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Essential Role of hIST1 in Cytokinesis

Monica Agromayor,* Jez G. Carlton,* John P. Phelan,* Daniel R. Matthews,#
Leo M. Carlin,* Simon Ameer-Beg,* Katherine Bowers," and Juan Martin-Serrano*

*Department of Infectious Diseases, King’s College London School of Medicine, London SE1 9RT, United
Kingdom; *The Richard Dimbleby Department of Cancer Research and The Randall Division of Cell and
Molecular Biophysics, King’s College London School of Medicine, London SE1 9RT, United Kingdom; and
fInstitute of Structural and Molecular Biology, Division of Biosciences, University College London, London
WCIE 6BT, United Kingdom

Submitted May 13, 2008; Revised November 13, 2008; Accepted December 23, 2008
Monitoring Editor: Stephen Doxsey

The last steps of multivesicular body (MVB) formation, human immunodeficiency virus (HIV)-1 budding and cytokinesis
require a functional endosomal sorting complex required for transport (ESCRT) machinery to facilitate topologically
equivalent membrane fission events. Increased sodium tolerance (IST) 1, a new positive modulator of the ESCRT pathway,
has been described recently, but an essential function of this highly conserved protein has not been identified. Here, we
describe the previously uncharacterized KIAA0174 as the human homologue of IST1 (hIST1), and we report its conserved
interaction with VPS4, CHMP1A/B, and LIP5. We also identify a microtubule interacting and transport (MIT) domain
interacting motif (MIM) in hIST1 that is necessary for its interaction with VPS4, LIP5 and other MIT domain-containing
proteins, namely, MITD1, AMSH, UBPY, and Spastin. Importantly, hIST1 is essential for cytokinesis in mammalian cells
but not for HIV-1 budding, thus providing a novel mechanism of functional diversification of the ESCRT machinery. Last,
we show that the hIST1 MIM activity is essential for cytokinesis, suggesting possible mechanisms to explain the role of

hIST1 in the last step of mammalian cell division.

INTRODUCTION

Multivesicular bodies (MVBs) are endocytic organelles char-
acterized by their ability to bud away from the cytosol to
generate intraluminal vesicles (ILVs). The MVB is a major
protein sorting station in the cell, in which specific mem-
brane proteins are sorted into the ILVs, whereas others
remain on the limiting membrane. The endosomal sorting
complex required for transport (ESCRT) machinery medi-
ates sorting of ubiquitinated cargo proteins into the forming
ILVs (Gruenberg and Stenmark, 2004; Hurley and Emr,
2006). These sorting and vesicle formation events require the
sequential assembly of ESCRT-, -1I, and -III on the endoso-
mal membranes, and the whole process is regulated by the
essential activity of VPS4, an AAA-ATPase that mediates the
disassembly of the ESCRT complexes for recycling purposes
(Babst et al., 1998; Katzmann et al., 2001; Babst et al., 2002a,b).
Thus, spatial and temporal regulation of VPS4 seems essen-
tial for the function of the ESCRT machinery. In fact, a
conserved mechanism of VPS4 regulation by Vtal/LIP5 has
been described, showing that a dimeric form of Vtal stim-
ulates the ATPase activity of Vps4 by promoting its multim-
erization into a catalytically active double hexameric ring
that pulls the ESCRT complexes into the central channel of
the lower ring, releasing the disassembled subunits into the
cytoplasm (Azmi et al., 2006, 2008; Xiao et al., 2008).
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ESCRT-III seems to be the core machinery that mediates
the membrane deformation and fission events required for
ILV formation during sorting of the ubiquitinated cargo into
the MVB (Hurley and Emr, 2006; Hanson et al., 2008). After
completion of the process, VPS4 is recruited by ESCRT-III
through the direct interaction of the MIT domain in VPS4
with a conserved MIT-interacting motif (MIM) present at the
C-terminal region of some of the ESCRT-III subunits (Obita
et al., 2007; Stuchell-Brereton ef al., 2007). In addition to
binding VPS4, these MIMs coordinate the interaction of
ESCRT-III with other activities encoded by MIT domain-
containing proteins, such as deubiquitinating enzymes
(Agromayor and Martin-Serrano, 2006; McCullough et al.,
2006; Tsang et al., 2006; Row et al., 2007). A further regulatory
mechanism in the pathway is provided by Vps46/
CHMP1A,-1B, a peripherally associated ESCRT-III protein
that regulates the interaction of VP54 with endosomal mem-
branes (Lottridge et al., 2006; Nickerson et al., 2006).

Many enveloped viruses, including human pathogens
such as HIV-1 and Ebola virus, recruit the ESCRT machinery
to facilitate the final steps of infectious viral particle forma-
tion (reviewed in Demirov and Freed, 2004; Morita and
Sundquist, 2004; Bieniasz, 2006), a process that requires a
membrane fission event that is topologically identical to
MYVB formation. An understanding of the MVB protein sort-
ing machinery has provided essential clues to unmasking
the cellular machinery recruited by different short amino
acid sequences called late budding domains (L-domains). It
is now established that many enveloped viruses encode four
known types of L-domains (PT/SAP, PPXY, LYPXL, or
FPIV motifs), which use ESCRT-III via the direct interaction
with adaptor proteins such as TSG101 (PTAP motif) (Garrus
et al., 2001; Martin-Serrano et al., 2001; VerPlank et al., 2001;
Demirov ef al., 2002), ALIX (LYPxL motif) (Martin-Serrano et
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al., 2003; Strack et al., 2003; von Schwedler et al., 2003), or
HECT ubiquitin ligases (PPXY motif) (Freed, 2002; Martin-
Serrano, 2007) and unknown adaptor (FPIV) (Schmitt et al.,
2005). One emerging theme is the possibility that, in addi-
tion to these adaptor proteins, L-domain activity requires
only the ESCRT proteins that are involved in membrane
fission, as suggested by the fact that ESCRT-II, CHMP6, or
AMSH are dispensable for HIV-1 egress (Agromayor and
Martin-Serrano, 2006; Langelier et al., 2006).

Recent work has identified a functional requirement for
the ESCRT complexes during the last step of cell division,
another membrane scission event that is topologically sim-
ilar to MVB formation and retroviral budding (Carlton and
Martin-Serrano, 2007; Morita et al., 2007; Carlton ef al., 2008).
Completion of cytokinesis requires abscission of the mid-
body, a microtubule-rich cytoplasmic bridge that connects
the daughter cells preceding their separation (Glotzer, 2001;
Barr and Gruneberg, 2007). Many proteins required for ab-
scission localize at the Flemming body, a protein-dense
structure at the central region of the midbody that also
contains interdigitating microtubules (Eggert et al., 2006).
Importantly, the ESCRT components TSG101 and ALIX are
recruited to the Flemming body via the interaction with
CEP55, a midbody component required for abscission (Car-
Iton and Martin-Serrano, 2007; Morita et al., 2007; Carlton et
al., 2008). Functional studies using small interfering RNA
(siRNA) have shown that both Tsgl01 and ALIX are re-
quired for midbody abscission, and a role for ESCRT-III is
also suggested by the inhibition of cytokinesis in cells over-
expressing yellow fluorescent protein (YFP)-CHMP4 or a
catalytically inactive VPS4 (Carlton and Martin-Serrano,
2007; Morita et al., 2007; Carlton et al., 2008). More direct
evidence supporting the essential role of ESCRT-III in ab-
scission is provided by the cytokinetic defects in cells ex-
pressing an ALIX mutant that is specifically mutated in the
CHMP4-binding surface (Morita ef al., 2007; Carlton et al.,
2008).

