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Background: MyoGEF is implicated in regulating cytokinesis and breast cancer cell invasion.
Results: Binding of the MyoGEF carboxyl-terminal region to its DH domain suppresses breast cancer cell invasion and inter-
feres with cytokinesis.
Conclusion: Intramolecular interactions of MyoGEF act as an autoinhibitory mechanism to regulate MyoGEF functions.
Significance: Autoinhibitory intramolecular interactions of MyoGEF serve as a control point to regulate cytokinesis and breast
cancer cell invasion.

We have reported previously that nonmuscle myosin II-interact-
ing guanine nucleotide exchange factor (MyoGEF) plays an impor-
tant role in the regulation of cell migration and cytokinesis. Like
many other guanine nucleotide exchange factors (GEFs), MyoGEF
contains a Dbl homology (DH) domain and a pleckstrin homology
domain. In this study, we provide evidence demonstrating that
intramolecular interactions between the DH domain (residues
162–351) and the carboxyl-terminal region (501–790) of MyoGEF
can inhibit MyoGEF functions. In vitro and in vivo pulldown assays
showed that the carboxyl-terminal region (residues 501–790) of
MyoGEF could interact with the DH domain but not with the
pleckstrin homology domain. Expression of a MyoGEF carboxyl-
terminal fragment (residues 501–790) decreased RhoA activation
and suppressed actin filament formation in MDA-MB-231 breast
cancer cells. Additionally, Matrigel invasion assays showed that
exogenous expression of the MyoGEF carboxyl-terminal region
decreased the invasion activity of MDA-MB-231 cells. Moreover,
coimmunoprecipitation assays showed that phosphorylation of the
MyoGEF carboxyl-terminal region by aurora B kinase interfered
with the intramolecular interactions of MyoGEF. Furthermore,
expression of the MyoGEF carboxyl-terminal region interfered
with RhoA localization during cytokinesis and led to an increase in
multinucleation. Together, our findings suggest that binding of the
carboxyl-terminal region of MyoGEF to its DH domain acts as an
autoinhibitory mechanism for the regulation of MyoGEF activation.

There are approximately 80 guanine nucleotide exchange
factors (GEFs)2 in humans. They belong to a family of signaling

proteins that play a critical role in the regulation of a variety of
physiological processes, such as cell migration, cell cycle pro-
gression, membrane trafficking, angiogenesis, morphogenesis,
apoptosis, and gene expression (1–3). GEFs generally execute
their biological functions through activation of overlapping
downstream Rho GTPase proteins such as RhoA, Rac1, and
Cdc42 (2, 4). Rho GTPase proteins exist in active, GTP-bound
forms or in inactive, GDP-bound forms. GEFs activate Rho
GTPase proteins by enhancing the exchange of bound GDP for
GTP (5). Dysfunctional regulation of Rho GTPase signaling has
been associated with numerous human diseases and disorders
(6). Both clinical and animal studies have demonstrated that
Rho GTPase signaling plays an important role in promoting
tumor progression and metastasis (7).

It is generally thought that the invasion of tumor cells into
the surrounding tissues is a prerequisite for tumor metastasis
(8). Therefore, the roles of Rho GTPase proteins in the regula-
tion of cell migration and invasion have been investigated
intensively (9). Activation of Rho GTPase proteins leads to the
remodeling of cytoskeleton organization that plays a central
role in the regulation of cell migration and invasion (10).
Accordingly, it has been demonstrated that RhoA and RhoC are
key promoters of breast cancer invasion and metastasis (11, 12).
Consistent with the fact that numerous RhoGEFs exist in
humans (1), multiple RhoGEFs, such as leukemia-associated
RhoGEF (LARG), PDZ-RhoGEF, and myosin II-interacting
GEF (MyoGEF), are implicated in promoting breast cancer cell
invasion through activation of RhoA and/or RhoC (13–15).

Rho GTPase signaling also plays a central role in the regula-
tion of cytokinesis. The localization and activation of the Rho
GTPase protein RhoA at the cleavage furrow are essential for
the assembly of the actomyosin contractile ring during cytoki-
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nesis (16 –18). RhoA can activate Rho kinase, which, in turn,
inhibits myosin phosphatase and directly phosphorylates myo-
sin light chain, hence increasing myosin contractile activity (19,
20). It is generally thought that Ect2, a GEF for RhoA, is a key
activator of RhoA at the cleavage furrow during cytokinesis (18,
21–23). Nonetheless, several other RhoGEFs, such as GEF-H1,
LARG, and MyoGEF, have also been implicated in regulating
cytokinesis (24 –26). Furthermore, a line of evidence has dem-
onstrated that two mitotic kinases, aurora B and polo-like
kinase (Plk1), play a central role in mitotic progression and
cytokinesis (27, 28). Aurora B and Plk1 can activate Ect2 and
MyoGEF during cytokinesis and localize both proteins to the
central spindle (29 –32).

GEFs invariably contain at least a Dbl homology (DH)
domain and a pleckstrin homology (PH) domain (1). The DH
domain is the catalytic unit of the GEFs. It can catalyze the
dissociation of GDP from the inactive, GDP-bound forms of
Rho GTPase proteins, thus stimulating the exchange of GDP
for GTP and promoting the formation of the active, GTP-
bound forms of GTPase proteins (33, 34). The PH domain is
adjacent and carboxyl-terminal to the DH domain. The tandem
DH and PH domains often form a functional unit to catalyze the
guanine nucleotide exchange activity (34 –36). In addition, the
PH domain can bind to phospholipids and participate in pro-
tein-protein interactions, thus targeting GEFs to proper subcel-
lular locations such as the cell membrane and cytoskeleton (34).
Activation of GEFs can be achieved through various modes of
regulation, such as protein-protein interactions, associations
with the membrane and cytoskeleton, and relief of autoinhibi-
tory intramolecular interactions (1, 34, 37–39). It has been
demonstrated that intramolecular interactions between the
DH domain and the amino- or carboxyl-terminal regions of
GEFs can inhibit the catalytic activity of the DH domain (40 –
42). Various molecular events, such as protein-protein interac-
tions and posttranslational modifications, can disrupt such
intramolecular interactions and result in the activation of GEFs
(40, 41). Intermolecular interactions have also been implicated
in the regulation of GEFs. However, unlike intramolecular
interactions, intermolecular interactions of GEFs can be either
activatory or inhibitory. For instance, oligomerization of Dbl
through the DH domain is required for the oncogenic activity of
Dbl (43). On the other hand, hetero- and homo-oligomeriza-
tion of PDZ-RhoGEF, LARG, and p115RhoGEF through their
carboxyl-terminal regions lead to the inhibition of the respec-
tive GEFs (44, 45).

We have reported previously that MyoGEF plays an impor-
tant role in the regulation of cytokinesis and breast cancer cell
invasion (15, 24, 31, 32, 46, 47). MyoGEF is highly expressed in
invasive breast cancer cells and tissues (15). Depletion of Myo-
GEF decreases RhoA/RhoC activation and suppresses breast
cancer cell invasion (15). We also found that phosphorylation
of MyoGEF at Thr-544 by aurora B creates a docking site for
Plk1, thus leading to the binding of Plk1 to MyoGEF (31). In
turn, Plk1 phosphorylates MyoGEF at Thr-574 (32). Such
sequential phosphorylation of MyoGEF by aurora B and Plk1
localizes MyoGEF to the central spindle and leads to MyoGEF
activation during cytokinesis. In this study, we provide evidence
demonstrating that intramolecular interactions between the

DH domain and the carboxyl-terminal region of MyoGEF could
serve as an autoinhibitory mechanism for the regulation of
MyoGEF functions.

