Article

w P

SOURCE TRANSPARENT
DATA PROCESS

EMBO

reports

Mad2 promotes Cyclin B2 recruitment to the
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Abstract

Accurate mitotic progression relies on the dynamic phosphoryla-
tion of multiple substrates by key mitotic kinases. Cyclin-
dependent kinase 1 is a master kinase that coordinates mitotic
progression and requires its regulatory subunit Cyclin B to ensure
full kinase activity and substrate specificity. The function of Cyclin
B2, which is a closely related family member of Cyclin B1, remains
largely elusive. Here, we show that Mad2 promotes the kineto-
chore localization of Cyclin B2 and that their interaction at the
kinetochores guides accurate chromosome segregation. Our
biochemical analyses have characterized the Mad2-Cyclin B2 inter-
action and delineated a novel Mad2-interacting motif (MIM) on
Cyclin B2. The functional importance of the Cyclin B2-Mad2 inter-
action was demonstrated by real-time imaging in which MIM-
deficient mutant Cyclin B2 failed to rescue the chromosomal
segregation defects. Taken together, we have delineated a previ-
ously undefined function of Cyclin B2 at the kinetochore and have
established, in human cells, a mechanism of action by which Mad2
contributes to the spindle checkpoint.
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Introduction

Mitotic entry is triggered by activation of a mitotic kinase network
centered on cyclin-dependent kinase 1 (Cdkl) and the simultaneous
repression of Cdkl-opposing phosphatases. The general framework
of Cdkl activation and its role in mitotic entry is well-established
(Crncec & Hochegger, 2019). Beyond mitotic entry, Cdk1l-Cyclin B
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has multiple functions, including nuclear envelope breakdown
(NEBD), chromosome condensation, kinetochore assembly, estab-
lishing correct kinetochore-microtubule attachment, regulating the
spindle assembly checkpoint (SAC) function, and inhibiting sepa-
rase activity (Nigg, 2001; Hochegger et al, 2008; Yu & Yao, 2008;
Gascoigne & Cheeseman, 2013; Mo et al, 2016; Hara & Fukagawa,
2018; Hayward et al, 2019b; Yu et al, 2021). SAC is a cell-cycle
surveillance mechanism that safeguards against erroneous chromo-
somal segregation. In the presence of improper kinetochore-
microtubule attachment, SAC senses it and precludes the entry into
anaphase (Musacchio, 2015; Dou et al, 2019). Mounting evidence
suggests that Cdkl activity is directly involved in SAC function.
Sustained Cdk1 activity is required to keep Xenopus egg extracts in
a mitotic state (D’Angiolella et al, 2003). Using the selective Cdk1
inhibitor RO-3306, Cdkl activity was proved to be essential for
maintaining the mitotic state and for preventing premature cytokine-
sis (Vassilev et al, 2006). Later, studies demonstrated that inactiva-
tion of Cdk1-Cyclin B is a prerequisite for the silence of SAC in early
anaphase, supporting that Cdk1-Cyclin B is an intrinsic component
of SAC signaling (Clijsters et al, 2014; Rattani et al, 2014; Vazquez-
Novelle et al, 2014).

In vertebrates, there are three Cyclin B members: Cyclin B1, B2,
and B3 (Malumbres & Barbacid, 2005). Both Cyclin B1 and B2 are
expressed in somatic cells, whereas Cyclin B3 expression is confined
to germ cells (Satyanarayana & Kaldis, 2009; Karasu et al, 2019).
Human Cyclin B1 localizes at the centrosome in the G2 phase and at
kinetochores in the prometaphase (Bentley et al, 2007; Chen et al,
2008). However, recently, the importance and molecular basis of
Cyclin B1 kinetochore localization has begun to be appreciated.
Recent work from Barr and colleagues has established the Cyclin
B1-Madl interaction and has revealed the role of Cyclin Bl as a
bona fide SAC component (Alfonso-Perez et al, 2019). A study by
Saurin group’s showed that Cyclin B1 scaffolds the kinetochore
corona localization of Madl and ensures a robust SAC signal (Allan
et al, 2020). Further, a study from Pines’ group demonstrated that
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Mad1 recruits Cyclin B1-Cdk1 to nuclear pores. In turn, Cyclin B1-
Cdkl promotes Madl translocation to kinetochores from nuclear
pores (Jackman et al, 2020). Despite some inconsistences, these
three independent studies demonstrated the importance of Cyclin
B1 kinetochore localization in robust SAC signaling (Houston et al,
2020).

Although the function of Cyclin B1 was extensively studied, the
precise role of Cyclin B2 remains elusive. An early study from
Nigg’s lab showed that expression of a nondegradable chicken
Cyclin B2 mutant in HeLa cells causes mitotic arrest (Gallant &
Nigg, 1992). Cyclin Bl knock-out mice are embryonic lethal.
However, Cyclin B2-null mice are viable and largely normal but
with somewhat reduced body size (Brandeis et al, 1998). Recently,
evidence challenged the viewpoint that Cyclin B2 is dispensable in
mammals. Compared with Cyclin Bl single knockdown cells,
Cyclin B1 and B2 double knockdown cells displayed more severe
SAC defects, indicating that Cyclin B2 participates in the SAC
function in parallel with Cyclin Bl (Gong & Ferrell, 2010). In
mouse oocytes, Hecl stabilizes the Cyclin B2 protein and hence
regulates the G2-M transition and early prometaphase (Gui &
Homer, 2013). Overexpression of either Cyclin B1 or Cyclin B2
causes aneuploidy and drives tumorigenesis, but through different
mechanisms. Moreover, endogenously expressed Cyclin B2 and pS3
act antagonistically on Aurora A to control faithful centrosome separa-
tion and chromosome segregation (Nam & van Deursen, 2014). Consis-
tent with the high expression in prophase arrest oocytes, in mouse
oocytes, Cyclin B2 is required for progression through meiosis
(Daldello et al, 2019). Conditional knock-out experiments reveal that,
in oocyte meiosis I, Cyclin B2 compensates for Cyclin B1 (Li et al,
2018). In addition, like Cyclin B1/Cdk1, the Cyclin B2/Cdkl complex
conservatively inhibits separase activity in oocyte meiosis (Li et al,
2019, 2021).

