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Identification of a mitotic Rac-GEF, Trio, 
that counteracts MgcRacGAP function 
during cytokinesis
Aude Canneta, Susanne Schmidta, Bénédicte Delavalb,*, and Anne Debanta,*
aSignaling and Cytoskeleton Dynamics Group and bCentrosome, Cilia and Pathology Group, CRBM-CNRS, University 
of Montpellier, 34293 Montpellier, France

ABSTRACT  The Rho GTPases RhoA and Rac1 function as master regulators of cytokinesis by 
controlling the actomyosin cytoskeleton. RhoA and Rac1 have to be respectively activated 
and inactivated at the division plane for cytokinesis to occur properly. The inactivation of 
Rac1 at the cleavage furrow is controlled by MgcRacGAP. However, the guanine-nucleotide 
exchange factor (GEF) that activates Rac1 during cell division remains unknown. Here, using 
a siRNA screening approach in HeLa cells, we identify Trio as a mitotic GEF of Rac1. We dem-
onstrate that Trio controls Rac1 activation and subsequent F-actin remodeling in dividing 
cells. Moreover, Trio depletion specifically rescues the cytokinesis failure induced by MgcRac-
GAP depletion. Of importance, we demonstrate that this rescue is mediated by the Trio-Rac1 
pathway, using GEF-dead mutants of Trio and a specific inhibitor of Rac1 activation by Trio. 
Overall this work identifies for the first time a GEF controlling Rac1 activation in dividing cells 
that counteracts MgcRacGAP function in cytokinesis.

INTRODUCTION
During cell division, cells undergo dramatic changes in shape 
and adhesion that depend on efficient actin cytoskeleton remod-
eling. This process has to be locally and temporally regulated to 
accurately ensure cytokinesis, the final stage of cell division. The 
small GTPases Rac1 and RhoA play an essential role in this pro-
cess by controlling F-actin cytoskeleton remodeling (Jaffe and 
Hall, 2005; Jordan and Canman, 2012). GTPases oscillate be-
tween an inactive, GDP-bound state and an active, GTP-bound 
state. They are activated by guanine-nucleotide exchange fac-
tors (GEFs), which stimulate the GDP-to-GTP exchange, whereas 
they are turned off by GTPase-activating proteins (GAPs), which 

catalyze the hydrolysis of GTP. RhoGEFs and RhoGAPs play a cru-
cial role in controlling the regulation of the GTPases (Schmidt 
and Hall, 2002; Jaffe and Hall, 2005; Rossman et al., 2005). RhoA 
is a positive regulator of cytokinesis specifically activated at the 
division plane, which promotes the assembly and constriction of 
the actomyosin network (Bement et al., 2005; Yüce et al., 2005). 
In contrast, Rac1 has been proposed to negatively regulate this 
process and has to be inactivated at the division plane for cytoki-
nesis to occur properly (Yoshizaki et  al., 2003; Canman et  al., 
2008; D’Avino and Glover, 2009; Bastos et al., 2012). Indeed, ex-
pression of constitutively active Rac1 induces multinucleated 
cells, as expected for a negative regulator (Yoshizaki et al., 2004), 
but disruption of Rac1 activity does not (Jantsch-Plunger et al., 
2000; Yoshizaki et al., 2004; Canman et al., 2008). A central spin-
dle–localized GAP, MgcRacGAP, component of the centralspin-
dlin complex, plays an essential role in this regulation. Indeed, 
recent studies from both mammalian cells and Caenorhabditis 
elegans embryos demonstrate that MgcRacGAP functions as a 
GAP of Rac1 at the cleavage furrow. MgcRacGAP controls Rac1 
inactivation at the cleavage plane, and depletion of Rac1 or of 
Rac1 effectors can suppress the cytokinesis failure induced by 
MgcRacGAP depletion (Canman et al., 2008; Bastos et al., 2012). 
However, the RhoGEF controlling Rac1 activation in dividing cells 
has not yet been identified.
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(Figure 1 and Supplemental Figure S1; Bastos et al., 2012). Codeple-
tion of MgcRacGAP and Rac1 efficiently rescued the number of 
multinucleated cells (Figure 1), confirming that MgcRacGAP is acting 
as a GAP for Rac1 at the cleavage furrow of HeLa cells (Bastos et al., 
2012). Of importance, codepletion of MgcRacGAP and Trio, a GEF 
characterized primarily for its role in axon outgrowth and guidance 
via RhoG/Rac1 activation (Steven et al., 1998; Bateman et al., 2000; 
Newsome et al., 2000; Estrach et al., 2002; Briançon-Marjollet et al., 
2008; DeGeer et al., 2013), resulted in a strong decrease in the num-
ber of multinucleated cells (Figure 1). This result indicated that Trio 
depletion could rescue the cytokinesis failure induced by MgcRac-
GAP depletion. Of note, codepletion of MgcRacGAP and αPix also 
resulted in the decrease of multinucleated cells, but to a lower extent 
than Trio depletion. Of interest, the extent of the rescue induced by 
Trio depletion was similar to the one obtained with the codepletion 

