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Regulation of Rho GTPases from the lateral sides of migrating cells
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ABSTRACT
Migratory polarity and epithelial polarity share many common regulatory mechanisms. Rho GTPases
play a key role in modulating cell polarity, which in migrating cells has been conventionally studied
along the solitary front-rear axis. In recent work, we discovered that Prickle1 (Pk1), a core com-
ponent of planar cell polarity (PCP) signaling, mediates a novel lateral signaling pathway that
coordinates multi-axial protrusive activities from the lateral cortex of migrating cancer cells. We
identified that Arhgap21 and 23 are essential effectors of Pk1, and that lateral signaling regulates
RhoA, actomyosin and focal adhesion dynamics. Interestingly, we showed that lateral signaling
coordinates shape dynamics that are critical during cell migration and function orthogonally to
front-rear directional polarity.
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Cell migration is a complex process with significant rele-
vance in health and diseases.1 Polarity is a fundamental
feature of migrating cells and is conventionally referred to
as asymmetric signaling activities and cellular structures
along the front-rear axis. Localized activation/inactiva-
tion of the Rho family of GTPases plays a central role in
the signaling mechanisms that regulate this front-rear
polarity2 as are many of the pathways that orchestrate
polarity in epithelial tissues and embryonic development.3

Epithelial polarity is manifested in multiple dimensions.
Planar cell polarity (PCP) organizes the asymmetry across
the epithelial plane that is orthogonal to the apical-basal
axis. Mechanistically, PCP depends on the asymmetric dis-
tribution of core signaling molecules that include trans-
membrane proteins Frizzled (Fzd) and Van Gogh-like
(Vangl), in addition to cytoplasmic proteins Disheveled
(Dvl), Diego and Prickle (Pk).4 Extensive studies have
revealed an essential role of PCP signaling in tissue organi-
zation and cell migration duringmorphogenesis and devel-
opment.5 Furthermore, research from our group and
others have illustrated asymmetric distributions and func-
tional significance of PCP components inmetastatic cancer
cells.6,7 However, the mechanisms that underlie PCP
signaling in cell migration and cancer metastasis remain
elusive. Our recent work reveals that PCP signaling
components Pk1 and Smurf2 coordinate a novel lateral
signaling pathway, which functions orthogonally to the
front-rear polarity in regulating cell migration.8

The basic mechanisms of front-rear polarity are rela-
tively well defined for cells that migrate in response to
directional cues.2,9 However, cells often migrate without
a pre-determined direction, for example metastatic can-
cer cells must explore the microenvironment containing
complex migrational cues, and regulation of cell polarity
in such contexts is much less understood. We previously
showed that fibroblast-derived exosomes mobilize Wnt-
PCP signaling in breast cancer cells and promote cell
migration and metastasis.7 In response to activating exo-
somes, cancer cells undergo random migration and often
display several active protrusions in multiple directions
that are separated by non-protrusive cortex on the lateral
sides (Fig. 1A). As a result, it is usually hard to define a
solitary front-rear axis in such migrating cancer cells.
Intriguingly, immunolabeling experiments revealed that
Pk1, a core PCP component, decorates the non-protru-
sive lateral cell cortex, which are also highlighted by actin
bundles flanking active protrusions. Functionally, Pk1
silencing results in a disordered actin network and inhi-
bition of cell migration with Pk1-deficient cells display-
ing flattened morphology with disrupted lateral cortex
and diffuse protrusive activity that extends around the
entire cell periphery (Fig. 1B). Interestingly silencing of
Smurf2, an E3 ubiquitin ligase that mediates the degra-
dation of Pk1 in PCP signaling, also inhibits cell migra-
tion but leads to an elongated and spindle morphology
that is opposite to Pk1-deficient cells (Fig. 1B).
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Importantly, enhanced levels of Pk1 are observed along
the lateral cortex of Smurf2-deficient cells, which is
accompanied by intensified lateral actin bundles and
restricted protrusive activity. These results support a
model whereby Pk1 mediates a novel lateral signaling
pathway that maintains the non-protrusive lateral cortex,
thus confining the multi-directional protrusive activity in
migrating cells (Fig. 1A). We propose that this protru-
sive-lateral distinction is well suited to describe the
asymmetry in cells with multiple active protrusions.

Cell polarity depends on the exquisite regulation of
distinct members of the Rho family of small GTPases.2,3

Activation and inactivation of Rho GTPases are under the
regulation of guanine exchange factors (GEFs) and
GTPase activating proteins (GAPs), respectively.10

Although studies have identified a plethora of GEFs and
GAPs that coordinate Rho GTPases along the front-rear

axis as well as the apical-basal axis, little is known about
such regulators in PCP signaling. Using immunoprecipi-
tation (IP) and tandem mass spectrometry (MS/MS), we
identified that Pk1 interacts with Arhgap21 and Arh-
gap23, two closely related proteins of the RhoGAP family.
In biochemical assays, silencing of Pk1 and Arhgap21/23
both lead to increased levels of active RhoA, suggesting
that lateral signaling negatively regulates RhoA. In the
front-rear view of migratory polarity, activation of RhoA
is key to promote the formation of contractile actomyosin
networks and the detachment of the cell body at the rear.2

However, active RhoA has also been observed at the very
front region of lamellipodial protrusions.11 Our results
suggest that lateral signaling may play a role in confining
active RhoA to the leading edges of protrusive regions.

