E., and Graybiel, A.M.
(1998) A family of cAMP-binding proteins that directly activate
Rapl. Science 282, 2275-2279

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

M. Hattori and N. Minato

Enserink, J.M., Christensen, A.E., de Rooij, J., van Triest, M.,
Schwede, F., Genieser, H.G., Doskeland, S.O., Blank, J.L., and
Bos, J.L. (2002) A novel Epac-specific cAMP analogue demon-
strates independent regulation of Rapl and ERK. Nat. Cell
Biol. 4,901-906

Rangarajan, S., Enserink, J.M., Kuiperij, H.B., de Rooij, J.,
Price, L.S., Schwede, F., and Bos, J.L. (2003) Cyclic AMP
induces integrin-mediated cell adhesion through Epac and
Rapl upon stimulation of the B2-adrenergic receptor. J. Cell
Biol. 160, 487493

Ebinu, J.0., Bottorff, D.A., Chan, E.Y., Stang, S.L., Dunn, R.J.,
and Stone, J.C. (1998) RasGRP, a Ras guanyl nucleotide-
releasing protein with calcium- and diacylglycerol-binding
motifs. Science 280, 1082—-1086

Kawasaki, H., Springett, G.M., Toki, S., Canales, J.J., Harlan,
P, Blumenstiel, J.P., Chen, E.J., Bany, I.A., Mochizuki, N., Ash-
bacher, A., Matsuda, M., Housman, D.E., and Graybiel, A.M.
(1998) A Rap guanine nucleotide exchange factor enriched
highly in the basal ganglia. Proc. Natl Acad. Sci. USA 95,
13278-13283

Yamashita, S., Mochizuki, N., Ohba, Y., Tobiume, M., Okada,
Y., Sawa, H., Nagashima, K., and Matsuda, M. (2000) CalDAG-
GEFIII activation of Ras, R-ras, and Rapl. J. Biol. Chem. 275,
25488-25493

Ohtsuka, T., Hata, Y., Ide, N., Yasuda, T., Inoue, E., Inoue, T.,
Mizoguchi, A., and Takai, Y. (1999) nRap GEP: a novel neural
GDP/GTP exchange protein for rapl small G protein that
interacts with synaptic scaffolding molecule (S-SCAM). Bio-
chem. Biophys. Res. Commun. 265, 38—44

Yajnik, V., Paulding, C., Sordella, R., McClatchey, A.I., Saito,
M., Wahrer, D.C., Reynolds, P., Bell, D.W., Lake, R., van den
Heuvel, S., Settleman, J., and Haber, D.A. (2003) DOCK4, a
GTPase activator, is disrupted during tumorigenesis. Cell 112,
673-684

Rubinfeld, B., Munemitsu, S., Clark, R., Conroy, L., Watt, K.,
Crosier, W.J., McCormick, F., and Polakis, P. (1991) Molecular
cloning of a GTPase activating protein specific for the Krev-1
protein p21rapl. Cell 65, 1033-1042

Mochizuki, N., Ohba, Y., Kiyokawa, E., Kurata, T., Murakami,
T., Ozaki, T., Kitabatake, A., Nagashima, K., and Matsuda, M.
(1999) Activation of the ERK/MAPK pathway by an isoform of
raplGAP associated with Gai. Nature 400, 891-894

Hattori, M., Tsukamoto, N., Nur-e-Kamal, M.S., Rubinfeld, B.,
Iwai, K., Kubota, H., Maruta, H., and Minato, N. (1995) Molec-
ular cloning of a novel mitogen-inducible nuclear protein with
a Ran GTPase-activating domain that affects cell cycle pro-
gression. Mol. Cell. Biol. 15, 552-560

Kurachi, H., Wada, Y., Tsukamoto, N., Maeda, M., Kubota, H.,
Hattori, M., Iwai, K., and Minato, N. (1997) Human SPA-1
gene product selectively expressed in lymphoid tissues is a spe-
cific GTPase-activating protein for Rapl and Rap2. Segregate
expression profiles from a raplGAP gene product. J. Biol.
Chem. 272, 28081-28088

Gao, Q., Srinivasan, S., Boyer, S.N., Wazer, D.E., and Band, V.
(1999) The E6 oncoproteins of high-risk papillomaviruses bind
to a novel putative GAP protein, E6TP1, and target it for deg-
radation. Mol. Cell. Biol. 19, 733-744

Pak, D.T,, Yang, S., Rudolph-Correia, S., Kim, E., and Sheng,
M. (2001) Regulation of dendritic spine morphology by SPAR, a
PSD-95-associated RapGAP. Neuron 31, 289-303

