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Summary

Cells have the innate ability to sense and move towards a variety of chemoattractants. We investigate
the pathways by which cells sense and respond to chemoattractant gradients. We focus on the model
system Dictyostelium and compare our understanding of chemotaxis in this system with recent
advances made using neutrophils and other mammalian cell types, which share many molecular
components and signaling pathways with Dictyostelium. The review also examines models that have
been proposed to explain how cells are able to respond to small differences in ligand concentrations
between the anterior leading edge and posterior of the cell. In addition, we highlight the overlapping
functions of many signaling components in diverse processes beyond chemotaxis, including random
cell motility and cell division.
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Introduction

Chemotaxis, the directed movement of cells along extracellular gradients, is a vital cellular
response that plays a critical role during the life cycle of eukaryotic organisms. Many single-
celled organisms use a chemosensory system to track down food, avoid predators, and find
optimal environmental conditions. In higher organisms, this process regulates cellular
movements during development and directs the many links between the cells in the nervous
system in a growing embryo [1]. Numerous guidance molecules and chemoattractants steer
cells to proper locations in the forming animal. In mature organisms, cell movements are
required for tissue maintenance and restoration, as seen during the remodeling of the vascular
system and in wound healing [2]. In addition, the cells of the immune and inflammatory systems
shuttle between the vascular and lymphatic systems and migrate from circulation towards sites
of infection [3,4]. Besides these roles in normal physiology, improper cell migration is the
source for many pathological conditions, including cancer metastasis and various chronic
inflammatory diseases [5-11].
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Chemotaxis is a dynamic process that requires directional sensing, cell polarization, and cell
adhesion and motility [12-14]. Cells must interact with the chemoattractant, transmit the signal
across the plasma membrane, and localize the response. An underlying directional sensing
system acts as a compass and thus favors pseudopodia formation towards or away from the
source of chemoattractant or repellant and thereby orients cell movement in relation to the
ligand gradient (Figure 1). This motility also generally requires the cell to rearrange the
membrane and cytoskeleton to achieve a polarized morphology, in which the cells have a
distinct front and rear [15]. This involves numerous feedback mechanisms so that actin
polymerization in pseudopodia at the leading edge of the cell can be synchronized with
contractile forces generated by myosin motor proteins at the rear [16,17]. These features of
polarization play key roles in random cell motility and cytokinesis and will be discussed further
below. This review will focus on one of the favored model systems for chemotaxis, the social
amoeba Dictyostelium discoideum, with highlights of numerous mammalian cell types,
including neutrophils. We will discuss the mechanisms and models that have been proposed
to allow cells to navigate during gradient sensing downstream from G protein-coupled
receptors. Because of space limitations, chemotaxis through receptor tyrosine kinases will not
be explored.

Dictyostelium as a model system

The social amoeba Dictyostelium discoideum has emerged as a powerful model system for
understanding the mechanisms underlying signaling during eukaryotic chemotaxis [18-20].
Many of the chemoattractant-induced mechanisms that mediate directional sensing and
motility in eukaryotes have been determined using Dictyostelium as the experimental system,
and many reporters for the spatial localization of proteins and signaling pathways during
chemotaxis were first developed in Dictyostelium. Most of the molecular genetic techniques
associated with other model organisms, such as homologous recombination, RNA interference,
insertional mutagenesis, and multicopy suppression are available in Dictyostelium [21,22].
There is also a useful online database that greatly facilitates collaborations and provides a
resource center for techniques and a web-based ordering system for vectors, strains, and
reporters from a central stock [23]. The organism's genome has been sequenced, aligned, and
annotated [24].

In chemotaxing Dictyostelium cells, the receptors and heterotrimeric G-proteins, the machinery
of the signaling pathway that binds to and transmits the signaling to the downstream pathways,
remain uniformly distributed over the cell surface [25,26] (Figure 2). Moreover, receptor
occupancy and G-protein activation parallel the concentration of attractant, and there appears
to be little amplification of the chemoattractant gradient in these initial steps of gradient sensing
[27-29]. The first sign of an amplified, asymmetric response appears at the level of the proteins
that regulate the synthesis and degradation of PI(3,4,5)P3 (Figure 2). Receptor/G-protein
signaling promotes Ras activation, as shown by the localization of a GFP fusion of the Ras
binding domain of the mammalian protein Rafl (GFRP-RBDRg¢1) to the leading edge of the
cell [30]. Ras is important for PI3K activation in Dictyostelium [31] and abrogation of Ras
signaling blocks directional sensing in Dictyostelium [30,32,33]. Localized activation of Ras
at the leading edge of the cell likely activates membrane-recruited P13Ks at this site. Although
P13Ks localize to the regions of the plasma membrane closest to the chemoattractant source
(higher chemoattractant concentrations), PTEN, the phosphatase that removes the phosphate
from the 3 position of the inositol ring, delocalizes from these sites and becomes restricted to
the lateral sides and posterior (areas of lower chemoattractant concentration) [31,34,35]. This
reciprocal regulation of PI3Ks and PTEN leads to the localized synthesis and accumulation of
P1(3,4,5)P3 at the leading edge of the cell and subsequent activation of F-actin polymerization,
probably through the activation of Dock180 family RacGEFs (Rac guanine nucleotide
exchange factors) [36,37] (RAF, unpub. obser.). While details of the mechanism have not yet
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been worked out, evidence in mammalian cells suggests that this localization of P1(3,4,5)P3
also results in the polymerization of F-actin at these sites leading to pseudopod extension
through the modulation of Rac and Cdc42 GTPases [38-42]. The strongest evidence for the
role of PI(3,4,5)P3 in the generation of polymerized actin comes from Dictyostelium cells
lacking PTEN. pten null cells have elevated levels of P1(3,4,5)P3 and correspondingly high
levels of F-actin [43]. PI3K plays an important role in directional sensing, especially in shallow
or weak chemoattractant gradients [44,45], although cells can chemotax to steep
chemoattractant gradients reasonably well, albeit more slowly, in the absence of PI3K
signaling, suggesting parallel directional sensing pathways must exist [44-47]. Recent studies
have identified PLA2 as a component of such a pathway. A gene encoding a PLA2 homologue
was identified in a screen for mutants that were more sensitive to chemotaxis perturbation in
the presence of the PI3K inhibitor LY294002 [48]. The role of PLA2 in chemotaxis was
supported by work using PLAZ2 inhibitors combined with mutant analysis [45]. In addition, the
van Haastert group found that PLC and Ca*™* signaling were necessary for the P1(3,4,5)P3
(through regulation of PTEN localization, see details below) and PLA2 pathways, respectively.