The downstream effectors of Rho GTPases include the
actomyosin network and focal adhesions, which are

Figure 1. Interaction between lateral signaling and protrusive activity drives shape volatility during cell migration. (A) Migrating cells
often extend multiple protrusions that lead to a multi-axial morphology. Pk1 and Arhgap21/23 function at the lateral cortex of the cell
to confine protrusive activities. The activity of lateral signaling includes regulation of RhoA, cytoskeleton, actomyosin, focal adhesions,
etc. Smurf2 mediates the negative regulation of lateral signaling. (B) Shape volatility of migrating cells depends on proper coordination
of lateral signaling. Perturbation of lateral signaling leads to inhibited motility with distinct morphologies.
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essential apparatus in migratory polarity.12 Within the
multiple lamellipodia of migrating cancer cells, we
observed accumulation of phosphorylated myosin light
chain (pMLC2), which is important in promoting the
contractility of the actomyosin network. In addition, the
majority of focal adhesions undergo dynamic turnover
within the front region of protrusions. After knockdown
of Pk1 or Arhgap21/23, pMLC2 expands throughout the
cell and focal adhesions are stabilized around the entire
cell periphery. Interestingly, a recent study reports that
membranous Pk1 promotes microtubule-dependent dis-
assembly of focal adhesions through interacting with
CLASP and LL5b.13 This suggests that Pk1-mediated lat-
eral signaling regulates the organization of both the actin
and microtubule cytoskeleton as well as focal adhesion
dynamics in migrating cancer cells. An important area of
future study is to investigate how lateral signaling inte-
grates with other pathways to achieve the spatial and
temporal regulation of small Rho GTPases in coordinat-
ing the asymmetry of different types of cytoskeleton. The
fast advances in designing specific fluorescent resonance
energy transfer (FRET)-probe reporters for small
GTPases will provide invaluable tools for such studies in
migrating cells.14

Regulation of the actomyosin network and focal adhe-
sions are fundamental to altering cell morphology.15 In
our work, we observed that exosome-stimulated cancer
cells display dynamic changes in their multi-axial shape
during migration (Fig. 1B). We then analyzed morpholog-
ical dynamics of cells using shape volatility, which meas-
ures the distribution of rate changes in cellular aspect
ratios (AR). Interestingly, shape volatility has a positive
correlation with migration speed, indicating a strong link
between cell motility and the capacity to dynamically
change cell shape. Mechanistically, we showed that the
interplay between Pk1-mediated lateral signaling and
Smurf-centered protrusive signaling is essential to drive
shape volatility. Thus, when lateral signaling is inhibited
(e.g. silencing of Pk1 or Arhgap21/23), protrusive activity
expands around the entire cell periphery and the cells
acquire a low AR morphology (Fig. 1B). In contrast, when
lateral signaling predominates (e.g., upon Smurf2 knock-
down), protrusive activity is reduced and the cells accu-
mulate a high AR shape (Fig. 1B). In contrast to the
starkly distinct geometry, the two contexts share disrupted
cell motility, as both expanded and restricted protrusive
activity fail to support functional protrusions. This high-
lights the importance of a coordinated lateral-protrusive
balance in cell motility.

It is an important aspect to study how this lateral sig-
naling integrates with the conventional front-rear polar-
ity. An essential steering mechanism during directional
migration is the inhibition of lateral pseudopods and

restriction of new protrusions to pre-existing leading
edges. Interestingly, we observed that the shape volatility
of cells undergoing chemotaxis in response to serum also
depends on Pk1 and Smurf2. In addition to inhibiting
shape volatility, disruption of Pk1-mediated lateral sig-
naling also dramatically reduced the speed of cell migra-
tion, similar to the phenotypes observed in exosome-
stimulated random migration. Intriguingly, despite the
reduced speed, cell movements were still steered along
the chemotactic gradient, suggesting that the steering
mechanism of “front-rear” orientation was not affected.
These results indicate that lateral signaling mediated by
planar cell polarity pathways coordinates cell shape vola-
tility that we propose is a novel operative feature of mov-
ing cells. Moreover, we propose that analogous to
polarized epithelia, PCP-mediated lateral signaling func-
tions orthogonally to the conventional “front-rear”
polarity that is mediated by apical-basal complexes dur-
ing directional cell migration.

Our discovery of a lateral signaling pathway com-
prised of planar cell polarity components represents a
novel mechanism that coordinates cell morphological
dynamics in biological processes. The discovery of spe-
cific molecular pathways that regulate cell shape volatility
and its importance to productive motility is an exciting
new concept in cell biology that may have far reaching
implications in understanding tissue morphogenesis.
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