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TSG101 and ALIX both function in HIV budding and in
vesicle formation at the multivesicular body (MVB), where
they interact with other Endosomal Sorting Complex
Required for Transport (ESCRT) pathway factors required
for release of viruses and vesicles. Proteomic analyses
revealed that ALIX and TSG101/ESCRT-I also bind a series
of proteins involved in cytokinesis, including CEPSS5,
CD2AP, ROCK1, and IQGAP1. ALIX and TSG101 concen-
trate at centrosomes and are then recruited to the mid-
bodies of dividing cells through direct interactions
between the central CEP55 ‘hinge’ region and GPP-based
motifs within TSG101 and ALIX. ESCRTIII and VPS4
proteins are also recruited, indicating that much of the
ESCRT pathway localizes to the midbody. Depletion of
ALIX and TSG101/ESCRT-I inhibits the abscission step of
HeLa cell cytokinesis, as does VPS4 overexpression, con-
firming a requirement for these proteins in cell division.
Furthermore, ALIX point mutants that block CEP55 and
CHMP4/ESCRT-1II binding also inhibit abscission, indicat-
ing that both interactions are essential. These experiments
suggest that the ESCRT pathway may be recruited to
facilitate analogous membrane fission events during HIV
budding, MVB vesicle formation, and the abscission stage
of cytokinesis.
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Introduction

TSG101 (yeast Vps23p) and ALIX/AIP1(Brolp) both function
at the endosome to help sort membrane proteins into vesicles
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that bud into the lumen to create multivesicular bodies
(MVBs) (Hurley and Emr, 2006; Gill et al, 2007). One im-
portant function of this pathway is to target membrane
proteins for degradation, which occurs when MVBs fuse
with lysosomes and thereby expose the internal vesicles
and their contents to the action of lysosomal lipases and
hydrolases. TSG101 functions as a subunit of the heterote-
trameric ESCRT-I complex (Endosomal Sorting Complex
Required for Transport-I), together with three other MVB
pathway proteins: VPS28, VPS37, and MVBI12 (Chu et al,
2006; Curtiss et al, 2007; Kostelansky et al, 2007; Morita et al,
2007; Oestreich et al, 2007). ALIX also functions in the MVB
pathway, where it can interact with several different proteins
and complexes, including TSG101/ESCRT-I (Martin-Serrano
et al, 2003; Strack et al, 2003; von Schwedler et al, 2003;
Odorizzi, 2006). Both TSG101 and ALIX can also bind directly
to retroviral Gag proteins, including HIV-1 Gag, and facilitate
late stages of virus budding (Demirov and Freed, 2004;
Morita and Sundquist, 2004; Bieniasz, 2006). In some con-
texts, ALIX and TSG101 can substitute for one another in the
release of infectious virions, indicating that they can perform
similar (or complementary) roles in virus budding (Fisher
et al, 2007; Usami et al, 2007).

TSG101/ESCRT-I and ALIX both function together with
other ESCRT pathway members, including ESCRT-1I, ESCRT-
III and VPS4. Although mechanistic details are lacking,
current models hold that the ESCRT pathway mediates the
protein sorting and membrane fission events required for
release of cargo-filled vesicles and viruses. Importantly, both
MVB vesicles and retroviruses bud away from (rather than
into) the cytoplasm, implying that the cytoplasmic ESCRT
machinery may help mediate membrane fission events from
inside the neck of the budding virus/vesicle. The family of
related ESCRT-III proteins appears to play a particularly
critical role in this process, by assembling into membrane-
bound lattices associated with sites of vesicle formation
(Babst et al, 2002; Lin et al, 2005). Once assembled on the
membrane, the ESCRT-III subunits are bound and remodeled
by the action of the VPS4 ATPases, which redistributes the
ESCRT machinery back into the cytoplasm (Babst et al,
1998).

Another important cellular process in which a thin mem-
brane tubule must be resolved from within is the final
abscission step of cytokinesis (reviewed in McCollum,
2005). During abscission, the thin microtubule-filled mid-
body that connects the dividing cells is severed to release
two discrete daughter cells. Abscission is mediated by pro-
teins of the Flemming body, a dense proteinaceous ring that
occupies a central position within the midbody. Many mid-
body proteins have been identified (Skop et al, 2004), and
recent studies have revealed that one such protein, CEP55,
performs important roles in organizing the Flemming body
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and in recruiting a series of late-acting protein required for
abscission (Fabbro et al, 2005; Martinez-Garay et al, 2006;
Zhao et al, 2006).

Cytokinesis proceeds through a series of sequential, but
coupled stages that ultimately lead to abscission. Initially, a
cleavage furrow is created through constriction of the acto-
myosin contractile ring. A number of factors help control
contractile ring assembly and constriction, including IQGAP1
and Rho-associated kinases such as citron and ROCK1 (re-
viewed in Machesky, 1998; Matsumura, 2005). The centro-
some also appears to play critical roles in helping to regulate
the different stages of cytokinesis, and a series of proteins,
including centriolin, centrin, and CEP55, concentrate at cen-
trosomes during most of the cell cycle, but then migrate to
Flemming bodies during cytokinesis (reviewed in Doxsey
et al, 2005). Cleavage furrow ingression eventually creates a
thin midbody that connects the dividing cells and the
Flemming body forms at the center of the midbody. Some
Flemming body components are present throughout furrow
ingression, whereas others are delivered late, including cel-
lular membranes, endocytic factors, and secretory vesicles
and their associated fusion machinery (McCollum, 2005).
Once all of these components are properly assembled and
activated, abscission occurs and the two daughters separate
completely.

