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PLK1 phosphorylation of ZW10 guides accurate
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Stable transmission of genetic information during cell division requires faithful chromosome segregation. Mounting evidence has
demonstrated that polo-like kinase 1 (PLK1) dynamics at kinetochores control correct kinetochore—microtubule attachments and
subsequent silencing of the spindle assembly checkpoint. However, the mechanisms underlying PLK1-mediated silencing of the
spindle checkpoint remain elusive. Here, we identified a regulatory mechanism by which PLK1-elicited zeste white 10 (ZW10)
phosphorylation regulates spindle checkpoint silencing in mitosis. ZW10 is a cognate substrate of PLK1, and the phosphorylation
of ZW10 at Ser12 enables dynamic ZW10-Zwint1 interactions. Inhibition of ZW10 phosphorylation resulted in misaligned chromo-
somes, while persistent expression of phospho-mimicking ZW10 mutant caused premature anaphase, in which sister chromatids
entangled as cells entered anaphase. These findings reveal the previously uncharacterized PLK1-ZW10 interaction through which
dynamic phosphorylation of ZW10 fine-tunes accurate chromosome segregation in mitosis.
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Introduction

Faithful chromosome segregation requires proper bipolar
attachment of sister chromatids to microtubules stemming
from opposite spindle poles. Chromosome movements during
mitosis are governed by the interaction of spindle microtubules
with a specialized chromosome domain located within the
centromere. Proper bi-orientation of chromosomes is essential
for maintaining genomic integrity during mitosis (Cleveland
et al., 2003; Liu et al., 2020). Several key mitotic kinases, such
as polo-like kinase 1 (PLK1), Mps1, CDK1, and Aurora B kinase,
are responsible for regulating the kinetochore—microtubule
(KT-MT) attachment during mitosis. PLK1 is an important kinase
that orchestrates this process and is involved in the regulation
of centrosome maturation, mitotic entry, checkpoint recovery,
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spindle assembly, sister chromatid separation, and even cytoki-
nesis (Archambault and Glover, 2009; Zitouni et al., 2014). From
the G2 phase to mitosis, PLK1 is localized at centrosomes. Dur-
ing mitosis, PLK1 accumulates at kinetochores from prophase
to metaphase and is translocated to the midzone in anaphase
(Golsteyn et al., 1995; Takaki et al., 2008). PLK1 is highly
conserved among different species, with at least one PLK family
member present from fungi to humans (Archambault and Glover,
20009; Zitouni et al., 2014). In vertebrate cells, PLK1 localizes to
kinetochores during early mitosis and usually accumulates on
unaligned chromosomes (Ahonen et al., 2005; Liu et al., 2012;
Yu et al., 2020). During early mitosis, PLK1 stabilizes KT-MT at-
tachments at kinetochores, whereas Aurora B destabilizes them
(Lampson and Kapoor, 2005; Godek et al., 2015). Therefore,
a tug of war between PLK1 and Aurora B kinase establishes a
balance for the initial formation of stable KT-MT attachments.
Previous studies showed that Aurora B kinase activity is high
during prophase (Liu et al., 2009; Lampson and Cheeseman,
2011); therefore, high PLK1 activity is needed to balance the
Aurora B activity. Inhibition or depletion of PLK1 leads to the
arrest of cells in a prometaphase-like state, with unseparated
centrosomes, monopolar spindles, and defects in KT-MT
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attachment and chromosome alignment (Gimenez-Abian et al.,
2004; Sumara et al., 2004; Hanisch et al., 2006; Lenart et al.,
2007).

Zeste white 10 (ZW10) is a kinetochore protein, participatesin
mitotic checkpoint signaling and membrane trafficking between
the endoplasmic reticulum (ER) and the Golgi, and serves to
link dynactin and dynein to mitotic kinetochores. ZW10 exhibits
dynamic subcellular localization during the cell division cycle.
ZW10 binds to centromeres during prophase and anaphase
(Williams et al., 1996). During interphase, ZW10 localizes to the
cytoplasm and moves to the kinetochore as the cell enters mi-
tosis. Interestingly, careful examination of the subcellular local-
ization of ZW10 in interphase cells revealed its role in membrane
trafficking between the Golgi and the ER via interacting with the
SNARE complex involving syntaxin 18 (Hirose et al., 2004). The
lack of a stable Bub1-Mad1/2 interaction in human cells could
be due to the presence of the ROD-Zwilch-ZW10 (RZZ) complex,
which is only present in complex eukaryotes and contributes
to Mad1/2 kinetochore localization and checkpoint signaling
(Basto et al., 2000; Buffin et al., 2005; Karess, 2005; Barisic
and Geley, 2011). The RZZ complex has been proposed to be
recruited to kinetochores via a direct interaction between ZW10
and the outer kinetochore protein Zwint1l (Wang et al., 2004;
Kops et al., 2005). Zwint1 specifies the kinetochore association
of ZW10 by interacting with its N-terminal domain. Suppression
of Zwint1 synthesis by small interfering RNA (siRNA) abolishes
the localization of ZW10 to the kinetochore. These Zwintl-
suppressed cells display a chromosome bridge phenotype with
sister chromatids interconnected. Importantly, the interaction
between ZW10 and Zwint1 is required for the spindle checkpoint
machinery to ensure faithful chromosome segregation in mitosis
(Wang et al., 2004). However, whether there is a direct interac-
tion between ZW10 and PLK1 and whether PLK1 plays a role in
the regulation of ZW10 localization and function during the cell
cycle still remain unclear.

In this study, we investigated how PLK1 mediates dynamic
phosphorylation of ZW10 to ensure accurate chromosome seg-
regation and chromatid separation.

