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Introduction.

Aneuploidy, an abnormal number of chromosomes (non-euploid), is a hallmark of breast
carcinoma and correlates with defects in centrosomes and a poor prognosis (Hoskins and
Weber 1994; Fujii, Marsh et al. 1996). Aneuploidy and centrosome defects can occur by
failure of cytokinesis, the final stage of cell division. Centrosomes are microtubule-
organizing centers in human cells involved not only in organizing mitotic spindles, but
also in cytokinesis, the G1/GO0 checkpoint, cell cycle progression and differentiation, all
those being parameters relevant to breast cancer (Hinchcliffe 2003; Doxsey, McCollum et
al. 2005; Doxsey, Zimmerman et al. 2005). Pericentrin is a centrosome protein whose
overexpression induces supernumerary and structurally aberrant centrosomes,
dysfunctional mitotic spindles and growth in soft agar(Purohit, Tynan et al. 1999).
Pericentrin is overexpressed in some breast cancers(Lingle, Lutz et al. 1998). A better
understanding of the role of pericentrin in cytokinesis and spindle function will be
important for understanding breast tumor formation. The main goal of this project is to
understand the relationship between pericentrin and breast cancer progression. As
described in the previous annual report we bre testing the role of pericentrin by RNAi-
mediated depletion on a number of cellular, functions associated with breast cancer, as

complement from our original focus on pericentrin overexpression.
l

Body. \

In the last year we have made several discoxleries that demonstrate a role for pericentrin
in processes that are important elements ¢f breast cancer. These processes include
cytokinesis, cell cycle progression and primary cilia formation, and are discussed below.

Pericentrin and cytokinesis. We recently showed that pericentrin was involved in spindle
function (Zimmerman, Sillibourne et al. 2004).We now show that pericentrin is involved
in cytokinesis and that reduction of its levels by RNAI induces cytokinetic failure and
aneuploidy (S. Mirabelle, A. Jurczyk, S. Doxsey, unpublished observations, (Figla in
appendix 1). This could account for the spindle defects as cytokinesis failure results in
multiple centrosomes and polyploidy. This data also suggests a new mechanism for this
potential oncogene in breast cancer progression. Reduction of pericentrin level induced
late cytokinesis defects and a strong delay in the completion of cytokinesis. The cells
often remain attached for very long periods of time or even fail to cleave, thus exhibiting
a novel phenotype, multicellular syncytia. Biochemical assays showed that endogenous
centriolin and pericentrin co-immunoprecipitate in human cells and that both proteins are
found at the midbody during cytokinesis, and at the centrosome throughout the cell cycle.
Moreover, overexpression of pericentrin in human tissue culture cell lines induces
multinucleated cells (Figlb in appendix1). The overexpressed pericentrin accumulate at
the centrosome, as well as the endogenous centriolin, leading to centrosomes with more
pericentriolar material than in the control cells.




Pericentrin and p53-dependent cell cycle arrest. In addition to the cytokinesis defects
induced by pericentrin depletion mentioned above, we found that 48 hours later cells
were arrested (BrDU-negative). Flow cytometry experiments showed that cells were
arrested in the G1/GO phase of the cell cycle. However, cell lines with aberrant pS3 or
pretreatment of cells with pS3 RNAI allowed the cells to cycle. p53 is one of the most
common tumor suppressors in human cancer. We also show that this arrest requires p38,
p21 and cyclinA-Cdk2. We then asked whether other centrosome proteins could arrest
cells in cycle. Of the fourteen centrosome proteins examined, twelve induced G1/GO
arrest following siRNA-mediated depletion while control cells did not (Figl in
appendix2). In all cases, the centrosome was altered in composition and function
(duplication and primary cilia assembly, see below). We conclude that when the
centrosome is compromised, cells arrest in G1 in a p53-p38 dependant manner. These
results stress the importance of the centrosome in cell cycle control, an idea for which
there is currently little data. Moreover, breast cancer cells, which frequently exhibit p53
loss or dysfunction, show profound changes in centrosome number and size (Lingle, Lutz
et al. 1998; Lingle and Salisbury 1999; Borresen-Dale 2003). It is possible failure to
arrest under these conditions could propagate centrosome defects in subsequent divisions
leading to aneuploidy and breast tumor progression.

Pericentrin and primary cilia assembly. In f‘he last year, we have shown that pericentrin
is involved in primary cilia formation (Jurczjrk Gromley et al. 2004).The primary cilium
is a small organelle on most differentiated cells in the human body that grows from the
centriole of the centrosome and is assomated with cell cycle progression. Primary cilia
loss is thought to be the cause of polycystic kldney disease, a condition in which kidney
cells undergo uncontrolled proliferation, a feature shared with breast cancer cells (Pazour
2004). Biochemical analysis showed that pericentrin coimmunoprecipitated with proteins
involved in primary cilia formation (intraﬂagellar transport proteins IFTs) and the
calcium channel protein, polycyctin2 whlc is also implicated in polycystic kidney
disease (Pazour, Baker et al. 2002; Pazour and Rosenbaum 2002; Pazour, San Agustin et
al. 2002). Since we have shown that centrosomal protein disruption could affect the cell
cycle and knowing that primary cilia affect cell cycle progression, we asked if
downregulation of other centrosome proteins could affect primary cilia formation
(Quarmby and Parker 2005). Interestingly we found that depletion of many different core
centrosomal proteins blocked assembly of primary cilia (Figl in appendix3). This
demonstrates that the centrosome and many of its components are required for primary
cilia assembly and cell cycle progression.

Key research accomplishments.

* Pericentrin knock down leads to late cytokinesis defects, delay in cytokinesis and
multicellular synthicia.

* Pericentrin overexpression induce aneuploidy in tissue culture cell lines.

* Pericentrin interacts with centriolin.




* Pericentrin knock down induce a GO/G1 p53-p38 dependent arrest in normal
retinal epithelial cell line.

* Pericentrin knock down prevent cilia formation in normal retinal epithelial cell
line under serum starvation conditions.

* Many centrosome proteins are implicated in regulation of G1 progression and
cilia assembly.

Reportable Qutcomes

Reprints

Jurczyk, A., A. Gromley, et al. (2004). "Pericentrin forms a complex with intraflagellar
transport proteins and polycystin-2 and is required for primary cilia assembly." J
Cell Biol 166(5): 637-43.

Gromley, A., C. Yeaman, et al. (2005). "Centriolin anchoring of exocyst and SNARE
complexes at the midbody is required for secretory-vesicle-mediated abscission."
Cell 123(1): 75-87.

Mikule, K., Kaldis,P., et al. “Centrosome protein depletion activates a p53-,p38-
dependent checkpoint that triggers G1 arrest through inhibition of cyclinA-Cdk2”,
submitted to Nature, in revision.

Mirabelle, S., Jurczyk, A., et al. “ Pericentrin is involved in the final stages of
cytokinesis”, in preparation.

Presentations

Poster presentation 2004, “Pericentrin forms a complex with intraflagellar transport
proteins an polycystin-2 and is required for primary cilia assembly”, A. Jurczyck, A.
Gromley, S. Redick, J. San Augustin, G. Witman, G. Pazour, and S. Doxsey, 6"
International workshop on Chromosome Segregation and Aneuploidy, Cortona, Italy.

Poster presentation 2004, “Centriolin-anchoring of exocyst and SNARE complexes at the
midbody is required for localized secretion and abscission during cytokinesis”, A.
Gromley, C. Yeaman, A. Jurczyk, S. Redick, S. J. Doxsey, 44th ASCB Meeting, Whashington
DC.




Poster presentation 2005, “Centrosome genes involved in cytokinesis, genetic fidelity and
potentially tumorigenesis”, S. Mirabelle, S. Doxsey, 2005 Era of Hope meeting,
Philadelphia

Conclusions and future studies.

Overall, the results of many studies from or laboratory converge into a global view of the
centrosome as both a cytoskeletal organelle and a cell regulator. Our model is that the
centrosome not only plays a role in microtubule nucleation and organization but also
serves as a platform for gathering proteins in regulatory pathways. Therefore, disruption
of some proteins might lead to damage in centrosome formation or maturation and this
could affect these regulatory pathways. We believe that pericentrin is a long coil-coiled
scaffold protein that plays a role in microtubule nucleation and cellular regulation.

Futures studies will be directed toward understanding the process by which alteration in
pericentrin levels affects cytokinesis to generate aneuploid cells. We have begun looking
at mammary epithelial and tumor cells to see how pericentrin overexpression and
depletion lead to cytokinesis failure, multipolarity and polyploid cells.
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Appendix 1
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Cells are delayed in cytokinesis when
pericentrin is knock down. Cells are
synchronised with a single thymidin
block for 12 hours then released in
medium for 4 hours then film during 16
to 18 hours using time lapse for phase
contrast.
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Fig 1b.
Cells overexpressing kendrin (the human
pericentrin) show an increase in
multinucleated cells.
Hela cells were transfected with an HA-
tagged human pericentrin, fixed at different
8 encrtis overespresson time points with methanol and stained for
microscopy. Cells overexpressing the
protein were analyzed by microscopy and
their number of nuclei was counted.
Compared to cells overexpressing f3-
galactosidase (in red), cells overexpressing
the human pericentrin show an increase in
multinucleated cells after only 17 hours.
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Figl.

Flow cytometry profiles of cells treated with siRNA ( 72 hours) targeting centosome or control proteins, then treated
with nocodazole (+noc) or no addition (-noc), as indicated for the final 12 hours. Exept for ninein and nek, knock
down of all the other centrosome protein leads to an arrest in G1.




Appendix 3

Downregulation of several centrosomal proteins affects cilia formation.

100

1

percentage of cells without cilia

Figl.

Knock down of several centrosomal proteins affects cilia formation in epithelial cells.