The protein domain organization and size of Cyclins B1 and B2
are similar. However, whether Cyclin B2 also localizes at kineto-
chore and participates in the SAC function remains unknown. Here,
we examined the localization and function of human Cyclin B2. We
found that, like Cyclin B1, Cyclin B2 localizes at kinetochores in
prometaphase cells. Of note, the kinetochore receptor for Cyclin B2
is not Madl, but Mad2. The direct binding of Cyclin B2 to Mad2
depends on the C-terminal Mad2-interacting motif (MIM) of Cyclin
B2. Expression of Mad2-binding deficient Cyclin B2 results in an
elevation of chromosome segregation defects, due to aberrant SAC
signaling. We reason that the kinetochore-localized Cyclin B2 acts
in parallel with Cyclin Bl to ensure the robust SAC function and
faithful mitotic chromosome segregation.

Results

Cyclin B2 localizes at unaligned kinetochores in
prometaphase cells

Human Cyclin Bl localizes in the cytoplasm and centrosomes in
interphase cells and re-localizes to spindle poles and kinetochores in
prometaphase cells (Draviam et al, 2001; Jackman et al, 2003; Bent-
ley et al, 2007; Chen et al, 2008; Alfonso-Perez et al, 2019). Consid-
ering the similar protein domain organization of human Cyclin Bl
and B2 (see Fig 1A for schematic representation), we asked whether
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Cyclin B2 also localizes at kinetochores and participates in the SAC
function. To this end, we examined the localization of endogenous
Cyclin B2 through immunofluorescence staining using a commercial
Cyclin B2 antibody (abcam, ab185622). As shown in Fig 1B (top
row), Cyclin B2 localizes at the nuclear envelope in prophase cells.
Co-staining the nuclear envelope marker mAb414 confirmed nuclear
envelope localization of Cyclin B2 in prophase (Fig 1C). After
NEBD, it was apparent that Cyclin B2 localizes at kinetochores in
prometaphase cells (Fig 1B, second row). As expected, the Cyclin
B2 kinetochore signal diminished, but with spindle pole distribution
in metaphase cells (Fig 1B, third row), it was undetectable in
anaphase cells (Fig 1B, bottom row). As shown in Fig 1D, the
immunofluorescence staining for Cyclin B2 is specific since siRNA
treatment to suppress Cyclin B2 eliminated the kinetochore signal
of Cyclin B2, but Cyclin B2 localization to kinetochore remained
in cells transfected with Cyclin B1 siRNA. If endogenous Cyclin B2
is kinetochore-associated, exogenously expressed Cyclin B2
should also localize to the kinetochore. Thus, we engineered HeLa
cells to stably express EGFP-tagged Cyclin B2. As shown in
Fig EV1A, Western blotting analyses using GFP antibody proved
the correct expression of GFP-Cyclin B2. In addition, the expres-
sion level of GFP-Cyclin B1/B2 was comparable with endogenous
Cyclin B1/B2 (Fig EV1B). As predicted, the cell-cycle-dependent
distribution pattern of GFP-Cyclin B2 was consistent with that of
the endogenous protein labeled with an anti-Cyclin B2 antibody
(Fig EV1C). Further, the subcellular localization pattern of GFP-
Cyclin B2 was similar to that of cells expressing GFP-Cyclin B1
(Fig EV1D). Similar with Cyclin B1, Cyclin B2 localized mainly in
the cytoplasm in interphase. However, inconsistent with a previ-
ous report, no co-localization of Cyclin B2 with the Golgi complex
was evident (Fig EVIE) (Jackman et al, 1995). We also observed
centrosome localization of Cyclin B2 in interphase cells, as shown
by the co-localization with centrosome protein, pericentrin
(Fig EV1F).

We next examined the localization of Cyclin B2 in cells chal-
lenged with various microtubule poisons to activate the spindle
checkpoint. As shown in Fig 1E, Cyclin B2 localizes at unattached
kinetochores (nocodazole-treated cells), syntelically attached kine-
tochores (STLC-treated cells) and kinetochores without proper
tension (taxol-treated cells). Cyclin B1 expression peaks in mitosis,
and the Cyclin B1 protein undergoes APC/C-dependent degrada-
tion during mitotic exit. We next asked whether Cyclin B2 has a
similar protein expression profile with Cyclin B1. To this end,
double thymidine synchronized cells were released and collected
at selected time points. The cell lysates were analyzed by Western
blots using Cyclin B1/B2 antibody. In agreement with Cyclin B1,
Cyclin B2 peaked at early mitotic phase and decreased after mitotic
exit (Fig 1F). We further measured the expression of Cyclin B2 in
HCT116 and HeLa cells. As predicted, Cyclin B2 protein levels
were elevated in mitotic HCT116 and HeLa cells (Fig EV1G). Thus,
we conclude that Cyclin B2 localizes at the centrosome in G2
phase, at the nuclear envelope in prophase, and at unattached
kinetochores in prometaphase.

Cyclin B2 kinetochore localization depends on Mad2

We next sought to identify the proteins underlying the kinetochore
localization of Cyclin B2. Considering that Mpsl and Aurora B lie

© 2022 The Authors
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Figure 1. Cyclin B2 localizes at unaligned kinetochores in HelLa cells.

EMBO reports

Cyclin B2

Cyclin B2 mAb414

0 3 6 8 9 10 1112 13 14 TT release (h)

70—

——— N S v—— e | CyClin B1
50—
50 = = — ———.*..‘.ki Cyclin B2

50— A W S U T —— | A~

A Schematic representation of human Cyclin B1 and Cyclin B2 protein domain organization.
B Representative immunofluorescence images of Hela cells in various mitotic stages. Cells were extracted, fixed, and co-stained for Cyclin B2 (green), ACA (red), and

DNA (blue). Scale bar, 10 pm.

C Representative immunofluorescence images of Hela cells that were fixed and co-stained for Cyclin B2 (green), mAb414 (red), and DNA (blue). Scale bar, 10 pm.
D, E Representative immunofluorescence images of Hela cells treated with an indicated siRNA (D) or various drugs (E). Cells were extracted, fixed, and co-stained for

Cyclin B2 (green), ACA (red), and DNA (blue). Scale bar, 10 um.

F Hela cells were synchronized by double thymidine, then released and collected at selected time points. Cell lysate samples were resolved by SDS-PAGE and
analyzed by Western blotting using anti-Cyclin B1 antibody, anti-Cyclin B2 antibody, or anti-B-Actin antibody.