As part of our continuing effort to characterize the func-
tions of human TSG101/ESCRT-I and ALIX, we performed a
series of proteomic-style experiments aimed at identifying
cellular binding partners. These experiments revealed that
both ESCRT-I and ALIX bind a series of proteins that localize
to centrosomes and midbodies, and function in cytokinesis.
When we began this work, there were already several ob-
servations linking the ESCRT pathway with centrosomes and
cytokinesis, although the potential implications of these links
were not widely appreciated. First, Xie et al (1998) reported
that TSG101/ESCRT-I can localize to centrosomes and mid-
bodies, and that TSG101 downregulation leads to mitotic
abnormalities. Second, Spitzer et al (2006) demonstrated
that elc/tsg101 mutants in Arabidopsis exhibited high levels
of multinucleate cells, and the authors suggested that this
might reflect a cytokinesis defect arising from misregulation
of the microtubule cytoskeleton, although this defect was not
characterized further. Third, we reported that EAP20/ESCRT-II
also concentrates at centrosomes, but did not characterize a
centrosomal function for the ESCRT-II complex (Langelier
et al, 2006). Fourth, Jin et al (2005) reported that EAP30/
ESCRT-II negatively regulates maturation of the meiotic spin-
dle pole body (centrosome) in Schizosaccharomyces pombe,
although the authors did not note that EAP30 is a component
of ESCRT-II. Finally, Furukawa and co-workers used affinity
purification/mass spectrometry methods to show that CEP55
(called ‘C10o0rf3’) binds both TSG101 and ALIX (called
‘PDCD6IP’), but the role of CEPS5 in cytokinesis was not
yet known and the authors apparently did not recognize that
PDCD6IP corresponds to ALIX (Sakai et al, 2006).
Subsequently, while our work was in progress, Carlton and
Martin-Serrano (2007) reported that both ESCRT-I and ALIX
localize to the Flemming body and are required for abscission
in human cells. We have therefore interpreted our observa-
tions in the light of their discovery, and proceeded to char-
acterize the roles of ESCRT-I, ALIX, and other ESCRT pathway
components in the abscission step of cytokinesis.
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Results

Identification of ALIX and ESCRT-I binding partners
involved in cytokinesis

Extensive yeast two-hybrid and One-STrEP-tagged affinity
purification/mass spectrometry experiments were performed
to identify potential binding partners for ESCRT-I and ALIX.
Remarkably, these experiments identified more than 10 pro-
teins previously implicated in centrosome and midbody
function. Four of these proteins, CEP55, ROCK1, IQGAPI,
and CD2AP, were selected for further study because each (1)
localizes to the midbody, (2) functions in cytokinesis/abscis-
sion, and (3) was identified in at least two independent
proteomics screens (summarized in Figure 1A and caption).
Our initial surveys indicated that three of these proteins,
ROCK1, IQGAP1, and CD2AP, associated with ESCRT-I, and
that CEPS55 associated with both ESCRT-I and ALIX.
Moreover, CD2AP was recently reported as an ALIX binding
partner (Usami et al, 2007), indicating that this protein also
binds both ESCRT-I and ALIX.

Five of the six relevant TSG101/ESCRT-I and ALIX interac-
tions were initially verified by demonstrating that Myc-tagged
candidate proteins bound immobilized FLAG-ALIX or OSF-
TSG101/ESCRT-I but not control matrices (Figure 1B). The
sixth interaction, IQGAP1-TSG101/ESCRT-I, could not be veri-
fied in this manner because Myc-IQGAP1 exhibited high
background binding to the control matrix. In this case,
preferential co-immunoprecipitation of endogenous IQGAP1
by OSF-TSG101/ESCRT-I was documented, albeit at levels
only modestly above background. Finally, because the two
CD2AP interactions were underrepresented in our initial
proteomic screens, we further verified that CD2AP-ALIX
and CD2AP-ESCRT-I co-immunoprecipitation reactions were
robust and specific in both directions (Supplementary Figures
S1A and B). Taken together, these experiments demonstrate
that TSG101/ESCRT-I and ALIX interact with a series of
proteins that function in cytokinesis.

ROCK1 and IQGAP1 interact with the TSG101/ESCRT-I
PRR/stalk and headpiece

ROCK1 and IQGAP1 have both been implicated in contractile
ring assembly and activation (Machesky, 1998; Matsumura,
2005), and may therefore belong to a similar functional class
of ESCRT-I binding proteins. As shown in Figures 1C and D,
both ROCK1 and IQGAPIy445-1547 exhibited positive two-
hybrid interactions with TSG101, and these assays were
used to map their TSG101 binding requirements. TSG101
constructs were designed to span the N-terminal UEV domain
(TSG1-145), the central proline-rich (PRR) and ‘stalk’ regions
(TSG101146-311), and the C-terminal ‘headpiece’ (TSG1013;,-
3090) (Kostelansky et al, 2007), and also to test requirements
for the TSG101 PTAP element (APTAP) and PTAP binding
activity (M95A) (Pornillos et al, 2002; Kostelansky et al,
2007). ROCK1 and IQGAPI1y465-1547 associated specifically
with both the TSG101 PRR/stalk and headpiece, indicating
that both proteins must make multiple contacts with TSG101/
ESCRT-I. The TSG101 stalk and headpiece make a complex
series of interactions with other ESCRT-I subunits
(Kostelansky et al, 2007; Morita et al, 2007), and we therefore
did not attempt to map the IQGAP1 and ROCK]1 binding sites
more precisely. Nevertheless, our experiments show that both