RESULTS
A small interfering RNA screening approach in HeLa cells 
identifies Trio as a potential Rac1 GEF in dividing cells
To identify a RhoGEF regulating Rac1 activity in dividing cells, we 
performed a small interfering RNA (siRNA) screening approach in 
HeLa cells using SMARTpool siRNA oligonucleotides. Seventeen 
Rac GEFs belonging to the diffuse B-cell lymphoma (Dbl) family 
(Rossman et al., 2005) were depleted by siRNA alone or in combina-
tion with MgcRacGAP siRNAs in order to identify the ones able to 
rescue the cytokinesis failure induced by MgcRacGAP depletion 
(Figure 1 and Supplemental Figure S1). Of note, depletion of Rac-
GEFs alone did not lead to a significant increase in the number of 
multinucleated cells (unpublished data). As previously described, 48 
h after siRNA treatment, MgcRacGAP depletion resulted in the ap-
pearance of multinucleated cells, consistent with cytokinesis failure 

FIGURE 1:  A siRNA screening approach identifies Trio as a potential GEF of Rac1 in dividing cells. HeLa cells were 
transfected with MgcRacGAP siRNA (siMgcRacGAP) in combination with control siRNA, Rac1 siRNA, or siRNAs 
targeting the indicated GEFs (SMART pools) and scored for the presence of multinucleated cells 48 h posttransfection. 
(A) Immunofluorescence of HeLa cells stained with DAPI (nuclei, red) and α-tubulin (green). Asterisks, multinucleated 
cells. Scale bar, 20 μm. (B) Quantification of the percentage of multinucleated cells. Five hundred cells were counted per 
experiment. Three independent experiments. Mean ± SEM. *p < 0.02.
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To confirm that Trio can function in divid-
ing cells, we monitored Trio expression by 
performing Western blot analyses and im-
munofluorescence studies (Supplemental 
Figure S2, A and B). Trio was expressed in 
dividing cells, and the level of the protein 
remained constant during the cell cycle 
(Supplemental Figure S2A). In dividing cells, 
endogenous Trio was mostly diffusely ex-
pressed (Supplemental Figure S2B). It did 
not specifically concentrate at the cleavage 
furrow but appeared enriched in actin-rich 
structures (Supplemental Figure S2B). Of 
importance, this staining was lost upon Trio 
depletion by siRNA, demonstrating the 
specificity of the endogenous localization 
(Supplemental Figure S2B, bottom).

To confirm that Trio depletion could res-
cue the cytokinesis failure induced by 
MgcRacGAP depletion, we used two inde-
pendent siRNAs to deplete Trio in combina-
tion with MgcRacGAP siRNA in HeLa cells. 
Protein depletion was controlled by West-
ern blot analysis and immunofluorescence 
staining (Figure 2A and Supplemental Figure 
S2C). Of importance, both Trio siRNAs effi-
ciently rescued the number of multinucle-
ated cells induced by MgcRacGAP deple-
tion, demonstrating that the observed 
phenotype was indeed specific to Trio de-
pletion (Figure 2B).

To further demonstrate that the rescue 
observed in Trio/MgcRacGAP depleted cells 
was specifically due to the rescue of cytoki-
nesis failure, we performed live imaging to 
directly monitor dividing cells going through 
cytokinesis (Figure 2C and Figure 2 Videos 
S1–S4). Cells were monitored as they en-
tered cell division and scored for successful 
or failed cytokinesis. Upon MgcRacGAP de-
pletion, 29.7% of cells failed cytokinesis, 
leading to the appearance of multinucle-
ated cells (Figure 2C). Strikingly, only 6.2% 
of Trio- and MgcRacGAP-codepleted cells 
failed cytokinesis, showing that the deple-
tion of Trio indeed rescued the cytokinesis 
failure induced by the loss of MgcRacGAP 
(Figure 2C and Figure 2 Videos S1–S4). Of 
note, Trio depletion alone led to a slight 
change in cell morphology but did not in-
duce any significant cytokinesis failure 
(Figure 2, B and C, and Figure 2 Videos S1 
and S2), as previously reported for Rac1 
depletion (Jantsch-Plunger et  al., 2000; 
Canman et  al., 2008; D’Avino and Glover, 
2009).

To determine whether the rescue ob-
served after Trio depletion was specific to 
the cytokinesis failure induced by MgcRac-

GAP depletion, we tested whether Trio depletion was able to rescue 
the cytokinesis failure induced by the depletion of Ect2 a major ac-
tivator of the GTPase RhoA during cytokinesis (Yüce et al., 2005). Of 

of Rac1 (Figure 1). Even if the involvement of other GEFs activating 
Rac1 during cell division cannot be excluded, our screening ap-
proach identifies Trio as a major GEF of Rac1 in dividing cells.

