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Rab24 is an atypical member of the Rab GTPase

family whose distribution in interphase cells has been

characterized; however, its function remains largely

unknown. In this study, we have analyzed the distribution

of Rab24 throughout cell division. We have observed that

Rab24 was located at the mitotic spindle in metaphase,

at the midbody during telophase and in the furrow

during cytokinesis. We have also observed partial co-

localization of Rab24 and tubulin and demonstrated its

association to microtubules. Interestingly, more than

90% of transiently transfected HeLa cells with Rab24

presented abnormal nuclear connections (i. e. chromatin

bridges). Furthermore, in CHO cells stably transfected

with GFP-Rab24wt, we observed a large percentage

of binucleated and multinucleated cells. In addition,

these cells presented an extremely large size and

multiple failures in mitosis, as aberrant spindle formation

(metaphase), delayed chromosomes (telophase) and

multiple cytokinesis. A marked increase in binucleated,

multinucleated and multilobulated nucleus formation

was observed in HeLa cells depleted of Rab24. We also

present evidence that a fraction of Rab24 associates with

microtubules. In addition, Rab24 knock down resulted

in misalignment of chromosomes and abnormal spindle

formation in metaphase leading to the appearance of

delayed chromosomes during late telophase and failures

in cytokinesis. Our findings suggest that an adequate

level of Rab24 is necessary for normal cell division.

In summary, Rab24 modulates several mitotic events,

including chromosome segregation and cytokinesis,

perhaps through the interaction with microtubules.

Key words: chromosome segregation, cytokinesis, micro-

tubules, mitosis, Rab24

Received 20 April 2012, revised and accepted for

publication 4 February 2013, uncorrected manuscript

published online 6 February 2013, published online 8

March 2013

The family of Rab GTPases is constituted, in humans,
by more than 60 members and therefore represents
the largest member of the Ras superfamily of small
GTP binding proteins (1). Organelle identity is in part
determined by the presence of specific Rab proteins which

play an essential role in vesicular transport events (2), in
both the endocytic and the exocytic pathways (3,4).

Rab24 is an unusual member of the Rab GTPase family
with several striking features (5). Rab24 has a very low
intrinsic GTPase activity because of the presence of
an atypical serine instead of glutamine at the position
corresponding to Ras Q61 (6). Indeed, changing the
Q61 by a serine locks a Ras protein in its active GTP-
bound conformation (7). In addition, Rab24 presents two
histidine residues in its carboxy-terminal domain, which,
in part, may be responsible for the inefficient prenylation
of the protein. Furthermore, unlike other Rabs, Rab24
does not seem to form a detectable complex with GDI
(5). Maltese and collaborators have reported that the
D123I Rab24 mutant accumulates in punctate structures
localized in both the cytoplasm and the nucleus. The
majority of these inclusions appears to be concentrated
within the nucleus and the integrity of the nuclear
envelope is disrupted in many cases (8). Interestingly, in
a more recent publication, it was shown that, in contrast
to previous reports, human Rab24wt is predominantly
localized in the nuclei of COS-7 cells and that, similar to
the work of Maltese, overexpression of the D123I mutant
triggers the accumulation of intranuclear inclusions (9).
Regarding the specific function of Rab24, very little is
currently known. A change in protein expression has
been documented in some cell lines during cellular
differentiation associated with carcinogenesis (10–12).
We have previously demonstrated that Rab24 partly
colocalizes with the autophagic protein LC3 in CHO cells
subjected to starvation (10), suggesting a role for this
protein in the autophagic pathway. By the yeast two-
hybrid system, it was demonstrated that Rab24 interacts
with GABARAP (a human homolog of the LC3 protein)
and also with cyclophilin A (9). Interestingly, in a more
recent publication, it was shown that cyclophilin A is a
centrosome protein that undergoes cell cycle-dependent
relocation to the midzone and midbody during cytokinesis,
implicating a role of this protein during mitosis. In
addition, depletion of cyclophilin A leads to cytokinesis
defects through an inability to resolve intercellular brigdes,
culminating in delayed or failed cytokinesis (13). This
interaction was also confirmed in mammalian cells.
Interestingly, in nerve-injured hypoglossal motor neurons
from rats, an increase in both Rab24 mRNA and the
LC3 protein (14), as well as partial co-localization of
Rab24 and LC3 by immunohistochemistry. Furthermore,
accumulation of LC3-II, a hallmark of autophagy induction,
was also observed, indicating that autophagy-related
events are activated in these injured cells. In addition,
we have also observed that Rab24 is recruited to the
large Coxiella-replicative vacuoles which are considered
to present autophagic features (i.e. are labeled by
LC3 (15).
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Cytokinesis is a crucial feature of mammalian cell division
that leads to the separation of two daughter cells (16).
This process is initiated by the formation of an actomyosin
ring which constricts the furrow until the two daughter
cells remain connected by a narrow cytoplasmic bridge
known as the mid-body which is finally cleaved in
the abscission terminal step. Cumulative experimental
evidence indicates that vesicular transport is crucial
for these events, to mediate membrane delivery to
the cleavage furrow providing the augmented surface
area necessary to generate and to seal the two newly
formed cells (16,17). Indeed, exocytic events have been
documented with vesicles docking and fusing at the
furrow area (18). Endosomes are suitable candidates
to provide membrane during cytokinesis, and a role for
molecules of the endocytic machinery has been proposed.
It was demonstrated that both Rab11 and Rab11-
FIP3 localize to the cleavage furrow during cytokinesis
(19). Prekeris and collaborators have also demonstrated
that Rab11- and FIP3-containing recycling endosomes
accumulate near the cleavage furrow and that Rab11
is required for successful completion of cytokinesis in
mammalian cells (20). Rab11 function is also required
in specialized types of cytokinesis, such as Drosophila
embryo cellularization (21,22). In addition, Rab35, a Rab
protein localized to the plasma membrane and endocytic
compartments, has an essential role in the stability of
the bridge and in its final abscission (23,24). Since many
Rabs have partial overlapping endosomal distributions,
the function of other Rabs in cytokinesis has also been
examined (25). Thus, several Rab proteins may participate
in cytokinesis. Both Arf1 and Arf6 have also been
implicated in cytokinesis in mammalian cells (26–28).
It has been shown that FIP3 is also required for Arf6
recruitment to the midbody during late telophase (29).,
Of note, when both Rab11 and Arf6 are knocked-down,
the furrow rapidly regresses and the cells are unable to
form a stable midbody, suggesting that Rab11 and Arf6
function synergistically in allowing furrowing to progress
to the terminal stage of abscission (25). A more complete
picture of how membrane trafficking participates during
cytokinesis has been presented (16). Interestingly, recent
studies have shown the involvement of Rab5 in an early
stage of cell division by modulating the congression and
segregation of chromosomes (30,31). Recently, it has
been described that the protein DCDC5 plays an important
role in mediating dynein-dependent transport of Rab8-
positive vesicles and in coordinating cell division (32). In
addition, in a recent study that reveals genes associated
with cell division through a complete phenotypic profile,
it has been reported that the Rab24 gene showed a
binucleation phenotype and that this phenotype was
essential for survival (33).