Results
ZW10 is a novel interacting protein of PLK1

To study the molecular association of ZW10 with other
accessory proteinsin interphase and mitotic cells, we performed
immunoprecipitation (IP) with ZW10 antibody (anti-ZW10 IP)
to isolate ZW10-containing protein complexes, followed by
mass spectrometric identification of tryptic peptides derived
from the complexes (Fang et al., 2006; Yuan et al., 2007; Ding
et al., 2010; Xu et al., 2021). Specifically, HelLa cells stably
expressing green fluorescent protein (GFP)-tagged ZW10 were
synchronized to different cell cycle stages, and PLK1 was found
in ZW10 immunoprecipitates from mitotic but not interphase
Hela cells (Supplementary Table S1). Then, we performed
anti-FLAG IP, followed by Coomassie Brilliant Blue (CBB)
staining and western blotting, and validated the presence
of PLK1 in FLAG immunoprecipitates from mitotic but not

asynchronized FLAG-ZW10-expressing Hela cells (Figure 1A,
lane 4). In addition, endogenous anti-ZW10 IP pulled down PLK1
from mitotic cell lysates (Figure 1B, lane 4), and a reciprocal
co-IP assay confirmed the mutual interaction between ZW10
and PLK1 in HEK293T cells co-transfected with FLAG-PLK1 and
GFP-ZW10 (Supplementary Figure S1A). Thus, we conclude that
ZW10 forms a complex with PLK1 in mitotic cells.

PLK1 is a critical mitotic kinase that guides accurate KT-
MT attachments (Yuan et al., 2007; Chu et al., 2011; Zhang
et al.,, 2011). PLK1 plays pleiotropic roles during mitosis
and is essential for mitotic division from the start until the
end. PLK1 controls mitotic entry, centrosome separation and
maturation, chromosome arm resolution, KT-MT attachment,
spindle assembly checkpoint (SAC) silencing, and cytokinesis
(Schmucker and Sumara, 2014; Xu et al., 2021). Our previous
study revealed that ZW10 is located at the kinetochore in
prometaphase (Wang et al., 2004). The biochemical association
between ZW10 and PLK1 prompted us to examine whetherZW10
co-localizes with PLK1 to the kinetochore in Hela cells during
mitosis. As shown in Figure 1C (upper panel), ZW10 signal was
readily apparent at the kinetochore, where it was superimposed
on anti-centromere antibody (ACA) signal, in a prometaphase
cell, indicating that ZW10 becomes localized to the
centromere/kinetochore during early mitosis. Importantly, the
co-distribution of ZW10 and ACA peaked in prometaphase cells,
as the ZW10 signal at the kinetochore decreased in metaphase
cells (Figure 1C and D), indicating dynamic localization of ZW10
to the kinetochore. Meanwhile, ZW10 co-localized with PLK1
in prometaphase cells, but both ZW10 and PLK1 signals at
the kinetochore greatly declined as chromosomes aligned at
the metaphase equator (Supplementary Figure S1B). Thus, we
conclude that ZW10 complexes and co-distributes with PLK1 at
the kinetochore during the early phase of mitosis.

Characterization of PLK1-ZW10 interactions

To delineate the specific binding interface between ZW10 and
PLK1, we constructed deletion mutants of ZW10 (Figure 2A) and
examined their localization and interactions with PLK1 in Hela
cells. ZW10, ROD, and Zwilch require each other for kinetochore
localization (Scaerou et al., 2001; Williams et al., 2003) and
form a complex known as the RZZ complex, which is recruited
to kinetochores by Zwintl (Wang et al., 2004). However, the
structural determinant of ZW10 localization to the kinetochore
and interaction with PLK1 remains elusive. Our previous
biochemical studies indicated that Zwint1 interacts with the 80
N-terminal amino acids of ZW10 (Wang et al., 2004). As shown
in Figure 2B, ZW10 N-terminal fragment (aa 1-470) localized
to the kinetochore and co-distributed with PLK1, similar to
full-length ZW10, in mitotic cells, indicating that its kinetochore
localization depends on the N-terminal but not C-terminal
region, consistent with our previous finding (Wang et al., 2004).
Statistical analyses of immunofluorescence intensities of GFP-
tagged ZW10 and the deletion mutants confirmed that the
region containing the N-terminus is the determinant of ZW10
localization to the kinetochore (Figure 2C). We then performed
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Figure 1 ZW10 is a novel interacting protein of PLK1. (A) Analyses of FLAG-ZW10 immunoprecipitates by CBB staining and western blotting.
Anti-FLAG IP was performed with asynchronized or mitotic (100 ng/mlnocodazole, 18 h) FLAG-ZW10-expressing HelLa cells. Western blotting
analyses confirmed the presence of PLK1 in the immunoprecipitates. (B) Endogenous IP assay. Endogenous ZW10 immunoprecipitates from
interphase (G1/S, 2 mM thymidine for 17 h) or mitotic (100 ng/ml nocodazole for 16—18 h) Hela cells were analyzed with antibodies against
ZW10, PLK1, Cyclin B1, and a-tubulin. (C) Immunofluorescence staining of PLK1 and ACA in mitotic GFP-ZW10 stable HelLa Kyoto cells. GFP-
ZW10 was visualized by direct GFP fluorescence, and DNA was stained with 4',6-diamidino-2-phenylindole (DAPI). The co-distribution of
ZW10 with PLK1 was apparent at the centromere region in prometaphase and metaphase cells. Scale bar, 10 wm. (D) Pearson’s correlation
coefficient values for co-localization of ZW10 and ACA at prometaphase and metaphase of GFP-ZW10 stable Hela Kyoto cells. The average
Pearson’s correlation coefficients were calculated from 10 randomly selected kinetochores in every 40 prometaphase or metaphase cells

from three independent experiments. ****P < 0.0001.
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Figure 2 ZW10 interacts with PLK1 via the N-terminal domain. (A) Schematic representation of different ZW10 deletion mutants. +,
positive; —, negative. FL, full-length, aa 1-779; NT, N-terminal, aa 1-470; CT, C-terminal, aa 471-779. (B) Immunofluorescence images
showing the localization of transiently expressed GFP-ZW10-FL, GFP-ZW10-NT, and GFP-ZW10-CT in mitotic Hela cells. At 24 h post-
transfection, the cells were fixed and stained for PLK1, ACA, and DNA (DAPI). GFP-ZW10 and its truncations were visualized by direct GFP
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live cell imaging of Hela cells expressing GFP-tagged full-length
or different fragments of ZW10. As predicted, full-length and
N-terminal fragment (aa 1-470) of ZW10 localized to the
kinetochore during mitosis (Supplementary Figure S2).