Source data are available online for this figure.

upstream of SAC signaling (Santaguida et al, 2011; Saurin et al,
2011; Pachis & Kops, 2018; Gui et al, 2020), we tested whether
Cyclin B2 kinetochore localization was sensitive to Mps1, Aurora B,
and Cdk1 kinase activity. As shown in Fig EV2A and B, the Cyclin
B2 kinetochore signal was diminished in cells treated with the Mps1

© 2022 The Authors

inhibitor, reversine, or the Aurora B inhibitor, hesperadin (Hauf
et al, 2003; Santaguida et al, 2010). In addition, the Cyclin B2 signal
at the kinetochore was moderately lower in cells treated with
the Cdk1 inhibitor, RO-3306. These results suggest that Cyclin B2
kinetochore localization relies on Cdk1 kinase activity.
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To identify the proteins responsible for Cyclin B2 localization at
the kinetochore, we carried out an immunoprecipitation coupled to
mass spectrometric analysis. To this end, Flag-tagged Cyclin B1 and
Flag-tagged B2-bound Sepharose beads were used as an affinity
matrix to incubate with mitotic HeLa cell lysates. After extensive
washes, the proteins bound to the beads were analyzed by mass
spectrometry. In agreement with recent reports (Alfonso-Perez et al,
2019; Allan et al, 2020; Jackman et al, 2020), the Mad1 score ranks
highest among the Cyclin Bl-binding partners identified (Fig 2A).
Cdk1, Cdk2, Cdk5, and several APC/C subunits were also detected
in Cyclin B1 immunoprecipitates. To our surprise, Madl was not
identified in Cyclin B2 immunoprecipitates. Instead, Mad2, the core
SAC factor and Madl binding partner (Li & Benezra, 1996; Lara-
Gonzalez et al, 2021), was identified as a Cyclin B2-binding protein
(Fig 2A and Datasets EV1-EV4).

To verify the direct binding between Cyclin B2 and Mad2, we
performed a co-immunoprecipitation assay. The Mad2 signal was
detected in Cyclin B2 immunoprecipitates using two different
commercial antibodies (Fig 2B). Mad2 transforms from the cytoplas-
mic open conformation (0O-Mad2) to the closed conformation (C-
Mad2) when is bound to the kinetochore Mad1-Mad2 heteotetramer
(Mapelli et al, 2007; Luo & Yu, 2008). To test whether Cyclin B2
selectively binds with O-Mad2 or C-Mad2, Flag-tagged Mad2 wild-
type (WT), AC mutant (O-Mad2), and L13A mutant (C-Mad2) were
used as affinity matrices to absorb mitotic HeLa lysates. Indeed, all
three Mad2 proteins bound endogenous Cyclin B2 (Fig EV2C).
Further, C-Mad2 precipitated more Cyclin B2 protein, suggesting a
stronger binding affinity. Furthermore, we tested whether C-Mad2
also binds Cyclin B1. As shown in Fig 2C, Cyclin B2, but not Cyclin
B1, was absorbed by C-Mad2 affinity matrix. In contrast, Cyclin B1,
but not Cyclin B2, was detected in Madl immunoprecipitates
(Fig 2D). Next, we also performed a GST pulldown assay to verify
the direct physical interaction between Mad2 and Cyclin B2. As a
result, GST-tagged Cyclin B2 (the cyclin box domain) pulled down
recombinant C-Mad2 proteins. In contrast, Cyclin B1 (the cyclin box
domain) failed to pull down Mad2 protein (Fig 2E). Thus, the
results show that the Mad2-Cyclin B2 interaction is specific and also
confirm the Mad1-Cyclin B1 interaction.

Figure 2. Mad2 recruits Cyclin B2 to kinetochores.

Sikai Liu et al

We next examined the subcellular co-localization of Cyclin B2 and
Mad2. Endogenous Cyclin B2 displayed an exact overlay with Mad2 at
the kinetochores (Fig EV2D and E). Subsequently, we tested whether
the localization of Cyclin B2 depends on Mad2. Compared with cells
treated with control siRNA, the Cyclin B2 signal at the kinetochores
declined in GFP-Cyclin B2-stable cells transfected with siMad2 (Fig 2F
and G). However, the Cyclin Bl kinetochore signal remained
unchanged in GFP-Cyclin Bl-stable cells treated with siControl or
siMad2 (Fig 2H and I), suggesting that Cyclin Bl distribution is inde-
pendent of Mad2. The siMad2 efficiency was confirmed by Western
blots and immunofluorescence staining (Fig EV2F-H). Thus, we
concluded that the kinetochore localization of Cyclin B2 depends on
Mad2. We further examined whether the localization of Cyclin B2
depends on Madl. As shown (Fig EV3A-D), the kinetochore signals of
both Cyclin B1 and Cyclin B2 disappeared in cells depleted of Madl,
indicating that Madl is essential for the kinetochore localization of
Cyclin B1 and Cyclin B2.

Cyclin B2 binds Mad2 directly through its MIM

Mad2 is a key component of the mitotic checkpoint complex (MCC),
which directly inhibits the ubiquitin E3 ligase activity of APC/C.
Several Mad2-binding partners, such as Madl, Cdc20, Shugoshin,
and insulin receptor, contain a motif called Mad2-interacting motif
(MIM) (Luo et al, 2002; Orth et al, 2011; Choi et al, 2016). To exam-
ine whether Cyclin B2 binds Mad2 using the same motif, we
conducted a protein sequence alignment analysis. As expected, a
sequence conformed to the MIM motif (K®DxDxxxP) was identified
in human Cyclin B2 (aa. 372-380). Two key residues within the
corresponding sequence in Cyclin B1 were divergent (Fig 3A). To
test the role of MIM in mediating Cyclin B2 kinetochore localization,
a Cyclin B2 mutant (K372A-L373A-L374A-1376A, named as Cyclin
B2MM44) was generated. We then expressed Flag-tagged Cyclin
B2WT, Cyclin B2M™#4 and Cyclin B1 in 293T cells and performed
an immunoprecipitation assay. As shown in Fig 3B, compared with
Cyclin B2WT, Cyclin B2M™“% pulled down a lower amount of
endogenous Mad2. Since Cdkl is the most important binding part-
ner of Cyclin B2, we asked if the MIM motif is required for its

A Table showing the proteins binding to Cyclin B1 and Cyclin B2 identified by immunoprecipitation and subsequent mass spectrometry. In brief, Flag-Cyclin B1 and
Flag-Cyclin B2 were expressed in 293T cells and immunoprecipitated with anti-Flag M2 beads. Then Cyclin B1/B2-bound beads were incubated with pre-cleared
mitotic Hela cell lysates. The immunoprecipitates were analyzed by mass spectrometry.