In the present report, we present evidence that a
fraction of Rab24 is associated with microtubules. Our
results indicate that in cells transiently overexpressing
Rab24, the cells remain connected by a long cytoplasmic
bridge and appear to be defective in abscission. In

contrast, in stable Rab24 transfected cells, no chromatin
bridges were present but a marked increase in cell
size was observed. Chromatin bridges between daughter
cells were also observed in Rab24 silenced cells.
Furthermore, depletion of Rab24 leads to defects in proper
chromosome alignment during metaphase. In addition,
Rab24 knock down significantly altered both mitotic and
phase index with a concomitant increase in the number
of binucleated cells, an indication of increased failure in
cytokinesis.

Results

The distribution of Rab24 changes during the cell

cycle

In order to get new insights into the function of Rab24,
we assessed the distribution of endogenous Rab24 at
different stages of the cell cycle. Figure 1A shows
the localization of endogenous Rab24 in interphase,
metaphase, telophase and during cytokinesis using
affinity-purified anti-Rab24 antibodies. In interphase,
Rab24 displayed a diffuse pattern with a perinuclear
reticular distribution, as previously reported for cells
transfected with GFP-Rab24 (10) or with Myc-Rab24
(5,34). Interestingly, this distribution seems to follow
the microtubule pattern (Figure 1A, upper panels; see
also Figure S3). To our surprise, a close examination
of cells in metaphase revealed that Rab24 located to
the mitotic spindle, during telophase Rab24 located in
the midbody and associated with the furrow, except
in its center, throughout cytokinesis (lower panels and
right panels). In addition, endogenous Rab24 was also
detected in the nucleus of about 35% of cells (Figure
S2A,B), which is in good agreement with previous reports
in COS-7 cells (9). We also analyzed the distribution
of the protein in cells transfected with Myc-Rab24.
Cells were transfected with the myc-tagged protein, and
both β-tubulin and Rab24 (anti-myc) were detected by
indirect immunofluorescence. As shown in Figure 1B,
overexpressed Rab24 closely followed the distribution
of microtubules in the cytoplasm and also colocalized
with microtubules in metaphase, telophase and within
the intracellular bridge during cytokinesis (Figure 1B, right
panels).

To further investigate the localization of endogenous
Rab24, we performed double-immunofluorescence
experiments with an antibody against GAPCenA, a
Rab6GAP protein shown to localize in the centrosome
and to form complexes with gamma-tubulin (35). As
shown in Figure S3B, Rab24 co-localized with GAPCenA
in a typical centrosome-punctate pattern in interphase
cells under control conditions. We have also observed
that Rab24 colocalizes with GAPCenA after treating
cells with nocodazole, indicating that it does not require
an intact microtubule network for localization to the
centrosome.
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Figure 1: Distribution of Rab24 during interphase and cytokinesis. A) Immunofluorescence to detect both endogenous (e) Rab24
(green) and β-tubulin (red) in HeLa cells in interphase and during mitosis. DNA was visualized by Hoechst staining (blue). In interphase
cells Rab24 presented a reticular pattern that, in part, colocalized with β-tubulin and follows a microtubule distribution (upper panels).
During metaphase, telophase and cytokinesis endogenous Rab24 was located at the mitotic spindle, midbody and furrow of the
dividing cell, respectively. The inset shows a higher magnification of cells in cytokinesis. Endogenous Rab24 is depicted in red and
DNA was visualized by Hoechst staining (blue) B) Immunofluorescence microscopy assay in HeLa cells transfected with the plasmid
Myc-Rab24wt, using a goat anti-Myc polyclonal antibody (red) and a mouse anti-β-tubulin polyclonal antibody (green). Myc-Rab24
presents a similar reticular pattern in interphase cells and colocalizes with β-tubulin during metaphase, telophase and cytokinesis (lower
panels and enlarged image). The images are representative of at least three independent experiments. Bars: 13 μm.

Taken together, our results indicate that endogenous
Rab24, as well as the overexpressed protein, seems
to concentrate at the mitotic spindle in metaphase,
at the midbody in telophase and in the furrow during
cytokinesis. In addition, endogenous Rab24 localizes to
the centrosome in interphase HeLa cells.

Rab24 co-sediment with microtubules

Since in interphase cells (as well as in cytokinesis) we
observed a Rab24 distribution pattern that is reminiscient
of microtubules, we were interested in determining
the possible interaction of Rab24 with microtubules. To
assess the association of Rab24 with microtubules we
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performed a microtubule co-sedimentation assay. For this
purpose, HeLa cells transiently transfected with myc-
Rab24 were lysed and the post-nuclear supernatant was
incubated at the proper temperatures with either Taxol
(to stabilize microtubules) or nocodazole (to depolymerize
microtubules) (see Materials and Methods). The samples
were centrifuged through a 10% sucrose cushion and the
corresponding pellets and supernatants were subjected
to Western blot analysis. As expected, in the Taxol-
treated samples a large amount of tubulin was present
in the pellet fraction which corresponds to sedimented
microtubules (Figure 2A). Interestingly, a concomitant
amount of Rab24 was also found in this fraction.
In contrast, the presence of both tubulin and Rab24
was negligible in the pellet of the nocodazole-treated
lysate. We also analyzed the distribution of Rab24 and
tubulin by immunofluorescence in HeLa cells treated
for 1 h with nocodazole. Compared with the control,
nocodazole-treated cells showed changes in the typical
reticular perinuclear distribution of Rab24, likely because
of microtubule depolymerization (Figure S3A).

To investigate whether Rab24 is able to bind to
microtubules in the absence of MAPs (microtubule
associated proteins), we performed a similar microtubule
sedimentation assay to the one described above, but using
purified tubulin. Tubulin from bovine brain was purified
by three successive cycles of microtubule assembly
and disassembly and by using a phosphocellulose
column. Purified tubulin was incubated at the permissive
temperature with GTP and Taxol to allow the formation and
stabilization of microtubules (see Materials and Methods).
Subsequently, recombinant GST-Rab24, -Rab5 or -LC3
were added to the preformed microtubules. GST alone
was used as control. The samples were incubated at
20◦C to allow the binding of the proteins and then
centrifuged through a sucrose cushion. The corresponding
pellets and supernatants were subjected to Western
blot analysis using an anti-GST antibody. As shown in
Figure 2B, both Rab24 and LC3 were present in the pellet
fractions which correspond to sedimented microtubules.
In contrast, no Rab5 was detected in the pellet fraction
indicating the specificity of the Rab24 association. As a
control we did the experiment under the same conditions
but without adding preformed microtubules to confirm
that the proteins were precipitated only in the presence
of microtubules.

