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The ESCRT pathway helps mediate the final abscission step of cyto-
kinesis in mammals and archaea. In mammals, two early acting pro-
teins of the ESCRT pathway, ALIX and TSG101, are recruited to the
midbody through direct interactions with the phosphoprotein
CEP55. CEP55 resides at the centrosome through most of the cell
cycle but then migrates to the midbody at the start of cytokinesis,
suggesting that the ESCRT pathway may also have centrosomal
links. Here, we have systematically analyzed the requirements for
late-acting mammalian ESCRT-III and VPS4 proteins at different
stages of mitosis and cell division. We found that depletion of
VPS4A, VPS4B, or any of the 11 different human ESCRT-III (CHMP)
proteins inhibited abscission. Remarkably, depletion of individual
ESCRT-III and VPS4 proteins also altered centrosome and spindle
pole numbers, producing multipolar spindles (most ESCRT-III/VPS4
proteins) or monopolar spindles (CHMP2A or CHMP5) and causing
defects in chromosome segregation and nuclear morphology. VPS4
proteins concentrated at spindle poles during mitosis and then at
midbodies during cytokinesis, implying that these proteins function
directlyatbothsites.WeconcludethatESCRT-III/VPS4proteins function
at centrosomes to help regulate their maintenance or proliferation
and then at midbodies during abscission, thereby helping ensure the
ordered progression through the different stages of cell division.
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The ESCRT pathway functions across eukaryotes and many ar-
chaeal species, where it helps mediate (i) vesicle formation at

multivesicular bodies (MVB) (1), (ii) enveloped virus budding (2),
and (iii) the abscission stage of cytokinesis (3–7). These seemingly
disparate biological processes all involve the resolution of thin, cy-
toplasm-filled membrane tubules, implying that ESCRTmachinery
can be recruited to different biological membranes to mediate to-
pologically similarmembrane fission events.Most ESCRT pathway
proteins function as subunits offivemultiprotein complexes, termed
the ESCRT-0, -I, -II, -III, and VPS4 complexes. Other ESCRT fac-
tors, such as ALIX, function as discrete proteins. Classic studies in
yeast have established that the ESCRT components are recruited
sequentially to endosomal membranes where they assemble into
higher order complexes thatmediate protein sorting,membrane re-
modeling, and fission (8). Initially, early-acting factors such as
ESCRT-I, ESCRT-II, and ALIX interact with upstream recruiting
factors, concentrate protein cargoes, and help deform membranes
(9). These early-acting factors recruit subunits of the ESCRT-III
complex, which form filaments within the necks of membrane tu-
bules and mediate membrane fission (10–16). ESCRT-III assem-
blies, in turn, recruit VPS4 ATPases, which use the energy of ATP
hydrolysis to disassemble the ESCRT complexes (10–14, 17).
ESCRT-III and VPS4 homologs mediate abscission in hyper-

thermophilic crenarchaeal species that diverged from eukaryotes
several billion years ago, suggesting that cell division may have
been the primordial function of the ESCRT pathway (6, 7). The
ESCRT pathway also helps mediate abscission in mammals (3),
where its activities must be integrated with a number of other
important processes, including centrosome function, mitosis, and
contractile ring formation and constriction. As cells exit mitosis,
the phosphoprotein CEP55 leaves centrosomes and concentrates
at the midbody (18), where it helps to organize factors required

for abscission. This translocation event is one of many emerging
links between centrosomes and cytokinesis (reviewed in ref. 19).
Indeed, it has been proposed that centrosomes may regulate
mammalian pathway(s) that help control the transition from mi-
tosis to cytokinesis, as is the case for the “mitotic exit network,”
which is organized by yeast spindle pole bodies (20). CEP55 binds
and recruits the early-acting ALIX and ESCRT-I proteins to the
midbody, and these interactions are required for efficient abscis-
sion (3, 4, 21). The roles of late-acting ESCRT factors in cytoki-
nesis are less well characterized, but several recent reports indicate
thatVPS4, theESCRT-III proteinCHMP1B, and theESCRT-III-
like protein IST1 can also function at midbodies (3, 4, 21–24).
In this study, we tested the requirements for each human

ESCRT-III and VPS4 protein during different stages of cell di-
vision. Cells lacking each of the late-acting ESCRT-III/VPS4
proteins exhibited abscission defects. Remarkably, cells lacking
ESCRT-III/VPS4 proteins also exhibited profound defects ear-
lier in mitosis, including aberrations in centrosome number,
morphology, and function, implying that ESCRT-III/VPS4 pro-
teins perform important centrosomal functions and may also
function during other stages of mitosis.