Next, we sought to examine the temporal dynamics of ZW10
and PLK1 protein expression during the cell cycle. For this pur-
pose, we assessed the temporal profile of ZW10 levels from
G1/S phase to mitosis relative to that of Cyclin B1, Zwint1, PLK1,
and tubulin in synchronized Hela cells by western blotting.
Intriguingly, the ZW10 expression profile was rather constant
during the cell cycle, different from that of Cyclin B1 and PLK1,
which peaked during mitosis (Figure 2D; lanes 5 and 9). Thus,
the protein level of ZW10 is relatively static throughout the cell
cycle, while dynamic localization of ZW10 to the kinetochore is
a function of mitotic progression (Figure 2E).

To determine the specific domain and contacts required for
the ZW10-PLK1 interaction at the kinetochore, we carried out
anti-GFP IP, followed by western blotting analysis. The results
indicated that PLK1 was present in GFP immunoprecipitates
from mitotic Hela cells expressing full-length and N-terminal
fragment of ZW10 but not those expressing C-terminal fragment
of ZW10 (Figure 2F). The N-terminal region of ZW10 does not con-
tain any Ser/Thr—Pro motif motif (data not shown), whose phos-
phorylation by CDK1 usually serves as a binding site for the Polo
box of PLK1 (Elia et al., 2003a, b). Thus, the N-terminus of ZW10
likely complexes with PLK1 via a non-canonical mechanism.

ZW10 is a novel substrate of PLK1

The spatiotemporal localization and interaction profile of
ZW10 with PLK1 in mitosis prompted us to investigate their
binding interface and inter-relationship. To further confirm the
physical interaction between these two proteins, we carried out
a pull-down assay using bacterially expressed recombinant GST-
ZW10 as an affinity matrix to absorb purified His-PLK1. As shown
in Figure 3A, PLK1 bound to GST-ZW10 but not to the GST tag
(lane 4 vs. lane 5). We next examined whether ZW10 localization
to the kinetochore is a function of PLK1 kinase activity. As
shown in Supplementary Figure S3A and B, ZW10 signal at
the kinetochore was moderately weaker in cells treated with
the PLK1 inhibitor BI-2536, suggesting that ZW10 kinetochore
localization is regulated by PLK1 kinase activity. Several
phosphorylation sites on endogenous ZW10 were identified
by large-scale mass spectrometric analyses (PhosphoSitePlus)
(Figure 3B; Supplementary Figure S3C). To identify the specific

PLK1-elicited phosphorylation sites on ZW10, we mutated Ser12
from the N-terminus and carried out an in vitro phosphorylation
assay using recombinant wild-type (GST-ZW10-WT) and non-
phosphorylatable mutant (GST-ZW10-S12A) ZW10 proteins
(Figure 3C). Centromere protein U (CENP-U) was previously
demonstrated to be a PLK1 substrate and thus used as a
positive control (Hua et al., 2011; Singh et al., 2021). Phos-tag
gel analysis showed that ZW10-WT was phosphorylated by PLK1
kinase, while the ZW10-S12A mutant was not (Figure 3C, top
panel, lane 4 vs. lane 6). Thus, Ser12 is the main PLK1-elicited
phosphorylation site on ZW10. Subsequently, we focused
on this site to elucidate the functional significance of ZW10
phosphorylation mediated by PLK1 in mitosis.

Phosphorylation of ZW10 by PLK1 is essential for accurate
chromosome segregation

We first characterized the phenotype associated with ZW10
suppression. As shown in Figure 4A, ZW10 siRNA efficiently sup-
pressed ZW10 protein level at 48 h post-transfection, as judged
by western blotting, while the level of PLK1 was not altered.
Immunofluorescence imaging confirmed that ZW10 siRNA sig-
nificantly reduced the relative fluorescence intensity of ZW10 to
ACA (Supplementary Figure S4A and B). Live cell imaging with
Hela cells expressing mCherry-H2B showed that suppression of
ZW10 resulted in chromosome segregation errors such as pre-
mature anaphase and chromatid bridges (Figure 4B). To ensure
that the observed phenotypes were not due to off-target effects,
a rescue experiment was carried out with Hela cells expressing
siRNA-resistant GFP-ZW10. As shown in Figure 4C, exogenously
expressed siRNA-resistant GFP-ZW10 readily localized to the
kinetochore soon after the cell entered mitosis (bottom panel;
5 min); the cell expressing siRNA-resistant GFP-ZW10 achieved
metaphase alignment at 35 min when the signal of kinetochore
ZW10 greatly declined and then progressed into anaphase at
45 min with equally segregated chromatids (similar to that
observed in the siControl group). Statistical analyses of the
data from three independent experiments indicated that siRNA-
mediated ZW10 suppression resulted in chromosome misalign-
ment and lagging chromosomes, which were rescued by the
introduction of siRNA-resistant GFP-ZW10 (Figure 4D and E).