Taken together these results clearly indicate that Rab24
associates to microtubules both in vivo and in vitro.

Overexpression of Rab24 leads to aberrant

chromosome bridges

In order to further explore the distribution of Rab24
and to get insights into its function, we analyzed cells
overexpressing Rab24. In cells transfected with Rab24, a
series of striking morphological alterations were observed.
When the nucleus of HeLa cells transiently transfected

with Myc-Rab24 (Figure 3A, upper panels) or GFP-
Rab24 (not shown) were stained with TOPRO (a dye
that allows a very sensitive DNA detection), chromatin
bridges were observed between the two daughter cells
(Figure 3A, panel stained with TOPRO and Figure 3B).
Strikingly, more than 90% of the transiently transfected
cells presented abnormal nuclear connections (Figure 3C).
In order to assess if these aberrant chromosomal
bridges were specific for Rab24 transfection, HeLa cells
were transfected with GFP (green fluorescent protein,
vector alone), GFP-Rab11 or Myc-Rab22. As shown in
Figure 3A, very few of the transfected cells had atypical
connections (see also quantitative data presented in Panel
C). The modest increase in the number of cells with
connecting chromatin in Myc-Rab22 transfected cells was
not statistically significant.

To investigate whether the final abscission of the
daughter cells was affected, we performed time-lapse
videomicroscopy experiments on cells transfected with
GFP-Rab24. As control, cells transfected with the vector
GFP alone were used. Cells undergoing cytokinesis were
analyzed and images were collected every 20 min for
up to 15 h. Strikingly, during the whole imaging period,
cells overexpressing GFP-Rab24 remained connected by
a narrow cytoplasmic bridge containing lagging chromatin
which did not undergo abscission even after 15 h and
usually the cells then finally died (Figure S4B upper
panel). However, although in a very low percentage,
we observed that cells that remained connected by the
chromatin bridge for long periods suffered a regression,
resulting in binucleated cells (Figure S4B lower panel and
Movie S1). In contrast, cells overexpressing GFP alone
underwent a normal cytokinesis event and separated
after 50 min (Figure S4A and Movie S2). Unfortunately,
we were unable to follow the process beyond 15 h
because the large majority of the cells died after prolonged
incubation.

We next examined the morphological characteristics of
GFP-Rab24 stably transfected CHO cells. No aberrant
chromatin bridges in any of the analyzed cells were
observed. However, a large percentage of the stably
transfected cells presented abnormal nuclei (lobulated
nucleus). Binucleated and multinucleated cells were also
frequently observed (Figure 4A and its quantification in
Figure 4C). Strikingly, the stably GFP-Rab24 transfected
cells presented a large increase in size, more than sixfold
as compared with control cells (Figure 4B), suggesting
that they underwent abortive cell division. Interestingly,
in stably transfected CHO cells overexpressing a Rab24
mutant with a substitution S67L, a mutation in the
atypical GTP-binding motif present in Rab24 (10), neither
the nucleus morphology nor the cell size was altered,
indicating that the observed alterations are specifically
due to the enforced expression of the wild type Rab24
protein.
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Figure 2: Rab24 associates with microtubules. A) Microtubules co-sedimentation assay. HeLa cells transfected with the plasmid
Myc-Rab24 were lysed and incubated with taxol (0.4 μM) or nocodazole (0.4 μM) as indicated in Materials and Methods. Afterward, the
cell lysates were centrifuged on top of a 10% sucrose solution, and the pellets (P) and supernatants (S) were analyzed by Western
blot using rabbit anti-Myc and mouse anti-β-tubulin antibodies. Western blots were revealed by the ECL-detection system. The image
depicted is representative of three independent experiments. B) Upper panel: microtubule co-sedimentation assay using purified tubulin
free of MAPs. Tubulin from bovine brain was purified by three cycles of microtubule ensemble and disassembles. Purified tubulin was
incubated at the adequate temperature with GTP and Taxol to allow the formation and stabilization of microtubules (see Materials and
Methods). Subsequently, recombinant GST-Rab24, -Rab5 or –LC3 were added to the preformed microtubules. GST alone was used
as control. The samples were incubated at 37◦C to allow the binding of the proteins and then centrifuged through a 25% sucrose
cushion. The corresponding pellets and supernatants were subjected to Western blot analysis using an anti-GST antibody. Both Rab24
and LC3 but not Rab5 were present in the pellet fractions which correspond to sedimented microtubules. As a control we did the
experiment under the same conditions but without adding preformed microtubules (lower panel). The Western blot is representative of
four independent experiments.

To better understand the effect of overexpression of
Rab24 we examined cells by confocal microscopy at
different stages of mitosis. We observed several mitotic
defects in fixed cells labeled with anti-β-tubulin, such
as misaligned chromosomes, aberrant metaphases with
formation of multiple spindles as well as cytokinesis

involving more than two cells (Figure 5A). We have also
corroborated these observations by time lapse microscopy
(Figure S5A and Movie S3). In addition, we also observed
a marked increase in the number of cells in cytokinesis
(Figure 5C) by overexpressing GFP-Rab24wt, compared
with the expression of the vector GFP alone, but as
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Figure 3: Overexpression of Rab24 gives rise to daughter cells connected by a thin chromatin fiber. A) HeLa cells were
transiently transfected with the plasmids Myc-rab24, GFP (vector alone), GFP-Rab11 or Myc-Rab22. Tubulin was detected by indirect
immunofluorescence using a monoclonal anti β-tubulin antibody and the nucleus was labeled with the specific DNA dye TOPRO (1 μM).
The images depicted are representative of at least three independent experiments. B) A Myc-Rab24 overexpressing HeLa cell stained
with TOPRO showing in detail the atypical chromatin bridge connecting the daughter cells. C) Quantification of the percentage of cells
with abnormal nuclear bridges. Between 25 and 50 cells from three independent experiments were quantified in each condition. Bars:
13 μm.
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Figure 4: Stably transfected Rab24 cells present abnormal multilobulated nucleus and a marked increase in cell size. A) CHO
cells stably expressing GFP (upper panel), GFP-Rab24wt (middle panel) and GFP-Rab24S67L (lower panel) were stained with Phalloidin to
label actin (to better visualize the cell size) and Hoechst to visualize the nucleus. The images were obtained with the same magnification
to clearly show the size differences. B) Quantification of cell size of stably transfected Rab24 cells as the ones shown in panel A, using
ImageJ software. Approximately 500 cells were counted in each condition. C) Quantification of the percentage of bi/multinucleated
Rab24 stably transfected cells. The images are representative of at least three independent experiments. Bars: 10 μm.
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Figure 5: CHO-GFP-Rab24wt cells present several mitotic errors. A) CHO cells stably expressing GFP-Rab24wt pre-permeabilized
and then fixed with methanol, were stained with β-tubulin to visualize microtubules at different mitotic stage. B) Comparison between
the mitotic index of CHO cells expressing GFP or GFP-Rab24wt. C) Quantification of the percentage of cells in cytokinesis in CHO cells
stably transfected with GFP or GFP-Rab24wt. The images are representative of at least three independent experiments. Bars: 10 μm.
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shown in Figure 5B, we did not observe changes in the
mitotic index.