B Immunoprecipitation assay performed with two different rabbit Cyclin B2 antibodies. Nocodazole-arrested mitotic cells were collected and lysed.
Immunoprecipitation was accomplished using control IgG, anti-Cyclin B2-1 (Abcam, ab185622), and anti-Cyclin B2-2 (Proteintech, 21644-1-AP).
Immunoprecipitation samples were resolved by Western blotting using a mouse anti-Cyclin B2 antibody (Santa Cruz, sc-28303) and a mouse anti-Mad2 antibody

(Santa Cruz, sc-47747).

C,D Flag immunoprecipitation assay. 293T cells were co-transfected with Flag-C-Mad2 and GFP-Cyclin B1/B2 (C), and with Flag-Mad1-1-215 and GFP-Cyclin B1/B2 (D).
After 36 h, the cells were collected and lysed, and immunoprecipitation was accomplished with anti-Flag M2 beads. Immunoprecipitates were resolved by SDS-
PAGE and analyzed by Western blotting using anti-Flag antibody and anti-GFP antibody.

E GST pulldown assay. Purified GST, GST-Cyclin B1-165-433, and GST-Cyclin B2-130-398-bound agarose beads were used as affinity matrices to absorb purified Trx-
6xHis-tagged C-Mad2 recombinant protein. Absorbed proteins were analyzed by SDS-PAGE and Coomassie Brilliant Blue staining.

F-I  Representative immunofluorescence images of Hela cells stably-expressing GFP-Cyclin B2 (F) or GFP-Cyclin B1 (H). The cells were transfected with siControl or
siMad2 for 36 h followed by treatment with nocodazole plus MG132 for 2 h. Cells were then fixed and co-stained for Mad2 (red) and DNA (blue). Scale bar, 10 um.
Scatter graphs illustrating kinetochore intensity of GFP-Cyclin B2 (G) or GFP-Cyclin B1 (1) in cells treated as in F and H, respectively. Bars represent the mean
kinetochore intensity (= SD) normalized to values of the siControl group. Each dot represents one cell (> 30 cells from three independent experiments). The
Student’s t-test was used to calculate P-values. ****P < 0.0001; n.s., not significant.

Source data are available online for this figure.
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binding with Cdkl. As a result, Flag-Cyclin B2"" and Flag-Cyclin
pulled down an equivalent amount of Cdkl (Fig 3C),
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suggesting that MIM is not involved in binding Cdk1.
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We next examined the kinetochore localization of GFP-Cyclin

B2M™M44 - Compared with GFP-Cyclin B2W*, GFP-Cyclin B2M™M44
exhibited decreased kinetochore localization (Fig 3D and E). Thus,

390
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Figure 3. Cyclin B2 C-terminal MIM is required for its kinetochore localization.
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A Multiple sequence alignment of the Cyclin B2 and Cyclin B1 proteins from various species as indicated. The sequence alignment was developed by Clustalw2

software.

B Flag immunoprecipitation assay. Flag-tagged Cyclin B2-WT, Cyclin B2-4A, or Cyclin B1 were expressed in 293T cells and purified with anti-Flag M2 beads.
Subsequently, the beads were incubated with mitotic Hela lysates for 2 h, and following extensive washes, immunoprecipitatates were resolved by SDS-PAGE and
analyzed by Western blotting using anti-Flag antibody and anti-Mad2 antibody.

C Flag immunoprecipitation assay. 293T cells were co-transfected with Flag-Cyclin B2-WT or Flag-Cyclin B2-4A together with GFP (negative control) and GFP-CDK1.
After 36 h, the cells were collected and lysed, and immunoprecipitation was accomplished with anti-Flag M2 beads. Immunoprecipitation samples were resolved by

SDS-PAGE and analyzed by Western blotting using anti-GFP antibody and anti-Flag antibody.

D Representative immunofluorescence images of Hela cells transfected with GFP-Cyclin B2-WT or GFP-Cyclin B2-4A. After 36 h of transfection, cells were treated with

nocodazole for 2 h. Then cells were fixed and co-stained for ACA (red) and DNA (blue). Scale bar, 10 pm.

E Scatter graphs illustrating kinetochore intensity of GFP-Cyclin B2-WT/4A treated as in D. Bars represent the mean kinetochore intensity (+ SD) normalized to the
values of GFP-Cyclin B2-WT. Each dot represents one cell (> 30 cells from three independent experiments). The Student’s t-test was used to calculate P-values.

***p < 0.001.

Source data are available online for this figure.
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we conclude that the MIM-mediated Cyclin B2-Mad2 interaction is
essential for Cyclin B2 kinetochore localization.

The kinetochore localization of Cyclin B2 is essential for robust
SAC signaling and accurate mitosis

To evaluate the function of Cyclin B2, we applied an siRNA to knock
down Cyclin B2 protein and examined the phenotype using live-cell
imaging. As shown in Fig 4A, the siRNA against Cyclin B2 was
potent and specific. Most HeLa cells transfected with control siRNA
entered anaphase with correct chromosome segregation. However,
nearly 45% of cells transfected with siCyclin B2 displayed anaphase
lagging chromosomes or chromosome bridges (Fig 4B and C). siCy-
clin B2-treated cells spent a similar time as control cells to enter
anaphase from NEBD (Fig 4D). In addition, 5% of HCT116 cells
treated with control siRNA contained anaphase lagging chromo-
somes. In contrast, with knocked-down Cyclin B2, 35% of HCT116
cells in anaphase displayed lagging chromosomes or chromosome
bridges (Fig EV4A and B). We next constructed an siRNA-resistant
GFP-Cyclin B2 plasmid and performed a rescue experiment after
knocking down Cyclin B2. As shown in Fig 4E and F, most cells
expressing GFP-Cyclin B2 finished correct mitotic progression.
However, more than 50% of cells re-expressing GFP-Cyclin B2-4A
entered anaphase in the presence of lagging chromosomes, suggest-
ing compromised SAC signaling.