FIGURE 2:  Trio depletion rescues the cytokinesis failure induced by the depletion of 
MgcRacGAP. (A) Western blot showing the amount of Trio and MgcRacGAP 30 h after siRNA 
transfection. siRNA conditions include control siRNA (siCtrl) and two independent siRNAs 
against Trio (siTrio#1, siTrio#2) alone or in combination with MgcRacGAP siRNA (siMgcRacGAP). 
α-Tubulin, loading control. Molecular weight is indicated in kilodaltons. (B) Immunofluorescence 
of HeLa cells stained with DAPI (nuclei, red) and α-tubulin (green) to visualize multinucleated 
cells upon MgcRacGAP depletion. siRNA conditions, as indicated. Asterisks, multinucleated 
cells. Scale bar, 20 μm. Graph shows quantification of the percentage of multinucleated cells. 
n = 500 cells; three independent experiments. Mean ± SEM. (C) Frames from movies showing 
cells undergoing cytokinesis. Cytokinesis failure is observed in MgcRacGAP siRNA–treated cells 
but not in control, Trio2, or Trio2/MgcRacGAP siRNA–treated cells. Asterisks, multinucleated 
cells. Time (minutes) is indicated in the upper left corner. Scale bar, 20 μm. Graph shows 
quantification of the percentage of dividing cells undergoing cytokinesis failure at the end of the 
first division after siRNA transfection. n > 30 cells/experiment; three independent experiments. 
Mean ± SEM. (D) Western blot showing the amount of Trio and Ect2 30 h after siRNA 
transfection. siRNA conditions include control siRNA (siCtrl) and Trio siRNA alone or in 
combination with Ect2 siRNA (siEct2). α-Tubulin, loading control. Molecular weight is indicated 
in kilodaltons. Immunofluorescence of HeLa cells stained with DAPI (nuclei, red) and α-tubulin 
(green) to visualize multinucleated cells upon Ect2 depletion. siRNA conditions, as indicated. 
Asterisks, multinucleated cells. Scale bar, 20 μm. Graph shows quantification of the percentage 
of multinucleated cells. n = 500 cells; three independent experiments. Mean ± SEM.
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To investigate directly whether Trio depletion rescues the cytoki-
nesis failure induced by MgcRacGAP depletion by controlling Rac1 
activation, we examined whether the increase in multinucleated 
cells induced by MgcRacGAP depletion could be suppressed using 
ITX3, the specific inhibitor of Rac1 activation by Trio (Bouquier et al., 
2009). siRNA depletion of MgcRacGAP upon ITX3 treatment was 
controlled by Western blot analysis and immunofluorescence stain-
ing (Figure 5A and Supplemental Figure S4B). Strikingly, ITX3 treat-
ment rescued the number of multinucleated cells induced by 
MgcRacGAP depletion (Figure 5B). This demonstrates that inhibi-
tion of Rac1 activation by Trio rescues the cytokinesis failure induced 
by MgcRacGAP depletion by decreasing Rac1 activity.

To further confirm that Trio depletion rescued the cytokinesis 
failure induced by MgcRacGAP depletion by controlling Rac1 ac-
tivity, we expressed siRNA-resistant forms of wt Trio or GEF-dead 
mutants of Trio (Supplemental Figure S3) and monitored whether 
this could suppress the rescue (Figure 5C and Supplemental Figure 
S4C). Because Trio harbors two GEF domains activating, respec-
tively, the GTPase Rac1/RhoG (GEFD1) and RhoA (GEFD2), we 
used a GEFD1-dead mutant of Trio unable to activate Rac1/RhoG 
(GFP-D1d) and a GEFD2-dead mutant of Trio unable to activate 
RhoA (GFP-D2d; Supplemental Figure S4C). Of note, expression 
of Trio or of Trio mutants per se did not induce multinucleated cells 
(unpublished data). As previously shown, Trio depletion rescued 
the cytokinesis failure induced by MgcRacGAP depletion (Figures 
1 and 2). Of importance, the rescue was partially suppressed by 
expressing GFP-Trio wt or GFP-D2d but not by expressing GFP-
D1d (Figure 5C). This confirms the involvement of the Trio-Rac1 
pathway in the rescue phenotype and indicates that RhoA activa-
tion by Trio is not involved in this process. Overall these results 
demonstrate that Trio depletion specifically rescues the cytokinesis 
failure induced by MgcRacGAP depletion by decreasing Rac1 
activity.