Results
ESCRT-III and VPS4 Proteins Are Required for Normal Cell Division. To
test for roles in cell division, each of the 11 different human
ESCRT-III/CHMP proteins and both VPS4 proteins were in-
dividually depleted from HeLa cells using siRNA treatments. At
least four siRNAs against each ESCRT-III/VPS4 protein were
tested for efficacy using antibodies against the endogenous pro-
teins, except in the case of CHMP4C, where suitable antibodies
werenot available andprotein depletionwas therefore testedusing
exogenously expressed CHMP4C. At least two effective siRNAs
against each target protein were identified, and their specificities
were confirmed by testing for cross-reactivity with related ESCRT-
III/VPS4 family members (Fig. S1 and Table S1). This set of
ESCRT-III/VPS4 siRNAs was then used to test the roles of each
ESCRT-III and VPS4 protein in cell division. Measurements of
cellular DNA content and nuclear morphology were confirmed
with at least two different siRNAs against each ESCRT-III/VPS4
protein, but for clarity the results are reported for a single siRNA
(except where noted).
As an initial screen for cell cycle defects, HeLa cells were

depleted of individual ESCRT-III/VPS4 proteins and assayed for
changes inDNAcopy number usingflow cytometrymeasurements
(Fig. 1). Cells received two siRNA treatments at 24-h intervals,
and the resulting phenotypes were measured 24 h after the second
treatment. Irrelevant siRNAs were used as negative controls, and
siRNAs that targeted ALIX or CEP55 were used as positive
controls for abscission defects (3, 4). As expected, depletion of
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ALIX or CEP55 dramatically increased the frequencies of cells
with four copy (4C) DNA content (>6-fold increases) and 8C
DNA (>16-fold increases) compared with the negative controls.
These profiles arose because the cells went through multiple
rounds of mitosis without completing cytokinesis, and therefore
ended up with multiple nuclei and multiple copies of their DNA
(Figs. 1 and 2). Depletion of individual ESCRT-III/VPS4 proteins
similarly increased the frequency of cells with 4CDNA content (3-
to 8-fold increases), implying nonredundant roles for all of the
human ESCRT-III/VPS4 proteins in cell division. CHMP3 de-
pletion additionally increased the fraction of cells with 8C DNA
content (approximately 9-fold increase), and this phenotype
therefore resembled the ALIX and CEP55 controls. In contrast,
depletion of other ESCRT-III/VPS4 proteins caused a significant
increase in the fraction of cells with 4C but not 8C DNA, sug-
gesting that these ESCRT-III/VPS4 proteins might perform dif-
ferent or additional functions in cell division.

ESCRT-III and VPS4 Proteins Are Required for Mitosis. To identify
other potential ESCRT-III/VPS4 protein functions, cells were de-
pleted of individual ESCRT-III/VPS4 proteins, fixed, stained with
fluorescent markers for DNA (green) and microtubules (red), and
examined by confocal microscopy (Fig. 2A). As expected, depletion
of CEP55 or ALIX dramatically increased the frequencies of cells
with visible midbodies (>5-fold increases, reflecting delayed abscis-
sion) and multiple nuclei (>25-fold increases, reflecting failed
abscission) (Fig. 2B). Depletion of CHMP3 similarly increased
the frequencies of cells with visible midbodies and multiple nuclei
(10- and 16-fold increases, respectively), again indicating that this
ESCRT-III protein, like ALIX and CEP55, functions primarily
during abscission. Cells lacking CHMP2A also had similar pheno-
types, but these cells exhibited other mitotic defects (described be-
low). Depletion of the remaining ESCRT-III/VPS4 proteins also
modestly increased the numbers of cells with visible midbodies and
multiple nuclei, but these cells also exhibited two striking new phe-
notypes: (i) Many cells had condensed but poorly aligned chro-
mosomes, suggesting prometaphase or metaphase defects (Fig. 3A),

(ii)Many cells had aberrant nuclei that appeared to be composed of
fragmented or interconnected micronuclei or that adopted unusual
crescent shapes (Fig. 2A). Strong phenotypes of this type were in-
duced by depletion of CHMP1A, CHMP1B, CHMP2B, CHMP4B,
CHMP4C, CHMP7, VPS4A, and VPS4B (Fig. 2C). Similar, but
weaker phenotypes were induced by depletion of the remaining
ESCRT-III/VPS4 proteins (with the exception of CHMP3). Strong
mitotic phenotypes often correlated with weaker abscission defects,
possibly because the prevalence of earlier mitotic defects masked
downstream abscission defects (Fig. 2 B and C). These observations
indicate that most ESCRT-III/VPS4 proteins are required both for
efficient abscission and also for normal mitotic chromosome align-
ment and nuclear morphology.