To verify that SAC signaling is compromised in Cyclin B2-depleted
cells, we performed immunofluorescence assays to examine the kine-
tochore localization of key SAC factors such as Mad2 and Cdc20. As
a result, the kinetochore signal intensity of Mad2 was lower in Cyclin
B2 knockdown cells (Fig 5A and C). Further, we quantified the kine-
tochore localization of Mad2 in cells rescued with siRNA-resistant
GFP-Cyclin B2-WT/4A. The Mad2 signal was evident in cells express-
ing GFP-Cyclin B2-WT but not in cells expressing GFP-Cyclin B2-4A
(Fig 5B and C). The kinetochore signal of Cdc20 was also diminished
in cells depleted of Cyclin B2 (Fig SD and F). Similarly, re-expressing
GFP-Cyclin B2-WT, but not GFP-Cyclin B2-4A, rescued the kinetochore
localization of Cdc20 in cells with depleted Cyclin B2 (Fig 5E and F).
In addition to Mad2 and Cdc20, other SAC factors such as Madl,
BubR1, and Bubl also displayed moderately reduced kinetochore
signals in cells with Cyclin B2 knockdown (Fig EV5A-F).

Next, we quantified the mitotic index of Cyclin B2 knockdown
cells challenged with the microtubule poison, nocodazole. At 12 h
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after nocodazole treatment, more than 80% control cells were in the
mitotic phase as determined by phosphohistone H3-positive stain-
ing. On the contrary, only 40% of Cyclin B2-depleted cells stayed in
the mitotic phase (Fig 5G). Re-expressing GFP-Cyclin B2-WT, but
not GFP-Cyclin B2-4A, elevated the mitotic index in Cyclin B2
knockdown cells treated with nocodazole (Fig 5G). To monitor the
activity of SAC, we examined the assembly of MCC, a downstream
effector of SAC. To this end, immunoprecipitation was performed
using an anti-Cdc20 antibody in siControl and siCyclin B2-
transfected cells. Comparable amounts of Cdc20 protein were
precipitated in the control group and the Cyclin B2 knockdown
group. However, compared with the control cells, lower amounts of
BubR1, Bub3, and Mad2 were co-precipitated for Cyclin B2 knock-
down cells (Fig 5H). We note that the reduced amount of MCC is
not due to the change in cell-cycle profile, as Cyclin Bl levels are
similar in cells transfected with siControl or siCyclin B2 (Fig EV5G).
Thus, we conclude that Cyclin B2 is required for maintaining robust
SAC signaling and faithful mitotic progression.

Discussion

Cdk1 is the master regulator of mitosis. To execute its multiple
roles, Cdkl must phosphorylate its numerous substrates in a
spatiotemporally controlled manner. Kinases adopt different mecha-
nisms, such as the structure of the kinase catalytic cleft, the kinase
docking site, localization of the kinase, and system-level competi-
tion between substrates, to phosphorylate their substrates selec-
tively (Ubersax & Ferrell, 2007; Xu et al, 2021). Cyclin B determines
Cdk1 substrate selectivity through the docking domain and subcellu-
lar localization of Cdkl. The function and localization of Cyclin Bl
have been extensively studied. However, the exact subcellular local-
ization of Cyclin B2 and its function remains elusive.

In the present study, we demonstrated that human Cyclin B2
exhibits a spatiotemporal dynamic subcellular localization similar to
Cyclin Bl. During interphase, Cyclin B2 localizes in the cytoplasm
and to the centrosome. Upon mitotic entry, Cyclin B2 translocates to
the nuclear envelope and into the nucleus. Once the nuclear
envelope breaks down, Cyclin B2 localizes to unattached or improp-
erly attached kinetochores. As a consequence of SAC satisfaction,
Cyclin B2 leaves the kinetochores and is degraded by the APC/C. In
human cells, Cyclin B2 localizes to the Golgi complex (Jackman

Figure 4. Cyclin B2 kinetochore localization is required for faithful mitotic progression.

A Hela cells were transfected with siControl or siCyclin B2. At 36 h after transfection, cells were collected and lysed. The samples were resolved by SDS-PAGE and
analyzed by Western blotting using anti-Cyclin B2 antibody, anti-Cyclin B1 antibody, and anti-tubulin antibody.

B Representative stills illustrating mitotic progression in mCherry-H2B-expressed cells treated with Control siRNA or Cyclin B2 siRNA. Images were acquired at the
indicated time points after the start of NEBD. The arrow indicates lagging chromosomes. Scale bar, 10 um.

C Bar graph illustrating the percentage of cells with normal anaphase or with anaphase lagging chromosomes in cells treated as in B. Bars are mean + SD (> 30 cells
from three independent experiments). The Student’s t-test was used to calculate P-values. ***P < 0.001.

D Scatter graph of the time from NEBD to the beginning of anaphase in cells treated as in B (n = 30 cells). Bars indicate mean =+ SD. The Student’s t-test was used to
calculate P-values for comparison of siControl and siCyclin B2 cells; n.s., not significant.

E Representative stills illustrating mitotic progression in mCherry-H2B-expressed cells depleted of endogenous Cyclin B2 and rescued with GFP-Cyclin B2-WT or
GFP-Cyclin B2-4A. Images were acquired at the indicated time points after the start of NEBD. Arrows indicate a chromosome bridge. Scale bar, 10 pm.

F Bar graph illustrating the percentage of cells with normal anaphase and cells with anaphase lagging chromosomes in cells treated as in E. Bars are mean + SD (> 30
cells from three independent experiments). The Student’s t-test was used to calculate P-values. ***P < 0.001.

Source data are available online for this figure.

© 2022 The Authors
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Figure 4.

et al, 1995). However, we did not observe any endogenous or exoge-
nously expressed Cyclin B2 localized at the Golgi complex. Jackman
and colleagues have reported that a small fraction of Cyclin B2 local-
izes to the spindle apparatus (Jackman et al, 1995), which is consis-
tent with our observation. In addition, early work from Nigg’s
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laboratory showed that chicken Cyclin B2 localizes in the cytoplasm
during interphase but translocates into the nucleus at the onset of
mitosis (Gallant & Nigg, 1992).

The kinetochore localization of Cyclin B1 has been noted for
years (Bentley et al, 2007; Chen et al, 2008). Until recently, the

© 2022 The Authors
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Figure 5. Cyclin B2 is required for robust SAC signaling.

