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Repair of wounds to single cells
involves dynamic membrane and

cytoskeletal rearrangements necessary to
seal the wound and repair the underlying
cytoskeleton cortex. One group of pro-
teins essential to the cortical remodeling
is the Rho family of small GTPases.
Recently we showed that the founding
members of this GTPases family, Rho,
Rac, and Cdc42, are all essential for nor-
mal single cell wound repair and accumu-
late at the wound periphery in distinct
temporal/spatial patterns in the Drosoph-
ila cell wound model. In addition, these
proteins communicate with one another
and with the cytoskeleton to regulate
their distribution in response to wounds.
Unexpectedly, we found evidence for
context specific Rho GTPase binding to
downstream targets or “effectors” which
cannot be explained solely by means of
local GTPase activation. Here we discuss
these observations in relation to similar
studies in single cell wound repair in the
Xenopus oocyte, and highlight how these
cell wound models serve as powerful
tools to understand both cell wound
repair and Rho GTPase biology.

The Rho, Cdc42, and Rac proteins,
collectively known as Rho family
GTPases, are switch molecules (cycling
between GDP- and GTP- bound states)
that serve as key regulators of the cyto-
skeleton.1-3 Rho family GTPases are
activated by Rho guanine nucleotide
exchange factors (GEFs) that exchange
GDP for GTP, and turned-off by Rho
GTPase activating proteins (GAPs) that
increase the rate of GTP conversion to
GDP.1,3,4 Rho guanine nucleotide dis-
sociation inhibitors (GDIs) can also
bind to prenylated Rho family GTPases
and regulate GDP/GTP exchange,

thereby providing another level of regu-
lation.5 Activated (GTP-bound) Rho
family GTPases undergo a conforma-
tional change that allows them to inter-
act with downstream effector proteins
(cellular target proteins) to drive a wide
spectrum of biological responses includ-
ing reorganization of the actin and/or
microtubule cytoskeleton affecting cell
shape changes, cell polarity, movement,
adhesion and cytokinesis during normal
development, as well as when co-opted
during infection, oncogenic transforma-
tion, and wound repair.1,6-12

Work in the last 2 decades has
highlighted the necessity of Rho family
GTPases for proper wound repair, in
the context of both single cells and tis-
sues.13-17 Single cell wound repair is a
particularly powerful platform to study
the roles and regulation of this protein
family, as cell wounds can be induced,
are highly reproducible, involve coordi-
nated cytoskeletal responses, and heal
on the scale of minutes.18 The ability
to visualize the repair process by high-
speed time-lapse confocal microscopy,
combined with the ever-growing num-
ber of diverse fluorescent reporters,
mutant alleles, and inhibitors, now
allows a broad range of analyses on the
repair process to be performed. Two
model systems that are highly amenable
to live imaging have come to the fore-
front for studying single cell wound
repair and, in particular, the role of
Rho family GTPases in this process: the
Xenopus oocyte and Drosophila syncytial
embryo.19,20 Here we discuss our recent
findings using the Drosophila syncytial
embryo single cell repair model, com-
pare them to what is known from stud-
ies using the Xenopus oocyte cell repair
model,13,19,21-24 and highlight key fea-
tures in each model.
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Rho Family GTPases Regulate
Cortical Cytoskeletal Remodeling

During Cell Wound Repair

Upon a breach of the plasma mem-
brane, wounded single cells must be rap-
idly repaired to avoid a toxic influx of
extracellular molecules and ions, loss of
cytoplasm, and ultimately to maintain via-
bility. This repair is composed of 2 main
processes: fusion of vesicles to form a tem-
porary membrane plug and the subse-
quent remodeling of the membrane and
underlying cortical cytoskeleton
(Fig. 1A).13,18 Both processes are down-
stream of calcium ion influx, which has
been proposed as the initial signal for
wound repair.18,25,26 The source of the
membrane vesicles that respond to the cal-
cium signal to form the plug is likely