We have now identified human increased sodium toler-
ance (hIST)1 as an evolutionarily conserved component of
the mammalian ESCRT machinery that binds to VPS4, LIP5,
CHMP1A, and CHMP1B. In agreement with recent reports
(Dimaano et al., 2008; Rue et al., 2008), we show that yeast
Istl is not essential for endosomal sorting, although a syn-
thetic interaction with Vtal is observed, suggesting that Ist1
is a positive modulator of the class E vps pathway. We also
demonstrate a specific requirement of hIST1 for cytokinesis
in mammalian cells but not for HIV-1 budding, showing a
novel mechanism of functional diversification in the ESCRT
pathway. We show for the first time that the function of
hIST1 in the last step of mammalian cell division requires a
novel MIM capable of binding to a wide array of MIT-
containing proteins.

MATERIALS AND METHODS

Plasmid Construction

hIST1 was amplified by polymerase chain reaction (PCR) from IMAGE clone
6502833 by using primers directed to the 5’ and 3’ ends of the coding
sequence containing EcoRI and Xhol sites to insert the PCR product into
pGBKT7 (Clontech, Mountain View, CA) and pVP16 (Bogerd et al., 1993) for
yeast two-hybrid assays and into pCR3.1/YFP and pCAGGS/glutathione
transferase (GST) for protein expression experiments. hIST1 deletions and
point mutant derivatives were generated by PCR in a similar way. siRNA-
resistant forms of hIST1 (hIST1R) were created using PCR-based methodolo-
gies to introduce silent mutations in the sequence 179LIEITAKN185 and cloned
as an N-terminal YFP fusion into pCMS28-YFP-EcoRI-NotI-Xhol, a bicistronic
retroviral packaging vector encoding a puromycin resistance gene linked via
an internal ribosomal entry site to the multiple cloning site. Similarly, tubulin
was PCR amplified and cloned as an N-terminal mCherry fusion into
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pCMS28-mCherry-Notl. All the yeast two-hybrid plasmids and human class
E VPS expression plasmids have been described previously (Martin-Serrano
et al., 2003). pGEX CHMP1B 180-196 was a gift from W. Sundquist and was
modified and used to generate pGEX hIST1 362-379 by inserting annealed
oligonucleotides (oligos) containing the sequence for the last 17 amino acids
of hIST1 with EcoRI and Xhol overhangs.

Yeast Strains and Media

Yeast strains used in this study are shown in Supplemental Table 1. Strains
were constructed by standard genetic techniques and grown in rich medium
(YEPD; Burke et al., 2000) or synthetic dextrose minimal medium with appro-
priate amino acid supplements (SD; Burke et al., 2000).

Yeast Growth and Carboxypeptidase Y (CPY) Secretion
Assays

CPY secretion was monitored using a colony overlay assay as described
previously (Roberts et al., 1991). For growth curves, yeast strains were inoc-
ulated into YEPD medium and monitored hourly at ODggg p,n, in a spectro-
photometer.

RNA Interference (RNAi)

siRNAs targeting either luciferase (CUGCCUGCGUGAGAUUCUC), TSG101
(CCUCCAGUCUUCUCUCGUC), ALIX (GAAGGAUGCUUUCGAUAAAUU),
or CEP55 (GGAGAAGAAUGCUUAUCAA) are from Dharmacon RNA Tech-
nologies (Lafayette, CO). Additionally, iGENOME SMARTpool targeting hIST1
(hIST1-SP) was purchased from Dharmacon RNA Technologies (catalog no.
M-020977-00) and two separate oligos matching selected regions of the hIST1
sequence (hIST-3: CTGATTGAAATTGCAAAGAAT and hIST-4: TCGCCTTA-
AACTATTGGAGAA) were purchased from QIAGEN (Hilden, Germany) (cat-
alog nos. SI00452410 and SI00452417).

Generation of Stable Cell Lines

293T cells were transfected with 100 ng of pHIT-VSVG, 700 ng of MLV-GagPol,
and 200 ng of the pCMS28-YFPhIST1R, pCMS28-YFPhIST1R L375A /K376A, or
pCMS28-mCherryTubulin retroviral packaging vector for 48 h. 293T superna-
tants were collected and used to transduce Hela cells. 48 h after transduction,
selection with puromycin (200 ng/ml) was applied and cells were passaged
under continual selection. Cells stably expressing ALIX, CEP55, and TSG101
have been described previously (Carlton and Martin-Serrano, 2007).

Yeast Two-Hybrid Assay

Yeast Y190 cells were transformed with 1 ug of each of the indicated pGBKT7
and pVP16 constructs, and transformants were selected on media lacking
tryptophan and leucine for 3 d at 30°C. Interactions were determined by
B-galactosidase activity in liquid yeast extracts using chlorophenol red-B-p-
galactopyranoside (Roche Diagnostics, Mannheim, Germany) as a substrate.

Coprecipitation Assays

293T cells were transfected with GST and YFP expression vectors (1 ug of
each) by using polyethylenimine (Polysciences, Warrington, PA) (Durocher et
al., 2002). Thirty-six hours later, cells were harvested and lysed in 1 ml of 50
mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 5% glycerol, 1% Triton
X-100, and a protease inhibitor cocktail (complete mini-EDTA free; Roche
Diagnostics). Clarified lysates were incubated with glutathione-Sepharose
beads (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom)
for 3 h at 4°C and washed three times with wash buffer (50 mM Tris-HCI, pH
7.4, 150 mM NaCl, 5 mM EDTA, 5% glycerol, and 0.1% Triton X-100). The
bead-bound proteins were eluted by boiling in 100 ul of SDS sample buffer
and analyzed by Western blotting with a-green fluorescent protein (GFP)
monoclonal antibody (mAb).

In CHMP1B and hIST1 MIMs, an extra step was added to the coprecipita-
tion protocol as follows. BL21 bacteria were transformed with the indicated
pGEX plasmid, and protein expression was induced with 0.5 mM isopropyl
B-p-thiogalactoside. Three hours after induction, bacteria were harvested,
resuspended in 1 ml of lysis buffer (50 mM Tris, pH 7.4, 50 mM NaCl, 5 mM
B-mercaptoethanol, 0.2% deoxycholate, and 0.25 mg of lysozyme), and incu-
bated at 4°C for 40 min. Soluble proteins were collected after centrifugation,
and GST-beads were preincubated with 100 ul of the supernatant for 1 h at
4°C. Unbound proteins were removed by washing as described above, and
900 wl of the cell lysates from 293T cells transfected with the indicated YFP
expression plasmids was added to the beads.

