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The ubiquitin ligase CRL22YC11 targets cyclin B1 for
degradation in a conserved pathway that facilitates
mitotic slippage

Riju S. Balachandran,™ Cassandra S. Heighington,2* Natalia G. Starostina,' James W. Anderson,' David L. Owen,’
Srividya Vasudevan,' and Edward T. Kipreos'

'Department of Cellular Biology and ?Department of Genetics, University of Georgia, Athens, GA 30602

The anaphase-promoting complex/cyclosome (APC/C) ubiquitin ligase is known to target the degradation of cyclin BT,
which is crucial for mitotic progression in animal cells. In this study, we show that the ubiquitin ligase CRL22G11 redun-
dantly targets the degradation of cyclin B1 in Caenorhabditis elegans and human cells. In C. elegans, both CRL22YG11
and APC/C are required for proper progression through meiotic divisions. In human cells, inactivation of CRL2ZYG11A/8
has minimal effects on mitotic progression when APC/C is active. However, when APC/C is inactivated or cyclin B1 is
overexpressed, CRL22YG11A/B-mediated degradation of cyclin B1 is required for normal progression through metaphase.
Mitotic cells arrested by the spindle assembly checkpoint, which inactivates APC/C, often exit mitosis in a process termed
“mitotic slippage,” which generates tetraploid cells and limits the effectiveness of antimitotic chemotherapy drugs. We
show that ZYG11A/B subunit knockdown, or broad cullin-RING ubiquitin ligase inactivation with the small molecule

MLN4924, inhibits mitotic slippage in human cells, suggesting the potential for antimitotic combination therapy.

Introduction

The primary role of the cell cycle is to generate two daughter
cells during mitosis that possess equivalent genomic DNA. Mi-
tosis in animal cells requires dramatic reorganization of cellular
structure, including the restructuring of the cytoskeleton, the
dissolution of the nuclear envelope, and the breakdown of the
endoplasmic reticulum and Golgi (Lancaster and Baum, 2014;
Jongsma et al., 2015). These cellular reorganizations are ini-
tiated by the kinase heterocomplex of the mitotic cyclin, cy-
clin B1, and Cdk1 (Wieser and Pines, 2015). Cyclin B1-Cdk1
phosphorylates a large number of substrates to initiate mitotic
entry and drive mitotic processes (Errico et al., 2010; Ketten-
bach et al., 2011; Pagliuca et al., 2011). Because the activity
of cyclin B1-Cdk1 maintains the mitotic program, the com-
plex must be inactivated to allow cells to exit mitosis (Murray,
1989; Murray et al., 1989).

The cyclin B1-Cdkl complex is inactivated during
metaphase by the degradation of cyclin B1. The multisubunit
ubiquitin ligase (E3) anaphase-promoting complex/cyclosome
(APC/C) with the activating subunit Cdc20, APC/CC420, initi-
ates cyclin B1 degradation after chromosome congression to the
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metaphase plate (Pines, 2006). Before metaphase, APC/C®4c20
is inactivated by the spindle assembly checkpoint (SAC), which
prevents the missegregation of chromosomes by ensuring
proper chromosome—spindle connections in metaphase (Mu-
sacchio, 2015). The SAC inhibits APC/C¥20 through the cre-
ation of the metaphase checkpoint complex (MCC) that binds
and inhibits APC/C®20, The MCC is created at kinetochores
that are not bound by microtubules or that lack microtubule-in-
duced tension. Once all kinetochores are bound to microtubules
with tension, the MCC is no longer created, and the Cdc20
component of MCC that is bound to APC/C®4 is degraded by
autoubiquitylation, initiating the dissociation of the inhibitory
complex (Reddy et al., 2007).

At the metaphase-to-anaphase transition, APC420 targets
the ubiquitin-mediated degradation of Securin (Ciosk et al.,
1998; Zou et al., 1999). Securin is an inhibitor of the cysteine
protease Separase, which cleaves the SCC1 subunit of the co-
hesin complex that holds sister chromatids together (Uhlmann
et al., 1999; Hauf et al., 2001). The degradation of Securin re-
leases Separase that then cleaves cohesin to allow the separa-
tion of sister chromatids in response to pulling forces generated
by the mitotic spindle.

© 2016 Balachandran et al. This article is distributed under the terms of an Attribution-
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms). After six months it is available under a
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Studies in budding yeast indicated that the degradation
of mitotic cyclins did not affect the metaphase-to-anaphase
transition, but was only important for mitotic exit (Surana et
al., 1993). In Xenopus laevis cycling extracts, the addition of
a nondegradable form of cyclin B1 was initially found not to
affect the timing of the metaphase-to-anaphase transition, but
instead caused an arrest in telophase (Holloway et al., 1993).
However, a later study showed that adding increased levels of
nondegradable cyclin B1 to Xenopus extract induced a meta-
phase arrest that was caused by the continued inhibition of
Separase despite the degradation of Securin (Stemmann et
al., 2001). The inactivation of Separase was associated with
its phosphorylation by the nondegradable cyclin B1-Cdkl1. In
mammalian cells, the expression of a nondegradable cyclin
B1, at levels only 20-30% of the endogenous cyclin B1, led
to metaphase arrest, providing further evidence that cyclin B1
must be degraded to allow the metaphase-to-anaphase transi-
tion (Chang et al., 2003).

Surprisingly, Securin is not essential for viability or
fertility in mice (Mei et al., 2001). The phosphorylation
of Separase by cyclin B1-Cdkl is more critical, as mu-
tating the Cdk1 phosphorylation site in just one Separase
allele in mice results in infertility and early embryonic
lethality caused by premature sister chromatid separation
(Huang et al., 2008, 2009). The inhibition of Separase by
cyclin B1-Cdkl was initially attributed to “inhibitory”
phosphorylation of Separase. However, the phosphoryla-
tion of Separase by cyclin B1-Cdkl was found to be in-
sufficient for the inactivation of Separase in mammalian
cells (Gorr et al., 2005). Rather, cyclin B1-Cdkl binds
and directly inhibits phosphorylated Separase, and this is
sufficient to fully inhibit Separase even in the absence of
Securin (Gorr et al., 2005; Huang et al., 2005). The deg-
radation of mammalian cyclin B1 is therefore essential for
Separase activation, which allows the separation of sister
chromatids in anaphase.

Mitotic slippage occurs when cells, which are arrested
in mitosis in response to continuous activation of the SAC,
exit mitosis as undivided tetraploid cells. Mitotic slippage is a
major factor in limiting the effectiveness of widely used anti-
microtubule chemotherapy drugs that arrest cells in mitosis by
blocking the formation or function of the mitotic spindle (Field
et al., 2014). Mitotic slippage not only circumvents the mitotic
arrest induced by these drugs, but can also contribute to the gen-
esis of new cancer cells by inducing tetraploidy (Ganem et al.,
2007). Mechanistically, mitotic slippage has been linked to the
continued degradation of cyclin B1 in the presence of an active
checkpoint (Brito and Rieder, 2006).

In this study, we show that the ubiquitin ligase CRL2%Y6-1!
degrades cyclin B1 in a conserved pathway that functions paral-
lel to APC/C in both Caenorhabditis elegans and human cells.
Cullin—RING ubiquitin ligases (CRLs) are multisubunit E3s
that include a cullin scaffold and variable substrate receptors
(Lydeard et al., 2013). The CRL2%YS!! complex is comprised
of the cullin CUL2, the RING finger protein Rbx1/Rocl, the
adaptor subunit Elongin C, and the substrate receptor ZYG-
11 in C. elegans or its orthologues ZYGI11A and ZYGI11B
in humans. In human cells, the CRL2%Y61AB.mediated deg-
radation of cyclin Bl facilitates mitotic slippage in cells in
which APC/C is inactive.
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Results

C. elegans CRL2%YG-11 gargets cyclin B1 for
ubiquitin-mediated degradation

C. elegans ZYG-11 is required for multiple functions in the
early embryo, including the separation of sister chromatids
during the second meiotic division, the establishment of ante-
rior—posterior polarity, and mitotic chromosome condensation
(Liu et al., 2004; Sonneville and Gonczy, 2004; Vasudevan et
al., 2007). In an effort to understand how ZYG-11 contributes
to these processes, we performed a screen for suppressors of a
temperature-sensitive (ts) zyg-11(ax491ts) allele (see Materials
and methods). One of the suppressor strains that we isolated,
zyg-11(ts); ekl4, displayed significant suppression, with 57.2%
of zyg-11(ts); ek14 embryos hatching at 25°C (n = 600) versus
0.8% for zyg-11(ts) embryos (n = 745). Single nucleotide poly-
morphism (SNP) mapping indicated that the ek/4 strain was a
compound suppressor, with alleles contributing to the suppres-
sion on chromosomes III, IV, V, and X.