DISCUSSION
Rac1 negatively regulates the assembly and constriction of the con-
tractile ring during cytokinesis. This process is regulated by a GAP, 
MgcRacGAP, which is essential to inhibit Rac1 activation at the 
cleavage furrow (Canman et al., 2008; Bastos et al., 2012). Collec-
tively our results show that Trio, known mainly for its role in neu-
ronal development, plays an unexpected role in dividing cells, 
where it controls the activation of the GTPase Rac1 and subsequent 
F-actin cytoskeleton remodeling. Moreover, Trio depletion or spe-
cific inactivation of the Trio-Rac1 pathway rescues the cytokinesis 
failure induced by MgcRacGAP depletion in HeLa cells. On the ba-
sis of these observations, we propose a model in which Trio func-
tions as a GEF of Rac1 during cell division. Trio, which is expressed 
throughout the cell cycle, activates Rac1 to control F-actin cytoskel-
eton remodeling at the cell cortex of dividing cells. As previously 
described, MgcRacGAP is up-regulated in mitosis and targeted to 
the cleavage furrow to specifically inhibit Rac1 at the cleavage 
plane during cytokinesis (Hirose et al., 2001; Canman et al., 2008; 
Seguin et  al., 2009; Bastos et  al., 2012). MgcRacGAP therefore 
counteracts the action of Trio by locally and temporally inhibiting 
Rac1 activation at the division plane, subsequently ensuring accu-
rate cytokinesis (Figure 6).

In this study, we identify for the first time a GEF of Rac1 in divid-
ing cells, Trio, using a siRNA screening approach for GEFs belong-
ing to the Dbl family. Trio is a complex protein harboring two GEF 
domains, activating, respectively, RhoG/Rac1 and RhoA (Bellanger 
et al., 1998). Taken together, our experiments show that the rescue 
by Trio depletion of the cytokinesis failure induced by MgcRacGAP 

interest, Trio depletion did not rescue the cytokinesis failure induced 
by Ect-2 siRNA depletion (Figure 2D). Taken together, these results 
demonstrate that Trio depletion can specifically rescue the cytokine-
sis failure induced by MgcRacGAP depletion. Given that MgcRac-
GAP was described to be essential for Rac1 inactivation in cytokine-
sis (Canman et al., 2008; Bastos et al., 2012), this also suggests that 
Trio could rescue the cytokinesis failure induced by MgcRacGAP 
depletion by decreasing Rac1 activity. This therefore suggests that 
Trio could be a GEF of Rac1 in dividing cells.

Trio functions as a GEF of Rac1 during cell division
To directly test whether Trio could function as a GEF of Rac1 in divid-
ing cells, the amount of activated Rac1 was monitored by pull-down 
assay in synchronized mitotic cells. Compared to control siRNA–
treated cells, Trio depletion reduced by half the amount of activated 
Rac1 in mitotic cells (Figure 3A), showing that Trio activates Rac1 in 
mitosis. Strikingly, Trio depletion (Figure 3B) led to defects in F-actin 
cytoskeleton remodeling in both interphase (unpublished data) and 
dividing cells (Figure 3C). More specifically, in anaphase cells, the 
F-actin staining at the cortex was significantly reduced in Trio-de-
pleted cells compared with control cells (Figure 3C, MP). This de-
crease in F-actin staining was particularly obvious at the bottom 
plane (Figure 3, C–E, BP and inset), where cells are in contact with 
the substrate. Of interest, Trio depletion phenocopied the depletion 
of Rac1, consistent with a role for the Trio-Rac1 pathway in control-
ling F-actin remodeling in dividing cells (Figure 3, B–E). Trio deple-
tion also phenocopied the depletion of actin-related protein 3 
(Arp3; Figure 3, B–E), a component of the Arp2/3 complex whose 
depletion disrupts the Arp2/3 complex (Steffen et al., 2006). Arp2/3 
is known to nucleate branched actin filaments downstream of Rac1 
(Pollard, 2007). Taken together, these results suggest that Trio could 
control F-actin remodeling during cell division by controlling the 
Rac1-Arp2/3 pathway.

To confirm that Trio activates Rac1 to control F-actin remodeling 
in dividing cells, we performed rescue experiments using the GEFD1 
domain of Trio (green fluorescent protein [GFP]–DH1PH1; Figure 4, 
A–C, and Supplemental Figure S3). This domain was previously 
shown to strongly activate Rac1 (Bellanger et al., 1998). Expression 
of GFP-DH1PH1, insensitive to Trio siRNAs (Supplemental Figure 
S3), efficiently rescued the F-actin cytoskeleton remodeling defects 
observed in Trio-depleted anaphase cells (Figure 4, A–C). To dem-
onstrate further the involvement of the Trio-Rac1 pathway in control-
ling F-actin remodeling in dividing cells, we used ITX3, a specific 
inhibitor of Rac1 activation by Trio (Bouquier et al., 2009). ITX3 treat-
ment phenocopied Trio depletion (Figure 4D). Taken together, these 
results demonstrate that Trio functions as a GEF of Rac1 during cell 
division and that the Trio-Rac1-Arp2/3 pathway is important to con-
trol F-actin cytoskeleton remodeling in dividing cells.

