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Anaphase initiation is regulated by
antagonistic ubiquitination and
deubiquitination activities

Frank Stegmeier'*, Michael Rape’*f, Viji M. Draviam>*, Grzegorz Nalepa®, Mathew E. Sowa?, Xiaolu L. Ang?,
E. Robert McDonald llI', Mamie Z. Li', Gregory J. Hannon®, Peter K. Sorger™*, Marc W. Kirschner’, ). Wade Harper®
& Stephen J. Elledge’

The spindle checkpoint prevents chromosome mis-segregation by delaying sister chromatid separation until all
chromosomes have achieved bipolar attachment to the mitotic spindle. Its operation is essential for accurate chromosome
segregation, whereas its dysregulation can contribute to birth defects and tumorigenesis. The target of the spindle
checkpoint is the anaphase-promoting complex (APC), a ubiquitin ligase that promotes sister chromatid separation and
progression to anaphase. Using a short hairpin RNA screen targeting components of the ubiquitin-proteasome pathway in
human cells, we identified the deubiquitinating enzyme USP44 (ubiquitin-specific protease 44) as a critical regulator of the

spindle checkpoint. USP44 is not required for the initial recognition of unattached kinetochores and the subsequent
recruitment of checkpoint components. Instead, it prevents the premature activation of the APC by stabilizing the
APC-inhibitory Mad2-Cdc20 complex. USP44 deubiquitinates the APC coactivator Cdc20 both in vitro and in vivo, and
thereby directly counteracts the APC-driven disassembly of Mad2-Cdc20 complexes (discussed in an accompanying
paper). Our findings suggest that a dynamic balance of ubiquitination by the APC and deubiquitination by USP44 contributes
to the generation of the switch-like transition controlling anaphase entry, analogous to the way that phosphorylation and
dephosphorylation of Cdk1 by Weel and Cdc25 controls entry into mitosis.

Aneuploidy, a state of abnormal chromosome number, is a hallmark
of aggressive tumours and can arise from errors during chromosome
segregation'. Faithful chromosome segregation requires that each
chromatid pair achieves bipolar attachment to the mitotic spindle
before their segregation. Segregation is initiated by activation of the
APC, an E3 ubiquitin ligase. When bound to its cofactor Cdc20,
APC®?° drives cells into anaphase by inducing the degradation of
securin and mitotic cyclins®. The spindle checkpoint ensures that
activation of the APC is delayed until all chromosomes have achieved
bipolar kinetochore-microtubule attachment. Many checkpoint
proteins are recruited to unattached kinetochores and are thought
to facilitate the binding of Mad2 and BubR1 to Cdc20, thereby inhib-
iting APC4%° activity™~.

The first spindle checkpoint components were discovered through
genetic screens in budding yeast®'%, and characterization of their
metazoan orthologues showed the conservation of fundamental
aspects of mitotic checkpoint signalling from yeast to human™°.
However, recent studies revealed that spindle checkpoint signalling
is more complex in mammalian cells, as Zw10 (zeste-white 10), Rod
(rough-deal) and p31°°™" regulate spindle checkpoint function in
higher eukaryotes but lack clear yeast orthologues''™'°.

Here we use a genetic approach to identify novel regulators of
spindle checkpoint control in human cells. By screening a short hairpin
(sh)RNA library that targets genes in the ubiquitin-proteasome path-
way, we have identified a previously uncharacterized deubiquitinating

enzyme, USP44. We find that USP44 acts downstream of kinetochore-
localized spindle checkpoint complexes and prevents premature acti-
vation of the APC by stabilizing the APC-inhibitory Mad2—-Cdc20
complex. USP44 can directly deubiquitinate Cdc20 and counteract
the APC-driven disassembly of spindle checkpoint complexes'® both
in vitro and in vivo. Our study indicates that spindle checkpoint regu-
lation of the APC is based on a dynamic balance of counteracting
ubiquitination and deubiquitination activities.

