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Arv1 promotes cell division by recruiting IQGAP1 and myosin to the cleavage furrow
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ABSTRACT
Cell division is strictly regulated by a diversity of proteins and lipids to ensure proper duplication and
segregation of genetic material and organelles. Here we report a novel role of the putative lipid
transporter ACAT-related protein required for viability 1 (Arv1) during telophase. We observed that the
subcellular localization of Arv1 changes according to cell cycle progression and that Arv1 is recruited to
the cleavage furrow in early telophase by epithelial protein lost in neoplasm (EPLIN): At the cleavage
furrow Arv1 recruits myosin heavy chain 9 (MYH9) and myosin light chain 9 (MYL9) by interacting with IQ-
motif-containing GTPase-activating protein (IQGAP1). Consequently the lack of Arv1 delayed telophase-
progression, and a strongly increased incidence of furrow regression and formation of multinuclear cells
was observed both in human cells in culture and in follicle epithelial cells of egg chambers of Drosophila
melanogaster in vivo. Interestingly, the cholesterol-status at the cleavage furrow did not affect the
recruitment of either IQGAP1, MYH9 or MYL. These results identify a novel function for Arv1 in regulation
of cell division through promotion of the contractile actomyosin ring, which is independent of its lipid
transporter activity.
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Introduction

Successful cell division requires strict regulation in time
and space to coordinate the sequential steps of DNA repli-
cation and segregation, mitotic spindle formation, mor-
phological changes and finally physical cleavage via
cytokinesis.1 Prior to fulfilling the physical separation of
daughter cells during cytokinesis animal cells form a con-
tractile ring composed of F-actin and myosin (i.e. the acto-
myosin ring), at the cleavage furrow, which constricts and
generates a thin intercellular bridge connecting the two
daughter cells. Myosin is recruited to the cleavage furrow
by alternative mechanisms, mainly via RhoA or Anillin.2,3

Nucleation of F-actin is mediated by formins accumulating
at the cleavage furrow by a RhoA-dependent mechanism.2

Extensive studies throughout the years have identified
numerous proteins operating upstream of RhoA and Anil-
lin to modulate the assembly and constriction of the acto-
myosin ring.4 Importantly, different types of lipids have
also been assigned a crucial role for optimal furrow ingres-
sion.5 For instance local accumulation of cholesterol,
sphingolipids and phospholipids have been detected at the
cleavage furrow and been demonstrated to drive cell divi-
sion.6-10 In particular phosphatidylinositol 4, 5-bisphos-
phate (PI(4,5)P2) is important for formation of the
actomyosin ring by recruiting essential ring components

such as Anillin and RhoA, which facilitate actin-polymeri-
zation.11-13 Moreover, PI(4,5)P2 and sterol-enriched mem-
brane domains interact with components of the
actomyosin ring, thus anchoring it to the plasma mem-
brane ensuring efficient ingression.14-16

The membrane protein ACAT-related protein required for
viability 1 (Arv1) has been attributed a role as a putative
lipid transporter. It was first characterized in yeast arv1-
mutants which displayed altered intracellular cholesterol
distribution as well as abnormal phospholipid, sphingolipid
and glycosylphosphatidylinositol-metabolism.17-19 Similarly,
in mice, antisense oligonucleotide targeting Arv1 transcripts
caused accumulation of cholesterol in the endoplasmic
reticulum at the expense of cholesterol levels in the plasma
membrane.20 Further it was recently reported that yeast
arv1-mutants exhibit abnormal endoplasmic reticulum-mor-
phology which potentially could also explain the observed
impaired cholesterol transport.21 Nonetheless yeast arv1
mutants have been shown to be mating defective due to dis-
rupted formation of lipid-enriched domains and reduced
MAP-kinase signaling, which is required for efficient mat-
ing.22 In the current study we show that Arv1 facilitates
telophase progression in human cells and drives cell divi-
sion in its capacity of promoting efficient formation of the
actomyosin ring.
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Results

Cell cycle-dependent localization of Arv1

Upon assessing the intracellular localization of endogenous
Arv1 in HeLa cells by confocal microscopy, we detected Arv1
on intercellular bridges connecting daughter cells late in cell
division, and this motivated us to characterize the localization
of Arv1 throughout mitosis in more detail (Fig. 1A). During
the interphase Arv1 colocalized with Plk1 on the centrosomes,
and was also detected in the cytosol and in the nucleus. In con-
trast to Plk1, Arv1 was not found to be associated to the kineto-
chores early in prometaphase. The centrosomal localization of
Arv1 persisted through progression of prometaphase and meta-
phase. During the anaphase some of the centrosomal Arv1 and
Plk1 redistributed to decorate the equatorial ring which defines
the localization of the contractile ring formed by actin and
myosin.1 As the cells proceeded into telophase, both Arv1 and
Plk1 were found to translocate from the cleavage furrow to the
intercellular bridge. However whereas Plk1 localized adjacent
to the midbody dark zone as previously reported by Golsteyn
and coworkers, Arv1 was predominantly found in the midbody
dark zone.23 The specificity of the Arv1 antibody was verified
by the substantially decreased staining in Arv1 depleted cells
(Fig. S1A). Furthermore, localization of Arv1 to the cleavage
furrow was evident in several cell lines tested (HEpG2, BJ and
RPE-1) (Fig. S1B). The cell cycle-regulated localization of Arv1
begged the question whether expression of Arv1 was accord-
ingly regulated. To this end, the expression of Arv1 in exponen-
tially growing and Nocodazole-synchronized HeLa cells was
assessed. Arv1 protein levels were increased (two-fold (p<
0.05), but not as strongly as Plk1 (four-fold, p< 0.05) in the
Nocodazole-synchronized cells (Fig. 1B). Interestingly, the
Arv1 mRNA levels were, however, unaffected upon mitotic
entry in contrast to the induced Plk1 mRNA expression
(Fig. 1C).23 This indicated that Arv1 was post-transcriptionally
regulated during mitosis. Consistently, inhibition of protein
synthesis by cycloheximide did abolish the Nocodazole-
induced expression of Arv1 and Plk1 (Fig. 1B).

EPLIN recruits Arv1 to the cleavage furrow

To identify the proteins recruiting Arv1 to the cleavage furrow,
a liquid chromatography-tandem mass spectrometry (LC-MS/
MS) analysis of immunoprecipitated Arv1 and associated pro-
teins was performed, which identified epithelial protein lost in
neoplasm (EPLIN, also known as LIMA1) as a putative candi-
date (Table 1). Previously, EPLIN was shown to sustain proper
cell division by regulating formation of the actomyosin ring
driving furrow ingression.24 The interaction between Arv1 and
EPLIN was confirmed by co-immunoprecipitation and sug-
gested that Arv1 associated stronger with EPLINb compared to
EPLINa (Fig. 2A). Accordingly, we observed extensive co-local-
ization of EPLIN and Arv1 at the cleavage furrow in dividing
cells (Fig. 2C, upper panel). Furthermore, when examining
localization of Arv1 at the cleavage furrow in control and
EPLIN knockdown cells (Fig. 2B), 39% (p<0.01) less Arv1 was
recruited in cells deprived of EPLIN (Fig. 2C), thus showing
that EPLIN is required for the accumulation of Arv1 at the
cleavage furrow. That the levels of EPLIN in the cleavage

furrow were not affected by depletion of Arv1 (Fig. S2), further
supported our hypothesis that EPLIN works upstream of Arv1
at the cleavage furrow.

