Myosin ll-interacting guanine nucleotide
exchange factor promotes bleb retraction
via stimulating cortex reassembly at the
bleb membrane
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ABSTRACT Blebs are involved in various biological processes such as cell migration, cytoki-
nesis, and apoptosis. While the expansion of blebs is largely an intracellular pressure-driven
process, the retraction of blebs is believed to be driven by RhoA activation that leads to the
reassembly of the actomyosin cortex at the bleb membrane. However, it is still poorly under-
stood how RhoA is activated at the bleb membrane. Here, we provide evidence demonstrat-
ing that myosin ll-interacting guanine nucleotide exchange factor (MYOGEF) is implicated in
bleb retraction via stimulating RhoA activation and the reassembly of an actomyosin network
at the bleb membrane during bleb retraction. Interaction of MYOGEF with ezrin, a well-
known regulator of bleb retraction, is required for MYOGEF localization to retracting blebs.
Notably, knockout of MYOGEF or ezrin not only disrupts RhoA activation at the bleb mem-
brane, but also interferes with nonmuscle myosin Il localization and activation, as well as actin
polymerization in retracting blebs. Importantly, MYOGEF knockout slows down bleb retrac-
tion. We propose that ezrin interacts with MYOGEF and recruits it to retracting blebs, where
MYOGEEF activates RhoA and promotes the reassembly of the cortical actomyosin network at
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the bleb membrane, thus contributing to the regulation of bleb retraction.

INTRODUCTION

Blebs are observed in various biological processes such as cell mi-
gration, cytokinesis, and apoptosis (Mills et al., 1998; Wolf et al.,
2003; Fackler and Grosse, 2008; Sedzinski et al., 2011). In contrast
to the mesenchymal mode of cell migration, which utilizes actin-
driven membrane protrusions to allow tumor cells to migrate
through the extracellular matrix, the amoeboid mode of cell migra-
tion (or bleb-based cell migration) uses intracellular pressure-driven
membrane protrusions, generally termed blebs, to enable tumor
cells to migrate in three-dimensional environments (Friedl and
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Wolf, 2003). During early embryonic development in zebrafish and
Xenopus, primordial germ cells utilize bleb-based migration to
migrate into the sites of developing gonads (Blaser et al., 2006;
Dzementsei et al., 2013). During cytokinesis, the formation of blebs
at the pole regions of dividing cells is required for the correct posi-
tioning of the cleavage furrow (Sedzinski et al., 2011). Despite this
important role for membrane blebbing in various biological pro-
cesses, the molecular mechanism that controls membrane bleb-
bing is still poorly understood.

Blebs are rounded membrane protrusions on the cell surface.
The formation of blebs is largely due to the broken or weakening
linkage between the cell membrane and the actin cortex in a local
area. In turn, intracellular pressure drives the flow of intracellular
fluid into the space between the membrane and the cortex, leading
to the formation of rounded membrane protrusions on the cell sur-
face (Sheetz et al., 2006; Charras, 2008). It is generally thought that
the growth and expansion of a bleb largely rely on increased intra-
cellular pressure that results from actomyosin contraction at the cell
cortex (Tinevez et al., 2009; Woolley et al., 2015b). Following bleb
expansion, the cortical actomyosin network is reassembled under-
neath the bleb membrane and provides the driving force that leads
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to bleb retraction (Charras et al., 2005, 2008). Therefore, the life of
a bleb generally exhibits as repeating cycles between bleb expan-
sion and retraction (Charras et al., 2006, 2008).

The cortex is a thin actin network that is physically linked to and
provides physical support for the cell membrane (Fehon et al.,
2010). The ERM protein family, collectively named after three pro-
teins (i.e., ezrin, radixin, and moesin), physically links cortical actin
networks to the cell membrane (Fehon et al., 2010). In particular, it
has been shown that ezrin is required for cortex reassembly and
bleb retraction (Charras et al., 2006). Notably, ezrin is one of the first
proteins that are recruited to the retracting bleb membrane (Charras
et al., 2006). The subsequent recruitment of cytoskeleton compo-
nents such as actin, actin binding proteins, and nonmuscle myosin |l
to the bleb membrane leads to the formation of a contractile acto-
myosin cortex that enables the bleb membrane to retract back to
the cell body (Charras et al., 2006). Therefore, the recruitment of
ezrin to the bleb membrane is believed to be critical for the subse-
quent reassembly of the actin cortex that leads to bleb retraction.

Rho GTPase signaling plays a crucial role in regulating the orga-
nization of the actomyosin cytoskeleton (Van Aelst and D’'Souza-
Schorey, 1997; Hall, 1998). In particular, the Rho GTPase protein
RhoA activates its downstream effectors, such as Rho-associated
protein kinase (ROCK), which in turn regulates the organization of
the actomyosin cytoskeleton (Heasman and Ridley, 2008). Activation
of myosin Il requires the phosphorylation of myosin light chain
(MLC) (Adelstein and Conti, 1975). Once activated, ROCK directly
phosphorylates MLC (Amano et al., 1996). In addition, ROCK also
increases MLC phosphorylation by phosphorylating and inhibiting
myosin phosphatase (Kimura et al., 1996; Kawano et al., 1999;
Kosako et al., 2000; Totsukawa et al., 2000). It is believed that, fol-
lowing bleb expansion, activation of RhoA at the bleb membrane is
an early event that eventually leads to the reassembly of an acto-
myosin network and the retraction of blebs (Charras, 2008; Fackler
and Grosse, 2008). Rho GTPase proteins are largely activated by
guanine nucleotide exchange factors (GEFs) and inactivated by
GTPase-activating proteins (GAPs) (Cerione and Zheng, 1996; Van
Aelst and D’'Souza-Schorey, 1997; Rossman et al., 2005; Zuo et al.,
2014). A recent study has demonstrated that a GAP termed
p190RhoGAP inactivates RhoA, thus preventing RhoA from being
activated during bleb expansion. In contrast, p190RhoGAP is inacti-
vated at the end of bleb expansion, facilitating RhoA activation and
bleb retraction (Aoki et al., 2016). However, it is also possible that
RhoA is activated by RhoGEFs at the bleb membrane. We have
reported previously that myosin ll-interacting guanine nucleotide
exchange factor (MYOGEF) can activate RhoA (Wu et al., 2009). In
addition, a study has also shown that ezrin can bind to PLEKHG6/
MYOGEF (D'Angelo et al., 2007). In this study, we have demon-
strated that ezrin-MYOGEF interactions are required for the
recruitment of MYOGEF to the bleb membrane, where MYOGEF
contributes to RhoA activation and bleb retraction.

RESULTS

MYOGEF is localized to the bleb membrane during

bleb retraction

Our previous studies have shown that MYOGEF is implicated in the
regulation of cell migration and cell division (Wu et al., 2006, 2009).
During the course of our studies characterizing the cellular function
of MYOGEF, we also noticed that GFP-tagged MYOGEF was local-
ized to the bleb membrane in MDA-MB-231 cells. To further con-
firm these findings, MDA-MB-231 cells exogenously expressing
DsRed-MYOGEF and GFP-PLC-delta-PH (the PH domain of phos-
pholipase C delta) were subjected to fluorescence microscopy anal-
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yses. Our results showed that DsRed-MYOGEF was colocalized with
GFP-PLC-delta-PH, a widely used membrane marker (Stauffer et al.,
1998), at the bleb membrane in transfected MDA-MB-231 cells
(Figure 1A, arrows in panels a—c).

Filamin A (FLNA) is a filamentous actin cross-linking protein that
can bind to actin filaments and maintain the branching of actin net-
works (Nakamura et al., 2011). M2 melanoma cells, which are defi-
cient in FLNA, constitutively develop blebs and have been widely
used to study bleb dynamics (Cunningham et al., 1992; Cunningham,
1995). Therefore, we also examined MYOGEF localization at the bleb
membrane in M2 melanoma cells. Fluorescence microscopy analyses
showed that DsRed-MYOGEF was also colocalized with GFP-PLC-
delta-PH to the bleb membrane in transfected M2 melanoma cells
(Figure 1B, arrows in panels a—c). Furthermore, like exogenously ex-
pressed DsRed-MYOGEF, endogenously expressed MYOGEF also
localized to the bleb membrane (Figure 1C, arrows in panels a—c).

