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Ras GTPases and phosphati-
dylinositol 3-kinases mediate 

intracellular signaling in directed cell 
migration. During chemotaxis, cells 
spatially control the activation of Ras/
PI (3,4,5)-trisphosphate (PIP3) signal-
ing and translate extracellular chemi-
cal gradients into intracellular signal 
cascades. This process is called direc-
tional sensing, and enables persistent 
cell migration with extraordinary sen-
sitivity in shallow, unstable gradients 
of chemoattractants. In our recent 
study, we identified a Rho GTPase and 
its guanine nucleotide exchange factor 
(GEF) as molecular modulators that 
transmit signals from G protein-cou-
pled receptors to Ras/PIP3 signaling 
pathways. The proteins spatially stabi-
lize Ras activation and PIP3 production 
toward higher concentrations of che-
moattractants. Unlike known roles of 
Rho GTPases and GEFs, the function 
of these proteins in directional sensing 
is independent of the actin cytoskeleton 
and cell morphology. Our findings pro-
vide novel mechanistic insight into the 
precision of directional cell migration.

A fundamental question in biology is 
how cells recognize the extracellular envi-
ronment, translate information into intra-
cellular signals, and produce appropriate 
physiological responses with extremely 
high accuracy. Chemotaxis provides an 
excellent experimental system to address 
this question.1-3 During chemotaxis, cells 
sense extracellular chemical gradients, 
generate intracellular signaling cascades, 
and reorganize and orient the actin cyto-
skeleton toward higher concentrations of 
chemoattractants.

Chemical gradients in the extracellu-
lar space are dynamic and very unstable 
due to frequent perturbation. However, 
cells can accurately recognize the envi-
ronment and produce persistent changes 
in polarity and direction of movement 
toward higher concentrations of attrac-
tants. It has been shown that cells move 
toward a change in concentration as 
small as 2% from the front to back of a 
cell.1,4 Two mechanisms ensure the preci-
sion of chemotaxis: morphological polar-
ization and directional sensing.1,4-10 For 
morphological polarization, migrating 
cells establish a leading edge, which con-
tains dynamic actin filaments formed by 
polymerization, and generate lamellipo-
dia and filopodia to pull the cell forward. 
On the other hand, the trailing edge con-
tains less dynamic actin filaments and 
myosin II for contraction to push the 
cytoplasm forward. The leading edge is 
enriched for signaling components, lead-
ing to increased sensitivity to chemoat-
tractants, compared with the trailing 
edge. Morphological polarization can be 
created and maintained in the absence of 
a chemical gradient and is therefore suf-
ficient to initiate cell migration. In con-
trast, directional sensing is independent 
of the actin cytoskeleton and enables 
cells to sense the direction of a chemi-
cal gradient. This sensing mechanism is 
crucial for directed cell migration in the 
physiological environment, where chemi-
cal gradients are unstable, and ensures 
the high accuracy of migration by con-
sistently sensing the direction of gradi-
ents. In other words, directional sensing 
functions as a compass for directed cell 
migration.
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To experimentally separate mor-
phological polarization and directional 
sensing, latrunculin A, which inhibits 
actin polymerization, has been used. In 
the presence of latrunculin A, cells lose 
their elongated shape and become round. 
However, cells can still sense chemical 
gradients and direct amplified intracellu-
lar signals toward higher concentrations 
of attractants. These signaling events 
include the activation of Ras GTPases 
and the production of PIP3, which can 
be visualized using specific biosensors, 

such as a green fluorescent protein 
(GFP)-ras binding domain (RBD) 
fusion protein that specifically associ-
ates with GTP-bound forms of Ras and a 
GFP-PH domain from CRAC (PHcrac) 
fusion protein that specifically binds to 
PIP3. These probes are recruited to the 
leading edge of migrating cells, whereas 
they form a crescent-like structure at the 
plasma membrane on the side of cells 
facing the source of attractants in the 
presence of latrunculin A. Directional 
sensing acts downstream of G-protein 

coupled receptors and is evolutionarily 
conserved in humans and Dictyostelium 
However, molecular components that 
link the receptors and Ras/PIP3 signaling 
in directional sensing remain unknown.