ESCRT-III and VPS4 Proteins Maintain Normal Centrosome and Spindle
Numbers and Morphologies. To characterize the ESCRT-III/VPS4
mitotic defects further, we analyzed centrosome, chromosome,
and spindle organization in HeLa cells depleted of a subset of
the ESCRT-III/VPS4 proteins with the strongest mitotic phe-
notypes. Cells were treated with an irrelevant siRNA (negative
control), an siRNA against ALIX (control), or siRNAs against
ESCRT-III/VPS4 proteins and then fixed and stained for cen-
trosomes (red), DNA (green), and microtubules (white) (Fig.
3A). As expected, interphase cells treated with control siRNAs
typically had two distinguishable centrosomes (85 ± 3% of cells,
Fig. 3A, column 1). Cells with one, three to four, or more than five
centrosomes were also present, but were infrequent (1.5 ± 0.5%,
10 ± 4%, and 3 ± 1%, respectively) (Fig. 3B). During metaphase,
control cells typically formed normal bipolar spindles with two
centrosomes (red), canonical spindle microtubules (white), and
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Fig. 1. Aberrant DNA contents of cells lacking ESCRT-III and VPS4 proteins.
(A) Flow cytometry analyses showing the DNA content of HeLa cells treated
with a control siRNA or with siRNAs to deplete ALIX (control), CEP55 (con-
trol), CHMP2A, CHMP3, or VPS4B. The 2C, 4C, and 8C DNA peaks are labeled,
and cell percentages are provided. (B) Quantified percentages of siRNA-
treated cells with 4C (red) and 8C (orange) DNA (n = 2 ± range, dotted line
denotes the average total percent of control cells with 4C and 8C DNA).
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Fig. 2. Mitosis and cytokinesis defects in cells lacking ESCRT-III and VPS4 pro-
teins. (A) Confocalfluorescent slices fromHeLa cells depletedof thedesignated
proteins. Fluorescent staining shows microtubules (red, anti-α-Tubulin) and
nuclei (green, SYTOXGreen).Multinucleated cells (1), visiblemidbodies (2), and
fragmented nuclei (3) arehighlightedwith arrows. (B) Percentages of cellswith
multiple nuclei (red), or visible midbodies (blue) (A), resulting from abscission
defects following depletion of the designated proteins (n = 3 ± SD). (C) Per-
centages of cells with fragmented nuclei (red) (A) or unaligned chromosomes
(blue) (Fig. 3A), following depletion of the designated proteins (n = 3 ± SD).
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aligned chromosomes (green) (Fig. 3A, column 2). Spindles were
also normal in cells that lacked ALIX and CHMP3, but centro-
some numbers were elevated modestly. These similarities further
support the idea that this particular ESCRT-III protein functions
primarily during abscission, where failed abscission allowed sub-
sequent round(s) of DNA and centrosome duplication in the next
cell cycle, resulting in 8C DNA and four centrosomes per cell.
In contrast, cells that lacked most other ESCRT-III/VPS4 pro-

teins had abnormally large numbers of centrosomes and spindles.
This phenotype is illustrated for interphase cells that lackedVPS4B
(Fig. 3A Lower Left) and was quantified for each of the nine dif-
ferent ESCRT-III/VPS4 proteins tested (Fig. 3B). Similarly, mi-
totic cells that lacked most ESCRT-III/VPS4 proteins exhibited
multipolar spindles and aberrant chromosome alignment during
metaphase (Fig. 3A Lower Right). Strong phenotypes of this type
wereobserved in cells that lackedCHMP1A,CHMP2B,CHMP4B,
CHMP4C, or VPS4B (Fig. 3B and Fig. S2). In each of these cases,
most cells had at least five discernable centrosomes, and some cells
had large numbers of centrosomes (>20).
As shown inFig. 3A andB, CHMP2AandCHMP5differed from