Next, we asked whether MYOGEF is specifically localized to re-
tracting blebs. MDA-MB-231 cells exogenously expressing GFP-
PLC-delta-PH and DsRed-MYOGEF were subjected to live-cell im-
aging analyses. We found that GFP-PLC-delta-PH was concentrated
at the bleb membrane during bleb expansion and retraction (Figure
1D, panels a1-f1 and a3—f3). In contrast, DsRed-MYOGEF was con-
centrated at the bleb membrane only when blebs began to retract
(Figure 1D, arrowheads in panels d2 and d3; Supplemental Video
S1). Kymograph analyses also confirmed that both DsRed-MYOGEF
and GFP-PLC-delta-PH were colocalized to the retracting bleb
membrane. Conversely, GFP-PLC-delta-PH, but not DsRed-MYO-
GEF, was concentrated at the expanding bleb membrane (Figure
1E). Our results suggest that MYOGEF is specifically localized to the
bleb membrane during bleb retraction. Consistent with the notion
that both expanding and retracting blebs exist in a fixed blebbing
cell, universal membrane makers, such as PLC-delta-PH, were local-
ized to all blebs in a fixed cell (Figure 1, A and B, arrows and arrow-
heads in panels a and c), which are likely to be in either the expan-
sion or retraction phase. In contrast, specific components for
retracting blebs, such as MYOGEF, were only localized to some of
the blebs (Figure 1, A and B, arrows in panels b and c), which are
likely to be in the retraction phase. Similar localization patterns at
the bleb membrane were also observed throughout this study for
other components of retracting blebs, such as ezrin.

Ezrin is required for MYOGEF localization to the

bleb membrane

Ezrin, a member of the ERM family of proteins, plays a crucial role in
organizing cortical actin networks and provides a physical linkage
between the cortex and the cell membrane (Fehon et al., 2010). In
particular, ezrin promotes bleb retraction by stimulating the reas-
sembly of actomyosin networks underneath the bleb membrane
during bleb retraction (Charras et al., 2006). In addition, it has been
shown that the N-terminal region of ezrin interacts with the C-termi-
nal region of PLEKHG6/MYOGEF (D'Angelo et al., 2007). Therefore,
we asked whether ezrin is required for the localization of MYOGEF
to the bleb membrane. To this end, we first assessed the colocaliza-
tion of ezrin and MYOGEF at the bleb membrane. Fluorescence
microscopy analyses showed that GFP-ezrin and DsRed-MYOGEF
were colocalized at the bleb membrane in transfected M2 mela-
noma cells (Figure 2A, arrowheads in panels a—c). It has been shown
that ezrin is specifically localized to the bleb membrane during bleb
retraction (Charras et al., 2006). Our results also showed that MYO-
GEF was concentrated at the bleb membrane during bleb retraction
(see Figure 1, D and E; Supplemental Video S1). Therefore, we went
on to assess whether the colocalization of ezrin and MYOGEF
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MYOGEF is localized to the bleb membrane during bleb retraction. (A, B) The localization of MYOGEF to
the bleb membrane in MDA-MB-231 (A) and M2 melanoma (B) cells. Note that DsRed-MYOGEF was colocalized with
the membrane marker GFP-PLC-delta-PH at the bleb membrane in some of the blebs (arrows), but not in others
(arrowheads). Bar, 10 ym. (C) The localization of endogenous MYOGEF at the bleb membrane. M2 melanoma cells
exogenously expressing GFP-PLC-delta-PH were subjected to immunofluorescence staining for endogenous MYOGEF
with a mouse monoclonal antibody (mAb) specific for MYOGEF. Note that endogenous MYOGEF was localized to the
bleb membrane (arrows). (D) Time-lapse images showing the localization of MYOGEF at the retracting bleb membrane.
DsRed-MYOGEF was recruited to the bleb membrane when the bleb started retracting (arrowheads). Bar, 10 pm.

(E) Kymograph showing the localization of DsRed-MYOGEF and GFP-PLC-delta-PH in a bleb cycle. Green indicates the
localization of GFP-PLC-delta-PH alone to the expanding bleb membrane, while yellow indicates the colocalization of

DsRed-MYOGEF and GFP-PLC-delta-PH to the retracting bleb membrane.

occurs at the retracting bleb membrane. M2 melanoma cells exog-
enously expressing DsRed-MYOGEF and GFP-ezrin were subjected
to time-lapse imaging analyses. We found that both GFP-ezrin and
DsRed-MYOGEF were concentrated at the bleb membrane when
blebs began to retract (Figure 2B, arrowheads in panels c1, c2, and
c3; Supplemental Video S2). During bleb expansion, however, nei-
ther GFP-ezrin nor DsRed-MYOGEF was concentrated at the bleb
membrane (Figure 2B, arrows in panels b1, b2, and b3; Supplemen-
tal Video S2). Kymograph analyses further confirmed that GFP-ezrin
and DsRed-MYOGEF were colocalized to the retracting, but not the
expanding, bleb membrane (Figure 2C). To assess the order of
DsRed-MYOGEF and GFP-ezrin recruitment to the bleb membrane
during bleb retraction, the fluorescence intensity of DsRed-MYO-
GEF and GFP-ezrin at the bleb membrane at different time points
during a bleb cycle was quantified (Supplemental Figure S1A). We
found that GFP-ezrin was recruited to the bleb membrane 7.5 £
1.0 s earlier than DsRed-MYOGEF (Supplemental Figure S1B).

Next, we examined whether ezrin is required for the recruitment
of MYOGEF to the bleb membrane. M2 melanoma cells transfected
with a control or an ezrin-specific short hairpin RNA (shRNA) plasmid
were analyzed for the localization of endogenous MYOGEF. The
protein level of endogenous ezrin in ezrin shRNA-transfected cells
was decreased as compared with that in control shRNA-transfected
cells (Figure 2D, compare panel a with panel e). In addition, endog-
enous ezrin and MYOGEF were colocalized to the bleb membrane
in control shRNA-transfected cells (Figure 2D, arrowheads in panels
a—d). In contrast, MYOGEF was not concentrated at the bleb mem-
brane in ezrin-depleted cells (Figure 2D, arrows in panels e-h).
These results suggest that ezrin is required for the localization of
MYOGEF to the bleb membrane.

Volume 29 March 1, 2018

To further confirm the role of ezrin in recruiting MYOGEF to the
bleb membrane, we also used the clustered regularly interspaced
short palindromic repeats (CRISPR)/Cas9 gene editing strategy to
knock out ezrin in M2 melanoma cells. Insertion/deletion (InDel)
analyses confirmed that an adenine was inserted into the third exon
of the ezrin gene (Supplemental Figure S2A), thus introducing a
stop codon that results in premature termination of ezrin translation
(Supplemental Figure S2B). Immunoblot analyses consistently
showed that the protein level of ezrin decreased in ezrin-knockout
(KO) M2 melanoma cells as compared with that in control M2 mela-
noma cells (Figure 2E). Importantly, CRISPR-mediated knockout of
ezrin in M2 melanoma cells also interfered with the localization of
endogenous MYOGEF to the bleb membrane (Figure 2F, compare
top panels with bottom panels; Figure 2G). In addition, live-cell im-
aging analyses showed that ezrin knockout impaired DsRed-MYO-
GEF localization to the bleb membrane (Supplemental Video S3).
These results clearly demonstrate an important role for ezrin in re-
cruiting MYOGEF to the bleb membrane.

It has been demonstrated that binding of ezrin to PIP2 plays a
critical role in recruiting ezrin to the cell membrane, where ezrin
promotes the assembly of cortical actin networks (Barret et al., 2000;
Yonemura et al., 2002). Phospholipase C (PLC) catalyzes the conver-
sion of PIP2 to diacylglycerol (DAG) and inositol triphosphate (IP3),
therefore decreasing the levels of PIP2 on the cell membrane (Hao
et al., 2009). An increase in PLC activity consistently interferes with
the localization of ezrin to the cell membrane (Hao et al., 2009).
Therefore, we asked whether treatment of cells with an activator of
PLC would interfere with the localization of ezrin or MYOGEF to
the bleb membrane. M2 melanoma cells exogenously expressing
GFP-ezrin and DsRed-MYOGEF were subjected to fluorescence
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The recruitment of MYOGEEF to the bleb membrane is ezrin-dependent. (A) The colocalization of DsRed-
MYOGEF and GFP-ezrin at the bleb membrane in M2 melanoma cells (arrowheads). Bar, 10 pm. (B) Time-lapse images
showing that GFP-ezrin and DsRed-MYOGEF were colocalized at the bleb membrane during the retraction