Inhibition of the Trio-Rac1 pathway specifically rescues the 
cytokinesis failure induced by MgcRacGAP depletion
Recent studies from both mammalian cells and C. elegans embryos 
demonstrate that MgcRacGAP is essential at the cleavage furrow to 
inactivate Rac1 at the anaphase–telophase transition to allow for 
proper cytokinesis to occur (Canman et al., 2008; Bastos et al., 2012). 
In C. elegans embryos, Rac1 inhibition at the division plane is impor-
tant to prevent Arp2/3 complex activation, and Arp2/3 complex dis-
ruption rescues the cytokinesis failure induced by MgcRacGAP de-
pletion (Canman et al., 2008). In agreement with these results, Arp3 
depletion by siRNA in HeLa cells, which disrupts the Arp2/3 complex 
(Steffen et al., 2006), rescued the number of multinucleated cells in-
duced by MgcRacGAP depletion (Supplemental Figure S4A).
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FIGURE 3:  Trio depletion decreases Rac1 activity in dividing cells and leads to F-actin remodeling defects. 
(A) Quantification of GTP-bound Rac1 in control and Trio#2 siRNA–treated mitotic cells. Western blot showing the amount 
of Rac1 bound to GST-CRIB (Active Rac1) and the total level of Rac1 expression (Total Rac1). Immunoblot, anti-Rac1 
antibody. Molecular weight is indicated in kilodaltons. Histogram (right), relative Active Rac1/Total Rac1 ratio. Mitotic 
index, 60%. Three independent experiments. Mean ± SEM. *p < 0.01. (B) Western blot showing the amount of Trio, Rac1, 
or p34-Arc. p34-Arc is used to control for Arp2/3 complex disruption. siRNA conditions include control, Trio#1, Trio#2, 
Rac1, or Arp3. α-Tubulin, loading control. Molecular weight is indicated in kilodaltons. (C) HeLa cells were transfected with 
control siRNA, Trio#1 siRNA, Trio#2 siRNA, Rac1 siRNA, or Arp3 siRNA. HeLa cells were stained with rhodamine-phalloidin 
to monitor the F-actin cytoskeleton (red) and DAPI (DNA, blue) to identify anaphase cells. Middle planes (MPs) and bottom 
planes (BPs) are shown to visualize actin remodeling defects. Z-stack maximum projection, 0881 μm. Scale bar, 5 μm; inset, 
2 μm. (D) Graph showing the average F-actin intensity (bottom single plane) in each condition. Data from three 
independent experiments were pooled, and the actin intensity for each condition was normalized to the average intensity 
in control cells. Mean ± SEM. For all siRNA conditions compared with control siRNA, *p < 00001. (E) Graph showing the 
percentage of cells with F-actin remodeling defects. n > 30 anaphase cells; three independent experiments. Mean ± SEM.
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way by Trio (Blangy et  al., 2000; Estrach et  al., 2002; Briançon-
Marjollet et  al., 2008; Li et  al., 2011; van Rijssel et  al., 2012; 
Moshfegh et  al., 2014). Even if the involvement of other GEFs 
activating Rac1 or GEFs functioning as Rac1 effectors in dividing 

depletion is due to a decrease in Rac1 activity. This result is consis-
tent with the fact that previously described functions of Trio, such 
as neuronal development, migration, or invasion in mammalian 
cells, are also mediated by the activation of the RhoG/Rac1 path-

FIGURE 4:  The Trio-Rac1 pathway is important to control F-actin remodeling in dividing cells. (A) Rescue experiment 
performed by transfecting HeLa cells with GFP or GFP-DH1PH1 (domain of Trio known to strongly activate Rac1) and 
Ctrl or Trio siRNAs as indicated. Cells were stained with rhodamine-phalloidin (actin, red) and DAPI (DNA, blue) to 
monitor F-actin remodeling defects. Middle planes (MPs) and bottom planes are shown. Z-stack maximum projection, 
0881 μm. Scale bar, 5 μm; inset, 2 μm. (B) Western blot showing the amount of Trio and GFP or GFP-DH1-PH1. 
α-Tubulin, loading control. Molecular weight is indicated in kilodaltons. (C) Graph showing the percentage of cells with 
F-actin remodeling defects at the bottom plane. n > 30 anaphase cells/condition; three independent experiments. Mean 
± SEM. (D) HeLa cells were treated with DMSO or ITX3 and stained with rhodamine-phalloidin to monitor the F-actin 
cytoskeleton (red) and DAPI (DNA, blue) to identify anaphase cells. Middle planes (MPs) and bottom planes (BPs) are 
shown to visualize actin remodeling defects. Z-stack maximum projection, 0881 μm. Scale bar, 5 μm; inset, 2 μm. Graph 
(middle) showing the average F-actin intensity (bottom single plane) in each condition. Data from three independent 
experiments were pooled, and the actin intensity for each condition was normalized to the average intensity in control 
cells. Mean ± SEM. *p < 00001. Graph (far right) shows the percentage of cells with F-actin remodeling defects. n > 30 
anaphase cells; three independent experiments. Mean ± SEM.
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plane, thus allowing for cytokinesis to occur 
properly (Bastos et  al., 2012). This idea is 
supported by the fact that depletion of Rac1 
effectors known for their role in cell spread-
ing and cell adhesion (i.e., PAK or ARHGEF7) 
also rescues the cytokinesis failure caused 
by MgcRacGAP depletion (Bastos et  al., 
2012). It is possible that other Rac1 regula-
tors or effectors will contribute to the rescue 
by releasing cell adhesion at the division 
plane subsequently, allowing efficient con-
striction of the contractile ring.