most other ESCRT-III proteins, as their depletion resulted in ab-
normally high percentages of interphase cells with only a single
discernable centrosome (49 ± 3% of CHMP2A-depleted cells, vs.
1.5±0.5%of control cells; Fig. S3).Duringmitosis, cells that lacked
CHMP2A frequently exhibited monopolar spindles that appeared
to pull the condensed, aligned chromosomes around themselves
into characteristic “C” or “O” shapes (Fig. 3A Middle Right). The
lone centrosomes in CHMP2A-depleted cells often appeared un-
usually large and highlyfluorescent, suggesting that theymight have

abnormal organization and/or increased recruitment of pericen-
triolar material. This phenotype was quantified by measuring cen-
trosome volumes in 3D reconstructions from thin confocal sections
of cells depleted of two representative ESCRT-III/VPS4 proteins
(CHMP2A and VPS4B). As shown in Fig. 3C, the sizes of cen-
trosomes stained with anti-Pericentrin antibodies were relatively
homogenous in control cells, with reconstructed volumes typically
rangingbetween0.25 and0.50μm3 (64%of centrosomes)or 0.1 and
0.25 μm3 (34%of centrosomes). Centrosomes in cells lackingALIX
wereof similar size, albeitwith small pools of larger centrosomes. In
contrast, centrosomes in cells that lacked VPS4B were typically
smaller than control centrosomes (62%between 0.1 and 0.25 μm3),
but also exhibited a slightly expanded size range (e.g., 10% were
between0.50 and0.75μm3).Most notably, a significant subset of the
centrosomes from cells lacking CHMP2A were much larger than
control centrosomes, with 32% >1 μm3. Thus, depletion of either
VPS4B or CHMP2A altered the overall size of centrosomes and
associated pericentriolar material, but in opposite directions.
A series of control experiments were performed to confirm the

specificity of the anti-Pericentrin antibody, test whether the aber-
rant centrosomes contained the expected array of other cen-
trosomal proteins, determine whether VPS4B depletion induced
similar phenotypes in multiple different human cell lines, and ex-
amine cell viability. As shown in Fig. S4, the aberrant centrosomes
inVPS4B- andCHMP2A-depleted cells stainedwith a second anti-
Pericentrin antibody, with anti-γ-Tubulin antibodies, andwith anti-
aurora A antibodies during mitosis, as would be expected for func-
tional centrosomes. We also tested the effects of depleting VPS4B
from four different human cell types: HeLa, GHD-1, 293T, and
HOS cells. HeLa and GHD-1 cells exhibited highly penetrant mi-
totic and centrosomal phenotypes, whereas these defects were
weaker butmeasurable in 293T andHOScells (Fig. S5A–C). Thus,
VPS4B is required to maintain normal centrosome numbers in
multiple human cell types, although the degree to which different
cell types depend upon VPS4B may vary. Cell death was also in-
creased in cells depletedofCHMP2A,CHMP4B, andVPS4B, con-
sistent with roles for these proteins in cell division (Fig. S5D).

Centrosome Amplification in VPS4-Depleted Cells Occurs During
Mitosis. Time courses were performed to determine the timing of
centrosome amplification within the cell cycle. Cells were treated
with either a control siRNAor an siRNAagainst VPS4B (at t=0h
and t=24h) and analyzed at 6-h intervals by counting the numbers
of centrosomes in fixed, stained interphase or mitotic cells. As ex-
pected, centrosome numbers remained constant in cells treated
with control siRNAs. In contrast, centrosome numbers in VPS4B-
depletedmitotic cells began to increase significantly at t=24h and
continued to rise until t = 30 h (Fig. 3D), consistent with amplifi-
cation during thefirst roundofmitosis following protein depletion.
Remarkably, approximately 70% of the mitotic cells with super-
numerary spindles had at least five centrosomes/spindles, implying
that their numbers increased rapidly from two to more than five
during the first mitosis.
As shown in Fig. 3 D and E, the rise in mitotic cells with su-

pernumerary centrosomes was followed by a rise in the number of
interphase cells with elevated centrosome numbers, implying that
centrosome amplification occurred primarily during mitosis, re-
sulting in amplified numbers of centrosomes in the subsequent
interphase.The fractionof cellswith elevated centrosomenumbers
was higher inmitotic cells than in interphase cells, possibly because
mitotic cells with high spindle numbers had greater probabilities of
undergoing apoptosis (or cell cycle delays) and/or because am-
plified centrosomes clustered during interphase.

