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Plk1 protects kinetochore—centromere architecture
against microtubule pulling forces
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Abstract

During mitosis, sister chromatids attach to microtubules which
generate ~ 700 pN pulling force focused on the centromere. We
report that chromatin-localized signals generated by Polo-like
kinase 1 (Plkl) maintain the integrity of the kinetochore and
centromere against this force. Without sufficient PIk1 activity,
chromosomes become misaligned after normal condensation and
congression. These chromosomes are silent to the mitotic check-
point, and many lag and mis-segregate in anaphase. Their centro-
meres and kinetochores lack CENP-A, CENP-C, CENP-T, Hecl, Nuf2,
and Knl1; however, CENP-B is retained. CENP-A loss occurs coinci-
dent with secondary misalignment and anaphase onset. This
disruption occurs asymmetrically prior to anaphase and requires
tension generated by microtubules. Mechanistically, centromeres
highly recruit PICH DNA helicase and PICH depletion restores kine-
tochore disruption in pre-anaphase cells. Furthermore, anaphase
defects are significantly reduced by tethering Plk1 to chromatin,
including H2B, and INCENP, but not to CENP-A. Taken as a whole,
this demonstrates that Plkl signals are crucial for stabilizing
centromeric architecture against tension.
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Introduction

The human kinetochore is a multi-protein complex essential for
accurate segregation of sister chromosomes during mitosis. Within
this structure, microtubule-binding proteins of the KMN complex
(Knl1, Mis12 complex, and Ndc80 complex) assemble on a constitu-
tive layer of chromatin-embedded proteins, termed the constitutive
centromere-associated network (CCAN). During each cell cycle, the
CCAN is replenished and redistributed to the new sister chromo-
some generated by DNA replication. CENP-A, a histone H3 variant,

epigenetically establishes and maintains the CCAN to ensure
genomic integrity and cell viability [1-5]. Immediately following
mitosis, new CENP-A is rapidly integrated into centromeric chro-
matin as a direct consequence of loss of Cdkl activity [6-8], a
process that requires HJURP, Mis18, and localized kinase signals
from Plk1 [9-12]. In this manner, the CCAN and centromere specifi-
cation is maintained in proliferating cells.

Signals within the kinetochore are crucial to generate stable
microtubule attachment and biorientation, in which replicated sister
chromatids are linked to opposite spindle poles. Multiple protein
kinases regulate kinetochore functions, including Mps1 to initiate
the mitotic checkpoint [13,14], BubR1 to control microtubule attach-
ment and checkpoint signaling [15,16], Aurora B to correct erro-
neous microtubule attachments [17-20], Haspin kinase to align
chromosomes [21], and PIk1 to stabilize end-on microtubule attach-
ments [22-24] and promote CENP-A assembly following mitosis
[12]. Although these kinases all localize within the kinetochore,
CCAN, or inner centromere, their distributions within these struc-
tures are distinct, reflecting their disparate roles.

Plk1 phosphorylates substrates throughout the kinetochore—
CCAN even though the ~ 5 nm size of a kinase domain is dwarfed
by the ~ 100-nm scale of a kinetochore. Plkl reaches substrates
either by binding them directly or by binding adjacent proteins.
Indeed, a number of binding partners within the kinetochore are
known, including Bubl [25], BubR1 [26], and CENP-U/PBIP [27].
Multiple partners are important, as Plk1 tethered to distinct partners
within the kinetochore can phosphorylate only regionally within
this structure [28]. Although most of these binding partners are at
the outer kinetochore, Plk1 signals arising from the inner centro-
mere and chromatin are crucial for proper chromosome alignment
and accurate anaphase segregation [28].