EXPERIMENTAL PROCEDURES

Cell Culture—MDA-MB-231, U2OS, and HeLa cells were
purchased from the ATCC. MDA-MB-231 cells were grown in
Leibovitz’s L-15 medium supplemented with 10% fetal bovine
serum. U2OS and HeLa cells were grown in DMEM supple-
mented with 10% fetal bovine serum. Lipofectamine was used
for transfection with plasmids according to the instructions of
the manufacturer (Invitrogen). For immunofluorescence anal-
ysis, the transfected cells were trypsinized 24 h after transfec-
tion and grown on fibronectin-coated coverglasses for an addi-
tional 3 h.

Plasmids—Plasmids encoding Myc- and GFP-tagged full-
length MyoGEF were generated as described previously (15,
24). Gateway destination vectors (pDEST27, pCS 3MT DEST,
pCS Cherry DEST, pDest-mCherry-N1, pCS EGFP DEST, and
pDest-eGFP-N1) were used to generate mammalian expression
constructs for GST-, Myc-, mCherry-, and GFP-tagged Myo-
GEF fragments according to the instructions of the manufac-
turer (Invitrogen). The MyoGEF T544D and T544E mutants
were generated by site-directed mutagenesis according to the
instructions of the manufacturer (Agilent Technologies) and
confirmed by DNA sequencing (Eurofins MWG Operon).
pDEST27 was purchased from Invitrogen. pcDNA3-EGFP-
RhoA (plasmid 12965) (48), pCS 3MT DEST (plasmid 13070),
pCS Cherry DEST (plasmid 13075), pDest-mCherry-N1 (plas-
mid 31907) (49), pCS EGFP DEST (plasmid 13071), and pDest-
eGFP-N1 (plasmid 31796) (49) were purchased from Addgene.

Expression and Purification of Recombinant Polypeptides—A
bacterial expression system was used to express GST-and His-
tagged recombinant polypeptides. BL21 bacterial cells express-
ing GST-tagged recombinant polypeptides were resuspended
in PBS and homogenized by sonication. Triton X-100 was
added to a final concentration of 1%. The bacterial lysates were
then incubated by shaking at 23 °C for 1 h. A glutathione-con-
jugated agarose (Sigma) column was used to purify GST-tagged
recombinant polypeptides. The proteins were eluted with 100
mM Tris-HCl (pH 8.0) and 10 mM glutathione and dialyzed
against 50 mM Tris-HCl (pH 7.5) and 50 mM NaCl. BL21 bac-
terial cells expressing His-tagged recombinant polypeptides
were resuspended in 50 mM sodium phosphate (pH 8.0) and 300
mM NaCl and homogenized by sonication. A nickel-nitrilotri-
acetic acid-agarose (Qiagen) column was used to purify His-
tagged recombinant polypeptides. The proteins were eluted
with 50 mM sodium phosphate (pH 8.0), 300 mM NaCl, and 250
mM imidazole and dialyzed against 50 mM Tris-HCl (pH 7.5)
and 50 mM NaCl.

GST Pulldown Assays—GST pulldown assays were done as
described previously (47, 50). Briefly, the immobilized GST-
MyoGEF polypeptides were incubated with in vitro-translated
Myc-MyoGEF fragments or transfected cell lysates overnight at
4 °C. After washing four times with binding buffer (50 mM Tris-
HCl (pH 7.4), 100 mM NaCl, 0.05% Triton-X-100, 10% glycerol,
0.2 mM EDTA, and 1 mM DTT), the beads were resuspended in
SDS loading buffer to elute the bound proteins. In vitro-trans-
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lated Myc-MyoGEF fragments were synthesized using the TNT
SP6 quick-coupled transcription/translation system (Promega,
Madison, WI) according to the instructions of the manufacturer.

Coimmunoprecipitation Assays—5 �g of purified His- or
GST-MyoGEF fragments was mixed with the in vitro-trans-
lated MyoGEF fragments in BC100 buffer (20 mM HEPES (pH
7.9), 100 mM NaCl, 10% glycerol, 0.01% Nonidet P-40, and 1 mM

DTT). The mixtures were precleared with protein A/G-agarose
beads. The precleared mixtures were incubated with agarose-
conjugated anti-Myc antibody overnight at 4 °C. After three
washes with BC100 buffer, the bound proteins were eluted with
SDS loading buffer. To examine the effect of aurora B- and
Plk1-mediated phosphorylation on intramolecular interactions
of MyoGEF, 5 �g of purified GST-tagged MyoGEF polypep-
tides was incubated with buffer alone or with 1 �g of recombi-
nant His-aurora B or His-Plk1 (Invitrogen) in kinase buffer (5
mM MOPS (pH 7.2), 2.5 mM �-glycerophosphate, 1 mM EGTA,
4 mM MgCl2, 0.05 mM DTT, and 250 �M ATP). The reaction
mixtures (50 �l) were incubated at 30 °C for 30 min. The treated
GST-MyoGEF polypeptides were then used for coimmunopre-
cipitation assays.

Immunoblot Analysis—Cell lysates or immunoprecipitates
were separated on 10% or 4 –12% SDS-PAGE gels (Bio-Rad),
transferred to an Immobilon-P transfer membrane (Millipore),
blocked in 5% nonfat milk, and incubated with primary anti-
bodies as indicated. The following primary antibodies were
used: mouse anti-Myc (1:1000, 9E10, catalog no. sc-40, Santa
Cruz Biotechnology), rabbit anti-Ect2 (1:1000, Santa Cruz Bio-
technology), mouse anti-GST (1:250, Bio-Rad), and rabbit anti-
MyoGEF (1:250) (24). After three washes, the blots were
incubated with horseradish peroxidase-conjugated secondary
antibodies (1:5000, Santa Cruz Biotechnology) for 1 h at 23 °C
and visualized by SuperSignal West Pico Luminol/enhancer
solution (Pierce). A ScanLater kit was used to process some of
the immunoblots according to the instructions of the manufac-
turer (Molecular Devices, LLC).

Immunofluorescence Analysis—Cells grown on coverslips
were fixed with 4% paraformaldehyde for 12 min at 23 °C. After
blocking with 1% bovine serum albumin for 1 h at 23 °C, the
fixed cells were incubated with primary antibodies as indicated
for 3 h at 23 °C or overnight at 4 °C, followed by incubation with
secondary antibodies for 40 min at 23 °C. For RhoA staining,
cells were fixed with 10% TCA for 15 min on ice. The primary
antibodies used for immunofluorescence analysis were mouse
anti-Myc (1:1000, 9E10, catalog no. sc-40, Santa Cruz Biotech-
nology), mouse anti-RhoA (1:100, catalog no. sc-418, Santa
Cruz Biotechnology), and rabbit anti-MyoGEF (1:100) (24).
Alexa Fluor 594 goat anti-mouse IgG (1:500), Alexa Fluor 488
goat anti-mouse IgG (1:500), and Alexa Fluor 350 goat anti-
mouse IgG (1:250) were purchased from Invitrogen. Nuclei
were visualized by DAPI (Sigma). The coverslips were mounted
using a Prolong antifade kit (Invitrogen). Images were collected
using the Nikon TiE Perfect Focus digital fluorescence imaging
system (Morrell Instrument Co., Inc.) with an Andor Zyla
sCMOS 2560 � 2160 camera. The images were processed by
deconvolution.

Quantification of Actin Filaments—To assess the effect of the
MyoGEF carboxyl-terminal region on actin filament formation,

MDA-MB-231 cells transfected with the mCherry-MyoGEF-
501–790 plasmid were stained with phalloidin, and the fluores-
cence intensities in transfected cells were quantitated using
NIH ImageJ software (51). Briefly, the freehand selection tool
was used to mark the cells of interest in the same field. Regions
next to cells were also selected and served as a background. The
corrected total cell fluorescence was calculated on the basis of
the integrated density from transfected and surrounding
untransfected cells as well as background readings: corrected
total cell fluorescence � integrated density � (area of selected
cell � mean fluorescence of background readings). A more
than 2-fold decrease in the corrected total cell fluorescence in
transfected cells compared with that in surrounding untrans-
fected cells was used as the threshold for an indicator of
decreased actin filament formation.