©2007 European Molecular Biology Organization



The ESCRT pathway functions in cytokinesis
E Morita et al

A Two-hybrid inter
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TSG101 CEP55 1 TSG101120-270, CEP551s1-243
ALIX CEP55 13 ALIXso1-es, CEPS55rr-20e
TSG101 IQGAP1 18 TSG101240-300, |QGAP 114801547
TSG101 ROCK1 2 TSG1-1231-290, ROCK1sse-e17
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Figure 1 Cellular binding partners of ESCRT-I and ALIX. (A) Proteomic identification of ESCRT-I and ALIX binding partners. Upper panel:
summarized data from yeast two-hybrid screens of AD prey libraries for DBD-TSG101 and DBD-ALIX binding partners. Binding sites were
inferred from the minimal overlapping regions of bait and prey fragments that gave positive interactions. Lower panel: proteins identified as
ESCRT-I or ALIX binding partners in affinity purification/mass spectrometric experiments (and absent in control purifications). Bait proteins
were expressed as One-STrEP-FLAG (OSF, N-terminal) or FLAG-One-STrEP (FOS, C-terminal) fusions, and OSF-TSG101 was coexpressed with
untagged versions of other ESCRT-I subunits (VPS28 and VPS37A-D) in samples labeled ‘TSG101/ESCRT-I’. (B) Cytokinesis proteins co-
precipitate with ALIX and ESCRT-I. ‘Bait” FLAG-ALIX and OSF-TSG101 or empty vector controls were tested for co-precipitation with
overexpressed Myc-tagged ‘prey’ proteins or with endogenous IQGAP1 (lower right). Western blots show (1) prey protein levels in soluble
lysates (middle panels, Lysate, IB: anti-Myc), (2) bait proteins bound to anti-FLAG (FLAG-ALIX) or StrepTactin (OSF-TSG/ESCRT-I) matrices
(lower panels, IP: anti-FLAG or Strep), or (3) prey proteins co-precipitated onto the matrix (upper panels, IB: anti-Myc or anti-IQGAP1). Note
that untagged versions of the three other ESCRT-I subunits (VPS37B, MVB12A, and VPS28) were always coexpressed with OSF-TSG101, and
that others have also reported TSG101-CEP55, ALIX-CEPSS, and ALIX-CD2AP interactions (Sakai et al, 2006; Usami et al, 2007). (C) Yeast two-
hybrid mapping of the TSG101 binding sites for IQGAP1,463-1547. TSG101-AD fusions (rows 2-6) or control AD constructs (row 1, Empty) were
coexpressed together with IQGAP1;463-1547-DBD (column 2) or control DBD constructs (column 1, Empty) and tested for positive yeast two-
hybrid interactions (left) or co-transformation (control, right). Note that IQGAP1;463.1547 sShows positive interactions with both the stalk and
head regions of TSG101. (D) Yeast two-hybrid mapping of the TSG101 binding sites for ROCK1. The experiment is analogous to that in panel C,
except that TSG101 constructs were expressed as DBD fusions and ROCK1 was expressed as an AD fusion. Note that ROCK1 shows positive
interactions with both the stalk and core regions of TSG101. (E) Summary of TSG101 interactions with IQGAP1 and ROCKI1. Domain
abbreviations: CH, Calponin Homology; IR, IQGAP-Specific Repeat; GRD, GAP-Related Domain; UEV, Ubiquitin E2 Variant; PRR, Proline-Rich
Region; Coil, predicted coiled-coil region; RB, Rho-Binding region; Zn, Zinc finger; PH, Plexstrin Homology Domain.
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IQGAP1 and ROCK1 associate with the core of TSG101/
ESCRT-I (Figure 1E).

ALIX and TSG101 bind CEP55

We focused our studies on CEP55 because our initial proteo-
mics screens indicated that this protein bound both TSG101
and ALIX, and because CEPSS5 localizes to Flemming bodies
and is required for abscission (Fabbro et al, 2005; Martinez-

tions were confirmed in a series of co-immunoprecipitation
and directed yeast two-hybrid experiments, which estab-
lished that (1) OSF-CEP55 specifically co-immunoprecipitated
endogenous TSG101 and ALIX (Supplementary Figure S2A),
(2) OSF-CEPS55 co-immunoprecipitated the entire ESCRT-I
complex (not just TSG101) (Supplementary Figure S2B),
and (3) CEP55 exhibited yeast two-hybrid interactions with
several additional TSG101 binding proteins in the MVB path-
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Garay et al, 2006; Zhao et al, 2006). The specificity and
reciprocity of the CEP55-ESCRT-I and CEP55-ALIX interac-

way proteins, including HRS, VPS37C, and VPS37D
(Figure 2A).
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Figure 2 CEPS55 interactions with ESCRT-I and ALIX. (A) Yeast two-hybrid identification of interactions between CEP55 and proteins of the
ESCRT pathway. CEP55-AD fusions or control AD constructs (Empty) were coexpressed together with TSG101-, ALIX-, HRS-, VPS37C- or
VPS37D-DBD fusions, or control DBD constructs (Empty), and tested for positive yeast two-hybrid interactions (left) or co-transformation
(control, right). CEP55 did not interact with other human ESCRT proteins in this assay (not shown). The different CEP55 constructs are
summarized on the right. (B) Mapping of the CEP55 binding site on TSG101. Left panel: yeast two-hybrid mapping experiments showing that
CEP55-DBD constructs bind the proline-rich region (PRR) of TSG101-AD, and that binding requires TSG101 residues 146-163. Middle panels:
further yeast two-hybrid mapping experiments showing that the CEP55 binding site maps to TSG101 residues 155-163. Right panels: co-
precipitation experiments confirming that OSF-CEP55 co-precipitates wild-type (WT) ESCRT-I complexes that contain either VPS37B or VPS37C
subunits, but not analogous ESCRT-I complexes with a mutant TSG101 binding site (TSG101;s4-1644). Note that Myc-tagged versions of all four
ESCRT-I subunits were coexpressed in these experiments. (C) Mapping of the CEP55 binding site on ALIX. Left panel: yeast two-hybrid mapping
experiments showing that CEP55-DBD constructs bind the proline-rich region (PRR) of ALIX-AD, and that binding requires ALIX residues 781-
810. Middle panels: co-precipitation experiments showing that OSF-CEP55 specifically co-precipitates WT FLAG-ALIX and FLAG-ALIX794_796a
(control mutant), but not the binding site mutant FLAG-ALIXgoo_go24- (D) Summary of CEP55 interactions with TSG101, ALIX, and itself.
Mapped binding residues are highlighted in red and the GPP motifs within the two CEPS5 binding sites are underlined.
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CEP55 contains two predicted coiled-coil ‘arms’ separated
by a ‘hinge’ (Figure 2A) and the N-terminal arm region
reportedly mediates homo-oligomerization (Martinez-Garay
et al, 2006; Zhao et al, 2006). Consistent with these observa-
tions, we found that two-hybrid constructs corresponding to
full-length CEPSS5 or to just the two arms and the central
hinge (CEP55;9_3g5) self-associated in two-hybrid assays
(Supplementary Figure S3). Importantly, both ALIX and
TSG101 bound the CEP55 hinge alone (Figure 2A), although
enhanced ALIX binding was observed for fragments that
included arm 1 (Figure 2A and data not shown). In contrast,
strong HRS, VPS37C, and VPS37D binding was only detected
for longer CEP55 fragments that spanned both arms and the
hinge.