Finally, by identifying for the first time a 
GEF of Rac1 in dividing cells, this work adds 
insights to the complex picture of the role of 
MgcRacGAP in controlling RhoA and Rac1 
during cytokinesis (Bement et  al., 2005; 
Piekny et al., 2005; Yüce et al., 2005; Loria 
et al., 2012). Indeed, MgcRacGAP, which was 
initially characterized for its GAP activity on 
Rac1 in vitro (Touré et al., 1998), has been 
described to control RhoA activity at the 
cleavage furrow (Jantsch-Plunger et  al., 
2000; Bement et  al., 2005; Piekny et  al., 
2005; Yüce et  al., 2005). In this regard, it 
is proposed that MgcRacGAP could activate 
RhoA via the regulation of the GEF Ect2 
(Yüce et al., 2005; Wolfe et al., 2009; Loria 
et al., 2012). By identifying Trio as a GEF con-
trolling Rac1 activation in dividing cells, our 
work complements and strengthens recent 
studies in both vertebrate and invertebrate 
models, demonstrating that a crucial func-
tion for MgcRacGAP at the cleavage furrow 
is the inactivation of Rac1 (Canman et  al., 
2008; Bastos et al., 2012). Further work is re-
quired to test whether the Trio-Rac1 pathway 
in division is conserved in other systems.

MATERIALS AND METHODS
Cell culture, cell synchronization, 
and inhibitors
HeLa Kyoto cells were grown in DMEM (Life 
Technologies, Saint Aubin, France) supple-
mented with 10% fetal bovine serum, 2 mM 
l-glutamine, penicillin, and streptomycin (Life 
Technologies) at 37°C with 5% CO2. To allow 

for anaphase enrichment (immunofluorescence experiments), cell 
synchronization was performed 6 h posttransfection. Cells were grown 
in the presence of 2 mM thymidine for 16 h and then released from 
the thymidine block and fixed 9 h later. To inhibit the Trio-Rac1 path-
way, cells were treated for 24 h with 50 μM of ITX3, an inhibitor spe-
cific to Rac1 activation by Trio (Bouquier et al., 2009). Control treat-
ment with dimethyl sulfoxide (DMSO) was performed in parallel.

Transfection and cDNA
cDNA transfections were performed using JetPEI Transfection 
Reagent (Polyplus Transfection, Saint Quentin Yvelines, France) 
according to manufacturer’s instructions for 24 h (GFP-Trio and Trio 
full-length mutants) or 48 h (GFP-DH1PH1). The GFP-DH1PH1 
was previously described (Blangy et al., 2000). Trio siRNA–resistant 
plasmids were subcloned using previously described GFP-Trio 

cells cannot be excluded, our screening approach identifies Trio as 
a major GEF controlling Rac1 activation in dividing cells. Of note, 
depletion of RhoG, the other target of the first GEF domain of Trio, 
did not rescue the depletion of MgcRacGAP, indicating that the 
rescue is mediated by Rac1 and not by RhoG (unpublished data), 
as previously reported in C. elegans (Canman et al., 2008).

By identifying a novel mitotic regulator of Rac1 important for F-
actin cytoskeleton remodeling, this work improves our understand-
ing of Rac1 regulation in dividing cells. Rac1, which is activated by 
Trio at the cell cortex of dividing cells, must be specifically inhibited 
at the division plane for cytokinesis to occur properly. This inactiva-
tion is important to prevent Arp2/3 complex activation and its as-
sociated nucleation of branched actin network in HeLa cells, as pre-
viously shown in C. elegans (Canman et al., 2008). Rac1 inactivation 
is also likely required to locally inhibit cell adhesion at the division 