We next examined the distribution of Rab24 and
the centrosome in CHO-GFP-Rab24wt cells fixed with
methanol. As shown in Figure S5B, GFP-Rab24wt
co-localized with γ-tubulin, a well known marker of
centrosomes.

Rab24 knock down seriously affects cell division

To further analyze the role of Rab24 in cytokinesis, Rab24
was depleted with two different siRNA (siRNA #1 and
#2). HeLa cells were transfected with the siRNA against
Rab24 (#1, #2 and #1+ #2) and an irrelevant siRNA,
as control. Cells were lysed and analyzed by Western
blot using a mouse anti-Rab24 polyclonal antibody. As
shown in Figure 6A and B, Rab24 was efficiently depleted
after 3 days of culture with the siRNA. The knock down
of Rab24 was also visualized in the siRNA transfected
cells by indirect immunofluorescence using an anti-Rab24
antibody (Figure 6C). Interestingly, in the Rab24-depleted
cells, a marked increase in the percentage of binucleated
or multinucleated cells was observed (Figure 6C,D), which
indicates a failure in cytokinesis. We also observed an
increase in the number of cells in metaphase (Figure 6C,
lower panel). In addition to binucleated cells, a significant
number of cells also exhibited multiple and abnormal
nuclei after 48 and 72 h post-transfection (Figure 6E).
We next determined the mitotic index as well as the
percentage of cells found in the different stages of
mitosis (i.e. phase index). As shown in Figure 7A, Rab24
depletion caused a marked decrease in the percentage
of cells undergoing mitosis. Figure 7B shows that there
was an increase in the number of cells in metaphase,
which is consistent with the observations described
above (Figure 6C, lower panel). We also assessed the
percentage of cells in cytokinesis as determined by the
number of cells marked at the furrow/midbody with the
protein tubulin. As depicted in Figure 7C, a remarkable
decrease in cytokinesis was observed in cells treated with
the Rab24 siRNA for 72 h compared with cells treated for
48 h or with the control siRNA. Consistently, Rab24 knock
down strongly affected cell growth (Panel D). It is worth
mentioning that similar results were obtained by using
each siRNA against Rab24. In addition we determined both
mitotic index and the percentage of cells in cytokinesis,
in HeLa cells transfected with two different dominant
negative Rab24 mutants (i.e. Rab24 T21N and D123I, a
GDP inactive and a nucleotide empty form, respectively).
Both Rab24 mutants caused a dramatic inhibition of
mitotic index as well as a remarkable decrease in the
number of cells in cytokinesis (Figure 7E,F). Interestingly,
overexpression of GFP-Rab24wt also altered the mitotic
index and the percentage of cells in cytokinesis (panels G
and H), indicating that a proper level of Rab24 is critical for
these events.

In order to get further insights into the role of Rab24
in mitotic-related events, we analyzed by live imaging

the cell division process in cell populations treated with
Rab24 siRNA. Cells treated with control siRNA underwent
a normal mitosis (Figure S6A, and Movies S4 and S5). In
contrast, cells depleted for Rab24 underwent an abortive
cytokinesis and furrow regression was observed (Figure
S6B, and Movies S6 and S7).

The accumulation of cells in metaphase, followed by
a reduction of cells in later stages of mitosis (by
phases index), combined with the striking presence
of chromatin bridges (shown above), suggested that the
cytokinesis failure could be a consequence of defects
in earlier stages of mitosis. For this purpose, we carefully
analyzed the mitotic spindle aspect as well as the
alignment of the chromosomes. As shown in Figure 8
in cells depleted for Rab24, we observed in metaphase
the presence of chromosomes defectively aligned as well
as alterations in the number and in the aspect of
the spindle (Figure 8A, lower panels). The percentage of
aberrant metaphase cells was quantified and the data
are depicted in Figure S7B (see also legend of Figure
S7A). In addition, cells treated for 48 h with Rab24 siRNA
exhibited abnormal spindle formation and a significant
delay in the progression from metaphase to the end
of mitosis in comparison with siRNA-Control (Figure
S7C and Movies S8 and S9, and quantification in
S7D).

During late telophase we visualized the presence of
delayed chromosomes (some of them were even located
in the furrow and labeled by the anti-crest serum,
please see arrowheads) and abnormal distribution of the
kinetochores (Figure 8B, lower panels). In addition, we
observed a low percentage of cells that formed aberrant
furrow during cytokinesis (Figure 8C).

Moreover, a slight decrease in the distance between
the centrosomes (distance pole to pole) in anaphase
cells silenced of Rab24 was observed (data not shown).
This result correlates with the failure of chromosome
segregation observed in Figure 8.

In summary, all the above experiments clearly indicate
that depletion of Rab24 or overexpression of dominant
negative Rab24 mutants, cause serious alterations in early
stages of cell division, which subsequently lead to failures
in cytokinesis.

Discussion

In the present report, we have described that the intra-
cellular localization of endogenous Rab24 changes during
mitosis and, more importantly, we have demonstrated
that this protein is required for proper chromosome segre-
gation and cytokinesis. A role for Rab GTPases in the later
stages of cell division has been previously documented
(25). In Caenorhabditis elegans, siRNA-mediated deple-
tion of Rab11, a Rab protein involved in endocytic vesicle
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Figure 6: Down regulation of Rab24 leads to abnormal nucleus morphology. A) HeLa cells treated with Rab24 siRNAs #1, #2 or
both together (#1 + #2) for 72 h were lysed and analyzed by Western blot using a mouse anti-Rab24 polyclonal antibody. An irrelevant
siRNA was used as a control. Anti-β−tubulin was used as a loading control. B) Quantification of the Western blot shown in (A), using the
ImageJ software. C) Immunofluorescence microscopy assay in HeLa cells, treated with Rab24 siRNA for 72 h, using a mouse anti-Rab24
polyclonal antibody (red). DNA was visualized with Hoechst (blue). D) Quantification of the percentage of binuclear or multinuclear cells
of images like the ones shown in (C). The data represent the mean ± SEM of four independent experiments. At least 100 cells were
counted in each condition. E) HeLa cells treated with Rab24 siRNA for 72 h, fixed and labeled with Hoechst to visualize multinucleated
cells. Images are representative of at least three independent experiments. Bars: 13 μm.