Live Cell Imaging of Cells Lacking VPS4B and CHMP2A. The dynamic
processes of spindle formation, chromosome alignment, chromo-
some segregation and cytokinesis were analyzed by imaging live
HeLa cells that stably expressed fluorescently labeled chromatin
(H2B-mCherry) and microtubules (YFP-α-Tubulin). Time lapse
images, schematic illustrations, and movies of dividing cells lack-
ing ALIX, VPS4B or CHMP2A are provided in Fig. 4A andB and
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E

Fig. 3. Centrosomal defects in cells lacking ESCRT-III and VPS4 proteins. (A)
Confocalfluorescent images of HeLa cells stained for DNA (SYTOXGreen) and
centrosomes (red, anti-Pericentrin), following treatment with a control,
CHMP2A, or VPS4B siRNA. Cells are shownduring interphase (Left) andmitosis
(Right, with microtubules in white, anti-α-Tubulin). Arrows highlight subsets
of visible centrosomes (Figs. S2 and S3). (B) Percentages of cells with abnormal
centrosomenumbers following siRNA treatment (Color key above,n= 3± SD).
(C) Centrosome volumes measured in 3D reconstructions of fixed HeLa cells
depleted of the designated protein, stained for Pericentrin and binned into
the designated volume ranges. Color key and total cell numbers from three
different experiments are given within the graph. (D and E) Percentages of
HeLa cells with three or more centrosomes following treatment with control
or VPS4B siRNA. Individual samples were harvested every 6 h and stained with
antibodies against Pericentrin and γ-Tubulin. Only centrosomes that stained
with both antibodies were counted (n = 3± SD). Mitotic (D) and interphase (E)
cells from the same samples were counted separately.
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Movies S1, S2, S3, S4, S5, S6, S7, and S8. Movie images were
quantified to determine the duration of mitosis and the frequen-
cies of mitosis and abscission failure. As expected, control cells
proceeded normally through the cell cycle (Fig. 4 A and B and
Movies S1 and S2). The average duration of mitosis was 71 ±
51 min (Fig. 4C), and mitosis and abscission were almost always
successful [6 ± 2 and 2 ± 1% failure rates, respectively (Fig. 4 D
and E)]. Cells that lacked ALIX exhibited minor mitotic defects
(58 ± 18 min, 14 ± 2% failure) but then arrested during abscission
(91 ± 3% abscission failure) (Fig. 4 and Movies S3 and S4).
Eventually, abscission failure resulted in dissolution of the mid-
body and coalescence into single cells with multiple nuclei.
In cells that lacked VPS4B, bipolar spindles typically formed

initially and the condensed chromosomes began to align on the
metaphase plate. However, additional spindles soon formed, and
the chromosomes became increasingly incoherent until they ul-
timately dispersed into small clusters (Fig. 4A panel 3, 117–363
min, and Movies S5 and S6). Cells remained in this aberrant
prometaphase stage for extended periods of time (458 ± 283 min
vs. 71 ± 51 min for control cells, see Fig. 4C for quantification).
Eventually, these cells usually initiated cytokinesis, but defects in
chromosomal segregation (87 ± 5% failure) and/or abscission
(65 ± 21% failure) typically ensued (Fig. 4 D and E). Ultimately,
multiple small discrete or interconnected nuclei appeared, ap-
parently because nuclear membranes formed around the dis-
persed chromosomes (Fig. 4A, panel 3, 375 min, and Movies S5
and S6). Thus, our live cell imaging experiments confirmed that
cells lacking VPS4B formed aberrantly large numbers of spin-
dles, arrested early in mitosis, failed to segregate chromosomes
normally, failed to complete abscission, and ultimately assem-
bled aberrant nuclei.
In contrast, cells that lacked CHMP2A typically formed monop-

olar spindles early in mitosis. Chromosomes initially condensed and
began to align, but were then drawn in about themonopole, forming
characteristic C- or O-shaped arrays (Fig. 4A, panel 4, 63–78 min,
Movies S7 and S8, and Fig. 3A). We surmise that the chro-
mosome arrays curved about the monopole owing to the lack of
opposing forces normally generated by a bipolar spindle. However,
CHMP2A-depleted cells subsequently progressed into stages that
resembledmetaphase and anaphase and proceeded throughmitosis
at normal rates (37± 16min, Fig. 4C). During these stages, aberrant
bipolar spindles formed and the chromosomes separated (e.g., Fig.
4A, panel 4, 207 min, and Movies S7 and S8). Chromosome segre-
gation was often asymmetric (63 ± 23%, Fig. 4D), contractile rings
formed at multiple sites (Fig. 4A, panel 4, 84–207 min, and Movies
S7andS8), and the “daughter cells”often receivednochromosomes.
Finally, abscission typically failed (62 ± 8%, Fig. 4E) and small
fragmented nuclei sometimes formed, although this phenotype was
less severe than for VPS4B-depleted cells (Fig. 2C). These live cell
imaging experiments therefore revealed that cells lacking CHMP2A
formed transient monopolar spindles, failed to segregate chromo-
somes normally, failed to complete abscission, and ultimately as-
sembled aberrant nuclei.