(arrowheads), but not the expansion (arrows), of a bleb. Bar, 10 pm. (C) Kymograph showing that DsRed-MYOGEF and
GFP-ezrin were colocalized to the retracting, but not the expanding, bleb membrane. Yellow indicates the colocalization
of DsRed-MYOGEF and GFP-ezrin to the bleb membrane during bleb retraction (arrowhead). (D) Ezrin knockdown
impaired the localization of endogenous MYOGEF at the bleb membrane. M2 melanoma cells transfected with a control

or an ezrin-specific shRNA plasmid were subjected to immunofluorescence staining for endogenous MYOGEF. Note
that the colocalization of MYOGEF and ezrin at the bleb membrane was observed in control (arrowheads), but not in
ezrin-knockdown (arrows) cells. Bar, 10 pm. (E) Immunoblot showing that the level of ezrin was decreased in ezrin-KO
M2 melanoma cells compared to that in control cells. (F) Immunofluorescence staining showing that ezrin knockout
interfered with MYOGEF localization to the bleb membrane. Bar, 10 pm. (G) Percentage of cells with endogenous
MYOGEF localized at the bleb membrane in control and ezrin-KO M2 melanoma cells. Statistical significance was
determined using Student’s t test. ***, p < 0.001. Data are mean * SD. (H) Localization of GFP-ezrin and DsRed-
MYOGEF at the bleb membrane in M2 melanoma cells treated with DMSO or the PLC activator m-3M3FBS. GFP-ezrin
and DsRed-MYOGEF were colocalized at the bleb membrane in cells treated with DMSO (arrowheads), but not in cells

treated with m-3M3FBS (arrows). Bar, 10 um.

microscopy analyses following treatment with a dimethyl sulfoxide
(DMSO) vehicle or a PLC activator (m-3M3FBS). We found that both
GFP-ezrin and DsRed-MYOGEF were concentrated at the bleb
membrane in M2 melanoma cells treated with DMSO (Figure 2H,
arrowheads in panels a—c). In contrast, neither GFP-ezrin nor DsRed-
MYOGEF was concentrated at the bleb membrane in cells treated
with the PLC activator m-3M3FBS (Figure 2H, arrows in panels d-1).
These results further confirm that ezrin is required for the localization
of MYOGEF to the bleb membrane.

The ezrin-MYOGEEF interaction contributes to bleb
retraction

To gain insight into whether ezrin-MYOGEF interactions play a role
in the localization of MYOGEF at the bleb membrane, we used yeast
two-hybrid and coimmunoprecipitation assays to identify the critical
region in MYOGEF that interacts with ezrin. Various truncated ver-
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sions of MYOGEF were cloned into the bait vector while the N-ter-
minal region of ezrin (amino acid residues 1-320) was cloned into
the prey vector (Figure 3A). The N-terminal region of ezrin was used
because a previous report has shown that it can interact with
the C-terminal region of PLEKHG6/MYOGEF (D'Angelo et al.,
2007). Our yeast two-hybrid assays showed that ezrin-1-320 could
interact with MYOGEF-501-790 or MYOGEF-501-752, but not with
MYOGEF-1-515 or MYOGEF-501-640 (Figure 3B). In addition, co-
immunoprecipitation assays showed that His-ezrin-1-320 was copre-
cipitated with Myc-MYOGEF-501-790 or Myc-MYOGEF-501-752,
but not with Myc-MYOGEF-501-640 (Figure 3C). Therefore, our re-
sults suggest that amino acid residues 640-752 in MYOGEF are re-
quired for interactions with the N-terminal region of ezrin.

Next, we asked whether the ezrin-binding region (amino acid
residues 640-752) is required for MYOGEF localization at the
bleb membrane. M2 melanoma cells exogenously expressing

Molecular Biology of the Cell
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FIGURE 3: The ezrin-MYOGEF interaction is critical for bleb retraction. (A) Schematic showing different truncated
versions of MYOGEF and ezrin fragments used in yeast two-hybrid assays. AD, activation domain of GAL4; DBD,
DNA-binding domain of GAL4. (B, C) Yeast two-hybrid (B) and coimmunoprecipitation (C) assays indicating that amino
acid residues 640-752 in MYOGEEF are required for interactions with the N-terminal region of ezrin. In B, (—) indicates
that yeast cells did not grow on the selective SD agar plates (SD/-Ade-His-Leu-Trp); (+) indicates that yeast cells could
grow on the selective SD agar plates (SD/-Ade-His-Leu-Trp) and that X-gal filter assays were positive. (D) The ezrin-
binding region (residues 640-752) in MYOGEEF is required for MYOGEF localization at the bleb membrane. GFP-
MYOGEF-1-640 (lacking the ezrin-binding region) was not colocalized with ezrin at the bleb membrane in transfected
M2 melanoma cells (arrowheads in panels d-f), while GFP-MYOGEF-FL or GFP-MYOGEF-1-752 (containing the
ezrin-binding region) was colocalized with ezrin at the bleb membrane (arrows in panels a-c and g-i). Bar, 10 um.

(E) Percentage of cells with MYOGEF at the bleb membrane was quantified. Note that lack of the ezrin-binding region
or knockout of ezrin impaired the localization of MYOGEF to the bleb membrane. Statistical significance was
determined using one-way ANOVA test and Tukey’s post hoc test. n.s., nonsignificant (p = 0.05); ***, p < 0.001. Data
are mean + SD. (F) Percentage of cells with extended blebs was quantified in control M2 melanoma cells expressing
GFP-MYOGEF-FL, GFP-MYOGEF-1-640, or GFP-MYOGEF-1-752, as well as in ezrin-KO M2 cells expressing GFP-
MYOGFEF-FL. Note that extended blebs were formed in M2 melanoma cells expressing GFP-MYOGEF-1-640 and in
ezrin-KO cells. Statistical significance was determined using a one-way ANOVA test and Tukey’s post hoc test.

*** p < 0.001. Data are mean + SD. (G) Quantification of bleb number in a cell. All blebs in each cell examined were
counted in a 2-min period. Three independent experiments were done and 30 cells were analyzed for each experiment.
The bleb number was normalized to the cell area (um?) and to time (s). Statistical significance was determined using
one-way ANOVA and Tukey’s post hoc test. ***, p < 0.001. Data are mean * SD. (H) Distributions of bleb size in a cell
were compared using a chi-squared test. ***, p < 0.001. (I) The time required for blebs to complete a bleb cycle or bleb
retraction. Statistical significance was determined using one-way ANOVA and Tukey's post hoc test. ***, p < 0.001. Data
are mean * SD. (J) Representative kymographs demonstrating the efficiency of bleb cycling and bleb retraction.
Kymographs were created from DIC images.

GFP-MYOGEF-FL, GFP-MYOGEF-1-640, or GFP-MYOGEF-1-752
were subjected to immunofluorescence staining for ezrin (Figure
3D). It is of note that MYOGEF-FL and MYOGEF-1-752, but not
MYOGEF-1-640, contain the ezrin-binding region. We found that
exogenously expressed GFP-MYOGEF-FL or GFP-MYOGEF-1-752
was colocalized with endogenous ezrin at the bleb membrane in
transfected M2 melanoma cells (Figure 3, D, arrows in panels
a—c and g-i, and E). In contrast, exogenously expressed GFP-
MYOGEF-1-640 was not colocalized with ezrin at the bleb membrane
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(Figure 3, D, arrowheads in panel d—f, and E). Therefore, our findings
suggest that the ezrin-binding region in MYOGEEF is critical not only
for interactions with ezrin, but also for the localization of MYOGEF to
the bleb membrane, supporting the notion that ezrin-MYOGEF in-
teraction is required for the recruitment of MYOGEF to the bleb
membrane. These results are also consistent with our observations
that shRNA-mediated depletion and CRISPR-mediated knockout of
ezrin disrupted the localization of MYOGEF to the bleb mem-
brane (see Figure 2, D, F, and G).

Regulation of bleb retraction by MYOGEF | 647



Remarkably, M2 melanoma cells exogenously expressing GFP-
MYOGEF-1-640 formed extended large blebs (Figure 3D, arrow-
head in panel d; compare panel d with panels a and g; Figure 3F).
However, exogenous expression of GFP-MYOGEF-FL or GFP-MYO-
GEF-1-752 did not alter membrane blebbing in transfected M2
melanoma cells (Figure 3D, compare panels a and g with panel d;
Figure 3F). We have shown previously that the C-terminal region of
MYOGEF interacts with its N-terminal region, forming an inhibitory
conformation (Wu et al., 2014b). We speculated that MYO-
GEF-1-640 could interact with the C-terminal region of MYOGEF-
FL, thus masking the ezrin-binding region and interfering with the
interaction between ezrin and MYOGEF-FL. To test this possibility,
we went on to examine whether MYOGEF-1-640 can bind to exog-
enously or endogenously expressed MYOGEF. Coimmunoprecipita-
tion assays showed that GFP-MYOGEF-1-640 was coprecipitated
with  Myc-MYOGEF-FL (Supplemental Figure S3A). Myc-MYO-
GEF-1-640 was also coprecipitated with endogenous MYOGEF
from transfected cells (Supplemental Figure S3B). These results sug-
gest that MYOGEF-1-640 can bind to the C-terminal region of en-
dogenous MYOGEF, interfering with the interaction of endogenous
MYOGEF with ezrin (Supplemental Figure S3C). As a result, M2
melanoma cells exogenously expressing GFP-MYOGEF-1-640
formed extended large blebs (Figure 3, D and F). Importantly, these
findings also suggest that ezrin-MYOGEF interactions are required
for MYOGEF localization at the bleb membrane as well as for MYO-
GEF function in bleb retraction.

