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Abstract Successful completion of cytokinesis requires
the spatio-temporal regulation of protein phosphorylation
and the coordinated activity of protein kinases and
phosphatases. Many mitotic protein kinases are well
characterized while mitotic phosphatases are largely
unknown. Here, we show that the Ca®*- and calmodulin-
dependent phosphatase, calcineurin (CaN), is required for
cytokinesis in mammalian cells, functioning specifically at
the abscission stage. CaN inhibitors induce multinucleation
in HeLa cells and prolong the time cells spend connected
via an extended intracellular bridge. Upon Ca’" influx
during cytokinesis, CaN is activated, targeting a set of
proteins for dephosphorylation, including dynamin II
(dynlII). At the intracellular bridge, phospho-dynIl and CaN
are co-localized to dual flanking midbody rings (FMRs)
that reside on either side of the central midbody ring. CaN
activity and disassembly of the FMRs coincide with
abscission. Thus, CaN activity at the midbody plays a key
role in regulating the completion of cytokinesis in mam-
malian cells.
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Introduction

Cytokinesis is the final stage of cell division that generates
two separate daughter cells. Cytokinesis failure of somatic
cells results in aneuploidy, which leads to genomic insta-
bility and thus contributes to the initiation and progression
of tumorigenesis. Cytokinesis in animal cells requires three
steps: (1) membrane ingression, (2) vesicle trafficking, and
(3) membrane abscission [1]. Membrane ingression begins
during anaphase and requires the assembly and activity of
the actin-myosin II contractile ring and the septin ring
proteins [1]. The membrane is fully constricted by the end
of telophase, whereby the anti-parallel microtubules
forming the mitotic spindle and associated proteins are
compressed to form an intracellular bridge between nascent
daughter cells. At the center of the bridge is the midbody,
consisting of several proteins [2], such as y-tubulin [3],
centriolin [4], and the exocyst complex [5]. They assemble
into a single ring structure, called the midbody ring (MR)
[5]. The MR is not contractile and is unable to account for
abscission on its own. It appears to act as a recruitment
scaffold for the abscission machinery, which itself remains
to be identified. Vesicle trafficking is a major hallmark of
the middle stage of cytokinesis, with vesicle fusion
occurring adjacent to the MR. This stage is relatively slow
and there are no gross cellular morphology changes at the
midbody. In contrast, the final stage, membrane abscission,
is a very rapid event that results in final formation of
independent daughter cells. This suggests the presence of
a triggering mechanism. Almost nothing is known about
the molecular mechanisms of abscission itself. After
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abscission, the MR may be inherited by one of the daughter
cells [5].

In lower organisms, protein phosphatases play different
roles in mitosis. In Saccharomyces cerevisiae [6, 7] and
Schizosaccharomyces pombe [8, 9], mitotic exit and co-
ordination of cytokinesis are driven by the dual serine-
threonine and tyrosine-protein phosphatase, Cdc14 (Flpl).
A large number of proteins are phosphorylated upon
mitotic entry [10] and a significant proportion of these are
mediated by Cdk, which drives mitotic progression. Thus
the action of Cdcl4 is, in part, to counteract Cdk activity
by dephosphorylating Cdk substrates [11]. Most Cdcl4
substrates identified to date are dephosphorylated during
anaphase. Very few substrates during telophase and cyto-
kinesis are known. The phosphatase(s) that acts to reverse
Cdk phosphorylation during mitotic exit in eukaryotes is
not well understood. Homologues of Cdc14 exist in most if
not all eukaryotes, but they do not seem to have the same
central function in late mitosis as in budding yeast [12]. In
Caenorhabditis elegans, depletion of CeCDC-14 by RNAi
causes defects in cytokinesis, however, this is most likely
due to a failure to form an intact central spindle [13]. The
human genome encodes two Cdcl4 homologues, hCdc14A
and hCdc14B. Their roles are poorly understood. However,
hCdc14A has been linked to centrosome separation and
cytokinesis [14, 15], while hCdc14B participates in cen-
trosome duplication and microtubule stabilization [16]. In
most eukaryotes, Cdcl4 is dispensable for mitotic exit,
indicating that other phosphatases are required to complete
cytokinesis.