Human VPS4 Proteins Concentrate at Centrosomes. The severity of
the centrosomal defects in cells lacking ESCRT-III/VPS4 proteins
suggested that these proteins might function at centrosomes be-
fore concentrating at midbodies to facilitate abscission. To test this
idea, we examined the localization of endogenous VPS4A (Fig. 5)
and VPS4B (Fig. S6) at different stages of the cell cycle using im-
munofluorescence microscopy. During interphase, prophase, and
metaphase, both VPS4 proteins were distributed in puncta
throughout the cytoplasm (and sometimes also in the nucleus) but
with visible concentrations at centrosomes and spindle poles (Fig. 5,
row 1 and Fig. S6, row 1). Antibody specificity was confirmed by the
loss of staining in cells depleted of VPS4A or VPS4B (Fig. 5 and
Fig. S6, rows 3 and 4) under conditions where centrosome and
spindle numbers were amplified (Fig. 5 and Fig. S6, row 3).
VPS4 protein localizations changed dramatically during cyto-

kinesis, when both VPS4 proteins concentrated at the midbody
and formed discrete bands on either side of the Flemming body

A

B

C D E

Fig. 4. Time-lapse analyses of mitosis and cytokinesis defects in living cells
lacking VPS4B or CHMP2A. (A) Time-lapse images of dividing HeLa cells trea-
ted with a control siRNA or depleted of the designated proteins. Stably
transduced HeLa cells expressed fluorescent chromatin (H2B-mCherry, first
columns in each panel) and microtubules (YFP-α-Tubulin, second columns).
Phase contrast images areprovided in the third columns, andelapsed times are
given (Left). Numerically coded event key: (1) arrested abscission, (2) dissolu-
tion of midbody and coalescence, (3) multiple spindle poles/centrosomes, (4)
failed chromosome alignment, (5) asymmetric chromosome segregation into
three nascent cells, (6) formation of multiple small nuclei, (7) monopolar spin-
dles/single centrosomes or clusters, (8) “C”-shaped chromosome clusters, (9)
emergingdaughter cells, and (10) failed chromosome segregation intodaugh-
ter cells. Annotated movies of these single cells and of fields of cells are pro-
vided in Movies S1, S2, S3, S4, S5, S6, S7, and S8. (B) Schematic illustrations of
the different stages of mitosis and cytokinesis in cells lacking the designated
proteins. I, interphase; M, metaphase; C, cytokinesis; A, abscission. Specific
defects are coded numerically as in A. (C–E) Duration of mitosis (C) and per-
centages of cells with mitotic (D) and abscission (E) defects in cells lacking the
designated proteins (SI Materials and Methods).
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(row 2). This midbody localization pattern is consistent with pre-
vious reports for VPS4 and other ESCRT proteins (3, 4, 21, 24).
Moreover, we recently reported that the ESCRT-III-like protein
IST1, which binds both ESCRT-III and VPS4 proteins, also lo-
calizes to centrosomes and midbodies in a cell cycle–dependent
manner (22, 23). Thus these three late-acting ESCRT proteins are
positioned to function directly at centrosomes and spindle poles
during mitosis and at midbodies during abscission.