We then quantified bleb formation and blebbing dynamics in
ezrin-KO M2 melanoma cells as well as in M2 melanoma cells exog-
enously expressing GFP-MYOGEF-1-752 or GFP-MYOGEF-1-640.
The number of blebs in an individual M2 melanoma cell exoge-
nously expressing GFP-MYOGEF-1-752 was significantly larger than
that in an individual M2 melanoma cell exogenously expressing
GFP-MYOGEF-1-640 (Figure 3G). In addition, the number of blebs
in a control M2 melanoma cell was significantly larger than that in an
individual ezrin-KO M2 melanoma cell (Figure 3G). In contrast, the
percentage of large and/or extended blebs in ezrin-KO M2 mela-
noma cells or in M2 melanoma cells exogenously expressing GFP-
MYOGEF-1-640 was significantly larger than that in control M2
melanoma cells or in M2 melanoma cells exogenously expressing
GFP-MYOGEF-1-752 (Figure 3H).

A plausible reason for the presence of a higher percentage of
large and/or extended blebs in ezrin-KO M2 melanoma cells or in
M2 melanoma cells exogenously expressing GFP-MYOGEF-1-640
is retarded bleb retraction. To confirm this possibility, we exam-
ined whether bleb retraction is affected in ezrin-KO M2 melanoma
cells or in M2 melanoma cells exogenously expressing GFP-MYO-
GEF-1-640. We found that knockout of ezrin or exogenous ex-
pression of GFP-MYOGEF-1-640 in M2 melanoma cells caused
an increase in the cycle time and retraction time of membrane
blebbing (Figure 3, | and J). Therefore, our results suggest that
the ezrin-MYOGEF interaction is not only required for MYOGEF
localization to the bleb membrane, but also important for bleb
retraction.

The ezrin-MYOGEEF interaction contributes to RhoA
activation and cortex reassembly at the bleb membrane
RhoA activation at the bleb membrane is believed to play a critical
role in reassembling a contractile actomyosin network and promot-
ing bleb retraction (Fackler and Grosse, 2008). Our previous studies
have shown that MYOGEF can activate RhoA (Wu et al., 2009).
Therefore, we asked whether MYOGEF is implicated in RhoA activa-
tion at the bleb membrane. Anillin contains an anillin homology do-
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main (AHD) that can specifically bind to the GTP-bound form of
RhoA. Therefore, GFP-AHD has been used to detect RhoA activa-
tion in transfected mammalian cells (Piekny and Glotzer, 2008; Aoki
et al., 2016). We found that DsRed-MYOGEF and GFP-AHD were
colocalized to the bleb membrane in transfected M2 melanoma
cells (Figure 4, A, arrowheads in panels a—d, and B; Supplemental
Video S4). However, in M2 melanoma cells exogenously expressing
both GFP-AHD and mCherry-MYOGEF-1-640, GFP-AHD was not
concentrated at the bleb membrane (Figure 4, A, arrows in panels
e-h, and B; Supplemental Video S5). Furthermore, in ezrin-KO M2
melanoma cells, neither DsRed-MYOGEF nor GFP-AHD was effi-
ciently concentrated at the bleb membrane (Figure 4, A, arrows in
panels i-l, and B; Supplemental Video S6). Therefore, our results
suggest that the ezrin-MYOGEF interaction and the localization of
MYOGEF to the bleb membrane contribute to RhoA activation at
the bleb membrane.

It is generally believed that RhoA activation at the bleb mem-
brane stimulates the reassembly of the cortical actomyosin network,
thus leading to bleb retraction (Charras et al., 2006; Fackler and
Grosse, 2008). Therefore, we went on to examine actin polymeriza-
tion at the bleb membrane in M2 melanoma cells exogenously ex-
pressing GFP-MYOGEF-FL or GFP-MYOGEF-1-640, as well as in
ezrin-KO M2 melanoma cells. We assessed actin polymerization at
the bleb membrane by examining the integration of mCherry-Life-
Act into the actin filaments in transfected M2 melanoma cells. Our
results showed that both GFP-MYOGEF-FL and mCherry-LifeAct
were concentrated at the bleb membrane in transfected M2 mela-
noma cells (Figure 4, C, arrowheads in panels a-d, and D; Supple-
mental Video S7). However, exogenous expression of GFP-MYO-
GEF-1-640 disrupted the concentration of mCherry-LifeAct at the
bleb membrane in transfected M2 melanoma cells (Figure 4, C, ar-
rows in panels e-h, and D; Supplemental Video S8). More impor-
tantly, neither GFP-MYOGEF-FL nor mCherry-LifeAct was concen-
trated at the bleb membrane in ezrin-KO M2 melanoma cells (Figure
4, C, arrows in panels i—l, and D; Supplemental Video S9). These
results suggest that the ezrin-MYOGEF interaction may regulate
membrane blebbing by promoting the reassembly of the actin cor-
tex underneath the membrane during bleb retraction.

Next, we asked whether exogenous expression of GFP-MYO-
GEF-1-640 or CRISPR-mediated knockout of ezrin affects the local-
ization of nonmuscle myosin Il to the bleb membrane. Our results
showed that DsRed-MYOGEF and GFP-tagged nonmuscle myosin
heavy chain IIA (GFP-NMHC IIA) were colocalized to the bleb mem-
brane (Figure 4, E, arrowheads in panels a-d, and F). In contrast,
exogenous expression of mCherry-MYOGEF-1-640 disrupted the
localization of GFP-NMHC IIA at the bleb membrane in transfected
M2 melanoma cells (Figure 4, E, arrows in panels e-h, and F). Con-
sistently, knockout of ezrin interfered with the localization of DsRed-
MYOGEF and GFP-NMHC IIA at the bleb membrane (Figure 4, E,
arrows in panels i-l, and F). It is of note that exogenous expression
of MYOGEF-1-640 or knockout of ezrin led to the formation of large
blebs (compare panels h and | with panel d in Figure 4, A, C, and E;
also see Figure 3, D, F, and H), most likely due to defects in bleb
retraction. Taken together, our results suggest that ezrin-MYOGEF
interactions play a role in recruiting MYOGEF to the bleb membrane
and promoting the reassembly of the actomyosin cortex at the bleb
membrane.

Knockout of MYOGEF interferes with RhoA activation

and cortex reassembly at the bleb membrane

Unlike M2 melanoma cells, which lack FLNA and constantly form
blebs during culture, A7 melanoma cells express FLNA and do not
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continually show membrane blebbing dur-
ing culture (Cunningham et al., 1992; Cun-
ningham, 1995). Therefore, we used the
CRISPR/Cas9 gene editing strategy to knock
out MYOGEF in A7 melanoma cells to exam-
ine the impact of MYOGEF deficiency on
membrane blebbing. InDel analyses showed
that an adenine insertion in the third coding
exon of the MYOGEF gene introduced a
stop codon that results in premature termi-
nation of MYOGEF translation (Supplemen-
tal Figure S4, A and B). Immunoblot analyses
consistently showed that the expression lev-
els of MYOGEF were decreased in MYO-
GEF-KO A7 melanoma cells (Figure 5A).
However, we found that CRISPR-mediated
knockout of MYOGEF in A7 melanoma cells
did not obviously increase membrane bleb-
bing, consistent with the notion that, like ez-
rin, MYOGEF is implicated in bleb retraction
but not in bleb initiation and expansion.

It has been shown that an increase in cor-
tical contractility is required for bleb initia-
tion and formation (Charras, 2008). Notably,
disruption of microtubules by nocodazole
treatment increases cortical contractility
through stimulating RhoA activation (Water-
man-Storer and Salmon, 1999). It has been
shown that nocodazole treatment promotes
membrane blebbing in numerous cell lines
(Hagmann et al., 1999; Pletjushkina et al.,
2001; Jia et al., 2006; Takesono et al., 2010).
Therefore, we went on to assess the impact
of nocodazole treatment on membrane
blebbing in MYOGEF-KO A7 melanoma
cells. We found that treatment with no-
codazole significantly increased the per-
centage of blebbing cells in MYOGEF-KO
A7 melanoma cells as compared with that in
control A7 melanoma cells (Figure 5, B and
C). To confirm whether CRISPR/Cas9-medi-
ated knockout of MYOGEF interferes with
bleb retraction, we performed kymograph
analyses to monitor bleb dynamics in MYO-
GEF-KO A7 melanoma cells treated with
nocodazole. Consistent with our observa-
tions that MYOGEF was specifically local-
ized to the bleb membrane during bleb re-
traction (see Figure 1, D and E), retarded
bleb retraction was observed in MYOGEF-
KO A7 melanoma cells treated with no-
codazole, but not in control A7 cells treated
with nocodazole (Figure 5D; Supplemental
Videos S10 and S11). Similar findings were
also observed in ezrin-KO A7 melanoma
cells (Supplemental Figure S5, A-C). There-
fore, our results suggest that, like ezrin,
MYOGEF plays a role in bleb retraction.