Two-hybrid and co-immunoprecipitation assays were used
to map the CEP55 binding sites on TSG101/ESCRT-I and ALIX
(Figures 2B-D). As shown in Figure 2B, CEP55 bound central
fragments of TSG101, including the proline-rich region (left
panel, PRR, TSG10ly46_,35). Alanine scanning mutations
through the TSG101 PRR revealed that the CEP55 binding
site spanned TSG101 residues 155-163, because binding
was eliminated by the ;53PPN;60/AAA mutation and reduced
by the adjacent 15;ATG;s5;/GAA and 16TSY163/AAA
mutations (Figure 2B, middle panels). This CEP55 binding
site was confirmed in co-immunoprecipitation experiments
showing that Ala/Gly mutations across the TSG101
The 154QATGPPNTSYM;4; sequence (TSG10l;s54-1644; SE€€
Figure 2B) abrogated co-immunoprecipitation of OSF-CEP55
with Myc-tagged ESCRT-I complexes (Figure 2B, right panels,
compare lanes 2 and 6 to lanes 4 and 8). These data are in
excellent agreement with those of Carlton and Martin-Serrano
(2007) mapping the CEP55 binding site to TSG101 residues
158-162.

Analogous yeast two-hybrid and co-immunoprecipitation
experiments were used to characterize and map the CEP55-
ALIX interaction (Figure 2C). Two-hybrid mapping experi-
ments indicated that the hinge region of CEP55 bound ALIX
residues 781-810 (Figures 2A and C, lower left panel). ALIX
constructs containing mutations that spanned each of the two
Pro-Pro tracts in this region were tested for CEP55 binding,
which revealed that the ALIX gooGPPgg,/AAA mutation spe-
cifically abrogated CEP55 binding (Figure 2C, right panels).
Hence, the CEP55 binding sites on both TSG101 and ALIX
were centered about ‘GPP’ sequence elements, suggesting
that the CEPS5 hinge may recognize a common core se-
quence motif in both proteins. TSG101 and ALIX mutants
that lacked CEPSS binding activities still supported HIV-1
budding, however, arguing against a role for CEP55 in virus
release (Supplementary data and Supplementary Figure S4).

ALIX and ESCRT-I colocalize with CEP55 at centrosomes
and Flemming bodies

We next examined the possibility that ALIX and ESCRT-I
might function together with CEPSS in the abscission step
of cytokinesis. CEP55 concentrates at centrosomes during the
G2/M phase of the cell cycle, and then migrates to the
midbody to function in abscission during cytokinesis
(Fabbro et al, 2005; Martinez-Garay et al, 2006; Zhao et al,
2006). We therefore examined the localization of tagged ALIX
and TSG101/ESCRT-I at different stages of the HeLa cell cycle
(Figure 3). In non-dividing cells, exogenous ALIX and ESCRT-
I were both distributed throughout the cytoplasm, including
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on endosomal membranes (Welsch et al, 2006). Strikingly,
however, both ALIX and TSG101 were also highly enriched
together with CEP55 on centrosomes whenever these struc-
tures were clearly visible (Figure 3B, rows 2 and 3) (Xie et al,
1998). Centrosomal localization was also confirmed for the
endogenous ALIX protein (Supplementary Figure S5, lower
row). Thus, both ALIX and ESCRT-I concentrate at the
centrosomes of non-dividing cells.

The distributions of TSG101/ESCRT-I and ALIX in dividing
cells were even more striking, as both tagged proteins and
endogenous ALIX localized to Flemming bodies, together
with CEPS5 (Figure 3A; Supplementary Figure S5, upper
row). Importantly, however, TSG101/ESCRT-I and ALIX mu-
tants that were unable to bind CEPS5 failed to localize to
Flemming bodies, although these mutants did not affect the
midbody localization of CEP55 (Figure 3C). Similarly, siRNA
depletion of endogenous CEP55 blocked the accumulation
of ALIX and TSGI101/ESCRT-I at Flemming bodies
(Supplementary Figures S6A and B, and S7). In contrast,
TSG101 depletion did not affect CEPS5 localization, and ALIX
depletion did not affect CEP55 or TSGI101 localization
(Supplementary Figures S6C-E). Hence, CEP55 appears to
recruit ALIX and TSG101/ESCRT-I to Flemming bodies, where
all three proteins are positioned to function together in
abscission.

CHMP/ESCRT-Ill and VPS4 concentrate at midbodies
Both ESCRT-I and ALIX function together with other ESCRT
factors, particularly the ESCRT-III and VPS4 proteins, to
facilitate the vesiculation events required for virus budding
and MVB biogenesis (Hurley and Emr, 2006; Gill et al, 2007).
We therefore tested whether representative proteins from
three of the seven different ESCRT-III families were also
recruited to the Flemming bodies during cytokinesis. As
shown in Figure 4A, C-terminally FLAG-tagged CHMP2A,
CHMP4A, and CHMPS5 proteins all localized to the midbodies
of dividing cells. Moreover, all three proteins were localized
into two distinct rings, one on either side of the Flemming
body. Hence, ESCRT-III proteins were also recruited to mid-
bodies where they formed distinctive double ring assemblies.

The localization of VPS4A was also examined, and we
found that endogenous VPS4A also formed double-ring struc-
tures at the midbodies (Figure 4B). In this case, however,
VPS4A localization was only observed when the midbodies
were particularly thin, suggesting that VPS4A may only be
recruited at the final stages of cytokinesis (see Supplementary
Figure S8A). Quantitative analyses revealed that endogenous
VPS4A was present at 36% of identifiable midbodies
(Supplementary Figure S8B). The efficiency of midbody
localization was not affected by TSG101 depletion (35%),
but was reduced by ALIX depletion (22%) and eliminated by
CEPS5 depletion (3%), indicating that ALIX contributes to
VPS4 midbody localization and CEPS5 is required. Taken
together, these experiments demonstrate that many different
ESCRT pathway members, including ALIX, ESCRT-I, ESCRT-III
subunits, and VPS4A, are recruited to midbodies where they
could all function in abscission.