FIGURE 5:  Inhibition of Rac1 activation by Trio rescues the cytokinesis failure induced by 
MgcRacGAP depletion. (A) HeLa cells were treated for 24 h with DMSO or ITX3 alone or in 
combination with MgcRacGAP siRNA. Western blot showing the amount of Trio and 
MgcRacGAP. α-Tubulin, loading control. Molecular weight is indicated in kilodaltons. 
(B) Immunofluorescence of HeLa cells stained with DAPI (nuclei, red) and α-tubulin (green) to 
monitor the presence of multinucleated cells after MgcRacGAP depletion upon DMSO or ITX3 
treatments. Asterisks, multinucleated cells. Scale bar, 20 μm. Graph shows the quantification of 
the percentage of multinucleated cells. n = 500 cells; three independent experiments. Mean ± 
SEM. (C) Immunofluorescence of HeLa cells (left) cotransfected with MgcRacGAP siRNA and Ctrl 
or Trio siRNAs. GFP, GFP-Trio siRNA resistant, GFP-D1d siRNA resistant (GEFD1 dead mutant of 
Trio unable to activate Rac1/RhoG), or GFP-D2d siRNA resistant (GEFD2 dead mutant of Trio 
unable to activate RhoA) was transfected together with the indicated siRNA to monitor which 
mutant form of Trio can suppress the rescue. HeLa cells were stained with DAPI (nuclei, blue) 
and α-tubulin (red) to monitor multinucleated cells. Asterisks, multinucleated cells. Scale bar, 
20 μm. Graph shows the quantification of the percentage of multinucleated cells after 
codepletion of Trio and MgcRacGAP and expression of mutant forms of Trio. Five hundred cells 
were counted per experiment; three independent experiments. Mean ± SEM. *p < 0.05.
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1/100; MgcRacGAP (Abcam, Paris, France; WB, 1/250; IF, 1/2000); 
α-tubulin (DM1alpha; Sigma-Aldrich, St. Louis, MO; WB, 1/400; IF, 
1/200), fluorescein isothiocyanate–conjugated α-tubulin (DM1alpha; 
Sigma-Aldrich; IF, 1/500), Rac1 (BD Biosciences, Franklin Lakes, NJ; 
WB, 1/2000), rhodamine-phalloidin (Sigma-Aldrich; IF, 1/10,000), 
BCR (Cell Signaling, Danvers, MA; WB, 1/1000), β-Pix (gift from 
N. Morin; CRBM–CNRS, Montpellier, France; WB, 1/5000), GFP 
(Life Technologies; WB, 1/5000), p34-Arc/ARPC2 (Millipore, 
Molsheim, France; WB 1/5000), Phospho Histone H3 (Millipore; WB 
1/5000), Ect2 (Santa Cruz C-20, Santa Cruz, CA; WB 1/1000), and 
DAPI (Cell Signaling; IF, 1/10 000). Secondary antibodies include, for 
IF, Alexa Fluor 488, 568, or 647–conjugated anti-rabbit or anti-mouse 
secondary antibodies (Molecular Probes, Carlsbad, CA; 1/1500) or 
555–conjugated anti-goat (Jackson Immunoresearch, West Grove, 
PA; 1/500), and for WB, anti-mouse and anti-rabbit immunoglobulin 
G (IgG), horseradish peroxidase (HRP)–linked antibody (Cell Signal-
ing; 1/2000) and anti-goat IgG, HRP-linked antibody (Jackson 
ImmunoResearch; 1/2000).

Immunofluorescence experiments, microscopy, 
and image analyses
Cells were fixed in 3.7% PFA in PHEM buffer containing 0.2% Triton 
X-100 for 15 min for actin staining or −20°C MeOH for microtubule 
staining. Then cells were blocked with 3% phosphate-buffered 
saline/bovine serum albumin and stained with the appropriate 
primary antibodies and secondary antibodies. Slides were mounted 
in Prolong Gold (Life Technologies). Multinucleated cell images 
were acquired with a Leica DM6000 microscope (40× objective; NA 
1.25) controlled by MetaMorph (Molecular Devices, Downingtown, 
PA). Confocal images were acquired with a Leica SP5 confocal 
microscope with a 63× objective (NA 1.4). Fluorescence range inten-
sity was adjusted identically for each series of panels. Image pro-
cessing (cropping, rotating, brightness and contrast adjustment, 
and color combining) was performed with Imaris (Bitplane, St. Paul, 
MN) and Photoshop (Adobe). Images were assembled using Adobe 
Illustrator. Average intensity for actin staining was obtained from 
one Z-plane (lowest plane in focus) using MetaMorph.

Time-lapse imaging
Time-lapse imaging of cultured HeLa cells was performed using an 
inverted DMIRE2 Leica microscope equipped with a LMC Plan Fluor 
40× objective (NA 0.55). Time-series images were acquired with a 
Micromax YHS 1300 4 (Roper Scientific, Tucson, AZ) controlled by 
MetaMorph. Time lapse was started 18 h after siRNA transfection, 
and images were taken every 6 min for 60 h. Time series of captured 
images were saved as .tiff files, which were compiled into .avi movies 
using ImageJ. Movies were displayed at 5 frames/s.

Lysates, gel electrophoresis, and immunoblotting
Cell lysates were obtained from HeLa cells 30 h after siRNA transfec-
tion. Lysis buffer: 20 mM HEPES, pH 7.0, 150 mM NaCl, 
5 mM MgCl2, 1% Triton X-100, and 1 μM protease inhibitor cocktail 
(Sigma-Aldrich, Hercules, CA). For the detection of BCR, urea buffer 
was used: urea 8 M in NH4HCO3 buffer, pH 7.5. Protein concentra-
tion was determined using Bio-Rad protein dye reagent (Bio-Rad 
Laboratories), loads were adjusted, and proteins were resolved by 
SDS–PAGE and analyzed by Western blot (Western Lightning Plus-
ECL kit; PerkinElmer, Waltham, MA).