Arv1 depletion inhibits proliferation and causes a
multinuclear phenotype

Studies in yeast have shown that normal cell growth is compro-
mised in arv1 mutants.22 To further explore whether Arv1 sus-
tains growth in mammalian cells, proliferation was assessed in
HeLa and HepG2 cells depleted of Arv1. Depletion of Arv1
protein (30% and 39% of control levels, p< 0.05) and mRNA
(27% and 18% of control levels, p < 0.05) was confirmed by
Western blotting and real time-PCR in HepG2 and HeLa cells,
respectively (Fig. 3A and B). Interestingly, Arv1 depletion
reduced proliferation of HepG2 cells and HeLa cells by 25%
and 13% (p < 0.05) compared to control cells, indicating that
Arv1 is important for cell cycle progression in human cells
(Fig. 3C).

Our observation that Arv1 depletion increased the frequency
of multinuclear cells by a two-fold (Fig. 3D-1), further indi-
cated that correct cell cycle progression depends on Arv1.
Importantly, this multinuclear phenotype was only observed
upon Arv1 depletion in cells expressing Arv1-GFP and not in
cells expressing a siRNA-resistant version of Arv1-GFP, Arv1-
(T806C,A809C)-GFP (Fig. 3D-1). Compared to control
siRNA-transfected cells, Arv1-GFP expression was reduced by
44% (p<0.05) in Arv1 siRNA-transfected cells (Fig. 3D-2, lane
1 versus lane 2), whereas Arv1-(T806C,A809C)-GFP was not
efficiently targeted by the Arv1 siRNA (Fig. 3D-2, compare
lane 3 and 4).

In addition, we used an imaging flow cytometer (Image-
StreamX) to calculate the number of multinuclear HepG2 cells
in response to the knockdown of Arv1. This system combines
the advantage of analyzing large numbers of cells by flow
cytometry while simultaneously acquiring image data from
individual cells. Consistent with the microscopy data, a higher
incidence of multinuclear cells was observed upon Arv1 deple-
tion in the HepG2 cells (Fig. 3E). Finally, the role of Arv1 dur-
ing cell division was also verified in vivo using Drosophila
melanogaster as model organism. Here the incidence of egg
chambers displaying multinuclear follicle epithelial cells was
2.5 fold higher (p <0.01) in arv1 heterozygous mutant com-
pared to wild type flies (Fig. 3F).

Proper telophase progression is dependent on Arv1

To further investigate the role of Arv1 during cell division, the
relative distribution of cells in the different mitotic phases was
compared in control and Arv1 depleted HeLa cells. The per-
centage of cells in telophase increased from 3% to 4.6%
(p<0.05) upon Arv1 depletion, whereas the relative number of
cells in prometaphase, metaphase, anaphase or cytokinesis
remained unaffected (Fig. 4A). Next we performed time-lapse
microscopy to monitor cell division in control cells and Arv1
depleted cells (Supplementary Movie 1 and 2, respectively).
Typically, the Arv1-deficient cells were temporarily halted in
early telophase, where the two daughter cells appeared round
and exhibited condensed chromosomes (still images, Fig. 4B).
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Figure 1. Arv1 localization and expression are regulated according to mitotic progression. HeLa cells (A) grown on coverslips were fixed, permeabilized and stained with
antibodies against Arv1 (red), Plk1 (green), Tubulin (white) and Hoechst (blue). Scale bar is 10 mm. (B) HeLa cells were treated with DMSO (vehicle) or 400 ng/ml Nocoda-
zole (Noc) plus/minus 250 mg/ml cycloheximide (CHX) for 18 hours. The expression of Arv1 and Plk1 were determined by Western blotting and the intensities relative to
Calnexin (loading control) were calculated using the Odyssey software. The graph represents the average of 3 separate experiments (§ S.E), and significant differences
are indicated as �p <0.05. (C) Relative expression of Arv1 and Plk1 mRNA of HeLa cells treated with DMSO (vehicle) or 400 ng/ml Nocodazole (18 hours) were determined
by quantitative real time PCR. The graphs represent the average of at least 3 independent experiments (§ S.E). Significantly different results are indicated (���p < 0.01).
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Consequently control cells used on average 27 minutes to com-
plete early telophase, which we measured from furrow ingres-
sion to appearance of chromosome-decondensation and
morphology-changes (i.e flattening of cells) (Fig. 4B). In con-
trast Arv1 depleted cells used 39 minutes (p<0.05), which
accompanied the increased frequency of telophase cells we
observed in the fixed specimens (Fig. 4A). The duration of the
other mitotic phases remained unaffected in Arv1 depleted
cells, suggesting that Arv1 specifically facilitates progression
through telophase. Interestingly, in Arv1 depleted cells we often
observed that at onset of telophase one of the emerging daugh-
ter cells became slightly out of focus as if it lost its adhesion to
the substrate and was elevated (indicated with arrow at 0:15 in

Fig. 4B and shown in Supplementary Movie 2). We observed
occasionally that Arv1 depleted cells aborted telophase, and the
emerging daughter cells fused instead of completing cytokine-
sis, thus ending up as a multinuclear cell (Supplementary
Movie 3). Detachment and lifting during telophase was previ-
ously correlated to inhibited actomyosin function.25 Corre-
spondingly, LC-MS/MS analysis identified myosin heavy chain
9 (MYH9), myosin light chain 6 and 12 A (MYL6 and
MYL12A) as potential proteins interacting with Arv1 (Table 1).
Interestingly, the IQ-motif-containing GTPase-activating pro-
tein (IQGAP1), a myosin-interacting protein associated with
the cleavage furrow, was also identified in the LC-MS/MS
analysis.26

Arv1 facilitates recruitment of IQGAP1, MYH9 and MYL,
but not F-actin, to the cleavage furrow

We performed a GFP-trap immunoprecipitation analysis to
further assess the interaction between Arv1 and MYH9 or
IQGAP1. Functional myosin II-complexes are hexamers com-
posed of two MYH, two MYL and two essential light chains,
where the expression of the different proteins are dependent of
each other. 27,28 We wanted to assess the role of Arv1 for
recruiting both MYH and MYL-proteins at the cleavage furrow,
and since we were unable to obtain expression plasmids for
either MYL12a or MYL6, we assessed whether Arv1 interacted
with MYL9-GFP, since MYH9 forms complex with MYL9 in
addition to MYL12a,b.29 Indeed we observed that Arv1 associ-
ated MYL9-GFP, as well as IQGAP1-GFP and MYH9-GFP in
Nocodazole-synchronized HeLa cells (Fig. 5A and B). Calculat-
ing the amount of Arv1 co-immunoprecipiated with MYH9-
GFP or IQGAP1-GFP compared to MYL9-GFP, the ratio of
Arv1/MYH9-GFP and Arv1/IQGAP1-GFP was 21 and 97 fold
higher (p<0.05), respectively, than the Arv1/MYL9-GFP. The
immunoprecipitation analysis thus indicated that IQGAP1,
and to less extent MYH9, interacted much more efficiently
than MYL9 with Arv1 (Fig. 5A and B). To further test the func-
tional relationship between these proteins, the accumulation of
MYH9, MYL9 and IQGAP1 at the cleavage furrow was deter-
mined in control and Arv1 depleted cells.