recycling, leads to cytokinesis alterations, including fur-
row regression and abnormal scission (36). As indicated
in the introduction, the participation of Rab11 in cytoki-
nesis in mammalian cells has also been demonstrated
(20). More recently, Gould and collaborators have care-
fully analyzed the role of several endocytic Rabs such as
Rab5, 4, 7, 8, 9, 11, 21 and 22. Interestingly, none of
those Rabs, with the exception of Rab11, interfered with
the process of furrowing and cytokinesis (25). However, it
has been recently shown that Rab21 activity and integrin
targeting to the cleavage furrow, a process regulated by
Rab21, are required for the completion of cell division

(37). Thus, several Rab proteins may contribute to cytoki-
nesis. In addition, Rab35, a Rab protein which controls
a fast endocytic recycling pathway in interphase, plays
an essential role during the terminal steps of cytokine-
sis (23). It is also important to mention that Rab6A′ is
required for normal transit through mitosis since a block-
age in metaphase has been observed in Rab6A′-depleted
cells (38). Interestingly, depletion of GAPCenA, a Rab6
GAP that localizes to the centrosome (35), leads to a
similar phenotype to the one observed upon alteration
of Rab6A′ function. We have evidence that Rab24 not
only colocalizes with GAPCenA in the centrosome but
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Figure 7: Depletion of Rab24 causes abnormalities in growth and cell division. Quantification of the percentage of mitotic (A),
different mitotic phases (B) and cells in cytokinesis (C), respectively. HeLa cells, treated with Rab24 siRNA for 48 and 72 h, were
analyzed by immunofluorescence using a mouse anti-tubulin antibody and Hoechst to stain the nucleus. D) Cell growth was analyzed
by counting HeLa cells transfected with Rab24 siRNA for 72 h in a Neubauer chamber. Quantification of the percentage of mitotic
(E) and cytokinesis cells (F) in HeLa cells transfected with two dominant negative mutants (GFP-Rab24 T21N or Myc-Rab24 D123I)
following standard procedures. Quantification of the percentage of mitotic (G) and cytokinesis cells (H) in HeLa cells transfected with
GFP-Rab24wt. As a control, we transfected HeLa cells with GFP vector alone. At least 800 cells were counted in each condition. Mitotic
index and cell growth were determined as described.
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also co-immunoprecipitates with this protein (data not
shown). It has been proposed that GAPCenA may partic-
ipate in a pathway involved in the metaphase/anaphase
transition. Interestingly, depletion of Rab24 by a siRNA
causes a marked accumulation of cells in metaphase. It
has been shown that Rab6-interacting protein1 (R6IP1), a
Rab6-binding protein, also binds to Rab11, suggesting that
this protein links Rab6 and Rab11 function (39). Notably,
R6IP1 function is also involved in controlling metaphase
and cytokinesis, two events in mitosis in which Rab6
and Rab11 have been involved. Preliminary results in our
lab indicate that, similar to Rab6 and Rab11, Rab24 also
interacts with R6IP1 (unpublished result). Thus, this obser-
vation may explain in part, the increased number of cells
arrested in metaphase observed in Rab24 depleted cells.

As mentioned above, our results indicate that the
distribution of Rab24 changes during the cell cycle. In
interphase, a fraction of Rab24 presents a reticular pattern
following the microtubule distribution whereas this protein
localizes to the mitotic spindle at metaphase, midbody and
to the cleavage furrow and during cytokinesis. We have
presented evidence that Rab24 actually associates with
microtubules in vivo. In addition, we have demonstrated
that Rab24 can associate with microtubules assembled
in vitro with cytosolic or purified tubulin. Consistently,
in a previous report, using the yeast two-hybrid system,
it has been indicated that Rab24 interacts with human
alpha 6 tubulin (i.e. TUBA6), (9). Interestingly, alpha 6
tubulin has been found in the mitotic spindle-fiber but is
absent in cytoskeletal microtubules in Naegleria gruberi
(40). Our results indicate that depletion of Rab24 causes
alterations in the symmetry and the aspect of the spindle
during metaphase. Thus, these defects might be related
to the interaction between Rab24 and tubulin, in mitotic
microtubules.

We have also observed that depletion of Rab24 results in
a remarkable increase in binucleated and multinucleated
cells. Similarly, depletion of the Rab11 interacting protein
FIP3 by RNAi also increased the number of binucleated
cells and the depleted cells remained connected by a long
cytoplasmic bridge (20). Interestingly, we have observed
that in almost all the cells transiently overexpressing
Rab24, the nuclei of the daughter cells remain connected
by a chromatin bridge and, as visualized by time-lapse
confocal imaging, cell abscission was blocked likely due
to the lagging chromatin. It is difficult to interpret why
both overexpression of Rab24 constructs and depletion
of the endogenous protein levels by siRNA leads to
alterations in the cell phenotype. Although in cells
overexpressing Rab24wt we were unable to visualize
cleavage furrow regression even after 15 h of time-lapse
imaging, it is likely that this episode eventually takes
place. This would be consistent with our findings that
in Rab24 stably transfected cells, there is a marked
increase in the number of binucleated/multinucleated
cells with the striking characteristic that the cells are
giant. On the other hand, it is important to mention that

Figure 8: Rab24 depletion causes defective chromosome

alignment and aberrant spindle formation. Immunofluores-
cence of HeLa cells at metaphase (A), late telophase (B) or
cytokinesis (C), treated with siRNA-control or siRNA-Rab2 for
48 h, using a mouse anti-β tubulin antibody (red) and Crest serum
(green). DNA was visualized with Hoechst (blue). Images are
representative of at least three independent experiments. Bars:
13 μm.

Rab24-depleted cells presented chromosomes defectively
aligned and failures in spindle formation (aberrant
spindles) during metaphase and delayed chromosomes
in anaphase and late telophase. In addition, the cells
experimented cleavage furrow regression. Further work
would be necessary to address these differences in
phenotypes in both Rab24 overexpressing or depleted
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cells. We can infer that a proper Rab24 level is
critical for a normal cell division. Nevertheless, the
combination of both phenotypes suggests an alteration
in the binding of microtubules to kinetocores with a
consequent error in the congression and subsequent
segregation of chromosomes through the cell cycle.
It has been suggested that chromatin trapped in the
cytokinetic cleavage furrow is the cause for furrow
regression and tetraploidization (41). This hypothesis has
been recently confirmed by Gerlich and collaborators
(42) showing that abscission timing, controlled by the
mitotic kinase Aurora B, depends on the completion
of chromosome segregation. It is important to mention
that we have preliminary evidence indicating that Rab24
colocalizes with survivin in prophase and both proteins
localize to the midbody at the cleavage furrow during
cytokinesis. In addition, we observed defects in survivin
distribution in HeLa cells depleted of Rab24 (not shown).
Survivin is a subunit of the chromosomal passenger
complex constituted by Aurora B, the inner centromere
protein INCENP, and borealin. This complex is essential
for proper chromosome segregation and cytokinesis
[reviewed by (43,44)]. Within this complex, Aurora B
acts as the enzymatic core, whereas survivin determines
the chromosomal passenger complex localization. As
previously reported, survivin modulates the cell cycle
through interaction with microtubules. Interestingly,
both, overexpression and silencing of survivin affected
microtubule dynamics leading to similar phenotypic
failures during mitosis (45).

