MITD1 is recruited to midbodies by ESCRT-III
and participates in cytokinesis
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ABSTRACT Diverse cellular processes, including multivesicular body formation, cytokinesis,
and viral budding, require the sequential functions of endosomal sorting complexes required
for transport (ESCRTs) O to lll. Of these multiprotein complexes, ESCRT-Il in particular plays a
key role in mediating membrane fission events by forming large, ring-like helical arrays. A
number of proteins playing key effector roles, most notably the ATPase associated with di-
verse cellular activities protein VPS4, harbor present in microtubule-interacting and traffick-
ing molecules (MIT) domains comprising asymmetric three-helical bundles, which interact
with helical MIT-interacting motifs in ESCRT-IIl subunits. Here we assess comprehensively the
ESCRT-lIl interactions of the MIT-domain family member MITD1 and identify strong interac-
tions with charged multivesicular body protein 1B (CHMP1B), CHMP2A, and increased sodi-
um tolerance-1 (IST1). We show that these ESCRT-lII subunits are important for the recruit-
ment of MITD1 to the midbody and that MITD1 participates in the abscission phase of
cytokinesis. MITD1 also dimerizes through its C-terminal domain. Both types of interactions
appear important for the role of MITD1 in negatively regulating the interaction of IST1 with
VPS4. Because IST1 binding in turn regulates VPS4, MITD1 may function through down-
stream effects on the activity of VPS4, which plays a critical role in the processing and remod-
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eling of ESCRT filaments in abscission.

INTRODUCTION

The endosomal sorting complex required for transport (ESCRT) ma-
chinery has been implicated in a number of cellular processes, in-
cluding multivesicular body (MVB) formation, viral budding, and
abscission during cytokinesis (reviewed in Hurley, 2010; Hurley and
Hanson 2010; Henne et al., 2011; Schmidt and Teis, 2012). Compo-
nents of the ESCRT machinery include ESCRT-0, -, -Il, and -lll, the
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ATPase associated with diverse cellular activities (AAA) protein
VPS4, the ALIX homodimer, and associated regulatory proteins.
ESCRT-Il comprises at least 12 structurally related subunits in hu-
mans, comprising charged MVB proteins 1-7 (CHMP1-7) and in-
creased sodium tolerance-1 (IST1). These proteins adopt closed
(autoinhibited) and open conformations that are associated with
monomeric or oligomeric states, respectively (Lata et al., 2008;
Bajorek et al., 2009b). ESCRT-IIl subunits form membrane-bound
helical filaments, which promote changes in membrane structure,
mediating membrane fission in a number of cellular contexts
(reviewed in Hurley, 2010; Hurley and Hanson 2010; Henne et al.,
2011; Guizetti and Gerlich, 2012; Schmidt and Teis, 2012).
ESCRT-III proteins harbor helical domains known as present in
microtubule-interacting and trafficking molecules (MIT)-interacting
motifs (MIMs) in their C-terminal regions that interact with MIT do-
mains present in a variety of proteins. MIT domains are asymmetri-
cal three-helix bundles, and many MIT domain-containing proteins
are recruited to cellular compartments via interactions of their MIT
domains with MIMs of specific ESCRT-III proteins (Obita et al., 2007;
Stuchell-Brereton et al., 2007; Yang et al., 2008; Agromayor et al.,
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FIGURE 1: MIT domain of MITD1 selectively binds ESCRT-lII proteins. (A) Schematic diagram showing the domain
architecture of MITD1 and deletion mutants used in this study. Boundary amino acid residues are indicated. (B) Yeast
two-hybrid interactions of the MIT domain of MITD1 with C-terminal MIM domains of ESCRT-III proteins were assayed
using the HIS3 reporter (sequential 10-fold yeast dilutions are shown). (C) HEK293 cells were cotransfected with the

indicated Myc-MITD1 constructs and HA-tagged IST1, CHMP1B, or CHMP2A. Cell lysates were immunoprecipitated (IP)
with anti-Myc antibodies and immunoblotted (IB) for HA and Myc epitopes. (D) Interactions of Myc-MITD1 with various

HA-IST1 MIM deletions and structure-based mutations were examined using colP assays with HA-epitope antibodies or
control immunoglobulin G (IgG). Immunoblotting was performed with HA- and Myc-epitope antibodies as indicated. An

asterisk denotes a probable degradation product. HC, IgG heavy chain; LC, IgG light chain.

2009; Osako et al., 2010). The effector functions of proteins harbor-
ing MIT domains typically depend on other regions of the proteins,
for example, the AAA domains of VPS4 and spastin (reviewed in Hill
and Babst, 2012; Lumb et al., 2012). Several ESCRT-lIll- and MIT
domain-containing proteins are mutated in inherited neurological
disorders, including frontotemporal dementia and hereditary spas-
tic paraplegia (Skibinski et al., 2005; Lee et al., 2007; Blackstone,
2012), emphasizing further the importance of ESCRT-dependent
cellular processes.

The specificity of ESCRT interactions is highlighted by multiple
modes of interaction, with different specificities among the various
ESCRT subunits and MIT proteins (Morita, 2012) mediated at the
structural level by distinct interaction interfaces (Obita et al., 2007;
Stuchell-Brereton et al., 2007; Yang et al., 2008). Although in many
cases the reasons for this high degree of specificity are not clear, it
seems reasonable to postulate that different ESCRTs play roles in
recruitment of various effector proteins throughout the cell via in-
teractions with MIT domains. The specificity of interaction with
various MIT domain—containing proteins underscores the impor-
tance of determining the roles of various ESCRTs in different cel-
lular processes.
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Here we investigate the role of a largely uncharacterized protein
MITD1, which harbors an MIT domain at its N-terminus but without
other known interaction or effector motifs. We describe the self-
interaction of the MITD1 protein and investigate the roles of its oli-
gomerization and ESCRT-II interactions during cytokinesis.