We mapped the suppressor on chromosome IV to a region
between genetic map positions +1 to +5.9. Whole-genome
sequencing indicated that this region contained a homozy-
gous mutation in the mitotic cyclin cyb-2.1 that changed the
CYB-2.1 amino acid residue 120 from a glutamic acid (E) to
a lysine (K). E120 is conserved as either a negatively charged
glutamic acid or aspartic acid (D) in all mitotic B cyclins
and S phase A cyclins in C. elegans and humans, suggesting
a structural or functional requirement for a negative charge
at position 120 (unpublished data). RNAi inactivates both
cyb-2.1 and its close paralogue cyb-2.2 rescued zyg-11(ts)
lethality at the semipermissive temperature of 20°C, indicat-
ing that loss of CYB-2.1/2.2 activity suppresses zyg-11 loss
of function (Fig. 1 A).

zyg-11(ts) mutants are defective for polar body extrusion
during meiosis II (Table S1). RNAIi depletion of cyb-2.1/2.2
partially rescues the extrusion of the second polar body in
zyg-11(ts) mutants at the nonpermissive temperature of 25°C
(Table S1). However, cyb-2.1/2.2 RNAI failed to rescue two
other observable zyg-// mutant phenotypes (Vasudevan et al.,
2007): severe cortical membrane ruffling at the two-cell stage
and granule-free cytoplasmic zones in the zygote (Table S1).
The rescue of only a subset of zyg-// mutant phenotypes is con-
sistent with the expectation that CRL2%Y¢-!! regulates multiple
substrates and pathways.

There are four cyclin B genes in C. elegans: cyb-1, the
orthologue of human cyclin B1; cyb-3, the orthologue of human
cyclin B3; and two cyclin B2 paralogues, cyb-2.1 and cyb-2.2,
that are closely related to each other (91% aa identity) and are
most closely related to cyclin B1 in humans. We observed that
both cyb-1 RNAI and cyb-2.1/2.2 RNAi were able to suppress
zyg-11(ts) lethality to similar levels (Fig. 1 A). This suggests
that an overall decrease in mitotic cyclin B activity can sup-
press the zyg-I1 mutant phenotype. cyb-3 RNAI increased
zyg-11(ts) embryonic lethality, which can be attributed to the
loss of cyb-3’s essential role in meiosis II (van der Voet et al.,
2009; Deyter et al., 2010).

CUL-2 and ZYG-11 are required for CYB-1 and CYB-3
degradation during the meiotic divisions immediately after fer-
tilization (Liu et al., 2004; Sonneville and Gonczy, 2004). It was
unclear whether CRL2%YG-!! directly targeted the degradation of
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Figure 1. C. elegansCYB-1 is a direct substrate of the CRL22Y6"1! complex. (A) Egg hatching percentage + SEM for zyg-11(ts) at the semipermissive tem-
perature of 20°C with the listed RNAJ treatments; from at least three independent counts, with the total number of embryos analyzed (from left to right): 667,
1,163, 448, and 222, respectively. (B) ZYG-11 negatively regulates CYB-1 levels in a proteasome-dependent manner. VSV-G-CYB-1 was coexpressed
with FLAG-ZYG-11 or control FLAG-CYE-1 in HEK293T cells treated with human ZYG11A/B siRNA. Cells were treated for 8 h with nocodazole and
(where indicated) the proteasome inhibitor MG 132 for the last 4 h. Western blots of whole cell lysate were probed with the indicated antibodies. The
relative VSV-G-CYB-1 to actin ratio is given below the top blot. Similar results were obtained in six independent experiments with varied cell treatments
(+ ZYG11A/B knockdown, + nocodazole, and + nocodazole and proTAME). (C) ZYG-11 and CYB-1 physically interact. VSV-G-CYB-1 was coexpressed
in HEK293T cells with either FLAG-ZYG-11 or FLAG-CUL-4 in the presence of the proteasome inhibitor LLnL. Anti-FLAG antibody was used for IP, with
analysis by Western blot (fop two panels). Similar results were obtained in two independent experiments. (D) Endogenous ZYG-11 physically interacts with
GFP::CYB-1 in C. elegans. Wild-type and animals expressing CYB-1::GFP were grown * cul-2 RNAi. GFP::CYB-1 was immunoprecipitated and analyzed
by Western blot (top two panels). (E) ZYG-11 physically interacts with the CBOX1 domain of CYB-1. FLAG-ZYG-11 was coexpressed with VSV-G-tagged
CYB-1 truncations, NTER, CBOX1, or CBOX2 in HEK293T cells in the presence of MG132. FLAG-ZYG-11 was immunoprecipitated and analyzed by
Western blot (fop two panels). A diagram of the fulllength and truncated CYB-1 proteins is shown at bottom. The asterisk marks the location of the resi-
due homologous to the cyb-2.1 E120K zyg-11 mutant suppressor allele. (F) CBOX1 of CYB-1 is degraded during meiosis in the C. elegans embryo in a
ZYG-11-dependent manner. Bar graph showing the levels + SEM of GFP::CYB-1 truncations in two-cell stage embryos relative to the level in meiosis I-stage
embryos (set to 100) in the RNAJ treatments listed; from left to right, n = 5, 4, 12, 4, and 7, respectively. P-values are calculated for GFP levels in two-cell
stage embryos versus the corresponding meiotic embryos. For all figures, asterisks above bars represent p-values relative to the control sample; asterisks
above lines denote comparisons under the lines. ns, not significant; *, P < 0.05; **, P < 0.01.
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CYB-1 or if it facilitated other E3 degradation pathways, most
pertinently APC/C, which also is required for the degradation of
CYB-1 in the early embryo (Liu et al., 2004).

Previously, we observed that zyg-11 RNAI stabilized the
level of GFP::CYB-1 to a greater extent than RNAi of mat-3 (the
APC8/Cdc23 orthologue; Liuetal.,2004). If ZYG-11 and APC/C
work in separate pathways, then inactivating both components
would be expected to further stabilize GFP::CYB-1. Consistent
with this, mat-3 RNAI increased the level and stabilization of
GFP::CYB-1 in zyg-11(ts) mutants (Fig. S1).

We have previously shown that when C. elegans CRL2
substrate receptors are expressed in human HEK293T cells, they
form active CRL2 complexes (Starostina et al., 2007). We tested
if the coexpression of ZYG-11 with CYB-1 in mammalian cells
would negatively regulate CYB-1 levels and whether this reg-
ulation could be abrogated by a proteasome inhibitor. Because
proteasome inhibitors arrest cells in mitosis (Giménez-Abian et
al., 2005), we incubated all cells in nocodazole to ensure that an
equivalent percentage of cells would be in mitosis irrespective
of whether proteasome inhibitor was added. To avoid issues of
redundancy, we also treated the cells with siRNA for the human
ZYG-11 orthologues. We observed that coexpression of FLAG-
tagged ZYG-11 with glycoprotein of vesicular stomatitis virus
(VSV-G)—tagged CYB-1 in HEK293T cells resulted in an
~50% decrease in the level of VSV-G-CYB-1 (Fig. 1 B). The
decrease in VSV-G-CYB-1 levels was abrogated by incubation
with proteasome inhibitor, suggesting that ZYG-11 negatively
regulates CYB-1 levels in a proteasome-dependent manner.

If CRL27Y6-!! directly targets CYB-1 for degradation,
then we would expect the two proteins to physically inter-
act. We performed coimmunoprecipitation experiments with
FLAG-ZYG-11 and VSV-G-CYB-1 expressed in HEK293T
cells. In the presence of proteasome inhibitor, FLAG-ZYG-11
physically interacted with VSV-G-CYB-1 (Fig. 1 C).

To determine if ZYG-11 physically interacts with
CYB-1 in C. elegans, we performed immunoprecipitation
(IP) experiments in animals treated with cul-2 RNAI. Inacti-
vating cul-2 stabilizes the endogenous ZYG-11 protein, pre-
sumably by preventing its autoubiquitylation (Sonneville and
Gonczy, 2004). Depletion of CUL-2 would also be expected
to stabilize the interaction of ZYG-11 with substrates by pre-
venting their ubiquitin-mediated degradation. We observed
that upon cul-2 RNAI, endogenous ZYG-11 coprecipitated
with GFP::CYB-1 (Fig. 1 D).