Cells were transfected with siRNA targeting the different proteins, then after 24hours cells were
serum starved for 24hours to induce cilia formation. Cells were fixed with methanol and stained for
microscopy analysis. Cells without any cilium were counted. Except for the protein ninein, all the
targeted centrosomal proteins are implicated in cilia growth.
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Pericentrin forms a complex with intraflagellar
transport proteins and polycystin-2 and is required

for primary cilia assembly

Agata Jurczyk,' Adam Gromley,' Sambra Redick,' Jovenal San Agustin,” George Witman,? Gregory J. Pazour,’

Dorien J.M. Peters,” and Stephen Doxsey"

'Department of Molecular Medicine and 2Department of Cell Biology, University of Massachusetts Medical School,

Worcester, MA 01605

*Leiden University Medical Center, Department of Human Genetics, 2333 AL Leiden, Netherlands

assemble from basal bodies by a process called in-

traflagellar transport (IFT) and are associated with
several human diseases. Here, we show that the cen-
trosome protein pericentrin (Pcnt) colocalizes with IFT
proteins to the base of primary and motile cilia. Immuno-
gold electron microscopy demonstrates that Pcnt is on or
near basal bodies at the base of cilia. Pcnt depletion by
RNA interference disrupts basal body localization of IFT
proteins and the cation channel polycystin-2 (PC2), and

P rimary cilia are nonmotile microtubule structures that

inhibits primary cilia assembly in human epithelial cells.
Conversely, silencing of IFT20 mislocalizes Pcnt from
basal bodies and inhibits primary cilia assembly. Pent is
found in spermatocyte IFT fractions, and IFT proteins are
found in isolated centrosome fractions. Pcnt antibodies
coimmunoprecipitate IFT proteins and PC2 from several
cell lines and tissues. We conclude that Pcent, IFTs, and
PC2 form a complex in vertebrate cells that is required for
assembly of primary cilia and possibly motile cilia and
flagella.

Introduction

Centrosomes serve as microtubule-organizing centers in
interphase and mitotic cells and play a role in cytokinesis
and cell cycle progression (Doxsey, 2001). They are also the
precursors of primary cilia, nonmotile sensory organelles
found on most vertebrate cells. Ciliary dysfunctions are asso-
ciated with several human diseases (Pazour and Rosenbaum,
2002; Rosenbaum and Witman, 2002). Primary cilia in ver-
webrate cells appear to arise from the mother centriole of the
centrosome within a membrane sheath, which forms from
cytoplasmic vesicles and ultimately fuses with the plasma
membrane (Sorokin, 1968). The intimate relationship be-
tween the centrosome and the primary cilium suggests that
functions and components may be shared between these
structures.

Primary cilia assembly occurs by a process called intra-
flagellar transport (IFT) (Kozminski et al., 1993; Pazour
and Rosenbaum, 2002; Rosenbaum, 2002; Rosenbaum and

Address correspondence to Stephen Doxsey, Dept. of Molecular Medicine,
University of Massachusetts Medical School, 373 Plantation Street, Bio-
tech II, Suite 210, Worcester, MA 01605. Tel.: (508) 856-1613. Fax:
(508) 856-4289. email: stephen.doxsey@umassmed.edu

Ke{' words: pericentrin; intraflagellar transport; centrioles; centrosomes;
polycystin
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Witman, 2002; Han et al., 2003). Interference with IFT
protein funcrion results in loss or reduction of primary cilia
(Pazour et al., 2000, 2002a; Pazour and Rosenbaum, 2002).
Primary cilia possess cation channels and receptors that ap-
pear to activate signal transduction pathways that control
cellular function (Pazour and Rosenbaum, 2002; Pazour et
al., 2002a; Pazour and Witman, 2003). Polycystin-2 (PC2)
is a calcium-selective channel on primary cilia associated
with polycystic kidney disease (Somlo and Ehrlich, 2001). It
appears to be activated by mechanical movement of primary
cilia in response to fluid flow (Nauli et al., 2003), and con-
trols the assembly of primary cilia (Thomson et al., 2003;
Watnick et al., 2003). However, little is known about the
mechanism by which IFT proteins and PC2 are organized at
the centrioles/basal bodies (terms used interchangeably).

A role for centrosome proteins in primary cilia formation
has recently been established. Mutants of a Drosophila protein
that shares homology with the vertebrate centrosome proteins
pericentrin (Pent) (Flory and Davis, 2003; Zimmerman et
al., 2004) and AKAP450 (Keryer et al., 2003) disrupt for-

Abbreviations used in this paper: DIC, differential interference contrast;
IFT, intraflageltar transport; PC2, polycystin-2; Pent, pericentrin; RPEL,
retinal pigmented epithelial cell line 1; siRNA, small interfering RNA.
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Figure 1. Pcnt localizes to centrioles and basal
bodies. (a) Immunofluorescence image of a centro-
some in RPE1 cells costained for Pcnt (green) and
centriolin (red; bar, 1 um). (b and ¢) DIC (b) and
immunofluorescence (c) images of a primary
cilium (arrow) in RPE1 cell stained for Pcnt (green)
and centrioles/primary cilium (GT335, red). Bar, 5
pm for b and c. (d) Immunofluorescence image of
a ciliated epithelial cell from mouse trachea
showing Pcnt (green) at the base of motile cilia
(DIC; bar, 5 wm). () Immunogold electron micro-
scopic image of a ciliated cell (as in d) after incu-
bation with antibodies to Pcnt and secondary
antibodies bound to 5-nm gold (bar, 250 nm).

Pent/DNA

mation of mechanosensory and chemosensory cilia (Mar-
tinez-Campos et al., 2004). Drosgphila mutants that affect
IFT also disrupt formation of Drosophila sensory cilia (Han
et al., 2003). However, the molecular mechanism by which
centrosomes and centrosome proteins modulate primary cilia
assembly has not been determined. In this report, we show
that Pent forms a complex with IFT proteins and PC2 in
vertebrate cells and tissues, and that Pcnt depletion by small
interfering RNAs (siRNAs) disrupts centriole association of
IFTs and PC2 and inhibits primary cilia formation.

Results and discussion

In this work, we have studied a larger isoform of Pent using
specific siRNAs and antibodies unless otherwise noted (Flory
and Davis, 2003; Zimmerman et al., 2004). Immunofluo-
rescence imaging demonstrated that Pent partially over-
lapped with centriolin, a protein associated with the mother
centriole at centrosomes (Fig. 1 a) (Gromley et al., 2003). In
addition, Pent associated with both centrioles at the base of
primary cilia (Fig. 1, b and ¢) and motile cilia (Fig. 1 d).
Higher resolution immunogold EM demonstrated that Pent
was on or near the centrioles of motile cilia (Fig. 1 e).

To test the role of Pent in cilia organization, we depleted
protein levels by siRNA. We observed a 75-90% reduction
in protein levels and a dramatic reduction in centrosome lev-
els of Pent in most cells (Fig. 2, a~c; arrow in ¢) when com-
pared with cells treated with control siRNAs targeting
lamins A/C (Fig. 2, a and b) or cells that did not respond to
siRNA treatment (Fig. 2 ¢, bottom cell). In contrast, cen-
trosome localization of +y-tubulin was only slightly affected
under these conditions (Fig. 2 ¢, top cell). Primary cilia
were induced in retinal pigmented epithelial cells (RPE1)
treated with siRNAs targeting Pent or lamin A/C. Cilia
were detected with antibodies to polyglutamylated tubulins
(GT335; Gromley et al., 2003) and by differential interfer-

ence contrast (DIC) microscopy. In most cells treated with
siRNAs targeting Pent, primary cilia failed to assemble (Fig.
2, e, g, and h), whereas control cells treated with siRNAs tar-
geting lamin or ninein assembled normal full-length primary
cilia (Fig. 2, d, f, and h; unpublished dara).

To address the mechanism of ciliary loss in cells with re-
duced Pcnt, we examined centriole function, structure, and
composition. Consistent with previous results from our group
and others (Dammermann and Merdes, 2002; Martinez-
Campos et al., 2004; Zimmerman et al., 2004), we found
that microtubule organization and nucleation were not signif-
icantly disrupted (unpublished data). In addition, centriole
ultrastructure was normal (Fig. 2, i~k; # = 45 centrosomes).
Centrioles were sometimes separated (Fig. 2, e and g), but this
was also observed after functional abrogation of proteins that
did not affect primary cilia (e.g., ninein; unpublished data).

Because vertebrate primary cilia formation and function
requires IFT proteins (Murcia et al., 2000; Pazour et al,,
2000) and the cation channel PC2 (Somlo and Ehrlich,
2001; Pazour et al., 2002b; Rosenbaum and Witman, 2002;
Nauli et al., 2003), we reasoned that Pent might cooperate
with these proteins in primary cilia organization. To test
this, we first determined the precise localization of these pro-
teins. IFT57 and IFT88 localized primarily to the distal end
of the mother centriole near the base of the primary cilium
and to the tips and in spots along the length of primary cilia
(Fig. 3, aand b). Localization of these IFT’s to the distal por-
tion of the mother centriole was consistent with known sites
of IFT protein localization in Chlamydomonas reinhardsii
(Cole et al., 1998; Deane et al., 2001). IFT20 was found on
the proximal portion of mother centriole and the lateral as-
pect of the daughter centriole (Fig. 3 ¢), an area thought to
be involved in interconnecting the two centrioles, PC2 lo-
calized primarily to the mother centriole underlying the pri-
mary cilium (Fig. 3 d). In mouse tracheal epithelial cells,
IFT proteins partially localized with Pent to sites at the base
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Figure 2.

Pcnt silencing inhibits primary cilia formation. (a) Pcnt and lamin protein levels (Western blot) after siRNA as indicated. a-Tubulin

or PKC, loading controls. (b) Fluorescence intensity of individual centrosomes (bars) after treatment with siRNAs targeting Pcnt or lamin.
Centrosomal Pent is reduced to levels below the lowest control levels (lamin) in 87% of cells. (c) Immunofluorescence image of RPE1 cells
after Pcnt silencing showing reduced centrosomal Pcnt in one cell (green, arrow) and normal level in the other. y-Tubulin (red) is not signifi-
cantly affected. Low (d and e) and high (f and g) magnification immunofluorescence images of cilia and centrioles stained with GT335 after
treatment with Pcnt (e and g) or lamin (d and f) siRNAs. Bar in e, 5 um (for d and e); bar in f, 1 um (for f and g). DNA, blue. (h) Graph showing
percentage of cells that lack cilia after treatment with indicated siRNAs. Bars represent average of three experiments. P value, standard ¢ test.
(i-k) Electron micrographs showing centriole structure in cells with reduced Pcnt. Bar in k, 200 nm (for i-k).

of the motile cilia where basal bodies are found (Fig. 3 e,
[FT20).