Next, we performed live cell imaging with Hela cells
expressing GFP-tubulin and mCherry-H2B. As predicted, normal
cell division was observed in control siRNA-treated cells,
while mitotic defects and microtubule disruption occurred in

Figure 2 (Continued)

fluorescence. Scale bar, 10 uwm. (C) Quantification of ZW10 and PLK1 fluorescence intensities at the cen-

tromere/kinetochore. Note that the level of kinetochore-associated GFP-ZW10-CT is much lower than that of GFP-ZW10-FL and GFP-ZW10-NT.
n = 32 mitotic cells from three independent experiments were surveyed for each condition. Data are presented as mean & SD; two-sided
t-test; ****P < 0.0001. (D and E) Temporal expression profile of ZW10 during the cell cycle. Noc, 100 ng/ml nocodazole for 16-18 h.
(D) Western blotting analyses of ZW10 in synchronized Hela cells. Notably, the protein levels of ZW10 and Zwint1 are relatively stable, while
those of PLK1 and Cyclin B1 change from interphase to mitosis. Tubulin was blotted as a loading control. (E) Quantification of relative protein
levels of PLK1 and other proteins. The maximum average value of each protein throughout the cell cycle was set to 1. Data are presented
as mean =+ SD from three independent experiments. (F) Analyses of GFP-ZW10 immunoprecipitates by western blotting. Anti-GFP IP was
performed with mitotic (100 ng/ml nocodazole, 16—18 h) Hela cells, and the immunoprecipitates were analyzed with antibodies against

GFP, PLK1, and a-tubulin.
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ZW10-deficient cells (Supplementary Figure S4C, top and middle
panels). In particular, control siRNA-treated cells achieved
metaphase at 20-30 min, while neither ZW10-depleted cells
nor PLK1-depleted cells (Supplementary Figure S4E) exhibited
normal metaphase, as judged by the presence of misaligned
chromosomes, even at 90 min (Supplementary Figure S4C,
middle and bottom panels). Statistical analyses confirmed
that depletion of ZW10 or PLK1 caused severe mitotic defects,
including chromosome alignment errors and lagging chromo-
somes (Supplementary Figure S4D). Proper KT-MT attachments
are necessary for chromosome alignment and segregation
during mitosis. They are mediated by the molecular motor
dynein, CENP-E, and the KT-MT-binding complex NDC80. RZZ,
which is essential for dynein recruitment via Spindly and plays
a crucial role in the regulation of stable KT-MT attachments,
is at the center of this coordination (Amin et al., 2018). Thus,
we speculated that dynamic phosphorylation of ZW10 may be
involved in correcting aberrant KT-MT attachments.

Then, we introduced GFP-tagged ZW10 proteins into Hela
cells depleted of endogenous ZW10. Western blotting analysis
showed that the protein level of exogenously expressed GFP-
ZW10 was comparable to that of endogenous ZW10 on average
(Supplementary Figure S5C). Given that the transfection
efficiency was ~40% (Supplementary Figure S5A and B), the
expression level of exogenous GFP-ZW10 within each cell was
estimated to be ~2.5-fold higher than that of endogenous
ZW10. Live cell imaging of Hela cells expressing mCherry-
H2B demonstrated that expression of GFP-ZW10-WT supported
accurate chromosome segregation in the absence or presence of
endogenous ZW10, while expression of non-phosphorylatable
GFP-ZW10-512A resulted in a brief mitotic arrest and ~15 min
delay in metaphase achievement after nuclear envelope
breakdown (NEBD) (Figure 5A; Supplementary Figure S6A;
top and middle panels). Surprisingly, phospho-mimicking
GFP-ZW10-S12D failed to localize to the kinetochore, and
persistent expression of GFP-ZW10-S12D resulted in abnormal
anaphase with lagging chromosomes (Figure 5A; Supplementary
Figure S6A; bottom panel). Statistical analyses of the data
from three independent experiments confirmed mitotic delay
by non-phosphorylatable GFP-ZW10-S12A and abnormal
anaphase by phospho-mimicking GFP-ZW10-S12D (Figure 5B
and C; Supplementary Figure S6B and C). These observations
are consistent with the role of ZW10 in spindle checkpoint
regulation. We thus reason that dynamic phosphorylation of
ZW10 is critical for accurate KT-MT attachment and spindle
checkpoint silencing during mitosis.

Phosphorylation of ZW10 by PLK1 regulates the interaction
between ZW10 with Zwint1

To elucidate mechanisms underlying the functional signifi-
cance of dynamic phosphorylation of ZW10 in mitosis, we eval-
uated the influence of ZW10 phosphorylation on the ZW10-
PLK1 interaction by performing co-IP assays. FLAG-PLK1 was
precipitated with GFP-ZW10-WT and GFP-ZW10-S12A but much
less with GFP-ZW10-S12D, suggesting a disruption of rele-
vant protein—protein interactions by phosphorylation of ZW10
(Supplementary Figure S3D). Thus, the kinetochore localiza-
tion of exogenously expressed GFP-tagged ZW10 proteins in
Hela cells depleted of endogenous ZW10 was examined. Both
GFP-ZW10-WT and GFP-ZW10-S12A localized to the kinetochore
in prophase cells and the signals were superimposed onto
that of endogenous PLK1, while phospho-mimicking GFP-ZW10-
S12D failed to localize to the kinetochore, where PLK1 re-
mained normal (Figure 6A; Supplementary Figure S7A). Quan-
tification of fluorescence intensities confirmed the signifi-
cantly reduced kinetochore localization of GFP-ZW10-512D and
the unchanged kinetochore localization of PLK1 (Figure 6B;
Supplementary Figure S7B). Western blotting analyses indicated
that all three exogenous GFP-ZW10 variants were expressed at
comparable levels to each other (Supplementary Figure S7C).
However, they exhibited identical localization patterns in inter-
phase cells (Supplementary Figure S7D and E). Moreover, when
the protein level of ZW10 at the kinetochore was knocked down
to be <20% of the control, that of PLK1 was barely changed
(Figure 6C), suggesting that PLK1 localization to the kinetochore
isindependent of ZW10. Thus, we conclude that PLK1-mediated
phosphorylation controls dynamic localization of ZW10 to the
kinetochore in mitosis.

