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Membrane bleb: A seesaw game of two small GTPases

Junichi lkenouchi®®* and Kana Aoki?

3Department of Biology, Faculty of Sciences, Kyushu University, Fukuoka, Japan; "PRESTO, Japan Science and Technology Agency, Saitama,
Japan; “AMED-PRIME, Japan Agency for Medical Research and Development, Tokyo, Japan

ABSTRACT

The plasma membrane is generally associated with underling actin cytoskeleton. When the plasma
membrane detaches from actin filaments, it is expanded by the intracellular pressure and the
spherical membrane protrusion which lacks underlying actin cortex, termed bleb, is formed. Bleb is
widely used for migration across species; however, the molecular mechanism underlying
membrane blebbing remains largely unknown. Our recent study revealed that 2 small GTPases,
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Rnd3 and RhoA, are important regulators of membrane blebbing. In the expanding blebs, Rnd3 is ROCK
recruited to the plasma membrane and inhibits RhoA activity by activating RhoGAP. On the other

hand, RhoA is activated at the retracting membrane and removes Rnd3 from plasma membrane by

the activity of ROCK (Rho-associated protein kinase). ROCK is also important for the rapid
reassembly of actin cortex and retraction of membrane blebs by activating Ezrin. We propose that a

Rnd3 and RhoA cycle underlies the core machinery of continuous membrane blebbing.

The plasma membrane is generally associated with
underling actin cytoskeleton. The interaction between
plasma membrane and actin cytoskeleton is mediated by
some anchor proteins such as ezrin/radixin/moesin
(ERM) family proteins. When the plasma membrane
detaches from actin filaments, spherical membrane pro-
trusion is formed by the intracellular pressure.'> This
membrane protrusion termed bleb is observed during
cytokinesis* and cell migration.”

Some cancer cells use membrane blebbing as a mode
of motility during metastasis.” When cancer cells are
cultured on rigid substrates, cells move with forming
actin-rich plasma membrane protrusions, such as lam-
mellipodia and filopodia. On the other hand, cells
migrate by forming membrane blebs when embedded in
the 3D extracellular matrix such as collagen gels.””
Recently, several groups reported that cancer cells start
to use membrane blebbing-associated cell migration in
response to the physical changes of extracellular condi-
tions. Down-regulation of cell adhesion to the extracellu-
lar matrix and up-regulation of physical confinement
induce the formation of large polarized blebs in cancer
cells.'*""? This bleb-based migration is the faster mode of
migration as compared to the migration using lammelli-
podia and filopodia

The blebbing-associated cell migration is not only
observed in cancer cells, but also under physiological

conditions. For example, primordial germ cells (PGCs)
migrate with forming membrane blebs in zebrafish'® and
Drosophila melanogaster embryos."* Dictyostelium also
use membrane blebbing for migration during chemo-
taxis.'”” Thus, membrane blebbing is widely used for
migration across species.

The regulation of actin cytoskeleton during
membrane blebbing

The process of expansion and retraction of blebs is
largely depends on actin cytoskeleton organized under-
neath plasma membrane. Bleb forms when plasma mem-
brane is detached from actin cytoskeleton. This is caused
by the local increase of intracellular pressure or by the
local rupture of actin cytoskeletons. After formation,
bleb continues to expand; however, bleb stops expanding
when the rapid reassembly of actin filaments is initiated
underneath blebbing membrane. Then, actin filaments
are polymerized and cover the protruded blebbing mem-
brane. Finally, myosins are accumulated to the actin fila-
ments, and actomyosin contraction drives the retraction
of bleb'® (Fig. 1).

As just described, the processes of a bleb-cycle seem to
be simple; however, it is unknown how the assembly of
actin cortex is regulated in these processes.'” To elucidate
how actin cortex is rebuilt during retraction of blebs,
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Figure 1. The life cycle of bleb. Membrane blebs are formed when when plasma membrane is detached from underlying actin cytoskel-
eton. The detachment is caused by the increase of intracellular pressure or by the local rupture of actin filaments. After expansion of
membrane protrusion, ERM family proteins and Eps8 are recruited to the protruded bleb membrane. Then, reassembly of actin filaments
occurs rapidly and covers the protruded membrane. Finally, myosin is recruited to actin cortex and the acto-myosin cortex retracts the

protruded membranes.

Charras et al. observed changes of localization of GFP-
tagged regulatory proteins of actin filaments during a
bleb cycle.'® This seminal paper showed that regulatory
proteins of actin filaments are recruited to the protruded
membrane in a staged manner. Among tested proteins,
Ezrin/Radixin/Moesin (ERM) family proteins rapidly
come to the plasma membrane prior to the regrowth of
actin filaments. On the other hand, the recruitment of
myosin II and myosin light chain to the membrane blebs
occurs after actin filaments covers the protruded mem-
brane and coincided with the onset of bleb retraction.
Subsequently, Stastna et al. and Bovellan et al. demon-
strated that formin family proteins, key regulators of
actin nucleation, are recruited to the membrane blebs
and essential for the reassembly of actin filaments."®'* In
addition, Logue et al. showed that Eps8, a plus end cap-
ping protein, is recruited to the plasma membrane on a
similar timescale as ezrin and essential for the formation
of membrane blebs.?° Thus, important regulators of actin
cortex during membrane blebs were identified; however
how these proteins are coordinated during reassembly of
actin filaments in membrane blebs has remained unclear.