We previously found that partial loss of PIk1 activity leads to an
anaphase segregation defect [29] that did not trigger the mitotic
checkpoint. In that study, the ~ 15% of lagging chromosomes had a
stretched appearance suggesting merotelic attachments, though
these aberrant microtubule attachments were not directly observ-
able. Here, we considered the alternative that partial Plk1 inhibition
causes chromosome mis-segregation via a novel mechanism also
silent to the mitotic checkpoint. Indeed, we find that PIk1 activity is
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required at the centromere to stabilize the CCAN and maintain
genomic integrity against spindle tension. The mitotic spindle exerts
~ 700 pN force across the mitotic kinetochore [30], causing stretch
between sister kinetochores and within each kinetochore [31,32],
which necessarily is transmitted across centromeric chromatin. In
the absence of full PIk1 activity, chromosomes align on the meta-
phase plate initially, followed by loss of multiple kinetochore and
CCAN components, including CENP-A. As cells progress into
anaphase, the chromosomes lacking CENP-A lag behind the segre-
gating masses, yielding cells with chromatin devoid of either ances-
tral or nascent CENP-A. Kinetochore disruption is restored, in part,
by depletion of the DNA helicase PICH or enforcing Plk1 signals at
chromatin or the inner centromere. Thus, “kinetochore rupture” is a
new effect of Plkl inhibition that is not detected by the mitotic
checkpoint.

Results

To confirm previous findings and to identify the specific roles of
Plk1 at the kinetochore, we performed time-lapse videomicroscopy
with histone H2B-GFP- and mCherry-tubulin-labeled RPE1 cells
(Fig 1A-C and Movies EV1-EV3). As expected, untreated cells effi-
ciently aligned and segregated chromosomes. Next, these cells were
challenged with low nanomolar concentrations of BI-2536, a specific
inhibitor of Plkl [23]. With treatment, chromosomes aligned in
metaphase followed by a secondary misalignment (yellow arrow-
heads). Cells progressing to anaphase commonly exhibited lagging
chromosomes, which were later ensconced into micronuclei in
daughter cells (white arrowheads). These findings confirm previous
observations that high PIk1 activity is required to maintain meta-
phase chromosome alignment and to ensure accurate chromosome
segregation in anaphase, but not required for mitotic progression.

Lagging chromosomes can arise by distinct mechanisms. One
common mechanism is merotelic attachments, the link of a single
kinetochore to both mitotic poles [33]. Such attachments of single
kinetochores to both poles are generated by nocodazole washout
and impair the ability of a lagging chromosome to segregate in either
direction. To compare this common mechanism with Plk1 inhibition,
we generated lagging chromosomes with BI-2536 treatment or noco-
dazole treatment/washout (Fig 1D-F) and evaluated two compo-
nents of the heterotetrameric Ndc80 complex that directly bind
microtubules at the outer kinetochore. Strikingly, both Hec1/Ndc80
and Nuf2 intensities are largely reduced on lagging chromosomes
with Plk1 inhibition compared to nocodazole washout segregants.
By contrast, these Ndc80 components are retained in properly segre-
gated Plk1-inhibited chromosomes, and in merotelic lagging chromo-
somes generated with nocodazole washout. To ensure the
observations are a direct effect of Plkl inhibition, we evaluated
lagging chromosomes in P1k1%® RPE1 cells, which express a modified
Plk1 allele sensitive to the bulky ATP analog, 3-MB-PP1 [29,34].
Indeed, partial inhibition of Plk1 yielded lagging chromosomes with
marked reduction of Hecl (Fig EVIA-C), consistent with our find-
ings in Plk1-wild-type RPEI cells. These results demonstrate a novel
mechanism by which Plk1 regulates kinetochore integrity and chro-
mosome segregation during human mitosis.