Next, we addressed the centriolar anchoring mechanism of
Pent, IFTs, and PC2. We found that Pent was dependent on
IFT proteins for localization to basal bodies using cells that
stably express siRNAs targeting IFT20. These cells showed
reduced centriolar IFT20 and lacked primary cilia (Fig. 3, g-g'’
and h) compared with cells of the parent line (Fig. 3, f~f
and h). In cells with reduced centriole-associated IFT20, we
observed a similar reduction in Pent levels (Fig. 3 g, g,”' and
i). In a reciprocal experiment, we found that IFTs and PC2
were dependent on Pent for centriole localization. Pent local-
ized to both centrioles at the base of cilia, partially colocalized
with IFT proteins (Fig. 4 a'’, IFT57) and totally overlapped
with PC2 (Fig. 4 ¢’*). Pent silencing reduced the levels of
centriolar Pent (Fig. 4 b, b"’, ¢, and ¢’'; top cell), IFT57 (Fig.
4, b’-b""), IFT20, IFT88 (unpublished data), and PC2 (Fig.
4, ¢'—¢"'; top cell). In contrast, adjacent nontransfected cells

or cells treated with lamin siRNAs had robust staining for
IFT57 and PC2 (Fig. 4, a’-a'’ and c¢’—c'’; bottom cell).
These results show that Pent and IFTSs are codependent in
their localization to basal bodies of primary cilia.

Previous reports showed that IFT protein complexes and
Pcnt complexes had similar S values on sucrose gradients
(17-18S; Dictenberg et al., 1998; Pazour et al., 2002a). To
determine whether Pent interacted with IFT proteins, we iso-
lated IFT complexes by a multistep procedure (San Agustin
and Witman, 2001) and found that Pcnt A and B cofraction-
ated with IFT88 in the final gel filtration column (Fig. 5 a).
Based on recent data showing that IFT71 is present on cen-
trosomes and spindle poles (Iomini et al., 2004), we analyzed
centrosome preparations (Doxsey et al., 1994) for the pres-
ence of IFT proteins. IFT88 (Fig. 5 b) and other IFT pro-
teins (unpublished data) were present in pooled fractions
containing centrosome proteins (y-tubulin, Pent), but not in
pooled fractions lacking centrosomes. Moreover, our immu-
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Figure 3. Localization of IFT proteins and PC2, and mislocalization of Pcnt in cells with reduced 1FT20. (a~d) RPE1 cells stained for IFT57,
IFT88, IFT20, and PC2 (green) and for basal bodies/cilia (GT335, red). Bar in d, 1 um. (e) Pent (green) partially colocalizes with IFT20 (red) at
the base of motile cilia (seen by DIC) in mouse epithelial cells. DNA, blue. Bar, 5 pm. (f~g"') Untreated RPET cells (f—f'") or RPET cells stably
expressing siRNA targeting IFT20 (g-g'') showing centrosomal levels of IFT20 (f' and g'), Pent (f and g; bar, 5 pm), or merge ("’ and g’). Pent,
red, IFT20, green, DNA, blue at arrows. Insets, enlargements of f'* and g"’. (h and i) Fluorescence intensity of IFT20 (h) and Pcnt (i) at individual
centrosomes (bars) in cells stably expressing IFT20 siRNA or mock, as indicated below graph.

nofluorescence imaging showed that IFT20, 57, 88, and PC2
were abundant at centrosomes in interphase cells and spindle
poles during mitosis in RPE1 cells (unpublished data).
Immunoprecipitation of Pent using antibodies (that recog-
nize both small, Pcnt A and large, Pent B isoforms) raised to
two independent domains pulled down endogenous IFT88
from two ciliated cell lines (Fig. 5 ¢, two top panels); endoge-
nous IFT57 from testes and ciliated cells (unpublished data),
and ectopically expressed GST-GFP-IFT20 (Fig. 5 ¢, bot-
tom) and endogenous PC2 from mitotic cells (Fig. 5 d). We
observed no coimmunoprecipitation of any IFT protein or
PC2 when Pent antibody was omitted (Fig. 5 d; Bd) or sub-
stituted with a nonimmune IgG (Fig. 5, c and e; IgG). In re-
ciprocal experiments we found that PC2 immunoprecipita-
tion pulled down endogenous IFT57 from ciliated cells (Fig.
5 e) and that IFT57 pulled down IFT88 (Fig. 5 c). Together,
these biochemical data suggest that Pent, PC2, and IFT pro-
teins form a complex in the cytoplasm of vertebrate cells.
The dara in this manuscript show that Pene binds IFT pro-
teins and PC2 and is required for primary cilia formation in

human cells. This suggests a model in which Pent recruits
protein complexes involved in cilia assembly and calcium sig-
naling to centrioles at the base of primary cilia (and perhaps
flagella). Because Drosophila Pent/AKAP450 and IFT were
shown separately to function in primary cilia assembly (Han
et al., 2003; Martinez-Campos et al., 2004), it is possible that
Pent has a conserved function in IFT organization during
cilia formation in both Drosophila and vertebrate cells.

IFT does not appear to play a role in assembly or function
of Drosophila sperm flagella (Han et al., 2003) as seen in
other organisms (Rosenbaum and Witman, 2002). Thus, it
is unlikely that defects in flagellar motility in Drosophila
Pent/AKAP450 mutants (Martinez-Campos et al., 2004) are
a consequence of disruption of the Pent-IFT interaction.
However, both vertebrate Pent (Dictenberg et al., 1998; Ta-
kahashi et al., 2002; Zimmerman et al., 2004) and Drosgphila
Pent/AKAP450 (Kawaguchi and Zheng, 2003) interact with
complexes containing y-tubulin, and y-tubulin has recently
been shown to be required for flagellar motility in trypano-
somes (McKean et al., 2003). Thus, it is possible that disrup-
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Figure 4. Pcnt colocalizes to basal bodies with IFT proteins and PC2, and Pcnt silencing mislocalizes IFT proteins and PC2 from basal
bodies and centrosomes. (a-c'’) IFT57 (a-b’’ red) and PC2 (c-c", red) are mislocalized from basal bodies in RPE1 cells with reduced Pcnt
(b-b'’, arrows; c—c'’, green, small arrows), but not in RPE1 cells treated with lamin siRNAs (a—a’’; bar, 10 um) or in the cell with control level
of Pent (c and ¢/, bottom). Insets: higher magnification of a’’, b”’, and ¢’* as indicated by arrows. DNA, blue.
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tion of the interaction between Pcnt/AKAP450 and +y-tubu-
lin complexes could account for lack of motility in Drosophila
flagella. Another possibility is that the observed structural al-
terations in centrioles in spermatocytes from Drosophila Pent/
AKAP450 mutants (Martinez-Campos et al., 2004) could
contribute to defects in both cilia and flagella. However, in
this work we did not detect changes in centriole structure in
cells depleted of Pent. Given the recent findings that Pent
and other centrosome proteins are integral components of
cilia and flagella and that IFT proteins and PC2 are integral
components of centrosomes and spindle poles (Tomini et al.,
2004; unpublished data), it is likely that perturbation of pro-
teins in one of these compartments affects the function of the
other. Because defects in centrosomes and spindle poles are
well documented in cells with abrogated Pcnt and Pent
orthologues, they could also contribute to defects in cen-
trosome derivatives such as cilia and flagella. Moreover, Pent
and IFT proteins require molecular motors to mediate trans-
port events, so it is possible that they utilize some of the same
components to accomplish these functions (Zimmerman and
Doxsey, 2000). It is clear from this discussion that a better
understanding of the precise role of Pent in cilia and flagella
assembly/function will require additional studies.

On a final note, it is interesting that centrosomes in Dro-
sophila Pent/ AKAP450 mutants are disorganized but appear
to assemble normal mitotic spindles (Martinez-Campos et
al., 2004). It is possible that residual functional protein re-
maining in Drosophila mutants is sufficient for spindle func-

tion. However, recent results from vertebrate cells indicate
that there are several forms of Pent (Flory and Davis, 2003),
and that a smaller form of the protein is required for spindle
organization and function, possibly through its role in an-
choring y-tubulin complexes or IFT proteins at spindle
poles (Zimmerman et al., 2004). A larger Pent isoform that
shares homology with Drosaphila Pent/AKAP450 does not
have a dramatic effect on spindle organization (Zimmerman
et al.,, 2004). It is likely that the multiple Pent isoforms con-
tribute to a multitude of cellular functions.

Materials and methods

Cells, siRNAs, IFT isolation, and primary cilia formation

Cells used in this work, RPE1 (Morales et al., 1999), a mouse inner med-
ullary collecting duct (IMCD?3), primary cells isolated from Tg737 wild-
type mouse (488) (Pazour et al., 2000), and freshly isolated primary
mouse trachea cells were grown as described in American Type Culture
Collection. Trachea dissected from mice in PBS were opened and scraped
with a wooden applicator stick. Released ciliated epithelial cells were
spun onto coverslips and fixed in —20°C methanol. siRNAs (21-nt; Dhar-
macon Research, Inc.) targeting Pcnt B (GenBank/EMBL/DDBJ accession
no. XM_036857; nt 301-319), Pcnt A/B, or ninein (Dammermann and
Merdes, 2002) and lamin A/C (Gromley et al., 2003) were delivered to
cells at 200 nM (Oligofectamine; Invitrogen). We also used a stable RPE1
cell line expressing IFT20-specific siRNAs (5'-GGAAGAGTGCAAAGA-
CTTT-3'; Follit and Pazour, in preparation). IFT protein fractions were
prepared as described previously (San Agustin and Witman, 2001) using
additional protease A inhibitors (Complete Mini tablets; Roche) in lysis
buffer. Primary cilia were induced after siRNA treatment (72 h) by cultur-
ing RPE1 cells in medium with 0.25% serum and siRNAs for 48 h and
were identified using GT335 antibody and DIC microscopy.
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Figure 5. Pcnt interacts with proteins a IFT fractions b  Centrosome
involved in cilia assembly and function. :
(a) Pooled IFT fractions from a sucrose IFT88 fractions
gradient from mouse testes were applied 1234567891011121314
to an FPLC column and fractions were :
loaded on SDS gels and probed with N —— — 92 kD
Pcnt antibodies or IFT88 antibody. (b)
Pooled peak centrosome fractions from
sucrose gradients (+) containing Pent A
~y-tubulin, Pcnt, and IFT88 as indicated 12345678 11 1213 14
and pooled noncentrosome fractions 3 - - :
(—). {c, top) Pcnt NH,- and COOH- 4 bbb ' w214 KD
terminal antibodies (PcN, PcC) indepen-
dently immunoprecipitated endogenous A A
IFT88 from lysates of ciliated 488 cells. VYoid 160 kD
1gG, nonimmune rabbit IgG, lysates {Lys) ¢
howing IFT88 at right. Pcnt immuno-
brecipita : ciliated cells_____IP P B _ IP B

precipitation confirmed (right). (c, mid-

dle) PcC/N immunoprecipitated IFT88
from ciliated RPE1 cells, as did antibodies
to IFT88 and IFT57 but not rabbit IgG.
(c, bottom) PcN and PcC pulf down a