Epidermal Growth Factor (EGF) Receptor Degradation
Assay

HeLa cells were transfected with 50 pmol of siRNA by using Dharmafectl
(Dharmacon RNA Technologies). The next day, cells were serum starved over
night in DMEM containing 0.2% fatty acid-free bovine serum albumin (Sig-
ma-Aldrich, St. Louis, MO). The next morning, cells were treated with 5
png/ml cycloheximide (Sigma-Aldrich) for 1 h before stimulation with 50
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ng/ml EGF (Sigma-Aldrich) for 0, 30, 90, or 180 min in the presence of
cycloheximide. At the required time point, cells were harvested and resus-
pended in 100 ul of SDS sample buffer. Endogenous EGF receptor was
analyzed by Western blotting with a-epidermal growth factor receptor
(EGFR) antibody (Cell Signaling Technology, Beverly, MA) and Alexa-conju-
gated secondary antibodies obtained from Li-Cor Biosciences (Lincoln, NE).
Membranes were imaged and quantified with the Odyssey imaging system
(Li-Cor Biosciences).

Human Immunodeficiency Virus (HIV) Infectivity Assays

Cells were transfected with 500 ng of the YFP fusions and 300 ng of pNL/
HXB. Indicator HeLa-TZM-bl cells (CD4%, CXCR4+, CCR5+, and HIV-1
LTR-LacZ) (Derdeyn et al., 2000) were infected with 1 ul of supernatant,
harvested from 293T cells 36 h after transfection. Finally, 48 h after infection,
B-galactosidase activities in cell lysates were measured using the chemilumi-
nescent detection reagent Galacto-Star (Applied Biosystems, Foster City, CA).
Culture supernatants, collected 48 h after transfection, were clarified by
low-speed centrifugation, and particles present in 250 ul were obtained by
centrifugation through a 20% sucrose cushion at 14,000 rpm for 2 h. Viral
protein content in cell and particle lysates was analyzed by Western blotting
with a-Gag antibody.

To assay inhibition of viral production by siRNA-mediated depletion of
cellular hIST1, 293T cells were initially transfected with 50 pmol of siRNA by
using Dharmafect]l (Dharmacon RNA Technologies) and split the next day.
Forty-eight hours after initial transfection, cells were cotransfected with an-
other 50 pmol of siRNA and the HIV proviral plasmid using Lipofectamine
2000 (Invitrogen, Carlsbad, CA).

Multinucleation Assays

HelLa cells (25,000) were seeded in a 48-well plate and 2 h after plating were
transfected with 50 pmol of siRNA targeting either luciferase, CEP55, ALIX,
or hIST1 by using Dharmafect-1 (Dharmacon RNA Technologies). Forty-eight
hours later, cells were reseeded onto glass coverslips and transfected again
with 50 pmol of siRNA for another 48 h. Cells were then fixed and identified
through a-tubulin staining. Three hundred cells per coverslip were scored for
the presence of more than one nucleus. Cells unambiguously connected by
midbodies were considered multinucleated.

For RNAI rescue assays, stable HeLa cell lines expressing YFP-siRNA-
resistant hIST1 or YFP-siRNA-resistant hIST1 L375A/K376A were treated
with the indicated siRNA, fixed, stained with a-tubulin, and scored for
multinucleation or arrest at midbody stage as described above.

Imaging
For overexpression assays, HeLa cells were seeded onto glass coverslips and
transfected with YFP-VPS4 E228Q expression plasmid. Cells were fixed with
4% paraformaldehyde 24 h after transfection, mounted in Mowiol, and im-
ages were taken using an AOBS SP2 confocal microscope (Leica, Wetzlar,
Germany).

For multinucleation assays, cells were treated with siRNA as described
above, fixed with 3% paraformaldehyde for 15 min, permeabilized with
phosphate-buffered saline (PBS), 0.1% Triton X-100 for 5 min, and then
stained with monoclonal a-tubulin (DM1a) (Sigma-Aldrich) in PBS, 1% bo-
vine serum albumin for 2 h. Alexa594-conjugated secondary antibody was
applied in PBS for 1 h. Nuclei were visualized using Hoechst 33258, and
coverslips were mounted in Mowiol. Similarly, for analysis of endogenous
hIST1 protein, HeLa cells were seeded onto glass coverslips and double
stained with rabbit polyclonal a-hIST1 (gift from W. Sundquist, University of
Utah, Salt Lake City, UT) and one of the following monoclonal antibodies:
a-tubulin, a-EEA1 (BD Biosciences, San Jose, CA), a-Snx1 (BD Biosciences),
a-CD63, a-lysosomal membrane protein (Lamp)1 or a-Lamp2 (Developmen-
tal Studies Hybridoma Bank, University of Iowa, Iowa City, IA) followed by
staining with Alexa594- and 488-conjugated antibodies.

HeLa cells stably expressing YFP-CEP55, mCherry-ALIX, mCherry-
TSG101, and mCherry-tubulin were treated with luciferase or hIST1 siRNAI,
seeded onto glass coverslips, and stained with antibodies against a-tubulin,
MKLP1 (N-19; Santa Cruz Biotechnology, Santa Cruz, CA), or AuroraB
(AIM-1; BD Biosciences).

Time-Lapse Microscopy

siRNA-transfected HeLa cells stably expressing mCherry-tubulin were ob-
served using a custom-built automated microscope developed at the Randall
Division, King’s College London, United Kingdom, for high-content screen-
ing microscopy. The time-lapse microscopy element of the instrument is
equipped with a fiber coupled lamp (Nikon, Tokyo, Japan), a motorized stage
(Mérzhauser, Wetzlar, Germany), a closed-loop objective positioning mount
(Piezo-Jena, Jena, Germany), with a 300-um range of travel, and a motorized
filter cube selector. All of these components are controlled using USB com-
munication, via the I2C protocol, and with an integrated modular software
package developed at the Gray Cancer Institute (University of Oxford, United
Kingdom) by P. Barber and G. Pierce.
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Cells were plated on a SmartSlide-6 Microincubator multiwell plate with
heated base and lid (Labtech International, East Sussex, United Kingdom) and
temperature and gas were controlled by the SmartSlide 50 system instrument
(WaferGen Biosystems, Fremont, CA). Cells were imaged using a 20X Nikon
Plan Fluor 0.5 numerical aperture air objective. Images were captured with a
Hammatsu Orca charge-coupled device camera every 10 min and analyzed
with IrfanView (freeware; www.irfanview.com), Image] (National Institutes
of Health, Bethesda, MD), and Openlab 5.0.2 software (Improvision, Coven-
try, United Kingdom).

Western Blot Analysis

Cell extracts, as well as virion lysates, were separated on 10 or 12% polyacryl-
amide gels and transferred to nitrocellulose membranes. The blots were sequen-
tially probed with monoclonal antibodies a-HIV-1 p24 (183-H12-5C), o-GFP
(Roche Diagnostics), or a-TSG101 (4A10; Abcam, Cambridge, United Kingdom),
rabbit polyclonal antibodies a-IST1 (ProteinTech Group, Chicago, IL; catalog no.
51002-1-Ap), a-CEP55 (A01; Abnova, Heidelberg, Germany), or a-HSP90 (Santa
Cruz Biotechnology) and with a peroxidase-conjugated antibody against mouse
(Cell Signaling Technology) or rabbit (Cell Signaling Technology) and developed
using chemiluminescent substrate reagents (Pierce Chemical, Rockford, IL).