Despite the progress achieved, our understanding of the mechanisms regulating the
chemotactic response such as that illustrated in Figure 1 still faces several intriguing and unique
challenges. Cells possess an extremely sensitive ability to respond to shallow and rapidly
changing external gradients. Faced with receptor occupancy differences of as little as a 5%
between front and back, cells are able to generate the spatially restricted and localized internal
responses depicted in Figure 2. This requires a means of comparing receptor occupancy levels
at different points along the cell membrane as well as a mechanism for amplifying these
differences. These measurements must occur continuously as a cell migrates up or down a
chemoattractant gradient. The cells also possess a powerful mechanism for adaptation to a
chemoattractant. Studies in Dictyostelium and mammalian neutrophils indicate that cells
respond to changes in receptor occupancy and adapt when occupancy is held constant [49,
50]. As outlined above, many of the signaling components activated in response to
chemoattractants have been elucidated; however, it is still unclear how the cell compass
manages to localize sharp responses at the leading edge and rear of a migrating cell.

Mechanisms of gradient sensing

Cells have the ability to sense asymmetric extracellular cues and generate amplified responses,
as visualized by observing signaling and cytoskeletal proteins that act as biosensors when fused
to the green fluorescent protein (GFP). This directional sensing response does not require a
cell to be polarized and can also occur in cells that are immobilized through the inhibition of
F-actin polymerization [51]. Since eukaryotic cells like Dictyostelium and neutrophils manage
to localize signaling molecules in the absence of motility when placed in a chemoattractant
gradient, they possess a spatial sensing mechanism for directional sensing [36,52,53]. On the
other hand, the bacterium Escherichia coli have very localized receptors and rely entirely on
a temporal mechanism to steer in a chemical gradient [54]. For eukaryotes, this spatial sensing
mechanism usually requires the cell to constantly measure receptor occupancy across the entire
perimeter of the cell. In some cases, the polarized morphology of a cell leads to polarized
sensitivity, with the leading edge of a cell being more sensitive to chemoattractants than the
rear, a process that helps stabilize signaling complexes at the leading edge [12,30]. In some
cell types, the receptors localize to distinct regions of the cell, suggesting that eukaryaotic cells
can measure and respond to changes of chemoattractant over short distances across the cell
membrane [55]. How do the cells accomplish such a remarkable feat in both steep and shallow
gradients as well as chemical gradients with vastly different midpoint concentrations? Many
models have been put forth over recent years to explain the phenomena observed during
gradient sensing. We will remark on a number of the schemes that have been suggested to
regulate directional sensing.
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Temporal models

The best understood signaling network for chemotaxis is that which has been worked out for
E. coli. These bacteria use a half-dozen or so proteins that undergo various modifications in
response to changing chemoattractant concentrations. This mechanism allows the cells to adapt
their physiology so they can move continuously in a relatively straight line and “run” when
going up the gradient or “tumble” into a new random direction when chemoattractant
concentrations decline [56]. This temporal method of sensing using a few proteins allows
bacterial cells to go in the desired direction. Eukaryotic cells, on the other hand, use signaling
networks that are much more complex. Recent work has suggested that chemotaxis in shallow
gradients by relatively unpolarized mammalian and Dictyostelium cells may be mediated by
biased choices between random pseudopodia and use a mechanism similar to the “pilot
pseudopod” scheme proposed over thirty years ago [57-59]. In this model, pseudopodia that
extend up the gradient experience a positive change in chemoattractant concentration and are
reinforced, whereas those which project down the gradient, on average, receive a negative
signal and are extinguished. The generation of these pseudopodia across the cell appears to be
quite random, suggesting that an underlying mechanism that generates these pseudopodia is
uncoupled from the chemoattractant gradient. A similar mechanism appears to be at work
during folic acid chemotaxis in Dictyostelium. Unpolarized, vegetative cells, which are
sensitive to the chemoattractant folic acid when grown in the presence of bacteria, perform a
biased random walk and meander in the right direction when exposed to a gradient of folic acid
(CJ, unpub. obser.).