RESULTS

Identification of MITD1 as an ESCRT-lll-interacting protein
MITD1 is a 249-amino acid protein with an N-terminal MIT domain
but no other known motifs (Figure 1A). There are clear homologues
in Caenorhabditis elegans, Danio rerio, and Drosophila melano-
gaster, but not in Saccharomyces cerevisiae. The MIT domain of
human MITD1 (also known as LOC129531) was shown previously to
interact with the MIM domain of the recently identified ESCRT-III
protein IST1 (Agromayor et al., 2009), as well as with CHMP2A
(Tsang et al., 2006). To examine whether the MIT domain of MITD1
interacts with MIM domains of other ESCRT-IIl subunits, we con-
ducted yeast two-hybrid interaction tests using the 12 known hu-
man ESCRT-Il proteins, comprising CHMP1-7 and IST1 (Renvoisé
et al., 2010), as prey. The MITD1 MIT domain bait showed robust
interactions with C-terminal constructs harboring MIM domains of
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CHMP1B, CHMP2A, and IST1 (Figure 1B). An interaction with
CHMP1A was noted at longer growth times, but there was no inter-
action with other ESCRT-III subunits detected (Figure 1B and unpub-
lished data).

We confirmed the strongest yeast-two hybrid interactions in
HEK293 cells using coimmunoprecipitation experiments. The iso-
lated MIT domain (residues 1-90) of MITD1 interacted with full-
length IST1, CHMP1B, and CHMP2A, whereas a MITD1 deletion
mutant (residues 88-249) lacking the MIT domain did not (Figure 1,
A and C). Of interest, although full-length MITD1 interacted detect-
ably with IST1, full-length MITD1 did not bind CHMP1B or CHMP2A,
despite the fact that both CHMP1B and CHMP2A interacted strongly
with the isolated MIT domain of MITD1 (Figure 1C). This may reflect
different degrees of autoinhibition among overexpressed ESCRT-II
subunits (Yang et al., 2008; Bajorek et al., 2009b).

To establish whether the interactions of MITD1 with ESCRT-III
proteins are mediated by MIM motifs of ESCRT-III proteins, we per-
formed coimmunoprecipitation assays using structure-based MIM
mutants of IST1, mutating residues critical for the interaction of IST1
and VPS4A (Bajorek et al., 2009a). Because IST1 has two distinct
MIM motifs (MIM1 and MIM2), we generated mutants for each MIM.
All MIM1 mutations tested (AMIM1, L331A/K332A, and L324A)
abolished the IST interaction with MITD1 (Figure 1D). A MIM2 muta-
tion (L297D) also resulted in a significant reduction in binding to
MITD1 (Figure 1D). These data indicate that IST1 interacts with
MITD1 through its MIM motifs, particularly MIM1. Taken together,
these results demonstrate that MITD1 binds to specific ESCRT-I
proteins through selective MIT-MIM interactions.

MITD1 localizes to the midbody through its MIT domain

To determine the subcellular localization of MITD1, particularly in
dividing cells, we coimmunostained Hela cells for endogenous
MITD1 along with midbody marker proteins. When midbodies were
stained using anti-CEP55 antibodies, we found that MITD1 localized
at the periphery of CEP55 (Figure 2A, top); CEP55 localized to the
Flemming body at the center of the midbody (Fabbro et al., 2005).
CHMP1B and IST1 colocalized completely with MITD1, but the
MITD1 signal did not track along microtubules labeled with anti—-
tubulin antibodies within the midbody (Figure 2A). Of interest, the
MITD1 signal was observed at midbodies only when they appeared
very thin (data not shown), suggesting that MITD1 may be recruited
to the midbody during the terminal stage of abscission. This pro-
posed recruitment timing is similar to that previously described for
VPS4 (Morita et al., 2007).

To identify the domain required for midbody localization of
MITD1, we examined the localization of transiently expressed full-
length MITD1 or else truncation mutants in Hela cells. Overex-
pressed full-length MITD1 and the isolated MIT domain of MITD1
colocalized with endogenous CHMP2A at the midbody (Figure 2B).
However, AMIT MITD1 did not localize to the midbody. Thus the
MIT domain is necessary and sufficient for midbody localization of
MITD1.

MITD1 is an oligomeric protein

To identify possible functions of MITD1, we performed yeast two-
hybrid screening of a human brain library with the reporter strain
NMY70 bearing the pLexA-N-AMIT MITD1(88-249) bait plasmid.
From 1.87 x 107 yeast diploids screened, we recovered 59 prey con-
structs, comprising fragments of 10 different proteins. The highest
number, 17, represented MITD1 itself (unpublished data). Of the 10
different proteins, only MITD1 could be confirmed as a bona fide
interactor upon subsequent resynthesis of each prey, followed by
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retesting. As shown in Figure 3A, we generated various N-terminal
deletion mutants in order to determine the minimal domain required
for self-assembly. No deletion mutants tested beyond 88-249
showed positive interactions. We infer from these data that the resi-
dues 88-123 are necessary for self-assembly of MITD1.

We performed coimmunoprecipitation assays with differential
epitope tags to confirm the self-assembly of MITD1 in HEK293 cells.
FLAG-tagged full-length and N-terminally truncated proteins copre-
cipitated with both Myc-tagged full-length and N-terminally trun-
cated proteins (Figure 3B). However, the MITD1 MIT-domain con-
struct (residues 1-90) did not interact with full-length MITD1 or any
of the deletion constructs (Figure 3B). This result indicates that the
C-terminal domain of MITD1 is necessary and sufficient for self-as-
sembly. On the basis of the yeast-two hybrid results in Figure 3A, we
constructed an MITD1 deletion mutant lacking residues 83-126. Al-
though FLAG-tagged full-length MITD1 interacted with Myc-tagged
full-length MITD1, it did not interact with the Myc-tagged MITD1
A83-126 mutant (Figure 3C), consistent with the yeast two-hybrid
results. This further demonstrates that residues between 83 and 126
are required for self-assembly of MITD1 in cells.