Since Zwintl determines ZW10 localization to the kineto-
chore, which is essential for RZZ formation and Mad1/Mad2
recruitment to the fibrous corona (Wang et al., 2004; Kops
et al., 2005), we also examined whether ZW10 phosphoryla-
tion affects its interaction with Zwintl and other relevant pro-
teins by anti-GFP IP with mitotic Hela cell lysates. As shown
in Figure 6D, GFP-ZW10-WT and GFP-ZW10-S12A pulled down
comparable amounts of PLK1 and Zwint1 (lanes 4 and 5), while
GFP-ZW10-512D pulled down much less PLK1 and undetectable
Zwint1 protein (lane 6), suggesting that phosphorylation of
ZW10 disrupts its interaction with Zwint1 and hence its kineto-
chore localization. Coincidently, GFP-ZW10-S12D failed to com-
plex with Mad1/Mad2 (Figure 6, lane 6), accounting for the
compromised spindle checkpoint observed in GFP-ZW10-S12D-
expressing cells. These findings suggest that PLK1-mediated

Figure 4 (Continued) (C) Expression of GFP-ZW10 rescues ZW10 siRNA-elicited phenotypes. Hela cells transfected with ZW10 siRNA along
with siRNA-resistant GFP-ZW10 (si-R-GFP-ZW10) and mCherry-H2B were synchronized at 24 h post-transfection and then subjected to
real-time imaging. Imaging began upon NEBD (0 min). The time is indicated in minutes. Merged images show chromosomes (red) and
GFP-ZW10 (green). Scale bar, 10 wm. (D) Quantitative analysis of the time intervals from NEBD to anaphase onset. n = 50 cells from
three independent experiments for each group. Data are presented as mean + SD; two-sided t-test; ****P < 0.0001; ns, not significant.
(E) Quantification of chromosome alignment and segregation defectsin Band C. n =50 cells for each group. Data are presented as mean + SD.

Page 8 of 16


https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjae008#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjae008#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjae008#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjae008#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjae008#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjae008#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjae008#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjae008#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjae008#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjae008#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjae008#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjae008#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjae008#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjae008#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjae008#supplementary-data

Bellah et al., J. Mol. Cell Biol. (2024), 16(2), mjae008

A
=
=
N
a
(1S
Q
X
B
+
<
4
x
w
=
=
N
o
=
N
o
w
Q
o
B
+
<
zZ
x
w
o
=
N
o
=
N
o
L
Q
-
B
+
<
Z
x
w
o
S
B 1204 il C 100 = mm Normal mitosis
= T = Chromosome misalignment
g € 1004 - Lagging chromosome
05 80 2
z2 ek S
£ S 60 o 60—
B x I}
Eg 40+ E 40 T
=& 204 2
- & 2 504 -
0 L T T
$ & P -

< =)

'\00 )
\
LR

ZW10 WT ZW10 S12A ZW10 812D

Figure 5 ZW10 phosphorylation promotes normal mitotic progression. (A) Real-time imaging of chromosome movements in Hela cells
co-transfected with mCherry-H2B and si-R-GFP-ZW10 (WT, S12A, or S12D) along with ZW10 siRNA. Imaging began upon NEBD (0 min). The
time is indicated in minutes. Merged images show chromosomes (red) and GFP-ZW10 (green). Scale bar, 10 wm. (B) Quantitative analysis
of the time intervals from NEBD to anaphase onset. n = 50 cells from three independent experiments for each group. Data are presented as
mean =+ SD; two-sided t-test; **P < 0.01, ****P < 0.0001. (C) Quantification of chromosome alignment and segregation defects in A. n = 50
cells for each group. Data are presented as mean =+ SD.

Page 9 of 16



Bellah et al., J. Mol. Cell Biol. (2024), 16(2), mjae008

A
GER-ZW10
.y
o
=
N
o
L
Q
e
)
+
<
=
o
w
=2
=
N
B > mm ZW10 D
g 127 PLK1 Input GFP IP
£ 40- T - T + - - + - - GFP-ZW10-WT
p i - 4+ - - + - GFP-ZW10-S12A
= 1 M,(kDa) = - + - - + GFP-ZW10-S12D
[&]
7] 06_ — — — e -
3 1004 —— GFP-ZW10
S 0.4- *kkk 70
- - e = o | PLKA1
[4}]
0.2 ;
% i 70 g Zwint1
g S8== l l 150
WT S12A S12D ————— Bub1
GFP-ZW10 100 Mad1
C
.*g' 1.2- ns 25 - - e Mad2
c
£ 109 ol & o 50| - — a-tubulin
a - 250
% 0.8 5
S 06 100 = < GFP-ZW10
S 0.6
g 70 |
3 0.4 *kkk 50
2 0.2+ L 40
8 0.0 1. CBB
< 1 1 1 1
= C\\\c} oS (\(\0\ QL‘\V‘ 25
& & F F
2 o 3 o 20 on
v % 1 2 3 4 5 6

ZW10 intensity PLK1 intensity

Figure 6 Phosphorylation of ZW10 by PLK1 weakens ZW10 localization to the kinetochore. (A) Phosphorylation of ZW10 by PLK1 attenuates
the localization of ZW10 to kinetochores. Hela cells were transfected with ZW10 siRNA along with si-R-GFP-ZW10 (WT, S12A, or S12D). At
48 h post-transfection, the cells were fixed and stained for PLK1 (red), centromere (ACA, magenta), and DNA (DAPI, blue). GFP-ZW10 and its
mutants were visualized by direct GFP fluorescence. Scale bar, 10 um. (B) Quantification of ZW10 (WT, S12A, and S12D) and PLK1 intensities
at the centromere/kinetochore. Note that the level of kinetochore-associated GFP-ZW10-S12D is much lower than that of GFP-ZW10-WT and
GFP-ZW10-S12A. n = 32 mitotic cells from three independent experiments for each condition. Data are presented as mean £ SD; two-sided
t-test; ****P < 0.0001. (C) Quantification of ZW10 and PLK1 intensities at the centromere/kinetochore in ZW10-knockdown or control cells.