PcN PcC IgG Lys

8 ﬁ

PeC PeN IgG

. ” IFT88

GST-GFP-IFT20 fusion protein from a
cell line stably overexpressing the pro-
tein, as does a glutathione column

(IFT20), but not nonimmune 1gG. Blots

RPE1

PeCIN

IgG Lys 88 57
IF
: mw e

were probed with anti-GFP antibodies,
immunoprecipitation with Pcnt (right);
1B, immunoblot antibody. (d) PcN

immunoprecipitated PC2 from mitotic

PcN PcC IgG Lys

PeN PeC IgG

RPE1 cells, whereas beads alone did
not (Bd). Pcnt immunoprecipitation

confirmed by immunoblot (Pcnt B). d
(e) PC2 antibody, but not rabbit 1gG,

immunoprecipitated IFT57 from ciliated
488 cells. IFT57, top band. Antibody
heavy chain, bottom band.

GST-GFP- g GFP-
IFT20 IMCD W | |~ IFT20 | ("Ml gmy  PentB
¢ .
mitotic cells_____11 1P _____IB ciliated cells_IP .E _.._....._IB
PeN - Bd ﬁ 57 PC2 Lys lgG
PC2
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~* pent B gL

Immunofluorescence, EM, and RT-PCR

Cells were prepared for immunofiuorescence, imaged, deconvolved (Meta-
Morph; Universal Imaging Corp.), and displayed as two-dimensional pro-
jections of three-dimensional reconstructions to visualize the entire cell
volume as described in Gromley et al. (2003). We used methanol as fixa-
tive, then confirmed using formaldehyde fixation as previously shown
(Dictenberg et al., 1998). Immunogold EM was performed as. described
previously (Doxsey et al., 1994). RT-PCR for amplification of Pcnt B (for-
ward primer 5-AACACTCTCCATGATTGCCC-3' and reverse 5'-TAC-
CCTCCCAATCTTTGCTG-3') and a-tubulin was performed as described
previously (Gromley et al., 2003).

Immunoprecipitation, Western blotting, and antibodies

Cells were lysed in lysis buffer consisting of 50 mM Tris-HCI (pH 7.5), 10
mM Na,HPO, (pH 7.2), 1 mM EDTA, 150 mM NaCl, 1% IGEPAL CA-
1630, and Complete Mini tablets. Testes lysates were prepared as de-
scribed previously (San Agustin and Witman, 2001). Antibodies were
added to freshly prepared cell extracts and were incubated at 4°C over-
night. Protein A/G Plus-Agarose (Santa Cruz Biotechnology, Inc.) or Glu-
tathione Sepharose 4B (Amersham Biosciences) was washed in lysis buffer,
added to the cell extracts, and incubated for 2 h at 4°C. The beads were
washed and resuspended in sample buffer. 5% SDS-PAGE gels were used
to detect Pent and PC2, and 10% gels to detect IFTs. Controls included cell
extracts incubated with rabbit IgG or beads alone. No bands were seen
with control 1gGs under any of these conditions or when control IgGs were
used at concentrations >10-fold higher than experimental samples. Cell
extracts used in this work for the Pent IFT interactions ‘came from cells
grown in 0.25% serum for 48 h to induce cilia formation. We used affinity-
purified antibodies against the NH, and COOH termini of Pcnt A/B (PcN,

PcC; Doxsey et al., 1994; Dictenberg et al,, 1998), Pcnt B (a gift of T.
Davis, University of Washington, Seattle, WA; Flory et al., 2000), IFT pro-
teins {Pazour et al., 2002a), PC2 (Scheffers et al., 2002), centriolin (Grom-
ley et al., 2003), GT335 (a gift of P. Denoulet, Université Pierre et Marie
Curie, Paris, France; Wolff et al., 1992), a-tubulin (Sigma-Aldrich), and
lamin A/C (Cell Signaling Technology).
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Summary

The terminal step in cytokinesis, called abscission,
requires resolution of the membrane connection be-
tween two prospective daughter cells. Our previous
studies demonstrated that the coiled-coil protein
centriolin localized to the midbody during cytokinesis
and was required for abscission. Here we show that
centriolin interacts with proteins of vesicle-targeting
exocyst complexes and vesicle-fusion SNARE com-
plexes. These complexes require centriolin for local-
ization to a unique midbody-ring structure, and dis-
ruption of either complex inhibits abscission. Exocyst
disruption induces accumulation of v-SNARE-con-
taining vesicles at the midbody ring. In control cells,
these v-SNARE vesicles colocalize with a GFP-tagged
secreted polypeptide. The vesicles move to the mid-
body ring asymmetrically from one prospective
daughter cell; the GFP signal is rapidly lost, suggest-
ing membrane fusion; and subsequently the cell
cleaves at the site of vesicle delivery/fusion. We pro-
pose that centriolin anchors protein complexes re-
quired for vesicle targeting and fusion and integrates
membrane-vesicle fusion with abscission.

Introduction

Cytokinesis is a fundamental process that results in di-
vision of a single cell with replicated DNA into two
daughters with identical genomic composition (see
(Glotzer, 2001, 2005; Guertin et al., 2002). Early events
in animal cell cytokinesis include assembly and con-
traction of the actomyosin ring to form the cleavage
furrow. Continued furrowing results in constriction of
the plasma membrane to form a narrow cytoplasmic
bridge between the two nascent daughter cells. Within
this intercellular bridge are bundled microtubules and a
multitude of proteins that together form the midbody.
In a poorly understood final step called abscission, the

*Correspondence: stephen.doxsey@umassmed.edu

3Present address: Department of Genetics and Tumor Cell Biology,
St. Jude Children’s Research Hospital, Memphis, Tennessee,
38105.

cell cleaves at the intercellular bridge to form two
daughter cells.

Membrane trafficking is required for late stages of
cytokinesis (Albertson et al., 2005; Finger and White,
2002; Jurgens, 2005; Papoulas et al., 2004; Strickland
and Burgess, 2004). In C. elegans embryos, inhibition
of Golgi secretion by brefeldin A (BFA) resulted in late-
stage cytokinesis defects (Skop et al, 2001). More
recent studies in mammalian cells using dominant-
negative approaches showed that the membrane-
fusion-inducing SNARE components, syntaxin-2 and
endobrevin/VAMPS8, are required for a final step in cell
cleavage (Low et al., 2003). Endocytic traffic also plays
arole in cytokinesis. Recycling endosomes and associ-
ated components localize to the midbody and are re-
quired for cell cleavage (Monzo et al., 2005; Wilson et
al.,, 2005; Thompson et al., 2002). However, little is
known about the spatial and temporal control of dy-
namic membrane compartments and molecules during
abscission or how these activities are coordinated to
achieve cell cleavage.

The role of membrane-vesicle-tethering exocyst
complexes in animal cell abscission is poorly under-
stood. The exocyst is a multiprotein complex that tar-
gets secretory vesicles to distinct sites on the plasma
membrane. In the budding yeast S. cerevisiae, exocyst
components localize to the mother-bud neck, the site
of cytokinesis (Finger et al., 1998; Mondesert et al,,
1997). Exocyst disruption results in accumulation of
vesicles at this site (Salminen and Novick, 1989) and
impairs actomyosin-ring contraction and cell cleavage
(Dobbelaere and Barral, 2004; Verplank and Li, 2005).
In the fission yeast S. pombe, exocyst components lo-
calize to the actomyosin ring (Wang et al.,, 2002). Mu-
tants for the exocyst component Sec8 accumulate 100
nm “presumptive” secretory vesicles near the division
septum and cannot complete extracellular separation
of the two daughter cells. A screen for cytokinesis mu-
tants in Drosophila melanogaster identified the exocyst
component sec5 (Echard et al., 2004), and proteomic
analysis of the midbody in mammalian cells showed
that the exocyst protein sec3 is at the midbody (Skop
et al., 2004). Mammalian exocyst components are in-
volved in secretion in polarized epithelial cells (Yeaman
et al,, 2004) and localize to the midbody (Skop et al.,
2004; Wilson et al,, 2005), but the function of the exo-
cyst during cytokinesis is unclear.

Components of membrane-vesicle-tethering and
-fusion complexes have been identified in some organ-
isms and linked to cytokinesis, but the pathway that
integrates these complexes with vesicle trafficking dur-
ing cell cleavage is unknown. Little is known about how
SNARESs and the exocyst are anchored at the midbody
or how they modulate membrane-vesicle organization
and fusion to coordinate abscission. Moreover, the ori-
gin and dynamics of membrane compartments in-
volved in abscission have not been investigated. In this
manuscript, we describe a multistep pathway for ab-
scission that requires a scaffold protein to anchor
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Figure 1. Centriolin Localizes to a Midbody Ring

(A) Immunofluorescence/phase image of Hela cell during cytokinesis showing the phase-dense Flemming body within the larger diameter of

the plasma membrane (arrowheads in [B]).

(B and C). Boxed region enlarged with insets (B) to show the centriolin ring (Centr, enlarged in [C]) as part of the Flemming body (phase) and

flanked bilaterally by Aurora B (Aur B).

(D) y-tubulin localizes to the midbody ring (inset, Flemming body) and sites of presumed microtubule minus ends {arrowheads).

(E) The Flemming body forms a ring.