A-F (A and D) Representative immunofluorescence images of Hela cells transfected with siControl or siCyclin B2. After 36 h of transfection, cells were treated with
nocodazole for 2 h. Then cells were fixed and co-stained for Mad2 (green) in A, Cdc20 (green) in D, ACA (red), and DNA (blue). Scale bar, 10 um. (B and E)
Representative immunofluorescence images of Hela cells co-transfected with siCyclin B2 plus GFP-tagged Cyclin B2-WT or Cyclin B2-4A. At 36-h post-transfection,
cells were treated with nocodazole for 2 h. Cells were then fixed and co-stained for Mad2 (red) in B, Cdc20 (red) in E, and DNA (blue). Scale bar, 10 um. (C and F)
Scatter graphs illustrating kinetochore intensity of Mad2 (C, cells treated as in A and B) and Cdc20 (F, cells treated as in D and E). Bars represent the mean
kinetochore intensity (= SD) normalized to the values of the siControl group. Each dot represents one cell (> 30 cells from three independent experiments). The
Student’s t-test was used to calculate P-values. ****P < 0.0001.

G Bar graph illustrating the mitotic index in cells treated with low concentrations of nocodazole for 12 h. Values are mean + SD (> 1,000 cells from three
independent experiments). The Student’s t-test was used to calculate P-values. ****P < 0.0001.

H  Immunoprecipitation assay performed with Cdc20 antibody. HeLa cells were transfected with siControl or siCyclin B2. At 36 h after transfection, cells were arrested
in mitosis, collected, and lysed. Cell lysates were incubated with Protein A/G beads bound with Cdc20 antibody. Following extensive washes, immunoprecipitates
were resolved by SAS-PAGE and analyzed by Western blotting using anti-Cdc20, anti-BubR1, anti-Bub3, and anti-Mad2 antibodies.

Source data are available online for this figure.
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Figure 6. Working model to account for Cyclin B2 localization and function in mitosis.

After NEBD, Cyclin B2 localizes to unattached kinetochores, mediated by Mad2 bound to Madl or by Mad2 bound to a yet unidentified kinetochore receptor (protein-X).
Multiple SAC factors, including kinases, localize at the outer kinetochores. Mad2-mediated Cyclin B2-Cdkl contributes to SAC signaling, in complement with Mad1-
mediated Cyclin B1-Cdk1. As a scaffold recruiting multiple SAC factors to the vicinity, the outer kinetochore catalyses the assembly of MCC. As a consequence, MCC
inhibits the activity of APC/C to preclude the anaphase as long as improperly attached kinetochores are present. The error-correction machinery promotes the
establishment of correct bipolar microtubule kinetochore attachment. When all kinetochores achieve bipolar attachment, SAC signaling is silenced, and the cell enters
anaphase. C: C-Mad2, O: 0-Mad2, X: protein-X, B1: Cyclin B1, B2: Cyclin B2.

molecular basis underlying Cyclin Bl kinetochore localization and different functions were proposed, all three groups confirmed the
its physiological functions was addressed by three groups (Alfonso- Mad1-Cyclin B1 interaction (Houston et al, 2020). Since Cyclin B2
Perez et al, 2019; Allan et al, 2020; Jackman et al, 2020). Although exhibits an identical localization pattern with that of Cyclin B1, it
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was postulated that Madl interacts with and mediates Cyclin B2
kinetochore localization. Our experiments demonstrated that Mad2,
but not Madl, interacts with Cyclin B2. We further demonstrated that
the Mad2-Cyclin B2 interaction was mediated by the MIM of Cyclin
B2. In cells depleted of endogenous Cyclin B2, the MIM-deficient
Cyclin B2 mutant failed to localize to the kinetochore effectively and
rescue the mitotic defects.

Both Cyclin B1 and B2 are expressed in somatic tissues with a
high proliferation ratio. It is widely believed that Cyclin B1 has an
essential role for cell proliferation and that Cyclin B2 is dispensable,
at least for mitosis. However, accumulating evidence supports that
Cyclin B2 has a mitotic function, although in parallel with and
complementary with Cyclin B1. Gong and co-workers found that
Cyclin B1/B2 double-knockdown cells display a high incidence of
late mitotic abnormalities (Gong et al, 2007; Gong & Ferrell, 2010).
When Cyclin B2 is knocked down, numbers of HeLa cells with
anaphase lagging chromosomes increase (Soni et al, 2008). Consis-
tent with these results, we also observed a high frequency of
anaphase lagging chromosomes in HeLa and HCT116 cells trans-
fected with Cyclin B2 siRNA. We further demonstrated that the SAC
function is impaired in cells with Cyclin B2 knockdown, as
suggested by the decreased kinetochore localization of key SAC
factors and decreased MCC assembly. Recently, Hochestrate and co-
workers investigated the role of Cyclins A, B1, and B2 in RPEI cells
and concluded that Cyclin A is required for mitotic entry and that
Cyclin B1/B2 is essential for accurate mitotic progression (Hegarat
et al, 2020). No apparent SAC abrogation was observed in Cyclin
B1/B2-depleted RPE1 cells, but the chromosome congression defect
was severe. We reason that these observations highlight the dif-
ference between diploid cells and aneuploid cancer cells and
support the idea that cancer cells are more dependent on SAC func-
tion for viability (Cohen-Sharir et al, 2021).

We demonstrated Mad?2 is required for the kinetochore localiza-
tion of Cyclin B2. However, decreased Mad2 (and Cdc20, BubR1,
Bubl, and Mad1) localization at kinetochores was evident. A possi-
ble explanation is the reduced Cdkl activity after knockdown of
Cyclin B2 (Fig EVSH). Cdkl phosphorylates Mpsl to activate the
spindle checkpoint (Morin et al, 2012a; Hayward et al, 2019a).
When Cyclin B2 was depleted, Cdk1 activity was reduced to lower
Mpsl activity, which resulted in less kinetochore localization of
Mad2 and Cdc20.