RESULTS

Identification of hIST1 as a Conserved VPS4-binding Protein

The role of the class E VPS pathway during sorting of
ubiquitinated cargo into the nascent vesicles of the MVB is
highly conserved in eukaryotic organisms from yeast to
mammals. Accordingly, most of the subunits of ESCRT-I, -II,
and -III and associated proteins, including VPS4 and ALIX,
present a high degree of amino acid sequence similarity, and
the comparison of protein—protein interactions within the
yeast and human pathways shows that there is also a high
degree of conservation at this level (Martin-Serrano et al.,
2003; Strack et al., 2003; von Schwedler et al., 2003; Bowers et
al., 2004). We took advantage of genome-wide screens by
yeast two-hybrid and biochemical purification approaches
in multiple organisms to identify conserved proteins that
interact with VPS4. We first noticed the interaction of Dro-
sophila melanogaster VPS4 with CG10103, a protein of un-
known function (Giot et al., 2003). CG10103 is a homologue
of the Saccharomyces cerevisiae protein Istl, a protein that had
also been shown to physically interact with Vps4 in yeast by
tandem affinity purification (Krogan et al., 2006). Sequence
analysis showed that Istl is well conserved in eukaryotic
organisms (Figure 1A), and the human homologue of Istl
was identified as KIAA0174 (hIST1), with a very conserved
N-terminal region and a cluster of conserved amino-acids at
the C terminus. Last, a preliminary analysis of expression by
expressed sequence tag profile (National Center for Biotech-
nology Information Unigene) suggested that hIST1 is ubiqg-
uitously expressed in human tissues. Sequence analysis in-
dicated that there are four predicted isoforms of KIAA(0174:
hIST1a (IMAGE Id: 6502833), hIST1b (IMAGE Id: 2819828),
hISTlc (IMAGE Id: 6009274), and hIST1d (IMAGE Id:
3350789). When overexpressed in HelLa cells as untagged
proteins, hIST1a showed the same molecular weight as the
most prominent endogenous protein (data not shown); so,
although similar results were obtained with the other iso-
forms, all the data presented in this study refer to hIST1a.
The interaction of hIST1 with the components of the ES-
CRT machinery was initially studied by yeast two-hybrid
analysis, and binding to VPS4 was observed (Figure 1B).
Interestingly, hIST1 also bound to LIP5, a protein involved
in VPS4 regulation, and to CHMP1A and CHMP1B, proteins
proposed to promote the association of VPS4 with endoso-
mal membranes (Lottridge et al., 2006; Nickerson et al., 2006).
The positive interactions obtained by yeast two-hybrid as-
says were confirmed using a GST coprecipitation procedure
in which a YFP-hIST1 fusion plasmid was cotransfected with
plasmids encoding CHMP1A, CHMP1B, VPS4, or LIP5
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Figure 1. hIST1 binds to CHMP1A, CHMP1B, VPS4, and LIP5. (A) Sequence alignment showing the high degree of similarity between IST1
genes from different organisms. The shading on the alignment indicates conserved amino acids. (B) hIST1 fused to the VP16 activation
domain was tested for interactions with the human components of ESCRT-I, -1I, -1II, and ESCRT-III-associated proteins by yeast two-hybrid
assays. Error bars indicate the SD from the mean of triplicate measurements. (C) Coprecipitation assays showing binding of hIST1 to
CHMP1A, CHMP1B, CHMP2A, VPS4, and LIP5. One percent of the starting cell lysate (INPUT) and 10% of the volume eluted from the beads

were analyzed by Western blot with a-GFP antibody.

fused to GST (Figure 1C). As negative controls, binding of
YFP-hIST1 to GST or GST-CHMP2A was undetectable. The
interaction was also confirmed in similar coprecipitation
assays in which only the GST fusion proteins were trans-
fected, and endogenous hIST1 binding was detected with an
a-hIST1 antibody (Supplemental Figure S1).

Mapping the Interactions of hIST1 with the ESCRT
Machinery

The structure of CHMP1B has been predicted by analogy
with CHMP3 as a core structure formed by a long helical
hairpin (formed by helixes al and -a2) that together with
two short helices forms a four-helical bundle, connected to a
fifth helical segment that is positioned perpendicularly to
the core (Muziol et al., 2006). At the C terminus, a VPS4-
binding region containing the MIM also regulates inhibitory
intramolecular interactions (Zamborlini ef al., 2006; Obita ef
al., 2007; Stuchell-Brereton et al., 2007). To characterize the
function of hIST1, we first mapped its interaction with
CHMPIB by using yeast two-hybrid assays (Figure 2A).
Binding to CHMP1A was used as a control for expression

Vol. 20, March 1, 2009

and functionality of the different CHMP1B-deleted proteins.
This analysis showed that residues 1-61, containing the «l
helix and the N-terminal half of o2 of CHMP1B, are dispens-
able for binding hIST1. Importantly, the CHMP1B mutant
lacking the entire C-terminal regulatory region (CHMP1B
1-156 in Figure 2A) was still able to bind hIST1, showing that
hIST1 and VPS4 have distinct binding sites in CHMP1B. A
further deletion of CHMPIB containing the amino acids
1-131 failed to bind hIST1, suggesting a requirement of a5
(residues 132-156) for this interaction, although a deleterious
effect in the folding of the CHMP1B helical core cannot be
excluded from these results.

The structural organization of VPS4 presents an N-termi-
nal MIT domain that mediates recruitment to the ESCRT-III
lattice, two AAA ATPase domains and a three-stranded
antiparallel B domain that regulates VPS4 activity by bind-
ing to LIP5 (or its yeast orthologue Vtal) (Scott et al., 2005;
Takasu et al., 2005). Our initial mapping experiments
showed that the MIT domain of VPS4 is required for its
interaction with hIST1 (Figure 2B, VPS4AMIT), suggesting a
role for hIST1 in the regulation of VPS4 recruitment by
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(A) Mapping by yeast two-hybrid analysis of the regions needed in CHMP1B for interaction with IST1. Binding to CHMP1A was

used as a positive control; the regions of VPS4 required for interaction with IST1. LIP5 was used as a positive control (B); and the regions
of IST1 required for interaction with CHMP1A, CHMP1B, VPS4, or LIP5 (C). Error bars indicate the SD from the mean of triplicate
measurements. (D) Micrographs showing that endogenous hIST1 is recruited to aberrant endosomes in the presence of YFP-VPS4 E228Q.
Left, images acquired with YFP (pseudocolored in green); middle, images acquired with Alexa594 (pseudocolored in red); and right, overlaid
images. A higher magnification of the boxed areas is shown in all panels and DNA is shown in blue. Bar, 10 um.