The altered chromosome segregation phenotype has also
been observed in cells defective in one of the subunits
of the protein condensin, involved in proper chromosome
architecture (46). In these cells, chromosome segregation
failed, as indicated by an increased number of post-
anaphase cells exhibiting chromatin bridges which in
turn leads to a block in cytokinesis and cleavage furrow
regression. Also, these features are reminiscent to the
cut phenotype of fission yeast and to mammalian cells
transfected with the non-degradable securin where the
daughter nuclei remain connected by chromatin (47). This
chromatin thread indicates one or more non-separated
chromosomes, pointing to a failure in sister chromatids
dissociation. Thus, overall our findings suggest that Rab24
plays a role in chromosome segregation. Interestingly,
a novel family of human small GTPases known as Gie
has been described to play a crucial role in the equal
segregation of chromosomes (48). Of note, Gie, like
Rab24, is capable of associating with microtubules both
in vitro and in living cells. Overexpression of dominant
negative mutants of Gie induces abnormal chromosomes
and the formation of micronuclei, likely as a consequence
of chromosome mis-segregation but not to alterations
in cytokinesis, since no increase in polyploidy was
observed.

A study published very recently has shown that silencing
Rab5 in U2OS cells causes defects in chromosome

congression and extensive prometaphase delay, due to
a reduction in the localization of the protein CENP-
F to kinetochores (31). CENP-F, is a centromere-
associated protein which contributes to the establishment
of kinetochore-microtubule interactions. Another group
demonstrated, almost simultaneously, that Rab5 is
required for proper chromosome alignment before
anaphase during Drosophila mitosis. It was shown that,
Rab5 associates in vivo with Lamin altering Lamin
disassembly and causing relocation of Mud (mushroom
body defect) to the poles during mitosis. Mud is
the Drosophila counterpart of nuclear mitotic apparatus
protein (NuMA), which is known to be important for
spindle formation and maintenance in vertebrate cells (30).
Thus, surprisingly, through two different mechanisms,
there is strong evidence that Rab5 is necessary for proper
congression and alignment of the chromosomes in early
stages of mitosis. Likewise, our findings indicate that
Rab24 is required for proper chromosome arrangement
and segregation. It is interesting to mention that
using a structural proteomic approach, Lambright and
collaborators have demonstrated the interaction between
Rabenosyn-5 (a Rab5 effector) and Rab24 (49). Thus, this
connection between Rab5 and Rab24 may account for
some similar results described for both Rab proteins. It is
tempting to speculate about a potential role for Rab24 in
degradation of the nuclear lamin or a possible interaction
between Rab24 and CENP proteins.

Our present results suggest that Rab24 plays a critical
role in cell division and chromosome segregation perhaps
through its interaction with microtubules. However,
further studies are necessary to determine how Rab24
regulates chromosome separation at the molecular level
and whether alterations in cytokinesis is only due to the
presence of the lagging chromatin or to a more direct
role of Rab24 vesicles in the abscission process itself, or
both. Therefore, determining how Rab24 might execute
these distinct functions is an important topic for future
investigations.

Materials and Methods

Antibodies, DNA constructs and siRNA
A Rab24 polyclonal mouse antibody generated against GST-Rab24
recombinant protein (Área de Microbiología, Facultad de Ciencias Médicas,
U. N. Cuyo) was used at a 1:200 dilution. A 15 mer peptide
(DYVSVAAFQVMTEDK), from the hypervariable C-terminal domain of
Rab24, coupled to the protein KLH was synthesized by Genemed
Synthesis, Inc. This peptide was used to immunize mice intraperitoneally.
Both antibodies were affinity purified and characterized to determine
their specificity (see below). A monoclonal mouse β-tubulin antibody
(Sigma) was used at a 1:200 dilution (immunofluorescence) or a 1:1000
dilution (WB). A rabbit polyclonal anti-Myc antibody (Santa Cruz) was
used at a 1:200 dilution (immunofluorescence) and a 1:1000 dilution
(Western blot), a goat polyclonal anti β-tubulin antibody (Abcam) was
used at a 1:200 dilution (IFI), a polyclonal rabbit antibody against
GAPCenA (Inst. Curie) was used at a dilution of 1:500 and a monoclonal
mouse γ-tubulin antibody (Sigma) was used at a 1:100 dilution. Crest
serum was a gift from Dr. María Susana Merani (UBA, Buenos Aires,
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Argentina). A mouse monoclonal anti-phospho-H3 (SIGMA, Buenos Aires,
Argentina) was used at a 1:200 dilution (IFI) and was a gift from
Dr. Alonso (INGEBI, CABA, Argentina). The Cy3-conjugated secondary
antibodies were from Jackson and the Alexa-488-conjugated secondary
antibodies were from Molecular Probes (Oregon, USA). RNAi-mediated
Rab24 knockdown (siRNA-Rab24 #1) was performed using the following
siRNA (5′ UGUGGCACCAAGAGUGACC TT 3′). A validated siRNA
against Rab24 (siRNA-Rab24 #2) was purchased from Integrated DNA
Technologies, Inc. The generation of the GFP-Rab24 constructs were
described previously (10) and the Myc-Rab24 constructs were obtained
using standard subcloning procedures. A dominant negative mutant of
Rab24, Myc-Rab24 D123I was kindly provided by Dr. William Maltese.
(University of Toledo, Toledo, USA). GFP-H2B was kindly provided
by Dr. Jeremy P. Blaydes (Cancer Sciences Division, University of
Southampton, U.K.).