Rac1 activation assay
To assess Rac1 activity in mitosis, cell synchronization was achieved 
using double-thymidine block in HeLa cells (2 mM, 16 h). After 9 h 

constructs and include GFP Trio, GFP-D1d (unable to activate Rac1/
RhoG), and GFP-D2d (unable to activate RhoA; Supplemental Figure 
S3; Bellanger et al., 1998; Estrach et al., 2002). Mutagenesis was 
performed using the QuikChange site-directed mutagenesis kit 
(Stratagene Agilent Technologies, Massy, France), according to 
manufacturer’s instructions (cloning details can be obtained upon 
request). Oligonucleotides were ordered from Eurofins MWG 
Operon: Trio forward, 5′-GGTCAGCCAAGATGGGAAATCACTGCT
AGACAAGCTCCAGCG-3′, and Trio reverse, 5′- CGCTGGAGCTT-
GTCTAGCAGTGATTTCCCATCTTGGCTGACC-3′ (cloning details 
can be obtained upon request). All constructs were verified by se-
quencing. siRNA transfections were performed using Oligofectamine 
(Life Technologies) according to manufacturer’s instructions. Trio, 
MgcRacGAP, Ect2, and Rac1 siRNA transfections were performed 
for 30 h unless otherwise specified. Arp3 siRNA transfections were 
performed for 72 h unless otherwise specified. The efficacy of pro-
tein depletion was assessed by immunoblotting and immunofluo-
rescence posttransfection as indicated.

siRNA screening and siRNA sequences
HeLa cells were seeded in 96-well plates at a density of 2500 cells/well. 
At 24 h later, cells were transfected using Oligofectamine (Life Tech-
nologies) and 100 nM MgcRacGAP siRNA combined with 100 nM 
control, Rac1, or GEFs siRNA pools. At 48 h after transfection, cells 
were fixed in paraformaldehyde (PFA)-PHEM buffer (25 mM 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES], 10 mM 
ethylene glycol tetraacetic acid, 60 mM 1,4-piperazinediethanesul-
fonic acid, 2 mM MgCl2, pH 6.9) and stained with α-tubulin and 
4′,6-diamidino-2-phenylindole (DAPI). Images were acquired 
(49 fields/well) using a Cellomics Arrayscan VTI HSCS reader (Thermo 
Scientific, Waltham, MA) equipped with a 20× objective (numerical 
aperture [NA] 0.4). siGENOME siRNA pools (screening) and indi-
vidual siRNAs were purchased from Dharmacon (GE Healthcare, 
Lafayette, CO). Sequences are provided in Supplemental Table S1.

Antibodies
The following primary antibodies were used: Trio (DeGeer 
et al., 2013), Western blot (WB), 1/1000; immunofluorescence (IF), 

FIGURE 6:  Model for Trio function in dividing cells. Trio functions as a 
GEF of Rac1 in dividing cells to control F-actin remodeling at the cell 
cortex. MgcRacGAP therefore counteracts the action of Trio by locally 
and temporally inhibiting Rac1 activation at the division plane, 
subsequently ensuring accurate cytokinesis.
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of release, cells (mitotic index count, 60%) were lysed in buffer con-
taining 50 mM Tris-HCl (pH 7.5), 1% NP-40, 2 mM MgCl2, 100 mM 
NaCl, 10% glycerol, 1 mM dithiothreitol, and 1 μM protease inhibi-
tor cocktail. Protein lysates were subjected to centrifugation at 
10,000 × g for 5 min at 4°C to remove insoluble materials. Endoge-
nous GTP-Rac1 was pulled down by incubating the protein lysates 
for 1 h at 4°C with the Cdc42/Rac interactive binding domain (CRIB) 
of mouse PAK3 (amino acids 73–146) fused to glutathione S-trans-
ferase (GST) and coupled to glutathione–Sepharose beads (GE 
Healthcare). The beads were washed three times with lysis buffer 
and resuspended in SDS sample buffer. Protein samples were ana-
lyzed by Western blot using the anti-Rac1 antibody. The level of 
GTP-bound (active Rac1) protein was assessed using ImageJ and 
normalized to the total amount of Rac1 detected in the cell lysate.

Statistical analysis
The number of cells counted per experiment for statistical analysis is 
indicated in the figure legends. For graphs in all figures, error bars 
indicate mean of at least three independent experiments ± SEM un-
less otherwise specified. Statistical analyses were performed using 
Excel (Microsoft Redmond, WA) or Prism software (GraphPad, San 
Diego, CA). The p values were calculated using a two-tailed Stu-
dent’s t test. Graphs were created using Excel or Prism software.
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