The depletion of Arv1 was confirmed by reduced accumula-
tion at the cleavage furrow in telophase cells shown by confocal
images consistent with the reduced total cellular expression
shown by Western blot analysis (Fig. 6A-1). Interestingly, the
Arv1 depleted cells accumulated less IQGAP1 at the cleavage
furrow, whereas the cellular expression of IQGAP1 was

Figure 1. (Continued)

Table 1. Proteins interacting with Arv1 identified by LC-MS/MS analysis.

Accession number Name Score Coverage (%) #Peptides

P35579 Myosin, heavy chain 9, non-muscle (MYH9) 211.98 28.16 41
P19105 Myosin, light chain 12A, regulatory, non-sarcomeric

(MYL12A)
13.19 16.96 2

F8VZU9 Myosin, light chain 6, alkali, smooth muscle and non-
muscle (MYL6)

6.74 14.56 2

P46940 IQ motif containing GTPase activating protein 1
(IQGAP1)

4.25 1.09 1

F8VRN8 epithelial protein lost in neoplasm (EPLIN) 3.15 2.84 1

Immunoprecipitation of Arv1 and associated proteins were performed and the eluted proteins were subjected for LC-MS/MS analysis.
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unaffected (Fig. 6A-2). On the other hand, depleting IQGAP1
did not affect localization of Arv1 at the cleavage furrow, indi-
cating that IQGAP1 works downstream of Arv1 (Fig. S3).
Approximately 50% less (p<0.05) MYH9 accumulated at the
cleavage furrow of Arv1-depleted cells, although the total cellu-
lar expression of MYH9 was not affected by Arv1 knockdown
(Fig. 6A-3). Further, the recruitment of MYL was clearly
reduced in Arv1 knockdown cells (50% of control levels,
p<0.05), even though the total cellular expression was slightly
increased (Fig. 6A-4). Furrow ingression is mediated by con-
striction of the actomyosin ring, which is composed of both
myosin and F-actin.1 As a result of this, we further assessed

whether Arv1 was implicated in recruitment of F-actin to the
cleavage furrow as well. Interestingly, identical, or slightly
increased, levels of phalloidin-stained F-actin were detected at
the cleavage furrow of control cells as compared to Arv1
deprived cells (Fig. 6A-5), whereas the total expression levels of
actin was not affected upon Arv1 depletion. Together, these
results indicate that Arv1 specifically recruits only one compo-
nent of the actomyosin ring, namely myosin.

As myosin is recruited to the cleavage furrow by alternative
pathways besides IQGAP1 (ref 26), we wanted to explore
whether Arv1 influenced any of these. Therefore, the accumula-
tion of RhoA and Anillin at the cleavage furrow of control and

Figure 2. EPLIN recruits Arv1 to the cleavage furrow. (A) HeLa cells transiently transfected with pEGFP, pCA-EPLINa-pEGFP or pCA-EPLINb-pEGFP were subjected to GFP-
trap analysis. Lysate (5% of input) of cells expressing pEGFP (lane 1), EPLINa-pEGFP (lane 2) or EPLINb-pEGFP (lane 3) was applied to verify equal amounts of Arv1 in the
lysates used for immunoprecipitation. The amount of Arv1 co- immunoprecipitated with GFP (lane 4), EPLINa-GFP (lane 5) or EPLINb-GFP (lane 6) was detected by West-
ern blot. The Western blot was reprobed with anti-GFP to validate expression levels of the different constructs. A representative western blot is presented. (B) HeLa cells
were transfected with 50 nM control or EPLIN siRNA for 48 hours. Efficient knockdown was verified by Western blotting analysis where Tubulin was used as loading con-
trol. Densitometry analysis of EPLIN/Tubulin-expression (§S.E) is indicated below the western blot. ��� indicates significant differences, p<0.01. (C) Control or EPLIN
depleted HeLa cells were fixed, permeabilized and stained with anti-EPLIN (green), anti-Arv1 (red), anti-Tubulin (white) and Hoechst (blue). Scale bars, 5 mm. The fluores-
cence intensities of EPLIN and Arv1 were determined by the LSM software. The graph represents the average of 3 independent experiments (§ S.E). Significantly different
results are indicated as ���p<0.01.
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Arv1 depleted cells were determined. The apparently increased
accumulation of RhoA at the cleavage furrow reflected most
likely the slightly increased expression levels of RhoA in Arv1
knockdown cells (Fig. S4A). Compared to control cells, Anillin

was found accumulated at the cleavage furrow of Arv1 depleted
cells (Fig. S4B). Together our observations indicate that Arv1
facilitates recruitment of MYL and IQGAP1 to the cleavage fur-
row by a molecular pathway independent of RhoA and Anillin.

Cholesterol-levels at the cleavage furrow are dispensable
for localization of IQGAP1 and myosin

Given the importance of lipids in regulating formation of the
actomyosin ring, we further explored whether Arv1-modulated
recruitment of MYH9, MYL and IQGAP1 was dependent on
its modulation of intracellular cholesterol transport. Previous
studies identified Arv1 to be a putative cholesterol transporter
as its depletion increased the intracellular cholesterol level at
the expense of the plasma membrane cholesterol level.17-19

Accordingly, HeLa cells depleted of Arv1 accumulated 45% less
(p<0.05) cholesterol at the cleavage furrow compared to con-
trol cells, consistent with its role during intracellular cholesterol
transport (Fig. 6A-6). To determine whether Arv1 recruits
IQGAP1, MYH9 and MYL in a cholesterol-dependent manner,
we assessed the accumulation of these proteins in cells treated
with the oxidosqualene cyclase inhibitor U18666A, which effi-
ciently impairs intracellular cholesterol transport from late
endosomes.30 Accordingly, we observed reduced cholesterol-
levels at the cleavage furrow (61%, p<0.01) accompanied with
accumulation of cholesterol in endocytotic compartments in
the perinuclear region (indicated with arrow heads) upon
U18666A treatment. In contrast to Arv1 depletion, U18666A-
treatment modestly stimulated accumulation of both IQGAP1
and MYL at the cleavage furrow (Fig. 6B). Moreover, Arv1 also
accumulated at the cleavage furrow probably due to the sterol-
induced expression of Arv1 (data not shown). The impaired
cholesterol-transport to the cleavage furrow did not affect the
accumulation of neither IQGAP1 nor MYH9 at the cleavage
furrow. On the other hand, slightly more MYL (36%, p<0.05)
was detected at the cleavage furrow upon U18666A-treatment
(Fig. 6B).

