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G protein-mediated signal transduction can transduce
signals from a large variety of extracellular stimuli
into cells and is the most widely used mechanism for
cell communication at the membrane. The RhoGTPase
family has been well established as key regulators of
cell growth, differentiation and cell shape changes.
Among G protein-mediated signal transduction, G12/
13-mediated signalling is one mechanism to regulate
RhoGTPase activity in response to extracellular sti-
muli. The alpha subunits of G12 or G13 have been
shown to interact with members of the RH domain con-
taining guanine nucleotide exchange factors for Rho
(RH—RhoGEF) family of proteins to directly connect
G protein-mediated signalling and RhoGTPase signal-
ling. The G12/13—RH—RhoGEF signalling mechanism
is well conserved over species and is involved in critical
steps for cell physiology and disease conditions, includ-
ing embryonic development, oncogenesis and cancer
metastasis. In this review, we will summarize current
progress on this important signalling mechanism.
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G protein-mediated signal transduction

Heterotrimeric guanine nucleotide-binding proteins
(G proteins), composed of o, B and y subunits, act as
molecular switches which cycle between an inactive,
GDP-bound state and an active, GTP-bound state
(1, 2). These G proteins couple to G-protein coupled
receptors (GPCRs) that have a common structure
of seven transmembrane alpha helices. About 800
GPCRs form the largest gene family in the human
genome to sense and transduce huge arrays of extra-
cellular stimuli, ranging from ions, amines, lipids and
proteins. GPCR-G protein signalling mechanisms are
involved in the regulation of many cellular processes.
A ligand-bound GPCR activates its coupled G protein
to facilitate a GDP—GTP exchange reaction on the
alpha subunit. The GTP-bound Ga subunit dissociates
from the GPy dimer, both of which regulate the

activity of multiple intracellular effectors to elicit cel-
lular responses. The strength and duration of the signal
is determined by the amount and lifetime of Ga—GTP
in the cell. All Ga subunits have intrinsic GTPase ac-
tivity that hydrolyses GTP to GDP, and this rate of
hydrolysis is enhanced by GAPs (GTPase-activating
proteins) such as RGS (regulator of G protein signal-
ling) proteins, which bind the switch regions of acti-
vated Go subunits, and thus accelerate the hydrolysis
of GTP to GDP (3). Once in the GDP-bound state, Go
subunits re-associate with GBy and are capable of initi-
ating another round of signalling.

Ga subunits are classified into four subfamilies, Gs,
Gi, Gq and G12 (4). Gas and Gai are mainly involved
in the stimulation and inhibition of adenylyl cyclases,
respectively, to regulate the intracellular concentra-
tion of cAMP (cyclic adenosine 3'—5" monophosphate).
PLCB (phospholipase C-B) isozymes are well-
established effectors for all members of the Gq sub-
family and generate IP3 (inositol 1,4,5 triphosphate)
and DG (diacylglycerol) from PIP, (phosphatidylino-
sitol 4,5 bisphosphate) at the plasma membrane. IP;
increases intracellular Ca*" levels and DG is involved
in the activation of PKC (protein kinase C). In add-
ition to the regulation of soluble intracellular second
messengers, it has been clearly demonstrated that
Gol2/13 and Goq are directly involved in the
activation of RhoGTPases (5). The RhoGTPases are
members of the RAS superfamily of monomeric GTP-
binding proteins. It has been demonstrated that the
activation of RhoGTPase results in a variety of cellular
responses including gene transcription, embryogenesis
and rearrangement of the actin cytoskeleton (6).
Similar to heterotrimeric G proteins, RhoGTPase
also cycles between a GDP-bound and GTP-bound
state. RhoGEFs (guanine nucleotide exchange factors
for Rho) serve a similar role as GPCRs to facilitate
GDP—GTP exchange on Rho (7). Most RhoGEFs
contain a common domain structure consisting of
tandem DH (Dbl homology) and PH (pleckstrin hom-
ology) domains. The DH domain is directly involved in
the catalytic activity of GDP—GTP exchange. The Dbl
family of RhoGEFs consists of about 80 members and
is the largest family of oncogenes (8). This strongly
reinforces the critical importance of the regulation of
RhoGTPases in cell physiology as well as in cancer. In
addition, the critical importance of regulation of Rho
activity in cardiovascular diseases, neurological dis-
orders and immunological responses has also been re-
ported. In this review, we will focus on the recent
progress on the molecular mechanisms for the regula-
tion of RhoGTPase activity through GPCR-
heterotrimeric G12/13-signalling pathways.
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Ga12 and Ga13 regulates Rho activity