ESCRT-III. In agreement with this notion, mutation of a
residue in the VPS4 MIT-ESCRT-III interface (VPS4 L64A),
resulted in a specific reduction in binding to hIST1 (Figure
2B), although, in contrast to binding to CHMP1B, binding
to hIST1 was not abolished, suggesting that hIST1 and
CHMPIB bind to VPS4 at overlapping but not identical
surfaces of the MIT domain. We then generated hIST1 dele-
tions and tested them for binding to CHMP1A, CHMP1B,
VPS4, and LIP5 (Figure 2C). These experiments showed that
binding to CHMP1A, -1B clearly segregated from binding to
VPS4 and LIP5. Thus, binding to CHMP1A, -1B was mapped
to the N-terminal part of hIST1, whereas the region required
for binding to VPS4 and LIP5 clustered at the C-terminal 17
amino acids of hIST1. A diagram summarizing hIST1 and
CHMP1B mapping studies is shown in Figure 3E.

To complement these interaction studies, the colocaliza-
tion of hIST1 with the ESCRT machinery was examined by
confocal microscopy showing that, at moderate levels of
expression, catalytically inactive VPS4 (YFP-VPS4 E228Q)
colocalized with endogenous hIST1 in the aberrant endo-
somal structures induced by YFP-VPS4 E228Q (Figure
2D), indicating that hIST1 is a component of the ESCRT
machinery.

hIST1 Encodes a Functional MIM

Results in Figure 2B showed that hIST1 binds to the MIT
domain of VPS4 and that mutation of residues in VPS4
involved in the interaction with MIMs also impaired binding
to hIST1. The mapping studies in Figure 2C also showed that
17 amino acids at the C terminus of hIST1 are required for
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binding to VPS4. A closer look at this region showed a
predicted helical structure and a significant sequence simi-
larity with a recently described amino-acid motif at the C
terminus of several ESCRT-III subunits that binds to the
VPS4 MIT domain, namely, MIM (Obita et al., 2007; Stuchell-
Brereton et al., 2007). Importantly, the amino acids in
ESCRT-III that contact directly the VPS4 MIT domain are
mostly conserved in the putative MIM of both yeast and
human IST1 (Figure 3A). To test whether the hIST1 MIM is
functional, GST coprecipitation assays were used to test the
interaction of hIST1 with several known MIT-containing
proteins such as AMSH, UBPY, MITD1, and Spastin. As
shown in Figure 3B, full-length hIST1 bound to all the tested
proteins containing MIT domains and, as controls, it also
bound to VPS4 and the isolated MIT domain of VPS4. Sig-
nificantly, mutation of amino acids at positions +2 and +3
to alanine in the hIST1 MIM (hIST1 L375A/K376A) abro-
gated binding to LIP5, MITD1, and UBPY (Figure 3C),
whereas binding to CHMP1A and CHMP1B was unaffected.
The L375A /K376A mutation also reduced binding to VPS4,
although a significant residual binding was still observed,
suggesting additional requirements for the hIST1-VPS4 in-
teraction, in agreement with results in Figure 2B and with a
recent report suggesting that hIST1 encodes a second,
“MIM2,” motif that interacts with MIT domains (Kieffer et
al., 2008). More direct evidence supporting the notion that
the C terminus of hIST1 encodes a functional MIM is pre-
sented in Figure 3D, showing that amino acids 363-379 of
hIST1 are sufficient for binding proteins that contain MIT
domains, including LIP5, VPS4, MITD1, and UBPY, whereas
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Figure 3. IST1 contains a functional MIM. (A) Sequence
alignment of the MIMs from the indicated human ESCRT-
III proteins and the human and yeast IST1 genes. Positions
of the six MIM residues contacting Vps4 MIT domain are
indicated on top of the alignment and conserved amino
acids are shaded in gray. (B) Coprecipitation assays show-
ing binding of the indicated MIT containing proteins to

MIT VPS4

Proteins

LIP5
MITD1 AMSH UBPY

YFP-CHMPI1B or YFP-hIST1. One percent of the starting
cell lysate (INPUT) and 10% of the volume eluted from the
beads were analyzed by Western blot with a-GFP anti-

body. (C) hIST1 residues in MIM’s position +2 and +3

were mutated (hIST1 L375A /K376A), and interactions with ESCRT-III and MIT-containing proteins were monitored using yeast two-hybrid
assays. Error bars indicate the SD from the mean of triplicate measurements. (D) Cell lysates from bacteria expressing CHMP1B’s MIM
(GST-CHMP1B 180-196) or hIST1's MIM (GST-hIST1 363-379) were tested by coprecipitation assays for binding to the indicated MIT-
containing proteins fused to YFP and binding was monitored with a-GFP mAb (WBaYFP). Bottom, GST fusion protein expression in cell
lysates with Coomassie staining. (E) Schematic representation of CHMP1B and hIST1 proteins, showing the regions needed for their

interaction (arrows), and the position of their MIMs.

it bound poorly to AMSH. Similar experiments with the
CHMP1B MIM (GST-CHMP1B 180-196) showed binding to
LIP5, VPS4, MITD1, and AMSH but not to UBPY. Because
full-length CHMP1B and hIST1 show no apparent differ-
ences in binding to AMSH and UBPY (Figure 3B), it is
possible that there are other binding sites outside the MIM
needed for the interaction of these proteins. Alternatively,
there might be some degree of specificity in the MIT do-
mains that are bound by different MIMs, and this hypothesis
will be further investigated.

Characterization of the Function of the IST1 Genes in the
MVB Sorting Pathway

In a first step to characterize the function of hIST1, we tested
its binding by yeast two-hybrid analysis to the yeast homo-
logues of VPS4 (Vps4), CHMP1A /B (Vps46, also known as
Did2 or Ftil), and LIP5 (Vtal). These experiments showed
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that, like its homologue in S. cerevisiae, hIST1 binds to Vps4,
Vps46, and Vtal (Supplemental Figure S3). Moreover, an
interaction of yeast Istl with human VPS4, CHMP1A, -1B,
and LIP5 was also observed (Supplemental Figure S3). To-
gether, these results demonstrate a conserved interaction of
IST1 genes with the ESCRT machinery and suggest a con-
served function of these genes in eukaryotic organisms.
Two recent studies have investigated the interaction of
yeast Istl with the ESCRT machinery and its role in Vps4
regulation (Dimaano et al., 2008; Rue et al., 2008). We also
tested the effect of IST1 deletion on the trafficking of a panel
of endosomal cargoes and found no obvious trafficking de-
fects in yeast lacking Istl (Supplemental Figure S4), confirm-
ing that Istl is not an essential component of the MVB
sorting pathway. Additional characterization of istIA re-
vealed that IST1 is dispensable for cell growth, as shown in
a growth curve in Supplemental Figure S3, and deletion of

1379



M. Agromayor et al.

A

Lamp1 CD63 Snx1 EEAT

Lamp?2

Time

EGFR |

Ist1

Tubulin

IST1 does not result in an increased sodium tolerance in our
strains (Supplemental Figure S5). Finally, as shown in Sup-

1380

Ctrl siRNA Ist1 siRNA

j=3 (=]
o o @ o o
M o o~ m o =

EGFR remaining

o
™

e
@

=
kY

=
L]