RhoA-ROCK-Rnd3 feedback loop regulates the
expansion and retraction of blebs

In our recent study, we revealed that the actin-cortex
reassembly during membrane blebbing is regulated by
the activities of 2 different small GTPases, Rnd3 and
RhoA.*' In the retracting phase of membrane blebs, we
found that RhoA is activated at the plasma membrane.
RhoA GTP-form and ROCK are recruited to the plasma

membrane at the onset of bleb retraction. As already
reported,'® GFP-ezrin did not show a restricted distribu-
tion pattern but localized uniformly at the blebbing
membrane. However, we found that ezrin is phosphory-
lated at Thr-567 and adopts an active open conformation
at retracting membrane. Ezrin is reported to be phos-
phorylated and activated by ROCK.*> We showed that
activation of ezrin is required for the recruitment of
Eps8 to the plasma membrane. The activation of ezrin
and recruitment of Eps8 at the plasma membrane indu-
ces the rapid retraction of the protruded membrane by
promoting the reassembly of the actin cortex. In addition
to the activation of ezrin, active RhoA also activates
another RhoA effector protein, formins, which are essen-
tial for the regrowth of actin filaments at the retracting
membrane.'®"”

In the expanding phase of membrane blebs, we found
that Rnd3 is recruited to the expanding plasma mem-
brane. The membrane localization of Rnd3 was gradually
lost when reassembly of actin filaments started (Fig. 2).
Rnd3 was reported to bind p190RhoGAP and enhance
its activity.”” Rnd3 is a small GTPase which takes a con-
stitutively GTP bound active form. Rnd3 antagonizes
RhoA activity by activating p190RhoGAP.**

On the contrary, it was reported that Rnd3 binds to
ROCK?™ and is a substrate of ROCK.** ROCK phosphor-
ylates Rnd3 at serine 240 which leads to the sequestra-
tion of Rnd3 in the cytoplasm via its binding to 14-3-3
protein.’ Therefore, RhoA-ROCK inhibits Rnd3 activity.
When Rnd3 S240A mutant, which is resistant to inhibi-
tion by ROCK, is overexpressed, Eps8 was no longer
recruited to the plasma membrane and the reassembly of
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Figure 2. Rnd3 gradually disappears from blebbing membrane at the onset of the retraction phase. Membrane blebbing of a DLD1 cell,
a human colon cancer cell, transfected with Lifeact—-RFP and GFP-tagged Rnd3. Rnd3 was recruited to expanding membrane blebs; how-
ever, the membrane localization of Rnd3 is gradually lost during the retraction of membrane blebs. (Scale bar, 2 um.)

actin cortex was significantly delayed, resulting in the
reduction of retraction speed of protruded membrane
and the formation of abnormally large blebs.?'

Taken together, we propose that the interlocked feed-
back system between Rnd3 and RhoA rapidly switches
during membrane expansion to retraction in blebbing
membrane. At the expanding plasma membrane, Rnd3
and RhoGAP are present at the plasma membrane and
inhibit RhoA-ROCK activity. During this phase, reas-
sembly of actin cortex was largely inhibited and bleb
continues to expand passively by the intracellular pres-
sure. However, when the protruded membrane area is
increased, the concentration of Rnd3 at the plasma
membrane gradually decreases. And sporadic activation
of RhoA may be stabilized locally by the phosphorylation
of Rnd3 by RhoA-ROCK pathway and the removal of
Rnd3 from the plasma membrane. The local reduction of

Rnd3 at the plasma membrane leads to the down regula-
tion of RhoGAP activity, which amplifies the RhoA acti-
vation, and RhoA-ROCK pathway becomes dominant at
the plasma membrane. ROCK phosphorylates ezrin and
promotes recruitment of Eps8 to the plasma membrane.
Finally, actin filaments are reassembled locally, and the
retraction of membrane blebs starts (Fig. 3).2!

Future directions

Finally, we would like to discuss some unsolved important
issues briefly. As shown in Figure 2, Rnd3 accumulates at
expanding bleb membrane, but the molecular mechanism
remains elusive. We found that when cells were treated with
LatrunculinB to disrupt actin cortex, Rnd3 persisted at the
protruded membrane.”’ This observation indicates that
Rnd3 preferentially localizes to the cortex-free plasma

Expansion phase

Retraction phase

Figure 3. A model of the regulation of actin cortex by Rnd3 and RhoA during membrane blebbing. In the expansion phase of mem-
brane blebs, Rnd3 and p190RhoGAP inhibit the activation of RhoA and regrowth of actin filaments. As the surface area of the protruded
membrane increases during expansion, the concentration of Rnd3 at the plasma membrane decreases and sporadic activation of RhoA
may occur. Locally activated RhoA activates ROCK. ROCK phosphorylates Rnd3, which leads to the removal of Rnd3 and p190RhoGAP
from the plasma membrane. Thus, RhoA activation is amplified and sustained by the positive-feedback loop. ROCK also phosphorylates
ezrin, which leads to the recruitment of Eps8 to the plasma membrane. Activated ezrin, Eps8 and activated formins promote the reas-
sembly of actin cortex and retraction of membrane blebs.



88 J. IKENOUCHI AND K. AOKI

membrane. Furthermore, it is unclear what is a trigger
which switches from the Rnd3-dominant expansion phase
to the RhoA-dominant retraction phase during bleb cycle.
We showed that interlocked feedback loops between Rnd3
and RhoA is a core machinery of bleb cycle. However, some
as yet un-identified cue may promote the transition from
the expanding phase to the retraction phase. One of such
candidates is a change of physical properties of bleb mem-
brane such as membrane tension or membrane curvature.
Membrane tension reportedly changes during bleb expan-
sion." And it was recently reported that the plasma mem-
brane tension modulates the activity of small GTPases.®
Therefore, it will be interesting to consider about the rela-
tionships between the Rnd3 activity and the changes of
physiological condition of blebbing membrane such as
plasma membrane tension and intracellular pressure.
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