shRNA screen for spindle checkpoint regulators

Given that the central target of the spindle checkpoint is the APC*7,
we wished to explore possible roles of other components of the ubi-
quitin pathway in the regulation of anaphase entry through the
spindle checkpoint. Using a human microRNA-based genome-wide
shRNA library as a source of hairpins', we developed an arrayed
shRNA library containing 1,964 hairpins targeting 759 genes related
to the ubiquitin pathway (see Supplementary Fig. 1b and Supplemen-
tary Table 1 for detailed library information). We screened this library
for regulators of the spindle checkpoint using a high-throughput
visual screening platform (Supplementary Fig. la—c). This screen
was intended to identify two classes of genes whose depletion leads
to a reduced mitotic index: (1) spindle checkpoint components, the
inactivation of which by-passes Taxol-induced mitotic arrest; and (2)
pre-mitotic cell-cycle regulators, the inactivation of which delays
cells before mitotic entry. In contrast to the multi-lobed nuclear
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morphology caused by checkpoint by-pass, cells that arrest before
mitosis contained normal (unlobed) interphase nuclei, which
allowed us to classify preliminarily our candidate genes into potential
checkpoint regulators (MN for multi-lobed nuclei) and cell division
cycle mutants (CDC, borrowing from the yeast nomenclature)
(Supplementary Fig. 1d). Our screen identified known regulators
of pre-mitotic cell-cycle progression (for example, EMII (also called
FBXO05) and SKP2) and 14 new candidate spindle checkpoint reg-
ulators and CDC mutants (Supplementary Fig. 1d). We validated the
most penetrant candidate genes with additional siRNAs that target
different regions within each gene (Fig. 1a, b and Supplementary Fig.
2), strengthening the notion that phenotypes are due to target down-
regulation rather than off-target effects.

We focused our investigation on the candidate checkpoint pro-
tein USP44, a previously uncharacterized deubiquitinating enzyme,
because it had the most penetrant phenotype of all candidate spindle
checkpoint regulators. Depletion of USP44 abolished checkpoint
function in all three cell lines tested (Fig. 1 and Supplementary
Fig. 3), and the efficiency in the reduction of USP44 levels for differ-
ent siRNAs strongly correlated with their phenotypic penetrance
in the checkpoint assay (Fig. la, d). Furthermore, expression of
an siRNA-resistant version of USP44 rescued the spindle check-
point defect of USP44-depleted cells (Fig. le, USP44(siRes)), con-
firming the specificity of our RNAi constructs. In contrast, a cataly-
tically inactive USP44 mutant failed to restore spindle checkpoint
function (Fig. 1e, USP44(ci-siRes)). Thus, deubiquitination mediated
by USP44 is essential for spindle checkpoint function in human
cells.
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Figure 1| Validation of candidate genes from Taxol screen. a, b, HeLa cells
were transfected with siRNAs, treated with 100 nM Taxol 48 h after
transfection, and fixed for visual inspection 24 h after Taxol addition. The
percentage of non-mitotic cells (a) and cells with multi-lobed or interphase
nuclei (b) was quantified. The values represent averages of three
independent experiments (n = 100, error bars *1 s.d.). The horizontal
dashed line indicates the applied threshold for Taxol screen (30% non-
mitotic cells). ¢, Representative images of HeLa cells transfected with siRNAs
targeting luciferase (control), USP44 (oligo1), or RINGI (oligo1) that
illustrate the phenotypic differences between mitotic arrest, checkpoint
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USP44 activity is elevated in mitosis

Consistent with an essential function of USP44 in the spindle check-
point, USP44 levels were increased in mitotic cells (Fig. 2a), but
rapidly decreased once cells had completed chromosome attachment
and exited from mitosis (Fig. 2b). We noted the appearance of a
slower migrating form of USP44 as cells entered mitosis (Fig. 2a) that
disappeared shortly after release from nocodazole-mediated arrest
and preceded USP44’s degradation (Fig. 2b). This slower migrating
form was also evident when recombinant USP44 was incubated in
mitotic extracts, and became more pronounced after treatment with
the phosphatase inhibitor okadaic acid, indicating that USP44 may
be phosphorylated in mitosis (Fig. 2¢).

To test whether the deubiquitination activity of USP44 is cell-cycle
regulated, we took advantage of the fact that USP44 purified from insect
cells has very low catalytic activity in an in vitro deubiquitination assay
(Fig. 2d). Notably, pre-incubation of recombinant USP44 with extracts
from nocodazole-arrested cells strongly increased the activity of USP44,
whereas treatment with S-phase extracts resulted only in residual activa-
tion similar to a catalytically inactive mutant (Fig. 2d). Together, these
findings indicate that USP44 is activated in checkpoint-arrested mitotic
cells and rapidly degraded as cells exit from mitosis.