The G12 subfamily consists of two alpha subunits,
Gal2 and Goal3, which are ~70% identical in amino
acid sequence and have similar biochemical properties,
such as slow rates of intrinsic GTP hydrolysis and a
slow rate of GDP—GTP exchange (9, 10). Both Gal2
and Gol3 are expressed ubiquitously. GPCRs for
various ligands such as angiotensin II, endothelin,
thrombin, bombesin, thromboxane A2 (TXA2), sphin-
gosine-1-phosphate (S1P) and lysophosphatidic acid
(LPA) have been shown to couple to GI12/13 (11).
The coupling specificity between G12 and G13 is usu-
ally not strict and most of these ligands can activate
both G12 and G13. It is notable that the most GPCRs
which couple to G12/13 also couple to Gq. The physio-
logical significance of this co-coupling is not yet clearly
understood, but strongly indicates the importance of
simultaneous regulation of both signalling pathways.
Although Gal2 and Gal3 are the most homologous
among Go subunits and share similar biochemical
properties, their signalling functions are clearly differ-
ent. For example, in in vitro reconstitution experi-
ments, Gal3 stimulates the RhoGEF activity of
pl15RhoGEF and LARG (leukaemia associated
RhoGEF) (/2—14). On the other hand, Gual2 does
not activate the RhoGEF activity of these proteins al-
though it directly interacts with these targets with an
affinity similar to Ga13 and Go12 competes with Ga13
to inhibit Goal3-stimulated RhoGEF activity of
pl15RhoGEF. In gene knockout experiments, Gor137~/~
mice die at day E9.5 due to defects in vascular structure
formation (15). On the other hand, Gat12~/~ mice are
viable and do not show any apparent phenotype.
Go127/7/Ga137/~ double knockout mice die about 1
day earlier than Go137/~ single knockout mice (76).
These results clearly demonstrate that Ga12 and Gal3
have distinct physiological functions.
Phosphorylation of Go subunits is an important
modification that regulates their function. Gal2 is a
substrate for phosphorylation by PKC (17). It was
demonstrated that Gal2 over-expressed in NIH3T3
cells is phosphorylated following treatment of the cells
with PMA (17), and endogenous Gai12 in human plate-
lets is phosphorylated in response to PMA, thrombin
and the TXAZ2 receptor agonist U46619 (18). Although
the phosphorylated residue(s) on Gal12 has not been
identified, it is located within the first 50 N-terminal
amino acid residues (/7). It has been demonstrated
that phosphorylated Gal2 loses its affinity for GPy,
and that the association with Gy reciprocally inhibits
the phosphorylation of Gal2 by PKC (/7). This ap-
pears to be consistent with the fact that GBy interacts
with the N-terminal alpha helix of Ga through one of
the seven bladed propellers of the G subunit. As to
phosphorylation of Gal3, there is a discrepancy be-
tween in vitro and cell-based experiments. In vitro ex-
periments demonstrate purified Ga13 is not a substrate
for PKCa (/7). However, it was reported that en-
dogenous Gal3 in platelets is phosphorylated in re-
sponse to PMA, and that Gal3 over-expressed in
COS cells is effectively phosphorylated by PKC (18).
Thus, some additional factors may be required for
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PKC-mediated phosphorylation of Gal3 in cells.
Interestingly, in Caenorhabditis elegans, genetic experi-
ments suggested that the novel calcium-independent
PKCH/d is a potential downstream target of Gal2
(19). Further investigation may reveal the import-
ant unknown molecular link between Gal2 or Gul3
and PKC.

Go subunits have been known to be subject to lipid
modifications that affect their subcellular localization
as well as their interactions with other proteins. Gu
subunits are subjected to myristoylation and/or palmi-
toylation. Ga12 and Gal3 are not myristoylated be-
cause they lack a glycine residue as the second amino
acid residue. However, both Ga12 and 13 are subjected
to palmitoylation at cysteine residues near their
N-terminus. Cysl12 of Gal2 and Cysl4 and Cysl8 of
Gol3 are candidate residues (20, 21). It was demon-
strated that palmitoylation of Gal3 is required for its
association with the plasma membrane and its ability
to activate RhoA through pl15RhoGEF (22). It has
also been reported that palmitoylated Gal2 but not
Goal3 localizes in lipid rafts (23), and that the
NIH3T3 transforming activity of constitutively active
mutant of Gal2 can be prevented by blocking its
palmitoylation (20).

RH domain containing guanine nucleotide
exchange factors for Rho serve as direct
effectors for Ga12 and Ga13

One of the cellular effects first identified for Go.12 and
Go 13 subunits was their potent cell transforming activ-
ities compared with other Ga subunits (24). In add-
ition, wild-type Gol2 was the only Go subunit that
was isolated as an oncogene using a focus formation
assay in NIH3T3 cells (25). Subsequently, it was
demonstrated that over-expression of constitutively ac-
tive Gal2 or 13 induces several cellular effects which
suggest stimulation of Rho activity in cells, such as
formation of actin stress fibres or neurite retraction
in neuronal cells (26, 27). However, the exact biochem-
ical mechanism connecting the activation of Ga12/13
to Rho activation was not clearly understood.

A direct link between Gal3 and RhoA was estab-
lished with the discovery of pl15RhoGEF, a RhoA-
specific GEF (13) (Fig. 1). In mammals, three members
of the RH domain containing guanine nucleotide ex-
change factors for Rho (RH—RhoGEF) family, that
contain an RH (RGS homology) domain in their
N-terminus, have been identified: pll15RhoGEF,
PDZ—RhoGEF and LARG (28-30) (Fig. 2). This
G12/13-RH—RhoGEF pathway is extremely well con-
served over animal species. Homologous signalling
mechanisms were identified both in Drosophila and
C. elegans (31-33) (Fig. 2). In Drosophila, genetic ex-
periments demonstrated that the deletion of any com-
ponent of the Gul3—RhoGEF—RhoA-signalling
pathway results in a similar phenotype consisting
of embryonic lethality at the stage of gastrulation.
These results clearly indicate the fundamental bio-
logical importance of this signalling pathway in cell
growth, differentiation and development. Since the
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Fig. 1 Ga12/13-p115RhoGEF-Rho signalling pathway.
G12/13-coupled receptor stimulation generates GTP-bound Ga12
or Ga13. Both Go subunits interact with the RH domain of
pl15RhoGEF. The interaction with Ga13, but not Ga12, stimulates
RhoGEF activity through the DH/PH domains, possibly through
a conformational change of the linker region between the RH and
DH/PH domains. The RH domain of pl15RhoGEF has GAP
activity for both Ga12 and Gal3, which terminates the signal.

discovery of RH—RhoGEF as their effectors, several
other molecules have also been identified as effectors
for Ga12 or Gal3. However, the RH—RhoGEFs have
been the most extensively studied and characterized. In
the following sections, we will summarize our current
understanding of the three mammalian RH—RhoGEFs,
pl15RhoGEF, LARG and PDZ—RhoGEF.

p115RhoGEF
Function. pl15SRhoGEF is a Ras homology (Rho)
guanine nucleotide exchange factor that was first dis-
covered through its specificity for binding nucleotide-
free RhoA (34). pl15RhoGEF binds to the alpha
subunits of the G12 family of heterotrimeric G pro-
teins through its N-terminal RH domain. The RH
domain allows pl15RhoGEEF to serve as a GAP, accel-
erating the intrinsic rate of hydrolysis of GTP to GDP
by Ga12 and Ga13 and terminating signalling through
Gul2 and Gual3 (72, 34). In addition to the canonical
RGS box, the RH domain of pl15RhoGEF requires
an extra 60 amino acids for full stability of the isolated
domain (35). pl15RhoGEF activates Rho by catalys-
ing the exchange of GDP for GTP on Rho through its
DH domain. Additionally, pl15RhoGEF contains a
PH domain immediately C-terminal to the DH
domain. It is thought that the PH domain works with
the RH domain to regulate plasma membrane localiza-
tion of pl15RhoGEF (36).