Oligomerization of MITD1 was also examined by chemical cross-
linking using bis(sulfosuccinimidyl)suberate (BS®). For both endoge-
nous and overexpressed MITD1 proteins, in BS3-treated lysates an
additional band was observed at ~60 kDa, consistent with the pre-
dicted size of a homodimer, in addition to the monomer at ~29 kDa
(Figure 3D). To investigate further the self-association of MITD1, we
prepared protein samples under nonreducing conditions. When cell
lysates were prepared for SDS-PAGE under nonreducing conditions
(without B-mercaptoethanol) and not boiled, we observed the
higher-molecular weight band in addition to the monomer band
(Figure 3E). Using gel-exclusion fast protein liquid chromatography
(FPLC), we found that endogenous MITD1 eluted at a higher calcu-
lated molecular weight (~77 kDa) than its monomer size (Figure 3F).
Taken together, these results indicate that MITD1 exists as a homo-
oligomer in vivo, most likely a dimer.

To assess the significance of MITD1 self-assembly, we tested
whether self-association of MITD1 affects its interaction with IST1
(Figure 3G). We compared the binding of IST1 to MITD1 full-
length and MITD1 A83-126 by coimmunoprecipitation. Both the
MITD1 A83-126 mutant and full-length MITD1 bound to ISTT,
indicating that oligomerization is not required for this interaction.
However, in these studies, we cannot rule out the possibility
that oligomerization might modulate the interaction with IST1.
We could not perform similar interaction studies of MITD1
with CHMP1B and CHMP2A because full-length MITD1 did not
interact with these ESCRT-III subunits in coimmunoprecipitation
experiments (Figure 1C).

Recruitment of MITD1 to the midbody is regulated

by ESCRT-lIl interactions

VPS4 recognizes and binds to the MIM motif of Vps2, the yeast or-
thologue of CHMP2, through critical residues in its MIT domain
(Obita et al., 2007). When we aligned the MIT domain sequences of
human VPS4A/B and MITD1 using ClustalW2 (www.ebi.ac.uk/Tools/
msa/clustalw2), we found that a number of VPS4 residues required
for interaction with Vps2 are identical to those in MITD1 (Figure 4A).
Among these residues, we substituted Met-69 and Glu-73 of MITD1
with Ala because their corresponding residues, Leu-64 and Glu-68
of VPS4, form key interactions with the aC helix of CHMP2/Vps2
(Obita et al., 2007). When these missense mutants were overex-
pressed, the interactions of MITD1 with ESCRT-Ill proteins were
abolished (Figure 4, B-D). From these results, we conclude that the

4349

MITD1 involvement in cytokinesis |



CEP55

MITD1 Merge

CHMP1B MITD1 Merge
IST1 MITD1 Merge
4 F 4
& 4
B-tubulin MITD1 Merge

4
i

During cytokinesis, MITD1 localizes at the periphery of midbodies through its MIT domain. (

8 81
MITDY [V
1 249

MIT (A |

1 90
AMIT 1]
88 249

CHMP2A Merge

-
LL n

Myc-MITD1
MIT

AMIT

A) Hela cells

were coimmunostained for endogenous MITD1 (red) and the indicated midbody marker proteins (green). Merged
images are at the right, with DAPI nuclear staining in blue. Insets are enlarged images of the midbody region. Bars,

5 pm. (B) Top, schematic diagram showing the domain architecture of MITD1 and deletion mutants used; bottom, Hela
cells were transfected with the indicated Myc-MITD1 constructs and coimmunostained for Myc-epitope (red) and
endogenous CHMP2A (green). Merged images with DAPI are at the right. Insets are enlarged images of the midbody

region. FL, full length. Bars, 2 pm.

MITD1 interface for ESCRT-lII interaction is similar to that of VPS4
with CHMP2/Vps2.

As shown in Figures 1C and 2B, the MIT domain of MITD1 is re-
quired for both its interactions with ESCRT-IIl proteins and its local-
ization to the midbody. To establish whether the interactions be-
tween MITD1 and ESCRT-ll mediate the midbody localization of
MITD1, we investigated the subcellular localization of the structure-
based MITD1 mutants that do not bind ESCRT-Ill. Whereas wild-
type MITD1 was recruited to the midbody, none of the tested mu-
tants (M69A, E73A, and M69A/E73A) were recruited to the midbody
(Figure 4E). These data support the hypothesis that the recruitment
of MITD1 to the midbody is mediated by specific interactions with
ESCRT-Il subunits.

MIT domains interact with MIM motifs within ESCRT-IIl proteins.
Our data demonstrating that mutations in the MIT domain of MITD1
inhibit its localization to the midbody prompted us to examine
whether mutations in MIM domains of ESCRT-IIl proteins also affect
the recruitment of MITD1 to the midbody. The MIT domain of VPS4
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recognizes a (D/E)xxLxxRLxxL(K/R) motif within several ESCRT-II
proteins (Obita et al., 2007; Stuchell-Brereton et al., 2007). On the
basis of this motif, we introduced mutations into MIM domains of
CHMP1B, CHMP2A, and IST1. When wild-type hemagglutinin (HA)-
CHMP1B and HA-CHMP2A were coexpressed with Myc-MITD1 in
Hela cells, the ESCRT-lII proteins and Myc-MITD1 localized to mid-
bodies (Figure 5, A, B, and D). Even though all the ESCRT-IIl MIM
mutants tested (R191D and L195E/R196E for CHMP1B, R215D and
L219E/R220E for CHMP2A) localized to midbodies, the population
of cells with Myc-MITD1 at the midbody was significantly decreased
in MIM mutant-overexpressing cells (Figure 5, A, B, and D).

As can be seen in Figure 5C, MITD1 formed bundle-like struc-
tures when overexpressed along with IST1 wild-type or the MIM2
297D mutant, but none of the IST1 MIM1 mutants (AMIM1, L324A,
and L331A/K332A) induced these bundles (Figure 5C and unpub-
lished data). These results mirror the MITD1-IST1 interaction and
MITD1 midbody recruitment data. Although the nature of these
bundled structures remains unclear, because MITD1 is an oligomer
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FIGURE 3: MITD1 can self-assemble through its C-terminal domain. (A) Yeast two-hybrid interactions between the
indicated deletion mutants of MITD1 (boundary amino acid residues shown) were tested using the HIS3 reporter
(sequential 10-fold yeast dilutions). (B) HEK293 cells were transfected with the indicated MITD1 constructs, and extracts
were immunoprecipitated (IP) with anti-FLAG-conjugated beads then immunoblotted (IB) for FLAG or Myc epitopes.