USP44 prevents premature anaphase onset

To characterize the mitotic function of USP44 in an unperturbed
mitosis, we monitored mitotic progression and chromosome move-
ment in USP44-depleted HeLa cells expressing histone H2B tagged
with green fluorescent protein (GFP). Downregulation of USP44 led
to a variety of mitotic defects, including the failure to form a clear
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by-pass and pre-mitotic arrest. d, HeLa cells stably expressing
haemagglutinin (HA)-tagged USP44 were transfected with siRNAs, cell
extracts collected 48 h after transfection, and probed with the indicated
antibodies. e, Transfection of siRNA-resistant wild-type Myc-tagged USP44
(USP44(siRes)), but not the catalytically inactive-mutant USP44
(USP44(ci-siRes)), rescues the spindle checkpoint defect of cells treated with
USP44-targetted siRNA. HeLa cells were transfected with the indicated
siRNAs and rescuing plasmids and treated as described for Fig. 1a. Western
blot shows similar expression levels of wild-type and mutant Myc-USP44
(n = 100; error bars indicate =1 s.d.).
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metaphase plate (fourfold increase), unaligned and lagging chromo-
somes during anaphase (fivefold and 15-fold increase, respectively),
and cytokinesis defects (sevenfold increase) (Fig. 2e, f and Supplemen-
tary Fig. 4a). Thus, USP44 has an essential function in an unperturbed
cell cycle like other checkpoint proteins™®

When we compared the timing of anaphase onset in cells with
reduced USP44, Madl or Mad2 function by time-lapse imaging,
we found that USP44 depletion markedly accelerated the onset of
anaphase, as occurs with reduced levels of Mad2 but not Madl
(Fig. 2g)'®. Consistent with accelerated mitotic progression, USP44-
depleted cells degraded cyclin B prematurely in prometaphase
(Fig. 3a, b), whereas the timing of cyclin A degradation (which is
not responsive to checkpoint activation in vivo'>*°) was unaffected
(Fig. 3¢). These findings, together with the fact that the kinetics of
checkpoint by-pass in response to nocodazole treatment were similar
in Mad2- and USP44-depleted cells (Supplementary Fig. 4b), indi-
cated that USP44 may control spindle checkpoint function by regu-
lating Mad2.

USP44 regulates Mad2-Cdc20 association

The order of function of spindle checkpoint proteins has been deter-
mined by examining their interdependencies of kinetochore recruit-
ment. Currently, all known checkpoint proteins are required for Mad2
localization, placing them upstream of Mad2. By that criterion, USP44
must be downstream of or parallel to Mad2, because Mad2, as well as
Bubl, BubR1, Madl and Mpsl, were all properly localized in USP44-
depleted prometaphase cells (Fig. 3d, e and Supplementary Fig. 5).
These results suggest that despite USP44 depletion, cells can detect
unattached kinetochores and properly recruit spindle checkpoint
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proteins. Yet these same cells apparently fail to restrain APCE420

activity. APC“4*° inhibition by the spindle checkpoint is mediated
by the direct binding of the stoichiometric inhibitors Mad2 and
BubR1 to Cdc20, and their failure to bind APC“**° strongly compro-
mises spindle checkpoint function®”. We therefore examined whether
USP44-depleted cells are impaired in the formation of these APC-
inhibitory complexes. To overcome the problem that USP44-depleted
cells do not arrest in response to nocodazole, we used brief protea-
some inhibition to arrest synchronized cells in mitosis (for detailed
synchronization protocol see Supglementary Fig. 6a). Notably, in the
absence of USP44, mitotic APC““*° contained significantly reduced
levels of co-purifying Mad2 (Fig. 3g and Supplementary Fig. 6b, c). As
expected from the reduced Mad2—Cdc20 association, APC? acti-
vity was increased in USP44-depleted cells despite checkpoint activa-
tion (Fig. 3f). These findings indicate that cells with reduced levels of
USP44 fail to arrest in response to spindle damage because of their
inability to maintain Mad2—Cdc20 complexes and consequent failure
to restrain APC?® activity. Consistent with this hypothesis, the
partial depletion of APC2 (anaphase-promoting complex subunit 2;
also called ANAPC2)to levels that did not interfere with mitotic
progression of otherwise unperturbed cells (Supplementary Fig. 7d)
rescued the checkpoint defect of USP44-depleted cells (Fig. 3h and
Supplementary Fig. 7). Together, our findings strongly suggest that
USP44 maintains iplndle checkpoint arrest by stabilizing the binding
of Mad2 to APC%*¢*