(F) GFP-tagged GAPCenA localizes to the midbody ring and is highly dynamic (time in s).
(G-1) MKLP-1 localizes to the midbody ring (G} and, upon depletion, mislocalizes centriolin from the midbody (1). immunoblots (IB) from cells
treated with siRNAs targeting MKLP-1 or lamin A/C {control) {H). y-tubulin, loading control. Scale bars in (A), 10 pm; (B), 5 pm; (C), (E), and

{G), 1 pm,

SNARE and exocyst complexes at a unique midbody
site and also requires asymmetric transport and fusion
of secretory vesicles at this site.

Results

Centriolin Is Part of a Ring-like Structure

at the Central Midbody during Cytokinesis

We previously showed that centriolin localized to the
midbody during cytokinesis (Gromley et al., 2003).
Using high-resolution deconvolution microscopy, we
now demonstrate that centriolin is part of a unique ring-
like structure within the central portion of the midbody,
which we call the midbody ring (observed in ~75% of
all telophase cells, Figures 1A-1C). The midbody ring
was 1.5-2 um in diameter (Figure 1C), contained y-tubulin
(Figure 1D), and colocalized with the phase-dense
Flemming body (Figure 1B, inset) (Paweletz, 1967). In
fact, high-magnification phase-contrast imaging re-
vealed that the Flemming body was organized into a
ring-like structure (Figure 1E). The midbody ring was

flanked by Aurora B kinase, which colocalized with
microtubules on either side of the ring (Figure 1B, in-
set). Several other proteins localized to the midbody
ring including ectopically expressed GFP-GAPCenA, a
GTPase-activating protein previously shown to localize
to centrosomes (Cuif et al., 1999). Time-lapse imaging
of GFP-GAPCenA and other proteins in living cells
showed that the midbody ring was dynamic, moving
between cells and tipping from side to side to reveal
the ring structure (Figure 1F; see also Movie S1 in the
Supplemental Data available with this article online). In
addition, midbody-ring localization of GFP-GAPCenA
confirmed the ring structure seen by immunofluores-
cence microscopy and demonstrated that there were
no antibody penetration problems in this midbody re-
gion as seen for other antigens (Saxton and Mcintosh,
1987). The midbody ring was distinct from the actomy-
osin ring and did not change in diameter during cytoki-
nesis (Figures 1A and 1B). It appeared during the early
stages of actomyosin-ring constriction and persisted
until after cell cleavage (see below).
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Figure 2. Centriolin Interacts with Exocyst Components and Snapin

(A} Gel fittration (Superose 6) using MDCK cell lysates shows that centriolin coelutes with peak exocyst fractions (top). Immunoprecipitation
(IP) of sec8 coprecipitates centriolin. Graph, total protein profile; markers a-e are indicated.
(B) Following isopycnic centrifugation {iodixanol), centriolin comigrates in peak fractions containing sec8 (upper panels). Graph shows sec8

levels, iodixanol density, and total protein.

{C) Immunoprecipitation (IP) of Nud1-DBD (DBD antibody) pulls down sec15-AD (left). DBD, DNA binding domain; AD, activation domain;

Con, control beads; Lys, lysate.

(D) Endogenous exocyst components coimmunoprecipitate with endogenous centriolin (Cen IP).
(E) Endogenous centriolin immunoprecipitates (Cen IP) overexpressed Hisg-tagged snapin.

The centralspindlin components MKLP-1/CHO1/
ZEN-4 (Figure 1G) and MgcRacGAP/CYK-4 (data not
shown) also localized to the midbody ring and ap-
peared earlier than centriolin during actomyosin-ring
constriction. Depletion of MKLP-1 by RNAi to 18% of
control levels (n = 2 experiments) prevented recruitment
of centriolin to the ring (Figures 1H and 1l). In contrast,
depletion of centriolin had no effect on the localization
of MKLP-1 or MgcRacGAP (data not shown). These
data suggested that centralspindlin anchored centriolin
to the midbody ring.

Centriolin Interacts with the Exocyst Complex and
the SNARE-Associated Protein Snapin and Is in
Membrane-Associated Cytoplasmic Fractions

To determine the molecular function of centriolin in cy-
tokinesis, we performed a yeast two-hybrid screen
using a 120 amino acid domain of centriolin that is re-
quired for the cytokinesis function of centriolin and
shares homology with budding- and fission-yeast
genes (Nud1/Cdc11) involved in cytokinesis and mitotic
exit (Gromley et al., 2003). A screen of approximately
12 million clones from a human testis ¢cDNA library
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Figure 3. Exocyst Localization to the Midbody Ring Is Centriolin Dependent

(A} Immunofluorescence images of exocyst components (green) costained with centriolin antibodies (panet! 1) or with anti-a-tubulin antibody
(red) to visualize microtubules (MTs, panels 2-6). Pane! 1 inset: top, sec8; bottom, centriolin.

(B) Cells depleted of centriofin tack midbody-associated exocyst. Images labeled as in A1-A5; B1 inset, Flemming body. Graph, percentage
of midbodies (MB) without (w/0) sec8 signal following treatment with siRNAs targeting lamin A/C or centriolin; other cells have reduced levels

(see text).

(C) siRNA depletion of sec5 disrupts the exocyst from midbodies costained with two exocyst proteins (C1 inset, phase) or one exocyst protein
and microtubules (C2-C3). Graph, percentage of midbodies (MB) lacking sec5 staining in cells treated with lamin A/C or sec5 siRNAs.

{D) Exocyst disruption by siRNAs does not affect centriolin midbody localization. Graph, percentage of midbodies (MB) lacking centriolin
stain following treatment of indicated siRNAs. Scale bar equals 1 pm (all panels).

(E) immunoblots showing reduction of proteins targeted by siRNAs. y-tubulin (y-tub), loading control. Cen, centriolin.

yielded two potential interacting proteins: sec15, a
member of the exocyst complex, and snapin, a SNARE-
associated protein.

Additional biochemical analysis confirmed the yeast
two-hybrid interactions and demonstrated that centrio-
lin was in a large complex associated with membranes
(Figure 2). The centriolin Nud1 domain fused to the DNA
binding domain (DBD) and sec15 fused to the activa-
tion domain (AD) were coexpressed in the same yeast
cells. Immunoprecipitation of the Nud1 fusion protein
effectively coprecipitated the sec15 fusion protein (Fig-
ure 2C). To test whether other members of the exocyst
complex were bound to centriolin, we immunoprecipi-
tated endogenous centriolin from Hela cell lysates with
affinity-purified centriolin antibodies and showed that
sec8 and sec5 coprecipitated (Figure 2D). Gel filtration
experiments (Superose 6) using MDCK cell lysates

demonstrated that centriolin coeluted with fractions
containing the exocyst complex (detected with anti-
bodies to sec8 and sec3, Figure 2A). Centriolin was
eluted as a single peak that overlapped with peaks of
sec3 and sec8. We next asked if centriolin coimmuno-
precipitated with the exocyst. Antibodies to sec8 were
added to each of the fractions from the gel filtration
column, and immune complexes were collected and
probed with affinity-purified centriolin antibodies as de-
scribed {(Gromley et al., 2003). Centriolin was found only
in fractions containing exocyst components (Figure
2A). The centriolin-containing fractions eluted earlier
than the peak of sec 3 or sec8, suggesting that the
exocyst fraction to which centriolin was bound was dif-
ferent from the cytosolic and lateral plasma-membrane
fractions of the exocyst (Yeaman et al., 2004). The exo-
cyst-centriolin fractions did not cofractionate with the
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Figure 4. Exocyst Disruption Induces Cytokinesis Defects
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(A) Time-lapse images of a Hela cell treated with lamin A/C siRNAs showing a mitotic cell entering mitosis (arrow), forming a cleavage furrow,

and cleaving into two separate cells in 3 hr. Time, hr:min.

(B) A cell depleted of sec5 enters mitosis (arrow), forms a cleavage furrow with normal timing (~50 min), and remains interconnected by a

thin intercellular bridge for over 17 hr (panels 1:50 through 17:05).

(C) Graph shows percentage of mitotic celis that fail cytokinesis; many others are delayed (see text).

bulk of the cellular protein and eluted considerably
earlier than thyroglobulin (MW 669,000) suggesting it
was part of a large complex.

Since the exocyst associates with membrane vesi-
cles, we next tested whether centriolin was also pres-
ent in membranous fractions. Cell homogenates were
prepared in the absence of detergent and underlain at
the bottom of linear iodixano! gradients. Isopycnic cen-
trifugation was performed, and fractions were probed
for both centriolin and the exocyst component sec8.
Centriolin “floated up” to fractions lighter than the cyto-
sol having a buoyant density of 8 ~ 1.14 g/ml (Figure
2B). The centriolin peak cofractionated with a major
peak of Sec8 that was slightly less dense than the junc-
tion-associated peak of Sec8 described previously in
confluent MDCK cells (6 ~ 1.16 g/ml; Yeaman et al.,
2004). Little to no centriolin was observed at other posi-
tions in the gradient or in the major protein peak, sug-
gesting that most if not all centriolin was associated
with membranes. Taken together, the density gradient,
immunoprecipitation, and chromatography data sup-
port the conclusion that centriolin associates with the
exocyst in a very large complex bound to cellular mem-
branes. The yeast two-hybrid interaction between
centriolin and the low-abundance protein snapin was
confirmed by showing that endogenous centriolin
coimmunoprecipitated a Hisg-tagged snapin fusion
protein expressed in Hela cells (Figure 2E) and by the
centriolin-dependent midbody localization of snapin
(see below).

The Exocyst Complex Colocalizes with Centriolin

at the Midbody Ring

Further support for the centriolin-exocyst interaction
was obtained by showing that exocyst-complex com-
ponents localized to the midbody ring with centriolin.

Hel.a cells were colabeled with antibodies against one
of several exocyst components (sec3, sec5, sec8,
sec15, exo70, or exo84) and either microtubules or
centriolin (Figure 3A). We found that all these exocyst
components localized to the midbody ring during cyto-
kinesis and formed a ring-like structure similar to that
seen for centriolin. In fact, double-stained images re-
vealed considerable overlap between sec8 and centrio-
lin, indicating that they were part of the same structure
(Figure 3A, panel 1). We also showed that a myc-tagged
form of sec8 localized to the midbody ring when ex-
pressed in Hela cells (Figure S1), confirming the local-
ization seen with antibodies directed to the endoge-
nous protein.