Activated Gol2 and Gol3 bind pl15RhoGEF
through the RH domain, which is crucial for its
GAP function. However, only Gal3 is able to
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stimulate the RhoGEF activity of pll5RhoGEF
in vitro (12, 13, 35). Amino acids 22—31, N-terminal
to the RH domain, are necessary for the interaction
between pl15RhoGEF and activated Gal3 (35, 44)
The deletion of 41 amino acids from the N-terminus
of the RH domain of pl15RhoGEF leads to a loss in
the GAP activity of pl15RhoGEF, though it can still
bind Gal3. Thus, the RH domain itself does not con-
tain the catalytic residues necessary for GAP activity
(35). A second, activation-dependent binding site for
Goa12/13 was identified between amino acids 288—760
of pl15RhoGEF (38). However, Ga13 has no capacity
to stimulate the GEF activity of this fragment of
pl115RhoGEF. Thus, the role of this putative interface
in the regulation of pl115RhoGEF activity is unclear.
Deletion of amino acids 1-288 of pl15RhoGEF elim-
inates its sensitivity to activation by Gul3 (39).
Therefore, binding of Gal3 to the RH domain is a
critical step in the activation process.

In addition to the interaction with Guol2/13,
pl15RhoGEF has been shown to interact with a var-
iety of other proteins. For example, pl15RhoGEF
interacts with the cytoplasmic domain of the human
immunodeficiency virus type 1 (HIV-1) transmem-
brane glycoprotein 41 (gp41) through its DH/PH do-
mains and this interaction inhibits HIV-1 replication
(37). pl15RhoGEF has also been shown to inhibit
thrombin-induced activation of extracellular signal-
regulated kinases 1 and 2 (ERK1/2) and p90 ribosomal
S6 kinase (p90RSK) through its RH domain in adult
rat ventricular myocytes (38). pl15RhoGEF interacts
with the scaffolding protein connector enhancer of
kinase suppressor of Ras 1 (CNKSR1) through its
RH and DH/PH domains. CNKSR1 can block stress
fibre formation and SRE activation induced by
pl15RhoGEF, and CNKSRI1 acts synergistically with
p115RhoGEF to enhance phosphorylation and activa-
tion of c¢-Jun. This enhancement in c-Jun phosphoryl-
ation and increase in total c-Jun protein levels indicate
increased signalling via the JNK pathway (39).
pl115RhoGEF functionally couples to CD44 variant
3 (CD44v3), a hyaluronan (HA) receptor found in
human metastatic breast tumour cells (MDA-MB-231
cells) (40).

Structure. Although the RH domain of pl15RhoGEF
exhibits very low primary sequence identity to other
RGS proteins, crystallographic analysis indicates that
its overall tertiary structure is similar to that of other
RGS proteins (12, 41). Additional crystallographic stu-
dies have revealed a unique bipartite interaction be-
tween the RH domain of pl15RhoGEF and Gual3
(41). The interaction between the GAP interface of
pl15RhoGEF and the switch regions of Gol3 resem-
bles that of RGS4 and RGS9 with their respective
Go proteins (4/). Additionally, an effector-like inter-
face between is formed between the RH domain of
pl15RhoGEF and Gual3. Mutation of residues in
Gal3 that contribute to this interface reduce Rho acti-
vation in cells, and impair p115RhoGEF activity in vitro
(42). Recent mutational analysis of pl15RhoGEF re-
vealed the importance of the linker region between RH
domain and DH domain for the regulation of GEF

359



T. Kozasa et al.

p115RhoGEF

PDZ-RhoGEF

LARG

14312

LARG 341 QDTDTQRSLVGSPST---RIAP-HIIGAEDDDFGTEHEQIN-GQCSCEFQST
PDZ-RhoGEF 290 QGVDQ-—---- e KP-LIIG DY DPGYF-NN-ESDIIFQDL
pll5RhoGEF 1 MEDFARGA-ASPGFSRPGLVFEVSIIGA FENELETNSEEQNSQFQSL
* & * ***_* :*—: s o~ **.:
BN a2
LARG 386 ELLKSRPAHLAVFLHHVVSQFDPATLLCYLYSDLYKHTNSKETRRIFLEF
PDZ-RhoGEF 324 EKLKSRPAHLGVFLRYIFSQADPSPLLFYLCAEVYQQASPEDSRSLGKDI
pl15RhoGEF 50 EQVERRPAHLMALLOHVALQFEPGPLLCCLHADMLGSLGPKEAKKAFLDF
* :! o ke e e _:t::: * :t_'*‘l * e "'x::: - .
a2 a3 ad asS

cont.
LARG 436 HQFFLDRSAHLKEVSVPDEMSADLEKRRPELIPEDLHRHYIQTMQERVHPE
PDZ-RhoGEF 374 WNIFLEKNAPLRVKIPEMLQAEIDSRLRN--SED-ARGVLCEAQEAAMPE
P1l15RhoGEF 100 YHSFLEKTAVLRVPVPPNVAFELDRTRADLISEDVQRRFEVQEVVQSQQVA

y WRDLLE WLE oW o = = P - 5

as ab a7 al

cont.
LARG 486 VQRHLEDFRQKRSMGLTLA--ESELTKLDAERDKDRLTLE-KERTCAEQI
PDZ-RhoGEF 421 IQEQIHDYRTKRTLGLGSLYGENDLLDLDGDPL———————— RERQVAEKQ
pl15RhoGEF 150 VGRQLEDFRSKRLMGMTPW--EQELAQLEAWVGRDRASYEARERHVAERL

% S, A gl Beal oK i
a8 cont. a9 all

LARG 533 VAKIEEVLMTAQAVEEDKSSTMQYVILMYMEHLGVEVKEP-—-RNLEHKRG
PDZ-RhoGEF 463 LAALGDILS---KYEEDRSAPMDFALNTYMSHAGIRLREARPSNTAEKAQ
P1l15RhoGEF 198 LMHLEEMQOHTIS-TDEEKSAAVVNAIGLYMRHLGVRTKS--—---- GDKKS

W oe s

dek ke ks s w*

al10 cont.