CaN (or PP2B) is a serine-threonine phosphatase that
exists as a heterodimer composed of a 58 to 64-kDa cata-
lytic subunit (A subunit; PP2B-A) and a 19-kDa Ca®"
regulatory subunit (B subunit; PP2B-B). It is a Ca®'/cal-
modulin-activated enzyme involved in the regulation of a
variety of cellular functions [17]. The requirement for CaN
in mammalian cytokinesis has not yet been reported. CaN
has been linked to cytokinesis in S. pombe [18, 19]. It is
upregulated during exit of Xenopus oocytes from meta-
phase of meiosis II [20, 21]. Ca®" influx is essential for
completion of cytokinesis in Drosophila spermatocytes
[22] and localized Ca®" influx is commonly observed to
accompany cytokinesis in other cells [23]. In mammalian
cells, Ca®" signaling during cytokinesis is thought to be
essential in triggering the synchronous and coordinated
fusion with the plasma membrane of endosomal mem-
branes stored inside cells [24]. For example, a rise in
intracellular Ca®" triggers rapid fusion of late endosomes
and lysosomes with the plasma membrane [25]. Inhibition
of calmodulin activity blocks regression of the centriole
from the intracellular bridge to the cell center, thus cyto-
kinesis is repressed and the two daughter cells remain
connected via a long intracellular bridge [26]. In neurons,

CaN is responsible for dephosphorylating a group of pro-
teins, called the dephosphins, many of which are cdk5
substrates, to trigger synaptic vesicle endocytosis [27]. The
non-neuronal isoforms of four of these dephosphins:
Epsl15, epsin, amphiphysin II and dynamin II, are mitoti-
cally phosphorylated and/or have been implicated in
mitosis in mammalian cells [28-31]. In this study, we show
that CaN is required for cytokinesis in mammalian cells
and its activity is specifically associated with the late
abscission stage.

Materials and methods
Chemical synthesis of RO-3306

RO-3306 was synthesized in-house (Fig. 1) by a method
modified from that previously reported [32]. To a suspen-
sion of thiophen-2-yl-methylamine (0.226 g, 2 mmol) and
rhodanine (2-thio-4-thiazolin-4-one) (0.133 g, 1 mmol) in
acetonitrile (5 ml) was added trubutylamine (107 ml,
0.45 mmol) at room temperature (25°C). The mixture was
stirred for 5 min and resulted in a clear solution, at this
point the solution was cooled to between 0 and 5°C in an
ice-water bath. To this, mercuric chloride (0.272 g,
1 mmol) was added portion-wise (three portions) over a
30-min period. After complete addition, the mixture was
stirred at room temperature (22-27°C) for 2 days. The
solids were removed by filtration through a Celite plug.
The Celite was then washed successively with dichloro-
methane (15 ml), and methanol (20 ml). The combined
solvents were removed in vacuo and the crude residue
taken up in ethyl acetate (10 ml) and water (10 ml). The
layers were separated and the aqueous layer was extracted
with dichloromethane (2 x 10 ml). The organic layers
were combined, dried over MgSO,, and the solvent
removed in vacuo to afford an off-white solid. Recrystal-
lization from acetonitrile yielded 0.135 g, 63% of
2-[(thiopen-2-ylmethyl)-amido]-thiazol-4-one as a white
solid. To a suspension of 2-[(thiopen-2-ylmethyl)-amido]-
thiazol-4-one (above) (92 mg, 0.43 mmol) and quinoline-
6-carbaldehyde (82 mg, 0.52 mmol) in toluene (5 ml) were
added benzoic acid (5.3 mg, 0.043 mmol) and piperidine
(4.37 ml, 0.44 mmol) at room temperature. The mixture
was refluxed for 16 h, cooled, and the precipitate,
5-(quinolin-6-ylmeth-(Z)-ylidine)-2-[(thiophen-2-ylmethyl)-
amino]-thiazol-4-one collected, 25 mg, 17%.

Cell culture, cell synchronization, and drug treatment
Hela cervical carcinoma and HCT116 colon carcinoma

cells were maintained in RPMI 1640 medium supple-
mented with 10% fetal bovine serum (FBS) and grown at
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Fig. 1 Synthesis of RO-3306

37°C in a humidified 5% CO, atmosphere. Cells grown on
coverslips were synchronized at the G,/S border by double
thymidine block. Cells were then released into the cell
cycle following thymidine wash-out. At 8-h post-release,
cells were treated with EGTA (Sigma) for 10 h then fixed
for immunofluorescence microscopy analysis. For mitotic
synchronization, cells were treated with 0.5 pg/ml noco-
dazole for 16 h. Mitotic arrested cells were collected by
“mitotic shake-off”. When required, they were washed
three times with pre-warmed medium, then seeded into
10-cm? dishes and incubated at 37°C/5% CO, to allow
progression through mitosis. Cells were collected at the
indicated time post-release from nocodazole for immuno-
blot analysis. Alternatively, cells were synchronized at the
G,/M border by treatment with the selective cdkl small-
molecule inhibitor, RO-3306 (9 uM) for at least 18 h. Cells
were allowed to progress through mitosis following RO-
3306 wash-out. Where indicated, cells were treated with
either 30 pM CsA, 100 pM CaN-11R-AID peptide (Cal-
biochem; [33] or | mM EGTA at either O, 1.5, or 2 h post-
release and incubated at 37°C/5% CO, for the indicated
period of time.