Alternatively, the plasma membrane-cholesterol content was
reduced by treating the cells with methyl-b-cyclodextrin
(MbCD). Treating cells with 5mM MbCD for 60 minutes
reduced the total cellular cholesterol levels by 49% (p<0.05)
(Fig. 6C). In contrast to U18666A, Arv1 localization was not
affected in cells treated with MbCD, due to short treatment
(only 60 minutes). Interestingly, accumulation of IQGAP1 at
the cleavage furrow remained unaffected. However, localization
of MYL and MYH9 were reduced by 47% and 30% (p<0.05),
respectively.

Arv1 and IQGAP1 drive telophase progression

We have shown that Arv1 specifically recruits IQGAP1, MYH9
and MYL to the cleavage furrow without affecting Anillin,
RhoA (Fig. S4) or F-actin (Fig. 6A-5), suggesting that Arv1 rep-
resents yet another mechanism to drive actomyosin ring-for-
mation. Even though Arv1 was found to co-precipitate with
MYH9 and MYL9, the association to IQGAP1 was much more
efficient (Fig. 5A and B), indicating that Arv1 indirectly recruits
myosin to the cleavage furrow via IQGAP1. To test this further,
HeLa cells were depleted of Arv1, IQGAP1 or both (Fig. 7A)

Figure 3. Arv1 is required for proper cell division. (A) HepG2 and HeLa cells were
transfected with siRNA targeting an universal control or Arv1 and its depletion rel-
ative to Tubulin was confirmed by Western blot analysis. Average of 3 independent
experiment (§ S.E) is indicated below the Western blot, where significant differen-
ces is indicated as �p<0.01. (B) Depletion of Arv1 mRNA relative to GAPDH (load-
ing control) was also assessed by quantitative real time PCR in both HepG2 and
HeLa cells. The graph shown is based on the average of three independent experi-
ments (§ S.E). Significance are indicated as �p<0.05 and ���p<0.01. (C) Prolifera-
tion in Arv1 depleted cells and control cells were determined using the Click-iT
EdU microplate assay. The average of three separate experiments, with six techni-
cal replicates per experiments, is presented (§ S.E). Significant different results are
indicated as ���p<0.01. (D) HeLa cells on cover slips were transfected with Arv1-
pEGFP or Arv1(T806C,A809C)-pEGFP for 18 hours. Next the cells were transfected
with control or Arv1 siRNA #1. 1) The cells were harvested after 48 hours, fixed,
permeabilized and stained with anti-Tubulin (white) and Hoechst (blue). Represen-
tative confocal micrographs images of multinuclear cells (indicated by arrow
heads) are shown (upper panel). Scale bar is 10 mm. At least 200 cells were imaged
per experiment and used to quantify the percentage multinuclear cells induced by
the different treatments. The graph shows the average of at least 4 separate
experiments (§ S.E). Significant differences are indicated as ���p<0.01. 2) The
expression of Arv1-GFP under each condition was determined by Western blot
analysis, where Calnexin represents the loading control. Densitometry analysis of
GFP/Calnexin expression (§S.E) is indicated below. Significant difference is given
as �p<0.05. (E) The percentage of multinuclear cells in control and Arv1 siRNA
transfected HepG2 cells was determined using the 405-nm laser on an Image-
StreamX imaging flow cytometer. The graph represents the average of two sepa-
rate experiments (§ S.E). (F) The number of egg chambers containing
multinuclear follicle epithelial cells (FEs) (asterisk) was quantified in ovaries from
wild type (w1118) and arv1-mutant Drosophila melanogasters. The average of 3
independent experiments is shown in the graph (§ S.E) and significant differences
are indicated (��� p<0.01). Scale bar, 5 mm.
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and the percentage multinuclear cells and cells in telophase
were determined. Compared to control cells, knockdown of
Arv1 or IQGAP1 doubled (p<0.05) the number of multinu-
clear cells, and, interestingly, to the same extent separately as in
combination (Fig. 7B). The same tendency was observed when
quantifying cells in telophase, where 1.4% of the control cell-
population was in telophase in contrast to 2.8%, 2.7% or 3.8%
of Arv1-, IQGAP1- or Arv1CIQGAP1-depleted cells (p<0.05),
respectively (Fig. 7C). Together these observations indicate that
Arv1 and IQGAP1 function by a common molecular pathway
to promote telophase progression.

Discussion

In this study we have shown that Arv1 localizes at the centro-
somes, the cleavage furrow and the intercellular bridge during
cell division. The LC-MS/MS analysis identified EPLIN,
IQGAP1, MYH9, MYL12a and 6, as Arv1-interacting proteins.
We demonstrated that EPLIN facilitates recruitment of Arv1 to
the cleavage furrow in early telophase. At the cleavage furrow,
Arv1 seems to provide a platform recruiting IQGAP1 and sub-
sequently MYH9 and MYL to sustain an efficient actomyosin
ring formation and furrow ingression. In support of this, live
cell imaging of Arv1 depleted cells, showed a high incidence of

Figure 3. (Continued)
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Figure 4. Normal telophase-progression is dependent on Arv1. (A) HeLa cells grown on coverslips were transfected with control or Arv1 siRNA, fixed, permeabilized and
stained with anti-Tubulin (green) and Hoechst (blue). Confocal microscope images were acquired and used to calculate the number of cells in different mitotic phases
defined by the structure of the mitotic spindle and chromosomes. Representative images of HeLa cells in the indicated mitotic phases are shown. Scale bar is 5 mm. At
least 100 cells were randomly imaged per experiment and the average of 4 separate experiments (§ S.E) is presented. Significant different results are depicted as
�p<0.05 and ���p< 0.01. (B) HeLa Kyoto cells stably expressing GFP-tubulin (green) and mCherry Histone-2B (red) were transfected with control or Arv1 siRNA and syn-
chronized by double Thymidin-treatment. Cell division was recorded by live cell imaging using the DeltaVision microscope the last 18 hours. The SoftWorx software was
used to calculate the duration of each phase during cell division. The average of 4 separate experiments (§ S.E) is shown, where at least 10 cells per experiment were ana-
lyzed. Significant differences are indicated as p<0.05. Still-images of control cell and Arv1 depleted cells are presented (lower panel) and time points from anaphase is
indicated. Scale bar is 5 mm.
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transient detachment and swirling of cells, a phenomenon asso-
ciated with defective actomyosin ring formation.25 Conse-
quently we found that cells deprived of Arv1 display prolonged
telophase, occasionally resulting in cytokinesis failure as evi-
dent by the presence of multinuclear cells both in vitro and in
vivo. This indicates a novel role for Arv1 in telophase
progression.