Roy, B.C., K. Kohu, K. Matsuura, H. Yanai, and T. Akiyama.
(2002) SPAL, a Rap-specific GTPase activating protein, is
present in the NMDA receptor-PSD-95 complex in the hippoc-
ampus. Genes Cells 7, 607-617

Mochizuki, N., Yamashita, S., Kurokawa, K., Ohba, Y., Nagai,
T., Miyawaki, A., and Matsuda, M. (2001) Spatio-temporal
images of growth-factor-induced activation of Ras and Rapl.
Nature 411, 1065-1068

Cook, S.J., Rubinfeld, B., Albert, I., and McCormick, F. (1993)
RapV12 antagonizes Ras-dependent activation of ERK1 and
ERK2 by LPA and EGF in Rat-1 fibroblasts. EMBO J. 1, 3475—
3485

oJ. Biochem.

ZT0Z ‘62 equisides uo eidsoH uensuyd enybueyd 1e /Bio'seulnolpiogxo-qli:dny woly pspeojumoq


http://jb.oxfordjournals.org/

Regulation and Functions of Rap1

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

317.

38.

39.

40.

Vol

Hu, C.D., Kariya, K., Kotani, G., Shirouzu, M., Yokoyama, S.,
and Kataoka, T. (1997) Coassociation of RaplA and Ha-Ras
with Raf-1 N-terminal region interferes with ras-dependent
activation of Raf-1. J Biol. Chem. 272, 11702-11705

Yoshida, Y., Kawata, M., Miura, Y., Musha, T., Sasaki, T,
Kikuchi, A., and Takai, Y. (1992) Microinjection of smg/rapl/
Krev-1 p21 into Swiss 3T3 cells induces DNA synthesis and
morphological changes. Mol. Cell. Biol. 12, 3407-3414
Vossler, M.R., Yao, H., York, R.D., Pan, M.G., Rim, C.S., and
Stork, P.J. (1997) cAMP activates MAP kinase and Elk-1
through a B-Raf- and Rapl-dependent pathway. Cell 89, 73-82
York, R.D., Yao, H., Dillon, T., Ellig, C.L., Eckert, S.P., McCles-
key, E.W,, and Stork, P.J. (1998) Rap1l mediates sustained MAP
kinase activation induced by nerve growth factor. Nature 392,
622-626

Okada, T., Hu, C.D., Jin, T.G., Kariya, K., Yamawaki-Kataoka,
Y., and Kataoka, T. (1999) The strength of interaction at the
Raf cysteine-rich domain is a critical determinant of response
of Raf to Ras family small GTPases. Mol. Cell. Biol. 19, 6057—
6064

Boussiotis, V.A., Freeman, G.J., Berezovskaya, A., Barber,
D.L., and Nadler, L.M. (1997) Maintenance of human T cell
anergy: blocking of IL-2 gene transcription by activated Rapl.
Science 278, 124-128

Katagiri, K., Hattori, M., Minato, N., and Kinashi, T. (2002)
Rapl functions as a key regulator of T-cell and antigen-pre-
senting cell interactions and modulates T-cell responses. Mol.
Cell. Biol. 22,1001-1015

Sebzda, E., Bracke, M., Tugal, T., Hogg, N., and Cantrell, D.A.
(2002) RaplA positively regulates T cells via integrin activa-
tion rather than inhibiting lymphocyte signaling. Nat. Immu-
nol. 3, 251-258

Maruta, H., Holden, J., Sizeland, A., and D’Abaco, G. (1991)
The residues of Ras and Rap proteins that determine their
GAP specificities. J. Biol. Chem. 266, 11661-11668
Brinkmann, T., Daumke, O., Herbrand, U.,, Kuhlmann, D.,
Stege, P., Ahmadian, M.R., and Wittinghofer, A. (2002) Rap-
specific GTPase activating protein follows an alternative
mechanism. JJ. Biol. Chem. 277, 12525-12531

Ishida, D., Kometani, K., Yang, H., Kakugawa, K., Masuda, K.,
Iwai, K., Suzuki, M., Itohara, S., Nakahata, T., Hiai, H.,
Kawamoto, H., Hattori, M., and Minato, N. (2003) Myeloprolif-
erative stem cell disorders by deregulated Rapl activation in
SPA-1-deficient mice. Cancer Cell 4, 55—65