Time-lapse microscopy analysis

Immediately following release into the cell cycle following
synchronization with RO-3306, cells were viewed with an
Olympus IX80 inverted microscope and a time-lapse series
was acquired using a fully motorized stage, 10x objective,
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and Metamorph software using the Time-lapse modules.
Temperature control was achieved using the Incubator XL,
providing a humidified atmosphere with 5% CO,. Imaging
was performed for 20 h with a lapse time of 5 or 10 min.
Where indicated, EGTA (1 mM) or CsA (50 uM) were
added at the indicated time following RO-3306 wash-out.

Immunofluorescence and confocal microscopy

Cells were fixed in ice-cold 100% methanol for 10 min at
—20°C and then blocked in 3% bovine serum albumin/PBS
for 45 min before the required primary antibody was
applied. The following antibodies were used: anti-CaN
(AB-1; Calbiochem), anti-dynl phospho-S778 [34], anti-
actin (Sigma), anti-o-tubulin (clone DM1A; Sigma) and
anti-y-tubulin (GTUS88; Sigma). Fluorescein- or Texas Red
dye-conjugated AffiniPure secondary antibodies (Jackson
ImmunoResearch Laboratories, Inc.) were then applied.
Cell nuclei were counterstained with DAPI (4', 6'-diami-
dino-2-phenylindole; Sigma). Cells were washed three
times with PBS between each step except for after-block-
ing. Cells were viewed and scored with a fluorescence
microscope (Ziess). Fluorescence images were captured
and processed using a Lieca DMIRB/E confocal micro-
scope. Alternatively, images were captured under an
Olympus IX80 inverted microscope using 40x or 100x oil
immersion lenses and deconvolved using AutoDeblur v9.3
(AutoQuant Imaging, Watervliet, NY). XZ and YX images
were reconstructed using Metamorph software.
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Immunoblotting

Cellular extracts were prepared by incubating cells in ice-
cold lysis buffer [25 mM Tris—HCI pH 7.4, 150 mM NaCl,
I mM EDTA, 1 mM EGTA, 1 mM PMSF, 1% Triton
X-100, and EDTA-free Complete protease inhibitor cocktail
(Roche)] and the supernatant was collected following
centrifugation at 13,000 rpm for 30 min at 4°C. GST-am-
phiphysin II (amphIl)-SH3 domain fusion protein was
expressed in Escherichia coli and purified using glutathione-
Sepharose beads (Amersham Biosciences) according to the
manufacturer’s instructions. DynlI protein was enriched by
incubating the cellular extracts with purified GST-amphlII-
SH3 domain bound to glutathione-Sepharose beads for 1 h at
4°C. Beads were washed extensively with ice-cold lysis
buffer. Bound proteins were fractionated by SDS-PAGE for
immunoblot analysis. The following antibodies were used:
anti-dynIl (C-18, Santa Cruz Biotechnology), anti-dynl,
anti-dynl phospho-S774 and anti-dynl phospho-S778 [34],
anti-o-tubulin  (clone DMI1A; Sigma), anti-y-tubulin
(GTUS8S; Sigma) and anti-CaN (AB-1; Calbiochem). Anti-
body bound to the indicated protein was detected by
incubation with a horseradish peroxidase-conjugated sec-
ondary antibody (Sigma). Blotted proteins were visualized
using the ECL detection system (Pierce).

In vitro CaN phosphatase assays

Total rat brain extract was prepared [34] and lysates were
prepared from HeLa cells synchronized in mitosis. These
lysates were mixed with GST-amphlI-SH3 beads to enrich
for dynl and dynll, respectively. In vitro CaN phosphatase
assays were performed as described previously [27] with
minor modifications using equalized amounts of dynl and
dynlI as substrate. In brief, dynl and dynll bound to GST-
amphlII-SH3 beads were incubated in 30 pl of 10 mM
Tris-HCI (pH 7.4) containing 10 mM NaCl, 200 nM
calmodulin, 200 pM Ca2+, and 1 mM Mn>". Where
indicated, 1 pg of purified CaN (4 units/reaction) was
added. Samples were incubated at 30°C for various time
intervals. The reaction was terminated by freezing on dry
ice.

Results

CaN localizes to flanking midbody rings and is required
for the abscission stage of cytokinesis

The ppblt gene encoding, a fission yeast S. pombe
homologue of the catalytic subunit of mammalian CaN,
is essential for yeast cytokinesis [18]. Therefore, we
asked whether CaN activity is required for mammalian