all

Fig. 2 RH—RhoGEF protein family. Upper panel: schematic representation of mammalian RH—RhoGEF members, pl 15RhoGEF, LARG and
PDZ—RhoGEF. Blue:PDZ domain, Red:RH domain, Green: DH-PH domain. Amino acid residue numbers for the domains are shown above.
Lower panel: primary sequence alignment of the RH domains from the human RH-RhoGEFs LARG, PDZ—RhoGEF and pl15RhoGEF.
Identical and similar residues are indicated with a star and a colon, respectively. Semi-conserved residues are indicated with a period. Secondary
structural elements were assigned based on the X-ray crystal structure of the RH domain of pl15RhoGEF (42), and are indicated below the
pl15RhoGEF sequence. The IIG motif is highlighted in green while residues required for the GAP activity of pl15RhoGEF are highlighted in
red. Amino acids are numbered according to the sequences of the full-length proteins. The NCBI reference sequences used to generate the
alignment are as follows: LARG (NP_056128.1), PDZ—RhoGEF (NP_055599.1) and pl15RhoGEF (NP_004697.2).

activity. In particular, the deletion of amino acids
395—412, which are at the N-terminal extension of
the DH domain, significantly decreases the GEF activ-
ity of pl15RhoGEF in vitro (43). This region of p115is
homologous to the region of LARG that has been
shown to be critical in achieving maximum GEF activ-
ity (44). This N-terminal extension is well folded in the
crystal structure of the DH/PH domains alone, but
is disordered in the presence of the whole linker
region (43). It is possible that interaction between
pl15RhoGEF with Gal3 changes the structure of
this N-terminal extension region to activate the GEF
activity of pl115. However, the molecular mechanism
by which this conformational change occurs is still
unknown.

Mutagenesis and chimeric studies of Gal3 suggest
that the binding and activation of RH—RhoGEFs such
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as pl15RhoGEF require most of the GTPase domain
of Gal3 in addition to the switch regions (45).
The differential GAP response of Ga12 and Gal3 to
the RH domain of pl15RhoGEF is dependent on the
N-terminal o-helical and switch regions, while the
C-terminal region (residues 264—377) of Gual3 is re-
sponsible for its RhoGEF activity (46). Recently, it
has also been shown that the double mutation of two
residues in Gal3 that lie in the effector interface with
the RH domain of pl15RhoGEF, T274E and N278A,
eliminates the interaction between pl15RhoGEF and
Gol3 and abrogates both the GEF and GAP activities
of pl115RhoGEF in response to Gal3 (42).
pl15RhoGEF exhibits synergistic activation of tran-
scription via the serum response element (SRE) in
NIH3T3 and HelLa cells when it is co-expressed with
a constitutively active mutant of Go13, but not with
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Fig. 3 Schematic representation of pl15RhoGEF highlighting known and potential regulatory elements. The core domains of pl15RhoGEF

are coloured red (RH) and green (DH/PH module). The region N-terminal to the RH domain containing the IIG motif and residues required
for GAP activity is indicated by an orange box (41, 75). The N-terminal extension of the DH domain thought to be important for regulation of
basal activity, the ‘activation box,’ is indicated with a blue box (43). Serine (S) and tyrosine (Y) residues reported to be modified by
phosphorylation are also indicated. Note that the cartoon is not drawn to scale (53, 54).

constitutively active Gal2 or Goagq (/4, 47). Deletion
of its C-terminus (amino acids 761-912) allows
pl15RhoGEF to stimulate SRE activity in NIH 3T3
cells more potently and promotes greater accumula-
tion of GTP-bound endogenous RhoA as compared
to full-length pl15RhoGEF (48). The C-terminus
is also responsible for homo-oligomerization of
pl15RhoGEF and its murine orthologue, Lsc (Lbc’s
second cousin) (49, 50), and deletion of the C-terminus
(amino acids 801—912) significantly increases the trans-
forming ability of pl15RhoGEF in NIH 3T3 cells.
However, deletion of the putative dimerization inter-
face fails to enhance Lsc-mediated SRE activation,
demonstrating that dimerization and negative regu-
lation are distinct properties of the C-terminus.
Deletion of the DH domain or truncation of the PH
domain abolishes the transforming activity of
pl15RhoGEF (49).

Phosphorylation. There is evidence that serine/threo-
nine phosphorylation also plays a role in the regulation
of pl15RhoGEF activity. For example, thrombin
stimulates the phosphorylation of pl15RhoGEF in a
PKCa-dependent manner (57). PKCa, but not PKC¢,
associates with pl 15RhoGEF, and inhibition of PKCa
activity prevents Rho activation and activates endothe-
lial barrier dysfunction (57). PKCa has also recently
been reported to phosphorylate pl15RhoGEF in re-
sponse to TNFa stimulation in BEND.3 mouse brain
endothelial cells, leading to barrier dysfunction (52).
Specific residues that are phosphorylated by PKCa
have yet to be identified. Additionally, pl15RhoGEF
was identified as being phosphorylated in HeLa cells
during mitosis, specifically on serine residues 14 and
863 (53). However, the role and mechanism of serine/
threonine phosphorylation in regulating pl 15RhoGEF
activity still remains unknown. It has recently been
reported that pl15RhoGEF is tyrosine phosphory-
lated by Jak2 on tyrosine residue 738 in a Gog-
dependent manner after stimulation of arterial smooth
muscle cells with angiotensin II (54).

Physiology. In mice, Lsc (Lbc’s second cousin), the
murine orthologue of pl15RhoGEF, has primarily
been characterized in hematopoietic cells and is impli-
cated in immune system function. Targeted disruption
of Lsc in 120/Sv background mice showed that it is
required for normal B- and T-lymphocyte function.