Ishida, D., Yang, H., Masuda, K., Uesugi, K., Kawamoto, H.,
Hattori, M., and Minato, N. (2003) Antigen-driven T cell
anergy and defective memory T cell response via deregulated
Rapl activation in SPA-1-deficient mice. Proc. Natl Acad. Sci.
USA 100, 10919-10924

Sawada, Y., Nakamura, K., Doi, K., Takeda, K., Tobiume, K.,
Saitoh, M., Morita, K., Komuro, I., De Vos, K., Sheetz, M., and
Ichijo, H. (2001) Rapl is involved in cell stretching modulation
of p38 but not ERK or JNK MAP kinase. J. Cell Sci. 114, 1221-
1227

Zhu, J.J., Qin, Y., Zhao, M., Van Aelst, L., and Malinow, R.
(2002) Ras and Rap control AMPA receptor trafficking during
synaptic plasticity. Cell 110, 443-455

Tsukamoto, N., Hattori, M., Yang, H., Bos, J.L., and Minato, N.
(1999) Rapl GTPase-activating protein SPA-1 negatively regu-
lates cell adhesion. ¢J. Biol. Chem. 274, 18463-18469

Ohba, Y., Tkuta, K., Ogura, A., Matsuda, J., Mochizuki, N.,
Nagashima, K., Kurokawa, K., Mayer, B.J., Maki, K., Miya-
zaki, J., and Matsuda, M. (2001) Requirement for C3G-depend-
ent Rapl activation for cell adhesion and embryogenesis.
EMBO J. 20, 3333-3341

Hariharan, I.LK., Carthew, R.W., and Rubin, G.M. (1991) The
Drosophila roughened mutation: activation of a rap homolog
disrupts eye development and interferes with cell determina-
tion. Cell 67, 717-722

Knox, A.L. and Brown, N.H. (2002) Rap1l GTPase regulation of
adherens junction positioning and cell adhesion. Science 295,
1285-1288

. 134, No. 4, 2003

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

483

Katagiri, K., Hattori, M., Minato, N., Irie, S., Takatsu, K., and
Kinashi, T. (2000) Rapl is a potent activation signal for leuko-
cyte function-associated antigen 1 distinct from protein kinase
C and phosphatidylinositol-3-OH kinase. Mol. Cell. Biol. 20,
1956-1969

Reedquist, K.A., Ross, E., Koop, E.A., Wolthuis, R.M.,
Zwartkruis, F.J., van Kooyk, Y., Salmon, M., Buckley, C.D., and
Bos, J.L. (2000) The small GTPase, Rapl, mediates CD31-
induced integrin adhesion. J. Cell Biol. 148, 1151-1158
Caron, E., Self, A.J., and Hall, A. (2000) The GTPase Rap1 con-
trols functional activation of macrophage integrin aMp2 by
LPS and other inflammatory mediators. Curr. Biol. 10, 974—
978

Schmidt, A., Caron, E., and Hall, A. (2001) Lipopolysaccharide-
induced activation of PB2-integrin function in macrophages
requires Irak kinase activity, p38 mitogen- activated protein
kinase, and the Rapl GTPase. Mol. Cell. Biol. 21, 438-448
McLeod, S.J., Li, A.H., Lee, R.L., Burgess, A.E., and Gold, M.R.
(2002) The Rap GTPases regulate B cell migration toward the
chemokine stromal cell-derived factor-1 (CXCL12): potential
role for Rap2 in promoting B cell migration. J. Immunol. 169,
1365-1371

Shimonaka, M., Katagiri, K., Nakayama, T., Fujita, N., Tsuruo,
T., Yoshie, O., and Kinashi, T. (2003) Rap1 translates chemok-
ine signals to integrin activation, cell polarization, and motil-
ity across vascular endothelium under flow. J. Cell Biol. 161,
417-427

de Bruyn, K.M., Rangarajan, S., Reedquist, K.A., Figdor, C.G.,
and Bos, J.L. (2002) The small GTPase Rapl is required for
Mn?2*- and antibody-induced LFA-1- and VLA-4-mediated cell
adhesion. J. Biol. Chem. 277, 29468-29476

Katagiri, K., Maeda, A., Shimokawa, M., and Kinashi, T.
(2003) RAPL, a novel Rapl-binding molecule, mediates Rap1-
induced adhesion through spatial regulation of LFA-1. Nat.
Immunol. 4, 741-748

Su, L., Hattori, M., Moriyama, M., Murata, N., Harazaki, M.,
Kaibuchi, K., and Minato, N. (2003) AF-6 controls integrin-
mediated cell adhesion by regulating Rap1 activation through
the specific recruitment of Rap1GTP and SPA-1. J. Biol. Chem.
278, 15232-15238