Mechanistically, the lack of the Ndc80 complex on lagging chro-
mosome could be explained by failed recruitment or by secondary
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removal. To test if Plkl is required for Hecl/Ndc80 recruitment,
cells were arrested in mitosis using monastrol or nocodazole and
exposed to low (40 nM) or high (200 nM) concentrations of BI-
2536. Neither concentration of BI-2536 impaired kinetochore recruit-
ment of Hecl (Fig 2A and B), which is consistent with prior findings
[35]. To test for secondary removal, cells were challenged with MG-
132 to prevent anaphase entry along with BI-2536 or microtubule
poisons (nocodazole or paclitaxel) to generate misaligned chromo-
somes (Fig 2C). As expected, nocodazole- and paclitaxel-challenged
cells exhibited equal Hecl kinetochore intensity in the majority
(>90%) of misaligned chromosome pairs (Fig 2D and E). Strik-
ingly, misaligned chromosome pairs in the Plkl-inhibited group
exhibited unequal Hecl distribution. The loss was restricted to the
“pole-distal” kinetochore, consistent with a model where the
chromosome pair misaligns through pulling toward the retained
kinetochore. These findings demonstrate that Plkl mediates Hecl
maintenance at, but not recruitment to, the kinetochore.

To determine when Plk1 activity is required to retain Hecl at
kinetochores, we performed time-lapse imaging of P1k1% cells chal-
lenged with 3-MB-PP1 at distinct time points following release from
an S-phase thymidine block (Appendix Fig S1A). This demonstrated
similar rates of lagging chromosomes whether inhibition was initi-
ated at imaging onset, or for the entire 8.5 h prior to imaging. We
conclude that PIk1 inhibition in late G2 and mitosis is sufficient to
yield the Hecl mislocalization.

Because the observed defects occur following initial chromosome
alignment and are limited to one kinetochore of a sister pair, we
hypothesized that impaired Plkl activity weakens the kinetochore
assembly on centromeric chromatin against spindle microtubule
pulling forces, leading to stochastic rupture. Once a kinetochore
ruptures, the tension is relieved across the kinetochore of the
remaining sister chromosome, leading to poleward migration of the
pair. Finally, the sister chromosome lacking a kinetochore would be
predicted to fail to segregate in anaphase. To test this model, we
employed low-concentration nocodazole or paclitaxel to relieve
tension. As expected, these chemicals can generate misaligned
chromosomes individually or with BI-2536 (Fig 2C). Notably, the
misaligned chromosomes co-challenged with either spindle poison
or BI-2536 retained Hecl (Fig 2E), indicating that a reduction in
microtubule pulling forces at kinetochores is sufficient to prevent
kinetochore rupture. In a second experiment, we challenged cells
with two distinct inhibitors of Mps1 to abrogate the spindle check-
point. Inhibiting Mps1 markedly shortens the duration of mitosis,
reducing the time for correct microtubule attachments and genera-
tion of tension across the kinetochore [36-38]. Consistent with our
hypothesis, the kinetochores of lagging chromosomes remained
intact when both Plk1 and Mps1 were inhibited (Appendix Fig S1B-
D). Taken together, these data support a model where microtubule
attachment and tension drive kinetochore loss in the setting of
reduced Plk1 activity.

PIk1 activity is required for integrity of the entire kinetochore

To further evaluate the kinetochore components affected by Plkl
inhibition, we probed for the scaffolding protein Knll, which facili-
tates kinetochore recruitment of BubR1 and Madl (Fig EV2A and
C). Like Hecl, Knll intensity is markedly reduced in lagging chro-
mosomes (Fig EV2B) or in pole-distal misaligned chromosomes

© 2019 The Authors
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Figure 1. PIk1 activity is important for outer kinetochore integrity during mitosis in RPE1 cells.

A, B Maximum-intensity projection frames from live-cell fluorescence microscopy of RPE1 cells undergoing mitosis untreated (A) and exhibiting lagging chromosomes
after PIk1 inhibition with 40 nM BI-2536 (B). Arrowheads in insets highlight micronucleus formation. Time, in min:s from metaphase onset. Scale bars, 5 pm.

C Maximum-intensity projection frames from live-cell fluorescence microscopy of RPE1 cell exhibiting misaligned chromosomes after PIk1 inhibition with 40 nM BI-
2536. Yellow arrowheads highlight misaligned chromosomes. Time, in min:s from metaphase onset. Scale bars, 5 pm.

D Graph shows average percentage (+ SEM) of anaphase cells exhibiting lagging chromosomes after PIk1 inhibition (BI-2536) or nocodazole washout (n > 25
cells/experiment; three independent experiments).