Page 10 of 16



Bellah et al., J. Mol. Cell Biol. (2024), 16(2), mjae008

dynamic phosphorylation of ZW10 regulates spindle check-
point satisfaction by modulating the interaction of ZW10 with
Zwint1.

Discussion

In this study, we identified that ZW10, a subunit of RZZ, physi-
cally interacts with PLK1 both in vitro and in vivo. Our functional
exploration demonstrated that ZW10is a novel substrate of PLK1
and dynamic phosphorylation of ZW10 is required for correct KT—-
MT attachment, accurate chromosome segregation, and proper
genomic stability (Figure 7). Interestingly, persistent phospho-
rylation of ZW10 attenuates its localization to the kinetochore,
which results in chronic mitotic arrest and severe defects in
spindle checkpoint satisfaction, such as premature anaphase
with sister chromatid bridges. However, either suppression of
ZW10 or expression of phosphorylation mutants did not affect
the protein level and kinetochore localization of PLK1 during
mitosis. Thus, the PLK1-elicited dynamic phosphorylation of
ZW10 at Ser12 plays an important role in regulating dynamic
localization of ZW10 to the kinetochore for spindle checkpoint
signaling and satisfaction.

Our previous study showed that the interaction between ZW10
and Zwint1 is required for the spindle checkpoint machinery
to ensure faithful chromosome segregation in mitosis (Wang
et al., 2004). Checkpoint signaling requires the kinetochore
localization of the Mad1-Mad2 complex, which depends on the
RZZ complex. Zwint1 has been proposed to be the kinetochore
receptor for RZZ and is critical for recruiting ZW10 to unattached
kinetochores (Zhang et al., 2015). However, whether ZW10 is
phosphorylated by any mitotic kinases has not been fully char-
acterized. Here, we demonstrated that Ser12 of ZW10 is a cog-
nate substrate of PLK1 and persistent phosphorylation at Ser12
perturbs the interaction of ZW10 with Zwint1. It has long been
postulated that ZW10 functions as a linker between the core
structural elements of the outer kinetochore and components
that catalyze the generation of the mitotic checkpoint-derived
‘stop anaphase’ inhibitor (Kops et al., 2005). We reason that
ZW10 phosphorylation by PLK1 is essential for spindle check-
point satisfaction, as RZZ cooperates with Spindly to remove
the spindle checkpoint complex from kinetochores to silence
the checkpoint for anaphase onset. Notably, persistent phos-
phorylation of ZW10 at Ser12 did not completely abolish the
SAC, suggesting that additional substrates/pathways may also
participate in the checkpoint silencing process.

ZW10 possesses several important but context-dependent
functions in mitosis, including accurate chromosome segre-
gation, spindle checkpoint signaling, and spindle checkpoint

satisfaction. We reason that ZW10 is recruited to the kineto-
chore via Zwint1 for functional assembly of the spindle check-
point complex, and ZW10 interaction with PLK1 and consequent
phosphorylation of ZW10 at the kinetochore initiate spindle
checkpoint satisfaction and silencing. PLK1 activity has been
linked to both the stabilization (Elowe et al., 2007; Matsumura
et al., 2007; Liu et al., 2012; Suijkerbuijk et al., 2012; Dumitru
et al.,, 2017; Barbosa et al., 2020; Raisch et al., 2022)
and destabilization (Ahonen et al., 2005; Foley et al., 2011;
Salimian et al., 2011; Zhang et al., 2011; Hood et al., 2012;
Moutinho-Santos et al., 2012; Paschal et al., 2012; Beck et al.,
2013; Shao etal., 2015) of KT-MT attachments. However, the ex-
act mechanism underlying its destabilizing action is still unclear.
Interestingly, both the kinetochore localization and activity of
PLK1 decline from early mitosis to metaphase (Ahonen et al.,
2005; Conde etal., 2013). Furthermore, elevated PLK1 activity at
the kinetochore has been linked to reduced KT-MT attachment
stability during prometaphase (Foley et al., 2011; Zhang et al.,
2011; Paschaletal., 2012; Becketal., 2013), but the underlying
molecular mechanisms were only slightly touched (Godek et al.,
2015). Here, our data indicate that dynamic phosphorylation
of ZW10 contributes to normal mitosis, i.e. accurate chromo-
some segregation, accurate KT-MT attachment, and correct SAC
signaling, whereas persistent phosphorylation of ZW10 causes
erroneous chromosome segregation and decreased stability of
KT-MT attachment. In addition, persistent phosphorylation
of ZW10 at Ser12 prevents the stable association of ZW10
with the kinetochore, which limits the activation and satis-
faction of the spindle checkpoint (Figure 6A). Given that both
phospho-mimicking and non-phosphorylatable ZW10 Ser12
mutants result in mitotic abnormalities but with distinct phe-
notypes, we performed the IP assay followed by mass spec-
trometric analyses to identify their respective binding partners
(Supplementary Figure S3E and Tables S2 and S3). It will be ex-
citing to delineate how these differential protein—protein inter-
actions accountforthe observed distinctly different phenotypes.
This can be achieved by using a proximity ligation approach with
a cell synchronization protocol to capture these transient and
low-affinity interactions (Liu et al., 2020).

Taken together, we propose that the phospho-regulation of
ZW10 by PLK1 establishes faithful KT-MT attachment and spin-
dle checkpoint satisfaction through temporal regulation of outer
kinetochore protein recruitment at prometaphase and the re-
moval of checkpoint components at metaphase. All the outer
kinetochore proteins likely interact to orchestrate a functional
kinetochore during chromosome segregation. The PLK1-ZW10
interaction established here is a core of this giant and dynamic
complex, which orchestrates the robustness of the spindle

Figure 6 (Continued) Note that PLK1 localization to the centromere is independent of ZW10. n = 32 cells for each condition. Data are
presented as mean + SD; two-sided t-test; ****P < 0.0001; ns, not significant. (D) GFP-tagged ZW10-WT, ZW10-S12A, and ZW10-512D
were expressed in 293T cells and purified with GFP-Trap Agarose beads. Subsequently, the beads were incubated with mitotic (100 ng/ml
nocodazole, 16-18 h) Hela cell lysates for 2 h, followed by extensive washes. The immunoprecipitates were resolved by SDS—PAGE and
analyzed by western blotting using antibodies against GFP, PLK1, Zwint1, Bub1, Mad1, Mad2, and a-tubulin.
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checkpoint for cell division quality control. Systemic analyses of
spatiotemporal phosphorylation of ZW10 by mitotic kinases will
shed light on spindle checkpoint satisfaction and chromosome
stability control in mitosis.