context dependent, as endosomes, lyso-
somes, enlargesomes and yolk granules
have all been implicated in varying con-
texts.18,25,27-29 Subsequent to the mem-
brane plug being formed, work using the
Xenopus oocyte and our work using the
early Drosophila syncytial embryo has
shown that cortical cytoskeletal remodel-
ing is largely driven by the assembly and
contraction of an actomyosin ring
(Fig. 1B-C), as well as cortical flow of
actin and myosin toward the wounded
area (Fig. 1D-E).20,22 We have shown in
the Drosophila model that the actomyosin
cable is, at least in part, linked to the over-
lying plasma membrane by the adherens
junction protein E-cadherin (Fig. 1A).20

The mode of tethering the actomyosin
cable to the plasma membrane in the Xen-
opus oocyte model is not yet known.

The necessity for Rho family GTPases
in cell wound repair was initially shown
by examining wound repair under condi-
tions where the levels of these proteins
were altered. In Xenopus oocytes this has
been accomplished using inhibitors and/
or recombinant dominant negative and
constitutively active GTPases, whereas
the Drosophila model has relied on the
use of loss-of-function mutant alleles
and/or inhibitors (Table 1).13 Specifi-
cally, in the Xenopus model, RhoA is nec-
essary for cortical flow, whereas Cdc42
regulates actin cable assembly, and both
are involved in actomyosin contractility.
A role for Rac proteins in this process has
not been reported. Our recent work with
the Drosophila model has implicated the
same Rho family GTPases (Rho1 and
Cdc42), as well as the 3 fly Rac proteins

Figure 1.Mechanisms of single cell repair. (A) Schematic depicting single cell repair mechanisms including vesicle fusion and cortical cytoskeleton remod-
eling by cortical flow and actomyosin contraction. While XY views depict the overall repair process, a ’behind the scenes’ account of processes such as
vesicles trafficking toward the wound from an internal membrane source are visible in XZ views (black arrow). Arrows (blue) in XY and XZ views show
cortical flow as polarized trafficking of actin and myosin toward the wound. (B-D) Fluorescent micrographs of actomyosin contraction (B and C) or cortical
flow (D and E) in single cell repair. An actomyosin array is formed at the wound edge in the Xenopus oocyte ((B) © 2001 Rockefeller University Press.
Originally published in Journal of Cell Biology 154: 785–797) and the Drosophila syncytial embryo (C). Cortical flow of actin contributes to cortical remodel-
ing in Xenopus (D; © 2005 Rockefeller University Press. Originally published in Journal of Cell Biology 168: 429–439) and Drosophila (E) single cell repair.
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(Rac1, Rac2, and Mtl) in cell wound
repair, albeit with somewhat divergent
roles.17 Addition of the Rho inhibitor C3
exoenzyme disrupts cortical flow in the
Drosophila model similar to that observed
in Xenopus; however, this phenotype is
not recapitulated in Drosophila Rho1
loss-of-function mutants.13,17 Instead, we
found that Rac proteins are necessary for
cortical flow: both loss-of-function muta-
tions (Rac1 Rac2 Mtl triple mutants in
which all 3 Rac genes are removed) and
the Rac inhibitor NSC23766 abrogate
cortical flow. In addition, we found that
Cdc42 plays a complementary role in
cortical flow by orienting the Rac-depen-
dent flow toward the wound.17 Cdc42 is
specifically important to stabilize the
actin ring at the wound, whereas Rho1 is
involved in actin-myosin II stabilization
and ring assembly. Intriguingly, when we
inhibited all 3 GTPases simultaneously
(Rho1, 3 Rac GTPases, and Cdc42),
wound repair morphology and dynamics
were completely altered, yet some organi-
zation of the actin cytoskeleton could be
observed suggesting that other classes of
cytoskeletal modulators are likely working
in parallel with the Rho family GTPases
to achieve proper cellular repair.17