Positive feedback schemes

There are also models that rely on strong internal “positive feedback” loops. Signaling
molecules are selectively amplified at the leading edge of the cell and sharpen the cell response
[30,60-62]. Another scheme links a positive action at the front of the cell to an opposing action
at the back. The “intermediate depletion” mechanism proposes that highly cooperative binding
at the front limits the availability of free signaling molecules at the rear [63]. A similar
mechanism, which contains no feedback amplification or inhibition, has been proposed for
dermal fibroblasts, in which PI3K is depleted from a cytosolic pool [64]. Fibroblasts are less
sensitive than Dictyostelium cells or neutrophils, and depend on both the relative PDGF
gradient and the midpoint concentration. In neutrophils, alternatively, a Rac to PI3K positive
feedback loop has been identified as a key component for the activation of PI3K and gradient
sensing [40,65]. Other positive feedback models have incorporated further mechanisms to
explain the localization of proteins in the rear, as well as those in the front. In one scheme,
simulations were performed on a cell that was modeled as a reaction-diffusion system, in which
coupled positive feedback and or cooperative interactions led to bifurcations. In this case, the
activation of PI3K caused the inhibition of PTEN [66]. These positive feedback models provide
considerable amplification and may be useful for cell polarization. However, such models do
not explain the responses of cells to incremental increases that are proportional to the relative
gradient. They also cannot explain responses in which there are rapid shifts in directional input,
given that the response should be relatively independent from the input. Nevertheless,
variations of these models have been used to explain polarized sensitivity as well as account
for spontaneous polarization after uniform addition of chemoattractants [61,67-69].

Local excitation, global inhibition model

Other models have been developed that use an interplay between a local activator and a global
inhibitor to control spatial sensing [60,61,70-72]. In the local excitation, global inhibition
(LEGI) model, the adaptive properties of the chemotactic response system can be modeled in
terms of a rapid “excitation” and a slower “inhibition” process (Figure 3) [51,73]. The
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difference between these two processes controls the cellular response. Although their kinetics
differ, the final steady-state levels of excitation and inhibition are each linked to receptor
occupancy. When occupancy is suddenly increased, excitation rises rapidly and for a time
exceeds inhibition. As a result, the response rises. As the slower inhibitory process approaches
the new steady-state level and reestablishes the balance, the response declines towards the pre-
stimulus level. The adapted cells can respond further if receptor occupancy is increased again.
The model in Figure 3 conveniently predicts the observed responses of cells to temporal and
spatial stimuli. The LEGI mechanism is able to account for most of the observed responses of
various signaling and cytoskeletal proteins seen in Dictyostelium cells and neutrophils in
response to a uniform stimulus or when cells are in a gradient. A two-LEGI model has been
proposed to regulate, in parallel, the binding sites for PI3K and PTEN at the front and rear,
respectively, of a migrating cell [74]. This reciprocal regulation of these enzymes can account
for the localized PI(3,4,5)P3 responses seen in Latrunculin-treated cells. However, it is likely
that models involving positive feedback loops are needed to fully explain the responses
observed in polarized cells. PI3K localization is severely inhibited in cells treated with
Latrunculin, suggesting that the anterior cytoskeleton may stabilize the interaction with PI3K
and thereby reinforce the initial symmetry [30,62]. Aspects of this model may also apply to
random cell motility in which both positive feedback loops and negative regulatory components
appear to control pseudopod formation in the absence of exogenous signals [75]. It will be
intriguing to determine if a similar connection to the cytoskeleton occurs at the rear to help
localize PTEN. Interestingly, cells that are highly polarized and have sharp localizations of
PTEN in the rear do not exhibita loss of PTEN when given a uniform chemoattractant stimulus,
suggesting that the polarized morphology of the cytoskeleton may play a role in stabilizing
PTEN localization. Another model that shares some of the components of the LEGI model has
been proposed to help explain the switch-like behavior that cells display in a gradient, where
they acquire a defined front and rear [76]. Levine and colleagues add a third element to their
“balanced inactivation” model, a membrane-bound inactivator that is antagonistic to the
response and allows a rapid switch-like response. Lastly, a more qualitative model, similar to
that proposed by Bourne and colleagues, has been proposed by Onsum and Rao for neutrophil
polarization. They suggest a model that does not require a global inhibitor [68,77]. This
proposal involves the mutual antagonism between “frontness” and “backness” in cells as they
develop a polarized morphology.

Does an inhibitor exist?

Various models have postulated the need for an inhibitor or an inactivator during directional
sensing. Is there evidence that an inhibitor exists? A number of experiments have attempted
to answer this question. Latrunculin-treated Dictyostelium cells were treated with various
spatial and temporal stimulus paradigms and their PI(3,4,5)P3 responses were monitored by
the examination of PH,c-GFP [30,36,73]. The experimental findings suggested that two types
of responses were generated by the same internal mechanism. First, naive cells were exposed
to a CAMP gradient emitted from a micropipette being rapidly brought into close proximity.
As predicted by the LEGI model, there was a rapid uniform increase in P1(3,4,5)P3 across the
cell, which gradually lowered at the rear of the cell as the suspected inhibitor slowly elevated
(Figure 4A) [73]. In a similar experiment, the transient disappearance of the PH-GFP crescent
response in Figure 4B after the addition of a rapid, uniform stimulus also provides strong
evidence for a chemoattractant-induced inhibitor that dissipates slowly when the stimulus is
removed. Why does such a response suggest the presence of an inhibitor? In the absence of a
chemoattractant, proteins like myosin Il and PTEN are found on the plasma membrane (except
for areas where pseudopodia are extending by a G-protein-independent mechanism) [43,46].
Since the cells are not stimulated, the default in the absence of external signaling is for these
proteins to be localized to the membrane. This is similar to what happens when cells adapt to
constant chemoattractant stimulation, and suggests that external signals are no longer eliciting
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a response and are inhibited. The mechanism has yet to be defined, although some default
factor(s) or molecule(s) are present and carefully regulated. One such molecule appears to be
P1(4,5)P, the substrate for both PLC and PI3K, whose levels are highest in the absence of
signaling and may directly or indirectly recruit these membrane-localized molecules.