cytokinesis by using time-lapse analysis (Fig. 2a). HeLa
cells were synchronized with RO-3306, a selective small-
molecule inhibitor of cdkl that reversibly arrests human
cells at the G,/M border of the cell cycle and allows for
effective cell synchronization in early mitosis [32]. Fol-
lowing RO-3306 wash-out, HeLa cells treated with the
CaN inhibitor, CsA, rounded-up as they entered mitosis
and progressed from prophase to metaphase (Pro-Met) and
metaphase to full membrane ingression (Met-Ing) with
similar kinetics to untreated control cells (Fig. 2b). Thus, a
role for CaN in chromosome alignment, chromosome
segregation and the first stage of cytokinesis, furrow
ingression, is excluded. In contrast, time-lapse analysis
revealed that CsA-treated cells fail cytokinesis and that the
point of failure was the abscission stage. This was evident
since these cells remained connected via an intracellular
bridge for a prolonged period of time prior to either gen-
eration of a multinucleated cell or two independent cells
(Ing-comp or multi; Fig. 2b). No cytokinesis defects were
observed in untreated control cells (Fig. 2b). The intra-
cellular bridge length was substantially longer in CsA-
treated cells [Fig. 2¢; 3.95 £ 0.21 pm (n = 42) for control
cells vs. 7.43 £+ 0.59 um (n = 35) for cells treated with
CsA for 6 h], indicating bridge persistence, but an inability
to complete abscission. Similarly, prolonged exposure of
cells to CsA resulted in an increase in the number of cells
connected via an intracellular bridge and in the number of
multinucleated cells (Fig. 2d). At the longest time point
analyzed after CsA treatment (8 h), abscission was aborted,
resulting in two independent daughter cells or multinucle-
ated cells (Fig. 2d). Two additional CaN antagonists that
utilize distinct CaN inhibitory mechanisms, FK506 and the
inhibitory peptide CaN-11R-AID [33], also increased
multinucleation (data not shown), suggesting the effect is
specifically mediated by CaN rather than off-target actions
of these compounds. CsA treatment also caused an increase
in the percentage of multinucleates in the HCT116 colon
cancer cell line (Fig. 2e), suggesting that CaN activity
during cytokinesis may be a general requirement of dif-
ferent cell types. Thus, the abscission stage of cytokinesis
requires CaN activity in these two cell lines.

We next sought to determine the localization of CaN
during cytokinesis. At the onset of cytokinesis (anaphase)
and during the ingression phase of cytokinesis (telophase),
we found CaN diffusely localizing to the cytoplasm and a
small amount accumulated to the midzone (Fig. 3a). CaN
did not co-localize with actin (Fig. 3a), indicating that it is
not associated with the cleavage furrow or contractile ring.
During the abscission stage of cytokinesis we found that it is
specifically localized to the midbody region (Fig. 3a).
Midzone and midbody localization was not disrupted by
CsA treatment, suggesting that CaN activity is not specifi-
cally required for its recruitment to these locations
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Fig. 2 CaN participates in the abscission phase of cytokinesis.
a Schematic diagram of the phases in mitosis. Pro prophase, Met
metaphase, Ana anaphase, Tel telophase, Cyto cytokinesis, Int
interphase. Shown above is the mitotic process divided into three
sections, which were the time intervals calculated for time-lapse
analysis. (1) Pro to Met, (2) Met to completion of membrane
ingression (Ing), (3) Ing to either generation of two independent
daughter cells (Comp) or formation of a multinucleated cell (Multi).
b HeLa cells were synchronized using RO-3306, and then visualized
by time-lapse microscopy. The CaN inhibitor, CsA (30 uM), was
added to the cells 1.5 h after RO-3306 washout; i.e., specifically at the
time when cells were entering cytokinesis. Cells were scored (n > 120
cells per sample) for the time taken to undergo mitosis as described in
a. The graph shows that CaN inhibition by CsA prolongs the overall
time cells spend in mitosis. Specifically, following completion of
membrane ingression, the abscission stage is prolonged. *Statisti-
cally significant, p < 0.05, Student’s ¢ test. ¢ Representative
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immunofluorescence microscopy of cells treated with CsA (30 pM)
for 6 h, demonstrating that inhibition of CaN with CsA extends the
length of the intracellular bridge and prevents abscission (n = 35).
The lower panel shows nuclear DAPI staining to indicate cell position.
d Asynchronously growing HeLa cells were treated in the presence or
absence of CsA (30 uM) for the indicated period of time. Cells were
subsequently stained for o-tubulin, then analyzed by immunofluores-
cence microscopy to quantify the number of multinucleated cells and
the number of cells that were connected by an intracellular bridge. The
graphs show the mean + SEM from three independent experiments.
e HeLa and HCT116 cells were synchronized using RO-3306.
Following RO-3306 washout, cells were treated with the CaN
inhibitor, CsA (30 pM), and vehicle (0.1% DMSO) for 6 h, then
fixed, stained for «-tubulin, and scored for the number of multinucle-
ated cells. The graphs show the mean £ SD from two independent
experiments and reveals that inhibition of CaN induces multinucle-
ation in both cell lines. **Statistical significance p < 0.01
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Fig. 3 CaN localizes to dual “flanking midbody rings” (FMRs).
a CaN localizes to the midbody. Asynchronously growing HeLa cells
were treated in the presence or absence of CsA (30 uM) for 6 h then
stained with antibodies for actin and CaN. Representative immuno-
fluorescence microscopy images of cells in anaphase, and in
cytokinesis during the ingression (telophase) and abscission stages.
Images demonstrate that CaN localizes to the cytoplasm and midzone
during the ingression stage of cytokinesis and then to the midbody
during the abscission stage of cytokinesis even in an inactive state
(CsA-treated). b Representative microscopy images of the intracel-
lular bridge region reveal that CaN localizes to regions on either side
of the central y-tubulin MR, termed FMRs. ¢ A representative image
of a HeLa cell in metaphase showing the centrosomes stained for
y-tubulin. Co-staining for CaN reveals that it does not locate to the
mitotic centrosomes. DNA is shown in blue