The differences in phenotype observed
when inhibiting Rho1 function using C3
exoenzyme or with loss of function
mutants is interesting and could be the
result of 2 phenomena we have observed:
crosstalk between the Rho and Rac
GTPases and/or the chronic versus cata-
strophic means by which Rho1 activity is
reduced. As we discuss later, Rac proteins
at the wound leading edge are reduced
indirectly when Rho1 activity is inhibited,
and may be responsible for the cortical
flow defect.17 Alternatively, immediate
‘catastrophic’ reduction of Rho1 proteins
(with inhibitors) may occur within a time-
frame that does not allow the embryo
enough time to correct disruptions to the
normally balanced system. Consistent
with established work, Rho family
GTPases are in a delicate balance with
each other and with other proteins such as
Rho GDIs.30 ‘Chronic’ reduction of Rho1
(i.e., when using loss of function mutants)
allows the embryo time to shift toward an
alternative equilibrium, perhaps permit-
ting Rac activity at the wound. Future

experiments comparing Rac localization
and activity in a Rho1 mutant background
vs. Rho1 removal by C3 inhibition during
wound repair will be necessary to test this
hypothesis.

Rho Family GTPases Localize at
the Wound in Distinct Spatial and

Temporal Patterns

Consistent with their cell wound
repair phenotypes, Rho GTPases exhibit
dynamic localization at the wound site.
In the Xenopus oocyte, probes for the
activated RhoA and Cdc42 are immedi-
ately localized at the wound, and by
one minute post-wounding have formed
discrete concentric rings or arrays with
the ring of activated Rho interior to
that of activated Cdc42 (Fig. 2A and
H).13 We have recently observed a simi-
lar response wherein full-length fluores-
cent fusion proteins of the Drosophila
Rho family GTPases (Rho1, Rac1,
Rac2, and Cdc42) are recruited to cel-
lular wounds in the syncytial Drosophila
embryo (Fig. 2B and C).17 In the Dro-
sophila model, Rho family GTPases are
not only coordinated spatially, but also
temporally. Rho1 accumulates first and
almost immediately post wounding (by
30 seconds), Cdc42 accumulates next
(60–90 seconds), and Rac 1 and Rac 2
accumulate last (90–135 seconds).17

Similar to that observed in Xenopus,
Rho1 accumulates as the innermost
array with only its outermost edge over-
lapping with the actomyosin ring.
Cdc42 and Rac co-localize with the
actomyosin ring, with Rac also forming
a broader region (halo) of slightly ele-
vated accumulation surrounding the
actomyosin ring. There is significant
overlap of Rho accumulation with Rac
and Cdc42 accumulation (Fig. 2B-C
and H), however, this accumulation
represents the inactive as well as acti-
vated pools of each GTPase. We exam-
ined the localization of activated Rho
GTPases using a series of biosensors
consisting of the Rho Binding Domain
(RBD) of known downstream effectors
for each of the Rho family GTPases
fused to a fluorescent protein (GFP or
mChFP).17 Surprisingly, while all of

the biosensors recapitulated develop-
mental Rho family GTPase expression,
only a subset accumulated at the
wound. Rho1 biosensors using the
RBD of Rok, Dia, and PKN (but not
Wash or Capu) responded upon
wounding and formed a narrow ring
largely interior to actin accumulation.
As none of the biosensors generated for
Cdc42 or Rac (WASp, PlexB, Pak1,
Pak3) accumulated upon wounding, it
was not possible to determine if the
activated forms of Rho, Cdc42, and
Rac form discrete concentric rings simi-
lar to that observed in Xenopus oocytes.
However, activated Rho1 is enriched in
a narrower region toward the interior of
overall Rho1 accumulation, suggesting
it is possible that Rho1 and Cdc42/Rac
form exclusive rings in Drosophila as
well. Cdc42 and Rac1 exhibit essentially
complete co-localization making it
unlikely that these 2 proteins segregate
in a similar manner. To further address
this point, it will be necessary to iden-
tify biosensors specific for Cdc42 and
Rac that respond to the cell wound
repair process.