These Lsc™/~ mice have fewer T-cells in the spleen
and lymph nodes, a decrease in B-cells in the marginal
zone, and impaired thymus-dependent and type 2
thymus-independent immune responses. Lsc™/~ mar-
ginal zone B (MZB) cells showed enhanced chemo-
taxis, and proliferation of splenic B-cells is impaired.
Lsc™/~ T-cells have defects in actin Polymerization
induced by TXA2 or LPA (55). Lsc™/~ mice on the
BALB/c background show thymic hyperplasia and
an age-dependent increase in thymocytes (56). These
Lsc™’~ mice are unable to generate a T-dependent
(TD) antibody response (IgM). Additionally, their
naive and activated MZB cells exhibit enhanced migra-
tion towards S1P, but their integrin-mediated release
during migration is impaired (57). In a 50:50 129 Sv/
Jae:C57BL/6 background, mice lacking Lsc have per-
ipheral leukocytosis, splenomegaly and extramedullary
haematopoiesis, though they show no evidence of local
or systemic infections. Cellular recruitment to chemical
dermatitis and bacterial peritonitis in these mice is
normal. Lsc™/~ neutrophils from these mice are unable
to generate and sustain dominant pseudopods when
stimulated by formyl peptide, and consequently have
significantly enhanced chemokinesis and abnormal dir-
ectional migration. These Lsc™/~ neutrophils also have
impaired B2 and B1 integrin function (58). Lsc™/~ ger-
minal centre B-cells also proliferate faster than wild-
type cells (59). Recently, it was also described that mice
in the 129/Sv background lacking Lsc exhibit progres-
sive dilatation of the oesophagus. These mice have a
thinner muscle layer in the oesophagus, hypertonic
lower oesophageal sphincter, and lack regular propul-
sive peristalsis, traits similar to achalasia in humans.
These Lsc ™/~ mice also have a lower neurite density,
reduced NGF (nerve growth factor) expression and
fewer GFAP (glial fibrillary acidic protein)-positive glia
cells in the oesophagus, which may partially account for
the achalasia-like phenotype in these mice (60).

PDZ—-RhoGEF

Function. A full-length transcript of PDZ—RhoGEF
(known as KIAA380) was first identified in a human
brain cDNA library screen for transcripts that could
potentially encode large proteins (6/). While the func-
tion of KIAA380 was not immediately clear, it was
recognized to share sequence similarity with Lsc, a re-
cently identified oncogene and putative Dbl family
Rho guanine nucleotide exchange factor that was
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subsequently shown to be a RhoA-specific GEF
(62, 63). Kozasa et al. (12) were the first to appreciate
the sequence similarity between the N-terminus of
KIAA380, canonical GAPs for heterotrimeric G pro-
teins such as RGS2 and RGS4, and other RhoA-
specific GEFs. Shortly thereafter, the putative DH/
PH domains of KIAA380 were demonstrated to stimu-
late release of CH)GDP from RhoA in vitro, but not
from Racl or Cdc42, directly demonstrating that
KIAA380 is a RhoA-specific GEF (64). The murine
orthologue of PDZ—RhoGEF, GTRAP48, was identi-
fied in a yeast two-hybrid screen for proteins which
could interact with the glutamate transporter EAAT4
(65). This study also demonstrated that GTRAP48
could stimulate binding of GTPyS to RhoA but not
Rac or CDC42 in vitro, further confirming this pro-
tein’s function as a RhoA-specific GEF.

Subsequent biochemical analysis of PDZ—RhoGEF
confirmed that the isolated DH and PH domains are
sufficient to stimulate specific nucleotide exchange on
Rho in vitro (66, 67). Furthermore, Togashi ef al.
demonstrated that over-expression of full-length
PDZ—RhoGEF in COS7 cells increased GTP binding
to RhoA, but not Racl or CDC42, suggesting that it
functions as a Rho-specific GEF in a cellular context
as well (66). Consistent with this notion, PDZ—
RhoGEF has been linked to several Rho-dependent
cellular responses such as SRE-mediated gene tran-
scription and neurite retraction (29, 66).

Both GTRAP48 and PDZ—RhoGEF are able to
co-immunoprecipitate with activated forms of Gal3,
suggesting these proteins act as direct links between
heterotrimeric G proteins and RhoA (29, 65). In sup-
port of this model, deletion mutants of PDZ—RhoGEF
lacking its DH/PH domains abrogate Rho-dependent
SRE activation by constitutively active mutants of
Gal2/13 (29), or LPA-induced neurite retraction
(66), demonstrating indirectly that PDZ—RhoGEF
is regulated by G12 family members in a cellular con-
text. In vitro however, neither PDZ—RhoGEF nor
GTRAP48 have detectable GAP activity towards
Gal2 or Gal3 and stimulation of the guanine nucleo-
tide exchange activity of PDZ—RhoGEF/GTRAP48
by these heterotrimeric G proteins has not been
detected under the conditions tested (35). Thus, the
precise mechanism by which G12 family members
regulate the RhoGEF activity of PDZ—RhoGEF and
GTRAP48 remains unknown. PDZ—RhoGEF may
regulate Rho activity independently of the interaction
with GI12 family members by virtue of its PDZ
domain, which has been shown to interact with a var-
iety of cell surface receptors including GPCRs and
plexins (68—71).

Structure. The structure of full-length PDZ—RhoGEF
has not been solved; however the structures of its core
domains have been determined individually, in some
cases both in the presence and absence of accessory
proteins. The primary sequence of the RH domain of
PDZ—RhoGETF is distantly related to that of ‘classical’
RGS proteins such as RGS2 and RGS4, with sequence
identities of ~20% (/2). Despite this fact, X-ray
crystallography revealed that the RH domain of
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PDZ— RhoGEF adopts a tertiary structure very simi-
lar to that of other RGS proteins (72). Like the RGS
domain of RGS4 (73), the core RGS box of PDZ—
RhoGEF is formed by 9 o helices, with helices 4—7
forming a classical anti-parallel bundle. In contrast
to other RGS proteins, the RH domain of PDZ—
RhoGEF also contains three additional helices
C-terminal to the RGS box which are tightly asso-
ciated with helices in the core RGS domain via hydro-
phobic interactions. These additional helices are
conserved in both pl15RhoGEF and LARG, and are
a key feature that distinguishes these RH domains
from canonical RGS proteins.

The RH domain of PDZ—RhoGEF has also been
crystallized with the inactive (GDP-bound), active
(GTPyS-bound) and transition state (AlF4 -bound)
forms of Gal3 (74). The interaction between the RH
domain and GDP-bound Gual3 was particularly
surprising especially in light of the fact that PDZ—
RhoGEF was able to maintain the switch regions of
Gal3 in an activated conformation. This suggests that
GTP hydrolysis may not be sufficient to terminate the
Go13—PDZ—RhoGEF interaction, and perhaps Gal3
must be sequestered by Gy to fully conclude the sig-
nalling cycle.