Discussion
Recent studies have shown that the ESCRT pathway functions in
abscission and that this is an ancestral function that predates the
divergenceof archaeaandeukaryotes (6, 7, 25).Wenowreport that,
in addition to their anticipated roles in abscission,mostESCRT-III/
VPS4 proteins are also required for centrosome and spindle main-
tenance. The centrosomal defects in cells depleted of ESCRT-III/
VPS4 proteins were often striking and highly penetrant. For ex-
ample, approximately 80% of HeLa cells lacking VPS4B exhibited
multiple centrosomesduring thefirstmitosis after proteindepletion
(Fig. 3D) and most had five or more centrosomes.
Our study demonstrates a functional role for late-acting

ESCRT-III/VPS4 proteins at mammalian centrosomes/spindles.
However, a series of previous observations have suggestedpossible
links between other ESCRT proteins and centrosomes and/or
mitotic functions. (i)We and others have previously reported that
a series of different ESCRT proteins can localize to centrosomes,
microtubule organizing centers, and/or mitotic spindles, including
ESCRT-I (4, 26, 27), ALIX (4), ESCRT-II (28), and IST1 (22). (ii)
The TSG101 subunit of ESCRT-I was originally identified as
a tumor susceptibility gene whose reduction induced mitotic ab-
normalities and aneuploidy (26). (iii) Cell division defects ob-
served in Arabidopsis elc/tsg101 mutants were attributed to pos-
siblemicrotubulemisregulation (29). (iv) TheDrosophilahomolog

of CHMP5 was identified in a genome-wide siRNA screen for
suppressors of multipolar mitoses (30). (v) S. pombe dot2/eap30/
vps22 (ESCRT-II) mutants were reported to overamplify their
spindle pole bodies (equivalent to mammalian centrosomes) during
meiosis, although not during mitosis (31). (vi) Finally, a study fo-
cused on possible CHMP1A nuclear functions demonstrated that
overexpression of this ESCRT-III protein caused cells to arrest with
4C DNA content (32). Together with the results from this study,
these observations collectively suggest that the entire ESCRT
pathway probably exerts centrosomal and possibly other functions
that are conserved across fission yeast, plants, and mammals. The
late-acting ESCRT-III/VPS4 proteins appear to play the most crit-
ical roles in centrosome maintenance, however, because their de-
pletion induced stronger mitotic defects than did depletion of early-
acting ESCRT factors such as TSG101 and ALIX (e.g., Figs. 1–3).
At least a subset of ESCRT pathway components appear to

follow a recurring protein trafficking pathway in which proteins
localize to centrosomes for most of the cell cycle, and then reloc-
alize to the midbody to function during cytokinesis. This behavior
is well documented for CEP55, which migrates from the centro-
some to themidbody upon phosphorylation byCdk1 andErk2 (18,
33, 34). Cell cycle–dependent centrosomal and midbody locali-
zation patterns have now also been reported for IST1 (22) and
VPS4 (this study) and for the CHMP4-binding protein, TTC19,
which was recently show to translocate together with its binding
partner, FYVE-CENT, from centrosomes to midbodies (35).
Furthermore, our current study shows that ESCRT-III and VPS4
proteins are required for proper functioning of both centrosomes
and midbodies, supporting the idea that the ESCRT pathway and
its accessory factors help control multiple steps in the transition
from mitosis to cytokinesis, perhaps with parallels to the well-
characterized mitotic exit and septation initiation networks in
yeast and plants (36). Localization of VPS4 to both centrosomes
and midbodies seems to imply that the protein functions directly
at both sites. At present, however, we cannot rule out indirect
effects because VPS4 activity is required for normal endosomal
trafficking (1, 5, 8), and endosomes participate in cleavage furrow
ingression and cytokinesis (37).
Defining the mechanism(s) by which ESCRT-III/VPS4 pro-

teins help maintain proper centrosome numbers is complicated
because centrosome amplification and fragmentation can occur
via several different mechanisms (reviewed in ref. 38) and be-
cause the centrosomal phenotypes we observed were quite com-
plex (e.g., CHMP2A and VPS4B depletion altered the size and
abundance of the pericentriolar matrix in different ways). One
attractive possibility is that ESCRT-III/VPS4 proteins may help
control centrosome numbers via interactions with machinery that
regulates centriole disengagement and licenses centrosomes for
duplication. In particular, the protein CC2D1A(Aki1) was recently
shown to help control centrosome disengagement and duplication
(39) and has also been identified as a potential CHMP4 binding
protein in yeast two hybrid screens (40). Alternatively, it is possible
that changes in centrosomenumbers could reflect centrosome frag-
mentation and/or alterations in centrosome clustering. Indeed,
the “single” centrosomes in CHMP2A-depleted cells sometimes
appeared to be clustered (e.g., see the leftmost image in row 3 of
Fig. S3), and theDrosophilahomologofCHMP5 (termedCG6259)
was identified in a global siRNA screen for proteins involved in
centrosomal clustering (30). In that case, the supernumerary cen-
trosomes ofDrosophila S2 cells reportedly formedmultipolar spin-
dles in the absence of CHMP5, suggesting that CHMP5 can help
cluster multiple centrosomes into bipolar spindles.
It remains to be determined whether known ESCRT-III/VPS4