In our recent study, we discovered that 
a Rho GTPase and Rho GEF pair medi-
ates directional sensing in Dictyostelium 
cells.11 We systematically deleted 13 of 19 
Rho GTPases and 20 of 43 Dbl domain-
containing Rho GEFs in the Dictyostelium 
genome and found that only one knock-
out strain for each group, i.e., those lack-
ing RacE (Rho) or GxcT (Rho GEF), was 
defective in chemotaxis. RacE-null cells 
and GxcT-null cells failed to spatially 
stabilize Ras activation and PIP3 produc-
tion in a chemoattractant gradient, lead-
ing to lateral pseudopod extension and 
impaired chemotaxis. These defects were 
specific to spatial orientation of Ras and 
PIP3 signaling, but not to the level of acti-
vation. Overexpression of wild-type and 
a constitutively active form of RacE, but 
not a dominant negative form, increased 
the spatial stability of Ras activation and 
PIP3 production. Furthermore, GxcT 
interacts with RacE with a strong pref-
erence for a dominant negative mutant, 
RacE(T25N), and only weakly binds to a 
constitutively active form, RacE(G20V), 
suggesting that GxcT functions as a GEF 
for RacE.

Suggesting that an active form of 
RacE restricts Ras/PIP3 signaling, 
GFP-RacE(G20V) was located on the 
side of the cell facing away from the 
source of the gradient in the presence 

Figure 1. Ras and PIP3 signaling. PIP3, a plasma membrane phospholipid which is generated by PI3Ks and degraded by PTEN, stimulate cell prolifera-
tion and migration. RTK, receptor tyrosine kinase; GPCR, G-protein coupled receptor.

Figure  2. Morphological polarization and directional sensing. Migrating cells establish elon-
gated cell morphology and a polarized pattern of the actin cytoskeleton. The cell shape increases 
the ability of cells to recognize chemoattractants at the leading edge. In the absence of the actin 
cytoskeleton, cells can still sense a chemical gradient and produce amplified signal cacades 
toward higher concentrations of chemoattractants.
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of latrunculin A.11 This localization 
depended on the effector loop, which is 
associated with downstream effectors of 
Rho GTPases. The amino acid sequence 
of this effector loop is highly specific to 
each type of Rho GTPase, and is iden-
tical for Dictyostelium RacE and human 
RhoA. Phylogenetic analyses also showed 
that RacE is most closely related to 
human RhoA. Indeed, a constitutively 
active form, RhoA(Q63L), was located 
on the side of the cell facing away from 
the source of the gradient in the presence 
of latrunculin A in Dictyostelium cells, 
similar to RacE(G20V). Therefore, our 
data suggest a conserved mechanism by 
which an active form of RacE negatively 
controls the distribution of Ras activa-
tion and PIP3 production from the back 
of cells.

It has been shown that Rho fam-
ily GTPases, including Rho, Rac, and 
Cdc42 in mammals, act as downstream 
effectors of Ras GTPases and PIP3 to 
control distinct types of actin cytoskel-
eton remodeling in cell migration.12,13 In 

our study, we revealed an actin-indepen-
dent role for Rho GTPases in conveying 
spatial information upstream of Ras and 
PIP3 signaling.11 It will be of great inter-
est to further dissect molecular mecha-
nisms by which Rho GTPases regulate 
Ras and PI3 kinases in directional sens-
ing during chemotaxis.
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Figure 3. RacE stabilizes directional sensing. Wild-type cells efficiently direct Ras/PIP3 signaling 
toward the source of chemoattractants. In contrast, the accuracy of directional sensing decreases 
in RacE-null cells. RacE spatially restricts the position of Ras activation and PIP3 production from 
the back of cells.
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