To assess the effect of the MyoGEF carboxyl-terminal region
on actin filament formation induced by the MyoGEF amino-
terminal region, we used NIH ImageJ software to count the
actin filaments in transfected cells. Briefly, the line plot profile
tool was used to examine the elongated actin stress fibers. Each
peak in the line plot profile image represents a stress fiber. It
should be noted that the lines were drawn perpendicular to the
parallel actin bundles. Also, the areas containing large actin
aggregates were avoided.

Rhotekin Pulldown Assay—The Rhotekin pulldown assay was
carried out as described previously (24, 52).

Matrigel Invasion Assays—Transfected MDA-MB-231 cells
were trypsinized, and �1 � 105 cells (in Leibovitz’s L-15
medium containing 3% of BSA) were seeded on the upper wells
of Biocoat Matrigel chambers (Corning). The lower wells were
filled with Leibovitz’s L-15 medium containing 10% FBS. The
transfected cells then underwent chemoattraction across
the Matrigel and filter (pore size, 8 �m) to the lower surface of
the transwells for 22 h. The nonmigrating cells on the upper
chambers were removed by a cotton swab. A fluorescence
microscope was used to image the migrated cells on the lower
surface of the membrane at five different and random fields at
�10 magnification. Data were collected from three independ-
ent experiments, each done in triplicate. Migrated cells were
counted and mean differences (� S.E.) between groups were
analyzed using Student’s t test.

RESULTS

The Carboxyl-terminal Region of MyoGEF Binds to the DH
Domain—It has been shown that intramolecular interactions
between the DH domains and the amino- or carboxyl-terminal
regions of GEFs can act as an autoinhibitory mechanism to
regulate the activation of numerous GEFs (1, 34). Like many
other GEFs, MyoGEF contains a DH domain and a PH domain
at the amino-terminal region of the molecule (Fig. 1A). There-
fore, we asked whether an autoinhibitory intramolecular inter-
action exists for the regulation of MyoGEF activation. To this
end, we used in vitro pulldown assays to examine the interac-
tion between the amino- and carboxyl-terminal regions of
MyoGEF. GST pulldown assays showed that a GST-MyoGEF
carboxyl-terminal fragment (GST-MyoGEF-501–790) copre-
cipitated with the in vitro translated Myc-tagged amino-termi-
nal fragment (Myc-MyoGEF-1–515) (Fig. 1C; compare lane 2
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with lane 3). These results suggested that the carboxyl-terminal
region of MyoGEF could bind to the amino-terminal region of
the molecule. As shown in Fig. 1A, the amino-terminal region
(residues 1–515) of MyoGEF contains a DH domain (residues
162–351) and a PH domain (residues 363–515). We then asked
whether the carboxyl-terminal region of MyoGEF could bind to
its DH and/or PH domains. Immunoprecipitation assays
showed that Myc-DH (but not Myc-PH) coprecipitated with
His-MyoGEF-501–790 (Fig. 1D, compare lane 1 with lane 2 in
the top panel), suggesting that the MyoGEF carboxyl-terminal
region could bind to the DH domain. To confirm the in vivo
interaction between the DH domain and the carboxyl-terminal
region of MyoGEF, HeLa cells transfected with plasmids encod-
ing GST-MyoGEF-501–790 and a Myc-tagged amino-terminal
fragment (Myc-MyoGEF-1–351, Myc-MyoGEF-1–515, or Myc-
PH) were subjected to GST pulldown assays. A plasmid encod-
ing GST-MyoGEF-501–790 was cotransfected into HeLa cells
with a plasmid encoding Myc-MyoGEF-1–351, Myc-MyoGEF-
1–515, or Myc-MyoGEF-PH. As shown in Fig. 2A, GST-
MyoGEF-501–790 coprecipitated with Myc-MyoGEF-1–351
(containing the DH domain) and Myc-MyoGEF-1–515 (con-
taining both the DH and PH domains). However, Myc-PH did
not coprecipitate with GST-MyoGEF-501–790. Therefore, our
results suggested that the carboxyl-terminal region of MyoGEF

could bind to the DH domain (but not the PH domain) in trans-
fected cells.

To determine the specificity of the interaction between the
MyoGEF carboxyl-terminal region and the DH domain, we
examined whether the MyoGEF carboxyl-terminal region
could bind to other RhoGEFs such as Ect2 (21). MDA-MB-231
cells transfected with a plasmid encoding Myc-MyoGEF-501–
790 were subjected to coimmunoprecipitation assays with anti-
Myc antibody. As shown in Fig. 2B, endogenous MyoGEF
coprecipitated with Myc-MyoGEF-501–790 (Fig. 2B, top
panel). However, endogenous Ect2 (a closely related Rho-
GEF) did not coprecipitate with Myc-MyoGEF-501–790
(Fig. 2B, bottom panel). These results suggested that the
MyoGEF carboxyl-terminal region could specifically bind to
its DH domain.

Exogenous Expression of the MyoGEF Carboxyl-terminal
Region Suppresses Actin Filament Formation—GST pulldown
and immunoprecipitation assays showed that the carboxyl-ter-
minal region of MyoGEF could bind to the DH domain (Figs. 1
and 2). These findings led us to speculate that the intramolec-
ular interaction between the carboxyl-terminal region and the
DH domain could suppress the activation of MyoGEF. We have
shown previously that MyoGEF is highly expressed in MDA-
MB-231 breast cancer cells and that it can promote the cell

FIGURE 1. In vitro interactions between the amino- and carboxyl-terminal regions of MyoGEF. A, schematic of MyoGEF polypeptides that were used for the
GST pulldown assays in C and the immunoprecipitation assays in D. The numbers indicate the amino acid residues. B, Coomassie Blue staining image of
GST-MyoGEF-501–790 used in the GST pulldown assays in C. C, GST pulldown assays. Agarose beads associated with GST-MyoGEF-501–790 were used to pull
down the in vitro-translated Myc-MyoGEF-1–515. D, coimmunoprecipitation of His-MyoGEF-501–790 and the in vitro-translated Myc-DH or Myc-PH. Purified
His-MyoGEF-501–790 was incubated with the in vitro-translated Myc-DH or Myc-PH and then subjected to coimmunoprecipitation assays with an antibody
specific for Myc, followed by immunoblotting with antibodies specific for MyoGEF and Myc to detect His-MyoGEF-501–790 (top panel) and Myc-DH/Myc-PH
(bottom panel), respectively. IP, immunoprecipitation; WB, Western blot; IgG-HC, immunoglobulin heavy chain; IgG-LC, immunoglobulin light chain.
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invasion activity through activation of RhoA and RhoC (15).
Furthermore, exogenous expression of MyoGEF induces actin
bundling (15). Therefore, we asked whether exogenous expres-
sion of the MyoGEF carboxyl-terminal region in MDA-MB-231
cells interfered with actin filament formation. MDA-MB-231
breast cancer cells were transfected with a plasmid encoding
mCherry-MyoGEF-501–790. 24 h after transfection, the trans-
fected cells were trypsinized and cultured on fibronectin-
coated coverglasses for 3 h. The transfected cell were then fixed
with paraformaldehyde and stained for actin filaments. As
shown in Fig. 3B, a– c, exogenous expression of mCherry-
MyoGEF-501–790 in MDA-MB-231 cells decreased the forma-
tion of actin filaments (green, n � 82/97 cells). These results
suggested that the carboxyl-terminal region of MyoGEF (resi-
dues 501–790) could inhibit MyoGEF activation through inter-
actions with the DH domain.