Midbody Localization of the Exocyst Is Disrupted

in Cells Depleted of Centriolin

We next tested whether centriolin was required for mid-
body-ring localization of the exocyst. siRNA-mediated
depletion of centriolin resulted a in ~70% reduction in
centriolin protein levels and complete loss of midbody
staining in 24% of cells compared with control cells
treated with lamin siRNA (Figures 3B and 3E). Immuno-
fluorescence quantification of midbody signals per-
formed as in our previous studies (Gromley et al., 2003)
demonstrated that many of the remaining centriolin-
depleted cells had lower levels of midbody staining
than controls (48%, n = 23 cells), bringing the total per-
centage of midbody depleted cells to 72%. Cells that
lacked detectable midbody-associated centriolin usu-
ally lacked midbody labeling of sec8 (10/10, Figure 3B,
panels 1 and 6). Although other exocyst components
could not be costained with centriolin because all were
detected with rabbit antibodies like centriolin, all were
lost from or reduced at midbodies in centriolin-
depleted cells (Figure 3B, panels 2-5). For example,
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Figure 5. Centriolin siRNA Mislocalizes Midbody-Ring-Associated SNAREs and Snapin, which Disrupts Cytokinesis When Depleted
(A} Endobrevin/VAMPS (1) localizes adjacent to the midbody ring when snapin is on the ring (2). Later, when the midbody diameter is thin

{0.5-1 um), endobrevin/VAMP8 and syntaxin-2 localize to the ring (3 and 4).
(B) Centriolin-depleted cell shows loss of snapin from the midbody ring (green). Graph, percentage of midbodies facking snapin after siRNA

depletion of proteins.

(C) Centriolin-depleted cells lose SNARE proteins from the midbody ring. Graph, percentage of midbodies lacking endobrevin/VAMPS staining

after indicated siRNAs treatments. Endo, endobrevin.

(D) Snapin-depleted cells show loss of snapin from the midbody ring. Graph, percentage of midbodies lacking snapin after indicated siRNA

treatments.

(E) A snapin-depleted cell in cytokinesis (0) remains connected by a thin intercellular bridge for >17 hr before separating (20:25) (time, hr:min),

Graph, percentage of mitotic cells that failed cytokinesis.

Ex084 was undetectable at midbodies in 22% of centri-
olin-depleted cells (n = 9 cells) or had levels below the
lowest control midbody staining in 42% of centriolin-
depleted cells (n = 19 cells). Significant reduction in
midbody staining of centriolin and other exocyst com-
ponents was observed with a second siRNA targeting
a different centriolin sequence (Gromley et al., 2003)
(data not shown).

To test whether centriolin was dependent on the exo-
cyst complex for localization to the midbody, we initially
targeted sec5 for siRNA depletion. Recent studies
showed that mutants of sec5 in D. melanogaster dis-

rupted exocyst function (Murthy and Schwarz, 2004)
and that RNAi-mediated depletion of sec5 inhibited ex-
ocyst-dependent processes in vertebrate cells (Prigent
et al., 2003). We found that depletion of sec5 resulted
in loss of midbody-associated sec5 as well as other
exocyst components, including sec3, sec8, and sec15
(Figures 3C and 3E). These results show that sec5 de-
pletion disrupts midbody-ring localization of the exo-
cyst. In contrast, neither sec5 nor sec8 loss from the
midbody affected the association of centriolin with the
midbody ring (Figures 3D and 3E). These data demon-
strate that centriolin is required for midbody localiza-
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tion of the exocyst, while localization of centriolin ap-
pears to be independent of the exocyst.

Disruption of the Exocyst Causes Failure

at the Final Stages of Cytokinesis

Localization of the exocyst to the midbody and its in-
teraction with centriolin suggested that the complex
might play a role in cytokinesis. To examine this, we
disrupted the midbody-associated exocyst using siRNAs
targeting sec5 and examined cytokinesis by time-lapse
imaging over a 20 hr time period. We found that over
half the cells exhibited severe cytokinesis defects, in-
cluding failure in the final abscission step (42%, Figures
4B and 4C, Movie 83) and delays during cytokinesis
(24%, n = 18) compared with control lamin siRNA-
treated cells (Figures 4A and 4C, Movie S2). Some cells
remained interconnected by thin cytoplasmic bridges
(Figure 4B, panel 17:05 and Movie S3) and sometimes
entered one or more additional rounds of mitosis while
still connected to their partner cells. Sec5-depleted
cells viewed for an additional 24 hr showed a similar
leve! of cytokinesis defects (data not shown), suggest-
ing that nearly all cells in the culture experienced cyto-
kinesis problems over time. Cytokinesis defects were
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Figure 6. Disruption of the Exocyst Results
in Accumulation of Secretory Vesicles at the
Midbody Ring

(A) A mitotic cell (0, arrow) treated with BFA
exits mitosis and forms a cleavage furrow
with normal timing but arrests with a thin in-
tercellular bridge that connects the two
daughters (panels 2:35 through 6:45).

(B) sec5 siRNA-treated cells accumulate en-
dobrevin/VAMP8-containing vesicle-like struc-
tures (arrows) at the Flemming body (armow-
head, panel 2). Dotted lines, plasma
membrane. Graph, percentage of cells with
endobrevin/VAMPS8 vesicles at the midbody
following indicated siRNA treatments. Scale
bars, 2 pm.

2 s 8

(C) Endobrevin/VAMP8 (green) localizes to
luminal-GFP secretory vesicles (red). Box at
midbody is enlarged in insets. Endo, endo-
brevin/VAMPS.

also observed when the exocyst was disrupted by
siRNA depletion of sec15 and sec8 (data not shown).
Cells remained healthy, as no differences in cell mor-
phology or mitochondrial function were observed.
These data show that disruption of the exocyst pro-
duces late-stage cytokinesis defects similar to centrio-
lin (Gromley et al., 2003) and demonstrates a require-
ment for the exocyst in the final stages of animal cell
cytokinesis.

Snapin and SNARE Components Localize to the

Midbody Ring in a Centriolin-Dependent Manner

Snapin was originally considered to be a neuron-spe-
cific protein, but recent studies demonstrated that it is
also expressed in nonneuronal cells (Buxton et al.,
2003). Snapin may facilitate assembly of SNARE com-
plexes and may define a limiting step in vesicle fusion
mediated by PKA phosphorylation (Chheda et al,
2001). Although the role of snapin in neurotransmission
has been questioned (Vites et al., 2004), recent results
indicate that it is essential for this process (Thakur et
al., 2004). The role of snapin in cytokinesis is currently
unknown. Using previously characterized antibodies to
snapin (Thakur et al., 2004), we demonstrated that the




Figure 7. Asymmetric Delivery of Secretory Vesicles to One Side of the Flemming Body Is Followed by Abscission at This Site

{A) A dividing HelLa cell expressing luminal GFP accumulates secretory vesicles on one side of the Flemming body (arrows in 2 and 3, inset).
In panel 1, most luminal-GFP signal is in Golgi complexes {G1 and G2). The signal appears transiently at one side of the midbody (2 and 3,
arrows; Movie 85) and is lost, although Golgi signal remains (4). Scale bar in panel 1, 10 pm.

(B) Higher-magnification images of another cell (see Movie S6) showing unidirectional delivery of luminal-GFP-containing vesicles from one
nascent daughter cell to one side of the Flemming body (arrowhead). GFP vesicles move to the Flemming body from the cell on the right
(1:18 and 1:40, arrows; see Movie S6) and quickly disappear {1:52), presumably due to vesicle fusion with the plasma membrane and diffusion
of the signal into the extracellular space. Phase and GFP signals are overlaid. Time, hr:min. Scale bar in pane! 1, 1 um.

(C) Lum-GFP vesicle delivery to the Flemming body (0'-30’, arrows) followed by signal loss (60", at arrow) and abscission (80' and 95°). Phase-
contrast images were taken after disappearance of GFP signal. Enlargements of Flemming body are shown to the right of each low-magnifica-
tion image in 70'-95'. Scale bar at 70": 10 pm for 0'-95' and 2 um for enlargements in 70’-95'.

(D) Lum-GFP vesicle delivery to one side of the midbody {panels 1-3) followed by disappearance of the GFP signal (panet 4) and abscission
(loss of intercellular bridge, panels 5-7, arrows). The box in panel 5 is enlarged in panel 6. Solid and dotted lines show cell boundaries.

(E) Postmitotic cell (1) showing microtubules (green, GT335 antibody) of the intercellular bridge (phase-contrast image, inset) attached to one
of the two daughter cells; no detectable midbody microtubules are seen on the other cell. Microtubules are on both sides of the midbody
ring (arrow, red, MKLP-1) and Flemming body (inset, phase), showing that the midbody with attached microtubules was delivered to one
daughter cell. Prophase Hela cell (2) with condensing chromatin (blue) and two centrosomes (green) has a midbody ring and lateral material
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protein localized to the midbody ring at the same time
as the exocyst and shortly after centriolin (Figure 5A,
panel 2).

Previous immunofluorescence studies showed that
the v-SNARE endobrevin/lVAMP8 and t-SNARE syn-
taxin-2 were enriched in the region of the midbody
flanking the Flemming body and coincident with micro-
tubules and Aurora B staining (Low et al., 2003). Using
the same antibodies, we confirmed the localization pat-
tern of endobrevin/VAMPS (Figure SA, panel 1) and syn-
taxin-2 (data not shown). Very late in cytokinesis, the
intercellular bridge narrows to ~0.5 pm, and microtu-
bule bundles are reduced in diameter to 0.2-0.5 pm.
At this time, endobrevin/VAMP8 and syntaxin-2 joined
centriolin, shapin, and the exocyst at the midbody ring
(Figure 5A, panels 3 and 4). siRNA depletion of centrio-
lin eliminated the midbody-ring localization of snapin
(>35% of cells, Figure 5B), endobrevin/VAMP8 (>20%
of cells, Figure 5C), and syntaxin-2 (Figure 5C). Of the
remaining cells, 24% and 36% showed midbody stain-
ing levels below those of controls for snapin (n = 22)
and endobrevin/VAMP8 (n = 25), respectively. As shown
earlier, midbody-ring integrity was not compromised
under these conditions, as MKLP-1 and MgcRacGAP
remained at this site in cells with reduced centriolin.
These results indicated that centriolin was required for
midbody-ring localization of v- and t-SNARE proteins
and the SNARE-associated protein snapin.