(Fig. 3a). Since abscission is known to occur on one side of
the y-tubulin MR [5], we used deconvolution microscopy of
the intracellular bridge to determine if CaN co-localized
with y-tubulin. To our surprise, CaN was not present in the
MR but was exclusively localized to twin rings that flank
the central y-tubulin MR (Fig. 3b). Since abscission is
known to occur on one side of the y-tubulin MR [5], we
have called these “flanking midbody rings” (FMRs). This
localization was highly specific as we did not observe CaN
localizing to any other discrete structures throughout
mitosis, such as the mitotic centrosomes (Fig. 3c). After
abscission, the MR is found in the daughter cell opposite the
abscission site (data not shown; [5]). However, we find that
the FMRs are no longer present in this structure, suggesting
their disassembly during or immediately after abscission.

Calcium triggers abscission in HeLa cells

CaN is a Ca’"-dependent phosphatase, suggesting that
Ca”* plays an upstream role for CaN in cytokinesis in
mammalian cells. Previous studies support a role for Ca®™
in the later stages of mitosis but not specifically to cyto-
kinesis [22-24]. The role of Ca*t in cytokinesis has been
incompletely characterized due to its multifunctional cel-
lular roles and its association with different mitotic stages

apart from cytokinesis. To dissect apart the multiple roles
Ca”" plays during mitosis, we observed live cells using
time-lapse microscopy following addition of the Ca®"
chelator, EGTA, at specific times during mitotic progres-
sion: (1) immediately upon release from RO-3306 wash-
out, when cells were entering mitosis, and (2) at 1.5 h
following RO-3306 wash-out, when cells had completed
anaphase and were entering cytokinesis. Under the first
condition, we observed a block in mitotic progression at
anaphase with the cleavage furrow ingressed by approxi-
mately 50% (Movie S1), as previously observed [35].
Under the second condition, the post-anaphase addition of
EGTA produced a cytokinesis failure phenotype indistin-
guishable from that of CsA treatment. EGTA-treated cells
entered cytokinesis but were unable to complete it,
resulting in an increase in binucleated cells (Fig. 4a, b).
Time-lapse microscopy analysis revealed that these cells
took twice as long to complete mitosis (successfully or not)
than control cells and the time delay was determined to be
due to failure in the abscission stage of cytokinesis
(Fig. 4c). Details of this finding are highlighted in several
representative time-lapse movies (Movie S2-4). In control
cells, ingression requires 15-20 min, but abscission is an
extremely rapid step in mitosis, such that the intracellular
bridge is cut soon after its formation (Movie S2). After
normal ingression, EGTA-treated cells showed a massive
delay in abscission and the intracellular bridge persisted for
prolonged periods of time. In some cases, the intracellular
bridge did not lengthen and the cleavage furrow eventually
regressed, producing a binucleated cell (Movie S3). In
other cases, the intracellular bridge extended to extremely
long lengths, which appeared to “snap” (Movie S4). In an
independent approach, cells were synchronized at the G,/S
transition by double thymidine block then treated with
EGTA upon mitotic entry. Blocking Ca®" influx this way
also caused cytokinesis failure (Fig. 4d). Collectively,
these data indicate that Ca®" plays two distinct roles during
mitosis at anaphase and at abscission. A role for Ca*" in
abscission has not previously been demonstrated.

Dynll is a calcineurin substrate during cytokinesis

In the brain, dynl is one of the highest affinity substrates for
CaN yet identified [27]. The dephosphorylation of dynl at
S774 and S778 is required for the rapid triggering of
synaptic vesicle endocytosis in neurons [36]. We have
recently discovered that the ubiquitously expressed dyn-
amin isoform, dynll, is phosphorylated at S764 specifically
during mitosis (unpublished data). We now show that S764
is phosphorylated throughout mitosis and is dephospho-
rylated at the time of cytokinesis (at 3 h after release from
nocodazole block; Fig. 5a). The specificity of the phospho-
Ser antibody for dynll was confirmed by showing that
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Fig. 4 Ca>" chelation blocks cytokinesis at the abscission step.
a Selected frames from representative time-lapse movies of (i) an
untreated HeLa cell and (ii, iii) HeLa cells treated with EGTA
(1 mM) at 1.5 h following RO-3306 wash-out. b, ¢ HeLa cells were
synchronized at the G,/M transition by the cdkl inhibitor, RO-3306,
and then visualized by time-lapse microscopy. At 1.5 h post-release
(anaphase), cells were treated with EGTA. Following mitosis, cells
were scored for multinucleation, a marker of cytokinesis failure. The
graph illustrates that EGTA treatment induces multinucleation (b).
Cells were also scored for the time taken to reach a critical mitotic
step. The graph illustrates that EGTA prolongs the mitotic phase