To map the region of CYB-1 that is required for phys-
ical association with ZYG-11, we used CYB-1 truncations.
Cyclins have three structural domains: the N terminus, which
contains the D-box degron; cyclin box (CBOX) 1, which binds
Cdk1; and CBOX2 (Petri et al., 2007). Through coimmunopre-
cipitation studies in HEK293T cells, we observed that FLAG—
ZYG-11 interacts with the CBOX1 domain, but not with the
N-terminus or CBOX2 (Fig. 1 E).

To analyze the stability of the three regions of CYB-1
during C. elegans meiosis, we expressed the N terminus,
CBOXI, and CBOX2 fused to GFP using the pie-I promoter to
drive expression in the germline. We observed that the levels of
CBOX1 decreased significantly during meiosis, whereas the N
terminus and CBOX2 truncations were stable, suggesting that
CBOXI1 contains a degron (Fig. 1 F). The instability of CBOX1
during meiosis depended on the presence of ZYG-11, as zyg-11
RNAI stabilized the CBOX1 truncation (Fig. 1 F). CBOX1 was
also stabilized to a lesser extent by mat-3 RNAIi (Fig. 1 F). The
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finding that mat-3 RNAI also stabilized the CBOX1 truncation
could reflect a conservation of the interaction between mamma-
lian APC/C and cyclin B1-Cdk1. In mammalian cells, APC/C
physically associates with cyclin B1 predominantly via APC/C
binding Cks1, which binds Cdkl that is bound to the CBOX1
domain of cyclin B1 (van Zon et al., 2010).

CRL2%2YG1".mediated degradation of cyclin
B1 is conserved in human cells

To determine if the CRL2%Y6-1! pathway for cyclin B1 degra-
dation is conserved in humans, we tested for the interaction
of human ZYG11B with cyclin B1. We observed that FLAG-
tagged ZYGI1B coimmunoprecipitated with endogenous
cyclin B1 in HEK293T cells, indicating physical interaction
(Fig. 2 A). The CRL2FLAGZYGIE complex was able to ubiqui-
tylate cyclin B1 in vitro, suggesting that cyclin B1 is a direct
ubiquitylation target (Fig. 2 B).

To study the endogenous ZYG11A and ZYG11B proteins,
we produced antibodies against a C-terminal ZYG11B peptide
and an N-terminal ZYG11A peptide in chickens. After affinity
purification, the antibodies specifically recognized the corre-
sponding overexpressed FLAG-ZYGI11A or FLAG-ZYG11B
proteins in HEK293T whole cell lysates (Fig. 2 C). The two an-
tibodies could not be used to detect endogenous ZYG11A and
ZYG11B proteins in Western blots of whole cell lysate because
of an excessive detection of nonspecific bands (unpublished
data). However, if the antibodies were first used for IP followed
by Western blotting, the endogenous ZYG11A and ZYGI11B
proteins could be detected (confirmed by siRNA knockdown as
shown in Fig. 3 B; Fig. 2 D).

We observed that IP of endogenous cyclin B1 from HeLa
cells and HEK293T cells treated with the proteasome inhibi-
tor MG132 coprecipitated substantially more endogenous
ZYGI11B than a control IP with an equivalent amount of anti—
VSV-G epitope antibody, suggesting that the two endogenous
proteins physically associate in vivo (Fig. 2 E).

To assess the function of the human ZYG-11 orthologues,
siRNA was used to knockdown ZYG11A and ZYG11B. We
tested the efficiency of siRNA knockdown on transiently ex-
pressed FLAG-ZYG11A and FLAG-ZYGI11B proteins in
U20S cells and found that the respective single (ZYG11A or
ZYG11B) or double (ZYG11A/B) knockdowns were effective
(Fig. 3 A). For endogenous ZYG11B protein, we observed ef-
fective knockdown with both ZYG11B and ZYG11A/B siRNAs
and no appreciable effect from ZYG11A siRNA (Fig. 3 B). For
endogenous ZYGI11A protein, both ZYG11A and ZYG11A/B
siRNA produced substantial knockdowns; however, ZYG11B
siRNA also produced a substantial knockdown (Fig. 3 B). It is
unknown whether the latter effect is caused by cross-regulation
or direct targeting by siRNA.

To determine if human ZYGI11A and ZYG11B contribute
to the degradation of cyclin B1 independently of APC/C in mi-
tosis, the level of cyclin B1 was analyzed in U20S cells treated
with siRNA for ZYG11A, ZYG11B, both ZYG11A and -B, or
control siRNA for GFP. The cells were arrested in G, phase
using the Cdk inhibitor RO-3306 (Vassilev et al., 2006). Cells
were released from the G, arrest and allowed to progress into
mitosis in the presence or absence of the APC/C inhibitor pro-
TAME (Zeng et al., 2010). Endogenous cyclin B1 levels were
analyzed by immunofluorescence with anti—cyclin B1 antibody.
In the absence of proTAME, endogenous cyclin B1 levels were
not significantly different in prometaphase and metaphase with
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Figure 2. Human CRL2761A/8 physically interacts with cyclin B1. (A) IP of endogenous cyclin B1 coprecipitates FLAG-ZYG11B in HEK293T cells treated
with MG132. Left panels are for cyclin B1 IP and right panels are whole cell lysate. Similar results were obtained in two independent experiments. (B) In
vitro ubiquitylation of cyclin B1 by the CRL27Y61"® complex. T7-tagged cyclin B1 and FLAG-ZYG11B were coexpressed in HEK293T cells in the presence
of MG132. The CRL2261® complex was immunoprecipitated with anti-FLAG antibody (1st IP). The immunocomplex (with associated T7—cyclin B1) was
used in an in vitro ubiquitylation reaction with HAtagged ubiquitin (Ub). T7—cyclin B1 was subsequently immunoprecipitated in the presence of 0.1% SDS
(2nd IP), followed by immunoblotting for HA-ubiquitin and T7-cyclin B1. Similar results were obtained in two independent experiments. (C) Western blot
showing specificity of anti-ZYG11A and anti-ZYG11B antibodies on whole cell lysate from HEK293T cells overexpressing FLAG-CDT2, FLAG-ZYG11A,
or FLAG-ZYG11B. Similar results were obtained in three independent experiments. (D) IP/Western blot with control, anti-ZYG11A, and anti-ZYG11B anti-
bodies in U20S cells. Gels were cut above the chicken IgY antibody heavy chain band. Similar results were obtained in two independent experiments.
(E) IP of endogenous cyclin B1 coprecipitates endogenous ZYG11B in Hela and HEK293T cells treated with MG132. Control (anti-VSV-G) and anti-cyclin
B1 IPs were performed from the same initial cell lysate. Similar results were obtained in three to four independent experiments.

ZYGI11A, -B, or -A/B siRNA treatments compared with control
GFP siRNA (unpublished data). For all siRNA treatments, en-
dogenous cyclin B1 levels decreased at metaphase, and cells in
anaphase lacked detectable cyclin B1 signal (unpublished data),
consistent with previous observations (Pines and Hunter, 1991).
This suggests that knockdown of ZYG11A and -B alone does
not block cyclin B1 degradation during mitosis. In the presence
of proTAME, the U20S cells arrested in metaphase, as previ-
ously reported (Zeng et al., 2010). In the proTAME-arrested
cells, knockdown of ZYG11A and/or -B significantly increased
the levels of endogenous cyclin B1 (Fig. 3, C and D). At 2 h
after G, release, cyclin B1 levels were significantly higher in
ZYGI11A, ZYGI11B, and ZYG11A/B knockdown cells com-
pared with control knockdown cells. In the 2-h arrested meta-
phase cells, cyclin B levels were increased approximately
threefold with ZYG11A or ZYG11B siRNA and approximately

twofold with ZYG11A/B siRNA (Fig. 3 D). In contrast to the
levels in the metaphase-arrested cells, the levels of cyclin B1 in
proTAME-treated cells as they entered prometaphase were only
modestly higher for ZYG11A, ZYG11B, or ZYG11A/B knock-
down cells compared with control knockdown cells (140 + 14,
121 = 10, 125 £ 15, and 100 =+ 18, respectively).