Our previous findings have shown that the carboxyl-terminal
end of MyoGEF contains a PDZ-binding motif that can interact
with the PDZ domain-containing protein GIPC1 (46). There-
fore, it is possible that exogenous expression of MyoGEF-501–
790, which contains the carboxyl-terminal PDZ-binding motif,
could interfere with actin organization by disrupting the
GIPC1-MyoGEF interaction. To test this possibility, we exam-
ined whether exogenous expression of a carboxyl-terminal
fragment lacking the carboxyl-terminal PDZ-binding motif
(MyoGEF-501–780-�SEV) interfered with actin filament for-
mation. We have found previously that MyoGEF polypeptides
that lack the carboxyl-terminal three residues (SEV) do not
bind to GIPC1 (46). As shown in Fig. 3B, d–f, exogenous expres-
sion of MyoGEF-501–790-�SEV also decreased actin filament

formation (n � 59/101 cells), suggesting that exogenous
expression of MyoGEF carboxyl-terminal fragments could
interfere with actin filament formation without disrupting
GIPC1-MyoGEF interactions. However, we do not yet know
whether binding of GIPC1 to the carboxyl-terminal end of
MyoGEF has an impact on the intramolecular interactions of
MyoGEF. It is of note that the impact of MyoGEF-501–790 on
actin filament formation (n � 82/97 cells, 84%) was much
greater than that of MyoGEF-501–790-�SEV (n � 59/101 cells,
58%).

Next we asked which regions of the MyoGEF carboxyl-ter-
minal half were involved in disrupting actin filament formation
in transfected MDA-MB-231 cells. Plasmids encoding various
truncated versions of the MyoGEF carboxyl-terminal half were
transfected into MDA-MB-231 cells. The transfected cells were
then fixed and stained for actin filaments. The following frag-
ments were used: 526 – 660 (containing the aurora B site Thr-
544 and the Plk1 site Thr-57, Fig. 3B, g–i), 361–515 (containing
the PH domain, Fig. 3B, j–l), 681–790 (containing the carboxyl-
terminal PDZ-binding motif, Fig. 3B, m– o), and 515– 660 (con-
taining the aurora B site Thr-544 and the Plk1 site Thr-574 as
well as 15 residues from the PH domain, Fig. 3B, p–r). Our
results showed that exogenous expression of these truncated
versions of MyoGEF carboxyl-terminal half did not affect actin
filament formation in transfected MDA-MB-231 cells (Fig. 3B,
compare b and e with h, k, n, and q). These findings suggested
that the autoinhibitory intramolecular interaction required
the whole carboxyl-terminal region of MyoGEF (residues
501–790).

FIGURE 2. Intramolecular interactions of MyoGEF. A, interactions between amino- and carboxyl-terminal regions of MyoGEF in transfected cells. Plasmids
encoding Myc-MyoGEF fragments (1–351, 1–515, or PH) were cotransfected into HeLa cells with empty vectors (lanes 1, 3, and 5) or with a plasmid encoding
GST-MyoGEF-501–790 (lanes 2, 4, and 6). The transfected cells were subjected to GST pulldown assays, followed by immunoblot analysis with anti-Myc
antibody to detect Myc-tagged MyoGEF fragments. B, the MyoGEF carboxyl-terminal region binds to endogenous MyoGEF but not to Ect2. MDA-MB-231 cells
transfected with a plasmid encoding Myc-MyoGEF-501–790 were subjected to immunoprecipitation (IP) assays with anti-Myc antibody, followed by immu-
noblot analyses with an antibody specific for MyoGEF (compare lane 2 with lane 3 in the top panel) or Ect2 (compare lane 2 with lane 3 in the bottom panel). WB,
Western blot.
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Both the DH and PH Domains Are Required for MyoGEF to
Induce Actin Bundling—Our results showed that the carboxyl-
terminal region of MyoGEF could bind to its DH domain (Figs.
1 and 2) and that exogenous expression of the MyoGEF carbox-
yl-terminal fragment 501–790 inhibited actin filament forma-
tion (Fig. 3B, b and e). Therefore, we asked whether carboxyl-
terminal truncation of MyoGEF could affect the ability of
MyoGEF to induce actin bundling. Plasmids encoding GFP-
tagged full-length (MyoGEF-FL) and truncated versions of
MyoGEF were transfected into MDA-MB-231 cells (Fig. 4A).
24 h after transfection, the transfected cells were fixed with
paraformaldehyde and stained for actin filaments (red). Our
results showed that exogenous expression of MyoGEF-FL
induced actin bundling compared with untransfected cells (Fig.
4B, a– c, arrowheads). In addition, GFP-MyoGEF-FL also local-
ized to the newly induced actin bundles (Fig. 4B, a– c, arrow-
heads). The following carboxyl-terminally truncated versions
of MyoGEF also induced actin bundling: MyoGEF-1–752 (Fig.
4B, d–f, arrowheads), MyoGEF-1–720 (Fig. 4B, g–i, arrow-
heads), MyoGEF-1– 660 (Fig. 4B, j–l, arrowheads), MyoGEF-
1– 600 (Fig. 4B, m– o, arrowheads), MyoGEF-1–540 (Fig. 4B,
p–r, arrowheads), and MyoGEF-1–515 (Fig. 4B, s– u, arrow-
heads). However, MyoGEF-1–500 was not able to induce actin
bundling and did not colocalize with actin filaments (Fig. 4B,
v–x, arrowheads). These findings suggested that amino acid
residues 501–515 were required for MyoGEF to induce actin
bundling and to localize to actin bundles. It is of note that the
carboxyl-terminally truncated fragments MyoGEF-1– 600,
MyoGEF-1–540, and MyoGEF-1–515 could induce stress fiber
formation and colocalize with the induced stress fibers (Fig. 4B,
n, q, and t, arrowheads). In contrast, MyoGEF-FL and the
truncated fragments MyoGEF-1–752, MyoGEF-1–720, and
MyoGEF-1– 660 did not induce the formation of stress fibers
(Fig. 4B, b, e, h, and k, arrowheads; compare b, e, h, and k with n,
q, and t). Instead, MyoGEF-FL and these fragments (residues
1–752, 1–720, and 1– 660) induced actin bundles that were
associated with membrane ruffling (Fig. 4B, b, e, h, and k, arrow-
heads). It would be interesting to know how carboxyl-terminal
residues 600 –790 suppress the ability of MyoGEF to induce
stress fiber formation.

We next examined the ability of amino-terminally truncated
MyoGEF fragments to induce actin bundling in transfected
MDA-MB-231 cells. The following MyoGEF fragments were
examined (Fig. 4A): MyoGEF-46 –790 (lacking the amino-ter-
minal 45 amino acid residues), MyoGEF-154 –790 (lacking the
amino-terminal 153 amino acid residues), and MyoGEF-154 –
540 (containing the tandem DH-PH domain only). Our results
showed that MyoGEF-46 –790 could induce actin bundling and
localize to the actin bundles (Fig. 4C, a– c, arrowheads). How-
ever, neither MyoGEF-154 –790 nor MyoGEF-154 –540 could
induce actin bundling (Fig. 4C, d–i). These results suggested
that the tandem DH-PH domain (residues 154 –515) alone was
not sufficient to induce actin bundling in transfected cells. Cur-
rently, we do not know why the presence of the amino-terminal
region (residues 46–153) was required for the DH-PH domain of
MyoGEF to induce actin bundling and to localize to actin bundles.
Although the PH domain is often required for the DH domain to
function in numerous GEFs (35, 36), it has also been shown that

FIGURE 3. Effect of MyoGEF carboxyl-terminal regions on actin filament
formation. A, schematic of truncated MyoGEF fragments that were used to
transfect MDA-MB-231 cells in B. The numbers indicate the amino acid resi-
dues. B, MDA-MB-231 cells transfected with plasmids encoding various trun-
cated MyoGEF fragments (red or green as indicated) were subjected to immu-
nofluorescence staining for actin filaments (red or green as indicated; b, e, h, k,
n, and q). Arrowheads indicate cells expressing truncated MyoGEF fragments.
Scale bar � 20 �m.
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the PH domain can bind to the DH domain and inhibit the DH
domain (53). It is unlikely that the PH domain of MyoGEF could
inhibit the function of the DH domain because exogenous expres-
sion of the MyoGEF fragment 1–354 (containing the amino-ter-
minal region and the DH domain) did not induce actin bundling in
transfected cells (data not shown). Also, exogenous expression of a
MyoGEF fragment (residues 361–515, containing the PH domain)
did not affect actin filament formation (Fig. 3B, j–l).