(C) HEK293 cells were transfected with the indicated MITD1 constructs and immunoprecipitated with anti-FLAG
antibodies or control IgG. Precipitates were then immunoblotted. (D) HEK293 cell lysates were treated with the indicated
concentrations of BS® and subjected to immunoblot analysis as indicated. (E) Cell lysates were prepared under the
conditions shown and subjected to immunoblotting using anti-MITD1 antibodies. (F) Gel-exclusion FPLC was performed
to determine the native size of endogenous MITD1. Aliquots of each fraction were immunoblotted with anti-MITD1
antibodies. Elution peaks for marker proteins (in kilodaltons) are across the top. (G) HEK293 cells were cotransfected
with HA-IST1 and either full-length MITD1 or MITD1 A83-126. Cell lysates were immunoprecipitated with anti-Myc
antibodies and analyzed by immunoblotting. In B, D, E, and F, sizes of protein standards (in kilodaltons) are indicated.
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VPS4A/B were aligned using ClustalW2. An asterisk indicates fully conserved residues. Colon indicates conservation
between groups of strongly similar properties. Period indicates conservation between groups of weakly similar
properties. (B-D) HEK293 cells were transfected with the indicated constructs and immunoprecipitated (IP) with
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(E) Hela cells were transfected with the indicated Myc-MITD1 constructs and immunostained for Myc epitope (red) and
CHMP2A (green). Insets are enlarged images of midbody regions. HC, IgG heavy chain; LC, IgG light chain; WT, wild
type. Bars, 2 pm.
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and ESCRT-III proteins can form large helical arrays, we speculate
that their overexpression and interaction may nucleate or stabilize
such higher-order structures.

MITD1 is required for efficient abscission

To investigate the role of MITD1 in cytokinesis, we depleted endog-
enous MITD1 using small interfering RNA (siRNA) transfections.
Three different siRNAs against MITD1 were examined, with similar
results, to lessen the likelihood of off-target effects (Figure 6A).
When Hela cells transfected with siRNA against MITD 1 were stained
with anti-MITD1 antibodies, the immunoreactive signal was not
present at the midbody or elsewhere in the cell (Figure 6B). Deple-
tion of MITD1 resulted in a significant increase in the number of
cells interconnected by midbodies, as well in as the percentage of
multinucleated cells (Figure 6, C and D). This phenotype was highly
comparable to that seen upon depletion of other proteins known
to function in the abscission phase of cytokinesis (Fabbro et al.,
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2005; Yang et al., 2008; Agromayor et al., 2009; Bajorek et al., 2009a;
Connell et al., 2009).

To characterize further the cytokinesis defects caused by MITD1
depletion, we performed time-lapse imaging of cell division for
16 h, beginning 32 h after siRNA transfection. Most control siRNA-
treated cells (n = 65) that entered mitosis went through normal mi-
tosis and completed abscission (197 + 17 min; Figure 7, A and B,
and Supplemental Movie S1). However, only 6% of MITD1-depleted
cells (n = 49) completed cytokinesis successfully. The majority of
MITD1-depleted cells underwent normal mitosis until the abscission
phase; the period to complete abscission was extremely prolonged
in these cells (511 + 31 min; Figure 7, A and B, and Supplemental
Movie S2). Even so, of the 49 MITD1-depleted cells examined,
16 cells failed to form midbodies (unpublished data). In these cells,
chromosomes were segregated properly, and a cleavage furrow was
observed; midbodies did not appear, and soon after formation of
the cleavage furrow, the cells fused to form binucleated cells.
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Given that most ESCRT machinery proteins are also implicated in
MVB biogenesis, we examined a role for MITD1 in this process by
studying the degradation of the activated epidermal growth factor
receptor (EGFR). Depletion of MITD1 by siRNA had no effect on
EGFR degradation (Figure 7, C and D). This result is consistent with
previous reports that depletion of IST1 does not affect EGFR degra-
dation but does affect the completion of cytokinesis (Agromayor
et al., 2009). From these data, we infer that the cytokinetic defects
caused by MITD1 depletion are not an indirect consequence of dis-
turbing functions of ESCRT proteins on MVB biogenesis.

As shown in Figure 4, MITD1 mutants that could not bind to
ESCRT-III proteins were not recruited to the midbody. We examined
whether the midbody localization of endogenous MITD1 is depen-
dent on CHMP1B, IST, or both. Depletion of CHMP1B or IST1 did
not inhibit the formation of midbodies (Figure 8A). However, MITD1
was not recruited to midbodies efficiently when either CHMP1B
or IST1 was depleted individually. Because depletion of CHMP1B or
IST1 did not decrease protein levels of MITD1 (Supplemental Figure
S1), we conclude that CHMP1B and IST1 do not affect MITD1 pro-
tein stability but rather the recruitment of MITD1 to the midbody.
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Depletion of MITD1 perturbed efficient abscission (Figure 6).
Given that ESCRT machinery proteins are important players at the
midbody to complete abscission, we examined whether depletion
of MITD1 affects the midbody recruitment of ESCRT proteins.
First, we tested the localization of CEP55, which is important in
organizing the Flemming body and recruits a series of ESCRT pro-
teins such as Tsg101 and ALIX to the midbody (Morita et al., 2007,
Caballe and Martin-Serrano, 2011). CEP55 was clearly present at
the Flemming body after MITD1 depletion (Figure 6B and Supple-
mental Figure S2A). Next we examined the midbody recruitment
of the ESCRT-III proteins that had been identified as strong inter-
acting partners of MITD1. The midbody recruitment of CHMP1B,
CHMP2A, and IST1 was not affected by MITD1 depletion (Figure
8, B and C, and Supplemental Figures S2A and S3). The midbody
localization of CHMPS5, another ESCRT-III protein, was also not
disturbed (Supplemental Figure S2B). To examine whether mid-
body composition is compromised in MITD1-depleted cells, we
observed the localization of Aurora B, a mitotic kinase that func-
tions at the midzone, and MKLP1, a subunit of the centralspindlin
complex, after MITD1 depletion. Although the region of Aurora B
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stimulated with EGF for the indicated times. Cell lysates were analyzed by immunoblotting with EGFR, MITD1, and
B-tubulin antibodies. (D) Graphical representation of quantified intensities of EGFR protein bands from three

independent experiments.

distribution at the midzone tended to become more elongated,
Aurora B and MKLP1 localized properly (Supplemental Figure
S2C). These results indicate that depletion of MITD1 does not
compromise generally the formation and composition of the mid-
body but instead induces cytokinetic defects directly as a result of
impairment of MITD1 function.