Snapin Depletion Mislocalizes the Protein from the
Midbody and Induces Cytokinesis Defects

Midbodies in 41% of snapin-depleted cells showed no
detectable snapin staining (Figure 5D). Time-lapse
imaging over a 22 hr period showed that 40% of
snapin-depleted cells experienced late-stage cytokine-
sis failure (Figure 5E, Movie $4). Other cells showed
long delays and often remained connected by a thin
intercellular bridge (data not shown). When cultures
were imaged for an additional 24 hr, we observed multi-
cellular syncytia resulting from multiple incomplete divi-
sions and additional individua! cells undergoing cytoki-
nesis failure. This suggested that most cells in the
population ultimately failed cytokinesis and that some
failed multiple times. Occasionally, cells separated
when one of the attached daughters re-entered mitosis,
possibly due to tensile forces generated by cell
rounding during mitosis (Figure 5E, Movie S4). These
results demonstrated that snapin was necessary for
abscission and suggested that it functioned by anchor-
ing SNARE complexes at the midbody.

Disruption of the Exocyst Results in Accumulation
of Secretory Vesicles at the Midbody

We next tested whether the late-stage cytokinesis de-
fects observed in this study resulted from changes in
membrane trafficking to the midbody. As a first test of
this idea, we used brefeldin A, which disrupts cytokine-

sis in C. elegans presumably due to inhibition of post-
Golgi secretory-vesicle trafficking (Skop et al., 2001). In
Hela cells treated with brefeldin A, we observed late-
stage cytokinesis defects (Figure 6A) that were similar
to those observed following depletion of centriolin.
Many cells were delayed in or failed cytokinesis (n = 9/
13 cells in two separate experiments). This suggested
that post-Golgi vesicle trafficking was involved in late-
stage cytokinesis events in vertebrate cells, although
brefeldin A is known to affect other membrane-traffick-
ing pathways (Antonin et al., 2000).

Based on the localization of the exocyst to the mid-
body ring, we reasoned that the vesicle-tethering func-
tion of the complex might be operating at this site to
facilitate fusion of v-SNARE-containing vesicles at the
late stages of cytokinesis. To test this idea, we depleted
cells of sec5 to disrupt exocyst complexes and exam-
ined the localization of v-SNARE (endobrevin/VAMP8)
containing vesicles. We observed a collection of small,
spherical endobrevin/NAMP8-containing structures re-
sembling vesicles at the midbody (Figure 6B, panel 1,
arrows) that were positioned around the phase-dense
Flemming body (Figure 6B, arrowhead, panel 2). Al-
though these structures were occasionally seen in con-
trol lamin A/C siRNA-treated cells, they were signifi-
cantly increased in sec5-depleted cells (Figure 6B,
graph).

To determine whether the endobrevin/VAMP8-con-
taining structures were secretory vesicles, we used a
more specific marker for the secretory pathway. We ex-
pressed a GFP-tagged construct containing an amino-
terminal signal peptide that targets the protein to the
lumen of the ER (lum-GFP) (Blum et al., 2000) and lacks
retention and retrieval motifs, so it would not be ex-
pected to target to endosomes, multivesicular bodies,
or lysosomes. The lum-GFP was efficiently secreted
from nondividing MDCK cells following a 19°C trans-
Golgi network block and release from the block in the
presence of protein-synthesis inhibitors (C.Y., unpub-
lished data). When we expressed lum-GFP, numerous
GFP-containing vesicles were observed in the cyto-
plasm. Following fixation and staining for endobrevin/
VAMPS8, we found that most of the endobrevin/VAMPS
vesicles colabeled with lum-GFP throughout the cyto-
plasm (Figure 6C) and within the intercellular bridge
during late stages of cytokinesis (Figure 6C, insets).
This observation demonstrates that the v-SNARE-con-
taining vesicles that accumulated following disruption
of the exocyst are secretory vesicles, an observation
similar to that seen in studies in exocyst mutants of S.
cerevisiae where vesicles dock normally but fail to fuse
with the plasma membrane (Guo et al., 2000)

Asymmetric Delivery of Secretory Vesicles
to the Midbody Is Followed by Abscission
At early stages of cytokinesis, we observed numerous
GFP-labeled secretory vesicles in Golgi complexes and

stained with MKLP-1 (arrow, red) and in enlargement (bottom right); the Flemming body with flanking material is enlarged at upper right.
Metaphase cell (3) with two midbody rings stained for MKLP-1 (red). Inset, two Flemming bodies comresponding to the two MKLP-1-stained
structures. Centrosomes, green; DNA, blue. Interphase cell (4) showing four MKLP-1-stained midbody rings (red). Two are enlarged in lower
inset and colocalize with phase-dense Flemming bodies {(upper inset). DNA, blue; microtubules, green.




cell bodies of nascent daughter cells but few within in-
tercellular bridges (Figure 7A, panel 1). However, at a
late stage of cytokinesis when the intercellular bridge
narrowed to a diameter of ~2 um and the midbody
microtubule bundle was reduced to a diameter of
0.5-1 um, GFP secretory vesicles accumulated in the
intercellular bridge near the midbody ring (Figure 7A,
Movie S5). Higher-magnification imaging of another cell
at a similar cell-cycle stage revealed labeled secretory
vesicles moving suddenly and rapidly (within 20 min)
from the cell bodies into the intercellular bridge and up
to the midbody ring (Figure 7B, Movie S6). In 11/11
cells, the vesicles were delivered primarily if not exclu-
sively from one of the nascent daughter cells (Figure
7B, center panels). Vesicles packed into the region ad-
jacent to the phase-dense Flemming body (Figure 7B,
panels 2 and 3, large arrowhead; Movie 86). Within 20
min, the GFP signal disappeared (Figure 7B, last panel
and Figure 7A, last panel), suggesting that the vesicles
fused with the plasma membrane, releasing the GFP
signal into the extracellular space where it was free to
diffuse. Loss of the GFP signal was not due to photo-
bleaching because GFP-labeled vesicles in cell bodies
adjacent to the intercellular bridge and in the Golgi
complex retained the signal. We next examined the re-
lationship between vesicle delivery to the midbody and
abscission. We found that, shortly after the GFP signal
was lost from the midbody region, the cell cleaved on
the side of the Flemming body that received the GFP
vesicles (6/6 cells from four experiments, Figure 7C).
The cell on the opposite side received the Flemming
body (Figure 7C, 70'-95’ and Figure 7D). In some cases,
the Flemming body moved around rapidly after abscis-
sion on the cell surface (Movie S7), suggesting that the
structure was not anchored at a discrete point on the
new daughter cell. Postdivision midbodies contained
multiple midbody-ring components and retained micro-
tubules from both sides of the midbody ring (Figure 7E,
panel 1). They persisted for some time after abscission,
consistent with previous results (Mishima et al., 2002),
and were often present in multiple copies, suggesting
that they were retained through several cell cycles (Fig-
ure 7E, panels 2-4). These structures were seen on
~35% of Hela cells and often retained features of the
Flemming body and midbody ring, including MKLP-1
staining, Aurora B staining, phase-dense Flemming
bodies, and localization to the plasma membrane (Fig-
ure 7E, data not shown). This suggested that supernu-
merary midbodies represent structures from previous
divisions similar to the bud scars observed in yeast
(Chen and Contreras, 2004).

Discussion

A Model for the Final Stage of Cytokinesis

This study defines several distinct molecular and struc-
tural steps during the late stages of cytokinesis (Figure
8). During cleavage-furrow ingression, MKLP-1 and
MgcRacGAP arrive at the midbody ring (Figure 8A).
When the intercellular bridge forms, centriolin localizes
to the ring (Figure 8B), followed by shapin and exocyst
proteins (Figure 8C). When the diameter of the midbody
microtubule bundle and the intercellular bridge are

reduced to ~0.5-1 um, endobrevin/VAMP8 (v-SNARE)
and syntaxin-2 (t-SNARE) move to the midbody ring.
The v-SNARES are part of secretory vesicles that move
asymmetrically into the intercellular bridge predominantly
from one nascent daughter cell; binding to v-SNAREs
may incomorate t-SNAREs into this organization. The
vesicles pack into the area adjacent to the ring and ap-
pear to fuse, releasing their contents into the extracel-
lular space (lum-GFP, Figures 8D and 8E). Vesicle fusion
with the plasma membrane may be initiated near the
midbody ring where v- and t-SNAREs are localized.
This could be followed by additional fusion events be-
tween vesicles and the plasma membrane as well as
vesicle-vesicle fusion events (homotypic) mediated by
SNAP23/25, a v-SNARE involved in compound exo-
cytosis (Takahashi et al., 2004) (Figures 8F and 8G). Ab-
scission then occurs at the site of vesicle fusion, and
the entire midbody remains with the daughter cell op-
posite the fusion site (Figure 8H). Abscission could be
triggered by arrival of v- and t-SNAREs at the midbody
ring; release of SNAP23/25 from lipid rafts (Takahashi et
al., 2004; Takeda et al., 2004); phosphorylation of snapin
by PKA, which mediates its binding to the t-SNARE com-
plex (Buxton et al., 2003; Chheda et al., 2001); or another
event. Dynamic movement of the postabscission mid-
body ring suggests connections to motile forces within
the cell, although this remains to be determined.