mutation of the S764 to alanine abolishes detection of
ectopically expressed GFP-dynII-PRD in mitotically syn-
chronized HeLa cell lysates (Fig. 5b). Therefore, we asked
whether dynll is also an in vivo CaN substrate during
cytokinesis. The ability of CaN to dephosphorylate dynll
during cytokinesis was assessed in vivo. The specific
small-molecule CaN inhibitors, CsA and FK506, prevented
dynlII dephosphorylation at S764 for at least 4 h following

compared to untreated controls. Specifically, following completion of
chromosome segregation and membrane ingression, the abscission
stage is prolonged. This occurs in cells that complete mitosis
successfully, generating two mononucleated cells and unsuccessfully,
generating a binucleated cell (¢). *Statistically significant, p < 0.05,
Student’s ¢ test. d HeLa cells were synchronized at the G,/S transition
by double-thymidine block. At 8 h post-release from thymidine block,
cells were treated with EGTA for 10 h. The graph displays the
mean = SEM from three independent experiments and shows that
EGTA causes multinucleation

release from nocodazole block (Fig. 5a). If the addition of
CsA was delayed for 2 h after nocodazole release, the
dephosphorylation was blocked as effectively as if added
immediately upon release (Fig. 5¢). The findings indicate
that CaN is activated specifically at a late stage in cyto-
kinesis and just prior to abscission.

We confirmed that dynlI-S764 is a direct target of CaN
by performing an in vitro assay. A pool of dynlI mitotically
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Fig. 5 Calcineurin dephosphorylates dynll during cytokinesis.
a HeLa cells were blocked in prometaphase using nocodazole and
were subsequently released into either drug-free medium or medium
containing the CaN inhibitor, CsA or FK506 (30 uM). Cells were
collected and lysates were prepared at the indicated times following
release. Following GST-amphll-SH3 pull-down, samples were
immunoblotted to assess the phosphorylation status of dynll and
to determine dynll levels. Results are representative of at least two
independent experiments. b HeLa cells ectopically expressing wt or
phospho-deficient (S764A) GFP-dynII-PRD were synchronized in
mitosis with nocodazole. The prepared lysates were immunoblotted
for phospho-dynlI using the phospho-dynI-S778 antibody and dynlII
levels using a GFP antibody. ¢ Reduction in phospho-dynll
observed 3 h following release from nocodazole block is prevented
by treatment with CsA equally as efficient when it is added at the
time of release or at 2 h post-release. A graph illustrating the
quantitation of phospho-dynll in the indicated conditions presented
as a densitometric ratio normalized to the amount of phospho-dynll
in mitotic synchronized HeLa cells (Noc). Results are mean +
SEM, n > 3. d In vitro CaN phosphatase assay. Purified dynl
purified from sheep brain and purified dynll from HeLa cells
synchronized in mitosis were incubated in the presence or absence
of purified CaN for the indicated period of time. An immunoblot
revealed rapid dephosphorylation of dynll at S764, occurred as
efficiently as dynl at S778 (the homologous amino acid), and that
dephosphorylation increased with incubation time. e HeLa cells
were blocked in prometaphase using nocodazole and subsequently
released into drug-free medium for 2 h. Cells were then treated
with the CaN inhibitor, CsA, or the calcium chelators BAPTA-AM
and EGTA for 1 h. Cellular extracts were prepared and immuno-
blotted following GST-amphll-SH3 pull-down to assess the
phosphorylation status of dynll at S764 and total dynll levels.
f HeLa cells were blocked in prometaphase using nocodazole and
subsequently released into drug-free medium, or in the presence of
the CaN inhibitor, CsA, or the calcium chelator, EGTA, for the
indicated period of time. Reduction in phospho-dynll over time
following release from nocodazole block is prevented by treatment
with CsA and EGTA. Graph (mean £ SD) illustrates the quanti-
tation of phospho-dynll in the indicated conditions presented as a
densitometric ratio normalized to the amount of phospho-dynll in
mitotic synchronized HeLa cells (Noc). n = 2

phosphorylated on S764 was purified from mitotically
synchronized HeLa cells, while phospho-dynl was purified
from rat brain as a positive control. CaN efficiently
dephosphorylated S764 in dynll in a Ca®*- and calmodu-
lin-dependent manner (Fig. 5d). Notably >90% of dynll
was dephosphorylated within 5 min (Fig. 5d). Under the
same conditions, CaN efficiently dephosphorylated dynl at
S778; >90% dephosphorylation occurred within 15 min
(Fig. 5d), as we reported previously [27].