The localization of Arv1 to the cleavage furrow assigns a
novel role for Arv1, in addition to its putative cholesterol trans-
porter activity previously described. We show that EPLIN
recruits Arv1 to the cleavage furrow at the onset of telophase.
Interestingly, EPLIN was previously shown to facilitate accu-
mulation of myosin, in addition to actin, at the cleavage fur-
row.24,31 In accordance with our findings, it is intriguing that
both EPLIN and Arv1 are required for efficient myosin accu-
mulation at the cleavage furrow, and it is tempting to speculate
that Arv1 may be a downstream target of EPLIN in this path-
way. The GFP-immunoprecipitation analysis indicated that
Arv1 interacts more efficiently with EPLINb compared to
EPLINa. Curiously, the two EPLIN-isoforms seems to be dif-
ferently expressed in different cell-types, but the functional
interpretation of this remains elusive. Both isoforms were pre-
viously reported to facilitate actomyosin-ring formation by
associating both myosin and actin, but this does not exclude
the possibility of unique molecular mechanisms where EPLINa
and b collaborate with different proteins, such as Arv1. 24

Myosin together with actin assembles into the actomyosin
ring which contracts at early telophase.1 Interestingly, the
depletion of Arv1 compromised the recruitment of MYH9 and
MYL to the cleavage furrow, whereas F-actin, on the other
hand, rather accumulated at the cleavage furrow of Arv1-
deprived cells. The accumulated F-actin could be expected to
override or neutralize the reduced myosin-recruitment during

Arv1 depletion. However, an in vitro system for actomyosin
ring-formation and constriction clearly indicated that myosin,
not actin-dynamics, was essential for the efficient constric-
tion.32 Thus it seems that myosin and actin are independently
regulated at the cleavage furrow, also in line with our findings.
Formation of the actomyosin ring is mediated by alternative
pathways through RhoA and Anillin thus providing a robust
regulation of the process.2,3,33 Importantly, Arv1 modulated
accumulation of MYH9 and MYL oppositely from RhoA and
Anillin. The induced accumulation of RhoA and Anillin at the
cleavage furrow may indeed facilitate nucleation of F-actin, and
explain the common accumulation of RhoA, Anillin and F-
actin observed upon Arv1 depletion. Furthermore, myosin has
been reported to regulate the actin dynamics in the contractile
ring by facilitating F-actin disassembly.34,35 Therefore the
impaired recruitment of myosin to the cleavage furrow may
further contribute to the accumulation of F-actin observed in
Arv1 depleted cells. Nevertheless the current study implies that
Arv1 mediates myosin recruitment independently of RhoA and
Anillin, thus representing an additional pathway which adds
greater robustness to the formation of the actomyosin ring dur-
ing cell division.

Interestingly, the scaffold protein IQGAP1 was identified
in LC-MS/MS analysis and GFP-trap analysis further vali-
dated its interaction with Arv1. Moreover we found
IQGAP1 to facilitate cell division and to localize to the
cleavage furrow in accordance to previous studies.36,37 Inter-
estingly, this localization of IQGAP1 was observed to be
Arv1-dependent, but not vice versa, suggesting that IQGAP1
functions downstream of Arv1. Based on our immunopreci-
piation analysis indicating that IQGAP1 associates with
Arv1 much more efficiently than MYH9 and MYL9, and
previous studies in yeast indicating that IQGAP promotes

Figure 5. Arv1 interacts with IQGAP1, MYL and MYH9. HeLa cells transiently expressing pEGFP (A, B), pEGFP-MYL9 (A, B), pEGFP-IQGAP1 (A) or pEGFP-MYH9 (B) were syn-
chronized in mitosis with 400 ng/ml Nocodazole (18 hours), lysed and used for GFP-trap immunoprecipiation analysis. To confirm equal expression levels of Arv1 in the
cells expressing GFP (lane 1 in A-B), MYL9-GFP (lane 2 in A-B), IQGAP1-GFP (lane 3 in A) or MYH9-GFP (lane 3 in B), 5% of the lysate subjected to GFP-trap was analyzed
by Western blotting analysis. Co-precipitated Arv1 and the expression of GFP-tagged proteins were determined by Western blotting (lanes 4–6). A representative experi-
ment is shown. The Arv1/GFP-intensity ratios was quantified by the Odyssey Software and given below (§ S.E). Significant different ratios relative to Arv1/GFP-MYL9 are
indicated (�p< 0.05).
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Figure 6. Arv1 promotes recruitment of IQGAP1, MYH9 and MYL, but not F-actin, to the cleavage furrow. (A) HeLa cells grown on coverslips were depleted or not of Arv1
for 48 hours. The cells were fixed, permeabilized and stained with Hoechst (blue) and anti-Arv1 (white, 1), anti-IQGAP1 (white, 2), anti-MYH9 (white, 3), anti-MYL (white,
4)), phalloidin (white, 5) or 50 ng/ml Filipin (white, 6). DRAQ5 (blue) was used to stain the nucleus of Filipin-stained cells Scale bar is 5 mm. The intensities of 10 randomly
selected cells per experiment were determined by the LSM software (version 3.2) and the average of at least 3 separate experiments are shown (§ S.E). Western blot anal-
ysis was performed to determine the total cellular expression of the different proteins investigated (lower panel). The intensities of the immunoreactive bands relative to
the loading control (Tubulin) were quantified using the Odyssey software and the average of 3 separate (§ S.E) are given below typical Western blot results. Significant
different results are indicated (�p<0.05 and ���p<0.01). (B, C) HeLa cells seeded on coverslips were treated or not with 1 mg/ml U18666A for 24 hours (B) or 5 mM
metyl-b -cyclodextrin (MbCD) for 60 minutes (C), fixed, permeabilized and stained with Hoechst (blue) and anti-Arv1 (white), anti-IQGAP1 (white), anti-MYH9 (white),
anti-MYL (white) or 50 ng/ml Filipin (white). DRAQ5 (blue) was used to stain the nucleus of Filipin-stained cells. Scale bars, 5 mm. The fluorescence intensities were deter-
mined by the LSM Software (version 3.2) and the graph shows the average of 3 independent experiments (§ S.E), where significant different results are indicated as
�p<0.05 and ���p<0.01.
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myosin recruitment (see refs 38,39), it seems plausible that
Arv1 recruits MYH9 and MYL indirectly by first recruiting
IQGAP1 to the cleavage furrow. Consistently, compared to
the localization of MYH9 and MYL at the cleavage furrow,
IQGAP1 correlated more directly with the accumulation of
Arv1 when depleting cholesterol from the plasma mem-
brane. Alternatively, myosin is recruited to the cleavage fur-
row by several pathways, in addition to the IQGAP1-Arv1.

Intriguingly, in yeast the IQGAP-like protein was reported to
participate in the F-actin-independent mechanism of myosin
recruitment.40 Likewise, the current study indicates that human
cells utilize IQGAP1 in a similar pathway, which is modulated
by Arv1. The role of IQGAP in cell division has been extensively
studied in yeast. In contrast to yeast, human cells express three
IQGAP proteins, where IQGAP1 and 3 have been assigned roles
during cell division.41 Recently, IQGAP3, but not IQGAP1, was
shown to regulate cytokinesis by recruiting RhoA and Anillin.42

That IQGAP1 and IQGAP3 regulate cell division by separate
pathways was further illustrated by the additive effect on

multinucleation when cells were depleted of both IQGAP1 and
IQGAP3. The current study hypothesizes that IQGAP1 regulates
furrow ingression by recruiting MYH9 and MYL to the cleavage
furrow, which is regulated by Arv1 rather than Anillin. More-
over, we provide epistatic evidence that Arv1 and IQGAP1 are
members of the same molecular pathway. In context of IQGAP1
function as a scaffold interacting with numerous proteins, we
cannot exclude the possibility that IQGAP1 modulates cell divi-
sion by additional means than recruiting myosin to the cleavage
furrow. Consistently, IQGAP1 was recently shown to stimulate
nuclear pore reformation.37