The MyoGEF Carboxyl-terminal Fragment Can Inhibit Myo-
GEF-induced Actin Bundling—Our results showed that exoge-
nous expression of MyoGEF-501–790 could inhibit actin fila-
ment formation in transfected MDA-MB-231 cells (Fig. 3B,
a– c, arrowheads). Furthermore, pulldown assays showed that
the MyoGEF carboxyl-terminal region could bind to the DH
domain of MyoGEF (Figs. 1D and 2B). Fig. 4B also shows that
exogenous expression of MyoGEF-1–540 could induce actin
stress fiber formation. Therefore, we asked whether exogenous
expression of MyoGEF-501–790 could inhibit stress fiber for-
mation induced by MyoGEF-1–540. MDA-MB-231 cells were
transfected with plasmids encoding GFP-MyoGEF-1–540 and
Myc-MyoGEF-501–790. The transfected cells were stained for
Myc-MyoGEF-501–790 (blue) and actin filaments (red). As

shown in Fig. 5, in the absence of Myc-MyoGEF-501–790,
exogenous expression of GFP-MyoGEF-1–540 could induce
stress fiber formation (Fig. 5A, a, b, and d, arrows). However,
the presence of Myc-MyoGEF-501–790 (blue) markedly
decreased stress fiber formation induced by GFP-MyoGEF-1–
540 (Fig. 5A, e– h, arrowheads; compare e– h with a– d). Quan-
tification of actin filament formation also confirmed that
expression of Myc-MyoGEF-501–790 could significantly
decrease actin bundling induced by GFP-MyoGEF-1–540 (Fig.
5, B–D). These results suggested that MyoGEF carboxyl-termi-
nal region could bind to the DH domain and suppress Myo-
GEF-induced actin filament formation.

Exogenous Expression of the MyoGEF Carboxyl-terminal
Region Inhibits the Invasion Activity of MDA-MB-231 Breast
Cancer Cells—We have found previously that MyoGEF can
promote the invasion activity of MDA-MB-231 breast cancer
cells through activation of RhoA and RhoC (15). In this study,
we further showed that the MyoGEF carboxyl-terminal region
could bind to the DH domain and inhibit MyoGEF-induced
actin bundling (Figs. 1, 2, and 5). Our results also showed that
exogenous expression of a carboxyl-terminally truncated Myo-
GEF fragment (MyoGEF-1–540) induced stress fiber formation

FIGURE 4. The ability of the tandem DH-PH domain to induce actin bundling. A, schematic of truncated MyoGEF fragments that were used to transfect
MDA-MB-231 cells in B and C. The numbers indicate the amino acid residues. B, MDA-MB-231 cells transfected with plasmids encoding carboxyl-terminally
truncated GFP-MyoGEF fragments (green) were subjected to immunofluorescence staining for actin filaments (red; b, e, h, k, n, q, t, and w). C, MDA-MB-231 cells
transfected with plasmids encoding amino-terminally truncated GFP-MyoGEF fragments (green) were subjected to immunofluorescence staining for actin
filaments (red; b, e, and h). The arrowheads in B and C indicate cells expressing the truncated MyoGEF fragments. Scale bar � 20 �m.
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(Figs. 4B and 5). Therefore, we asked whether the intramolec-
ular interaction between the carboxyl-terminal region of Myo-
GEF and its DH domain played a role in the regulation of cell
invasion activity. MDA-MB-231 cells were transfected with
either the mCherry empty vector or a plasmid encoding
mCherry-MyoGEF-501–790. Matrix gel invasion assays were
used to examine the invasion activity of the transfected cells.
The transfected cells were allowed to invade Matrigel for 22 h.
A fluorescence microscope was used to examine the fluores-
cence-positive cells that successfully migrated to the underside
of the Matrigels. As shown in Fig. 6, exogenous expression of
mCherry-MyoGEF-501–790 significantly decreased the inva-
sion activity of MDA-MB-231 cells (Fig. 6, A and B). Our results
suggested that the carboxyl-terminal region of MyoGEF could
bind to the DH domain of MyoGEF and inhibit MyoGEF acti-
vation, thus decreasing cell invasion activity.

We have found previously that MDA-MB-231 breast cancer
cells highly express MyoGEF and that RNAi-mediated depletion
of MyoGEF in MDA-MB-231 cells decreased the levels of acti-

vated RhoA and RhoC (15). We next asked whether exogenous
expression of the MyoGEF carboxyl-terminal region (mCherry-
MyoGEF-501–790) could suppress RhoA activation in MDA-
MB-231 cells. A plasmid encoding GFP-RhoA was cotransfected
into MDA-MB-231 cells with the mCherry empty vector or a plas-
mid encoding mCherry-MyoGEF-501–790. The transfected cells
were subjected to Rhotekin pulldown assays. As shown in Fig. 6C,
exogenous expression of mCherry-MyoGEF-501–790 decreased
the levels of activated RhoA in transfected MDA-MB-231 cells
(Fig. 6C, top panel, compare lane 1 with lane 2). Quantification of
Rhotekin pulldown assays also confirmed that exogenous expres-
sion of mCherry-MyoGEF-501–790 significantly inhibited RhoA
activation (Fig. 6D). This finding suggested that the MyoGEF car-
boxyl-terminal region could bind to MyoGEF and inhibit its ability
to activate RhoA.

Exogenous Expression of the MyoGEF Carboxyl-terminal
Region Leads to Cytokinesis Defects—We have reported previ-
ously that phosphorylation of MyoGEF by aurora B and Plk1
can activate MyoGEF during cytokinesis (31, 32). Phosphory-

FIGURE 5. Effect of the MyoGEF carboxyl-terminal region on actin bundling induced by the MyoGEF amino-terminal region. A, MDA-MB-231 cells
transfected with a plasmid encoding GFP-MyoGEF-1–540 (a– d) or with plasmids encoding GFP-MyoGEF-1–540 and Myc-MyoGEF-501–790 (e– h) were sub-
jected to immunofluorescence staining for actin filaments (red) and Myc-MyoGEF-501–790 (blue). White arrows indicate cells expressing GFP-MyoGEF-1–540
alone (a, b, and d). White arrowheads indicate cells expressing both GFP-MyoGEF-1–540 and Myc-MyoGEF-501–790 (e– h). Red arrows in b and f indicate the
positions at which immunofluorescence intensities were measured as shown in B and C. Scale bar � 20 �m. B, representative line plot profile of the transfected
cell in A, b. C, representative line plot profile of the transfected cell in A, f. Only the fluorescence peaks with a gray value of larger than 50 were counted. Each
peak in B and C represents a stress fiber. D, quantification of actin filaments in cells transfected with a plasmid encoding GFP-MyoGEF-1–540 (n � 20 cells) or
with plasmids encoding GFP-MyoGEF-1–540 and Myc-MyoGEF-501–790 (n � 19 cells). **, p � 0.01.
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lation of MyoGEF at Thr-544 creates a docking site for Plk1 to
bind MyoGEF (31). In turn, Plk1 can phosphorylate MyoGEF at
Thr-574 (32). Therefore, we asked whether phosphorylation of
MyoGEF by aurora B could inhibit the intramolecular interac-
tion between the amino- and carboxyl-terminal regions of
MyoGEF. Purified His-aurora B (Invitrogen) was used to phos-
phorylate GST-MyoGEF-501–790 in vitro. The phosphory-
lated GST-MyoGEF-501–790 was then incubated with the in
vitro-translated Myc-MyoGEF-1–500, followed by immuno-
precipitation assays with an antibody specific for Myc. Fig. 7A
shows that Myc-MyoGEF-1–500 coprecipitated with GST-
MyoGEF-501–790. In contrast, Myc-MyoGEF-1–500 did not
coprecipitate with the GST-MyoGEF-501–790 that was phos-
phorylated by aurora B (Fig. 7A, top row, compare lane 2 with
lane 4), suggesting that phosphorylation of MyoGEF at Thr-544
by aurora B could inhibit the intramolecular interactions of
MyoGEF. Next, we asked whether phosphomimetic mutation
at Thr-544 interfered with the intramolecular interactions of
MyoGEF. As shown in Fig. 7B, the phosphomimetic mutant
mCherry-MyoGEF-501–790-T544E did not coprecipitate with