The RH domain of PDZ—RhoGEF interacts with
Gal3 through multiple intermolecular interfaces. One
point of contact is centred on an IIG (isoleucine—iso-
leucine—glycine) motif found N-terminal to the RGS
box. This motif forms multiple contacts with the o
helical domain of Gal3, and is conserved in other
RH—RhoGEFs. As the primary sequence of Ga sub-
units is most divergent in the o helical domain, this
interface may represent one mechanism by which
RH—RhoGEFs specifically recognize Gal3.
Interaction with the IIG motif may also facilitate acti-
vation of Gal3 by restraining its o helical and Ras-like
domains in their active conformation.

Additionally, Ga13 interacts with an acidic stretch
of residues N-terminal to the core RGS box of
PDZ—RhoGEF. While the analogous residues in
pl15RhoGEF confer GAP activity for Gal3 (79),
PDZ—RhoGEF has no detectable effect on GTP hy-
drolysis by Gal3 in vitro (35). This lack of GAP activ-
ity on the part of PDZ—RhoGEF is readily explained
by the structure, as key residues in the acidic patch of
PDZ—RhoGEF fail to make productive interactions
with catalytic residues in the switch regions of Gal3.
In addition to the contacts formed with Ga13 through
elements N-terminal to the RGS box, the RH domain
of PDZ—RhoGEF also utilizes residues in the unique
C-terminal extension of the RGS box to dock into the
cleft formed by the 2 and o3 helices of Ga13, which a
highly conserved effector binding site on other G pro-
tein o subunits (reviewed in (76)). This suggests that
this interface may play a role in regulation of
PDZ—RhoGEF activity by Gal3. Although Gul3
has been implicated in regulation of PDZ—RhoGEF
activity in cell-based experiments (29), direct activation
of this GEF by Gal3 in vitro has not been detectable
under the conditions tested. Thus, additional regula-
tory mechanisms may be required to render
PDZ—RhoGEF susceptible to regulation by Gal3.



A crystal structure of the DH/PH domains of
PDZ—RhoGEF bound to nucleotide-free RhoA has
been determined by X-ray crystallography (67). The
DH domain is a helical bundle which assumes the clas-
sical ‘chaise lounge’ configuration characteristic of Dbl
family proteins (reviewed in (8)). As with other
RhoGEFs, conserved regions 1 and 3 of the DH
domain contact switch I in RhoA, while switch II is
engaged by conserved region 3 and the a6 helix. The
latter set of interactions is believed to dictate the spe-
cificity for the GTPase. Subsequent mutational ana-
lysis of RhoA has defined the precise residues
dictating its interaction with PDZ—RhoGEF (77).

The PH domain of PDZ—RhoGEF also assumes a
fold common to this domain family in the form of an
anti-parallel B sandwich capped with an o helix.
However, the PH domain of PDZ—RhoGEF has sev-
eral features that distinguish it from classical PH do-
mains. The P4 strand contains an 18 amino acid
residue insertion which includes an uncharacteristic
proline. This results in a B-strand which protrudes
into the putative phosphoinositide-binding pocket.
Additionally, this pocket is lined with fewer positively
charged residues than are found in the PH domains of
other RhoGEFs like Dbs, suggesting that binding to
phosphoinositides may not be a major function of this
particular PH domain. Interestingly, the PH domain
also makes direct contact with RhoA, though the inter-
action surface is small, <10% of the total surface area
buried in the complex. It remains unclear to what
extent the PH domain influences nucleotide exchange
under physiological conditions, although, in vitro, the
DH/PH tandem is a more efficient GEF than the iso-
lated DH domain (67, 77), suggesting that the PH
domain likely influences GEF activity in a positive
manner. Studies of the DH/PH domains of
PDZ—RhoGEF in the presence and absence of
nucleotide-free RhoA in solution are consistent with
models determined by X-ray crystallography (78).

Another unusual feature of the PH domain of
PDZ—RhoGEF is its capacity to bind directly to the
GTPyS-bound form of RhoA (79). Although the pre-
cise regulatory implications of this interaction are cur-
rently unknown, association with activated RhoA may
be one mechanism that recruits PDZ—RhoGEF to the
plasma membrane, where its target, geranylgerany-
lated RhoA, is presumably enriched. This putative
feed-forward mechanism is consistent with the obser-
vations that while RhoA—GTPyS does not have a de-
tectable effect on the GEF activity of PDZ—RhoGEF
in vitro, the DH/PH module of PDZ—RhoGEF can be
isolated in a stable ternary complex with both
nucleotide-free RhoA and RhoA—GTPyS.

In vitro biochemical studies analysing the basal GEF
activity of PDZ—RhoGEF truncation mutants have
identified an acidic stretch of residues N-terminal to
the DH domain that may play a role in autoinhibition
of its exchange activity (80). NMR spectroscopy sug-
gests that residues in this negatively charged sequence
motif may suppress basal GEF activity by interacting
with positively charged residues in the DH domain of
PDZ—RhoGEF. While mutation of amino acids in the
acidic cluster could enhance the GEF activity of the
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isolated DH/PH domains in vitro, in the presence of
the RH domain these mutations had little effect, sug-
gesting that the RH domain may work in concert with
the acidic motif to regulate nucleotide exchange.

A structure of the PDZ domain of PDZ—RhoGEF
has been solved by NMR (Protein Data Bank 1D 2dIs).

Phosphorylation. Early studies of cytoskeletal reorgan-
ization mediated by G12 family members suggested
that tyrosine kinases may play a role in regulating
Rho activation. Tyrosine kinase inhibitors have been
reported to block various Rho-dependent processes
such as Gal3-induced neurite retraction and cell
rounding, the assembly of stress fibres and focal adhe-
sions in response to LPA stimulation, and Rho activa-
tion itself (27, 81—83). More specifically, subsequent
work has demonstrated that the non-receptor tyrosine
kinase FAK (focal adhesion kinase) may play a role in
the regulation of PDZ—RhoGEF activity (83).
Tyrosine  phosphorylation of  over-expressed
PDZ—RhoGEF can be enhanced by co-expression
with an activated form of FAK, and challenging cells
co-expressing PDZ—RhoGEF and wild-type FAK
with thrombin also results in an increase in
PDZ—RhoGEF phosphorylation. This tyrosine phos-
phorylation occurs in the region C-terminal to the PH
domain of PDZ—RhoGEF, and enhances its exchange
activity in cell-based assays. However, the precise
mechanism(s) by which FAK-mediated tyrosine phos-
phorylation of PDZ—RhoGEF regulates its activity
has yet to be determined.