Interestingly, that manipulation of plasma membrane-cho-
lesterol and Arv1 depletions affected the recruitment of
IQGAP1, MYH9 and MYL differently indicates a scaffolding

Figure 6. (Continued)

Figure 7. Depletion of Arv1 and IQGAP1 give rise to multinuclear cells. (A) HeLa
cells were transfected with siRNA targeting control, Arv1, IQGAP1 or the latter two
in combination for 48 hours. Western blot analysis were performed to validate
knockdown of IQGAP1 (upper panel) and Arv1 (middle panel), where Tubulin
(lower panel) was used as loading control. Densitometric calculation of Arv1 or
IQGAP1 expression relative to Tubulin (§S.E) is indicated below the Western blots.
The number of multinuclear cells (B) and cells in telophase (C) were quantified in
control and Arv1C/¡ IQGAP1-depleted cells using confocal fluorescence micros-
copy. The average of at least 3 separate experiments (§ S.E) is presented. Statisti-
cal significance is reported as ���p<0.01 and �p<0.05.
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role of Arv1 during the assembly of the actomyosin ring inde-
pendently of its cholesterol-transporting capacity. The compro-
mised intracellular transport due to the U18666A-treatment
yielded an accumulation of Arv1 protein, which further indi-
cates that lipids modulate its expression (data not shown, will
be addressed further). Consequently, the U18886A-stimulated
accumulation of Arv1 at the cleavage furrow may therefore
account for the moderate accumulation of both IQGAP1 and
MYL we observed upon U18666A-treatment. In contrast, we
did observe that U18886A increased accumulation of F-actin at
the cleavage furrow (data not shown), which could further sta-
bilize MYL as previously reported.43 Depleting the plasma
membrane-cholesterol content acutely using 5mM MbCD for
60 minutes, assessed directly the potential lipid-dependent
recruitment to the cleavage furrow without the influence of
possible lipid-regulated gene expression of the different pro-
teins. Equal amounts of Arv1 were detected at the cleavage fur-
row in unstimulated and MbCD-treated cells, implying that the
U18666A-induced accumulation reflected induced Arv1
expression. Interestingly, MbCD-treatment reduced the locali-
zation of MYH9 and MYL, most likely due to the reduced
RhoA-accumulation, which is reported to associate the cleavage
furrow in by lipid-dependent mechanism. 44 Interestingly, the
correlative accumulation of Arv1 and IQGAP1 observed fur-
ther imply that Arv1 directly recruits IQGAP1 to the cleavage
furrow.

In summary, reducing the cholesterol-content at the cleav-
age furrow instantly did not mimick the reduced localization of
IQGAP1 and myosin as observed by Arv1 depletion. Therefore
our data are consistent with the view that efficient formation of
the actomyosin ring is regulated by modulating both the pro-
tein and lipid composition at the cleavage furrow. In conclu-
sion, we provide evidence that Arv1 operates in one of the
several parallel pathways that recruit myosin to the cleavage
furrow. Arv1 thus represents a novel molecular component
that together with EPLIN, IQGAP1 and myosin ensures opti-
mal furrow ingression.

Materials and methods

Antibodies and reagents

Rabbit anti-Arv1 (ab107080), mouse anti-Plk1 (ab17056) and
mouse anti-IQGAP1 (ab56529) were from Abcam. Mouse-
anti-b actin (A5316) and mouse-anti-a¡Tubulin (T5168) were
obtained from Sigma Aldrich. Mouse anti-EPLIN (clone 1B7,
LS-C134069) was from LifeSpan BioSciences, Inc. Goat anti-
Calnexin (sc-6465) was provided by Santa Cruz. Mouse anti-
MYL (3672S) was from Cell Signaling. Rabbit anti-MYH9
(GTX113236) was bought from GeneTex. Mouse anti-GFP
(11814460001) was from Roche. Mouse anti-Dlg was from
Developmental Studies Hybridoma Bank. All secondary anti-
bodies used for confocal microscopy were purchased from
Jackson ImmunoResearch Laboratories, whereas the secondary
antibodies used for Western blot analysis were from LI-COR®
Biosciences GmbH. Hoechst 33342 and Rhodamine-phalloidin
were obtained from Life Technologies. DRAQ5 was from Bio-
status. Protease Inhibitor Cocktail was provided by Roche.
Laemmli loading buffer was from Bio-Rad. N-ethylmaleimide,

Filipin III (F4767), Phosphatase Inhibitor Cocktail 2, Thymi-
dine, MbCD and Nocodazole were from Sigma Aldrich. Leu-
peptin was provided by Peptide Institute Inc., All other
chemicals were of analytical grade.

Plasmid construction

Wild type, human Arv1 cDNA was amplified by RT-PCR
using the primer pair (forward: 50-AGCTGAAGCTTGCCAC-
CATGGGCAACG-30 and reverse: 50-ACCGGTGGATCCGC-
GAAGTCCTGAGATTTAAAG-30) and cloned into the
BamHI/HindIII-site upstream of GFP in pEGFP-N1 (Clone-
tech). This Arv1-GFP plasmid was further used as a template
to generate T806C- and A809C-Arv1-GFP targeting the
siRNA-Arv1 sequence without changing the corresponding
amino acids. Mutageneses were carried out using Quick-
Change II XL Mutagenesis Kit (Agilent Technologies) accord-
ing to the manufacturer’s instructions. The oligonucleotide
sequences used for mutagenesis are 50-CCAGAGTATG-
GAATGGGATGTCGGCAGTGATTATGCC-30 and its com-
plementary 50-GGCATAATCACTGCCGACATCCCATT-
CCATACTCTGG-30. The siRNA target sequence (in bold)
covers nucleotides 788–818 of human Arv1 (NM_022786)
with the in vitro mutated nucleotide underlined. Both con-
structs were sequenced to validate correct sequence and
mutagenesis.

Cell cultures, transfections and siRNA transfections

HeLa cells were grown in DMEM (Gibco) supplemented with
10% fetal calf serum, 2 mM L-glutamine, 100 U/ml penicillin
and 100 mg/ml streptomycin (Medium A). HeLa Kyoto cells
stably expressing GFP-tubulin and mCherry Histone-2B was
grown in Medium A. HepG2 cells were cultured in MEM
(Gibco) supplemented with 10% fetal calf serum, 2 mM L-glu-
tamine, 100 U/ml penicillin, 100mg/ml streptomycin and 1%
Non Essential Amino Acids (Medium B). All the cell lines were
cultured in an atmosphere containing 5% CO2 at 37�C accord-
ing to ATCC.

For knockdown analysis 4 £ 105 cells were reversely trans-
fected with 40 nM control siRNA (SI04380467, Qiagen),
Arv1#1 siRNA (SI04159113, Qiagen), Arv1#2 siRNA (L-
014217-01-0005, Dharmacon), 25 nM IQGAP1 siRNA (cat no,
SI2173416, Qiagen), 25 nM EPLIN siRNA (cat no, SI04159743,
Qiagen) using RNAiMax transfection reagent according to the
manufacturer (Life Technologies). For double knockdown
experiments the cells were transfected with 65 nM control
siRNA, 40 nM Arv1 siRNA plus 25 nM control siRNA, 25 nM
IQGAP1 siRNA plus 40 nM Arv1 or 40 nM control siRNA.
Cells were used and harvested 48 hours after transfection. For
rescue experiments HeLa cells were first transfected with
0.25 mg pEGFP, 1 mg Arv1-pEGFP or 1 mg Arv1(T806C,
A809C)-pEGFP using FuGene ® 6 Transfection reagents
(Promega). After 18 hours the cells were re-transfected with
40 nM control or Arv1 siRNA using RNAiMax. The cells were
harvested 48 hours after siRNA transfection.