Next, we assessed whether CRISPR/
Cas9-mediated knockout of MYOGEF also
interferes with RhoA activation and the
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phosphorylated myosin light chain (p-MLC, 1) was concentrated at the bleb membrane in control (arrowheads in panels
Ea, Ga, and la), but not in MYOGEF-KO (arrows in panels Ec, Fc, and Gc) A7 melanoma cells treated with nocodazole.
Bar, 10 pm. For percentage of cells with GFP-AHD (E), mCherry-LifeAct (G), or p-MLC (I) localized to the bleb
membrane, statistical significance was determined using two-tailed paired Student’s t test. ***, p < 0.001. Data are
mean * SD. (K) Schematic showing the cooperation of ezrin and MYOGEF in the regulation of bleb retraction. Red
arrows indicate the direction of movement for bleb membranes. Bar-headed lines represent the inhibition of RhoA
activation by p190RhoGAP. Black solid arrows in the bleb lumen indicate the recruitment of respective proteins to the
bleb membrane. Black dashed arrows indicate that RhoA signaling promotes the phosphorylation of Rnd3. Open-
headed arrows indicate the release of the p190RhoGAP-Rnd3 complex from the bleb membrane due to Rnd3
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reassembly of the cortical actomyosin network at the bleb mem- and b, and F; Supplemental Video S12). However, GFP-AHD was not

brane. Control or MYOGEF-KO A7 melanoma cells exogenously ex-
pressing GFP-AHD were treated with nocodazole and then sub-
jected to fluorescence microscopy analyses. We found that GFP-AHD
was concentrated at the bleb membrane in control A7 melanoma
cells treated with nocodazole (Figure 5, E, arrowheads in panels a
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concentrated at the bleb membrane in MYOGEF-KO A7 melanoma
cells treated with nocodazole (Figure 5E, arrows in panels ¢ and d;
compare panels ¢ and d with panels a and b; Figure 5F; Supple-
mental Video S13). Therefore, our results suggest that knockout of
MYOGEF impairs RhoA activation at the bleb membrane.
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To assess whether MYOGEF knockout has an impact on actin
polymerization at the bleb membrane, we examined the localization
of mCherry-LifeAct at the bleb membrane in control or MYOGEF-
KO A7 melanoma cells treated with nocodazole. We found that
mCherry-LifeAct was concentrated at the bleb membrane in control
A7 melanoma cells treated with nocodazole (Figure 5, G, arrow-
heads in panels a and b, and H; Supplemental Video S14). In con-
trast, mCherry-LifeAct was not efficiently concentrated at the bleb
membrane in MYOGEF-KO A7 melanoma cells treated with no-
codazole (Figure 5G, arrows in panels ¢ and d; compare panels ¢
and d with panels a and b; Figure 5H; Supplemental Video S15). In
addition, knockout of MYOGEF impaired the localization of GFP-
NMHC lIA at the bleb membrane (Supplemental Videos S16 and
S17). Our results suggest that MYOGEF knockout interferes with the
reassembly of the actomyosin cortex in retracting blebs.

Activation of nonmuscle myosin Il generally involves Thr/Ser
phosphorylation of MLC (Vicente-Manzanares et al., 2009). To de-
termine whether knockout of MYOGEF interferes with myosin Il ac-
tivation at the bleb membrane, the bleb membrane in MYOGEF-KO
A7 melanoma cells was also examined for the presence of phos-
phorylated MLC. MYOGEF-KO A7 melanoma cells were treated
with nocodazole and then subjected to immunofluorescence stain-
ing for phosphorylated MLC. We found that phosphorylated MLC
was concentrated at the bleb membrane in control A7 melanoma
cells treated with nocodazole (Figure 5I, arrowheads in panels a and
b; Figure 5J). In contrast, phosphorylated MLC was not concen-
trated at the bleb membrane in MYOGEF-KO A7 melanoma cells
treated with nocodazole (Figure 5I, arrows in panels ¢ and d; com-
pare panels ¢ and d with panels a and b; Figure 5J). Our results
suggest that MYOGEF stimulates the reassembly of the cortical ac-
tomyosin network at the bleb membrane via activating RhoA, thus
promoting bleb retraction. Consistent with the notion that MYOGEF
is recruited to the retracting bleb membrane by ezrin, we also found
that the localization of DsRed-MYOGEF, GFP-AHD, mCherry-Life-
Act, or phosphorylated MLC to nocodazole-induced blebs in ezrin-
knockout A7 melanoma cells was severely impaired (Supplemental
Figure S5, D-K).

To further confirm the role of MYOGEF in the regulation of bleb
retraction, we also used the CRISPR/Cas9 system to knock out
MYOGEF in M2 melanoma cells. InDel analyses showed that 13
nucleotides were deleted in the third coding exon of the MYOGEF
gene (Supplemental Figure S6A). The deletion introduces a stop
codon, leading to premature termination of MYOGEF translation
(Supplemental Figure S6B). Immunoblot analyses confirmed that
the expression levels of MYOGEF were decreased in MYOGEF-KO
M2 melanoma cells (Supplemental Figure S6C). However, we found
that MYOGEF knockout only slightly increased the percentage of
blebbing cells (Supplemental Figure S6, D and E), consistent with
the previous finding that microinjection of ezrin FERM domains into
M2 melanoma cells leads to a moderate increase in membrane
blebbing (Charras et al., 2006). Therefore, we treated control or
MYOGEF-KO M2 melanoma cells with nocodazole and determined
the impact of nocodazole treatment on membrane blebbing. We
found that nocodazole treatment increased the percentage of bleb-
bing cells in both control and MYOGEF-KO M2 melanoma cells
(Supplemental Figure S6, F and G). However, we found that MYO-
GEF-KO, but not control, M2 melanoma cells developed extended
blebs in the presence of nocodazole (Supplemental Figure Sé, F and
H), likely due to defects in bleb retraction. Since M2 melanoma cells
lack FLNA and constantly show membrane blebbing, we did not
use this cell line to analyze the impact of MYOGEF knockout on
cortex reassembly at the bleb membrane during bleb retraction.
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Nonetheless, the formation of extended blebs in MYOGEF-KO M2
melanoma cells in the presence of nocodazole also support our con-
clusion that MYOGEF plays a role in regulating bleb retraction.

Overall, our results indicate that the interaction between ezrin
and MYOGEF plays an important role in regulating bleb retraction.
In particular, ezrin depletion or knockout interfered with the localiza-
tion of MYOGEF at the bleb membrane (Figure 2). MYOGEF knock-
out resulted in defects in bleb retraction (Figure 5). However, a ques-
tion can be raised as to whether MYOGEF knockout has an impact
on ezrin localization at the bleb membrane. To address this concern,
control or MYOGEF-KO M2 melanoma cells treated with DMSO or
nocodazole were subjected to immunofluorescence staining for ez-
rin. As shown in Supplemental Figure S7, MYOGEF knockout did
not affect ezrin localization at the bleb membrane in M2 melanoma
cells. Notably, ezrin was still localized to the extended blebs in
MYOGEF-KO M2 melanoma cells treated with nocodazole (Supple-
mental Figure S7A, arrowhead in panel d). Similar findings were also
observed in MYOGEF-KO A7 melanoma cells (unpublished data).
Therefore, our results suggest that MYOGEF knockout does not af-
fect ezrin localization at the bleb membrane.

DISCUSSION

Previous studies have highlighted the roles of ezrin and RhoA signal-
ing in the regulation of bleb retraction. Ezrin acts as a cortex-mem-
brane linker protein to physically connect the newly reassembled
cortex to the bleb membrane, thus promoting bleb retraction
(Charras et al., 2006; Charras, 2008; Fackler and Grosse, 2008).
RhoA-ROCK signaling not only is capable of activating ezrin, but
also plays a critical role in promoting cortex reassembly for bleb re-
traction (Matsui et al., 1998; Aoki et al., 2016). Our results in this
study demonstrate a critical role for ezrin in the recruitment of MYO-
GEF to the bleb membrane. In turn, MYOGEF contributes to RhoA
activation and cortex reassembly for bleb retraction. Therefore, our
findings uncover an important regulatory mechanism involving ez-
rin-MYOGEF-RhoA signaling for RhoA activation at the bleb mem-
brane to promote actomyosin cortex reassembly and bleb retraction
(Figure 5, Kand L).