To analyze the effects of different MITD1 mutation on cytokine-
sis, we generated siRNA-resistant forms of MITD1 by introducing
four silent point mutations into the sequence targeted by the
MITD1 siRNA. These were used to establish Hela cell lines stably
expressing wild-type MITD1 or else mutants deficient in interaction
with ESCRT-IIl and midbody localization, allowing us to examine
whether recruitment of MITD1 to the midbody is required for proper
cytokinesis. All stable cell lines expressed similar levels of ectopic
proteins, resistant to the effects of MITD1 siRNA as compared with
those of endogenous MITD1 proteins (Figure 9A). Endogenous
MITD1 proteins were depleted in MITD1 siRNA-transfected cells,
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whereas levels of siRNA-resistant MITD1 proteins were equivalent
to those in control cells. We examined the subcellular localization of
stably expressed MITD1 proteins by immunostaining after first de-
pleting endogenous MITD1 via siRNA transfection. Stably ex-
pressed, wild-type MITD1 localized to the midbody in a manner
highly similar to that of endogenous MITD1 visualized in empty-
vector—expressing cells (Figure 9B). All MITD1 mutants defective in
ESCRT-IIl interaction failed to localize properly to the midbody. By
contrast, the MITD1 A83-126 mutant defective in oligomerization
localized to the midbody normally.

We examined whether the abscission defects caused by depletion
of MITD1 could be rescued by various MITD1 mutants by counting
the multinucleated cells and cells interconnected by midbodies. As
expected, wild-type MITD1 rescued the phenotype in MITD1 siRNA-
transfected cells (Figure 9, C and D). However, none of the MITD1
MIT-domain mutants defective in ESCRT-III interaction could rescue
the cytokinetic defects. From these results, we conclude that the
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recruitment of MITD1 to the midbody by ESCRT-lII proteins is re-
quired for completion of cytokinesis.

The effects of the MITD1 A83-126 mutant on rescuing cytoki-
netic defects were also examined (Figure 9, C and D). Because the
MITD1 A83-126 mutant rescued the cytokinetic defects caused by
depletion of MITD1, we postulated that self-assembly of MITD1 is
not required for its effects on cytokinesis. However, there was a clear
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trend toward incomplete rescue, and it is possible that MITD1
oligomerization plays a modulatory role.

MITD1 competes with VPS4 for interaction with IST1

To investigate the mechanistic role of MITD1 in the completion of
cytokinesis, we examined whether MITD1 regulates the recruitment
of VPS4 to the midbody by ESCRT-II. IST1 interacts with VPS4 and
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regulates its localization and assembly (Dimaano et al., 2008). Be-
cause MITD1 also binds IST1 strongly, we examined whether the
dosage of MITD1 affects the interaction between IST1 and VPS4 in
cells. When only IST1 and VPS4 were overexpressed in HEK293
cells, VPS4 exhibited a strong interaction with IST1 (Figure 10A).
However, when MITD1 was overexpressed as well, binding of VPS4
to IST1 was significantly decreased. Given that MITD1 does not
bind VPS4 directly (Supplemental Figure S4), MITD1 might inhibit
the interaction between IST1 and VPS4 by competitively binding to
IST1.

To test this hypothesis, we examined an MITD1 mutant (M69A/
E73A) that cannot bind to IST1, in comparison with wild-type
MITD1. Against initial expectations, the MITD1 (M69A/E73A) mu-
tant showed the same inhibitory effect on binding of VPS4 to IST1
(Figure 10B). Even so, there was the possibility that MITD1 self-
assembly could inhibit its binding activity to IST1, as shown earlier
in Figure 3G. Thus we produced another mutant, MITD1 A83-126
(M69A/E73A), which cannot oligomerize and cannot bind to ISTT1,
for comparison with the MITD1 A83-126 protein that binds IST1 in
cells (Figure 3G). Surprisingly, MITD1 A83-126 showed a milder
inhibition than wild-type MITD1 even though it binds IST1 more
robustly (Figure 10B). When MITD1 A83-126 (M69A/E73A) was
cotransfected, the amount of VPS4 binding to IST1 was increased
to a greater degree than when MITD1 A83-126 was cotransfected
(Figure 10B). These results suggest that IST1-binding activity and
oligomerization of MITD1 can negatively regulate the interaction of
VPS4 with IST1.

We confirmed this negative regulatory effect of MITD1 by using
a competition assay. MITD1 A83-126 was used in the experiment
instead of wild-type MITD1 because it binds IST1 more effectively.
Although the amount of GFP-VPS4 DNA was held constant, the
amount of Myc-MITD1 A83-126 DNA was varied, with the total
DNA transfected kept constant with the addition of Myc empty vec-
tor (Figure 10C). As the amount of MITD1 A83-126 was increased,
VPS4 binding to IST1 was decreased. The same competition assay
was done using the AAA spastin because spastin also harbors an
MIT domain and binds to IST1 (Agromayor et al., 2009; Renvoisé
et al., 2010). However, the binding activity of spastin to IST1 was
unaffected by MITD1 A83-126 (Supplemental Figure S5), showing
that MITD1 might selectively regulate VPS4 binding to IST1. Taken
together, our results demonstrate that MITD1 competes with VPS4
for interaction with IST1. Given that IST1 interaction alters VPS4
function, this suggests a mechanistic role for MITD1 in the abscis-
sion phase of cytokinesis.