It was reported that during metaphase in HeLa cells,
GFP::cyclin B1 is initially lost from the spindle and chromo-
somes before the degradation of the cytoplasmic pool (Clute
and Pines, 1999). In U20S control knockdown cells released
from RO-3306 in the absence of proTAME, we did not ob-
serve differential loss of endogenous cyclin B1 but instead ob-
served a coordinate decrease from chromosomes, the spindle,
and cytoplasm (unpublished data). However, in control knock-
down cells that were treated with proTAME and arrested in
metaphase, we observed that chromosome-associated cyclin
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B1 levels were significantly lower relative to the surrounding
cytoplasm of the spindle midzone, suggesting that cyclin Bl
was preferentially depleted from the chromosomes (Fig. 3 C).
The relative reduction of chromosome-localized cyclin B1 was
abolished by ZYG11A, ZYG11B, and ZYG11A/B knockdowns
with proTAME treatment, which had significantly higher chro-
mosome-to-spindle and chromosome-to-cytoplasm ratios for
cyclin B1 (Fig. 3, C, E, and F; and Fig. S3 A). In contrast, the
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spindle-to-cytoplasm ratio for cyclin B1 was not significantly
different between ZYG11A/B and control knockdowns (Fig. S3
B). This suggests that although CRL2%2YG!AB pegatively regu-
lates the overall level of cyclin B1 in cells in which APC/C is
inhibited, it has a larger effect on chromosome-localized cyclin
B1. Overall, these results suggest that human ZYGI1A and
ZYG11B contribute to the degradation of cyclin B1 during mi-
tosis in a pathway that is independent of APC/C.
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results are representative of five independent experiments.

The subcellular localization of FLAG-ZYGI11B is pre-
dominantly cytoplasmic during interphase and mitosis with
notably less staining of interphase nuclei or condensed mi-
totic chromosomes (Fig. S2).

CRL22%YG11B hinds cyclin B1

independently of Cdk1

The physical interaction of cyclin B1 with APC/C in human
cells occurs largely through cyclin B1’s interaction with Cdk1
(van Zon et al., 2010). We sought to determine if ZYG11B
binding to cyclin B1 was similarly dependent on its interaction
with Cdkl. ZYGI11B was coexpressed with wild-type Venus—
cyclin B1 or Venus—cyclin B1 with a mutation (R202A) that
disrupts Cdk1 binding or a double mutation of R202A with
a mutation (R42A) in the D-box that disrupts the binding of
the APC/C-activating subunit Cdc20 (van Zon et al., 2010).
We observed that ZYG11B bound to R202A as well as R42A,

R202A-mutated Venus—cyclin B1 proteins (Fig. 4 A). This sug-
gests that ZYG11B can bind cyclin B1 that is not associated
with Cdkl. The results imply that the binding is independent
of APC/C, which interacts with cyclin B1 through the D-box
and via interaction with Cks1-Cdkl. Cdkl IP coprecipitates
HA-ZYG11B, suggesting that ZYG11B can physically as-
sociate with the cyclin B1-Cdkl complex in cells (Fig. 4 B).
Truncations of cyclin B1 show that, as in C. elegans, ZYG11B
interacts with the CBOX1 region of cyclin B1, with additional
interaction observed with CBOX2 (Fig. 4 C).

CRL22%2YG11AB jg pequired for mitotic

progression when cyclin B1 is overexpressed
The degradation of cyclin Bl is required for the metaphase-
to-anaphase transition of mitosis. To determine whether
ZYG11A/B is important for mitotic progression, we made
time-lapse videos of U20S cells after ZYG11A, ZYGI11B,
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and ZYG11A/B knockdowns. We observed that the overall mi-
totic timing was not significantly different between the control
GFP siRNA- and ZYG11 siRNA-treated cells (Fig. 5, A and
B). When analyzing individual stages of mitosis, we observed
a modest, but statistically significant, increase in telophase tim-
ing with ZYG11A or ZYG11B knockdowns relative to control
knockdown (increasing from 24.5 + 0.9 min to 33.1 + 2.2 and
33.1 £ 1.5 min, respectively; Fig. 5 B). These results suggest
that although ZYG11A and -B have a modest role in telophase
timing, they are otherwise not essential for mitotic progression
in U20S cells under normal conditions.

To follow cyclin B1 degradation as cells progress through
mitosis, we created stable U20S cell lines expressing Venus—
cyclin Bl and analyzed mitotic timing with ZYGI11A/B
knockdown. We observed that knockdown of ZYGI11A/B
significantly extended total mitotic timing relative to control
knockdown in cells expressing Venus—cyclin B1 because of an
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extensive increase in the length of metaphase (Fig. 5, C and D).
The rate of Venus—cyclin B1 degradation is substantially slower
in ZYG11A/B knockdown cells compared with control knock-
down cells (Fig. 5 E). These results suggest that ZYG11A/B
becomes essential for normal mitotic progression when the
level of cyclin BI1 is elevated. The overall level of Venus—
cyclin B1 for the population of cells was a mean of 46 + 21% of
the endogenous level, as determined by Western blotting with
anti—cyclin B1 antibody, although the level of Venus—cyclin B1
varied significantly between cells (unpublished data).

CRL22ZYG11A/B gcts redundantly with APC/C
to promote mitotic progression

We next asked how important ZYG11A and ZYG11B are for
mitotic progression when APC/C is inhibited with proTAME.
Although treatment with proTAME has been shown to gener-
ate extensive mitotic arrest and cell death in other cell lines,
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the reported phenotype of proTAME treatment in U20S cells
is less severe (Sackton et al., 2014). We observed that 12 uM
proTAME treatment increased the total time in mitosis for U20S
control knockdown cells from 59 + 1.3 to 130 + 12 min, with
a significant increase in the time cells spent in metaphase (16
+ 0.7 to 84 + 12 min, a 5.25-fold increase; Fig. 6 A). This in-
crease in mitotic timing with 12 uM proTAME is comparable to
that reported previously for U20S cells (Sackton et al., 2014).
Significantly, combining proTAME with ZYG11A/B knock-
down extended total mitotic timing to 517 + 105 min, with the
majority of the increase occurring in metaphase, which was ex-
tended to 455 + 105 min (Fig. 6 A and Videos 1, 2, 3, and 4).
Therefore, combining ZYG11A/B knockdown with proTAME
increased metaphase timing 5.4-fold relative to control knock-
down with proTAME. Although telophase timing was not sig-
nificantly different in proTAME-treated control knockdown
cells (24.8 + 1.8 min) relative to untreated control knockdown
cells (24.5 = 0.9 min), we observed a 1.8-fold increase in telo-
phase length in proTAME-treated ZYG11A/B knockdown cells
(44.3 = 13.7 min). Other stages of mitosis were not significantly
different between the ZYG11A/B and control knockdowns with
proTAME. 32% (8 of 25) of the ZYG11A/B knockdown plus pro-
TAME cells underwent cell death during mitosis. These results

imply that when APC/C activity is inhibited, CRL27YCG!AB pe-
comes critical for progression through metaphase.

If the mitotic arrest upon inactivating CRL22YG!AB and
APC/C is a result of the perdurance of cyclin B1-Cdkl1 activ-
ity, then inactivating Cdk1 should allow cells to exit mitosis. To
test this, we added the Cdk inhibitor RO-3306 to U20S cells
arrested at metaphase with proTAME and ZYG11A/B siRNA
treatment. We observed that the arrested cells exited mitosis
shortly after adding the Cdk inhibitor, 23.5 + 6.3 min after addi-
tion (Fig. 6 B). This suggests that the mitotic arrest that occurs
upon inactivating APC/C and ZYG11A/B arises from the in-
ability to inactivate cyclin B1-Cdkl1.

We wanted to determine if the role of ZYGI1A/B in
promoting mitosis when APC/C is inhibited extended to non-
cancerous cells. We analyzed the effect of proTAME with or
without ZYG11A/B knockdown in the human diploid embry-
onic lung fibroblast cell line IMRY0-hTERT (Ouellette et al.,
1999). The mitotic timing was increased 1.7-fold when control
knockdown cells were treated with proTAME. Compared with
control siRNA plus proTAME, ZYG11A/B siRNA plus pro-
TAME increased total mitotic timing and metaphase arrest by
2.4- and 3.7-fold, respectively (127 = 8.2 vs. 304 + 89 and 63 +
4.1 vs. 234 + 92, respectively; Fig. 6 C).
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CRL22%2YG11A/B mediates mitotic slippage in
mammalian cells

Mitotic slippage occurs when cells that are arrested in mitosis
because of activation of the SAC exit from mitosis without cell
division. It has been shown that mitotic slippage arises from the
continued degradation of cyclin B1 despite an active SAC that
inhibits APC/C (Brito and Rieder, 2006). The observation that
ZYG11A/B contributes to cyclin B1 degradation when APC/C
activity is inhibited suggested the possibility that ZYG11A/B
facilitates mitotic slippage.