(=]

mCtrl Olstt siRNA

o 30 a0 180
Stimulation time (mins)

Figure 4. Analysis of hIST1’s function in endosomal
sorting. (A) Endogenous hIST1 (pseudocolored in green,
middle column) and the indicated endosomal markers
(pseudocolored in red, left column) were studied by
immunofluorescence. A higher magnification of the
boxed areas is shown in all panels, and DNA is shown
in blue. Bar, 10 um. (B) HeLa cells treated with either
nonspecific control or hIST1-specific siRNA were serum
starved and stimulated for the indicated times with
EGF. Lysates were analyzed with a-EGFR, o-hIST1, and
a-tubulin. (C) Graphic representation of the quantifica-
tion obtained via infrared imaging after immunoblot-
ting with «-EGFR. Error bars indicate the SD from the
mean of triplicate measurements.

plemental Figure S3 and in agreement with previous reports
(Dimaano et al., 2008; Rue et al., 2008), ist1AvtalA yeast show
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enhanced trafficking defects than in either single deletion
strain, demonstrating that Ist1 is a positive modulator of the
ESCRT machinery.

If hIST1 is involved in cargo sorting at the MVB, we would
expect it to associate with late endosomes. We next exam-
ined by immunofluorescence the colocalization of endoge-
nous hIST1 with the markers for early endosomes, endoge-
nous early embryonic antigen 1 (EEA1) and Sorting nexin 1
(Snx1) as well as the markers for late endosomes, CD63, and
Lamp1 and Lamp2. As shown in Figure 4A, hIST1 accumu-
lates in intracellular punctae that display juxtaposition, but
not definitive colocalization, with EEA1 and Snx1. More-
over, no hIST1 was found colocalizing with any of the late
endosomal markers that we tested. As shown above (Figure
2D), hIST1 is recruited to endosomal membranes by a dom-
inant-negative mutant of VPS4, suggesting that hIST1 can
associate transiently with the endocytic pathway, but the
colocalization data with several endosomal markers, suggest
that hIST1 does not normally form a sorting complex on the
surface of the late endosomes.

Given the role of the ESCRT machinery in receptor down-
regulation, we tested the function of hIST1 in this process by
studying the degradation of the EGF receptor upon activa-
tion by EGF in hIST1-depleted cells. As shown in Figure 4B,
depletion by siRNA of hIST1 had no effect in EGFR degra-
dation. Importantly, under the same experimental condi-
tions, depletion of hIST1 had a marked effect in cytokinesis
(see below; Figure 6) showing that the lack of phenotype in
EGFR degradation is not due to a lack of depletion of the
endogenous hIST1 protein. Together, these results show that
hIST1 is not involved in sorting of ubiquitinated cargo to the
MVBs.

hIST1 Is Not Required for HIV-1 Budding

Retroviral budding studies are a good model to investigate
the requirement of ESCRT-III and VPS4 in membrane fission
because these viruses hijack the cellular components of the
MVB protein sorting pathway to facilitate viral release
(Morita and Sundquist, 2004). Thus, to determine the possi-
ble function of hIST1 in ESCRT-related processes, we fol-
lowed a dominant-negative approach in which truncations
of hIST1 fused to YFP were cotransfected with an HIV-1
provirus in 293T cells, and effects on virus release were
measured. As shown in Figure 5A, a C-terminal deletion of
hIST1 that does not contain the MIM (YFP-hIST1 1-362),
strongly inhibited virus release, indicating that hIST1 over-
expression can negatively regulate the pathway’s activity
and HIV-1 release. Importantly, the effect in virus produc-
tion is not due to cellular toxicity because overexpression of
YFP-hIST1 1-362 did not inhibit Gag expression, but it did
induce Gag-processing defects characteristic of L-domain
inhibition, as can be seen for the appearance of the cleavage
intermediate p25 CA-SP1.

To characterize in more detail the role of hIST1 in HIV-1
budding, a knockdown approach by siRNA was followed.
As shown in Figure 5B, specific depletion of endogenous
hIST1 did not have an effect in infectious viral release,
whereas depletion of TSG101, an ESCRT component essen-
tial for viral egress, resulted in a severe reduction of infec-
tious HIV-1 production as reported previously (Garrus et al.,
2001). This result was observed for siRNA oligos that knock-
down all hIST1 isoforms in the cell (Supplemental Figure
S2). Overall, these results show that hIST1 is not essential for
viral budding and suggest that the dominant-negative effect
exhibited by YFP-hIST1 1-362 might be due to interference
with essential components of the ESCRT machinery that are
recruited by L-domains.
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Figure 5. hIST1 effect on HIV budding. (A) Overexpression of a
hIST1 fragment lacking the C terminus of the protein fused to YFP
inhibits HIV budding. (B) siRNA depletion of endogenous hIST1
has no effect on virus release. TSG101-specific and luciferase control
siRNAs were used as positive and negative controls, respectively.
Error bars indicate the SD from the mean of three independent
experiments. The inhibition of viral particle release was analyzed in
cell lysates and extracellular virions by Western blot with a-HIV
Gag antibody. The positions on the blot of the precursor Pr55Gag
and the mature CA protein are indicated. The bottom images in B
show the siRNA-mediated silencing of the endogenous hIST1 and
TSG101 and a protein loading control as determined by Western
blot analysis with «-TSG101, a-hIST1, and a-HSP90.

hIST1 Is Essential for Cytokinesis in Human Cells

Cytokinesis is an analogous membrane fission event to MVB
vesicle formation and virus budding that requires compo-
nents of the ESCRT machinery. During the last step of cell
division, CEP55 acts as an adaptor protein that recruits
TSG101 and ALIX to the midbody and depletion of any of
these proteins from the cell results in a failure of cytokinesis
and, consequently, in an accumulation of multinucleated
cells (Carlton and Martin-Serrano, 2007; Morita et al., 2007;
Carlton et al., 2008). We decided to investigate the role of
hIST1 in this process by siRNA, observing that depletion of
hIST1 resulted in an accumulation of multinucleated cells
(Figure 6A) as severe as the phenotype observed in CEP55-
and ALIX-depleted cells. hIST knockdown also induced an
increase of dividing cells with intercellular bridges similar to
the increase induced by CEP55 and ALIX depletion, indicat-
ing a specific requirement of hIST1 in late events of cytoki-
nesis. Importantly, the percentage of multinucleated cells
was significantly restored when siRNA-resistant hIST1 was
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Figure 6. hIST1 is required for cytokinesis. (A) HeLa cells were transfected with siRNA targeting CEP55, ALIX, hIST1 (hIST1-3, hIST1-4, and
Dharmacon’s siGENOME SMARTpool (hIST1-SP), or a luciferase control and scored for multinucleation. Representative micrographs are
shown (B) in which tubulin is labeled in red. HeLa cells stably expressing YFP (—), siRNA-resistant YFP-hIST1 (WT), or siRNA-resistant
YFP-hIST1 L375A /K376 A were treated with the indicated siRNA and scored for multinucleation or dividing cells with intercellular bridges.
Error bars indicate the SD from the mean of triplicate measurements. siRNA-mediated depletion of the indicated endogenous protein was
examined by immunoblotting with a-CEP55, a-ALIX, or a-hIST1. Protein loading control was determined with a-HSP90.

reintroduced in the cells (Figure 6B), showing that the cyto-
kinesis defect observed with the siRNA against hIST1 is
specific. The slightly higher number of multinucleated cells
observed in siRNA-resistant hIST1 expressing cells com-
pared with the control cells might be due to the considerably
higher expression levels observed for the RNAi-resistant
constructs compared with the endogenous hIST1 levels.