PDZ—RhoGEF has also been reported to be tyro-
sine phosphorylated in rat vascular smooth cells stimu-
lated with angiotensin II, and co-immunoprecipitation
studies suggested that PDZ—RhoGEF may associate
with the non-receptor tyrosine kinase PYK2 (84, 85).
PDZ—RhoGEF immunoprecipitated from these cells
can be tyrosine phosphorylated by a constitutively
active mutant of PYK2 in vitro, and this modification
appears to enhance basal GEF activity in vitro as well
(84).

Yeast two-hybrid screening identified a serine/threo-
nine kinase, p21-activated kinase 4 (PAK4), as a puta-
tive binding partner of PDZ—RhoGEF (86). PAK4 is
able to phosphorylate a peptide consisting of the last
100 amino acid residues of PDZ—RhoGEF in vitro and
over-expression of full-length PDZ—RhoGEF and a
constitutively active mutant of PAK4 in mammalian
cells results in increased serine/threonine phosphoryl-
ation of PDZ—-RhoGEF, suggesting  that
PDZ—RhoGEF is a substrate for this kinase. One
functional consequence of enhanced phosphorylation
of PDZ—RhoGEF appears to be a decrease in
LPA-induced Rho activation and stress fibre forma-
tion (86). Additionally, the interaction between
PAK4 and PDZ—RhoGEF provides a potential mech-
anism for cross-talk between RhoA and other mono-
meric GTPases acting upstream of PAK4, such as
Cdc42.

Physiology. The phenotype(s) of the PDZ—RhoGEF
knockout mouse have not been reported.
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LARG

Function. RH—RhoGEFs combine GAP activity and
effector activity into a single molecule. /n vitro, leukae-
mia-associated RhoGEF (LARG) and pl15RhoGEF
act as specific GAPs for Gal2 and Gal3, while the RH
domain of PDZ—RhoGEF lacks detectable GAP activ-
ity for these Go subunits (/2—/4). Biochemical evi-
dence using reconstitution systems with purified
proteins has demonstrated that the GEF activity of
LARG and pl15RhoGEF can be directly stimulated
by Gul3, but not Gal2 (/3, 14). LARG activation
requires not only binding to activated Gal2 but also
phosphorylation by a non-receptor tyrosine kinase
(13, 14). While the molecular mechanism of
RH—RhoGEF activation upon Ga13 binding remains
unclear, some studies have recently provided informa-
tion about the interface between Goal3 and
RH—RhoGEFs required for RH—RhoGEF activation.
A study utilizing chimeras of Ga12 and Gal3 identi-
fied that the C-terminal 100 amino acid residues of
Gal3 are required for activation of the GEF activity
of pl15RhoGEF and LARG, whereas the N-terminal
an alpha helical and switch regions of Ga12 and Ga13
are responsible for their differential GAP responses to
the RH domain (46). Kinetic and thermodynamic ana-
lysis of the interaction between Ga.13 and LARG using
surface plasmon resonance has demonstrated that
the simultaneous binding of the RH domain and
DH/PH domains with Gal3 facilitates formation of
the high affinity active Gal3—LARG complex (87).
Furthermore, Suzuki er al. have demonstrated that
the interaction of Ga13 with LARG through the RH
domain (a GAP interface) and the DH/PH domains
(an effector interface) could coordinate together to
stimulate the RhoGEF activity of LARG. This result
demonstrated that interaction through multiple inter-
faces, including the RH domains and DH/PH domains
of RH—RhoGEFs, and Gal3 might play an important
role in stimulating GEF activity. It is noteworthy that
the GEF activity of LARG and PDZ—RhoGEF is
activated by binding of their PDZ domains with
plexin Bl or non-phosphorylated insulin-like growth
factor-1 (IGF-1) receptor, independently of G12/13 ac-
tivation (69—71, 88, 89). Interestingly, the association
was constitutive, and ligand binding induces Rho
activation.

It has been shown that deletion of the C-termini of
RH—RhoGEFs potentiates their abilities to stimulate
Rho activation as compared to the full length protein
in cells, while deletion of the C-terminus of
PDZ—RhoGEF or pl15RhoGEF does not affect or
even reduces the RhoGEF activity at the basal state
in vitro (48, 49). These results suggest that the
RH—RhoGEF’s activity may be negatively regulated
in vivo through the C-terminus. The discrepancy be-
tween in vitro and cell-based studies suggests that an-
cillary factors in the cellular milieu might release the
inhibition of the RH—RhoGEF’s activity through the
C-terminal region. One possibility is post-translational
modification at the C-terminal region. PDZ—RhoGEF
is reported to be tyrosine phosphorylated by FAK at
its C-terminus (49). Another possibility is the inter-
action of proteins with their C-termini. Several
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proteins have been reported to interact with the
C-termini of RH—RhoGEFs. The active form of
Goal3 binds to the C-terminus of LARG (87). The
Rho effector Dial also binds to the C-terminus of
LARG to potentiate its GEF activity, and its activa-
tion constitutes a positive feedback loop between
LARG, RhoA and Dial (90). Several studies have re-
ported that RH—RhoGEFs oligomerize via their
C-terminal regions (49, 50, 91). A co-immunoprecipita-
tion experiment using cells over-expressing RH—
RhoGEFs showed that pl15SRhoGEF, LARG and
PDZ—RhoGEF homo-oligomerize via their C-terminal
regions and LARG and PDZ—RhoGEF possibly
form hetero-oligomers with each other, but not with
pl15RhoGEF (49). A recent study has suggested that
oligomerization of LARG may regulate its intracellu-
lar localization. Oligomerization functions to prevent
nucleocytoplasmic shuttling and to retain LARG in
the cytoplasm, while the mechanism for regulation of
LARG oligomerization and the function of LARG
localized in the nucleus are unknown (97).