The ability of only certain RBD con-
structs to bind to Rho1 in specific con-
texts is intriguing. Conventional models
for the on/off nature of Rho GTPases
suggest that when the proteins are acti-
vated they are accessible for binding by
any available binding partner/effec-
tor.9,12,31 However, as only a subset of
the biosensors respond to wound repair,
and considering that our panel of
RBD-fusion proteins all expressed under
control of the same ubiquitous pro-
moter, are able to specifically bind to
GTP-loaded Rho GTPases in pull-
down assays, and display Rho1 GTPase
developmental patterns, our work sug-
gests a previously unexplored avenue of
Rho family GTPase-effector specificity.
Future experiments using alternative
biosensor designs, such as uni- and/or
bi-molecular FRET probes that do not
require an accumulation of signal but
allow for immediate and precise visuali-
zation of activated GTPases, will be
necessary to explore this specificity.31 It
may become necessary in the future to
design biosensors that can function in a
context-dependent manner.
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Crosstalk Among Rho GTPases
Family Members and with the

Cytoskeleton

Segregation of the Rho GTPases into
separate zones in both cell wound repair
model systems suggests that there is cross-
talk among GTPases through regulation
of each other, through close spatial/tem-
poral regulation by GEF/GAPs (a process
known as ‘GTPase flux’), and/or indirectly
through feedback with the cytoskele-
ton.24,32 One set of experiments used in
both the Xenopus and Drosophila models
to explore these possibilities compared the
localization of Rho GTPase arrays in con-
trols to their localization upon altered
Rho GTPase levels using drugs, dominant
negative, and constitutively active pro-
teins.13,17 In general, the results have sug-
gested that the disruption of one GTPase
alters the array localization of the other
Rho GTPases (Table 1). While these stud-
ies can neither rule in favor of nor against

direct regulation of Rho GTPases by each
other, there is evidence of GTPase flux. In
Xenopus, candidate screening of Rho
GTPase GEFs and GAPs identified Abr, a
protein with both GEF and GAP activity
that localizes at the wound and upon
knockdown leads to aberrant repair.24

Further analysis by over-expression and
specific mutagenesis of either the GEF or
GAP domain showed that Abr acts to
amplify local RhoA activity through its
GEF domain while maintaining a barrier
to the spreading of activated Cdc42
through its GAP domain.24 Subsequent
studies using photo-activatable probes
have demonstrated that within these zones
there is dynamic RhoA and Cdc42 activa-
tion and inactivation with peak half-lives
of 8–12 seconds.21 While a similar mecha-
nism has not yet been identified in Dro-
sophila, proteins with both GEF and GAP
activity exist (i.e., RhoGAP1A) that will
be interesting to examine in the context of
cell wound repair.

The influence of the cytoskeleton on
GTPase array formation was examined
using an inhibitor-based approach: cytoskel-
eton components including actin, microtu-
bules, and myosin, were perturbed then the
ensuing effects on Rho GTPase array forma-
tion were examined.13,17 One difference
between these studies is that in Xenopus the
Rho GTPase arrays were assayed using
probes for activated GTPases, whereas in
Drosophila the entire pool of each GTPase
was assessed. Nonetheless, these results have
highlighted several important similarities
and differences between repair in the Xeno-
pus and Drosophila models (Table 1). First,
dynamic F-actin is necessary in both Xeno-
pus and Drosophila for the translocation of
the GTPase arrays, however, stabilization of
F-actin by Jasplakinolide has non-conserved
effects on recruitment amount and timing,
as well as localization of the GTPase arrays
between the 2 systems (Table 1). Microtu-
bules are also necessary for the proper locali-
zation of the GTPase arrays in Xenopus,13