ALIX and ESCRT-I are required for efficient cytokinesis
To test whether TSG101/ESCRT-I and ALIX are actually
required for abscission, we examined cell division in cells
depleted of endogenous TSG101 and ALIX (Figure 5).
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Figure 3 CEPSS5, ALIX, and TSG101/ESCRT-I colocalize at centrosomes and Flemming bodies. (A) Triple labeled immunofluorescence and DIC
images showing that FLAG-CEP55 (0.2 pg DNA), GFP-TSG101/ESCRT-I (0.2 pg GFP-TSG101, VPS28, VPS37B, and MVB12A DNA), or GFP-ALIX
(0.5ug DNA) colocalize at the midbodies (arrowheads) of dividing HeLa cells. Microtubule staining (white, o-Tubulin) is also shown for
reference in columns 1 and 5. Expanded and merged views of the midbodies from the lower pair of cells in each image are shown in column 5.
(B) Double labeled immunofluorescence and DIC images showing that a-Tubulin, FLAG-CEPS55, or CEP55-Myc (0.2 or 0.5pug DNA), Myc-
TSG101/ESCRT-I (0.2 ng Myc-TSG101, VPS28, VPS37B, and MVB12A DNA), and FLAG-ALIX (0.5 ug DNA) colocalize at the centrosomes of non-
dividing cells (arrowheads). (C) Triple-labeled immunofluorescence and DIC images showing that GFP-CEP55 (0.5pug DNA) localizes to
midbodies (arrowheads) whereas OSF-TSG101/ESCRT-I (0.2 ug GFP-TSG10154-1644, VPS28, VPS37B, and MVB12A DNA) and FLAG-ALIXg.
so2a (0.5pug DNA) proteins that cannot bind CEPS5 are not recruited to midbodies. Microtubule staining (white, a-Tubulin) is also shown for
reference.
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Figure 4 ESCRT-III Proteins and VPS4A Concentrate at Flemming
bodies. (A) Double labeled immunofluorescence images showing
that CHMP2A-FLAG, CHMP4A-FLAG, and CHMPS-FLAG (each
0.5 ug DNA) concentrate in double ring structures (arrowheads) at
the midbodies of dividing HeLa cells. Expanded views are shown
below each image. Note that these ESCRT-III constructs were
employed because they exhibited no (CHMP2A-FLAG and
CHMP4A-FLAG) or minimal (CHMP5-FLAG) effects on HIV budding
(von Schwedler et al, 2003). Microtubules were also stained for
reference (red, a-Tubulin). (B) Double-labeled immunofluorescence
images showing that endogenous VPS4A concentrates in double
ring structures (arrowheads) within very thin midbodies of dividing
HeLa cells. Microtubules were also stained (red, o-Tubulin).
Examples of wider midbodies that lacked VPS4A staining are
shown in Supplementary Figure S8A, and VPS4 localization is
quantified in Supplementary Figure S8B.

Replicating HeLa cells depleted of TSG101 appeared relatively
normal, albeit with a moderate enrichment of multinuclear
cells (Figure S5A, lower central panel). In contrast, cells
depleted of ALIX were highly aberrant, with most of the
cells exhibiting multiple nuclei and/or unusual intercellular
connections that appeared to be the remnants of arrested
midbodies (Figure 5A, lower right panel). These observations
were quantified both by counting multinuclear -cells

©2007 European Molecular Biology Organization
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(Figure 5A, upper right) and by using both FACS analyses
to measure the relative numbers of cells with 2n, 4n and 8n
DNA contents (Figure 5B). As shown in Figure 5B, 9% of
HeLa cells treated with an irrelevant control siRNA had 4n
DNA contents, and cells with 8n DNA contents were
essentially undetectable (<1%). TSG101 depletion doubled
the number of cells with a 4n DNA content (18%), but did
not detectably increase the numbers of cells with 8n DNA
contents. More strikingly, ALIX depletion increased the
percentages of cells with 4n and 8n DNA contents to 31
and 30%, respectively. Similarly, direct microscopic quanti-
fication also showed that TSG101 depletion modestly in-
creased the percentage of multinuclear cells (from 2 to
9%), whereas ALIX depletion dramatically increased the
percentage of multinuclear cells (to 66%). As expected,
CEPS5 depletion also resulted in a very high percentage of
multinuclear cells in both assays, consistent with previous
reports that CEPS5 performs an important function in
cytokinesis (Fabbro et al, 2005; Martinez-Garay et al, 2006;
Zhao et al, 2006).

Time-lapse images of ALIX-depleted cells were also col-
lected to confirm that the dramatic increases in the number of
multinucleated cells resulted from defects in cytokinesis.
Previous studies have shown that cytokinesis defects can
induce (1) ‘early’ defects in cell division, where the invagi-
nating cleavage furrow retracts quickly, thereby creating a
single cell with two nuclei or (2) ‘late’ defects, where the
furrow closes but the daughters fail to undergo abscission
and remain linked through stable midbodies until they again
eventually recoalesce into a single cell with two nuclei
(Wheatley and Wang, 1996; Canman et al, 2000; Straight
and Field, 2000). Both of these phenotypes were observed
frequently, and for three different siRNA constructs against
ALIX (Figure 5C and data not shown). Examples of ‘early’
cytokinesis defects are shown in the top panel of Figure 5C,
and in the corresponding movie provided as Supplementary
Figure S9B. In this case, the cleavage furrow in the featured
cell began to form (80min), but then rapidly reversed
(115min) to create a single cell with two nuclei (140 min).
Examples of dividing cells arrested late in cytokinesis are
shown in the lower two panels of Figure 5C, and in the
corresponding movies provided as Supplementary Figures
S9C and D. The second example was particularly striking
because the cleavage furrow formed early (50min), but the
cells remained connected through an unresolved midbody for
hours (50-865 min) until finally recoalescing into a single cell
with two nuclei (905 min).

ALIX interactions required for cytokinesis

The specificity of the ALIX depletion phenotype was con-
firmed in experiments that tested the ability of siRNA-resis-
tant ALIX expression constructs to rescue the cytokinesis
defects induced by depletion of endogenous ALIX
(Figure 6). As expected, ALIX depletion again induced sub-
stantial accumulation of HeLa cells with 8n DNA content
(16%) as compared with cells treated with an siRNA control
(<1%). However, this defect was corrected to a significant
extent by re-expression of the WT ALIX protein from an
siRNA-resistant construct (6% ). We believe that our inability
to rescue the replication phenotype completely stems from
the technical challenges of simultaneously obtaining very
high transfection efficiencies for both the siRNA and the
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ALIX constructs, avoiding cellular toxicity, and obtaining
comparable expression levels for the endogenous and exo-
genous ALIX proteins. Nevertheless, rescue of the cytokinesis
defect was significant and reproducible (n = 11), demonstrat-
ing that the cytokinesis defects were caused by ALIX deple-
tion and not by off target or other nonspecific effects.