USP44 antagonizes UbcH10-induced APC activation

USP44 might influence APC activity directly or indirectly. If direct,
purified USP44 protein should affect APC activity in vitro. When
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Figure 2 | USP44 activity is cell-cycle regulated and is required for proper
spindle checkpoint function and anaphase timing. a, HeLa cells stably
expressing USP44-HA were released from a double-thymidine block (0 h
time point) into medium containing nocodazole. Cell lysates were blotted
with the indicated antibodies. The arrowhead marks a slower migrating
species of USP44 that is most prevalent in mitotic cells (10 h time point).
b, HeLa cells stably expressing USP44-HA were synchronized in mitosis
(100ng ml ! nocodazole), 10 mM cycloheximide was added (to prevent de
novo protein synthesis), and cells were either released from (release) or
cultured in the continued presence of nocodazole (arrest). Cell lysates were
analysed by western blotting. ¢, Recombinant USP44 is phosphorylated in
mitotic extracts. >°S-labelled USP44 was incubated with mitotic extracts and
treated either with buffer control or 25 nM okadaic acid (PP2A phosphatase
inhibitor). d, Recombinant USP44 is activated by incubation with extracts
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from checkpoint-arrested HeLa cells. Flag-tagged USP44 and USP44(CI)
(catalytic inactive, C282A) proteins were purified from insect cells. Where
indicated, the bead-bound proteins were incubated for 3 h with mitotic
extracts (MitEx) or S-phase extracts (S-Ex). In vitro deubiquitination assays
using polyubiquitin chains (Ub;_;) were performed for 20 min at 37 °C. The
migration of monoubiquitin (U1), diubiquitin (U2) and longer ubiquitin
chains is indicated. e-g, USP44 depletion leads to premature anaphase onset
and segregation defects. HeLa cells stably expressing H2B-GFP were
transfected with siRNAs and imaged by time-lapse microscopy 48 h after
transfection. Times shown are in minutes. Arrows mark uncongressed
chromosomes (control siRNA images) and lagging chromosomes (USP44
siRNA images). f, Mitotic defects were quantified (n > 100, error bars +1s.d.).
8, The kinetics of anaphase onset was determined by analysing the cumulative
percentage of mitotic cells (n > 100). NBD, nuclear envelope breakdown.
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activated USP44 was added to APC®?? from checkpoint-arrested
cells (CP-APC, which can be activated by the APC-specific E2
UbcH107"*?), there was strong inhibition of APC-dependent ubiqui-
tination (Fig. 4a, b and Supplementary Fig. 8a). Notably, USP44 had
no effect on ubiquitination reactions catalysed by APC“®™, which is
not subject to Mad2-mediated spindle checkpoint inhibition (Supple-
mentary Fig. 8b). These findings show that USP44 can directly inhibit
APCEI activity.