Structure. Structures have been determined for the
LARG DH/PH domains, both alone and in complex
with RhoA (44). Although the conformation of the
DH/PH domains of LARG is comparable to other
solved structures of Dbl family members, LARG’s
DH domain contains a flexible extension at its
N-terminus, which binds directly to the Switch I
region of RhoA. Deletion or mutation of this region
decreases the GEF activity of the DH/PH domains
in vitro compared to the wild-type domains. The PH
domain directly contacts with RhoA, which is allowed
by considerable conformational change between DH
and PH domains through the relatively long helical
linker upon binding to RhoA. Although this interface
contributes to <10% of the total buried surface area in
the LARG DH/PH—RhoA complex, mutation of resi-
dues in this interface diminished GEF activity to the
level of the DH domain alone. On the other hand,
mutation of residues in the PDZRhoGEF interface
did not lead to significant differences in vitro (77).
A conserved hydrophobic patch in the PH domain of
LARG is supposed to be in position to bind peripheral
membrane proteins or domains at the cell membrane.
Mutation of residues in the hydrophobic patch of
LARG had no effect on nucleotide exchange activity
in vitro but abrogated the ability of LARG to induce
RhoA activation and stress fibre formation in cells
(92). The hydrophobic patch might contribute to the
proper localization of LARG by interacting with un-
known targets at the cell membrane.

Phosphorylation. One mechanism regulating RH-—
RhoGEF activity is post-translational modification in
the form of phosphorylation. Several studies have re-
ported that tyrosine kinase modulates the RhoGEF
activity of LARG. Chikumi et al. have demonstrated
that over-expression of the non-receptor tyrosine
kinase FAK induces phosphorylation of both LARG
and PDZ—RhoGEF, but not pl15RhoGEF in cells,
and have concluded that FAK enhances RhoGEF ac-
tivity even in the absence of Gal2 or Gul3 (83).



They also observed that FAK can be activated by
thrombin, Gal2, Gol3 and Gaq through both
Rho-dependent and -independent mechanisms, and
proposed the existence of positive feedback regulation
between Rho and FAK (83). Another group showed
that LARG is activated through the Src family tyro-
sine kinase Fyn in response to stimulation of integrins
triggered with tensional force (93). Another study
using reconstitution and cell-based assays has demon-
strated that Gal12 can stimulate the RhoGEF activity
of tyrosine-phosphorylated LARG, but not non-
phosphorylated LARG (/4). The direct phosphoryl-
ation of LARG by a non-receptor tyrosine kinase,
Tec, in vitro greatly enhances the RhoGEF activity
of LARG in response to Gal2, while it does not
affect its basal RhoGEF activity. Although binding
of Tec to Gal2 in cells was also demonstrated, the
mechanism by which Tec is phosphorylated down-
stream of Go12 remains unclear. It is interesting to
note that thrombin, which can activate the Ga12/13
pathway, can also activate Tec (94), and that Gal2
promotes the kinase activity of Bruton’s tyrosine
kinase (BTK), another member of the Tec family
(95). Furthermore, over-expression of Gal2 and
Gal3 stimulates autophosphorylation and transpho-
sphorylation of Tec in NIH 3T3 cells (96). However,
it is likely that activated Gol2 may recruit Tec to
LARG and facilitate its phosphorylation. In contrast
to the study by Suzuki ef al., early studies of Gal2/
13-mediated cytoskeletal reorganization suggested that
tyrosine kinases might play a role in regulating Rho
activation downstream of Ga13, but not Ga12 in PC12
cells or SWISS 3T3 cells (81, §2).

Physiology. It is noteworthy that unlike Ras, activat-
ing mutations in Rho have not been found in human
cancers (97—99). On the other hand, the regulators of
Rho activation, RhoGEFs have been isolated in
screens for transforming genes. LARG (leukaemia-
associated RhoGEF) was one of the very few
RhoGEFs that have been found mutated in human
cancers. LARG was originally identified as a novel
protein fused to the MLL (mixed lineage leukaemia)
gene in a patient with acute myeloid leukaemia (30).
The MLL—-LARG rearrangement is expressed as an
in-frame fusion from the MLL—promoter. MLL—
LARG fusion protein contains not only the DH/PH
domains responsible for Rho activation but also the
RH domain and a nuclear localization signal. The
mechanism how this molecule causes the aberrant sig-
nalling to promote leukaemogenesis remains un-
known. It is also reported that LARG expression is
dramatically increased in bone marrow of patients with
the pre-leukaemic disorder Shwachman—Diamond syn-
drome (100). A recent study demonstrated that LARG
is frequently under-expressed in many breast and colo-
rectal carcinomas, which was significantly associated
with genomic loss (/07). LARG was then proposed
for a candidate tumour suppressor gene, since
over-expression of LARG by stable transfection in
colorectal cancer cells resulted in reduced cell prolifer-
ation and a markedly slower cell migration rate.

Signalling mechanisms of RhoGTPase regulation

It is believed that upon binding with vasoconstrict-
ors, receptors coupling to both Gq/11 and G12/13 stimu-
late phosphorylation of myosin light chain (MLC) via
Ca”"/MLC kinase- and Rho/Rho kinase-mediated sig-
nalling pathways, respectively, and regulate vascular
smooth muscle tone (26). Recently, mice with condi-
tional Ga12/13 double deficiencies in smooth muscle
cells have been developed (/02). Aortic segments from
Ga12/13 deficient mice show impaired contractile re-
sponses to the vasoconstrictors angiotensin 11, TXA2
and endothelin I. Furthermore, these mice are almost
completely protected from salt-induced hypertension,
while their basal blood pressure is unaffected. Similar
phenotypes were observed in mice lacking LARG in
smooth muscle cells (SMC). These findings suggest
that the Ga12/13—LARG pathway is a key regulator
of vascular smooth muscle tone in the context of
hypertension. On the other hand, a recent study
demonstrated that through LARG, S1P receptor 2 sig-
nals promote SMC differentiation, but not SMC pro-
liferation or migration (/03).

G12/13-RH-RhoGEF pathways in cancer

As stated above it is clear that this signalling pathway
is its essentially involvement in the biology of cancer
such as, cell transformation, cancer growth, cancer me-
tastasis, cell migration, or angiogenesis. Indeed, many
G12/13 coupled receptors, such as LPA, S1P, GRH,
endothelin, angiotensin II and CXCR4 have been re-
ported to be involved in many cancer phenotypes
(104). Further detailed structural and dynamic studies
are critically required to develop novel anti-cancer
drugs in the future.
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