Our study favors a model indicating that the Mad2-mediated
kinetochore localization of Cyclin B2 contributes to SAC signaling
(Fig 6). In addition to inhibiting APC/C as a subunit of MCC, Mad2
has a novel function in recruiting Cyclin B2 to outer kinetochores.
Kinetochore bound Madl/Mad2 heterotetramer recruits an addi-
tional O-Mad2 and catalyses its conversion to C-Mad2. Prior studies
have shown that C-Mad2 bound to a MIM ligand can no longer
dimerize (Luo & Yu, 2008). Thus, it is likely C-Mad2 binds to a
yet unidentified kinetochore receptor protein-X. Cyclin B2-Cdkl1, in
complement with Cyclin B1-Cdkl1, directs the accurate phosphoryla-
tion of multiple Cdk1 substrates such as Bub1, BubR1, Mpsl, APC/
C, and separase (Elowe et al, 2007; Morin et al, 2012b; Fujimitsu
et al, 2016; Singh et al, 2021; Yu et al, 2021). With accumulating
evidence to support the function of Cyclin B1 and B2 at kineto-
chores, it becomes clear that Cdk1 not only triggers mitotic signaling
cascades, but also regulates multiple levels of cyto-architecture orga-
nization to facilitate mitotic progression, which includes

© 2022 The Authors
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kinetochore assembly and reorganization, microtubule attachment,
SAC, and separase activity.

In summary, our study uncovered a previously uncharacterized
function of Cyclin B2 at the kinetochore. The Mad2-mediated kine-
tochore localization of Cyclin B2 safeguards faithful chromosome
segregation. Currently, we are delineating how Cyclin B1-Cdkl and
CyclinB2-Cdk1 signaling cascades cross-talk and synergize for accu-
rate mitosis.

Materials and Methods

Cell culture, stable cell line screening, and drug treatments

HeLa, HCT116, and HEK293T cells (American Type Culture Collec-
tion) were cultured in DMEM (Gibco) with 10% (v/v) FBS (HyClone)
and penicillin-streptomycin (100 units/ml and100 pg/ml, respec-
tively; Gibco) at 37°C in a humidified atmosphere with 8% CO,. To
generate lentivirus expressing GFP-Cyclin B1/B2, pLVX-EGFP-B1/B2
was co-transfected into 293T cells together with pMD2.G and psPAX2
plasmids. At 48 h after transfection, the supernatant was used to
infect HeLa cells. GFP-Cyclin B1 and GFP-Cyclin B2-stable HeLa cell
lines were selected and maintained in DMEM-containing puromycin
(2.5 pg/ml). Nocodazole was used at 100 ng/ml, thymidine at
2.5 mM, the Eg5 inhibitor STLC at 10 pM, Taxol at 2 pM, the Cdk1
inhibitor RO-3306 at 10 uM, the Mps1 inhibitor reversine at 0.5 pM,
and the Aurora B inhibitor hesperadin at 0.1 uM. For some experi-
ments, 20-uM MG132 was added to synchronize cells at metaphase.

Plasmids, RNAI, and transfection

To generate GFP-tagged and GST-tagged full-length Cyclin B1, Cyclin
B2, and their deletion mutants, PCR-amplified Cyclin B1, Cyclin B2
cDNA, or fragments were cloned into the pEGFP-C1 vector, the
pLVX-EGFP-C1 vector, or the pGEX-6p-1 vector by ClonExpress Entry
One Step Cloning Kit (Vazyme). To generate Flag-tagged and Trx-His-
tagged Mad2 and its deletion mutants, PCR-amplified Mad2 cDNA or
fragments were cloned into the 3xFLAG-Myc-CMV-24 vector and the
pET.32 M.3C (gift by Prof. Chao Wang, USTC) vector by ClonExpress
Entry One Step Cloning Kit (Vazyme). Site-specific mutants of Cyclin
B2 and Mad2 were generated by Mut Express II Fast Mutagenesis Kits
(Vazyme). All plasmids with the desired insertions and mutations
were sequenced at General Biosystems.

Mad2 siRNA (GUCGGGACCACAGUUUAUU), Madl siRNA
(CCAAAGUGCUGCACAUGAG; CUCACCUUGUGAAAUAAAA), Cyclin
Bl siRNA (AAAUGUACCCUCCAGAAA), and Cyclin B2 siRNA
(AGCAAACUCCUGAAGAUCA) were synthesized by GenePharma
(Shanghai). All the expression plasmids were transfected using Lipo-
fectamine3000 according to the manufacturer’s protocol (Invitro-
gen). All siRNA duplexes were transfected using RNAIMAX
(Invitrogen).

Antibodies

Rabbit anti-Cyclin B2 (Abcam, #ab185622, 1:1,000 for IF), mouse
anti-Cyclin B2 (Santa Cruz, #sc-28303, 1:500 for WB), rabbit anti-
Cyclin B2 (Proteintech, #21644-1-AP, 1:1,000), rabbit anti-Cyclin B1
(Cell Signaling Technology, CST, #12231, 1:1,000 for WB), mouse
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anti-o-tubulin (Sigma, DM1A,1:5,000 for WB), mouse anti-p-actin
(Servicebio, #GB15001, 1:1,000 for WB), anti-centromere antibod-
ies (ACA; Immuno-Vision, #HCT-0100, 1:5,000 for IF), mouse anti-
Mad2 (Santa Cruz, #sc-65492, 1:200 for IF), mouse anti-Mad2
(Santa Cruz, #sc-47747, 1:100 for WB), mouse anti-Madl (Santa
Cruz, #sc-65494, 1:200 for IF), rabbit anti-pericentrin (Abcam,
#ab4448, 1:2,000 for IF), mouse anti-Nupl107 (Abcam, mAb414,
ab24609, 1:1,000 for IF), rabbit anti-Cdc20 (CST, #14866, 1:1,000
for WB/IF), mouse anti-BubR1 (BD, #612502, 1:1,000 for WB/IF),
mouse anti-Bubl antibody (Abcam, #ab54893, 1:500 for IF), mouse
anti-Bub3 (Santa Cruz, #sc-376506, 1:1,000 for WB/IF), mouse
anti-Flag (Sigma, #F1804, 1:2,000 for WB), mouse anti-His-tag
(CST, #2366, 1:2,000 for WB), and rabbit anti-phospho-CDK
substrate motif (CST, #9477, 1:1,000 for WB) were obtained
commercially. For all Western blotting, signals were detected using
HRP-conjugated anti-mouse or anti-rabbit antibodies (Jackson
ImmunoResearch).