DISCUSSION

In this study, we report the high-affinity, selective interactions of the
MIT domain of MITD1 with a number of ESCRT-IIl subunits: IST1,
CHMP1B, and CHMP2A. Using structure-based mutations to inves-
tigate the role of ESCRT-IIl interactions selectively, we found that
MITD1 is recruited to midbodies during the abscission phase of cy-
tokinesis by ESCRT-III, and this recruitment is required for efficient
abscission. Of interest, depletion of either CHMP1B or IST1 in Hela
cells dramatically reduced MITD1 recruitment to midbodies, sug-
gesting that there is little redundancy or excess capacity among the
ESCRT-IIl subunits.

Arecurring theme among ESCRT-lIl proteins is that they likely are
present in an autoinhibited conformation in cells (Lata et al., 2008;
Bajorek et al., 2009b). This autoinhibition may be released as ES-
CRT-III forms multimeric circular arrays during cytokinesis (Hanson
et al., 2008), permitting interactions of ESCRT-Ill MIMs with MIT
domain—containing proteins such as the AAAs spastin and VPS4 and
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probable adaptor proteins such as spartin (Renvoisé et al., 2010; Hill
and Babst, 2012; Lumb et al., 2012) in a regulated manner. Along
these lines, we found that co-overexpression of ESCRT-IIl with
MITD1 resulted in large, intracellular, bundle-like structures with the
cells. We speculated that because MITD1 is an oligomer as well, it
may be able to modulate the assembly/disassembly of ESCRT-III
higher-order structures. Consistent with this notion, we did not un-
cover any interactions other than self-interactions in a yeast two-
hybrid screen using a MITD1 construct lacking the MIT domain as
bait, and it has no known motifs other than its MIT domain. Further-
more, residues required for VPS4 interaction with CHMP2 are also
required for the MITD1-ESCRT-III interactions reported here, and
thus we postulated that MITD1 interactions may inhibit VPS4 inter-
action with ESCRT-ll complexes and thus their subsequent
disassembly.

In fact, we present direct evidence that MITD1 can selectively
interfere with IST1 binding to VPS4 but not with the AAA spastin,
which severs microtubules, providing specific regulation of VPS4
activity. One explanation for this difference is that canonical MIT-
MIM interactions (including those of VPS4) occur through an inter-
face between helices 02 and 0.3 of the MIT domain, with an affinity
in the range of Ky = 30 uM by surface plasmon resonance (Stuchell-
Brereton et al., 2007). However, the noncanonical interaction of
spastin with CHMP1B and IST1 occurs at a larger interface between
MIT helices a1 and 0.3, with a substantially binding higher affinity in
the range of Ky = 4-12 uM (Yang et al., 2008). In fact, the spastin—
IST1 interaction has among the highest reported MIT-MIM binding
affinities, with Ky = 4.6 uM (Renvoisé et al., 2010). The dramatic dif-
ference in MIT-MIM binding affinities provides a compelling expla-
nation for the differential effects of MITD1 on VPS4 and spastin in-
teractions with IST1.

We focused on the effects of MITD1 on abscission during cell
division and in fact did not find any effect of MITD1 depletion on
other ESCRT-mediated functions such as EGFR degradation in cells.
Increasingly, it is being recognized that ESCRT dynamics between,
for example, viral budding and cytokinesis can be quite distinct,
which might reflect differences in spatiotemporal regulation of VPS4
function. Thus a simpler ESCRT-III disassembly and recycling cycle
may occur in MVB sorting and viral budding, with a more protracted
and defined ESCRT-lII filament remodeling during cytokinesis
(Mueller et al., 2012). In this scenario modulation of VPS4 activity
would be crucial, with proteins such as MITD1 playing specific requ-
latory roles.

MATERIALS AND METHODS

DNA constructs

The human MITD1 coding sequence (GenBank NM_138798) com-
prising residues 1-90 was cloned into the EcoRl site of yeast two-
hybrid bait vector pGBKT7 (Clontech, Mountain View, CA). Full-
length MITD1 and various deletion mutants were cloned into the
mammalian expression vectors pGW1-Myc (Zhu et al., 2003) and
pCMV-Tag2B (Agilent Technologies, Santa Clara, CA). Amino acid
numbering for IST1 throughout this article refers to isoform d
(GenBank NP_001257906).

The pGAD10 and pGADT? prey vectors (Clontech) for CHMP1-7
and IST1 were described previously (Yang et al., 2008; Renvoisé
et al.,, 2010). CHMP1B, CHMP2A, and IST1 were also cloned into
the mammalian expression vector pGW1-HA, producing a HA tag at
the N-terminus (Zhu et al., 2003). Green fluorescent protein (GFP)-
tagged human VPS4A was a gift from W. Sundquist (Garrus et al.,
2001). Human spastin (M87 isoform) tagged with Myc at the
N-terminus was described in Yang et al. (2008). Point mutations
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were introduced using QuikChange (Agilent Technologies). For pro-
ducing lentivirus, wild-type and various mutants of MITD1 were
cloned into the EcoRl site of pCDH-CMV-MCS-EF1-Puro lentiviral
vector (System Biosciences, Mountain View, CA; the sequence for
the c-Myc epitope was cloned into the Xbal and EcoRI sites). Al
MITD1 lentiviral constructs were modified to introduce siRNA-resis-
tant silent mutations against the siMITD1 #2 target sequence. All
vector constructs were confirmed by DNA sequencing.

Yeast two-hybrid studies

Yeast two-hybrid assays using the AH109 yeast strain were per-
formed as described previously (Rismanchi et al., 2008; Park et al.,
2010), and the ESCRT-III prey constructs were described in Yang
et al. (2008) and Renvoisé et al. (2010). A yeast two-hybrid screen
was conducted commercially using MITD1 (88-249) cloned into the
EcoRl site of the pLexA-N vector. Reporter strain NMY70 harboring
this bait was used to screen a normalized human brain library pre-
pared in the pGADT7-recAB prey vector (complexity 3.2 x 10%). Of
1.87 x 107 diploids screened, 59 putative interactors were success-
fully rescued and sequenced (DualSystems Biotech, Schlieren,
Switzerland).