An accompanying study showed that APC-dependent multi-
ubiquitination, but not proteolysis, leads to the disassembly of
Mad2-Cdc20 complexes, and identified Cdc20 as a crucial ubiquiti-
nation target'®. Notably, wild-type USP44 but not its catalytically
inactive mutant was able to inhibit the UbcH10-driven dissociation
of Mad2 from Cdc20 (Fig. 4b, lower panels), which prevented
APCC4?" activation (Fig. 4b, upper panel) and CycB1 degradation
(Fig. 4c, d). Moreover, USP44 was very potent at deubiquitinating
Cdc20 in vitro (Fig. 5a, ¢, d) and the levels of multi-ubiquitinated
Cdc20 increased after USP44 inhibition in vivo (Fig. 5e). Consistent
with a function for Cdc20 multi-ubiquitination in Mad2—-Cdc20
complex disassembly'®, the levels of Mad2 co-purifying with multi-
ubiquitinated Cdc20 were substantially reduced in USP44-depleted
cells (Fig. 5e). Whilst USP44 was much more efficient at deubiquiti-
nating Cdc20 than cyclin B in vitro (Fig. 5a, b), we observed that
higher levels of USP44 can promote weak deubiquitination of cyclin
B (data not shown). Thus, although pointing towards Cdc20 being
the critical target of USP44 that protects cells against premature
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Figure 3 | USP44 regulates APCS?“2° downstream of Mad2 recruitment to
kinetochores. a—c, USP44-depleted cells prematurely degrade cyclin B but
not cyclin A. HeLa cells were treated with siRNAs, synchronized and stained
with the indicated antibodies for microscopic analysis. a, Representative
images of cyclin B staining at different mitotic stages. DAPI, 4,6-diamidino-
2-phenylindole; PM, prometaphase. b, ¢, Quantification of cyclin A and
cyclin Blevels (n > 100). d, USP44 depletion does not impair the localization
of Mad2 to unattached kinetochores. Immunofluorescence images of
prometaphase cells transfected with siRNAs against USP44 were probed for
Mad2 (green), CREST (red) and stained for DNA (blue). The inset shows the
staining of one kinetochore pair at higher magnification. Scale bar, 10 um.
e, Quantification of Mad2 and BubR1 levels on prometaphase kinetochores
(n =150, error bars *1 s.d.). f, USP44-depleted cells fail to restrain
APCS? activation in response to spindle checkpoint activation. HeLa cells
were treated with luciferase (control) or USP44 siRNA, synchronized as
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APC-driven Mad2—Cdc20 complex disassembly, USP44 may addi-
tionally antagonize APC function by deubiquitinating other APC
substrates.

Given that the APC-driven disassembly of Mad2—-Cdc20 com-
plexes requires the function of the E2 enzyme UbcH10 (ref. 16),
an implication of our model is that reducing UbcH10 function
should suppress the effects of low USP44 activity in vivo. In support
of this hypothesis, depletion of UbcH10 in cells with reduced USP44
function decreased levels of Cdc20 multi-ubiquitination (Fig. 5e),
restored Mad2-Cdc20 association (Fig. 5e), and consequently
restored spindle checkpoint arrest (Fig. 5f and Supplementary Fig.
7). In conclusion, our in vitro and in vivo findings strongly suggest
that USP44 directly antagonizes the APC-driven disassembly of
Mad2-Cdc20 checkpoint complexes, probably by promoting the
deubiquitination of Cdc20. Through the regulation of this ubiquiti-
nation—deubiquitination switch, USP44 prevents premature APC
activation, which is crucial for proper mitotic timing and spindle
checkpoint function.

Discussion

In this study we used a high-throughput shRNA-based forward gen-
etic approach to screen for regulators of the spindle checkpoint and
cell-cycle progression in human cells. Our screen identified the first
deubiquitinating enzyme (USP44) controlling spindle checkpoint
function and revealed a novel mode of APC regulation. USP44 pre-
vents premature APC activation by inhibiting the disassembly of
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described in Supplementary Fig. 6a, and mitotic cells collected by shake-off.
Anti-Cdc27 immunoprecipitates (APC“4?°) were assayed for in vitro
ubiquitination activity using **S-labelled cyclin A as a model substrate. The
quantification of relative APC activity from three independent experiments
is shown on the right (error bars indicate *1 s.d.). g, Mad2—Cdc20
association is reduced after USP44 depletion. Cells were treated as described
in f. Cdc20 immunoprecipitates and whole-cell lysates were blotted for the
indicated proteins. h, Partial depletion of APC2 restores spindle checkpoint
arrest to USP44-depleted cells. HeLa cells were synchronized and transfected
with the indicated siRNAs as described in Supplementary Fig. 7a. Taxol
(100 nM) was added after release from the second thymidine block and cells
were fixed and stained for DNA (Hoechst) 16 h after release. The percentage
of checkpoint-arrested (mitotic cells) and checkpoint-by-passing
(multi-lobed nuclei) cells was quantified (n > 100, error bars * s.d.).
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Mad2-Cdc20 complexes, at least in part by antagonizing APC-
dependent multi-ubiquitination of Cdc20 (Supplementary Fig. 9).
These findings indicate that spindle checkpoint regulation of the
APC is dynamic and based on a fine-tuned balance of counteracting
ubiquitination and deubiquitination activities. On the basis of the
critical role of USP44 in protecting cells from premature anaphase
entry and to establish a common terminology across species, we
propose to refer to deubiquitinating enzymes with similar APC ant-
agonizing activities by the general name of ‘protectins’ (for sequence
alignments with potential orthologues in other species, see Supplemen-
tary Figs 10 and 11).