As shown above, hIST1 contains a C-terminal MIM that
binds to VPS4, LIP5, and other MIT-containing proteins. To
test whether this motif is important for hIST1’s function in
cytokinesis, we depleted and replaced the endogenous
hIST1 with siRNA-resistant hIST1 L375A/K376A, which is
unable to bind MIT-containing proteins. As shown in Figure
6B, the cells that rely solely on hIST1 L375A /K376A showed
a strong defect in cytokinesis and an increase of dividing
cells with intercellular bridges that recapitulates the pheno-
type observed in cells depleted of the endogenous hIST1.
Together, these results show that hIST1 is required for cy-
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tokinesis and that its ability to bind and possibly recruit
MIT-containing proteins is essential for its function in the
last step of cell division. Additional functions at the N
terminus of hIST1 are also required for late stages of cell
division as suggested by defects in cytokinesis observed in
cells expressing hIST1 259-379 (data not shown).

To further characterize the cytokinesis phenotype caused
by hIST1 depletion, time-lapse imaging of cell division after
siRNA treatment was carried out. We used HeLa cells stably
expressing mCherry-Tubulin to identify cells in mitosis and
follow the bridge dynamics throughout cytokinesis. Among
the cells studied, 90% of the control-treated cells (n = 10),
but only 9% of hIST1-knockdown cells (n = 22), underwent
successful cytokinesis and completed cell abscission, with an
average duration time of 96 min after telophase (Figure 7C).
Cleavage furrow ingression was observed in all the hIST1-
depleted cells examined. However, in 77.3% of the hIST1-
treated cells, the two newly formed daughter cells remained

Molecular Biology of the Cell



520 min
C 600
# Abscission

— 500 @ End of time-lapse 2
£ o Midbody Regression o
“E—' . 0
w
o 400 4
©
—
n
>
T 3004 p]
2 .
2 8%
= 200 o
1 .
o (]
7] o .
‘g 100 hd
= ]

“: 3

0
Luciferase hIST1-4

hIST1 Functions in Cytokinesis

110 min

150 min 260 min

550 min

590 min

Figure 7. Cytokinesis fails at the terminal stage in hIST1-knockdown cells.
Selected frames from time-lapse microscopy of HeLa cells stably expressing
mCherry-tubulin treated with Luciferase (A) or hIST1 (B) siRNA. The white star
in panel B shows a cell that has divided into two cells that remain connected for
510 min before eventually regressing to form a binucleated cell. The white
arrow highlights an example of two cells that remain connected until the end of
the time-lapse, showing a delay in cytokinesis. Elapsed times are provided in
each panel. Movies showing time-lapse images are provided in Supplemental
Figures S6 and S7. Images were recorded every 10 min, starting 48 h after
siRNA transfection. (C) Quantitative analysis of time-lapse microscopy. When
possible, the amount of time from telophase to abscission was measured (gray
diamond). When abscission does not occur due to a delay in cytokinesis and the
end of filming (black circle) or due to midbody regression to form a multinu-
cleated cell (open circle) we plotted the maximum time that the cells were
observed connected by a midbody (time at midbody stage). Luciferase-treated
cells n = 10; hIST1-depleted cells n = 22.

connected by an intercellular bridge for >150 min and did
not complete cell abscission during the duration of the time-
lapse imaging (Figure 7C). These data suggest that hIST1-
knockdown cells fail at late stages of cytokinesis and that the
intercellular bridge is very stable. Additionally, in 13.7% of
the hIST1 siRNA-treated cells, midbodies regressed after
remaining interconnected for extended time (an average of
396 min) to become a binucleated cell (Figure 7C). A repre-
sentative example of bridge regression occurring 510 min
after telophase is shown in Figure 7B (movie in Supplemen-
tal Figure S7), and an example of a control cell is shown in
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Figure 7A (movie in Supplemental Figure S6). These results
and the accumulation of cells connected by the intercellular
bridge in cells depleted of hIST1 (Figure 6A) support a
defect in abscission and argue against defects in furrow
ingression or midbody stability defects.

hIST1 Localizes to the Midbody in Cytokinesis

The role of hIST1 in cytokinesis prompted us to examine by
immunofluorescence staining the subcellular distribution of
endogenous hIST1 in HeLa cells during the different phases
of mitosis. As shown in Figure 8, hIST1 exhibits a localiza-
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Figure 8. Cellular localization of endogenous hIST1 during mitosis in human HeLa cells. hIST1 accumulates near the spindle during
telophase and is detected at the midbody during cytokinesis. HeLa cells were immunostained for hIST1 (green), a-tubulin (red) and
DNA (blue). The far right column shows a higher magnification of the boxed areas in the merged column of cells in telophase and

cytokinesis. Bar, 10 pum.

tion that is mainly cytosolic with some accumulation in
punctate structures. Interestingly, no obvious accumulation
of the protein during mitosis was seen until telophase, in
which hIST1 relocalizes considerably and accumulates near
the microtubules that form the spindle. Importantly, a clear
localization of hIST1 at the midbody was mostly observed in
later stages of cytokinesis, which is consistent with a role of
hIST1 in abscission (Figure 8). Interestingly, hIST1’s relocal-
ization to the midbody during cytokinesis is similar to that
observed previously for VPS4A (Morita et al., 2007), a bind-
ing partner of hIST1.
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Characterization of the Intercellular Bridge in Cells
Depleted of hIST1

Because hIST1 localizes to the midbody and is needed for
cytokinesis, we examined whether hIST1 is required for the
recruitment of several components of the midbody struc-
ture. As shown in Figure 9, A and B, immunofluorescence
studies determined that components of the Flemming body
and the midbody ring, such as CEP55, AuroraB, and MKLP1
(Guse et al., 2005; Zhao et al., 2006), are present at the
midbody after hIST1 depletion. Importantly, Tsg101 and
Alix, two components of the ESCRT machinery that are

Molecular Biology of the Cell
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Figure 9. Characterization of the midbody composition in cells
that lack hIST1. (A) Representative micrographs describing mid-
body localization of YFP-CEP55 (green), mCh-TSG101 (red), or
mCh-ALIX (red) in cells stably expressing these fusion proteins and
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required during late stages of cytokinesis, are also recruited
to the Flemming body after hIST1 depletion (Figure 9B).