Since CaN is a Ca’"-dependent phosphatase, the data
suggest that abscission may be controlled by a burst of
Ca”" influx at the midbody leading to dynII dephospho-
rylation. Dynll dephosphorylation was monitored during
cytokinesis in the presence of two types of Ca*>" chelators.
Excess EGTA in the media 2 h after nocodazole release
prevented dynll dephosphorylation on S764 by blocking
Ca”" influx at the time of abscission (Fig. 5e). EGTA not

only prevented cytokinesis-induced dynll dephosphoryla-
tion but also induced further increases in phosphorylation
(Fig. 5f). This pattern of dynll phosphorylation is analo-
gous to treatment with the CaN inhibitor, CsA (Fig. 5f),
suggesting that Ca*" influx at the midbody activates CaN.
To determine whether Ca*" had an intracellular target
such as CaN, we used the membrane-permeable Ca®t
chelator, BAPTA-AM. BAPTA-AM also prevented dynlIl
dephosphorylation and induced further increases in phos-
phorylation in cells undergoing cytokinesis (Fig. Se). Thus,
Ca”" influx is required for the activation of CaN during
cytokinesis, suggesting that Ca”" is essential for abscission
and that CaN is a major target.

Phospho-dynll co-localizes with CaN at the FMRs

Previous reports have observed dynll in the general mid-
body region [2, 37, 38]. Our data now shows that this dynIl
is primarily in the phosphorylated form. In an analogous
manner to CaN, phospho-dynll was not broadly distributed
throughout the intracellular bridge, nor was it present in the
centrally located MR, but was exclusively localized to twin
rings that flank the central MR (Fig. 6a). Dual staining
revealed that phospho-dynll co-localizes with CaN at the
FMRs (Fig. 6b). The ring organization of the MR was
confirmed by three-dimensional reconstruction of a z-series
of a HeLa cell undergoing cytokinesis stained with
y-tubulin (Movie S5). Unlike the single larger MR
(1.62 £+ 0.1 pm diameter), phospho-dynll was specifically
localized to two smaller rings (1.12 £ 0.05 pm diameter;
Fig. 6a). XZ and YZ sections were reconstructed from a
z-series of high-resolution microscopy images of phospho-
dynll. The YZ plane-of-view confirmed the presence of
phospho-dynll in two FMRs. The XZ plane showed that
phospho-dynlI is absent from the central part of these sites,
revealing that it is present in twin ring structures (Fig. 6c).
Thus, the intracellular bridge consists of a single large
central y-tubulin MR, flanked by two smaller FMRs.

The findings above show that CaN localization to the
FMRs is not disrupted by its inhibitor, CsA (Fig. 3a).
Immunofluorescence microscopy analysis reveals that
phospho-dynll also remains at the FMRs following inhi-
bition of CaN activity by either CsA or CaN-11R-AID
(Fig. 6d). Thus CaN activity is not required for its
recruitment to the FMRs. The Ca*" chelator EGTA also
had no effect on the FMR localization of phospho-dynlIl
and CaN (Fig. 6e). We confirmed that after abscission the
MR is found in one of the two daughter cells (data not
shown and [5]). However, these remnant MRs lack either
phospho-dynll- or CaN-labeled FMRs (data not shown).
This suggests that the FMRs may be disassembled during
or immediately after abscission.
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Fig. 6 Phospho-dynll co-localizes with CaN at FMRs. a Asynchro-
nously growing HeLa cells were stained for endogenous phospho-
dynlI-S764 (green) and y-tubulin (red). Representative deconvolved
microscopy images demonstrating that phospho-dynlI-S764 resides in
two distinct FMR regions of the intracellular bridge that flank the
central MR composed of y-tubulin. b A representative image of the
intracellular bridge region of an asynchronously growing HeLa cell
showing phospho-dynll (green) and CaN (red) co-localizing at the
FMRs. ¢ Phospho-dynll assembles into two rings at the midbody—
FMRs. Representative deconvolved images of a HeLa cell undergoing
cytokinesis stained for o-tubulin and phospho-dynll. XZ and YZ
planes-of-view were reconstructed from a z-series of images revealing

Discussion

We demonstrate that the Ca>*- and calmodulin-dependent
phosphatase, CaN, is required for cytokinesis in

a-tubulin Merge
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CaN Dynl|5764