For GFP trap precipitation experiments 4 £ 105 HeLa cells
(per well in a 6-well plate) were seeded and transfected with
either 0.25 mg pEGFP or 1 mg pCA-EPLINa-EGFP, 1 mg pCA-
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EPLINb-EGFP, 1 mg pEGFP-MYH9 (11347, Addgene), 1 mg
pEGFP-MYL9 (35680, Addgene) or 1 mg pEGFP-IQGAP1
(30112, Addgene) using the FuGENE ® 6 Transfection reagent
as described by the manufacturer (Promega). The cells were
grown for 30 hours, synchronized in mitosis using 400 ng/ml
Nocodazole for another 18 hours and finally harvested for
immunoprecipiation analysis.

Cell proliferation and viability assay

HepG2 and HeLa cells (4 £ 105) were transfected with 40 nM
control or Arv1 siRNA as described above. The cells were split-
ted further into 96 well plates after 48 hours in order to deter-
mine proliferation using the Click-iT EdU microplate assay
(Life Technologies). The cells were labeled with 10 mM EdU
for 12 hours and the further assay was performed as described
by the manufacturer (Life Technologies). The remaining of the
cells were harvested and used to determine the knockdown
efficiency.

LC-MS/MS and protein identification

Nocodazole-synchronized HeLa cells were subjected for immu-
noprecipitation with anti-Arv1 or rabbit IgG using Dynabeads®
M-280 coated with sheep anti-rabbit IgG (Life Technologies).
Precipitated proteins were eluted from the beads using 1M Gly-
cine (pHD2.0). A sample volume of 100 ml corresponding to a
protein concentration of approximately 55 mg was withdrawn
from each sample, the proteins were denaturated and reduced
by addition of DTT in a 1DTTC25protein (wCw) ratio and incu-
bated at 65�C for 30 minutes. After cooling the sample to room
temperature, the proteins were alkylated using IAM in a
1IAMC10protein (wCw) ratio in the dark at room temperature
for 30 minutes. The pH was adjusted with triethylammonium
bicarbonate and subsequently trypsin was added in a 1tryp-
sinC20protein (wCw) ratio for protein digestion. The digestion
was done overnight in room temperature. The reduction, alkyl-
ation and digestion were carried out with gentle mixing. Pro-
tein digestion was attenuated by deactivating the trypsin using
3 ml formic acid (50 %). The LC-MS/MS analysis was carried
out on the Easy nLC1000 system and the Q-Exactive mass
spectrometer with a nanospray interface (Thermo Fisher Scien-
tific (Waltham, MA, USA) as previously described.45 Briefly, an
aliquot of 2 ml of each sample was loaded on a C18 monolithic
column (0.1 £ 60 mm) using 0.1 % formic acid as loading
mobile phase at a flow rate set to 4 ml/min. The sample was
subsequently transferred to the C18 monolithic column
(0.1 mm £ 100 cm).46 The analytical column was placed in a
column oven (Mistral LC oven, Spark-Holland, Emmen, Neth-
erlands) for a controlled column temperature. The temperature
was set to 80�C. A 25 minute gradient was used to separate the
peptides. Mobile phase A consisted of 0.1 % formic acid and
mobile phase B was ACN. The gradient increased linearly from
5 to 40 % B within 20 minutes, before it increased to 95 % B in
5 minutes. The flow rate was set to 2 ml/min. The Q-Exactive
MS was operated in data dependent mode. The ESI spray volt-
age was C2.5 kV and the capillary temperature was 250�C. All
mass spectra were acquired in positive mode in the range
between m/z 350 and 1850 at a resolution of 35,000 (MS) and

17,500 (MS/MS). Higher-energy collisional dissociation (HCD)
with 25% normalized collision energy was used for fragmenta-
tion. Charge state screening and exclusion were enabled,
excluding all unassigned, single charged and peptides with a
charge state higher than 7. The default charge state was set to 2.
The ten most intense peptide ions were isolated with 1 repeated
count. XCalibur 2.2 (Thermo Fisher Scientific) was used to
control both the Easy nLC-1000 and Q-Exactive mass
spectrometer.

Proteome Discoverer (v1.3.0, Thermo Scientific), using the
Sequest search engine, was applied for protein identification.
All spectra were searched along the Uniprot, human 9606 data-
base using a decoy database search, using trypsin and 2 missed
cleavages as parameters. Precursor mass and fragment mass
tolerance were set to 10 ppm and 0.3 Da, respectively. Cysteine
carbamidomethylation was set as static (fixed) modification,
while methionine oxidation was used as dynamic modification.
Peptides with medium confidens (> 95 %) were used for pro-
tein identification.

Real time PCR

Total RNA was isolated using RNA blood isolation kit (Qiagen)
according to the manufacturers’ protocol, including the
DNase1 treatment steps. During cDNA synthesis 200 ng total-
RNA was reversely transcribed using AffinityScript QPCR
cDNA synthesis kit according to the manufacturer (Stratagene).
Quantiative PCR (Agilent Technologies Stratagene MX3005P)
was performed using cDNA QuantiTect SYBR Green PCR kit
(Qiagen) with initial denaturation for 10 minutes at 95�C, fol-
lowed by 40 cycles, each consisting of 30 seconds, at 95�C,
1 minute at 60�C, 1 minute at 72�C. Specificity of the PCR-
products was verified by agarose-electrophoresis and amplicon
sequencing. Relative mRNA expression was calculated by the 2-
DDCt method and adjusted for PCR efficiencies. 47 GAPDH was
used as the reference gene. Two technical replicates of each bio-
logical sample were PCR amplified. The different primer pairs
used are listed below.

Oligonucleotides

The Primer 3 software was used to design the oligonucleotides
which were synthesized by Integrated DNA Technologies. The
sequences of the forward (f) and reverse (r) primers used for
quantitative real time PCR analysis is given below.

ARV1-f1: 50-TCCTGTGGGTAGAACGGCCCA-30
ARV1-r1: 50-TGCTTTCCAGCAGTAAGCCACTC-30
GAPDH-f1: 50-TGCACCACCACCTGCTTAGC-30
GAPDH-r1: 50-GGCATGGACTGTGGTCATGAG-30
PLK1-f1: 50-CGAGTTCTTTACTTCTGGCTAT-30
PLK1-r1: 50-GGAGACTCAGGCGGTATGT-30

Western blotting

Cells were rinsed with PBS and lysed [in 25mM HEPES
(pHD7.2), 125 mM potassium acetate, 2.5 mMmagnesium ace-
tate, 5 mM EGTA, 0.5% NP-40, 1 mM DTT and protease
inhibitor cocktail] on ice for 30 minutes. Nuclei and cell debris
were cleared by spinning the samples at 20,800g for 10 minutes
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(4�C). Equal amounts of proteins were separated by SDS-PAGE
and blotted onto PVDF membranes (Millipore Corporation).
The membranes were incubated with primary antibodies (4�C
overnight), washed with PBS-0.01% Tween, incubated with
fluorescently labeled secondary antibodies (LI-COR® Bioscien-
ces GmbH) for 1 hour at room temperature and rinsed with
PBS-0.01% Tween and finally PBS. The membranes were
scanned using the Odyssey developer and the intensities of the
immunoreactive bands were quantified by the Odyssey software
(LI-COR® Biosciences GmbH).