Regulation of bleb retraction by ezrin and RhoA

Membrane blebbing displays repeating cycles between bleb ex-
pansion and retraction (Charras, 2008; Fackler and Grosse, 2008).
Cortical contraction and subsequent increase in intracellular pres-
sure are the driving forces for bleb expansion, while the reassembly
of actomyosin networks at the bleb membrane leads to bleb retrac-
tion (Charras, 2008; Fackler and Grosse, 2008). As a cortex—-mem-
brane linker protein, ezrin plays a pivotal role in promoting bleb re-
traction (Charras, 2008; Fackler and Grosse, 2008). A line of evidence
also demonstrates that RhoA signaling is implicated in promoting
the reassembly of actomyosin networks at the bleb membrane dur-
ing bleb retraction (Charras, 2008; Fackler and Grosse, 2008). RhoA
can be activated by GEFs and inactivated by GAPs (Cerione and
Zheng, 1996; Van Aelst and D’Souza-Schorey, 1997; Rossman et al.,
2005). Therefore, it is conceivable that either removal of a GAP from
the bleb membrane or concentration of a GEF at the bleb mem-
brane can contribute to RhoA activation at the bleb membrane.
Consistent with this general concept, a recent study has demon-
strated that Rnd3 and a GAP termed p190RhoGAP are concen-
trated in expanding blebs, where Rnd3 and p190RhoGAP cooper-
ate to antagonize RhoA activation, thus preventing RhoA from
being activated during bleb expansion (Aoki et al., 2016). When
blebs continue to expand, Rnd3 and p190RhoGAP proteins lose
their concentrated distribution at the bleb membrane, thus favoring
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RhoA activation and bleb retraction. In turn, ROCK, a downstream
effector of RhoA, phosphorylates Rnd3, thus promoting the release
of the Rnd3-p190RhoGAP complex from the bleb membrane (Aoki
et al., 2016). Therefore, a decrease in RhoGAP activity at the bleb
membrane is likely to be an important mechanism for RhoA activa-
tion during bleb retraction.

However, localization of a RhoGEF at the bleb membrane may
also contribute to RhoA activation at the bleb membrane during
bleb retraction. In this study, our results clearly demonstrate that
MYOGEEF is specifically recruited to the retracting bleb membrane,
where MYOGEF contributes to RhoA activation and promotes acto-
myosin cortex reassembly. Our findings further demonstrate that
ezrin is capable of recruiting MYOGEF to the retracting bleb mem-
brane. Notably, Aoki et al. (2016) propose that the dilution of Rnd3
and p190RhoGAP at the bleb membrane during bleb expansion
leads to sporadic RhoA activation that, in turn, eventually activates
ezrin. However, it is less clear how RhoA activation becomes sus-
tained during bleb retraction. Our results lead us to propose that
sporadically activated ezrin recruits MYOGEF to the bleb mem-
brane. Importantly, ezrin-mediated recruitment of MYOGEF to the
bleb membrane would likely contribute to sustained RhoA activa-
tion at the bleb membrane, thus stimulating cortex reassembly and
promoting bleb retraction (Figure 5K). Furthermore, it is also tempt-
ing to propose that MYOGEF mediates a positive feedback loop
between ezrin and RhoA signaling (i.e., ezrin-MYOGEF-RhoA) at the
bleb membrane for the regulation of cortex reassembly and bleb
retraction (Figure 5L).

Redundant mechanisms in the regulation of bleb retraction
Although defects in bleb retraction were observed in ezrin-KO or
MYOGEF-KO cells, those retarded blebs still eventually retract to
the cell body, suggesting that multiple and/or redundant mecha-
nisms are likely to be involved in the regulation of bleb retraction.
For instance, RhoGEF KIAA0861/ARHGEF22 is localized to the bleb
membrane, where the RhoGEF may contribute to RhoA activation
during bleb retraction (Charras et al., 2006). Many other RhoGEFs,
such as Net1 (Carr et al., 2013), LARG (Martz et al., 2013), GEF-H1
(Heasman et al., 2010), PDZ-RhoGEF (Struckhoff et al., 2013), and
ECT2 (Yuce et al., 2005), are also capable of activating RhoA-ROCK
signaling. However, it is still unclear whether such RhoGEFs are lo-
calized to the bleb membrane and contribute to RhoA activation at
the bleb membrane. Nonetheless, our findings in this study provide
a mechanism suggesting that localization of MYOGEF to the bleb
membrane plays a role in controlling bleb retraction.

Activation of RhoA-ROCK signaling and subsequent increase in
MLC phosphorylation are believed to be a key regulatory mecha-
nism that promotes myosin contractility in numerous biological pro-
cesses, such as mitosis, cytokinesis, cell migration, and tissue mor-
phogenesis (Matsumura et al., 2001; Vicente-Manzanares et al.,
2009). It is believed that the reassembly of a contractile actomyosin
cortex at the bleb membrane during bleb retraction also involves
MLC phosphorylation mediated by RhoA-ROCK signaling (Fackler
and Grosse, 2008). However, other kinases, such as MLC kinase
(MLCK), can also phosphorylate MLC and increase MLC phosphory-
lation (Totsukawa et al., 2004). Therefore, it is possible that MLC
phosphorylation at the bleb membrane by MLCK may also contrib-
ute to bleb retraction. Indeed, it has been shown that MLCK and
myosin |l are colocalized to hypotonic stress-induced blebs, where
MLCK phosphorylates MLC to promote bleb retraction (Barfod
et al., 2011). However, it remains to be determined whether MLCK-
mediated phosphorylation of MLC plays a role in retracting the
blebs induced by cortical contraction.
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Membrane blebbing is a dynamic process, with the expansion
phase lasting ~30 s and the retraction phase ~2 min. In addition, mul-
tiple blebs in either expansion or retraction phases are likely to be
present in a blebbing cell. It is conceivable that initiation and expan-
sion of a new bleb would relieve the intracellular pressure, thus
facilitating the retraction of the older blebs. Notably, findings from a
recent study suggest that the contraction of the actomyosin cortex
alone is not sufficient to drive bleb retraction. Instead, other factors
such as bleb membrane shrinking are also likely to be involved in bleb
retraction (Woolley et al., 2015a). Therefore, molecular and physical
mechanisms are likely to cooperate to promote bleb retraction.

Regulation of membrane blebbing and cell migration

by RhoGEFs

There are more than 70 GEFs in humans, and a subset of GEFs
termed RhoGEFs are capable of increasing actomyosin contractility
by activating RhoA-ROCK-myosin Il signaling (Rossman et al., 2005;
Zuo et al., 2014). An increase in cortical tension resulting from acto-
myosin contraction contributes not only to bleb formation but also
the amoeboid mode of cell migration (Sahai and Marshall, 2003;
Lammermann and Sixt, 2009; Tozluoglu et al., 2013; Ruprecht et al.,
2015). Accordingly, RhnoGEF-RhoA-ROCK signaling has been impli-
cated in promoting membrane blebbing and/or amoeboid cell mi-
gration (Chan et al., 1996; Kitzing et al., 2007, Eitaki et al., 2012). For
instance, a decrease in cortical tension resulting from disruption of a
positive feedback loop between Dial and LARG inhibits both bleb
formation and cell migration (Kitzing et al., 2007). GEF-H1, a micro-
tubule-associated RhoGEF, becomes activated to promote actomyo-
sin contractility when it is released from microtubules (Ren et al.,
1998; Krendel et al., 2002; Meiri et al., 2012). Therefore, itis plausible
that, in control A7 melanoma cells treated with the microtubule-
depolymerizing agent nocodazole, GEF-H1 is released from microtu-
bules and becomes activated to increase cortical tension through
activating RhoA-ROCK-myosin Il signaling, thus promoting bleb for-
mation and expansion. In agreement with this notion, knockdown of
GEF-H1 not only suppresses vincristine-induced membrane bleb-
bing, but also inhibits cell migration (Eitaki et al., 2012). However, in
MYOGEF-KO A7 melanoma cells treated with nocodazole, the ab-
sence of MYOGEF would likely compromise bleb retraction. Our re-
sults show that treatment of MYOGEF-KO A7 melanoma cells with
nocodazole increases membrane blebbing (see Figure 5). Therefore,
it is conceivable that RhoGEFs may contribute to bleb regulation
through two different mechanisms. First, RhoGEFs such as GEF-H1
can activate RhoA-ROCK-myosin Il signaling and increase the overall
contractility of the cortex, therefore increasing intracellular pressure
and promoting bleb formation and expansion. Second, RhoGEFs,
such as MYOGEF, are localized to the bleb membrane, where they
activate RhoA-ROCK-myosin Il signaling and promote the reassem-
bly of the actomyosin cortex, thus contributing to bleb retraction.