ALIX interacts with a series of different proteins, including
CEP55, CHMP4/ESCRT-III, CD2AP, and viral late domains of
the YPXL class, and we therefore tested whether mutations
that blocked these interactions also inhibited the ability of
ALIX to support cytokinesis (Fisher et al, 2007). As shown in
Figures 6B and C, ALIX mutants that could not bind CEP55
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(ALIXggo_g02a) or CHMP4/ESCRT-III (ALIX},;,p) also failed to
rescue the cytokinesis defects in cells that lacked endogenous
ALIX. Indeed, these mutant ALIX proteins reproducibly
enhanced the cytokinesis block even further, perhaps
because they function as dominant inhibitors. In contrast,
ALIX proteins with inactivating mutations in the YPXL
(ALIXpg7ep) or the CD2AP (ALIX7447454) binding sites
supported cytokinesis. Thus, ALIX must not with both
CEP55 and CHMP4/ESCRT-III to function in cytokinesis,
but not with CD2AP nor with an endogenous YPXL-contain-
ing protein.

VPS4 overexpression inhibits cytokinesis

Inhibition of VPS4 ATPase activity induces the formation of
enlarged, aberrant endosomal structures called Class E com-
partments. These structures trap the ESCRT machinery on
their surfaces (e.g., see Supplementary Figure S10), reducing
their availability to participate in other functions. As shown
in Figure 7, expression of the dominant-negative VPS4x;73o-GFP
construct resulted in a dramatic increase in the percentage of
cells that were arrested in telophase and that had multiple
nuclei. Indeed, even overexpression of WT VPS4-GFP, which
induces a mild Class E phenotype, substantially increased the
percentage of cells arrested (or delayed) in telophase. We
therefore conclude that normal levels of VPS4 ATPase activity
are also required for efficient cytokinesis. Carlton and Martin-
Serrano (2007) similarly reported that a dominant-negative
VPS4A construct moderately inhibited cytokinesis, and the
more dramatic effects seen in our experiments may simply
reflect differences in protein expression levels.

Discussion

Our experiments confirm and extend the remarkable discov-
ery of Carlton and Martin-Serrano (2007) that ESCRT-I and
ALIX localize to Flemming bodies, are required for efficient
abscission, and can also influence the efficiency of furrow
ingression and midbody formation. Specifically, we have
shown that (1) TSG101/ESCRT-I and ALIX interact with at
least four other proteins that function in cytokinesis (CEP55,
CD2AP, ROCK1, and IQGAP1), (2) TSG101/ESCRT-I and ALIX
concentrate at Flemming bodies during the final stages of
cytokinesis, and (3) depletion of ALIX and (to a lesser extent)
ESCRT-I inhibits both early and late stages of cytokinesis.
Thus, ESCRT-I and ALIX are required for (at least) three
important membrane fission processes: MVB biogenesis,
virus budding, and cytokinesis.

The ESCRT pathway functions in cytokinesis
E Morita et al

The less penetrant cytokinesis phenotypes seen for
TSG101/ESCRT-I versus ALIX could, in principle, reflect in-
complete depletion of TSG101. We disfavor this explanation,
however, because TSG101 depletion was efficient and
reduced HIV-1 budding 50-fold or more (Figure 5A;
Supplementary Figure S4A). Hence, it is more likely that
TSG101/ESCRT-I is simply less essential than ALIX for HeLa
cell cytokinesis. This situation is similar to the marked
differences in the degree to which different lentiviruses rely
on TSG101 versus ALIX for viral budding (e.g., see Fisher
et al, 2007).

Importantly, our experiments also indicate that most of the
known ESCRT pathway is likely to function in abscission. The
following observations are in support of this idea: (1) CEPS55
exhibits two-hybrid interactions with multiple ESCRT pathway
components, including HRS/ESCRT-0 and TSG101/ESCRT-I,
VPS37/ESCRT-I, and ALIX, (2) three different ESCRT-III sub-
units and VPS4A are all recruited to Flemming bodies, (3)
dominant inhibitory ESCRT-II and VPS4 constructs inhibit
cytokinesis (Carlton and Martin-Serrano, 2007, and this
work), and (4) an ALIX mutant that cannot recruit the
CHMP4 class of ESCRT-III proteins fails to support cytokinesis
(Figure 6). The role of ESCRT-II in cytokinesis remains an open
question, however, because ESCRT-II subunits localize to
centrosomes (Jin et al, 2005; Langelier et al, 2006), but we
observed only very minor cytokinesis defects upon depletion
of the ESCRT-II subunit EAP20 (data not shown).

As illustrated in Figure 8, distinct adaptor proteins recruit the
ESCRT machinery to the different membrane sites for MVB
vesicle formation (e.g., HRS and its binding partners), virus
budding (e.g., HIV-1 Gag), and cytokinesis (CEPS5).
Importantly, CEP55 is not generally required for ESCRT path-
way function, since the protein is dispensable for virus budding
(Supplementary Figure S4). However, CEP55 recruits both
TSG101/ESCRT-I and ALIX to midbodies by binding to GPP-
based sequence motifs within the proline-rich regions of both
ALIX and TSG101 (Figure 3; Supplementary Figures S6 and S7;
Carlton and Martin-Serrano, 2007). These interactions must
then help recruit additional ESCRT machinery because ALIX
depletion reduces (but does not eliminate) the concentration of
VPS4 at midbodies and CEP55 depletion eliminates VPS4 mid-
body localization completely (Supplementary Figure S8).

The dimeric CEPS5 protein forms a central ring within the
Flemming body (Zhao et al, 2006), and some of our images
also showed ring-like ESCRT protein assemblies (not shown).
ESCRT-I and ALIX typically formed a single (or two unresol-
vable) central ring(s), whereas ESCRT-III and VPS4 typically