N N
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that phospho-dynlI is present in two rings at the intracellular bridge.
d HeLa cells were treated for 6 h with CsA or synchronized at the G,/S
transition by double-thymidine block and then treated in with the CaN
inhibitory peptide, CaN-11R-AID. Cells were subsequently stained for
phospho-dynlI-S764 (green) and o-tubulin (red). Representative
immunofluorescence microscopy images reveal that phospho-dynll
localization at the FMRs is not disrupted by inhibition of CaN. e A
representative immunofluorescence image of a HeLa cell in cytoki-
nesis showing phospho-dynll and CaN co-localizing at FMRs in the
presence of the Ca’* chelator, EGTA (1 mM). HeLa cells were fixed,
stained, and analyzed 3 h following release from RO-3306 block.
EGTA was added at 2 h after RO-3306 washout

mammalian cells, extending a previous report of a role for
CaN in yeast cytokinesis [18]. Our major additional finding
is that it specifically functions during the abscission phase,
essentially leading to completion of cytokinesis. Functional
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inhibition of CaN resulted in cells spending a prolonged
period of time connected via an intracellular bridge and an
increase in multinucleated cells. During cytokinesis, the
activation of CaN by Ca®" resulted in dephosphorylation of
a set of substrate proteins and we reveal that the endocytic
protein, dynll, is one such substrate. CaN-mediated
dephosphorylation of this group of proteins, exemplified by
dephosphorylation of dynll, coincides with completion of
abscission to generate two independent daughter cells. This
suggests that CaN activity is required for cellular abscis-
sion rather than for earlier events of cytokinesis. Our
observations raise the possibility that abscission is a rapid
CaN-triggered process.

We reveal that CaN localizes to a specific sub-com-
partment within the intracellular bridge during the
abscission stage of cytokinesis. This sub-compartment
comprises dual FMRs facing a single central MR at the
intracellular bridge. FMRs contain phospho-dynll and CaN
and most likely other molecular components. Neither
phospho-dynll nor CaN localized to the ingressing furrow,
indicating that they may be directly recruited to the mid-
body, assembling at FMRs late in mitosis. This three-ring
structure persists until the phosphatase CaN is activated.
The MR is a known structural template for recruitment of
key cytokinesis players like centriolin and the exocyst
complex [5]. In addition, it may play a role in recruiting/
anchoring proteins to the FMR. The abscission stage
therefore involves a three-ring system—a single large
y-tubulin MR flanked by two smaller rings composed of
(at least) phospho-dynll and CaN. As previously reported
[5], we also observe the MR persisting in one of the two
daughter cells after cytokinesis completion, but no detect-
able FMRs, either as dynll, phospho-dynll, or CaN. Thus,
the FMRs are more transient structures that appear to dis-
assemble prior to or during abscission and this may be
induced in-part by CaN-mediated protein dephosphoryla-
tion. The identification of other FMR components is likely
to provide further insight into the underlying mechanisms
of abscission.

Our findings indicate that CaN activation is one of the
last molecular events found to occur prior to abscission. In
support of this idea, we were unable to detect dynll anti-
body-labeled FMRs without corresponding phospho-dynlIl
FMR labeling (data not shown). Moreover, CaN activity
was specifically required for the abscission stage and had
no detectable role in any earlier cytokinesis steps. Thus,
abscission itself must be a rapid event and therefore we
propose that CaN activation must be temporally regulated
to ensure that cytokinesis does not occur prematurely.

Centriole movement towards the cell center coincides
with CaN activation at the FMRs. The mother centriole
transiently moves to the intracellular bridge during cyto-
kinesis and its departure from this location back to the cell

center has previously been associated with the timing of
cellular abscission [39]. The CaN activator, calmodulin
(CaM), localizes to the intracellular bridge during cytoki-
nesis in HeLa cells [40—42] and its functional inhibition
produces a comparable cytokinesis failure phenotype to
CaN inhibition in Dictyostelium [43] and HeLa cells [42].
Cytokinesis failure induced by CaM inhibition has been
associated with a block in centriole movement from the
intracellular bridge to the cell center in PtK2 cells [26]. It
will be important to determine if CaN inhibition also
blocks centriole movement from the intracellular bridge.
Thus, one possibility is that only when CaM and CaN are
activated would the centriole return to the cell center,
subsequently allowing abscission to occur. This raises the
possibility that CaN substrates may be delivered to the
intracellular bridge as centrosome cargo.

The endocytic protein, dynll, was previously linked to
cytokinesis in a variety of species and more recently was
associated with the abscission stage of cytokinesis in mam-
malian cells [31]. Endocytosis has been linked to cytokinesis
in plants [44] and this link has recently begun to emerge in
mammalian cells [24, 45, 46]. However, it is unclear if dynII
functions during cytokinesis in an endocytic-dependent or
-independent manner. Here, we reveal that dynlI is dephos-
phorylated at the time of cytokinesis, suggesting that this
may be involved in its cytokinesis function. Dephosphoryl-
ation may stimulate dynll GTPase activity or may promote
its interaction with a specific binding protein. It will be
important to determine whether dynll phosphorylation
affects binding of proteins like syndapin II and/or other
endocytic proteins [34, 47, 48]. Overall, our findings reveal a
new molecular pathway that involves the protein phospha-
tase CaN, whose activity results in the dephosphorylation of
a group of cellular proteins, such as dynll, and this is asso-
ciated with cellular abscission.
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