To determine if ZYG11A/B contributes to mitotic slip-
page, we analyzed the effect of ZYG11A/B knockdown on the
rate of mitotic slippage in nocodazole-arrested cells. The micro-
tubule-depolymerizing drug nocodazole blocks the formation
of the mitotic spindle, resulting in the activation of the SAC. We
observed that 69.7% of U20S cells treated with control siRNA
and nocodazole slipped out of mitosis. In contrast, only 21% of
cells treated with ZYG11A/B siRNA and nocodazole slipped
out of mitosis, indicating that ZYG11A/B acts to promote mi-
totic slippage (Fig. 7 A and Fig. S4 A). It has been suggested that
mitotic slippage is promoted by residual APC/C activity (Lee
et al., 2010), however, the addition of proTAME to the noco-
dazole-treated control siRNA produced only a modest (nonsig-
nificant) reduction in mitotic slippage (Fig. 7 A and Fig. S4 A).

As an alternative method to inactivate CRL2%YCGUAB  we
tested the effect of the small-molecule inhibitor MLN4924.
MLN4924 inhibits the Nedd8-activating enzyme, which leads to
the inhibition of a broad range of CRL complexes (Soucy et al.,
2009). Treatment with MLN4924 would be expected to inhibit
CRL2%YGIAB glong with other CRL complexes. MLN4924 treat-
ment alone did not have an appreciable effect on mitotic progres-
sion in U20S cells, with a mean overall mitotic timing of 59.4 +
2.2 min (n = 39 cells from three independent experiments), which
was similar to control and ZYG11A/B treatments. However, when
MILN4924 treatment was combined with nocodazole treatment,
the block on mitotic slippage was complete, and all of the mitoti-
cally arrested cells underwent cell death (Fig. 7 A and Fig. S4 A).

To determine if ZYG11A/B promotes mitotic slippage
in normal cells, we analyzed IMRO0-hTERT cells. We ob-
served that the percentage of cells that undergo mitotic slip-
page in nocodazole-treated IMR90-hTERT cells also decreased
significantly upon ZYG11A/B knockdown (24% slippage for
ZYGI11A/B knockdown vs. 44% slippage for control knock-
down; Fig. 7 B and Fig. S4 B).
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Discussion

In this work, we show that the CRL2%YS-1! ubiquitin ligase com-
plex targets cyclin B1 for degradation in a pathway that is con-
served in C. elegans and humans. In C. elegans, CRL2%2YG-11
functions redundantly with APC/C to target the degradation of
maternally provided CYB-1 during the meiotic divisions. The
failure to degrade CYB-1 in zyg-// mutants contributes to the
meiosis II mutant phenotype observed in zyg-// mutants, as
broadly lowering CYB-1 levels with RNAi against cyb-1 or cyb-
2.1/2.2 can suppress the zyg-/1 mutant phenotype. In human
cells, the two ZYG-11 orthologues ZYG11A and ZYGI11B
negatively regulate cyclin B1 redundantly with APC/C. CRL-
22YGHAB functions independently of APC/C, as ZYGI11A/B
negatively regulates cyclin B1 levels when APC/C is inactivated,
and ZYG11B binds to cyclin B1 through a Cdkl-independent
mechanism that is distinct from APC/C binding to cyclin B1.

Inactivating ZYG11A/B does not significantly alter the
timing of mitosis in otherwise unperturbed U20S cells. How-
ever, inactivating ZYG11A/B in U20S cells that overexpress
Venus—cyclin B1 or that lack active APC/C results in severe
delays in the metaphase-to-anaphase transition or cell death.
ZYG11A/B also functions redundantly with APC/C to promote
the metaphase-to-anaphase transition in noncancerous IMR90-
hTERT cells. Our work suggests that the role of CRL27YG!1A/B
in degrading cyclin B1 becomes essential if cyclin B1 levels are
elevated or if APC/C activity is impaired.

It has been shown in HeLa cells that GFP—cyclin B1 is
initially removed from chromosomes and the spindle at the
beginning of metaphase (Clute and Pines, 1999). We observed
that U20S cells arrested in metaphase with the APC/C inhibitor
proTAME exhibited a differential loss of cyclin B1 on chromo-
somes, but not on the spindle. Knocking down ZYG11A/B in
these cells restored the levels of chromosome-associated cyclin
B1, suggesting that chromosome-localized cyclin B1 is particu-
larly susceptible to negative regulation by CRL2%YG!AB,

Relatively few E3s have been shown to target cyclin B1
independently of APC/C. In human cells, the ubiquitin ligase
BRCATI ubiquitylates cyclin B1 in response to DNA damage
to enhance the G,/M checkpoint in response to DNA damage
(Shabbeer et al., 2013). In C. elegans, the HECT E3 ETC-1 de-
grades cytoplasmic GFP::cyclin B1 during meiosis redundantly
with APC/C and CRL2%Y6-!! (Wang et al., 2013). However, un-
like APC/C and CRL2%YG-!1 inactivation of ETC-1 has no effect



on viability in a wild-type background (Liu et al., 2004; Sonne-
ville and Génczy, 2004; Wang et al., 2013).

A significant percentage of cells that are arrested by con-
stitutively active SAC undergo mitotic slippage (Salmela and
Kallio, 2013). Mitotic slippage occurs in response to the prote-
asome-dependent degradation of cyclin B1 (Brito and Rieder,
2006). Mitotic slippage has been attributed to the continued ac-
tivity of APC/C in nocodazole-treated human cells (HTC116,
U208, and A549), based on the levels of known APC/C sub-
strates falling over time (Lee et al., 2010). Inactivation of the
APC/C-activating subunits Cdhl and Cdc20 restored the levels
of several APC/C substrates in these cells; however, a signif-
icant reduction in cyclin B1 levels was still observed (Lee et
al., 2010). In human RPE] retinal epithelium cells, cyclin Bl
degradation occurs despite continued activity of the SAC and
the failure to activate APC/C! which normally becomes ac-
tive at anaphase (Brito and Rieder, 2006). This suggests that an
E3 other than APC/C contributes to cyclin Bl degradation to
promote mitotic slippage.

We found that knockdown of ZYG11A/B significantly
decreases the percentage of mitotic slippage in the presence of
the microtubule-destabilizing drug nocodazole for both U20S
cancer cells and noncancerous IMR90-hTERT cells. It does not
appear that residual APC/C is driving the mitotic slippage, as
the addition of proTAME to nocodazole-treated cells did not
significantly decrease the number of U20S cells undergoing
mitotic slippage. Inactivation of cyclin B1-Cdk1 with the small
molecule inhibitor RO-3306 allowed ZYG11A/B siRNA plus
proTAME-treated cells to exit mitosis, suggesting that the mi-
totic arrest derives principally from the failure to degrade cyclin
B1. Our results suggest that CRL22YS1AB.mediated degrada-
tion of cyclin B1 facilitates mitotic slippage.

Mitotic slippage leads to the formation of tetraploid cells.
Tetraploidy is often a precursor to aneuploidy and genome in-
stability, as the tetraploid cells contain extra centrosomes that
can produce multipolar spindles in subsequent mitoses that
then leads to the missegregation of chromosomes (King, 2008;
Storchova and Kuffer, 2008). Aneuploidy and genome instabil-
ity are hallmarks of solid tumors, and tetraploidy is correlated
with the initial formation of many tumors (Ganem et al., 2007).
Significantly, the induction of tetraploidy by itself is sufficient
to induce cancer (Ganem et al., 2007; Dewhurst and Swanton,
2015). Mitotic slippage therefore heightens the risk of cancer
by producing tetraploid cells. Drugs that target microtubules are
widely used in chemotherapy (Field et al., 2014).

The classes of anti-microtubule drugs include taxanes,
which include the drug paclitaxel/taxol, and vinca alkaloids,
which include the drugs vincristine and vinblastine (Field et al.,
2014). These drugs inhibit the formation or function of the mi-
totic spindle, thereby activating the SAC. Mitotic cells arrested
by SAC activation often die, but a percentage undergo mitotic
slippage (Ganem et al., 2007). There is emerging evidence that
antimicrotubule drugs kill cancer cells in interphase in addition
to their role in mitosis (Komlodi-Pasztor et al., 2012; Field et
al., 2014). The process of mitotic slippage therefore works at
cross purposes to these drugs in two ways: by limiting cell death
during mitosis and by generating tetraploid cells in normal mi-
totically dividing tissues, which increases the risk of new cancer
formation. The observation that inactivating CRL27YG!A/B pre-
vents mitotic slippage and increases mitotic cell death when the
SAC is activated suggests that ZYG11A and ZYG11B may be
useful drug targets in combination with anti-microtubule drugs.