Figure 5 ALIX and ESCRT-I are required for efficient cytokinesis and abscission. (A) Effects of siRNA depletion of TSG101 and ALIX on cell
division. Upper left panel: Western blot showing efficient siRNA depletion of endogenous TSG101 (lane 2) and ALIX (lane 3). Controls show
protein levels in HeLa cells treated with an irrelevant siRNA against luciferase (lane 1) and cells depleted of CEP55 (lane 4). Numbering denotes
the first nucleotide of the siRNA target site within the gene. «-Tubulin loading controls are shown below. Lower panels: immunofluorescent
images of control-treated (left), TSG101-depleted (middle), and ALIX-depleted (right) HeLa cells. Microtubules (red, o-Tubulin) and nuclei
(SYTOX green) were stained for reference, and arrowheads highlight multinuclear cells. Upper right panel: quantification of multinucleated
HeLa cells following depletion of TSG101, ALIX or CEPSS, or treatment with the control siRNA. Measurements were performed in triplicate
(n =200 cells each) and error bars denote standard deviations. (B) FACS analyses of the DNA content of cells depleted of TSG101, ALIX, CEPS5,
or treated with a control siRNA. Peaks corresponding to 2n, 4n, and 8n DNA contents are labeled, and the integrated peak volumes are
provided. (C) ALIX is required for successful completion of cytokinesis and abscission. Time-lapse phase-contrast imaging of cell division
following ALIX depletion. White arrowheads highlight cells that are starting to divide, black arrowheads highlight arrested midbody structures,
and yellow arrowheads highlight cells that have recoalesced to produce multinucleated cells following aborted cytokinesis. The figure
illustrates that cells depleted of ALIX either abort cleavage furrow formation at an early stage of cell division to form a multinucleated cell (row 1),
or arrest late in cytokinesis and remain tethered via thin membranes before eventually recoalescing to form multinucleated cells (rows 2 and 3).
Elapsed times are provided in each panel. Movies showing time-lapse images of the cytokinesis blocks induced by ALIX depletion are provided
in Supplementary Figure S9.
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Figure 6 Requirements for different ALIX interactions in cytokin-
esis. (A) Western blot showing ALIX depletion/re-expression. Upper
panel: ALIX levels (anti-ALIX detection) in cells depleted of en-
dogenous ALIX (lanes 2-7) or treated with a control siRNA (lane 1).
Cells in lanes 3-7 were cotransfected with vectors expressing WT
FLAG-ALIX (lane 3), or the designated FLAG-ALIX mutants. Middle
panel: same samples probed with an anti-FLAG antibody. Lower
panel: a-Tubulin loading controls. (B) Stacked FACS profiles show-
ing the effects of ALIX depletion/re-expression on cell polyploidy.
Samples are the same as in panel A. (C) Percentages of cells with 8n
contents following ALIX depletion/re-expression. The plot shows
the relative integrated 8n peak volumes in the FACS profiles from
panel B. Note that although siRNA-resistant WT ALIX did not fully
rescue the polyploid phenotype, the partial rescue phenotypes
shown here were highly reproducible (n=11).

formed two distinct rings, one at either end of the Flemming
body. This issue requires further study, but one possibility
is that the ESCRT assembly has two-fold symmetry, with
ESCRT-II and VPS4 rings flanking central rings of ESCRT-I
and ALIX that assemble on a CEP55 template. Alternatively,
ESCRT-III and VPS4 may join the Flemming body at a late
stage of abscission, as the structure is separating.

4224 The EMBO Journal VOL 26 | NO 19 | 2007

CEPS5 trafficking is notable because the protein is con-
centrated at centrosomes until the onset of prophase when it
is released by phosphorylation and then moves sequentially
to spindle pole regions (late prophase), to the mitotic spindle
(metaphase), to the spindle midzone (anaphase), and then
ultimately assembles into a ring within the Flemming body
via interactions with the MKLP2 subunit of centralspindlin
(cytokinesis) (Fabbro et al, 2005; Martinez-Garay et al, 2006;
Zhao et al, 2006). Thus, CEP55 is present early at the
cleavage furrow, and could therefore recruit at least a subset
of the ESCRT machinery early in cytokinesis. However, the
most important known CEPS5 function is to orchestrate the
final stages of abscission late in cytokinesis (Fabbro et al,
2005; Martinez-Garay et al, 2006; Zhao et al, 2006). In the
absence of CEPSS5, a series of late-acting abscission factors
fail to concentrate at Flemming bodies, including the Aurora
B, MKL2, PIk1, PRC1, and ECT2 (Zhao et al, 2006), and now
the ESCRT machinery (Carlton and Martin-Serrano, 2007, and
this work).

TSG101/ESCRT-I and/or ALIX also interact with three other
proteins involved in cytokinesis, CD2AP, ROCK1, and IQGAP,
although the functional implications of these interactions
remain to be determined. CD2AP (CD2-Associated Protein)
is best characterized as an adaptor protein that functions in
various stages of endocytic protein trafficking and actin
remodeling, and whose depletion causes glomerular disease
(reviewed in Wolf and Stahl, 2003). Reductions in CD2AP
levels lead to defects in both MVB biogenesis (Kim et al,
2003) and abscission (Monzo et al, 2005), implying that
CD2AP can function in both processes. Notably, Monzo
et al (2005) have reported that CD2AP localizes to
Flemming bodies and that CD2AP depletion induces abscis-
sion defects similar to those described here. We have con-
firmed this observation (not shown), but the cytokinesis
defects in HeLa cells depleted of CD2AP were modest
(resembling those seen for TSG101/ESCRT-I depletion), and
the ALIX-CD2AP interaction was not absolutely required for
cytokinesis (Figure 6). Similarly, mice lacking CD2AP in most
tissues are viable, implying that CD2AP cannot be absolutely
essential for cytokinesis in most cell types, although this
viability could simply reflect functional redundancy with
CIN85 and/or other paralogs (Grunkemeyer et al, 2005).
Nevertheless, our data show that CD2AP associates with
both TSG101/ESCRT-I and ALIX, and all three proteins are
now functionally implicated in both MVB biogenesis and
cytokinesis.