Confocal immunoflourescence microscopy

Cells grown on coverslips were fixed in 4% formaldehyde (30
minutes, room temperature) or methanol (¡20�C, 10 minutes),
before they were permeabilized with PEM buffer [80 mM PIPES,
5 mM MgCl2 £ 6H2O, pHD6.8) containing 0.05% saponin] for
5 minutes (room temperature) and stained with primary antibod-
ies (4�C, overnight). The coverslips were washed 3 times with
PBS-0.05% saponin and stained with secondary antibodies for
1 hour at room temperature. After washing, the coverslips were
mounted in Mowiol containing Hoechst 33342 or DRAQ5 (where
indicated) for nuclear staining. Specifically, PFA-fixed cells were
stained with 50 ng/ml Filipin (room temperature, 1 hour) prior to
permeabilization and incubation with primary antibodies. The
specimens were examined using a LSM780 Zeiss confocal micro-
scope. Images were acquired using the same settings below satura-
tion when they were used for quantifications. The intensities of
the different immunostainings were calculated by the LSM Soft-
ware (version 3.2).

Live cell imaging

HeLa Kyoto cells stably expressing GFP-tubulin and mCherry
Histone-2B were used for live cell imaging. Cells (4 £ 105) were
transfected with 40 nM control or Arv1 siRNA using RNAiMax
as described above. Approximately 2 hours after transfection,
the cells were treated with 2.5 mM Thymidin to start cell cycle
synchronization. After 17 hours the cells were washed with fresh
medium and released for 8 hours, before they were stimulated
with 2.5 mM Thymidin for another 17 hours. The cells were
released from the second Thymidin-block, rinsed in fresh phe-
nol-free Medium A and cultured for another 6 hours. Live cell-
imaging was performed using a DeltaVision microscope
equipped with Elite TruLight Illumination System (Applied Pre-
cision) and 40x oil objective. The images were captured in
10 minutes intervals. The Z sections were projected by the Soft-
Worx software. The progression through cell division was evalu-
ated by the structure of mitotic spindle and chromosomes,
visualized by GFP-tubulin and mCherry-Histone-2B, respec-
tively. Typical images of cells in the different states of cell divi-
sion are presented in Fig. 4A. Specifically, we define telophase
onset when furrow ingression starts and telophase persists as
long the emerging daughter cells are circular, exhibit condensed
chromosomes and short intercellular bridge. Cytokinesis starts
when the emerging daughter cells spread, the chromosomes de-
condense and the intercellular bridge elongates. Abscission at
the midbody defines cytokinesis-termination.

Quantification of polynuclear cells with ImageStreamX

HepG2 cells were siRNA transfected as previously described,
fixed in 2% PFA for 20 minutes and permeabilized with PEM
buffer containing 0.05% saponin for 5 minutes (room tempera-
ture). Further, the nuclei were stained with 2 mg/ml Hoechst
33342 for 30 minutes, before the cells were pelleted, resus-
pended in 70 ml PBS, and post-fixed in 2% PFA. The cells were
analyzed using an ImageStreamX imaging flow cytometer
(Amnis, Seattle, USA), where the images were acquired using
the 405 nm-laser and 40x objective. Acquired data were proc-
essed using the IDEAS 4.0 analysis software. Apoptotic cells
have bright and punctuate nuclear staining and were excluded
from the analysis by gating on cells with low nuclear area
(Area_Treshold (M07, Ch07, 50%)) and high bright field con-
trast (Contrast_M01_Ch01). Multinuclear cells were distin-
guished from mono or bi-nuclear cells based on the higher
DNA content (Intensity_MC_Ch07) and visually inspection of
the nuclear images.

GFP-trap immunoprecipitation

HeLa cells were seeded in 6-well plates at the density 3 £ 105

cells per well. The next day the cells were transfected with
0.25 mg GFP, 1 mg pCA-EPLINa-EGFP, 1 mg pCA-EPLINb-
EGFP, 1 mg pEGFP-MYH9, 1 mg pEGFP-MYL9 or 1 mg
pEGFP-IQGAP1 using FuGene6® Transfection Reagent (Prom-
ega) and harvested after 48 hours. Enrichment of mitotic cells
was obtained by treating the cells with 400 ng/ml Nocodazole
the last 18 hours. GFP trap immunoprecipiation was performed
according to the manufacturer (Chromotek). Specifically, trans-
fected cells from a 6-well plate were pooled, lysed before cell
debris and nuclei were removed by centrifugation (100000g,
5 min, 4�C). The post-nuclear supernatant was diluted with
Washing buffer and incubated with 15 ml GFP beads for 1 hour
(4�C). Beads with bound proteins were washed before the pre-
cipitated proteins were eluted by boiling (10 minutes) in
Laemmli sample buffer (Bio-Rad) containing 100 mM DTT.
The eluted proteins were subjected to SDS-PAGE and immu-
noblotted with antibodies against Arv1 and GFP.

Fly stocks and immunostaining of ovaries from Drosophila
melanogaster

To determine the putative effects of Arv1 for cell division in
vivo, ovaries were dissected from 2–3 d old wild type (w1118)
and heterozygous arv1 mutant (BDSC27023, Bloomington
Drosophila Stock Center) females fed yeast paste. Ovaries were
fixed in 4% formaldehyde (EM grade, Polysciences) for 30 min
(room temperature), permeabilized (3x 15 min) and blocked
(30 min) in PBS C 0.3% bovine serum albumin (BSA) C 0.3%
Triton X-100 (PBT) (room temperature). Specimens were incu-
bated with the primary antibody (anti-Dlg) diluted in PBT at
4�C (overnight), washed 3x 15 minutes in PBT before being
incubated with secondary antibody and 1mg/ml Hoechst for
2 hours and finally washed 3x 15 minutes in PBT. The ovaries
were mounted in Vectashield (Vector laboratories) and exam-
ined using a Zeiss LSM780 confocal microscope.
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Statistical analysis

Significance was calculated using a paired, 2-tailed Student’s t-
test and the p-values are indicated in each experiment.

Abbreviations

Arv1 ACAT-related protein required for viability
EPLIN epithelial protein lost in neoplasm
IQGAP IQ-motif-containing GTPase-activating protein
MbCD methyl-b-cyclodextrin
MYH myosin heavy chain
MYL myosin light chain
LC-MS/MS liquid chromatography-tandem mass

spectrometry
PI(4,5)P2 phosphatidylinositol 4,5-bisphosphate
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