In the amoeboid mode of cell migration, blebs are formed to fill
the pores of the extracellular matrix. In turn, contraction of the acto-
myosin cortex in the cell body leads the cell to move in the direction
of the cell side with blebs that have filled the pores of the extracel-
lular matrix (Charras and Paluch, 2008; Lammermann and Sixt, 2009;
Te Boekhorst et al., 2016). Therefore, it is apparent that the regula-
tory machinery for cortical actomyosin contractility plays a central
role in controlling the amoeboid mode of cell migration. Although it
is still unclear how the reassembly of the new actomyosin cortex
underneath the bleb membrane is implicated in the amoeboid
mode of cell migration, our previous studies have demonstrated
that MYOGEF can promote the invasion activity of MDA-MB-231
breast cancer cells (Wu et al., 2009, 2010). Investigation of whether
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and how MYOGEF is implicated in regulating the amoeboid mode
of cell migration is currently under way.

MATERIALS AND METHODS
Plasmids
GFP-C1-PLC-delta-PH was a gift from Tobias Meyer (Stanford
University Medical Center; Addgene plasmid #21179; Stauffer et al.,
1998). GFP-N1-ezrin (pHJ421) was a gift from Stephen Shaw
(National Cancer Institute; Addgene plasmid #20680; Hao et al.,
2009). pBS/U6 ezrin siRNA was a gift from Philip Hinds (Tufts
University; Addgene plasmid #8945; Yang and Hinds, 2003).
pACT2.2gtwy was a gift from Guy Caldwell (University of Alabama;
Addgene plasmid #11346). pGBKT7-GW was a gift from Yuhai Cui
(Agriculture and Agri-Food Canada; Addgene plasmid #61703; Lu
etal., 2010). pEGFP-RhoA Biosensor was a gift from Michael Glotzer
(University of Chicago; Addgene plasmid #68026; Piekny and
Glotzer, 2008). pDEST/LIfeAct-mCherry-N1 was a gift from Robin
Shaw (Cedars-Sinai Heart Institute; Addgene plasmid #40908;
Smyth et al., 2012). pCS EGFP DEST and pCS 3MT DEST were gifts
from Nathan Lawson (University of Massachusetts Medical School;
Addgene plasmids #13071 and #13070; Villefranc et al., 2007).
Plasmids used for in vitro translation, yeast two-hybrid assays, and
bacterial/mammalian expression were generated using the pCR 8/
GW/TOPO TA cloning kit and the gateway cloning system (Thermo
Fisher Scientific). Detailed cloning strategies are available upon re-
quest. GFP-MYOGEF and GFP-NMHC-IIA were generated as de-
scribed previously (Wei and Adelstein, 2000; Wu et al., 2006, 2014b).
GFP-N1-ezrin was used as a PCR template to amplify the N-terminal
region of ezrin (residues 1-320), which, in turn, was cloned into pD-
EST17 (Thermo Fisher Scientific) to generate His-ezrin-1-320.

Antibodies and reagents

The primary antibodies used were as follows: rabbit anti-B-tubulin
(immunoblot 1:1500; Santa Cruz); mouse anti-ezrin (immunoblot
1:1000, IF 1:300; Santa Cruz); rabbit anti-ezrin (IF 1:300; Cell Signal-
ing); rabbit anti-GFP (immunoblot 1:1000; Santa Cruz); rabbit anti-
His-probe (immunoblot 1:1000; Santa Cruz); mouse anti-Myc
(immunoblot 1:1500; Santa Cruz); rabbit anti-MYOGEF (immuno-
blot 1:100); mouse anti-MYOGEF (IF 1:100); mouse anti phospho-
myosin light chain 2 (IF 1:500; Cell Signaling). Rabbit and mouse
anti-MYOGEF antibodies have been described previously (Wu
et al., 2006, 2014a).

Secondary antibodies include Alexa Fluor 594 Goat anti-
mouse IgG (IF 1:500; Thermo Fisher Scientific), Alexa Fluor 488
Goat anti-mouse IgG (IF 1:500; Thermo Fisher Scientific), Alexa
Fluor 488 Goat anti-rabbit IgG (IF 1:500; Thermo Fisher Scientific),
europium-labeled anti-mouse (immunoblot 1:5000; Molecular
Devices), and europium-labeled anti-rabbit (immunoblot 1:5000;
Molecular Devices).

Protein A-Sepharose beads and anti-c-Myc agarose were pur-
chased from Santa Cruz. Nocodazole and puromycin were pur-
chased from Sigma. The phospholipase C activator m-3M3FBS was
purchased from EMD Millipore.

Cell culture and transfection

MDA-MB-231 breast cancer cells (American Type Culture Collection
[ATCC]) were maintained in Leibovitz' L-15 medium with 10% fetal
bovine serum (FBS) and penicillin/streptomycin at 37°C without
COy. M2 melanoma cells (a gift from Thomas Peter Stossel, Harvard
Medical School) were maintained in MEM with 5% FBS and penicil-
lin/streptomycin at 37°C, 5% CO,. A7 melanoma cells (ATCC) were
maintained in MEM supplied with 5% FBS at 37°C, 5% CO,.
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MYOGEF-KO and ezrin-KO M2 or A7 melanoma cells were gener-
ated according to the protocol described previously (Ran et al.,
2013). The resulting CRISPR cells were maintained in MEM supplied
with 5% FBS and 1 pg/ml puromycin at 37°C with 5% CO.

Plasmids were transfected into cells using Lipofectamine 3000
(Thermo Fisher Scientific) according to the manufacturer's instruc-
tions. After transfection, cells were further incubated for 18-24 h
and then split onto glass coverslips for immunofluorescence analy-
ses or onto chambered coverglasses (Thermo Fisher Scientific) for
time-lapse microscopy.

Cells transiently transfected with control or ezrin-specific sShRNA
plasmids were incubated for 5 d prior to analyses. To induce mem-
brane blebbing, M2 or A7 melanoma cells were treated with DMSO
or 0.3 pg/ml nocodazole for 40 min. To activate phospholipase C,
transfected M2 melanoma cells were treated with DMSO or 100 uM
m-3M3FBS for 30 min.

Protein expression and purification

A plasmid encoding His-ezrin-1-320 was transfected into BL21 bac-
terial cells. Isopropyl-beta-p-1-thiogalactoside (IPTG; Teknova) was
used to induce protein expression. Cell pellets were resuspended in
50 mM sodium phosphate (pH 8.0) and 300 mM NaCl and homog-
enized by sonication. His-ezrin-1-320 polypeptides were then puri-
fied using a nickel-nitrilotriacetic acid (Ni-NTA) agarose (QIAGEN)
column, followed by elution with 50 mM sodium phosphate (pH 8.0),
300 mM NaCl, and 250 mM imidazole. His-ezrin-1-320 polypeptides
were dialyzed against 50 mM Tris-HCI (pH 7.5) and 50 mM NaCl.
GFP-MYOGEF-1-640, Myc-MYOGEF-FL, Myc-MYOGEF-501-790,
Myc-MYOGEF-501-752, and Myc-MYOGEF-501-640 were pro-
duced using the TNT Quick Coupled in vitro transcription/translation
system (Promega) according to the manufacturer’s instructions.

Immunoprecipitation assays

Purified His-ezrin-1-320 polypeptides were mixed with in vitro
translated Myc-MYOGEF-501-790, Myc-MYOGEF-501-752, or
Myc-MYOGEF-501-640 in BC100 buffer. Cell lysates were also
collected from M2 melanoma cells exogenously expressing Myc-
MYOGEF-1-640. Protein mixtures or cell lysates were then incu-
bated with anti-c-Myc agarose beads for 12 h at 4°C. Agarose
beads were precipitated using Pierce microcentrifuge spin col-
umns (Thermo Fisher Scientific) and washed three times in BC100
buffer. Proteins bound to agarose beads were eluted with 2X
SDS sample buffer, heated at 95°C for 5 min, and subjected to
SDS-PAGE, followed by immunoblot analyses.