activities like ring formation, force generation, and/or membrane
constriction and fission could function in centrosome duplica-
tion. One possibility is that polymeric centrosomal ESCRT-III/
VPS4 assemblies could serve as scaffolds that recruit or modu-
late important activities of the centrosome. For example, the
ESCRT-III protein CHMP1B binds specifically to the AAA
ATPase spastin and thereby recruits this microtubule severing
protein to the midbody (24). It is conceivable that analogous
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Fig. 5. Localization of endogenous VPS4A during metaphase and cytokine-
sis. Representative images showing localization of endogenous VPS4A (green,
anti-VPS4A, columns 1 and 3) and microtubules (white, anti-α-Tubulin, col-
umns 2 and 3) duringmitosis (row 1) or cytokinesis (row 2) in cells treatedwith
a control siRNA. Phase contrast images are shown in column 4. Note that
VPS4A concentrates at the spindle pole during metaphase (row 1) and at the
midbodyduring cytokinesis (row2). Images in rows 3and4 showcells depleted
of VPS4A, demonstrating the specificity of antibody staining and showing
multipolar spindles, characteristic of the depletion-dependent phenotype
(row 3). Centrosomes and midbodies are highlighted with arrows, and mag-
nified Insets correspond to regions highlighted by yellow arrows.
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microtubule remodeling activities might be used at mitotic spin-
dles, consistent with the suggestion that spindle microtubule mis-
regulation is responsible for cell division defects in Arabidopsis
cells lacking TSG101 (29).
Finally, it is intriguing that two ESCRT-III proteins, CHMP3

and CHMP4, were recently reported to localize to kinetochores
in a global screen for proteins with possible mitotic functions
(41). Thus, it appears possible that the ESCRT pathway is highly
integrated into the biology of centrosomes, spindles, and possibly
other mitotic machinery. This integration could allow ESCRT
proteins to help coordinate three fundamental processes thatmust
occur during cell division: chromosome segregation, centrosome
duplication, and cytokinesis. We speculate that the evolution of
centrosomal functions for the primordial ESCRT abscission ma-
chinery may have helped to ensure the ordered coupling of these
essential steps of cell division.

Materials and Methods
SI Materials and Methods provides additional experimental detail. siRNA
constructs, expression vectors, andantibodies are summarized in Tables S1–S4.

siRNA Treatments. At least four siRNAs against each ESCRT-III protein were
tested for efficacy, specificity, and lack of toxicity. HeLa cells were transfected
twice with 20 nM siRNA (Lipofectamine RNAi MAX) at 24-h intervals and
analyzed 24 h after the second transfection (except where noted).

Flow Cytometry Analyses of Cellular DNA Contents. Following siRNA treat-
ment, cells were treated with trypsin, collected, and resuspended in 0.3 mL
propidium iodide (PI) solution (50 μg PI/mL in PBS, 0.1% Triton X100, 0.25 mg

RNase/mL, 30 min, 4 °C). 10,000 PI-positive cells were counted with a FACS-

can fluorescence-activated cell sorter (FACScan; BD Bioscience), and peak

volumes were analyzed using Modifit LT v2.0 software.

Immunofluorescence Imaging. HeLa cells were seeded onto coverslips and
transfected with siRNA at 30–50% confluence. Cells were then fixed with 3%

paraformaldehyde in PBS or 100% methanol at −20 °C and stained with

SYTOX Green (1 μM) and/or with antibodies against Pericentrin, α-Tubulin,
γ-Tubulin, Aurora A, or VPS4 proteins. Confocal immunofluorescence images

were acquired using Fluoview software on a FV300 IX81 Olympus microscope.

Time-Lapse Microscopy. HeLa cells stably transduced with retroviruses that
expressed YFP-α-Tubulin and H2B-mCherry were cultured in a 37 °C micro-

scope chamber (Oko-Lab) with 5% CO2. 24 h after siRNA transfection, cells

were imaged for YFP, mCherry, and by phase contrast on an Olympus IX81

microscope (UPLANSAPO40×NA0.90 objective,filters (Semrock) YFP (2427A),

mCherry (TRITC-A). Images were acquired every 3 min with MetaMorph v7.02

software (Molecular Devices Corp.).
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