This same membrane state appears to be transferred to the rear of the cell when sensing a
gradient. In the experiment described in Figure 4B, the receptors on the high side of the gradient
are always activated, yet the response subsides after the transient uniform stimulation. It
remains off for a period of time even after the cAMP has diffused away and the original gradient
re-forms. This demonstrated that the inhibition was not only slow to rise, but slow to fall. This
same inhibitory mechanism may be at work when cells round up and localize PTEN and myosin
Il to the entire cell periphery at the onset of cytokinesis. However, this quiescent state is
controlled by an internal regulator. Interestingly, these cells at this early metaphase stage appear
unresponsive to the chemoattractant folic acid, even though the receptor/G-protein signaling
apparatus is present (CJ, unpub. obser.). The gradient sensing experiments also demonstrated
that an equivalent gradient will generate the same response whether it is formed by increasing
the concentration at the front or by decreasing it at the rear of the cell (Figure 4B and C) [73].
Cells respond to changes in receptor occupancy and adapt when occupancy is held constant.
The LEGI model accounts for such transient responses, directional responses to spatial
gradients, and observed responses to combinations of temporal and spatial stimuli. This model
is also consistent with the ability of the cell to respond to gradients with a wide range of
midpoint concentrations. These multi-stimulus experiments demonstrated that the final steady-
state response of the cell is completely independent of the stimulus history of the cell.
Furthermore, models in which the signaling asymmetry is established by locally deactivating
the rear of the cell cannot readily explain the responses to dual stimulation (Figure 4C) or the
ability of a cell to accumulate PI(3,4,5)P3 locally in a gradient after a uniform stimulus [63,
71] (Figure 4B). Although the LEGI mechanism can account for the responses seen in
unpolarized cells in the absence of F-actin-mediated feedback loops, it is clear that additional
amplification steps are needed for polarized cells. Components of the other models will likely
be useful to explain the spontaneous polarization and hysteretic behaviors of cells. These
features could be affected through actin-dependent, positive-feedback loops. Elements of
directional sensing and polarization are most likely conserved among Dictyostelium,
leukocytes, and many other cell types.

Role of PI(3,4,5)P3; and other lipid signaling pathways

A tremendous amount of effort in numerous systems has been exerted to understand the role
of P1(3,4,5)P3, the product of PI3K, in gradient sensing and cell motility since the Pleckstrin
Homology (PH) domain of the cytosolic regulator of adenylyl cyclase (PHgrac) and AKt/PKB
(PHAkt) were found to localize to the leading edge of chemotaxing Dictyostelium cells and
subsequently to the leading edge in neutrophils and fibroblasts [36,53,78,79]. The localized
synthesis and accumulation of PI1(3,4,5)P3 to the leading edges of pseudopodia, filopodia, and
lamellopodia is highly suggestive of a role for P1(3,4,5)P3 in regulating these F-actin-mediated
cell protrusions. However, the precise role of P1(3,4,5)P3 in chemotaxis has remained elusive.
In vitro studies in the 1990s linked PI3K activity with the Rho GTPases, Rac, and Cdc42 and
suggested an important role in actin dynamics [80,81]. In addition, a number of guanine
nucleotide exchange factors (GEFS) as well as downstream Rac/Cdc42 effectors like WAVE
(SCAR) and WASP, interact with and are activated by PI(3,4,5) P3 [82,83]. Several studies
have reported positive-feedback loops between P13K and Rac through F-actin polymerization
[16,40,84]. The resulting activation of Racl at the leading edge of primary human neutrophils
and neutrophils from mouse Rac1/Rac2 null cells has shown that Racl can inhibit local Rho
and myosin activation at the uropod [85]. This finding follows the proposal that Rac-dependent
leading edge “frontness” and rear Rho-reliant “backness” modules regulate cell polarity
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through mutual inhibition [77]. More recent work in neutrophils indicates that P1(3,4,5)P3 and
Cdc42 maintain stable polarity at the leading edge by strengthening pseudopodia and by
promoting RhoA-dependent actomyosin contraction at the rear [86]. Interestingly, a new study
by Costa and colleagues suggests that PI3K may regulate Rac activity by contributing to GAP
activation [41]. This, they postulate, may actually allow PI1(3,4,5)P3 production to both activate
and restrain positive feedback loops that amplify chemotactic gradient sensing, suggesting that
P1(3,4,5) P53 effects may even be more complex.