Concordantly, we found that the combination of the CRL inhib-
itor MLLN4924 with the anti-microtubule drug nocodazole com-
pletely blocked mitotic slippage. This suggests that MLLN4924
and anti-microtubule drugs may provide an effective combina-
tion cancer therapy to improve the efficiency of killing mitotic
cells and reduce the risk of tetraploidy.

Materials and methods

C. elegans strains and alleles

C. elegans strains were cultured as described (Brenner, 1974).
Strains and alleles used were: JH1498, zyg-11(ax491ts); ET168, zyg-
11(ax491ts) unc-4(el20); ET438, zyg-11(ax491ts); ekls2 (pPD3.01b/
cyb-1 [uncll9(+); Ppie-1::GFP::CYB-1::pie-1 3’ UTR]); ETI13,
unc-119(ed3); ekls2; CB4856, Hawaiian C. elegans strain; ET340,
zyvg-11(ax491ts) outcrossed six times into the CB4856 Hawaiian back-
ground; and ET308, zyg-11(ax491ts); ekl4. zyg-11(ts) mutants were
maintained at 15°C; all other strains were maintained at 24°C.

Mutagenesis and identification of the chromosome IV suppressor in
the zyg-11; ek14 strain

The zyg-11(ts) suppressor screen was performed as follows. zyg-
11(ax491ts) hermaphrodites were synchronized by Na-hypochlorite
isolation of eggs followed by L1 larval-stage arrest in M9 buffer with
5 pg/ml cholesterol (Sulston and Hodgkin, 1988). L1-stage larvae
were placed on agar plates with OP50 bacteria and grown to the L4
larval stage at 16°C. The L4 larvae were mutagenized with 0.3—-1 mM
N-ethyl-N-nitrosourea (De Stasio and Dorman, 2001) and grown to
gravid adults. F1 embryos arrested in the L1 stage were isolated from
the mutagenized gravid adults and grown on OP50 bacteria at 16°C
until they were gravid adults. F2 L1 larvae were isolated from F1 gravid
adults, and 25 L1 larvae were placed on 6-cm nematode growth me-
dium plates with OP50 bacteria and incubated at the nonpermissive
temperature of 25°C for 3 wk. Plates in which the animals could repro-
duce and clear the plate of bacteria were considered to have potential
suppressors. 19 suppressors were obtained from 100,000 screened F2
progeny. Each suppressor strain was outcrossed by mating with strain
ET168, zyg-11(ax491ts) unc-4(e120). The unc-4 gene is tightly linked
to the zyg-11 gene, with the two genes separated by only 1.1 genetic
map units. The observation of suppression of Zyg-11 Unc animals indi-
cated that the suppressors were extragenic.

SNP mapping was performed as briefly described in this study.
The suppressor strain (which has a Bristol N2 genetic background)
was crossed with strain ET340, which contains the zyg-11(ax491ts) al-
lele in a Hawaiianized genetic background (crossed six times into the
Hawaiian strain CB4856), and grown at 16°C. 240 F2 progeny were
cloned and grown at the nonpermissive temperature of 25°C to allow
F3 progeny to develop. The plates of F3 progeny were segregated to
identify the 30 most “suppressed” and 30 most “nonsuppressed” plates.
Animals from these plates were pooled and used to isolate DNA for
SNP analysis, generally by digesting the PCR-amplified product with
the restriction enzyme Dral, which would distinguish N2 from the Ha-
waiian strain (Davis et al., 2005). Subsequent SNP analysis was also
performed with DNA from individual clones of suppressed animals to
map recombination endpoints.

Whole-genome sequencing of zyg-11(ax491ts); ekl4 was per-
formed by Cofactor Genomics using the Solexa genome analyzer (II-
lumina) 36-bp single-end reads were obtained at 13x coverage of the
C. elegans genome. We used three programs to analyze the sequence
reads. MAQGene, MAQ, and Galign programs were individually used
to align the sequence reads to the C. elegans genome and annotate SNPs
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(Li et al., 2008; Bigelow et al., 2009; Shaham, 2009). We also aligned
the sequence reads to the genome with the program Bowtie, and the
graphical results were visualized with the IGV genomics viewer (Lang-
mead et al., 2009; Robinson et al., 2011). All of these approaches iden-
tified the mutation of the cyb-2.1 gene in the ek/4 strain (Li et al., 2008;
Bigelow et al., 2009; Langmead et al., 2009; Shaham, 2009), which
changes amino acid residue 120 from GAA (Glu, E) to AAA (Lys, K).

C. elegans RNAi and analysis
RNAI was performed by feeding animals bacteria expressing dsRNA,
as described (Feng et al., 1999; Timmons et al., 2001). In brief, 10 ml
overnight cultures of Escherichia coli HT115 (DE3) bacteria express-
ing dsRNA were used to inoculate 500-1000-ml flasks of 2x YT media
containing 25 pg/ml tetracycline and 100 pg/ml carbenicillin at a 1:100
dilution. When the cultures were at an optical density at 600-nm wave-
length of 0.4-0.6, IPTG (Gold Biotechnology) was added to the culture
to 1 mM, and the culture was grown for an additional 6 h. Bacteria
were collected by centrifugation at 4,000 rpm for 30 min at 4°C and
resuspended in 1/200 of the original culture volume of 2x YT and used
to seed nematode growth medium plates containing 1 mM IPTG and
100 pg/ml carbenicillin. RNAI plates were then left overnight at room
temperature to dry, then stored at 4°C, and used within 2 wk. Animals
treated with RNAi were generally grown on RNAi bacteria from em-
bryos and analyzed as adults.

mat-3, zyg-11, cyb-1, and cyb-3 RNAIi feeding bacteria were
obtained from the Ahringer library (Kamath et al., 2003). The RNAi
construct in the Ahringer feeding RNAI library that targets cyb-2.1 has
the potential to also target cyb-1, so a new cyb-2.1 RNAI feeding vector
was created that contained a cyb-2.1 sequence that is specific for cyb-
2.1 and cyb-2.2 but is not conserved in cyb-1. The cyb-2.1 sequence
was PCR amplified from the RB1 cDNA library (Barstead and Water-
ston, 1989) with the forward and reverse primers 5'-CGAGCTCGG
CAAGATATTTATGATGC-3’ and 5-GGGTACCCCCAAGTTTTT
GCTCATTCT-3', respectively. The resulting 455-bp cyb-2.1 cDNA
sequence was cloned into the pPD129.36 double T7 promoter RNAi
vector (Timmons et al., 2001) and introduced into HT115 (DE3) bac-
teria. Control RNAI feeding bacteria comprised HT115 (DE3) contain-
ing the pPD129.36 vector.

The effectiveness of mat-3 RNAi was confirmed by meiotic ar-
rest. Inactivation of zyg-// was assessed by embryonic arrest. Inactiva-
tion of cyb-1 was confirmed by the elimination of GFP::CYB-1 signal.

Expression constructs

The genomic sequence of C. elegans cyb-1 encoding the complete
CYB-1 protein (361 aa) was cloned into the C. elegans expression
vector pID3.01b (a gift from G.C. Seydoux, Johns Hopkins Univer-
sity School of Medicine, Baltimore, MD) to produce a GFP-CYB-1
fusion protein expressed from the germline-specific pie-/ promoter.
Similar expression constructs were created for CYB-1 truncations:
pID3.01b/NTER (residues 1-74 of CYB-1), pID3.01b/CBOX1 (resi-
dues 75-209), and pID3.01b/CBOX2 (residues 203-361). C. elegans
cyb-1 truncations for expression in mammalian cells were cloned
with C-terminal VSV-G tags into the pEGFP-N1 vector (Takara Bio
Inc.), with the EGFP sequence removed: pEGFP-N1/VSV-G-NTER
(residues 1-74), pEGFP-N1/VSV-G-CBOX1 (residues 75-209), and
pEGFP-N1/VSV-G-CBOX2 (residues 203-361).