In an accompanying study, it was found that the APC itself can drive
the disassembly of checkpoint complexes'. This feed-forward activa-
tion loop provides an elegant mechanism to allow for the rapid activa-
tion of APC“*?” upon cessation of the checkpoint signal. However, it
imposes the need for tight regulation before the completion of kine-
tochore attachment. We propose that protectins such as USP44 provide
a critical safeguard mechanism to prevent the inappropriate activation
of this feed-forward APC activation loop by antagonizing the multi-
ubiquitination of Cdc20 and potentially other components of
checkpoint-inhibited APC, thus maintaining the checkpoint-inhibited
APC state (Supplementary Fig. 9). Although our data point towards
CP-APC and especially Cdc20 as being critical targets of USP44, it is
possible that USP44 more broadly antagonizes APC function by de-
ubiquitinating other APC substrates such as cyclin B and securin.

An important question is how this ubiquitination—deubiquitination
switch is regulated to promote the transition from the checkpoint-
inhibited to the active APC state once each chromosome has achieved
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Figure 4 | USP44 inhibits APC?<?° activation in vitro. a, USP44 impairs
the activation of checkpoint APC by UbcH10 in vitro. APCS?° was
immunopurified from checkpoint-arrested HeLa cells and assayed for in
vitro ubiquitination activity using **S-labelled cyclin A as a substrate.
UbcH10 and purified USP44 (after activation with mitotic extracts) were
added where indicated. b, USP44 prevents UbcH10-induced Mad2-Cdc20
dissociation in vitro. APC“**° was immunopurified from checkpoint-
arrested HeLa cells and incubated with UbcH10 and p31 (which triggers
Mad2-Cdc20 dissocation'®) in combination with either wild-type or
catalytically inactive USP44 (USP44(CI)). The amount of Mad2 bound to
APC®4?° was determined by western blotting (lower panel), and APC®4?
activity (top panel) was analysed as described in Fig. 3f. ¢, d, USP44 and
UbcH10 regulate CP-APC antagonistically in vitro. Extracts from
checkpoint-arrested HeLa cells were incubated with the indicated proteins
and the abundance of **S-labelled cyclin B was monitored over time by
autoradiography. Note that whereas USP44 prevents CP-APC activation (as
monitored by cyclin B degradation) induced by low levels of UbcH10

(c), fivefold higher levels of UbcH10 can overcome USP44’s inhibitory effect
(d), illustrating their antagonistic relationship.
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bipolar attachment. A potential clue comes from our finding that
incubation of recombinant USP44 with extracts from checkpoint-
arrested but not S-phase-arrested cells strongly increases its activity.
How USP44 activity is increased in mitotic extracts is not yet clear. It
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Figure 5 | USP44 deubiquitinates Cdc20 in vitro and in vivo.