The real excitement in the field linking P1(3,4,5)P3 to cell migration was generated when it
was shown that the enzymes that control the spatial distribution of P1(3,4,5)P3, PI3K and PTEN,
are restricted to the front and rear of migrating cells, respectively [31,43]. Mutations in
Dictyostelium PI3K lower the amount of P1(3,4,5) P53 while mutations in PTEN cause elevated
P1(3,4,5) P3 levels, loss of polarity, an increase in F-actin, and directionality defects. The
expression of a lipid-tagged PI3K that is uniformly distributed along the plasma membrane
leads to a similar loss of cell polarity and an up-regulation of F-actin synthesis and pseudopodia
formation along the cortex [31]. These observations are consistent with a model in which PI
(3,4,5)P3 production can drive F-actin synthesis. Observations by Soll and colleagues that
migrating cells lacking PTEN, which do not polarize, have an increase in lateral pseudopod
formation are consistent with this model [87]. Myosin 11 co-localizes with PTEN during cell
motility and cytokinesis and likely plays a role in actomyosin-based contractions [88-90]. The
study by Janetopoulos and colleagues determined that a cell rounds up at metaphase during the
entry to cytokinesis. At this stage the cell is quiescent and lacks pseudopodia, and PTEN and
myosin |l are localized along the cell's cortex, suggesting that these pathways may generally
control the cortical cytoskeleton during a number of dynamic reorganizations. Loss of PTEN
therefore leads to loss of “backness” and cells are unable to stabilize their rear and PI13K-
mediated F-actin-based projections are more likely to occur [also see the role of PI(4,5)P5 in
polarity below]. This “dominant” phenotype in pten null and PI3K over-expressing cells would
also be observed in cells in which redundant pathways control leading edge formation and
directionality, as overproduction of P1(3,4,5)P3 can lead to F-actin polymerization. Knocking
out a negative regulator, in this case PTEN, is more likely to produce a dramatic effect than
reducing acomponent that may be sufficient but not pivotal on its own. In Dictyostelium, PI3K1
and PI3K2 account for ~90% of the chemoattractant-induced P1(3,4,5)P3 activity [31,37].
Studies performed using the pi3k1-/pi3k2- double knockout or the pi3k1-/pi3k2-/pi3k3- triple
knockout reveal an important role for P1(3,4,5)P3 generation when cells are in shallow gradients
[44]; however, these and other studies indicate that well-developed cells lacking all PI13K
function are capable of chemotaxis in steep gradients generated by micropipettes [44,46,47].
Cells in which the genes encoding all five class | PI3Ks that contain a Ras binding domain
have been deleted, as well as another cell line that, in addition, lacks PTEN, were still able to
undergo chemotax, but exhibited reduced velocities in micropipette assays [47]. It is not
surprising that the initial phase of actin polymerization is unaffected in cells lacking PI3K
activity, as has been shown in cells lacking PI3K1 and PI3K2 as well as those treated with the
PI3K inhibitor LY294002 [46,91]. These studies suggest that the mechanisms controlling this
first phase of actin polymerization may also help stabilize the actin cytoskeleton and the polarity
of a cell in the absence of PI(3,4,5)P3. This initial peak in actin polymerization may act as a
reset mechanism in which existing cell polarity is disrupted, allowing cells to respond to the
gradient. Other studies uncovered a positive feedback mechanism for PI(3,4,5)P3 and the
polymerization of F-actin [30,62,92], yet the Hoellar et al study showed that PI3K localizes in
the absence of P1(3,4,5)P3, suggesting that positive feedback through P1(3,4,5,)P3 is not
required for PI3K localization. This is consistent with previous studies indicating that F-actin
is required for PI3K recruitment to the leading edge [30]. Future experiments should test
whether Ras activity is affected in these mutant cells, as localization does not necessarily mean
a functional PI3K would be activated. To further analyze the role of P1(3,4,5)P3 in gradient
detection, it will also be interesting to monitor the ability of cells lacking all PI3Ks with a Ras
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binding domain and PTEN to migrate appropriately when exposed to gradients that change
their frequency and direction. In neutrophils, cells lacking PI3Ky were found to be impaired
during chemotaxis [78]; however, other studies showing that these cells have velocity and
motility defects makes interpretation of the exact role of P1(3,4,5)P3 in chemotaxis more
difficult [93-95]. The genetic studies in which the genes encoding P13K are disrupted do not
consider the possibility that cells often compensate for pathway loss by up-regulating parallel
pathways or other pathway components. For example, cells lacking PI3K1 and PI13K2 up-
regulate RacB expression (RNA and protein), which might offset the loss of PI3 function
[84]. Interestingly, cells treated with the PI3K inhibitor LYY 294002 gradually start to chemotax
better after 40-45 min of treatment [44]. One possible explanation is that cells compensate for
the loss of PI3K activity by up-regulating parallel pathways.

More recent studies have suggested that cells may use different pathways depending on the
type of chemoattractant they use. Work from the Kubes group demonstrated a role for PI3K
in mediating chemotaxis to L8, whereas PI3Ky null cells responding to the chemoattractant
fMLP were unaffected [96]. They found that p38-MAPK-inhibited cells or cells lacking MK2,
a protein kinase down stream of p38 MAPK, fail to polarize and respond to fMLP. This group
observed that neutrophils prioritize and favor end target chemoattractants (e.g., fMLP and C5a)
emanating from a site of infection over intermediary endogenous chemoattractants (e.g., IL-8
and LTB4) that might be encountered en route to sites of infection [97]. In addition to there
being two alternate signaling pathways, Kubes and colleagues suggest that these data provide
evidence for an intracellular signaling hierarchy wherein the end target chemoattractants
activate p38 MAPK, which can, in turn, inhibit the intermediary chemoattractant-induced
P13K/Akt pathway. Similar findings were reported by Wu et al [98], who showed that
neutrophils lacking MK2 also fail to respond to fMLP. Neutrophils lacking MK2 and
neutrophils treated with a p38 MAPK inhibitor exhibit a disruption of PTEN localization at
the rear of the cell, with some PTEN localizing to the leading edge. Wu and colleagues
previously used antibody labeling to determine that PTEN localizes to the uropod of polarized
neutrophils [99]. Recent parallel studies using mouse CD8 T cells have shown that while
PI13KYy is not essential for constitutive migration of these cells, it plays an important role in the
migration of these cells to sites of inflammation [100]. These studies from the Kubes and
Shimizu laboratories suggest that, as in Dictyostelium, the role that PI3K plays in directional
migration is context dependent and suggests that cells have evolved a series of interdependent
signaling pathways that mediate this essential cellular function to provide the needed flexibility
to respond under different physiological conditions.