Takai, Y. and Nakanishi, H. (2002) Nectin and afadin: novel
organizers of intercellular junctions. J. Cell Sci. 116, 17-27
Gao, Q., Kumar, A., Singh, L., Huibregtse, J.M., Beaudenon, S.,
Srinivasan, S., Wazer, D.E., Band, H., and Band, V. (2002)
Human papillomavirus E6-induced degradation of E6TP1 is
mediated by E6AP ubiquitin ligase. Cancer Res. 62, 3315-3321
Gao, Q., Singh, L., Kumar, A., Srinivasan, S., Wazer, D.E., and
Band, V. (2001) Human papillomavirus type 16 E6-induced
degradation of E6TP1 correlates with its ability to immortalize
human mammary epithelial cells. J. Virol. 75, 4459-4466
Singh, L., Gao, Q., Kumar, A., Gotoh, T., Wazer, D.E., Band, H.,
Feig, L.A., and Band, V. (2003) The high-risk human papillo-
mavirus type 16 E6 counters the GAP function of E6TP1
toward small Rap G proteins. J. Virol. 77, 1614-1620

Dupuy, A.J., Morgan, K., von Lintig, F.C., Shen, H., Acar, H.,
Hasz, D.E., Jenkins, N.A., Copeland, N.G., Boss, G.R., and Lar-
gaespada, D.A. (2001) Activation of the Rapl guanine nucle-
otide exchange gene, CalDAG-GEF I, in BXH-2 murine mye-
loid leukemia. J. Biol. Chem. 276, 11804-11811

Bollag, G., Clapp, D.W., Shih, S., Adler, F., Zhang, Y.Y., Thomp-
son, P., Lange, B.J., Freedman, M.H., McCormick, F., Jacks, T,
and Shannon K. (1996) Loss of NF1 results in activation of the
Ras signaling pathway and leads to aberrant growth in hae-
matopoietic cells. Nat. Genet. 12, 144-148

Largaespada, D.A., Brannan, C.I., Jenkins, N.A., and Cope-
land, N.G. (1996) NF'1 deficiency causes Ras-mediated granu-
locyte/macrophage colony stimulating factor hypersensitivity
and chronic myeloid leukaemia. Nat. Genet. 12, 137-143
Zhang, Y., Gao, X., Saucedo, L.J., Ru, B., Edgar, B.A., and Pan,
D. (2003). Rheb is a direct target of the tuberous sclerosis
tumour suppressor proteins. Nat. Cell Biol. 5, 578-581

ZT0Z ‘62 equisides uo eidsoH uensuyd enybueyd 1e /Bio'seulnolpiogxo-qli:dny woly pspeojumoq


http://jb.oxfordjournals.org/

484

58. The European Chromosome 16 Tuberous Sclerosis Consor-
tium. (1993) Identification and characterization of the tuber-
ous sclerosis gene on chromosome 16. Cell 7, 1305-1315

59. Largaespada, D. (2003) A bad rap: Rapl signaling and onco-
genesis. Cancer Cell 4, 3-4

M. Hattori and N. Minato

60. Maillet, M., Robert, S.J., Cacquevel, M., Gastineau, M., Vivien,
D., Bertoglio, J., Zugaza, J.L., Fischmeister, R., and Lezoualc’h,
F. (2003) Crosstalk between Rapl and Rac regulates secretion
of sAPPa. Nat. Cell Biol. 5, 633—639

oJ. Biochem.

ZT0Z ‘62 equisides uo eidsoH uensuyd enybueyd 1e /Bio'seulnolpiogxo-qli:dny woly pspeojumoq


http://jb.oxfordjournals.org/

	Rap1 GTPase: Functions, Regulation, and Malignancy
	Masakazu Hattori and Nagahiro Minato
	Department of Immunology and Cell Biology, Graduate School of Biostudies, Kyoto University, Yoshi...
	Received June 18, 2003; accepted June 25, 2003

	Rap1 is a member of the Ras family of small GTPases that is activated by diverse extracellular st...
	Key words: ERK, integrin, myeloid leukemia, Rap1, T cell anergy.
	Abbreviations: GEF; guanine nucleotide exchange factor, GAP; GTPase-activating protein, GRD; GAP-...
	Regulation of Rap1 signaling
	Rap1 GEFs
	Rap1 GAPs
	Biological functions of Rap1
	Rap1 signaling in cell proliferation
	Rap1 signaling in cell adhesion
	Rap1 in malignancy
	Good Rap and bad Rap
	Future prospects
	REFERENCES