Myc-MyoGEF-1–515, further confirming that phosphoryla-
tion of MyoGEF at Thr-544 by aurora B inhibits the intramo-
lecular interactions of MyoGEF. It is of note that wild-type
MyoGEF-501–790 could bind to MyoGEF-1–515 (Figs. 1
and 2).

We next asked whether exogenous expression of the Myo-
GEF carboxyl-terminal region in U2OS cells interfered with
cytokinesis. U2OS cells were used for this experiment because
this cell line expresses endogenous MyoGEF and because the
background levels of multinucleation in U2OS cells are much
lower than those in MDA-MB-231 cells (data not shown).
U2OS cells were transfected with the mCherry empty vector or
a plasmid encoding mCherry-MyoGEF-501–790. Forty-eight
hours after transfection, the cells were stained for nuclei. As
shown in Fig. 7, C and D, we observed multinucleation in U2OS
cells expressing mCherry-MyoGEF-501–790 (Fig. 7C, d–f,
arrowheads) but not in cells expressing mCherry alone (Fig. 7C,
compare a– c with d–f). Fig. 7A shows that in vitro phosphory-
lation of the MyoGEF carboxyl-terminal region by aurora B
could inhibit the intramolecular interaction between the

FIGURE 6. Exogenous expression of a MyoGEF carboxyl-terminal fragment decreases cell invasion activity and RhoA activation in MDA-MB-231 cells.
A, MDA-MB-231 cells transfected with the mCherry-vector (a) or a plasmid encoding mCherry-MyoGEF-501–790 (b) were subjected to Matrigel invasion assays.
A fluorescence microscope was used to image the transfected cells that migrated to the underside of the membrane at �10 magnification. It is of note that, on
the basis of the percentage of fluorescence-positive cells, the transfection efficiency was similar for the mCherry vector and mCherry-MyoGEF-501–790
plasmid. Scale bar � 200 �m. B, quantitative results of the Matrigel invasion assays in A. **, p � 0.01. C, a representative Rhotekin pulldown assay. A plasmid
encoding GFP-RhoA was cotransfected into MDA-MB-231 cells with an empty vector (lane 1) or a plasmid encoding mCherry-MyoGEF-501–790 (lane 2). The
transfected cells were subjected to Rhotekin pulldown assays as described previously (24). D, quantitation of the results of Rhotekin pulldown assays from three
independent experiments. *, p � 0.05.
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amino- and carboxyl-terminal regions of MyoGEF. Therefore,
we also asked whether exogenous expression of the phospho-
mimetic MyoGEF carboxyl-terminal fragment (MyoGEF-501–
790-T544D) had an impact on cytokinesis. We found that exog-
enous expression of MyoGEF-501–790-T544D did not cause
multinucleation in U2OS cells (Fig. 7C, g–i), suggesting that
phosphorylation of MyoGEF at Thr-544 by aurora B could
relieve the autoinhibitory intramolecular interactions of
MyoGEF.

It is well known that localization and activation of RhoA at
the cleavage furrow are essential for the completion of cytoki-
nesis (16 –18). We next asked whether exogenous expression of
the MyoGEF carboxyl-terminal fragment MyoGEF-501–790
affected RhoA activation and localization at the cleavage fur-
row. Immunofluorescence staining of TCA-fixed cells with
anti-RhoA antibody has been used to monitor the localization

of activated RhoA at the cleavage furrow (54, 55). The cortical
staining of RhoA is generally considered as evidence for the
activated forms of the protein. U2OS cells transfected with a
plasmid encoding mCherry-MyoGEF-501–790 were fixed with
TCA and then subjected to immunofluorescence analysis with
antibodies specific for RhoA and MyoGEF. The MyoGEF anti-
body is a peptide antibody that can specifically recognize the
carboxyl-terminal end of MyoGEF (24). Therefore, this Myo-
GEF peptide antibody was used to detect the expression of
mCherry-MyoGEF-501–790 in TCA-fixed U2OS cells. In cells
that did not express mCherry-MyoGEF-501–790, RhoA con-
centrated at the cleavage furrow (Fig. 8, b, d, f, and h, arrow-
heads). In contrast, RhoA was diffusely localized to the cleavage
furrow (Fig. 8, j and l, arrowheads) and the pole regions (Fig. 8,
j and l, arrows) during anaphase in cells expressing mCherry-
MyoGEF-501–790 (Fig. 8, compare b and d with j and l). Fur-

FIGURE 7. Effect of the MyoGEF carboxyl-terminal region on cytokinesis. A, effect of aurora B-mediated phosphorylation on the intramolecular interactions
of MyoGEF. Purified GST-MyoGEF-501–790 treated with buffer (lane 4) or aurora B (lane 2) was mixed with the in vitro-translated Myc-1–500 and then subjected
to immunoprecipitation (IP) assays with anti-Myc antibody, followed by immunoblotting with antibodies specific for MyoGEF and Myc to detect GST-MyoGEF-
501–790 (top row) and Myc-MyoGEF-1–500 (bottom row), respectively. B, effect of the T544E phosphomimetic mutation on the intramolecular interactions of
MyoGEF. The in vitro-translated mCherry-MyoGEF-501–790-T544E was mixed with the in vitro-translated Myc-MyoGEF-1–515 and then subjected to immuno-
precipitation assays with anti-Myc antibody, followed by immunoblot analyses with antibodies specific for MyoGEF and Myc to detect mCherry-MyoGEF-501–
790-T544E (top panel) and Myc-MyoGEF-1–515 (bottom panel), respectively. Note that the anti-MyoGEF antibody does not recognize the amino-terminal
fragment Myc-MyoGEF-1–515. WB, Western blot. C, MDA-MB-231 cells transfected with a plasmid encoding mCherry vector (a– c), mCherry-MyoGEF-501–
790-WT (d–f), or mCherry-MyoGEF-501–790-T544D were subjected to immunofluorescence staining for nuclei (DAPI). Scale bar � 20 �m. D, multinucleated
U2OS cells were identified and counted following transfection with the indicated plasmids. **, p � 0.01.
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thermore, we found that RhoA did not concentrate to the mid-
body at late stages of cytokinesis (Fig. 8, n and p, arrowheads,
compare f and h with n and p). Our results suggested that exog-
enous expression of the MyoGEF carboxyl-terminal region
interfered with the localization of RhoA at the cleavage furrow.
These observations are consistent with our previous findings
that RNAi-mediated depletion of MyoGEF can disrupt RhoA
localization at the cleavage furrow (47).