PI3K and PTEN in Dicytostelium are reciprocally regulated to control P1(3,4,5)P3 levels both
temporally and spatially in response to a uniform stimulus and during gradient sensing [31,
43]. Two studies in neutrophils have examined the effects on PI(3,4,5)P3 levels and chemotaxis
in neutrophils lacking PTEN [93,101]. Subramanian et al found that these cells exhibited
increased PI1(3,4,5)P3 levels and actin polymerization but found limited effects on chemotaxis
directionality. Nishio and colleagues, however, found no change in P1(3,4,5)P3 levels in
comparison to wild-type neutrophils and no impact on chemotaxis. They observed that the Src
homology 2 (SH2) domain-containing inositol-5-phosphatase 1 (SHIP1) can regulate P1(3,4,5)
P3 levels and that cells lacking SHIP1 have severe polarity and motility defects, and are unable
to assemble actin properly, but can still chemotax, albeit very slowly. Similar results were
found for neutrophils lacking PI3Ky or treated with the PI3K inhibitor wortmannin.
Interestingly, shipl null cells treated with wortmannin showed an increase in speed, likely due
to focusing the membrane protrusions to the leading edge of the cell [93].

The data demonstrating that P1(3,4,5)P3 can drive actin polymerization in a number of systems
are compelling and are therefore unlikely to be misleading [102,103]. Findings in both
Dictyostelium [88] and in mammalian adherent cells [104] have demonstrated a role for Pl
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(3,4,5)P3 at the poles of cells undergoing cytokinesis. Many of the molecular components
localized at the leading or trailing edges of chemotaxing cells are also found at the poles or
furrow, respectively, of dividing cells. Janetopoulos and colleagues found that PI3Ks and
PTEN localize at the poles and furrow of dividing cells and P1(3,4,5)P3 accumulation is
spatially correlated with and influences the polarity of the actin cytoskeleton during cytokinesis
[88]. More recently, our laboratories determined that the regulation of PI3K and PTEN play
an important role in random maotility and that that the regulation of these enzymes during
random motility and cytokinesis is completely independent of heterotrimeric G proteins [75].
In addition, Ras activity mirrors the localization of PI13K activity in both cell division and
random migration, suggesting that a Ras/P13K/F-actin network controls both pathways.

Sasaki et al (2007) suggested that the cell's chemosensory system (i.e., receptors and
heterotrimeric G proteins) has tapped into the machinery used for random motility through the
course of evolution (Figure 5) [75]. The internal signaling mechanism and the receptor/G
protein signaling network appear to converge at the level of the small G-proteins and activation
of PI3K and PTEN. Thus, the cell is likely measuring the gradient against the endogenous
production of pseudopodia in a shallow gradient and may or may not move efficiently. In a
steep gradient, the chemosensory system overrides the random pseudopodia [105]. The degree
of polarity of a cell also plays an important role in this process. The more polarized the cell,
the less steep the gradient required to get a cell to move in the correct direction. Once in the
correct orientation, the cells will move quickly, even in a shallow gradient. Sasaki et al
speculates that polarity in Dictyostelium, in which cells are elongated and display polarized
sensitivity, evolved to keep the proper heading during aggregation (even in the absence of a
gradient) since cells need not stray when migrating towards an aggregation center.
Undifferentiated vegetative cells, on the other hand, must constantly change directions while
looking for their next meal and remain sensitive to chemoattractants across their entire
periphery. The addition of LY294002 to cells in the absence of a chemoattractant results in
decreased motility. In a gradient, however, cells treated with PI3K inhibitors have their lateral
pseudopodia suppressed and increase their directionality [91].

A role for microtubules

With much focus on determining the mechanisms regulating actin polymerization, other
components that make up the cytoskeleton have been overlooked. While most cells have
decreased motility, previous studies indicate that treatment of cells with colchicine, which
disassembles microtubules, causes neutrophil granulocytes to activate Rho kinase, polarize,
and migrate [106]. Xu et al recently obtained similar results with neutrophils treated with the
microtubule inhibitor nocodazole [29]. These studies determined that loss of microtubules
stimulates backness by increasing Rho- and actomyosin-dependent contractility. Also,
treatment of NIH 3T3 fibroblasts with PI3K inhibitors or expression of a dominant-negative
form of Akt decreased the amount of stabilized microtubules after stimulation with platelet-
derived growth factor (PDGF), suggesting a role for both P1(3,4,5)P3 and Akt in the
maintenance of polarity [107]. These results are consistent with studies correlating the loss of
microtubules in cells entering cytokinesis (where cells round up, localize PTEN to the
membrane, and are essentially all “back”) [88]. As the spindle elongates, astral microtubules
interact with the poles of the cell, which are analogous to the leading edge of the cell, and have
PI3K activity, actin polymerization, and membrane ruffling. Feedback loops between
microtubules, P1(3,4,5)P3 and the actin cytoskeleton may help promote “frontness.”
Dictyostelium cells with aberrant P1(3,4,5)P3 levels or which are treated with PI13K inhibitors
have cytokinesis defects whereas inhibition of PI3K in adherent cells results in spindle
misalignment [88,104]. This new role that P1(3,4,5)P3 plays, in addition to its many other roles,
further brings into perspective the importance of this secondary messenger in helping regulate
the cytoskeleton during a variety of cell shape changes. In cells lacking proper P1(3,4,5)P3
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regulation, it is possible that the cells adjust to get through important processes like cell
division, and these redundant pathways compensate for the loss of PI(3,4,5)P3, as described
above for up-regulation of RacB expression.