We also found that both IQGAP1 and ROCK1 bound the
stalk and headpiece of TSG101/ESCRT-1. Both of these pro-
teins regulate cytoskeletal remodeling, and both appear to
function during actomyosin ring assembly and contraction
(Machesky, 1998; Matsumura, 2005), and possibly also
during abscission. The evidence for ROCK1 involvement in
abscission is not yet strong, but a related Rho-kinase, citron,
clearly functions at the midbody during abscission (e.g.,
Madaule et al, 1998), and was also detected as a TSG101/
ESCRT-I binding protein in our original proteomics screens
(not shown). The evidence for IQGAP1 involvement in
abscission is stronger, as IQGAP1 localizes to the midbody
of mammalian cells (Skop et al, 2004) and Dictyostelium
mutants lacking the IQGAP1 homolog, GAPA, form
midbodies but then arrest before completing abscission
(Adachi et al, 1997). Interestingly, IQGAP1 is also present
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Figure 8 ESCRT pathway functions. The schematic model illustrates how ESCRT-I, ALIX, and other ESCRT pathway proteins may be recruited
by different adaptor proteins (red) to perform similar roles in the terminal membrane fission events of MVB biogenesis, virus budding, and

cytokinesis.

within HIV-1 particles (Chertova et al, 2006) and binds
directly to the Gag protein of murine leukemia viral and
facilitates virion release (Leung et al, 2006). These observa-
tions provide additional links between retrovirus budding
and cytokinesis, and raise the intriguing possibility that virus
budding, like cytokinesis, may require actomyosin remodel-
ing or contraction. Furthermore, proteomic analyses (Skop
et al, 2004) have shown that midbodies also contain at least
four additional proteins that have previously been implicated
in retrovirus budding: Nedd4 (reviewed in Morita and
Sundquist, 2004), Annexin II (Ryzhova et al, 2006), AP-2
(Puffer et al, 1998), and endophilins (Wang et al, 2003),
suggesting additional possible parallels between these pro-
cesses.

The precise function and generality of the ESCRT machin-
ery in eukaryotic cell cytokinesis remains to be determined.

©2007 European Molecular Biology Organization

For example, ESCRT proteins are not essential for
Saccharomyces cerevisiae replication (Hurley and Emr, 2006;
Gill et al, 2007), indicating that the ESCRT machinery is not
universally required for cytokinesis. Furthermore, our pre-
liminary results indicate that even mammalian cells may
differ in their requirements for cytokinesis, as HEK 293T
cells continue to divide following CEPS5 depletion (not
shown). Further experiments will therefore be required to
test whether the ESCRT pathway plays a fundamental role in
the division of all mammalian cells, and whether this role is
indirect (e.g., by functioning in vesicle trafficking or mem-
brane protein degradation) or direct (e.g., by participating in
the actual abscission process). Nevertheless, it is striking that
the three best-characterized functions for the ESCRT machin-
ery all involve systems in which a thin membrane tubule
must be resolved through an internal membrane fission event
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(see Figure 8). We therefore speculate that the ESCRT path-
way is a modular membrane fission machine that can be
recruited to perform analogous functions in a series of
different biological processes.

If true, this model implies that the ESCRT machinery can
mediate membrane fission reactions at midbodies (which are
roughly 2 pm in diameter) and at MVB vesicles and retro-
viruses (which are roughly 100 nm in diameter). We envision
that the resolution to this apparent paradox may come from
the stepwise nature of cytokinesis. In the first step, furrow
ingression is driven by contraction of the actomyosin ring to
produce a midbody that is approximately 2 ym in diameter.
The Flemming body then forms, and it has been proposed
that it recruits secretory vesicles that fuse to create membrane
‘nets’ that help constrict the midbody further (Gromley et al,
2005). We speculate that this process may reduce the size of
the midbody pore(s) to the 100-nm scale, and at that point the
cytoplasmic ESCRT machinery could then mediate membrane
fission from within those narrowed pores, thereby completing
abscission and releasing the two daughter cells.

Materials and methods

Cell cultures

HeLa, 293T, and COS7 cells were maintained in DMEM supple-
mented with 10% FCS. For immunofluorescence experiments, HeLa
cells were seeded onto coverslips and cotransfected at 50-60%
confluence.

Expression vectors and plasmids
Expression vectors used in this study are summarized in Supple-
mentary Table S2.

Co-immunoprecipitation and Western blotting assays
Experimental details of co-immunoprecipitation and Western
blotting experiments are provided in the caption to Supplementary
Figure S1A and in Supplementary Table S4.

Yeast two-hybrid assays

Automated yeast two-hybrid screens were performed as described
previously (Bartel and Fields, 1997; Garrus et al, 2001), using cDNA
prey libraries from macrophages and from breast and prostate
cancer cell lines. Genes emerging from the screens were recloned
(Supplementary Table S3) and tested for protein interactions using
the Matchmaker GAL4 Yeast Two Hybrid 3 system (Clontech)
(Langelier et al, 2006).

Immunofluorescent imaging
HeLa cells were transfected with 10nM siRNA and/or plasmids
expressing the designated combination of epitope-tagged or GFP-
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fused proteins. Except where noted, cells were fixed 18 h post-
transfection with 3% paraformaldehyde in PBS or ice-cold methanol
(for cases involving y-tubulin staining). Confocal immunofluores-
cence images were acquired using Fluoview software on a FV300
IX81 Olympus microscope. Images are single confocal slices, except
where noted. Antibodies and concentrations are provided in
Supplementary Table S4.

FACS analyses of cellular DNA contents

HeLa cells from six-well plates were collected by trypsin treatment,
and half were resuspended in propidium iodide (PI) solution (50 ug
of PI per milliliter of PBS, 0.1% Triton X-100, 0.25 mg RNase/ml,
30min, 4°C). Pl-positive cells were counted with a FACScan
fluorescence-activated cell sorter (FACScan, BD Bioscience), and
peak volumes associated with each DNA content were analyzed
using CellQuest software. The other half of the cells were lysed
(50mM Tris, pH 8.0, 150mM NaCl, 1% Triton X-100, protease
inhibitors) and TSG101 and ALIX proteins were detected by Western
blotting.

Time-lapse microscopy

siRNA-transfected HeLa cells were cultured in a 37°C microscope
chamber (Oko-Lab) with 5% CO, and observed by phase contrast
with an Olympus IX81 microscope ( x 10 objective). Images were
acquired every 5min with MetaMorph v6.2r6 software (Molecular
Devices Corp).

Rescue of cytokinesis defects in cells depleted of endogenous
ALIX

For cell cycle analyses, HeLa cells in six-well plates were transfected
with ALIX expression vectors (2pg/well, Lipofectamine LTX,
Invitrogen) and siRNA (10 nM, Lipofectamine RNAi MAX, Invitro-
gen), following the time course as mentioned here: t=0, cells
seeded at 4 x 10° cells/well; t=24h, ALIX vector; t=32h, media
changed + ALIX vector; t=44h, cells trypsin treated and reseeded
with 2- to 8-fold dilution; t=50h, siRNA; t=56h, media
changed + siRNA; t=68h, media changed + siRNA; t=98h, cells
harvested and analyzed.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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