The T544D Phosphomimetic Carboxyl-terminal Fragment
Does Not Affect Actin Filament Formation—Our results showed
that expression of the phosphomimetic mutant MyoGEF-501–
790-T544D did not cause multinucleation in transfected U2OS
cells (Fig. 7C). This finding was also in agreement with our
observations that phosphorylation of the MyoGEF carboxyl-
terminal region by aurora B could suppress the intramolecular
interactions of MyoGEF (Fig. 7, A and B). We next asked
whether phosphomimetic mutation of the MyoGEF carboxyl-
terminal region interfered with actin filament formation in
interphase cells. We found that exogenous expression of the
phosphomimetic mutant MyoGEF-501–790-T544D did not
affect actin filament formation (Fig. 9; compare a– c with d–f),
further confirming that phosphorylation of MyoGEF at Thr-
544 by aurora B could inhibit the intramolecular interactions of
MyoGEF. It has been shown that aurora B is also implicated in
the regulation of cell spreading and cell migration (56, 57).
However, treatment of transfected MDA-MB-231 cells with an
inhibitor specific for aurora B did not interfere with actin bun-
dling induced by exogenously expressed MyoGEF (data not
shown), suggesting that, during interphase, phosphorylation of
MyoGEF by aurora B was not likely to be a major pathway to
activate MyoGEF.

MyoGEF Forms Homodimers/Oligomers—Our results dem-
onstrated that the MyoGEF carboxyl-terminal region could
bind to its DH domain and suppress MyoGEF activation. It is
conceivable that the interaction between the DH domain and

the carboxyl-terminal region of MyoGEF can occur either
intramolecularly or intermolecularly. Therefore, we asked
whether MyoGEF could form homodimers/oligomers. As
shown in Fig. 10A, in vitro pulldown assays demonstrated that
GFP-MyoGEF could coprecipitate with Myc-MyoGEF. Fur-
thermore, coimmunoprecipitation assays also showed that
endogenous MyoGEF coprecipitated with Myc-MyoGEF from
transfected MDA-MB-231 cells (Fig. 10B). These results sug-
gested that MyoGEF could form homodimers/oligomers. Next
we asked whether the interaction between the MyoGEF car-
boxyl-terminal region and the DH domain was required for
MyoGEF oligomerization. In vitro pulldown assays demon-
strated that aurora B-mediated phosphorylation of the Myo-
GEF carboxyl-terminal region and the T544E phosphomimetic
mutation interfered with the interaction between the MyoGEF
carboxyl-terminal region and the DH domain (Fig. 7, A and B).
Therefore, we asked whether the T544E phosphomimetic
mutation interfered with the formation of MyoGEF dimers/
oligomers. Fig. 10C shows that the T544E phosphomimetic
mutation did not interfere with the intermolecular interactions
of MyoGEF. Therefore, our findings indicated that MyoGEF
could form homodimers/oligomers independently of the inter-
action between the MyoGEF carboxyl-terminal region and the
DH domain. However, it is still not clear which domains medi-
ate MyoGEF dimerization/oligomerization.

DISCUSSION

In this study, we demonstrated that the intramolecular
interaction between the DH domain and the carboxyl-termi-
nal region of MyoGEF serves as an autoinhibitory mecha-
nism to regulate MyoGEF activation. In vitro and in vivo
pulldown assays show that the carboxyl-terminal region of
MyoGEF could bind to its DH domain. We also demon-
strated that exogenous expression of the MyoGEF carboxyl-

FIGURE 8. Effect of the MyoGEF carboxyl-terminal terminal region on RhoA localization during cytokinesis. U2OS cells transfected with a plasmid
encoding mCherry-MyoGEF-501–790 were fixed with 10% TCA and subjected to immunofluorescence analysis with antibodies specific for MyoGEF (red) and
RhoA (green). The arrowheads in b, d, f, h, j, l, n, and p point to the cleavage furrow. The arrows in j and l point to the pole regions. Scale bar � 20 �m.
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terminal region interferes with actin filament formation,
inhibits breast cancer cell invasion activity, and leads to the
formation of multinucleated cells. Our findings suggest that

the autoinhibitory intramolecular interactions of MyoGEF
serve as a control point to regulate cytokinesis and breast
cancer cell invasion.

FIGURE 9. Effect of the T544D phosphomimetic mutation on actin filament formation. MDA-MB-231 cells transfected with a plasmid encoding either a
wild-type MyoGEF carboxyl-terminal fragment (Myc-501–790-WT, a– c) or a phosphomimetic MyoGEF carboxyl-terminal fragment (Myc-MyoGEF-501–790-
T544D, d–f) were subjected to immunofluorescence staining for actin filaments (red) and Myc-tagged polypeptides (green). Arrows indicate cells expressing
Myc-MyoGEF-501–790-WT. Arrowheads indicate cells expressing Myc-MyoGEF-501–790-T544D. Scale bar � 20 �m.

FIGURE 10. Dimerization and/or oligomerization of MyoGEF. A, intermolecular interactions of MyoGEF in vitro. The in vitro-translated GFP-MyoGEF and Myc-
MyoGEF were mixed and subjected to immunoprecipitation (IP) assays with anti-Myc antibody, followed by immunoblot analysis with anti-MyoGEF antibody (com-
pare lane 2 with lane 3). WB, Western blot. B, intermolecular interactions of MyoGEF in transfected cells. MDA-MB-231 cells transfected with a plasmid encoding
Myc-MyoGEF were subjected to immunoprecipitation assays with anti-Myc antibody, followed by immunoblot analysis with anti-MyoGEF antibody (compare lane 2
with lane 3). C, effect of the T544E phosphomimetic mutation on MyoGEF dimerization/oligomerization. The in vitro-translated GFP-MyoGEF-T544E and Myc-MyoGEF-
T544E were mixed and subjected to immunoprecipitation assays with anti-Myc antibody, followed by immunoblot analysis with anti-MyoGEF antibody (compare lane
2 with lane 3). D, schematic showing that intramolecular interactions of MyoGEF can be disrupted by phosphorylation and protein-protein interactions. The question
mark indicates that binding of CSPP to phospho-Thr-574 remains to be confirmed. NMII, nonmuscle myosin II; AURKB, aurora kinase B; Plk1, polo-like kinase 1; pT544,
phosphothreonine 544; pT574, phosphothreonine 574; GIPC1, GAIP interacting protein, C terminus 1.
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Autoinhibitory Regulation of MyoGEF Functions—Our pre-
vious findings have shown that MyoGEF is implicated in the
regulation of cytokinesis and breast cancer cell invasion (15,
24). In this study, we found that the intramolecular interaction
between the DH domain and the carboxyl-terminal region of
MyoGEF could inhibit MyoGEF functions. Our findings dem-
onstrate that exogenous expression of the MyoGEF carboxyl-
terminal region interferes with MyoGEF functions, leading to
cytokinesis defects and decreasing breast cancer cell invasion. It
has been shown that the carboxyl-terminal region of MyoGEF
can interact with centrosome/spindle-associated protein
(CSPP), ezrin, and GIPC1 (46, 47, 58). Aurora B and Plk1 can
phosphorylate the carboxyl-terminal region of MyoGEF (31,
32). Therefore, exogenous expression of the MyoGEF carboxyl-
terminal region in transfected cells could potentially cause cell
phenotypes through interference with protein-protein interac-
tions and phosphorylation involving the carboxyl-terminal
region of MyoGEF. However, exogenous expression of the
T544D phosphomimetic MyoGEF carboxyl-terminal fragment
did not interfere with actin filament formation in interphase
cells (Fig. 9) and did not cause multinucleation (Fig. 7C). Fur-
thermore, phosphorylation of the MyoGEF carboxyl-terminal
region by aurora B decreased the intramolecular interactions of
MyoGEF. Moreover, the MyoGEF carboxyl-terminal region did
not bind to a closely related RhoGEF Ect2 (Fig. 2B). Therefore,
the dominant negative effects of the MyoGEF carboxyl-termi-
nal region are likely dependent on its interaction with the DH
domain, leading to the inhibition of MyoGEF functions.