Immunofluorescence microscopy, image processing, and
quantification

Unless indicated specifically, HeLa cells grown on coverslips were
fixed and permeabilized simultaneously with PTEMF buffer [S0 mM
PIPES (pH 6.8), 0.2% Triton X-100, 10 mM EGTA, 1 mM MgCl,,
4% formaldehyde] at room temperature and were processed for
indirect immunofluorescence microscopy. Samples were examined
with a DeltaVision microscope (Applied Precision) with a 60x
objective lens, NA = 1.42, with optical sections acquired 0.2 pm
apart in the z axis. Deconvoluted images from each focal plane
were projected into a single picture using softWoRx (Applied Preci-
sion). Images were taken at identical exposure times within each
experiment and were acquired as 16-bit gray-scale images. After
deconvolution, the images were exported as 24-bit RGB images and
processed in Adobe Photoshop. Images shown in the same panel
were identically scaled. Kinetochore intensities were measured in
ImageJ (rsb.info.nih.gov/ij/) on non-deconvoluted images. The
levels of kinetochore-associated proteins were quantified as
described previously (Gui et al, 2020). In brief, the average pixel
intensities from at least 20 kinetochore pairs from each cell were
measured, and background pixel intensities were subtracted. The
pixel intensities at each kinetochore pair were then normalized
against ACA pixel values to account for any variations in staining
or image acquisition. In all plots, each dot represents one cell.
All P-values were calculated using the Student’s t-test with Prism
software (GraphPad).

To stain endogenous Cyclin B2, cells were rinsed for 1 min with
PHEM buffer [100 mM PIPES, 20 mM HEPES (pH 6.9), 5 mM EGTA,
2 mM MgCl,, and 4 M glycerol] and permeabilized for 1 min with
PHEM plus 0.1% Triton X-100 as described (Yao et al, 1997).
Extracted cells were then fixed in 4% formaldehyde in PHEM for
10 min and then rinsed three times in PBS.

Live-cell imaging

HeLa cells were cultured in glass-bottomed culture dishes (MatTek).
During imaging, cells were cultured at 37°C in CO,-independent
medium (Invitrogen) containing 10% FBS and 2 mM glutamine and
were observed with the DeltaVision RT system (Applied Precision).
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Images were prepared for publication using Adobe Photoshop soft-
ware.

Recombinant protein expression and GST pulldown assay

Glutathione S-transferase (GST) fusion proteins were expressed in
bacteria BL21-Gold (DE3) strain and purified by using glutathione
agarose as reported previously (Zhao et al, 2010). Briefly, the plasmids
were transformed into an E. coli strain, and protein expression was
induced with 0.2 mM IPTG at 16°C. Bacterially recombinant GST-
tagged proteins were lysed by sonication in PBS-containing protease
inhibitor cocktail (Sigma, #P8849), followed by incubation with
Glutathione Sepharose 4B (GE Healthcare Life Science) for 1 h at 4°C.
Different 6xHis-Mad2 fusion proteins were purified using Ni-NTA
beads (Qiagen) according to the manufacturer’s protocol. GST-tagged
Cyclin B1 (165-433) and Cyclin B2 (135-398) fusion protein-bound
glutathione beads were incubated with purified 6xHis-Mad2 fusion
proteins in PBS buffer containing 0.1% Triton X-100 plus 1 mM PMSF
and 1 mM DTT for 2.5 h at 4°C. After the incubation, the beads were
washed three times with PBS containing 0.1% Triton X-100 and once
with PBS and boiled in SDS-PAGE sample buffer. The bound proteins
were then separated on 10% SDS-PAGE. In parallel, the samples were
analyzed by an anti-His tag antibody using Western blots.

Immunoprecipitation and Western Blots

HEK293T cells or HeLa cells were collected and lysed in IP buffer
(50 mM HEPES, pH 7.4; 150 mM NaCl; 2 mM MgCl,; 1 mM EGTA;
0.2% Triton X-100; 1 mM DTT) supplemented with protease inhi-
bitor cocktail (Sigma, #P8340). Cell lysates were clarified by
centrifugation at 12,000 rpm for 20 min at 4°C. For different
purposes, clarified cell lysates were incubated with FLAG-M2 resin
(Sigma) for 2 h before washing. The binding fraction was washed
with IP buffer three times before being resolved by SDS-PAGE and
immunoblotted with indicated antibodies.

Samples were separated by standard SDS-PAGE electrophoresis,
then transferred to nitrocellulose membranes. Western blotting was
performed using standard protocols. For all Western blotting,
signals were detected using HRP-conjugated anti-mouse or anti-
rabbit antibodies (Pierce) through use of a Fuji ImageQuant LAS 400
machine.

MS sample preparation and analysis

The Flag immunoprecipitation and wash conditions were described
in “Immunoprecipitation and pulldown assay”. After washing, the
samples were reduced with 10 mM DTT in 50 mM ammonium bicar-
bonate at 56°C for 30 min and then alkylated with 30 mM iodoac-
etamide for 30 min. Afterwards, 2 pg of trypsin (Promega, V511A)
was added to samples for overnight digestion at 37°C. After trypsin
digestion, the peptide samples were desalted and analyzed with a
Thermo Fisher Q Exactive mass spectrometer equipped with Easy-
nanoLC, followed by a scan range of m/z 350-1550. The raw files
were analyzed with Thermo Proteome Discoverer (1.4.1.14). The
human database was from Uniprot (Proteome ID: UP000005640).
Phosphorylation (S/T, +79.9663 Da) and oxidation (M, +15.9949 Da)
modifications were included as variable modifications. Carbamido-
methyl (C, +57.0215 Da) was set as a fix modification.
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Online supplemental materials

Figure EV1 provides data on subcellular localization of Cyclin B2 in
cell cycle. Figure EV2 provides data on localization of endogenous
Cyclin B2 in cells treated with different mitotic kinase inhibitors and
physical interaction between Cyclin B2 and Mad2. Figure EV3 provides
data on Cyclin B1 and Cyclin B2 localization in cells depleted of Madl.
Figure EV4 provides chromosome segregation phenotype of HCT116
cells with knocked-down Cyclin B2. Figure EV5 provides data on local-
ization of Madl, Bubl, and BubR1 in cells treated with control siRNA
or Cyclin B2 siRNA. Datasets EV1-EV4 provide the mass spectrometry
results of Flag-Cyclin B1 and B2 immunoprecipitation.

Data availability
No data were deposited in a public database.
Expanded View for this article is available online.
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