Characterization of the anti-Rab24 antibodies

generated
As indicated above, we generated a mouse polyclonal antibody against
GST-Rab24 fusion protein as well as a mouse polyclonal antibody against
a specific peptide corresponding to the C-terminal domain of Rab24
(DYVSVAAFQVMTEDK). Using a BLAST analysis, we found that this selected
peptide is not conserved among any other known protein. To determine
the specificity of the generated antibodies we performed the following
experiments. The affinity-purified antibodies were incubated with either
purified recombinant GST-Rab24 or with the immunizing peptide. This
pre-absorption of the antibodies resulted in complete abolition of Rab24
immunoreactivity as determined by immunofluorescence (Figure S1A,B)
and Western blot (Figure S1C). In Figure S1A upper panels, we analyzed the
distribution of endogenous Rab24 in different conditions such as starvation
and vinblastine-treatment, conditions known to alter Rab24 distribution
(i.e. from reticular to vesicular pattern) (10). As expected when the
anti-Rab24 was depleted with purified GST-Rab24, no immunodetection
was observed (Figure S1A, lower panels). To confirm the specificity
of the antibodies we next assessed if they could specifically detect
GFP-Rab24, RFP-Rab24 or myc-Rab24 expressed in transfected cells.
Immunofluorescence analysis demonstrated that the anti-Rab24 staining
pattern was basically identical to that of GFP-, RFP- (not shown) or Myc-
Rab24 (Figure S1B, upper panels). In addition, the antibodies did not
recognize overexpressed GFP-Rab11 (Figure S1B, lower panels). Finally,
as shown in Figure 5C, antibody staining decreased in cells treated with
siRNA-Rab24, further supporting the antibody specificity for Rab24. Both
antibodies gave similar results; thus, they were used indistinctly in the
experiments.

Cell culture and transfection
HeLa cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
with 10% FBS and maintained at 37◦C in a 5% CO2 atmosphere.
One day before transfection, cells were plated on coverslips in 6-well
tissue culture plates. Cells at 60–80% confluence were transfected with
the indicated expression vectors using Lipofectamine 2000 (Invitrogen).
siRNA transfections were performed with oligofectamine (Invitrogen) in
Opti-MEM (Gibco). HeLa cells were transfected with a siRNA against
Rab24 for 24, 48 and 72 h. As control, an irrelevant siRNA was
used.

Immunofluorescence studies
Transfected and not transfected cells were grown on glass chamber
slides as monolayers. After 1 day in culture the slides were washed
with PBS and fixed in methanol (2 min at −20◦C) or in 3%
paraformaldehyde (PFA) for 10 min at room temperature, washed
with PBS and blocked with 50 mM NH4Cl in PBS. Subsequently, cells
were permeabilized with 0.2% Saponin plus 1% BSA, in PBS for 15
min. Slides were then incubated for 1 h with the primary antibody
diluted in the same media (1% BSA, 0.2% Saponin in PBS). After
six washes, detection was revealed using the secondary antibody for

1 h. Nuclei were counterstained with Hoechst (Invitrogen) or TOPRO
(Invitrogen), after that coverslips were mounted in Mowiol and analyzed by
fluorescence microscopy using an inverted microscope (Nikon Eclipse
2000), Nikon C1 Confocal Microscope System and with the EZ-C1
program (Nikon) or Olympus FV1000 Confocal microscope, controlled
by the Olympus software (Universal Imaging). We have improved some
images by performing 2D spectral deconvolution, using the ImageJ
software.

Microtubule cosedimentation assay
Cells were lysed in 120 μL of solubilizing buffer (80 mM K-PIPES buffer
pH 6.8 containing 1% NP40, 150 mM NaCl, 1 mM MgCl2, 1 mM EGTA,
1 mM DTT, 1 mM GTP, 1 mM vanadate and a protease inhibitor cocktail
(Sigma). After incubation on ice for 30 min the lysate was centrifuged at
200 000 × g for 30 min at 4◦C to remove nucleus and cellular debris. After
separating 20 μL (Total sample), the supernatant was divided into two
tubes (50 μL each), and 0.4 μM paclitaxel (Taxol) or Nocodazole was added
to the sample. After incubation for 30 min at 37◦C (Taxol) or 30 min at
4◦C (Nocodazole), the reaction mixture was centrifuged at 100 000 × g for
30 min at 20◦C through a 10% sucrose cushion. The supernatants were
recovered (50 μL) and the resultant pellets were resuspended in 50 μL
of solubilizing buffer. The total volume of each sample (i.e. 50 μL) were
separated by 12.5% SDS-PAGE, and subjected to Western blot analysis.
In addition, the 20 μL sample corresponding to the whole cell lysate was
also analyzed.

Purified tubulin protein preparation
To purify bovine brain tubulin, we used a procedure described previously
(50). Briefly, 100 g of bovine brain was homogenized in homogenization
buffer (PMEE′ buffer (35 mM PIPES, 5 mM MgSO4, 1 mM EGTA, 0.5 mM

EDTA, pH 7.4,) with protease inhibitors). Purified tubulin fractions were
pooled and aliquots were frozen in liquid nitrogen and stored at −80◦C
until needed.

Rabs and LC3 interaction with preformed

microtubules
The proteins (0.10–0.20 mg/mL) were added in 200-μL Airfuge tubes
and were mixed with Taxol-stabilized PC-MTs (final concentration of
0.35 mg/mL tubulin), and the mixture was incubated for 15 min at
20◦C). Microtubule preparation was centrifuged through 25% sucrose
cushions (100 000 × g for 5 min) and resuspended with PMEE′ buffer,
1 mM GTP and 20 μM Taxol (PGT buffer). For analysis, supernatant and
pellet were incubated with sample buffer and the samples were subjected
to electrophoresis in a SDS-PAGE.

Time-lapse imaging
For live imaging, HeLa cells were plated on 35 mm dishes containing
cover slips, transfected the next day with GFP or GFP-Rab24wt and
10 h later placed in a temperature controlled chamber, in complete
medium with 2 μM Hoechst at 37◦C. Cells were imaged every 20 min
for up to 15 h with an Olympus FV1000 microscope, controlled by
the Olympus software (Universal Imaging). Rab24 KD cells were
analyzed at 37◦C with an inverted microscope (Nikon Eclipse TE 300,
Germany). Images were processed using Nikon software (Universal
Images Corporation). As a control HeLa cells were transfected with
an irrelevant siRNA. The images are representative of at least four
independent experiments.

Mitotic index
The mitotic index was determined by stablishing the ratio between
the number of cells in mitosis and the total number of cells counted.
We measured the mitotic index by counting cells based on chromatin
configuration (labeled with Hoechst) in cells also labeled with tubulin, and
also using the mitotic marker phospho-histone H3.
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Figure S1. Characterization of the mouse polyclonal anti-Rab24

antibody. A) In starved cells, it has been previously shown (12) that
endogenous Rab24 changes its distribution from a reticular to a punctate
pattern, which partially colocalizes with the autophagic protein LC3 (not
shown). In addition, we observed accumulation of dots, when cells were
previously treated with vinblastine, an inhibitor of microtubule assembly
(upper panel). In contrast, there was no staining when the anti-Rab24
was depleted with GST-Rab24 (lower panel). B) Immunofluorescence
microscopy assay in HeLa cells showed that the mouse anti-Rab24
polyclonal antibody strongly recognizes the overexpressed Myc-Rab24
protein (upper panel) but does not recognize GFP-Rab11 (lower panel). C)
Both GST-Rab24 and Rab24 proteins were detected by western blot with
the mouse polyclonal antibody against Rab24, whereas no detection was
observed with the antibody previously depleted with GST-Rab24. Bars:
13 μm.