Intramolecular interactions have been shown to serve as an
autoinhibitory mechanism for the regulation of GEFs (34). It is
conceivable that domains or regions participating in an intra-
molecular interaction are also used for intermolecular interac-
tions. Our results demonstrate that the MyoGEF carboxyl-ter-
minal region can bind to its DH domain and suppress MyoGEF
activation, raising the possibility that intermolecular interac-
tions of MyoGEF can occur between the carboxyl-terminal
region and the DH domain. However, we found that phospho-
mimetic mutation at Thr-544 interfered with the interaction
between the carboxyl-terminal region and the DH domain (Fig.
7B). In contrast, phosphomimetic mutation at Thr-544 did not
disrupt the formation of MyoGEF dimers/oligomers (Fig. 10C).
Therefore, our findings suggest that the interaction between
the MyoGEF carboxyl-terminal region and its DH domain can
occur intramolecularly. However, we cannot completely rule
out the possibility that the interaction between the carboxyl-
terminal region and the DH domain of MyoGEF also occurs
intermolecularly.

Our results show that the carboxyl-terminal region of Myo-
GEF could bind to its DH domain, thus interfering with Myo-
GEF activation (Figs. 3 and 5). However, exogenous expression
of full-length MyoGEF also induced actin bundling in trans-
fected cells compared with that of carboxyl-terminally trun-
cated MyoGEF fragments (Fig. 4B), suggesting that an
unknown mechanism exists to activate full-length MyoGEF in
the transfected MDA-MB-231 cells (see below).

Regulation of Breast Cancer Cell Invasion by MyoGEF—We
have reported previously that MyoGEF can activate RhoA/
RhoC in MDA-MB-231 breast cancer cells (15). Furthermore,

MyoGEF-induced actin bundling can be inhibited by a domi-
nant negative mutant of RhoA but not by a dominant negative
mutant of Rac1 (15). Therefore, our findings suggest that RhoA
and RhoC are implicated in MyoGEF-induced actin bundling.
Cell migration involves lamellipodium formation and mem-
brane ruffles at the front as well as retraction of the rear part of
migrating cells (59). Actin polymerization at the front of
migrating cells is critical for lamellipodium formation and
membrane ruffles, whereas myosin-based contractility is
required for retraction of the rear part of migrating cells (59 –
62). It is generally thought that Rac1 is restricted to the front of
migrating cells and is responsible for lamellipodium formation
and membrane ruffles, whereas RhoA is localized to the rear of
migrating cells and is responsible for tail retraction (62– 65).
This appears to be at odds with our observations that exoge-
nous expression of MyoGEF resulted in the formation of actin
bundles that are often associated with membrane ruffles (Fig.
4B), which are a typical function of Rac1 (66). However, another
line of research also demonstrates that RhoA/RhoC can be acti-
vated in the front of migrating cells (67, 68), consistent with
findings that RhoA/RhoC can induce membrane ruffles (69 –
71). In support of this concept, a study has shown that S100A4
and Rhotekin (a downstream effector of RhoA) can form a com-
plex with the activated forms of RhoA, thus converting an acti-
vated RhoA from a stress fiber inducer to a membrane ruffle
inducer (72).

It has been shown that the PH domain of GEFs can associate
with actin filaments and phospholipids, thus targeting GEFs to
the actin cytoskeleton and/or the cell membrane (1, 34). We
have found previously that the PH domain of MyoGEF can
interact with nonmuscle myosin II (15, 24). The PDZ domain of
GIPC1 can bind to the carboxyl-terminal PDZ-binding motif of
MyoGEF, and the GIPC1-MyoGEF interaction is implicated in
promoting breast cancer cell invasion (46). The ezrin-radixin-
moesin proteins can link the plasma membrane to actin fila-
ments and play a critical role in organizing the cell cortex and
promoting breast tumor metastasis (73, 74). It has been shown
that ezrin can bind to the carboxyl-terminal region (residues
579 –790) of MyoGEF/PLEKHG6 (58). In addition, ezrin is
localized to membrane ruffles and required for membrane ruf-
fling (75–77). In this study, we found that full-length MyoGEF
could induce and localize to membrane ruffle-associated actin
bundles (Fig. 4B). In contrast, carboxyl-terminally truncated
MyoGEF with deletion of 190 –250 amino acid residues from
the carboxyl-terminal end of MyoGEF predominantly localized
to stress fibers (Fig. 4B). Therefore, we propose that binding of
proteins such as ezrin and GIPC1 to the carboxyl-terminal
region of MyoGEF may not only interfere with the autoinhibi-
tory intramolecular interactions, leading to the activation of
MyoGEF, but also recruit MyoGEF to the cell membrane,
where MyoGEF activates RhoA and induces actin bundling and
membrane ruffling, thus promoting cell invasion (Fig. 10D).
Accordingly, carboxyl-terminally truncated MyoGEF mutants
lacking the binding sites for ezrin and GIPC1 predominantly
localize to the stress fiber (Fig. 4B). It would be interesting to
know whether binding of ezrin or GIPC1 to the carboxyl-ter-
minal region of MyoGEF has an impact on the intramolecular
interactions of MyoGEF.
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Regulation of Cytokinesis by MyoGEF—We have reported
previously that MyoGEF is implicated in promoting cytokinesis
(24, 47). Aurora B and Plk1 are two mitotic kinases that play
critical roles in the regulation of cytokinesis (27, 28). Aurora B
and Plk1 can promote MyoGEF activation and localization at
the central spindle during cytokinesis by phosphorylating Myo-
GEF at Thr-544 and Thr-574, respectively (31, 32). Our findings
in this study show that phosphorylation of the MyoGEF carbox-
yl-terminal region by aurora B relieves the intramolecular
interaction between the DH domain and the carboxyl-terminal
region of MyoGEF (Figs. 7 and 10D). These findings are con-
sistent with our previous observations that aurora B-mediated
phosphorylation of MyoGEF at Thr-544 leads to the activation
of MyoGEF during cytokinesis. Our previous studies have also
demonstrated that phosphorylation of MyoGEF at Thr-544
creates a Plk1 docking site and promotes the binding of Plk1 to
MyoGEF (31). In turn, Plk1 phosphorylates MyoGEF at Thr-
574, leading to the activation and localization of MyoGEF at the
central spindle during cytokinesis (32). However, it is still not
clear how Plk1-mediated phosphorylation of MyoGEF at Thr-
574 is implicated in the regulation of MyoGEF localization and
activation during cytokinesis. One possibility is that Plk1-me-
diated phosphorylation of MyoGEF promotes the binding of
signaling molecules such as CSPP to the carboxyl-terminal
region of MyoGEF, thus suppressing the intramolecular inter-
actions of MyoGEF (Fig. 10D). In support of this speculation,
we have found previously that CSPP can bind to the carboxyl-
terminal region of MyoGEF in a phosphorylation-dependent
manner and that the CSPP-MyoGEF interaction plays a role in
promoting MyoGEF localization to the central spindle (47). In
addition, phosphorylation of the MyoGEF carboxyl-terminal
region by Plk1 promotes the binding of CSPP to MyoGEF.3 In
summary, we propose that phosphorylation and protein-pro-
tein interactions involving the carboxyl-terminal regions of
MyoGEF decrease the autoinhibitory intramolecular interac-
tions of MyoGEF, thus leading to the activation and localization
of MyoGEF at the central spindle during cytokinesis (Fig. 10D).
It would be interesting to know whether binding of CSPP to the
carboxyl-terminal region of MyoGEF has an impact on the
intramolecular interactions of MyoGEF.
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