Antibodies

Rabbit polyclonal antibodies were used against MITD1 (Proteintech
Group, Chicago, IL), CHMP2A (Proteintech Group), EGFR (1005;
Santa Cruz Biotechnology, Santa Cruz, CA), MKLP1 (N-19; Santa
Cruz Biotechnology), and HA epitope (Y-11; Santa Cruz Biotechnol-
ogy). Mouse monoclonal antibodies were used against IST1
(Abcam, Cambridge, MA), B-tubulin (IgG1, clone Dé6; Sigma-
Aldrich, St. Louis, MO), actin (clone AC-40; Sigma-Aldrich), Aurora B
(BD Transduction Laboratories, Lexington, KY), Myc epitope (clone
9E10; Santa Cruz Biotechnology), HA probe (F-7; Santa Cruz Biotech-
nology), GFP (clones 7.1 and 13.1; Roche Applied Science, India-
napolis, IN), and FLAG epitope (clone M2; Sigma-Aldrich). Mouse
polyclonal CEP55 and CHMP1B antibodies were obtained from
Abnova (Taipei City, Taiwan). Goat polyclonal CHMP5 antibodies
were obtained from Abcam. Goat monoclonal Myc antibodies were
obtained from Bethyl Laboratories (Montgomery, TX). To avoid sig-
nals from mouse light chain, horseradish peroxidase—conjugated
antibodies against Myc-epitope (Santa Cruz Biotechnology) and
FLAG-epitope (Sigma-Aldrich) were used in Figure 3B.

Cell culture and transfection

Hela and HEK293 cells were cultured in DMEM supplemented with
10% fetal bovine serum at 37°C in a 5% CO, humidified incubator.
Transfection was performed by using GenJet Plus (SignaGen Labo-
ratories, Rockville, MD) for plasmid DNA and Lipofectamine
RNAiIMax (Invitrogen, Carlsbad, CA) for siRNA as manufacturer’s
instructions. The siRNA sequences used were as follows: MITD1 #1,
5-GUGCUGUUGGAAGUUCAAUACUCUU-3’; MITD1 #2, 5’-AAGA-
GUAUUGAACUUCCAACAGCAC-3; MITD1 #3, 5-UACAUGAC-

CGAGAAAUUAGGUUCAA-3";  Cep55, 5-GGAACAACAGAUG-
CAGGCAUGUACU-3’; CHMP1B, 5-UCGACCUCAACAUGGAGCU-
GCCGCA-3’ (Yang et al., 2008); and IST1, 5-CCAGUCAGAAGUG-
GCUGAGUUGAAA-3" (Renvoisé et al., 2010). Control siRNAs were
obtained from Ambion (Austin, TX).

Generation of stable Hela cell lines

HEK293 cells were cotransfected with pCMV-dR8.2 dvpr, pCMV-
VSV-G (Addgene, Cambridge, MA) and the respective pCDH-CMV-
MCS-EF1-Puro-Myc-based constructs. The next day, lentivirus was
harvested from the culture media and frozen at —80°C. Hela cells
were infected with the indicated virus, and 24 h later they were incu-
bated with 2 pg/ml puromycin for 2-3 d for selection.

Confocal immunofluorescence microscopy

HelLa cells seeded on cover slips were fixed with cold methanol for
10 min. The fixed cells were blocked with 5% donkey serum in
PBST (phosphate-buffered saline with 0.1% Triton X-100) for
20 min at room temperature. Then cells were incubated with pri-
mary antibodies diluted in 5% donkey serum diluted in PBST for
2 h, washed four times with PBST, incubated with Alexa Fluor anti-
mouse and anti-rabbit secondary antibodies (Invitrogen) diluted in
5% donkey serum in PBST for 30 min, and washed with PBST four
times. For nuclear staining, 4’,6-diamidino-2-phenylindole (DAPI)
solution was applied for 5 min. Cells were mounted on a slide
glass using Fluoromount-G (SouthernBiotech, Birmingham, AL).
Cells were observed using a Zeiss LSM 710 confocal microscope
(Carl Zeiss, Jena, Germany) with a 63x/1.4 numerical aperture
Plan-Apochromat lens, and image acquisition and processing
were performed using ZEN 2009 software (Carl Zeiss Microimag-
ing). Images were edited using Photoshop 7.0 and lllustrator CS2
(Adobe, San Jose, CA). Statistical significance was assessed using
Student’s t test.

For live-cell imaging experiments, Hela cells were cultured on
glass-bottom culture dishes (MatTek Corporation, Ashland, MA), and
cotransfected with siRNA and pmaxGFP (Lonza, Basel, Switzerland)
using Lipofectamine 2000 (Invitrogen) to label transfected cells. At
30 h posttransfection, cells were incubated with Hoechst 33342
(Invitrogen) for 3 min and washed twice, and warm media was
applied. Time-lapse recordings were obtained using a Zeiss LSM
710 confocal microscope (Zeiss/PeCon [Erbach, Germany] XL LSM
71051 live-cell incubator system with TempModule S, CO, Module
S1, and Heating Unit XL S) fitted under thermostat conditions (37°C
in a 5% CO, humidified chamber). Images were acquired with a
40x/1.4 numerical aperture Plan-Apochromat oil differential interfer-
ence contrast (DIC) objective as one picture of 1-pm zstacks at
10-min intervals, together with a single DIC reference image for
16 h. Images were exported in 8-bit TIFF format using ImageJ soft-
ware (National Institutes of Health, Bethesda, MD). For quantifica-
tion, DIC images were used to determine the timing of mitosis.
Images were processed using ImageJ and Photoshop 7.0 software.