The regulation of PI(4,5)P,

Although much attention has been placed on the local amassing of P1(3,4,5)P3 during these
processes, evidence suggests that there may also be a reciprocal accumulation of P1(4,5)P,.
This temporal and spatial regulation of both PI1(3,4,5)P3 and PI(4,5)P, may recruit specific
cytoskeletal regulators and act as an important switch in defining where a cell makes
protrusions and where a cell contracts, respectively. Evolution has apparently built a lot of
redundancy into the system regulating polarized morphology. A recent report from the
Huttenlocher laboratory implicates a P15 kinase (PIPKIy661) in the rear of migrating
neutrophils [108]. It will be intriguing to see if this P15 kinase localizes to the furrow of dividing
cells. Arguments against the lowering of PI(4,5)P, along the periphery of the cell stem from
the high levels of P1(4,5)P, thought to be in the cell [109].

However, there is plenty of support; chemoattractants applied as a gradient, such as CAMP
with Dictyostelium or fMLP with neutrophils, induce the activation of phospholipase C (PLC)
and PI3Ks at the front of the cell. van Haastert et al recently reported that the loss of PLC,
which normally hydrolyzes P1(4,5)P, and yields inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG), resulted in increased membrane-bound PTEN [110]. They reason that
PLC null cells have higher plasma membrane P1(4,5)P2 levels which in turn recruit more PTEN
through its N-terminal P1(4,5)P, binding motif [45,110,111]. They found that there is no loss
of PTEN from the plasma membrane in response to uniform cAMP in the PLC null cells. This
discovery suggests that PL.C is normally activated in response to a chemoattractant, hydrolyzes
P1(4,5)P,, and PTEN moves to the cytosol. In the PLC null cells, this recruitment of PTEN, in
turn, acts on the PI3K pathway by negatively regulating P1(3,4,5)P3 levels. They also
determined that P1(3,4,5)P3 levels do not dramatically change in response to a uniform cAMP
stimulus [45]. The small changes in P1(3,4,5)P3 levels would be expected to lower the levels
of PI(4,5)P, to some degree, and thus negatively regulate PTEN levels on the membrane, but
these changes may be below the limit of sensitivity using fluorescence microscopy.
Interestingly, they observed that cells over expressing PLC, in turn, deplete levels of PTEN on
the membrane, and these cells resemble pten null cells in that they follow a less direct path
towards a micropipette and have broad pseudopodia and polarity defects because of their
inability to regulate P1(3,4,5)P3 levels. These studies and those on PI3K demonstrate that lipid
metabolism is a key regulator of cell motility and chemotaxis. It will be exciting to uncover
the inter-relationship between the pathways at genetic and biochemical levels in mediating the
spatial responses of cells.

Conclusions

Recent advances have made it clear that the regulation of cell morphology in a number of
cellular processes uses the same overlapping signaling cascades and cytoskeletal components
to perform similar cell shape changes. Since any given one of these processes may be critical
depending on the type of cell, its environment, or its current status in the life cycle, it should
not be surprising that cells have evolved redundant pathways to carry the cell forward when
one pathway fails. Although much progress has been made in elucidating which components
are involved, there is still much work to be done to understand how cells initiate a polarized
morphology, whether it is during chemotaxis, random motility, or cell division. Many of the
models proposed here for gradient sensing should be expanded to incorporate the mechanisms
at work during the other processes, as they are likely to provide significant clues as to how a
cell localizes responses in shallow chemical gradients and from internal cellular cues.
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Figure 1. Chemotaxis of Dictyostelium cells
The DIC image shows Dictyostelium cells chemotaxing towards a micropipette emitting the
chemoattractant cAMP.
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Figure 2. Directional sensing occurs downstream of G-protein activation and upstream of P1(3,4,5)
P3 accumulation

Upper panels show the spatial co-localization of P1(3,4,5)P3 (P13K activity) and activated Ras
(Ras-GTP) to the leading edge of a chemotaxing Dictyostelium cell coexpressing the reporters
RFP-PH 4 and GFP-Ras binding domain (RBDRrag1), respectively. The central panels show
schematic depictions of the distribution of components or reactions at different steps in the
chemotactic signaling pathway. With the exception of receptor occupancy and G-protein
activation, all of the distributions were determined by imaging GFP fusion proteins in
chemotaxing cells. The distribution of F-actin was inferred from imaging of the actin binding
proteins LimEAcoil and coronin and was confirmed by phalloidin staining in fixed cells.
Receptor occupancy was visualized by single molecule imaging of Cy3-cAMP. G-protein
activation is inferred by a fluorescence resonance energy transfer assay that measures
dissociation of the a- and B-subunits of the G-protein. The lower panels depict the activation
kinetics of the components described above in response to a uniform (global) stimulation by
chemoattractant (CAMP). All of the responses except heterotrimeric G protein activation are
transient. For Ras, peak activation occurs ~3-5 sec after stimulation, while PI3K activity peaks
at ~5-7 sec. The figure illustrates that heterotrimeric G protein activation rapidly ceases upon
removal of the chemoattractant. This figure is reproduced from Sasaki et al [112].