Figure S2. Endogenous (e) Rab24 is detected in the nucleus of the cells.

A) Immunofluorescence microscopy assay in HeLa cells using a mouse
anti-Rab24 polyclonal antibody (green). DNA was visualized by Hoechst
staining (blue). The symbols (*) indicate nuclei considered as Rab24-
positive. B) Stack images were taken by confocal microscopy to analyze
the presence of Rab24 in the nucleus. Endogenous Rab24 (red) staining of
all the stacks in the nucleus is marked by de symbols (*), indicating that
the protein was inside the nucleus, unlike the nucleus of the cell that is
not marked with the symbol (*). Bars: 13 μm

Figure S3. Distribution of endogenous (e) Rab24 in cells treated

with nocodazole. A) Immunofluorescence microscopy assay in HeLa
cells using a mouse anti-Rab24 polyclonal antibody (green) and a goat
anti-β-tubulin polyclonal antibody (red). The typical reticular distribution
of Rab24 (upper panels) changed when cells were pre-incubated with
nocodazole (60 μM) for 90 min to depolymerize microtubules (lower
panels). B) Immunofluorescence microscopy assay in HeLa cells using
an anti-GAPCenA to visualize the centrosome in control conditions (upper
panel) or after treatment with nocodazole (lower panel). Images are
representative of at least two independent experiments. Bars: 13 μm.

Figure S4. Overexpression of GFP-Rab24 blocks cell abscission.

HeLa cells transiently transfected with either GFP (A) or GFP-Rab24wt
(B) were analyzed 10 h later, by time-lapse imaging. Nucleus was
stained with Hoechst. Cells undergoing cytokinesis were analyzed by
confocal microscopy for up to 15 h. A). Cells transfected with the
vector alone (GFP). Images show a normal cytokinesis which was
completed by 140 min. B) Upper panel: cells overexpressing GFP-Rab24;
even after 15 h the cytokinesis was not completed and cells remained
connected by a thin strain of chromatin. Lower panel: cell connected
by a thin strain of chromatin suffered regression being binucleated.
Images are representative of at least four independent experiments.
Bars: 13 μm.

Figure S5. Stably transfection with GFP-Rab24wt. A). CHO cells stably
transfected with GFP-Rab24wt were analyzed by time-lapse imaging.
Nucleus was stained with Hoechst. Overexpression of Rab24 caused
an abnormal spindle formation and leads to multinucleated cell. B).
Immunofluorescence microscopy assay in CHO cells stably transfected
with GFP-Rab24wt fixed with methanol and labeled with an anti-γ-tubulin
to visualize the centrosome in control condition (upper panel) or after
treatment with nocodazole (lower panel). Images are representative of at
least two independent experiments. Bars: 13 μm.

Figure S6. Depletion of Rab24 causes furrow regression. HeLa cells
transiently transfected with control siRNA (A) or Rab24 siRNA #1 (B) were
analyzed by time-lapse imaging (phase contrast). B) In cells silenced for
Rab24, we observed furrow regression, formation of binucleated cells and
a delay in the time of division, whereas cells treated with the control siRNA
(A) divided normally (see Movies S1–S4). Bars: 10 μm.

Figure S7. Rab24. A) Schematic drawing showing the presence of
unaligned chromosomes and aberrant spindle formation in metaphase
cells. B) Quantification of the percentage of cells with abnormal metaphase
after 48 and 72 h post-transfection with siRNA-control and siRNA-Rab24.
C) HeLa cells transiently transfected with control siRNA (upper panel) or
Rab24 siRNA (lower panel) were analyzed by time-lapse imaging (phase
contrast). In cells silenced for Rab24, we observed a defective formation
of the spindle leading to formation of binucleated cells and a delay in the
time of division, whereas cells treated with the control siRNA (upper panel)
divided normally. At least 800 cells were counted in each condition. D)
Quantification of the time (in min) required to complete the final steps
of mitosis (metaphase to end of mitosis), obtained by time lapse assays
in HeLa cells treated for 48 h with siRNA-Rab24 or siRNA-Rab24. The
data represent the mean ± SEM of three independent experiments. Bars:
13 μm.

Movie S1. Overexpression of Rab24 led to failures in cytokinesis. HeLa
cells transfected with GFP-Rab24wt were analyzed by phase contrast
microscopy, we observed that cells that remained connected by the
chromatin bridge for long periods suffered a regression, resulting in
binucleated cells.

Movie S2. Normal division in HeLa cells transfected with GFP. HeLa
cells overexpressing GFP alone underwent a normal cytokinesis event and
separated after 50 min.

Movie S3. Overexpression of Rab24 in CHO cells causes several mitotic
defects. CHO cells stably expressing GFP-Rab24 were analized by time-
lapse microscopy for up to 1 h. We observed several mitotic defects such
as aberrant metaphases with formation of multiple spindles giving rise to
multinucleated cell.

Movie S4. Rab24 depletion causes abnormalities in cell division. HeLa
cells depleted of Rab24 with Rab24 siRNA (72 h) were analyzed by phase
contrast microscopy for up to 7 h. As observed in the movies #4 and
#5, cells could not complete the cytokinesis and furrow regression was
observed becoming binucleated with a delay in the division time.

Movie S5. Rab24 depletion causes abnormalities in cell division. HeLa
cells depleted of Rab24 with Rab24 siRNA (72 h) were analyzed by phase
contrast microscopy for up to 7 h. As observed in the movies #4 and
#5, cells could not complete the cytokinesis and furrow regression was
observed becoming binucleated with a delay in the division time.

Movie S6. Normal division in cells transfected with an irrelevant siRNA. At
72 hours post transfection, HeLa cells transfected with an irrelevant siRNA
were analyzed by time-lapse microscopy for up to 7 h. A total of 30 frames
every 5 min were taken. Cells appeared to divide normally.

Movie S7. Normal division in cells transfected with an irrelevant siRNA.
At 72 h post transfection, HeLa cells transfected with an irrelevant siRNA
were analyzed by time-lapse microscopy for up to 7 h. A total of 30 frames
every 5 min were taken. Cells appeared to divide normally.
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Movie S8. Normal division in HeLa cells transfected with an irrelevant
siRNA. At 48 h post transfection, HeLa cells transfected with an irrelevant
siRNA were analyzed by time-lapse microscopy, cells appeared to divide
normally.

Movie S9. Rab24 depletion causes defect in metaphase. HeLa cells
depleted of Rab24 with Rab24 siRNA #2 (48 h) were analyzed by phase
contrast microscopy. We observed failures in the formation of metaphase
plate (with more than 1 spindle), giving rise to multinucleated cell.
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