Human ZYG11A and ZYG11B cDNAs were not available in one
contiguous full-length clone. We therefore created full-length ZYG11A
and ZYGI1B cDNAs by fusing together cDNA sequences (for
7ZYG11B) and cDNA and genomic sequences (for ZYG11A) to create
cDNA s corresponding to the reference sequences NM_001004339 and
NM_024646, respectively. The cDNAs were confirmed by sequencing.
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ZYGI11A and ZYGI11B were cloned into the pCMV-Tag2B expres-
sion vector (Agilent Technologies) for expression in mammalian
cells as N-terminal FLAG-tagged proteins. ZYG11B was cloned into
pEGFP-N1, after the EGFP sequence was removed, as an N-terminal
HA-tagged protein.

pVenus-N1 cyclin B1 and pVenus—cyclin B1 (R42A) expression
vectors were created by the Pines laboratory (Hagting et al., 2002) and
obtained from Addgene (plasmids 26062 and 39873, respectively).
pVenus-N1 cyclin B1 (R202A and R42A) was made by introducing the
R202A mutation into the pVenus-N1 cyclin B1 (R42A) construct using
an overlap-extension mutagenesis method (Mikaelian and Sergeant,
1992). Truncations of cyclin B1 were created in the pVenus—N1 cyclin
B1 vector: pVenus—N1 cyclin Bl NTER (residues 1-86 of cyclin B1);
pVenus—N1 cyclin Bl CBOX1 (residues 87-294); and pVenus—N1 cy-
clin B1 CBOX2 (residues 300—433). Human cyclin B1 was cloned with
an N-terminal T7 tag into pEGFP-N1 with the EGFP sequence removed.

Antibodies

We tested commercially available antibodies for ZYGI11A (two an-
tibodies) and ZYGI11B (three antibodies) and found that they were
unable to detect either endogenous or transiently expressed ZYGI1A
and ZYG11B proteins by Western blotting. ZYG11A and ZYG11B
proteins are highly conserved among humans, mouse, rabbit, and goat
(98 to 99% sequence identities between the orthologues), and this con-
servation may hinder the generation of effective antibodies in these
species. Human ZYG11A and ZYG11B differ substantially from their
chicken orthologues in their N and C termini.

A ZYGI11A peptide near the N terminus (6-26), HPGHTPRNI
VPPDAQKDALGC, and a C-terminal ZYGI11B peptide (712-721),
CKKQPQARLN, were synthesized by ELIM BIOPHARM for anti-
body production. These peptides were conjugated to maleimide-ac-
tivated mariculture keyhole limpet hemocyanin (Thermo Fisher
Scientific) to increase immunogenicity. The conjugated peptides were
sent to GeneTel Laboratories for antibody production, where ZYG11A
and ZYG11B peptides were each used to immunize two chickens. The
antibodies used in the experiments were purified from the bleeds from
day 35. The antibodies in the serum were affinity purified by running
them through a column with the peptides linked to SulfoLink Coupling
resin (Thermo Fisher Scientific), followed by an acid elution. The
affinity-purified antibodies were used for Western blots at a dilution
of 1:20,000 (stock concentration of 0.7 mg/ml for anti-ZYG11A and
0.9 mg/ml for anti-ZYG11A) and a concentration of 4 ug/ml for IPs.

The apparent molecular mass based on SDS-PAGE mobility
for the endogenous ZYG11A (72 kD) and ZYG11B (79 kD) proteins
were similar to, but slightly smaller than, the ectopic FLAG-ZYGI11A
(77.5 kD) and FLAG-ZYG11B (82 kD) proteins, even when consider-
ing the size of the FLAG tag. This suggests the possibility of different
posttranslational modifications for the endogenous proteins or altered
splicing relative to the predicted reference sequences upon which the
ectopic expression constructs were designed.

The following rabbit primary antibodies were used: anti—cyclin
B1 (sc-752; Santa Cruz Biotechnology, Inc.); anti-Cdk1 (EMD Milli-
pore); anti-VSV-G (Bethyl Laboratories, Inc.); anti-T7 (D9E1X; Cell
Signaling Technology); and anti-ZYG-11 (Vasudevan et al., 2007). The
following mouse primary antibodies were used: anti—a-tubulin (DM1A;
Sigma-Aldrich); anti—B-tubulin (D-10; Santa Cruz Biotechnology, Inc.);
anti—p-actin (Bio-Rad Laboratories); anti-HA (16B12; Abcam); anti-T7
(EMD Millipore); anti-FLAG (M2; Sigma-Aldrich); anti-GFP (GF28R;
Thermo Fisher Scientific); and anti-VSV-G (P5D4; Sigma-Aldrich). The
following secondary antibodies were used: anti-mouse HRP (Thermo
Fisher Scientific); anti—rabbit HRP (Thermo Fisher Scientific); anti—
chicken HRP (Invitrogen); anti—chicken Dylight 488 (Thermo Fisher
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Scientific), and anti-mouse rhodamine (Cappel Research Reagents).
For IPs, protein G sepharose beads (Invitrogen) were used for rabbit
and mouse antibody pulldowns, and donkey anti—chicken IgY Agarose
beads (Gallus Immunotech) were used for chicken antibody pulldowns.

Cell culture, selection, and synchronization

HEK?293T and human osteosarcoma cells (U20S) were obtained from
ATCC and cultured in DMEM in the presence of 10% FBS (Sigma-
Aldrich) and 100 pg/ml penicillin and streptomycin (HyClone; GE
Healthcare). Cells were synchronized at S phase with a double thymi-
dine (Sigma-Aldrich) block. The first 2.5-mM thymidine block was for
18 h, followed by a 9-h release into fresh media, and a second 2.5-mM
thymidine block for 18 h. Cells arrested in G, phase were obtained
by releasing cells from double thymidine block for 3 h, followed by
the addition of 9 uM RO-3306 (Sigma-Aldrich), a Cdk1 inhibitor, for
8 h. Cells arrested in prometaphase and metaphase were obtained by
releasing cells from a double thymidine block for 3 h, followed by ei-
ther incubation with 100 ng/ml nocodazole (Sigma-Aldrich) or 12 uM
proTAME (Boston Biochem), respectively, for 10 h.

DNA transfections, siRNA knockdowns, IPs, and immunofluorescence
C. elegans proteins were expressed in HEK293T cells and immuno-
precipitated as described (Starostina et al., 2007; Kim et al., 2008).
HEK?293T cells were transfected with plasmids for human protein ex-
pression with polyethylenimine (Boussif et al., 1995). U20S cells were
transfected with plasmids for protein expression using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions. U20S
cells expressing Venus—cyclin B1 were selected after transfection with
500 pg/ml G418 (Gold Biotechnology). For IP of human proteins, pro-
teasome inhibition treatments were for 8 h (unless otherwise noted) and
used: 15 uM MG132 (Sigma-Aldrich) or 50 uM Leu-Leu-norleucinal
(LLnL; Sigma-Aldrich). Cells were collected 48 h after transfection
and lysed in NP-40 buffer (0.5% NP-40, 150 mM NaCl, 50 mM Tris,
pH 7.4, and 1| mM EDTA), protease inhibitor cocktail (Roche), 2 mM
DTT, and 50 uM LLnL. Cell lysates were centrifuged at 13,000 rpm
for 25 min at 4°C, and the supernatant was precleared with sepharose
4B beads (Sigma-Aldrich). Cyclin B1 and Cdk! antibodies were used
at a concentration of 1:150 to bind endogenous proteins and captured
on protein G Sepharose beads (GE Healthcare). GFP-nanoAb agarose
beads (Allele Biotechnology) were used for Venus IPs according to the
manufacturer’s instructions.