Figure 2. GTPase arrays form in response to cell wound repair the Xenopus oocyte and Drosophila syncytial embryo cell repair models. (A, D, and E) Fluo-
rescent reporters for Xenopus studies use biosensor reporters depicting activated Rho family GTPases. (B, C, F, and G) Drosophila Rho GTPase fluorescent
probes report all protein (not just the activated forms). (A) Activated RhoA and Cdc42 form non-overlapping concentric rings in the Xenopus oocyte
(© 2005 Rockefeller University Press. Originally published in Journal of Cell Biology 168: 429–439). (B) Rho1 and Cdc42 form overlapping arrays in the Dro-
sophila syncytial embryo with the Rho1 array interior to Cdc42. (C) Rac1 and Rho1 form overlapping arrays in the Drosophila syncytial embryo with the
Rho1 array interior to Rac1. (D and E) RhoA and Cdc42 arrays in the Xenopus model translocate upon inhibition of contraction with the Rok inhibitor
Y27632 (adapted from21 and reproduced with permission from Elsevier). (F and G) Rho1 and Cdc42 arrays in the Drosophila model are unable to translo-
cate when contraction is inhibited with Y27632 (wound edge outlined in red). (H) Schematic depicting the relative localization of Rho family GTPases in
the Xenopus and Drosophila single cell wound repair models (adapted from17 and reproduced with permission from Elsevier).
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while their role in Drosophila remains to be
tested. The most striking difference between
the wound-induced Xenopus and Drosophila
Rho GTPase arrays is apparent when con-
tractility is impaired by inhibition of active
myosin II. In Xenopus, impairment of myo-
sin II by either the Rok inhibitor Y27632 or
the ATPase inhibitor blebbistatin fails to
prevent the forward translocation of the
GTPase arrays, rather it only slows the rate
of repair (Fig. 2D-E).21 This surprising
finding has been proposed to be a result of
signal ‘treadmilling’, wherein preferential
leading edge activation of Cdc42 and trail-
ing edge inactivation of RhoA within their
activity zones drives the contractile machin-
eries forward during wound closure and has
been confirmed in the aforementioned stud-
ies using photoactivatable Rho GTPases.21

In contrast, impairment of myosin II by
Y27632 in the Drosophila model led to an
inability of the Rho GTPase arrays to trans-
locate (Fig. 2F-G),17 suggesting that while
the molecules and machineries (Rho family
GTPases, a contractile ring, and dynamic F-
actin) are highly conserved, the mode of
their employment may differ among organ-
isms (Table 1). While this result precludes
‘treadmilling’ in the Drosophila model, it
remains possible that in addition to disrupt-
ing actomyosin contraction Y27632 indi-
rectly affects Rho1 in this model. Assays
similar to those performed in Xenopus
accessing the translocation of photoacti-
vated Rho GTPases should clarify this
important point.

Conclusions and Future
Directions

Single cell wounds in Xenopus and Dro-
sophila are proving to be invaluable models
for the study of the repair process, as well
as Rho GTPase biology. Findings such as
direct evidence for Rho GTPase flux and
signal treadmilling in the Xenopus model,
and our new evidence for context-depen-
dent Rho GTPase-effector specificity in the
Drosophila model have broad implications
for Rho family GTPase functions.17,21,24

Although the spatial and temporal dynam-
ics of the GTPase arrays are different in
the 2 cell wound models, they both achieve
the same end result: organization of a
workable and highly animated repair

machinery. These differences highlight
many important remaining questions.
How is the initial wounding signal differ-
entially propagated such that the GTPases
bind only a subset of their downstream
effector proteins? What is the significance
of the differences in temporal localization
of Rho1 accumulation at the wound signif-
icantly before that of the Rac family pro-
teins and Cdc42? Are the effectors used by
each GTPase also spatially segregated
within each Rho GTPases activity zone or
are these effectors competing for binding?
Finally, how are wounds in which all 3
Rho GTPases are inhibited able to close
and what alternative cytoskeletal remodel-
ers might be involved? Future studies
promise to provide critical insights into
this important process of cellular repair
and will be informative to the numerous
cellular and developmental processes for
which the Rho GTPases are critical.
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