MITD1 (endogenous and recombinant) or B-tubulin. An asterisk denotes endogenous MITD1. (B) Localizations of stably
expressed recombinant proteins were examined by staining siMITD1-transfected cells with MITD1 (red) and B-tubulin
(green) antibodies. For comparisons with endogenous MITD1, cells stably expressing empty vector were transfected
with siCTL and stained with indicated antibodies. Merged images with DAPI staining are to the right. (C) HeLa cells
stably expressing empty vector or various MITD1 constructs were transfected with siCTL or siMITD1 and stained with
B-tubulin (green) antibodies. Arrows indicate multinucleated cells. (D) Cells interconnected by midbodies and
multinucleated cells were counted based on DAPI and B-tubulin staining as shown in C. Five hundred cells per group
were analyzed in three independent experiments. Graphs express means + SEM. *p < 0.05; **p < 0.01; n.s., not

significant. Bars, 10 pm (B, C), 2 um (inset in B).

Volume 23 November 15, 2012

4359

MITD1 involvement in cytokinesis |



A

Input (5%) 1gG P oHAIP

HA-IST1: + + + + + + + + +
GFP empty vector: - - + - - + - - +
GFP-VPS4: + + - + + - + + -
Myc empty vector: - + - - + - - + -
Myc-MITD1: + - + + - + + - +
75 — ., - by GFP-VPS4
" @@ e an == « HC
IB: GFP 50 — eee
37 —
- <+ GFP
IB: Myc - o | « Myc-miTD1
IB: HA WA == = = - HC
' coTme ...|<-HA_|S-|-1
Input (5%) aHAIP
HA-IST1: + + + + + + + + + +
GFP-VPS4: + + + + + + + + + +
Myc empty vector: + - - - - + - — — -
Myc-MITD1: - + - - -+ - -
Myc-MITD1(M69A/E73A). — — + - - - + -
Myc-MITD1 A83-126: - - — + — — — — + -
- - - 4+ - - - - +

Myc-MITD1 A83-126(MGOA/E73A). —

IB: GFP upesesepap s == ==| + GFP-VPS4

<+ Myc-MITD1 FL
B: Myc | - g .
y - — = | 3 MyoMITDT 483126

- e |« HC
IB: HA | e e e @9 ae oo «n @=| A ST

HA-IST1
GFP-VPS4
+ Input (5%) oaHAIP
Mycemptyvector: 3 2 1 0 3 2 1 0

Myc-MITD1 A83-126: 0 1 2 3 0 1 2 3
IB: GFP |GGDEpeww = = | i GFP-VPS4

IB: Myc | «aEmgp — = | « Myc-MITD1 A83-126

151 o T2 N P p—p—— HA-IST1

FIGURE 10: MITD1 competes with VPS4 for binding to IST1. (A, B) HEK293 cells were
cotransfected with the indicated constructs. Cell lysates were immunoprecipitated (IP) with
anti-HA-epitope antibodies or control IgG. Immunoblotting (IB) was performed with GFP,
Myc-epitope, and HA-epitope antibodies as indicated. (C) HA-IST1 and GFP-VPS4 constructs
were cotransfected into HEK293 cells with Myc-empty vector or Myc-MITD1 A83-126. Molar
ratios of Myc-empty vector and Myc-MITD1 A83-126 DNA are shown along the top. The
amount of GFP-VPS4 DNA was held constant, whereas the amount of Myc-MITD1 A83-126
DNA was varied. Cell lysates were immunoprecipitated (IP) with HA-probe antibodies.
Immunoblotting (IB) was performed for GFP, Myc epitope, and HA epitope as indicated. An
asterisk denotes a probable degradation product or modified form of GFP-VPS4. HC, IgG heavy
chain; LC, 1gG light chain.
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Immunoprecipitation and
immunoblotting

For immunoprecipitation studies, HEK293
cells were collected in lysis buffer (50 mM
Tris-HCI, pH 8.0, 1% Triton X-100, 150 mM
NaCl, and protease inhibitor cocktail) for
30 min, clarified by centrifugation (4°C,
14,000 x g, 30 min), and incubated with
antibodies (1 pg) at 4°C overnight. Protein
A/G  PLUS-agarose beads (Santa Cruz
Biotechnology) were added for 1 h, and
then beads were washed three times with
lysis buffer. Bound proteins were resolved
on SDS-PAGE gels and electrophoretically
transferred to nitrocellulose membranes.
Immunoblotting was performed as de-
scribed previously (Zhu et al., 2003), and
images were obtained and processed using
the ChemiDoc XRS+ System (Bio-Rad,
Hercules, CA).

Chemical cross-linking

and gel-exclusion FPLC

HEK293 cells were washed three times with
cold PBS to remove amine-containing cul-
ture media and proteins. Cells were then
scraped in cold PBS and homogenized.
Lysates were clarified by centrifugation and
then treated with BS® (Thermo Scientific,
Waltham, MA) on ice for 2 h (Zhu et al.,
2004). To quench the reaction, 1 M Tris-HCI
(pH 7.5) was added to a final concentration
of 30 mM for 15 min at room temperature.
Cross-linked products were analyzed by
SDS-PAGE and immunoblotting.

FPLC was performed as described pre-
viously with minor modifications (Zhu et al.,
2003, 2004). Samples were applied to a
Superdex 200 10/300 GL column (GE
Healthcare, Piscataway, NJ) at a flow rate
of 0.25 ml/min in PBS. Fractions (0.25 ml)
were collected, and aliquots were sub-
jected to immunoblotting. Protein stan-
dards (Sigma-Aldrich and GE Healthcare)
in PBS were applied to the column to gen-
erate a standard curve, from which the na-
tive molecular weight for endogenous
MITD1 was estimated.

EGFR degradation assay

Hela cells transfected with either control
siRNA or MITD1 siRNA were serum starved
in the presence of cycloheximide (10 pg/ml)
for 1 h and treated with EGF (0.5 uM) in the
presence of cycloheximide and serum. At
the indicated times, cells were washed rap-
idly with PBS, lysed with Laemmli sample
buffer, and analyzed by immunoblotting. To
quantify the degradation of EGFR, the in-
tensity of EGFR immunoreactive bands at
each time point was measured using Image
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Lab 3.0.1 software (Bio-Rad). The intensity of EGFR was normalized
to the intensity of the corresponding B-tubulin immunoreactive
band.
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