DISCUSSION

In the present study, we characterize KIAA0174, a human
protein of previously unknown function, as the homologue
of S. cerevisiae Istl; thus, we have named it hIST1. We also
describe the conserved interaction of hIST1 with several
components of the ESCRT machinery, namely, CHMP1A, -1B,
VPS4, and LIP5. Remarkably, hIST1 binds the yeast homo-
logues of CHMP1A/B, VPS4 and LIP5, and the converse
interactions were also observed with yeast Ist1, suggesting a
highly conserved function of IST1 in the ESCRT pathway. In
despite of this functional conservation, the data presented in
this and other studies (Dimaano ef al., 2008; Rue et al., 2008)
show that istIA yeasts present no obvious phenotype in
endosomal cargo sorting, perhaps explaining why IST1 was
not identified in previous genetic screens. The functional
studies in human cells also show a nonessential role of hIST1
in endosomal sorting and HIV-1 budding. Interestingly,
hIST knockdown by RNAi in mammalian cells has revealed
an essential role of hIST1 in late events of cytokinesis, but
yeast strains lacking IST1 or essential components of the
ESCRT machinery do not exhibit apparent defects in cell
growth, suggesting that the role of IST1 and the ESCRT
complexes may not be conserved in yeast cell division. The
high degree of sequence and functional conservation, to-
gether with the lack of a phenotype in ist1A yeasts, raises the
possibility that ISTT might also play an essential role in
currently unidentified biological processes other than MVB
formation in eukaryotic cells.

The genetic interaction of IST1 with VTAI has been ob-
served in this and recent studies (Dimaano ef al., 2008; Rue
et al., 2008), suggesting a role of IST1 as a positive regulator
of the MVB protein sorting pathway. Indeed, extensive ge-
netic analyses suggest that Ist1-Vps46 and Vtal-Vps60 form
two separate functional complexes that provide alternative
ways to modulate late events during MVB sorting (Rue et al.,
2008). An additional negative regulation of the cytoplasmic
pool of Vps4 by Istl has also been reported and a competi-
tion of Istl with Vtal for binding Vps4 has been proposed to
explain the negative regulation of Vps4 by Istl (Dimaano et
al., 2008). However, the Vtal structure shows a C-terminal
Vps4 binding domain and two N-terminal MIT domains that
might be located at the periphery of the Vps4 double ring
structure (Xiao et al., 2008). We describe here the require-
ment of the hIST1 MIM in the conserved interaction of hIST1
(Ist1) with LIP5 (Vtal), suggesting a requirement of the
Vtal/LIP5 MIT domain in this interaction, thus arguing
against a competition of hIST1 and LIP5 for binding VPS4.

The ESCRT-III subunits and ESCRT-III-associated pro-
teins Vps2 and Vps46 in yeast and CHMP1A/B,
CHMP2A/B, and CHMP3 in humans have recently been
described to contain MIMs (Obita et al., 2007; Stuchell-Bre-
reton et al., 2007). Interestingly, IST1 is the first non-ESCRT-
III protein that contains an MIM, raising the possibility that

treated with siRNA targeting luciferase or hIST1. After siRNA treat-
ment, cells were fixed and stained with a-tubulin and Alexa594
(red) or Alexa488 (green) conjugated secondary antibodies. (B) Sim-
ilarly, HeLa cells stably expressing mCh-Tubulin (red) treated with
siRNA targeting luciferase or hIST1 were immunostained for
MKLP1 or AuroraB (green). In all cases, enlargements depict the
midbody localization of the studied proteins. DNA is shown in blue.
Bar, 10 pm.
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additional proteins unrelated to ESCRTs might also encode
functional MIMs. Our results show that the hIST1 MIM is
essential in cytokinesis, as demonstrated by the finding that
a hIST1 MIM mutant (hIST1 L375A/K376A) is not able to
rescue the cytokinesis defects induced by siRNA depletion
of the endogenous hIST1 (Figure 6). Vps4 activation can
occur either through the interaction of its MIT domain with
the MIMs found in the ESCRT-III subunits or via the binding
of its B-domain to Vtal, providing several modes for ESCRT
disassembly (Scott et al., 2005; Azmi et al., 2006, 2008). In this
context, the specific role of hIST1 in cytokinesis might be
explained by a direct activation of VPS4 by the hIST1 MIM
during late stages of cell division. The mapping studies and
the colocalization results shown in Figure 2 suggest that
hIST1 can bind simultaneously to CHMP1A/B- and MIT-
containing proteins, perhaps providing another mechanism
to regulate ESCRT-III disassembly whereby hIST1 might
stabilize LIP5-VPS4-ESCRT-III complexes by creating a net-
work of MIMs. Accordingly, MIMs bind MIT domains with
a modest affinity (~30 uM) (Obita et al., 2007; Stuchell-
Brereton ef al., 2007) and a network of MIMs, provided both
by ESCRT-III and hIST1, might increase the avidity for MIT-
containing proteins, such as VPS4 and LIP5, thus increasing
the local stability of active VPS4 in the midbody. In agree-
ment with this hypothesis, Istl displays synthetic genetic
interactions with a Vps2 point mutant in its MIM that ren-
ders it unable to bind Vps4 (Rue et al., 2008).

In addition to stabilizing the ESCRT-III/VPS4 complex,
hIST1 might provide a platform at the midbody to recruit a
different array of MIT-containing proteins required for cy-
tokinesis. Interestingly, a recent report shows that overex-
pression of a catalytically inactive form of one of the MIT-
containing proteins that binds to hIST1, namely, UBPY,
leads to the appearance of multinucleated cells (Pohl and
Jentsch, 2008), perhaps suggesting that ubiquitin modifica-
tion at the midbody is needed for efficient cytokinesis. We
show in this study that deletion of Istl, Vps4, or other
ESCRT components does not result in apparent defects in
cell growth in yeast, suggesting that the role of the ESCRT
machinery in cytokinesis has been acquired later in evolu-
tion. Hence, it will be of great interest to characterize further
whether the MIT-containing proteins that bind to hIST1 and
do not have a yeast homologue, such as MITD1 or Spastin,
provide nonconserved functions needed for late steps in
mammalian cell division.

Last, the role of the ESCRT pathway in sorting of ubiqui-
tinated cargo rises the possibility that this machinery might
be involved in trafficking events during cytokinesis (Prekeris
and Gould, 2008) or, alternatively, it might also be required
for selective retrieval of ubiquitinated cargo from the mid-
body (Van Damme et al., 2008). However, based on the
evidence presented in this and other reports (Carlton and
Martin-Serrano, 2007; Morita et al., 2007; Carlton ef al., 2008),
we favor a model whereby the mammalian ESCRT machin-
ery is recruited by different adaptor proteins to facilitate
several topologically similar membrane scission events that
include abscission. The first level of specificity for the dif-
ferent processes seems to be mediated by the nature of the
different adaptor proteins, namely, HRS in endosomal sort-
ing, Gag proteins in viral budding and CEP55 in cytokinesis.
A second level of specificity in this pathway would be
mediated by the multiple isoforms of some ESCRT compo-
nents that are present in the human pathway (Carlton et al.,
2008) and the differential requirement for hIST1 in MVB
sorting, HIV-1 budding and mammalian cell division indi-
cates another way of acquiring functional diversification,
suggesting that different components of the ESCRT machin-
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ery might modulate VPS4 activity and/or other activities of
the pathway at specific cellular compartments.
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