FEBS Lett. Author manuscript; available in PMC 2009 June 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Janetopoulos and Firtel

Back of cell

Response

C

minutes

Page 18

~_Frontof cell
Inhibiti Response
nhibition . itati
\ Inhibitor C Ef_(‘,—'ra”o”
diffuses
/ . g
Excitation freely \Inhfbmon
\.‘_:__' —
/ minutes ‘

Steady-state
Spatial Response

Excitation

Inhibition /

Response

Back Front

[ T

Chemoattractant Gradient

Figure 3. Local excitation, global inhibition model for temporal and spatial sensing

Receptor occupancy regulates two opposing processes, excitation and inhibition, which
together regulate the response (green, red, and black lines, respectively). When a cell is initially
exposed to a gradient, both ends respond. The fast local excitation processes increase
proportionally to the local fraction of occupied receptors. The slow inhibitory response rises,
driven by the global fraction of occupied receptors. When both processes reach a steady state
(lower panel), the profile of excitation along the length of the cell is proportional to the local
fraction, whereas the global inhibitor is proportional to the mean level of receptor occupancy,
respectively. Thus, at the front, excitation exceeds inhibition, leading to a persistent response
and vice versa at the rear.
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Figure 4. Response of cells to combinations of stimuli

Latrunculin-treated cells were exposed to sequential temporal and spatial stimuli, and images
were captured. (A) A micropipette (location denoted by the asterisk) producing a stable CAMP
gradient was introduced to naive cells after the first frame (0 sec). (B) Cells originally in a
gradient (0 sec) were further stimulated by a transient bolus of CAMP generated by pumping
the micropipette. Fluorescent images of the Cy3-cAMP used in these experiments
demonstrated that the stimulus from the initial bolus dissipated in the 4-ml chamber, and the
stable gradient was re-established within 15 sec. (C) Cells were exposed to competing gradients
of cCAMP and their PH-GFP responses were acquired. PH-GFP responses could be elicited or
extinguished by gradually lowering or raising the micropipette pressures. Asterisks mark the
locations of micropipettes.

FEBS Lett. Author manuscript; available in PMC 2009 June 18.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Janetopoulos and Firtel Page 20

Random Movement & Cytokinesis
via
autonomous feedback loops

Gf~-independent
signaling

|

Ras activation
PI3K translocation

\
k}\®basal cell motility

Gf-independent
signaling

Figure 5. Model for the Ras/P13K circuit during random movement and chemotaxis

We propose that Ras/PI13K/PTEN/F-actin components form a feedback loop that is activated
autonomously and without extracellular stimuli. The feedback loop we describe requires
cytoskeletal regulators that simultaneously recruit PI3K and de-localize PTEN from the
protrusion site. We assume that the regulators for Ras/PI3K/PTEN and F-actin polymerization/
disassembly can influence the initiation and decay of the circuit. As the process is stochastic,
we hypothesize that an increase in the level of any of the responses over a threshold level may
be sufficient to trigger the feedback loops and pseudopod formation, while components such
as GAPs and phosphatases regulate the threshold and level/time of activation.

The model illustrates the proposed intracellular signaling pathways leading to a positive
feedback amplification of the pathways controlling pseudopod extension. PI3K, which is
translocated to the membrane and activated by Ras-GTP together with PTEN released from
the membrane and possibly other regulators, induces PI(3,4,5)P3 synthesis, which elicits F-
actin polymerization. PLC activation leads to a loss of P1(4,5)P,, and thus may limit the number
of binding sites for PTEN, which contains a putative P1(4,5)P,-binding motif. PI3K and
RacGEF1 are recruited to the F-actin polymerization site, by a mechanism that is dependent
on F-actin and possibly other cellular factors, and induce further P1(3,4,5)P3 synthesis and Rac
activation, respectively. F-actin polymerization and PI(3,4,5)P3 signaling provoke additional
Ras activation, possibly through the recruitment of RasGEFs. Each of these enzymatic
processes is modulated by negative regulators of the cytoskeleton and signaling modules, such
as RasGAPs, RacGAPs, PTEN, and PLC. Those negative regulators, or inhibitory events,
determine the turnover and threshold for autonomous activation of the Ras/PI13K/F-actin
feedback loop. Chemoattractants induce Ras/PI3K activation and reciprocal PI3K and PTEN
localization through heterotrimeric G-proteins (right), as well as the activation of PLC. We
expect that there are additional upstream regulators and factors that mediate PI13K's cortical
localization, which is dependent on F-actin-polymerization (sensitive to Lattrunculin A/B).
Activation of Ras/PI3K and inhibition of PTEN are integrated into a similar positive feedback
loop that amplifies the initial response and is required for pseudopod formation and the
formation of a robust, stable leading edge [30]. Chemotaxing wild-type cells and mutant strains
such as pi3k1/2 null cells have a higher threshold for the autonomous Ras/PI3K/F-actin
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activation than unstimulated (“naive”) vegetative cells. In chemotaxing cells, the threshold is
higher at the back than at the front because PTEN, and possibly other negative regulators,
localize at the back, as is graphically illustrated. PTEN activity and synthesis of P1(4,5)P, likely
forms a positive feedback loop with its own recruitment to the plasma membrane. Ligand-
induced Ras/P13K activation at the front, but not at the back, reaches a threshold level, which
activates downstream responses. In polarized, chemotaxing cells, the threshold for pathway
activation is significantly higher at the back than at the front. This differential threshold depends
on both the stabilization of signaling complexes at the existing leading edge by the F-actin
cytoskeleton and the localization of negative regulators at the cell's posterior.
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