Asymmetric Delivery of Secretory Vesicles Marks
the Site of Abscission

It is remarkable that secretory vesicles loaded with lu-
minal GFP move into the intercellular bridge from only
one of the two prospective daughter cells. The mecha-
nism of this asymmetric vesicle delivery is unknown. It
is tempting to speculate that a signal, negative or posi-
tive, emanates asymmetrically from one centrosome in
the dividing cell. Centrosomes in the two prospective
daughter cells are different in that one was “born” from
the older centriole in the previous cell division during
the centrosome duplication process (Doxsey, 2001).
Consistent with this idea is the asymmetric spindle-
pole body (SPB) localization of budding- and fission-
yeast proteins that control mitotic exit and cytokinesis
{Doxsey et al., 2005; Grallert et al., 2004; Molk et al.,
2004). In S. pombe, inhibitors of mitotic exit (Cdc16p
and Byr4p) localize to the “old” SPB while activators of
mitotic exit (Cdc7p and presumably Sid1p and Cdc14p)
localize to the new SPB (Grallert et al., 2004). The rele-
vance of this localization in both yeasts is still un-
known. Further studies will be required to determine
the role of centrosome protein asymmetry in the unidi-
rectional delivery of secretory vesicles and abscission
in animal cells. It has been suggested that the mother
centriole moves to the intercellular bridge in telophase
cells to coordinate the final steps in cytokinesis (Piel et
al.,, 2001), although this was not consistently observed
in this study (data not shown) or another that investi-
gated several cell lines (RPE-1, Ptk-1, CV-1, NRK-52E;
A. Khodjakov, personal communication).

The final stages of cytokinesis in animal cells share
features with cell division in higher plants. Higher plant
cells cannot divide using an actomyosin-based cleav-
age furrow due to the presence of a nonpliant cell wall,
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Figure 8. Model Depicting Vesicle-Mediated Abscission during Cytokinesis

(See text for details.)

{A) MKLP-1 and MgcRacGAP (green) arrive at midbody ring after cleavage furrowing has progressed. Microtubules, brown; plasma membrane,

upper and lower lines.

(B and C) Centriolin moves to ring ([B], blue) and anchors sec15, other exocyst components, and snapin {[C], red).
(D) When midbody microtubules are reduced and the membrane constricted, v- and t-SNAREs ([D], black) move to the midbody ring from
one prospective daughter cell. v-SNAREs presumably move with vesicles and bind there in a centriolin-dependent manner; t-SNAREs on the

plasma membrane could bind through v-SNAREs.

(E) Vesicles heterogeneous in diameter pack asymmetrically into the intercellular bridge adjacent to the midbody ring.
(F and G) Vesicles adjacent to the ring containing SNARES and exocyst fuse with the plasma membrane (F) as well as at other plasma-

membrane sites and with one another (G).

(H) Abscission follows at the site of membrane fusion, and the midbody is retained by the daughter cell opposite the fusion site. The released
midbody ring contains multiple midbody-ring proteins and usually retains microtubule bundles from both sides of the ring. (In this model, the
apparent “layering” of components is a simplification to depict arrival of different components at the midbody.)

so they accomplish cell division by constructing a new
membrane at the division plane, called the cell plate,
that is independent of the plasma membrane and is
established by microtubule-dependent delivery and fu-
sion of vesicles at this site (Albertson et al., 2005; Fin-
ger and White, 2002; Jurgens, 2005). Our data show
that the coordinated delivery of vesicles to the midbody
ring during the late stages of cytokinesis is also re-
quired for the final stages of cell division in animal cells.
However, we still do not understand the mechanism of
secretory-vesicle delivery to the midbody, the role of
microtubules in this process, or the precise contribu-
tion of vesicle transport and fusion to abscission. The
presence of vesicles with heterogeneous diameters ad-
jacent to the midbody ring prior to abscission is consis-
tent with a model in which some vesicles fuse together
prior to fusion with the plasma membrane. This would
be analogous to the cell plate in plant cells. The enodo-
cytic pathway also appears to play a role in cell cleav-
age as components (dynamin, FIP3, Rab11) and com-
partments (endosomes) involved in this pathway affect
the late stages of cytokinesis (Thompson et al., 2002;
Wilson et al., 2005). Recycling endosomes have been
shown to move from both prospective daughter cells
to the midbody during cytokinesis then return to the
daughter-cell cytoplasm (Wilson et al., 2005). It is still

unclear how recycling endosomes participate in ab-
scission and how the bidirectional movement of endo-
somes into the intercellular bridge is related to the uni-
directional movement of secretory vesicles to this site
in our study.

Structure and Persistence of the Midbody Ring

We have shown that many proteins localize to the mid-
body ring and that the phase-dense Flemming body is
also organized into the shape of a ring. This is consis-
tent with earlier ultrastructural studies that describe cy-
toplasmic channels coursing through the central mid-
body (Mullins and Biesele, 1977). The ring structure
bears a resemblance to bud scars of S. cerevisiae,
which serve as markers for longevity (Chen and Con-
treras, 2004). The midbody ring in animal cells is inher-
ited by the daughter cell that lies opposite the site of
vesicle delivery and appears to persist, as it is often
seen in mitotic cells prior to cytokinesis and found in
multiple copies in interphase cells (Figure 7E) (Mishima
et al., 2002). Shortly after abscission, the midbody ring
contains microtubules that extend from both sides of
the ring. This suggests that dissolution of microtubule
bundles adjacent to the midbody ring is not an absolute
requirement for the final stage of cytokinesis but rather
that abscission can result in transfer of the entire mid-
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body and associated microtubules into one daughter
cell.

Experimental Procedures

Cell Culture and Transfections

The cells used primarily in this study were diploid, telomerase-im-
mortalized human RPE cells (nTERT-RPE-1s, Clontech Laborato-
ries, Inc.) (Morales et al., 1999) and Hel a cells. All cells were grown
as previously described (American Type Culture Collection). Hel.a
cells were transfected as previously described (Lipofectamine, Invi-
trogen).

Immunofluorescence

Cells were prepared for immunofluorescence, imaged, and decon-
volved {(Metamorph, Universal Imaging Corp.) using either formal-
dehyde, formaldehyde followed by methanol, or methanol alone as
previously described (Dictenberg et al., 1998). All immunofluores-
cence images are two-dimensional projections of three-dimen-
sional reconstructions to ensure that all stained material was visi-
ble in two-dimensional images. Quantification of signals produced
by immunofluorescence staining for various midbody antigens was
performed as described for centrosome protein quantification in
our earlier studies (Gromley et al., 2003).

Antibodies

Antibodies to the following proteins were used: sec3, sec5, sec8,
sec10, exo70, exo84, and sec15 (Yeaman, 2003); centriolin (Grom-
ley et al.,, 2003); a-tubulin, y-tubulin, o-Hisg, and a-myc (Sigma-
Aldrich); Aurora B (Transduction Laboratories); MKLP-1, GAL4
transactivation domain (AD), and GAL4 DNA binding domain (DBD)
(Santa Cruz Biotechnology, Inc.); and GT335 for stabilized microtu-
bules (Gromley et al., 2003).

Yeast Two-Hybrid Screen

Yeast two-hybrid library screens were performed following the
manufacturer's instructions using a human testis Matchmaker Pre-
Transformed Two-Hybrid Library (Matchmaker GAL4 Yeast Two-
Hybrid System, Clontech). False positives were eliminated by mat-
ing each clone with strains expressing either lamin C or the DNA
binding domain alone and plating on quadruple dropout media.

siRNAs

Two siRNAs targeting centriolin and one targeting lamin A/C were
used as described (Gromley et al.,, 2003). Additional siRNAs tar-
geted nucleotides in the following proteins: MKLP-1 (189-207),
secS (260-278), sec8 (609-627), and snapin (312-330). Cells were
examined 24-48 hr after siRNA treatment. siRNAs were used at
10-50 nM, and Lipofectamine was the delivery agent (Gromley et
al., 2003).

Brefeldin A Treatment
Hel a cells were treated with 5-10 ng/mi brefeldin A (Sigma-Aldrich)
and imaged.

Immunoprecipitations

Antibodies to centriolin or exocyst were added to hTERT-RPE cell
extracts and incubated at 4°C ovemight. The lysis buffer included
50 mM Tris-HCI (pH 7.5), 10 mM Na,HPO, (pH 7.2), 1 mM EDTA,
150 mM NaCl, 1% IGEPAL CA-1630, and protease inhibitors (Mini
tablets, Roche Diagnostics, Mannheim, Germany). Superose 6 sam-
ples were incubated with antibodies to sec3 and sec8, bound to
protein A/G beads {Santa Cruz Biotechnology, Inc.) at 4°G for 2 hr
(Yeaman, 2003), and exposed to SDS-PAGE and immunoblotting
(Harlow and Lane, 1988).

Time-Lapse Imaging

Time-lapse imaging of cytokinesis was performed using a wide-
field microscope (Gromley et al., 2003}, and images were taken ev-
ery 5 min for 18-24 hr. For luminal-GFP-expressing cells (Figure
7B), two concurrent time-lapse programs were used (GFP, phase
contrast), and images were taken every 2 min for 3-4 hr. A Perki-
nElmer spinning-disc confocal microscope with an UltraVIEW CSU-

10 head was used for Figures 7A, 7C, and 7D. Images were taken
every 5 min and captured on an ORCA-AG cooled CCD camera.
Images of GFP-GAPCenA-expressing cells were taken every 10 min
on a Zeiss Axiophot microscope equipped with a Hamamatsu digi-
tal camera. Mitochondria function was assessed by Mitotracker
staining (Molecular Probes).

Exocyst Fractionation

For isopycnic centrifugation, membrane compartments contalning
exocyst fractions were prepared as described (Grindstaff et al.,
1998; Yeaman, 2003). For size-exclusion chromatography, cells
were extracted with MEBC buffer (0.5% Nonidet P-40, 50 mM Tris-
HCI [pH 7.5), 100 mM NaCl) containing protease inhibitors (0.1 mM
NazVO,; 50 mM NaF; 1 mM Pefabloc [Boehringer Mannheim]; and
10 pg/ml each of leupeptin, antipain, chymostatin, and pepstatin
A) for 10 min at 4°C. Lysates were first sedimented in a Microfuge
{Beckman Instruments, Fullerton, California) for 10 min and then for
30 min at 100,000 x g, passed through a 0.22 pm filter (Millipore),
and loaded on a Superose 6 HR 10/30 column (200 ul, 10 mm x 30
cm; Pharmacia Biotech, Inc.) equilibrated in MEBC buffer and 1
mM dithiothreitol with 0.1 mM Pefabloc. Proteins were eluted (0.3
mi/min) at 17°C in 0.5 ml fractions, the concentration of protein in
the fractions was determined, and the fractions were used for vari-
ous assays (fractions 7-30).

Supplemental Data

Supplemental Data include one figure and seven movies and can
be found with this article online at http://www.cell.com/cgi/content/
full/123/1/75/DC1/.
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