Materials and methods
Plasmids, siRNAs, and transfection

The wild-type human ZW10 construct was generated by
the recombination method, whereby both the ZW10 gene
and the vectors pEGFP-N1, pEGFP-C1, pPET-22b, and pGEX-

6P-1 were amplified by polymerase chain reaction (PCR)
and recombined according to the user's manual of Vazyme
C214. All site and deletion mutants of ZW10 were generated
by a PCR-based mutagenesis approach. All the plasmids
constructed in this study were sequenced for verification. ZW10
SiRNA (5'-AAAUCCAGGAUAGAGAGUGAG-3') (Wang et al., 2004)
was synthesized by Dharmacon Research, Inc. PLK1 shRNA
(5'-CCGGAGCTGCATCATCCTTGCAGGTCTCGAGACCTGCAAGGATGA
TGCAGCTTTTTT-3") targeting the 3'-UTR of the PLK1 gene was
purchased from Sigma—Aldrich (TRCNO000011006). To knock
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down the indicated proteins, HelLa cells were transfected
with shRNA/siRNA oligonucleotides or control scramble
oligonucleotides. The knockdown efficiency was judged by
western blotting analysis. All the plasmids and shRNAs/siRNAs
were transfected into cells using Lipofectamine 2000 or
Lipofectamine 3000 (Invitrogen) according to the user’'s manual.

Cell culture, synchronization, and drug treatments

HEK293T, Hela, and GFP-ZW10 stable HelLa Kyoto cells were
routinely maintained in advanced Dulbecco’s modified Eagle’s
medium (DMEM; Invitrogen) supplemented with 10% (v/v)
fetal bovine serum (FBS; HyClone) plus 100 units/ml penicillin
and 100 units/ml streptomycin (Gibco) at 37°C with 5% CO,.
To enrich mitotic cells, Hela cells were treated with 2.5 mM
thymidine (Invitrogen) for 16 h followed by release into fresh
DMEM for the indicated periods (Mo et al., 2016). For IP of FLAG-
and GFP-tagged proteins, HEK293T or Hela cells were treated
with nocodazole (100 ng/ml) for 16 h or not and then harvested
for experiments. In some cases, the cells were treated with the
indicated kinase inhibitor for another 1 h before the assays.
The working concentrations of kinase inhibitors are as follows:
PLK1 inhibitor BI2536, 100 nM; Cdk1 inhibitor RO-3306,
10 wM; Mps1 inhibitor reversine, 0.5 wM; and Aurora B
inhibitor hesperidin, 0.1 wM. For some experiments, 20 uM
MG132 was added to synchronize cells at metaphase.

Immunofluorescence microscopy, image processing, and
quantification

For immunofluorescence, Hela cells were seeded onto ster-
ile acid-treated 12-mm coverslips in 24-well plates (Corning).
Cells were transfected with the indicated siRNA and GFP-tagged
plasmids using Oligofectamine Reagent or Lipofectamine 2000
(Invitrogen) according to the manufacturer’s recommendations.
The cells were then synchronized by thymidine release. Fixation
and staining of cells were performed as described previously
(Tian et al., 2018, 2022). Images were acquired using a Zeiss
Axiovert 200 inverted microscope with AxioVision 3.0 software.

To quantify the fluorescence intensity of kinetochore proteins,
images were collected using a DeltaVision deconvolution
microscope (Applied Precision) built on an Olympus 1X71
inverted microscope base as described previously (Song et al.,
2021). Quantification was conducted as previously described
(iang et al., 2009; Huang et al., 2019). In brief, the pixel
intensities of kinetochore pairs from each cell were measured,
and background pixel intensities were subtracted. The pixel
intensities were then normalized against ACA pixel values to
account for any variations in staining or image acquisition. The
values of the specifically treated cells were then plotted as a
percentage of the average value obtained from the control cells.

Live cell imaging

For live cell imaging, Hela cells were maintained in glass-
bottom culture dishes (MatTek) and cultured at 37°C in CO5-
independent medium (Gibco) supplemented with 2 mM glu-
tamine and 10% (v/v) FBS. Images of mitotic cells were acquired

at 3- or 5-min intervals using a DeltaVision deconvolution micro-
scope (Applied Precision) with a 60x 1.42 NA objective. Images
were projected using the softWoRx package and processed using
Image) 1.51K software (Schneider et al., 2012).

Antibodies

Mouse anti-ZW10 (sc-81430, Santa Cruz Biotechnology),
mouse anti-tubulin (#3873, Cell Signaling Technology),
rabbit anti-GFP (#50430-2-AP, Proteintech), mouse anti-His
tag (#2366, Cell Signaling Technology), mouse anti-FLAG
(F3165, Sigma), rabbit anti-Cyclin B1 (#12231, Cell Signaling
Technology), mouse anti-B-actin (GB15001, Servicebio), rabbit
monoclonal anti-PLK1 (#4513, Cell Signaling Technology),
mouse anti-Zwintl (sc-271646, Santa Cruz Biotechnology),
rabbit anti-phospho-PLK1 (Thr210) #5472, Cell Signaling
Technology), and anti-centromere antibodies (ACA; #HCT-0100,
ImmunoVision) were obtained from commercial suppliers.
Alexa 488-, Cy3-, or Cy5-conjugated secondary antibodies were
purchased from Jackson ImmunoResearch and used at 1:500 for
immunostaining. Horseradish peroxidase-conjugated anti-
mouse or anti-rabbit antibodies (Jackson ImmunoResearch) and
SuperSignal ECL (Pierce) were used for western blotting.