For immunofluorescence, U20S cells transfected with FLAG-
ZYGI11B were grown on eight-well Lab-Tek II chamber slides
(Thermo Fisher Scientific) and fixed for 30 min at room temperature
with a formaldehyde fixation mixture of 3.7% formaldehyde, 80 mM
Hepes, pH 6.9, 0.8 mM EGTA, and 1.6 mM MgSO,. Cells were washed
three times with PBT (PBS with 0.1% Triton X-100 and 0.1% BSA)
and kept in PBT overnight as a blocking solution. Primary antibodies
(mouse monoclonal anti-FLAG M2, 1:650 dilution; and rabbit mono-
clonal anti—cyclin B1, 1:66) in PBT were incubated with the fixed cells
for 2 h and then washed with PBT. Secondary antibodies (Dylite 488
anti-rabbit; 1:500; and rhodamine anti-mouse) were incubated in PBT
for 30 min, washed, and mounted for viewing in 1 mg/ml p-phenyl-
enediamine (antifade agent) and 90% glycerol. Images of the same
antibodies/Hoechst were taken with the same exposure times and pro-
cessed identically using Photoshop software (Adobe Systems). Quan-
titation of nuclear and total immunofluorescence signal was performed
with Openlab software (version 5.0; PerkinElmer).

siRNA pools were transfected using RNAiMAX (Invitrogen) ac-
cording to the manufacturer’s instructions. siRNA transfections were
performed twice, separated by an interval of 24 h. siRNA pools were
purchased from Thermo Fisher Scientific as ON-TARGET pools for

ZYGI11A and ZYG11B. The siRNAs for ZYG11A were: 5'-CUUCCA
AGCUGGUGACCGAUU-3"; 5'-GCUCACUGGUCUUCGCAUUUU-3";
5'-GCAAACAAUGGCAGUGAGUUU-3"; 5-CAGAAGCACUGAGCC
GAUAUU-3". The siRNAs for ZYG11B were: 5'-GGUGAUGAG
AAUAGCCGUAUU-3";  5'-GCUUGGACAUUGAGUCGUAUU-3";
5'-GAUUAGAGAGCUUGGAUAUUU-3";  5-GGAAUUUGCUUU
CGUGAUAUU-3'. siRNA controls were purchased from Invitrogen.
Control siRNA was 5'-GUAUCUCUUCAUAGCCUUADTDT-3" and
GFP siRNA was 5-GCUGACCCUGAAGUUCAUCUGDTDT-3".
Because we observed a reduction in ZYGI11A protein with ZYG11B
siRNA, it should be noted that the third-listed ZYG11B siRNA has the
highest potential cross-reactivity among all of the ZYG11A/B siRNAs.
At the homologous site in ZYGI11A, the ZYG11B siRNA shares 6 of
7 identical residues in the seed region of the siRNA, with an overall
identity of 15 of 19 residues.

For the knockdown of overexpressed proteins in U20S cells,
DNA was transfected using Lipofectamine 2000 (Invitrogen) ac-
cording to the manufacturer’s instructions followed by the siRNA
transfections after 24 h.

In vitro ubiquitylation assay

FLAG-ZYG11B and T7-cyclin B1 were coexpressed in HEK293T cells
for 26 h, with 10 uM MG132 added for the last 6 h. Cells were lysed with
NP-40 buffer: 0.5% NP-40, 50 mM Tris-HCI, pH 7.6, 150 mM NaCl,
protease inhibitor cocktail, 2 mM DTT, 10% glycerol, 10 mM MgCl,,
15 uM MG132, and 100 U/ml OmniCleave endonuclease (Epicentre
Biotechnologies). FLAG-ZYG11B was precipitated with anti-FLAG
antibody in the presence of 1 mM EDTA, 2.5 mM iodoacetamide, and
2.5 mM O-phenanthroline. The immunocomplex was precipitated with
protein G sepharose, washed with lysis buffer, and incubated with 30 pl
ubiquitylation reaction mix containing 50 mM Tris-HCI, pH 7.4, 5 mM
MgCl,, 2 mM NaF, 10 nM okadaic acid, 0.6 mM DTT, 2 mM ATP,
0.6 ul energy generation solution (Enzo Life Sciences), 1 ug HA-ubiq-
uitin (Boston Biochem), 100 ng human El1 (Enzo Life Sciences),
400 ng human E2-UbcH5a (Enzo Life Sciences), 2 uM ubiquitin al-
dehyde (Enzo Life Sciences), and 15 pM MG132. Reactions were in-
cubated at 30°C for 90 min and terminated by boiling with 1% SDS.
T7-cyclin Bl was immunoprecipitated in a buffer containing 0.1%
SDS and 50 mM Tris-HCI, pH 7.6, 150 mM NacCl, 0.1% NP-40, 2 mM
DTT, 1 mM EDTA, protease inhibitor cocktail, phosphatase inhibitor
cocktail, 15 uM MG132, and 5 mM iodoacetamide (Sigma-Aldrich)
and analyzed by Western blot for HA-ubiquitin and T7—cyclin B1.

Microscope image acquisition and time-lapse microscopy
Microscopy for C. elegans epifluorescence and human cell immunoflu-
orescence (Figs. 1 F and 3; and Figs. S1, S2, and S3) was performed
with an Axioplan microscope equipped with an LuDL hardware con-
troller (ZEISS), automated filter wheels and shutters, and an Apple
iMac computer running Openlab software, version 5.5.2 (PerkinElmer).
Epifluorescence images were taken with a Plan-Achromat 63x Oil DIC
objective (ZEISS), with an NA of 1.40 at room temperature. Images
were captured with an ORCA-ER CCD camera (Hamamatsu Photon-
ics) as 12-bit grayscale images at a resolution of 1,344 x 1,024 pixels.

For quantitation of whole cell levels of human cyclin Bl
(Fig. 3 B), the signal minus background was multiplied by the pixels
to determine the total signal. For the analysis of the ratios of chro-
mosome-, spindle-, and cytoplasm-localized cyclin B1 levels (Fig. 3,
C and D; and Fig. S3), the mean signal (minus background) for each
subcellular compartment was compared. The following fluorochromes
were used: Dylight 488, rhodamine, and Hoechst.

Time-lapse videos of C. elegans embryos were made of embryos
in utero at 22°C. Gravid adults were treated with 10 mM levamisole
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(Sigma-Aldrich) to paralyze striated muscles and mounted on slides
with a 2.5% agarose pad covered with a 22 x 22-mm coverslip. Videos
were made with sequential differential interference contrast (DIC) and
epifluorescence images of EGFP every 60 s.

Microscopy for time-lapse videos of human cells (Figs. 4, 5, and
6) was performed with a DeltaVision Microscope System II (GE Health-
care) in a heated chamber at 37°C. The microscope was controlled by
SoftWoRX software (GE Healthcare). Images were taken with a UPlan-
SApo 20x DIC objective with an NA of 0.75 (Olympus). DIC images
were taken every 3 or 5 min using a 25-ms exposure time. Epifluores-
cence images of Venus—cyclin B1 were taken every 5 min using a 400-
ms exposure time. Images were 16-bit grayscale at a resolution of 1024
x 1024 pixels. U20S or IMR90-hTERT cells were plated for imaging
on 35-mm glass-bottom plates (MatTek Corporation) and transfected
with siRNA when 70% confluent, as described in the DNA transfection,
siRNA knockdowns, IPs, and immunofluorescence section. Immedi-
ately before imaging, the medium was changed to CO,-independent
media (Gibco). For the mitotic arrest rescue experiment (Fig. 6 B),
the cells were treated with 12 uM proTAME, and then RO-3306 was
added (to 9 uM) 6 h after the start of the video. For mitotic slippage
experiments, 100 pg/ml nocodazole was added to the CO,-independent
media, and DIC images were obtained every 3 min. A concentration of
1 uM MLN4924 (Cayman Chemical) was used to broadly inhibit CRL
complexes. Images were processed with Photoshop; videos were pro-
cessed with Imagel] software (National Institutes of Health; Schneider
et al., 2012). Epifluorescent images for quantitative comparison were
taken with the same exposure and treated identically with no gamma
adjustments. Signal levels were determined using Photoshop, with the
background level from the same image subtracted from the signal.

Statistical analysis

Student’s 7 test was used to determine significance for Fig. 1 (A and F)
and Fig. 2 (D and E). The Mann—Whitney test was used to determine
significance of mitotic timing as a result of the nonparametric nature
of the data (Fig. 4, B and D; Fig. 5, A and C; and Fig. 6). The y? test
was used to determine the significance of mitotic slippage occurrence
(Fig. 7). Error bars in all figures represent SEM.

Online supplemental material

Table S1 shows the rescue of C. elegans zyg-11(ts) phenotypes by
cyb-2.1/2.2 RNAI. Fig. S1 shows the increase in GFP::CYB-1 levels
in zyg-11(ts) embryos treated with mat-3 RNAi compared with un-
treated zyg-11(ts) embryos. Fig. S2 shows the subcellular localization
of FLAG-ZYG11B during prometaphase and interphase in U20S
cells. Fig. S3 shows the relative levels of endogenous cyclin B1 on
chromosomes, mitotic spindle, and cytoplasm with control, ZYG11A,
ZYGI11B, or ZYG11A/B siRNA treatments in the presence of pro-
TAME. Fig. S4 shows the timing of mitotic slippage and cell death
in nocodazole-treated cells. Video 1 shows mitotic progression of
U20S cells treated with control GFP siRNA. Video 2 shows mitotic
progression of U20S cells treated with ZYG11A/B siRNA. Video 3
shows mitotic progression of U20S cells treated with siGFP and pro-
TAME. Video 4 shows mitotic progression of U20S cells treated with
ZYGI11A/B siRNA and proTAME.
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