Immunoblot

To examine the levels of protein expression, cells were lysed with
BC100 buffer supplemented with 1 mM phenylmethylsulfonyl fluo-
ride and protease inhibitor mix, followed by 10-min incubation on
ice. After centrifugation, the supernatant of lysates was mixed with
the SDS gel loading buffer and incubated at 95°C for 5 min. Sam-
ples from cell lysates or coimmunoprecipitation assays were sepa-
rated on 8%, 10%, or 12% SDS-PAGE gels. Proteins on the gel were
transferred to an Immobilon-P transfer membrane (EMD Millipore)
using a Trans-Blot semidry electrophoretic transfer cell (Bio-Rad).
The membrane was then blocked in Scanlater 1X blocking buffer
(Molecular Devices) for 1 h at 22.5°C and incubated with primary
antibodies for 12 h at 4°C. After being washed three times in 1X
TBS supplemented with 0.05% Tween 20 (1X TBST), the blot
was incubated with europium-labeled anti-rabbit or anti-mouse
Scanlater secondary antibodies (Molecular Devices), followed by
washing in 1X TBST. SpectraMax i3 with a ScanlLater Western blot
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cartridge was used to scan the immunoblot according to the manu-
facturer’s instructions (Molecular Devices).

Yeast two-hybrid assays

Ezrin-1-320 was inserted into the prey vector pACT2.2-gtwy to gen-
erate pACT2.2-gtwy-ezrin-1-320, in which ezrin-1-320 was fused in
frame with GAL4 activation domain (AD). MYOGEF fragments were
subcloned into the bait vector pGBKT7-GW to generate pGBKT7-
GW-MYOGEF fragments, in which MYOGEF fragments were fused
in frame with GAL4 DNA-binding domain (DBD). AH109 yeast cells
transformed with prey or bait plasmids alone were plated on SD
selective agar plates lacking leucine or tryptophan, respectively.
AH109 yeast cells cotransformed with prey and bait plasmids were
plated on SD selective agar plates lacking adenine, histidine, leu-
cine, and tryptophan (SD/-Ade-His-Leu-Trp). X-gal filter assays were
conducted according to the instructions of the manufacturer
(Clontech).

Fluorescence microscopy

Transfected cells were fixed in 4% paraformaldehyde for 15 min at
22.5°C. To analyze endogenous MYOGEF, cells were fixed in 10%
ice-cold trichloroacetic acid (TCA) for 30 min. For immunofluores-
cence (IF) staining, fixed cells were blocked in 1% bovine serum al-
bumin (BSA) for 1 h at 22.5°C, followed by incubation with primary
antibodies for 12 h at 4°C. Cells were washed three times in 1X PBS
and incubated with secondary antibodies for 1 h at 22.5°C. Cover-
slips were washed three times in 1X PBS, dried, and mounted using
a Prolong Antifade kit (Thermo Fisher Scientific). Images were taken
using the Nikon TiE Perfect Focus digital fluorescence imaging sys-
tem (Morrell Instrument Company) with an Andor Zyla sCMOS 2560
x 2160 camera. Raw images were processed by deconvolution.

Time-lapse microscopy

Cells were plated on chambered coverglasses (Thermo Fisher Scien-
tific). MDA-MB-231 cells were incubated for 5 h at 37°C without
CO;, to allow cells to attach to the surface before analyses. Control
and ezrin-KO M2 melanoma cells were incubated for 3 h at 37°C,
5% COy, prior to time-lapse microscopy. Control and MYOGEF-KO
A7 melanoma cells were incubated on chambered coverglasses for
16 h at 37°C, 5% COs, prior to drug treatment. For single-cell time-
lapse experiments, cells were maintained in L-15 medium supplied
with 5% FBS in an environmental control unit (In Vivo Scientific) at
37°C without CO». Images were acquired using the Nikon TiE Per-
fect Focus digital fluorescence imaging system (Morrell Instrument
Company) with the 100X objective. Differential interference contrast
(DIC) images were taken at a 500-ms interval for kymographs.
Fluorescence images were taken for four min at a 1-s interval for
multichannel imaging. Kymographs were generated using the ND
processing measurement tool from the Nikon TiE microscope
system (Morrell Instrument Company).

Genomic editing by CRISPR

MYOGEF or ezrin knockout cell lines were generated using the
CRISPR/Cas? system. Single guide RNAs (sgRNAs) for MYOGEF/
PLEKHG6 and ezrin have been designed and validated previ-
ously (Sanjana et al., 2014). The sgRNA sequences are as follows:
MYOGEF-sgRNA (5"-CTCCCTCCAGGACTTCTCGA-3’, complemen-
tary strand) and ezrin-sgRNA (5’-CAATGTCCGAGTTACCACCA-3").
sgRNA sequences were inserted into the lentiviral vector pRSGC1-
U6-sg-CMV-Cas?-2A-Puro (Cellecta) using a PCR/ligation strategy.
Briefly, sgRNA sequences were inserted into the lentiviral vector by
PCR. The PCR products were then treated with the restriction en-
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zyme Dpn1 to remove the PCR template. Amplified DNAs (i.e., the
lentiviral vectors containing the respective sgRNA sequences) were
phosphorylated with T4 polynucleotide kinase and circularized with
T4 DNA ligase. Lentiviruses containing the sequences of interest
were produced in HEK293T cells by cotransfecting lentiviral CRISPR
plasmids into cells with psPAX2 and pMD2.G, followed by incuba-
tion for 72 h at 37°C, 5% CO,. M2 and A7 melanoma cells were in-
fected with lentivirus for 96-120 h prior to puromycin selection.

Stable cells carrying Cas9 and sgRNAs were collected 2-3 wk
after antibiotic selection (1 pg/ml puromycin). The protein levels of
MYOGEF and ezrin were analyzed by immunoblot. To validate the
genomic deletion or insertion in the gene of interest, genomic DNA
was extracted from cells using QlAamp DNA mini and blood mini
kits (QIAGEN). The region flanking the Cas? cutting site was ampli-
fied by PCR. Amplified DNA fragments were subcloned into T-vec-
tors for sequencing. After the presence of InDels was confirmed,
infected cells were diluted to isolate single cell clones. DNA se-
quences were aligned using A-plasmid-editor (ApE) software. Pro-
tein alignments were performed using pairwise sequence alignment
(www.ebi.ac.uk/Tools/psa/).

Statistical analysis

To quantify the percentage of cells with corresponding proteins at
the bleb membrane in control, ezrin-KO, and MYOGEF-KO cells,
transfected blebbing cells were fixed with 4% paraformaldehyde
and observed using a 100X objective. Antibodies specific for MYO-
GEF and p-MLC were used to detect the localization of endogenous
MYOGEF or p-MLC under the microscope.

To quantify the percentage of cells that produce extended blebs
(area > 40 um?), M2 melanoma cells expressing GFP-MYOGEF-FL,
GFP-MYOGEF-1-640, or GFP-MYOGEF-1-752 as well as in ezrin-
KO M2 cells expressing GFP-MYOGEF-FL were fixed and analyzed
under the microscope. Statistical significance was determined using
one-way analysis of variance (ANOVA) and Tukey’s post hoc test.

To quantify the bleb number in a cell, all blebs produced in a cell
within a 2-min period were counted. The bleb number was then
normalized to the cell area (um? and to time (s). Thirty cells were
examined for each treatment per cell type. Bleb number was com-
pared using one-way ANOVA and Tukey’s post hoc test.

To assess the distribution of bleb size in a cell, blebs were cate-
gorized as small blebs (area < 10 pm?), normal blebs (area = 10~
40 pm?), and large blebs (area > 40 pm?). All blebs in a cell during a
4-min period were measured at the end of bleb expansion. Thirty
cells were quantified for each group of cells. Distributions of bleb
size were compared using a chi-squared test.

To assess the efficiency of a bleb in completing a bleb cycle and
bleb retraction, the time required for the cycle and retraction was
quantified for all blebs in a cell during a 4-min period. Thirty cells
were analyzed in an individual experiment. Differences in bleb cycle
or bleb retraction were compared using one-way ANOVA and
Tukey's post hoc test.

To quantify blebbing cells, fixed cells with or without blebs were
counted under the microscope using the 20X objective. The per-
centages of blebbing cells in control or MYOGEF-KO A7 melanoma
cells with or without drug treatment were compared using two-way
ANOVA and Tukey’s post hoc test.

The fluorescence intensity of GFP-ezrin and DsRed-MYOGEF
at the bleb membrane was quantified using the ADAPT tool and
normalized to the respective cortical intensity before bleb forma-
tion (Barry et al., 2015). Images were taken for 4 min at a 1-s inter-
val. Five blebs were quantified in each cell, and five cells were
analyzed in each experiment. The starting points for GFP-ezrin or
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DsRed-MYOGEF to be recruited to the bleb membrane were de-
termined by detecting the lowest normalized fluorescence inten-
sity followed by subsequent increasing signals of the respective
proteins to the bleb membrane.

Each experiment was repeated three times. Values of p < 0.05
were deemed statistically significant.
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