Recombinant protein expression and purification

The GST, GST-ZW10, GST-ZW10-S12A, His-PLK1, and His-
MBP-CENP-U plasmids, respectively, were transformed into the
Escherichia coli strain BL21(DE3), and protein expression was
induced at a standard cell density (optical density ~0.6) with
0.2 mM isopropyl B-D-1-thiogalactopyranoside at 16°C for 20 h.
Bacteria expressing His-PLK1 or His-MBP-CENP-U were lysed by
sonication in Ni-NTA binding buffer (50 mM NaH,PO,, pH 8.0,
300 mM NacCl, and 10 mM imidazole), centrifuged, and incu-
bated with Ni-NTA agarose (Qiagen) for 2 h at 4°C. The agarose
was washed three times in Ni-NTA binding buffer supplemented
with 30 mM imidazole and eluted with Ni-NTA binding buffer
supplemented with 250 mM imidazole. Bacteria expressing
recombinant GST, GST-ZW10, or GST-ZW10-S12A proteins were
lysed by sonication in phosphate-buffered saline (PBS) supple-
mented with 0.1% Triton X-100, centrifuged, and incubated with
Glutathione Sepharose 4B (GE Healthcare) for 2 h at 4°C. After
three washes with lysis buffer, the GST, GST-ZW10, and GST-
ZW10-S12A proteins were either eluted with 20 mM reduced
glutathione or left on beads for further assays. All purification
procedures were performed at 4°C, and a protease inhibitor
cocktail (P8340, Sigma—Aldrich) was added to prevent protein
degradation.

IP and pull-down assay

For the anti-FLAG IP assay, HEK293T or Hela cells were
transfected with the indicated plasmids, synchronized or not,
collected, and lysed in lysis buffer (50 mM Tris—HCl, pH 7.4,
150 mM NaCl, and 1 mM EDTA) containing 0.1% Triton X-100
in the presence of mammalian protease inhibitor cocktail.
After centrifugation, the cell lysates were incubated with
anti-FLAG M2 beads (F2426, Sigma-Aldrich) at 4°C with
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rotation for 2 h. The beads were then washed three times with
lysis buffer containing 0.1% Triton X-100. The bound proteins
were separated on a sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) gel and transferred onto
a nitrocellulose membrane for western blotting analysis.
For anti-GFP IP, cells were lysed and processed similarly,
except that GFP-Trap Agarose beads (GTA-20, ChromoTek)
were used.

For endogenous IP, synchronized Hela cells were harvested
and lysed in lysis buffer (20 mM Tris—HCl, pH 7.5, 150 mM Nacl,
0.1% Triton X-100, and 2 mM EDTA) supplemented with protease
inhibitor cocktail. After centrifugation and pre-clearing with pro-
tein A/G resin, the lysates were incubated with ZW10 antibody
at 4°C for 24 h with gentle rotation. Protein A/G resin was then
added, incubated for another 6 h, and spun down. The immuno-
precipitates were washed three times with lysis buffer before
being resolved by SDS—PAGE, transferred onto a nitrocellulose
membrane, and immunoblotted with the indicated antibodies
(Wang et al., 2021).

The pull-down assay with purified GST-ZW10 and His-PLK1
was performed as previously described (Xu etal., 2021). Purified
GST-ZW10 on glutathione beads was used as an affinity matrix
to absorb His-tagged PLK1 in PBS containing 0.1% Triton X-100
and 1 mM phenylmethylsulfonyl fluoride for 3 h at 4°C. The
beads were washed three times with PBS plus 0.1% Triton X-100
and once with PBS only and then boiled for 5 min in SDS—PAGE
sample buffer. Proteins were resolved by SDS—PAGE, followed by
CBB staining and western blotting.

In vitro phosphorylation assay

In vitro phosphorylation assays were carried out as described
previously (Yu et al., 2020). PLK1 kinase was purchased from
Cell Signaling Technology. The kinase reactions were performed
in 40 wl of 1x kinase buffer (25 mM HEPES, pH 7.2, 50 mM
NaCl, 2 mM EGTA, 5 mM MgS0,, 1 mM 1,4-dithiothreitol (DTT),
and 0.01% Brij35) containing 200 ng of PLK1 kinase, 3-5 pg
of GST- or MBP-tagged proteins, and 500 wM ATP. The mixtures
were incubated at 30°C for 30 min, and the reactions were
stopped by the addition of SDS—PAGE sample buffer. Proteins
were then separated by Phos-tag SDS—PAGE and detected using
the indicated antibodies.

Mass spectrometric sample preparation and analyses

The sample from IP was reduced with 10 mM DTT in 50 mM
ammonium bicarbonate at 56°C for 30 min and then alkylated
with 30 mM iodoacetamide for 30 min in the dark. Then, 1 pg
trypsin (Promega, V5111) was added to the sample for overnight
digestion at 37°C. The peptides were desalted and analyzed with
a Thermo Scientific Orbitrap Exploris 480 mass spectrometer.
The raw file was analyzed with PD2.5. The human database
from UniProt (proteome ID: UP000005640) was used for search-
ing. Phosphorylation (S/T, +79.9663 Da) and oxidation (M,
+15.9949 Da) modifications were included as variable modifi-
cations. Carbamidomethyl (C, +57.0215 Da) was set as a fixed
modification.

Statistics

All statistics are described in figure legends. The two-sided
unpaired Student’s t-test was applied for experimental compar-
isons using GraphPad Prism 7, and P < 0.05 was considered
significant.

Supplementary material
Supplementary material is available at Journal of Molecular
Cell Biology online.
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