a, b, Ubiquitinated Cdc20 and cyclin B were immunopurified and incubated
with USP44 (after activation with mitotic extract), USP44 inactivated by
N-ethylmaleimide (NEM, a nonspecific deubiquitinating enzyme inhibitor),
and USP44 with an active-site mutation (USP44(CI)) for 30 min. The
reaction products were analysed by western blotting using anti-Cdc20 (a) or
anti-cyclin B (b) antibodies. ¢, d, Comparison of in vitro deubiquitination
activity of USP44 and USP5. In vitro deubiquitination assays using
polyubiquitin chains (Ub;_;) and multi-ubiquitinated Cdc20 were
performed as described in Fig. 2d and panel a. Although USP5 exhibited high
activity against free polyubiquitin chains (c), it failed to significantly
deubiquitinate Cdc20 (d) at identical concentrations. e, USP44 and UbcH10
regulate Cdc20 multi-ubiquitination and Mad2—-Cdc20 association
antagonistically in vivo. Cells were treated with siRNAs, synchronized as
described in Supplementary Fig. 6a, and only mitotic cells collected by
shake-off. Cdc20 immunoprecipitates were blotted for the indicated
proteins. f, Depletion of UbcH10 restores spindle checkpoint arrest to
USP44-depleted cells. Cells were synchronized, transfected with siRNAs and
treated as described in Supplementary Fig. 7a. The percentage of checkpoint-
arrested (mitotic cells) and checkpoint-by-passing (multi-lobed nuclei) cells
was quantified (n > 100, error bars *1 s.d.). g, Schematic model that
illustrates the analogies between the regulation of entry into mitosis (G2-M
transition) and the metaphase—anaphase transition.
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could require the binding of a coactivator present only in mitotic
cells. Alternatively, USP44 might be activated through phosphoryla-
tion by mitotic cyclin-dependent kinases or spindle checkpoint
kinases. This would be an attractive possibility because it would allow
for USP44 activity to be maximal during checkpoint arrest and then
be rapidly inactivated once the checkpoint signal has been terminated.
The inactivation of USP44, perhaps through dephosphorylation and
subsequent degradation, coupled with a simultaneous increase in
APC-mediated Cdc20 multi-ubiquitination promoted by UbcH10
and p31°™, would trigger feed-forward activation of APC®%*°
and rapid progression into anaphase (Supplementary Fig. 9).

A cell-cycle transition is a unidirectional change of state in which
a cell that was performing one set of processes shifts its activity to
perform a different set of processes. Inherent properties of these
transitions are coordinated antagonistic circuits of positive and nega-
tive feedback loops that operate as a switch®**. A well known
example of this is the G2 to M transition in which the antagonistic
functions of the activating Cdc25 phosphatase and the inhibitory
Weel kinase regulate Cdkl (ref. 25). Similarly, exit from mitosis in
budding yeast is controlled by the opposing activities of the Cdkl
kinase and Cdc14 phosphatase®. No such switch mechanism has been
described for the metaphase to anaphase transition, which is controlled
by ubiquitination. On the basis of the results of our work and that of
ref. 16, we propose that anaphase entry is controlled by a dynamic
balance of ubiquitination and deubiquitination, which contributes to
the switch-like transition from the checkpoint-inhibited to the active
APC state. In this model, p31/UbcH10-stimulated ubiquitination func-
tions analogously to dephosphorylation by Cdc25. Deubiquitination by
protectins such as USP44 has a function that is analogous to phosphor-
ylation by Weel, and APC“*?° is analogous to Cdk1 (Fig. 5g). These
studies illustrate the dynamic interaction between ubiquitination and
deubiquitination in controlling key regulatory pathways, and should
serve as a basis for future modelling of the metaphase to anaphase
transition. We speculate that ubiquitination—deubiquitination switches
similar to the one described here might contribute to the generation of
bi-stable, switch-like transitions in other biological pathways.

METHODS

See Supplementary Information for full experimental details, including a de-
tailed description of live cell time-lapse imaging and biochemical analyses.
shRNA screen and hit validation. HeLa cells were seeded in 96-well plates (2,000
cells per well) and co-transfected the following day with shRNA-expressing
pSM2 plasmids (100-150 ng) and 10 ng dsRed-expressing vector using Exgen
500 (Fermentas). After 48 h, 100 nM Taxol was added and cells fixed with 4%
formaldehyde 24h after Taxol treatment. Cells were scored visually on an
inverted microscope (Axiovert 200, Zeiss). The sequences of siRNAs used in this
study are listed in Supplementary Table 3.

Cell synchronization. To isolate USP44-depleted mitotic cells, siRNA-transfected
cells were synchronized at the G1/S transition by a double thymidine block. To
this end, 4h after siRNA transfection, cells were treated with thymidine (2.5
mM) for 16 h. After releasing cells for 7h from the first thymidine block, thy-
midine was re-added for an additional 17 h. Cells were released from the second
thymidine block into medium containing 100ngml~" nocodazole to trigger
spindle checkpoint activation. When cells started to enter mitosis (9h after
release), 10 uM M G132 was added to the medium for the last 2 h before collect-
ing mitotic cells by shake-off (see schematic in Supplementary Fig. 6a).
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