E Representative maximum-intensity projection micrographs of kinetochore protein localization in anaphase cells after PIk1 inhibition (BI-2536) or nocodazole
washout. Insets highlight lagging kinetochores, marked by ACA. Scale bars, 5 pm.

F Graphs show relative volume intensities of indicated proteins from (E) at the kinetochores of segregated (blue) and lagging (red) chromosomes. Each circle
represents a single segregated (n = 4/cell) or lagging (n = 1-7/cell) kinetochore from the same cell (10 cells/experiment; three independent experiments). Bars
indicate median kinetochore intensity and interquartile range. Significance determined by Kruskal-Wallis test with Dunn’s correction for multiple comparisons.
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Figure 2. PIk1 activity is not required for Hecl kinetochore recruitment, but maintains it against microtubule pulling forces.

A Representative maximume-intensity projection micrographs of Hecl kinetochore localization in prometaphase cells arrested with monastrol (left) or nocodazole (right)

with or without PIk1 inhibition (BI-2536). Scale bars, 5 um.

B Graph shows average relative volume intensity (== SEM) of total Hecl and ACA from (A) (n = 10 cells/experiment; three independent experiments).
Graph shows average percentage (+ SEM) of metaphase cells with misaligned chromosomes after 2-h PIk1 inhibition (BI-2536) or nocodazole, paclitaxel, or
combination challenge. MG-132 used to prevent mitotic cells from entering anaphase (n = 100 cells/experiment; > 4 independent experiments).

D Representative maximum-intensity projection micrographs of cells from (C). Insets and linescans highlight 3 types of Hecl intensity distribution observed between
misaligned chromosome pairs. Tubulin indicates approximate position of spindle poles. Scale bars, 5 pm.

E Graph shows average percentage (+ SEM) of misaligned chromosome pairs exhibiting each of the distribution types from (D) (n = 1-3 chromosomes/cell; 10
cells/experiment; > 4 independent experiments). “Decreased” intensity indicates < 50% intensity of sister kinetochore.

prior to anaphase (Fig EV2D). Concordant with the loss of Knll, we
observed diminished BubR1 and Madl in pole-distal misaligned
chromosomes also lacking Hecl (Fig EV2E-H). Next, we evaluated
two CCAN components that directly link the kinetochore to centro-
meric chromatin: CENP-C and CENP-T (Fig EV2A) [39-42]. Consis-
tent with our other findings with Plk1 inhibition, both CENP-C and
CENP-T intensities were significantly reduced from kinetochores of
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lagging chromosomes (Fig 3A-D and Appendix Fig S2A) and dispro-
portionately lost from pole-distal kinetochores of misaligned chro-
mosomes in metaphase cells (Appendix Fig S2B and C).

Finally, we probed for CENP-A, the centromere-specific histone
variant that provides the epigenetic mark for the CCAN, and thereby
the kinetochore assembly. Strikingly, CENP-A intensity is signifi-
cantly diminished in lagging chromosomes with Plk1 inhibition

© 2019 The Authors
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Figure 3. The integrity defect extends throughout the kinetochore, including CENP-A.

A Representative maximum-intensity projection micrographs of kinetochore protein localization in anaphase cells after PIk1 inhibition (BI-2536) or nocodazole washout.

Insets highlight lagging kinetochores, marked by ACA. Scale bars, 5 pm.

B Graphs show relative volume intensities of CENP-C, Hecl, and ACA at lagging chromosomes. Each circle represents a single kinetochore (n = 1-7 kinetochores/cell; 10
cells/experiment; three independent experiments). Bars indicate median kinetochore intensity and interquartile range. Significance determined by two-tailed Mann—

Whitney test.

C Representative maximume-intensity projection micrographs of kinetochore protein localization in anaphase cells after PIk1 inhibition (BI-2536) or nocodazole washout.

Insets highlight lagging kinetochores, marked by ACA. Scale bars, 5 pum.

D Graph shows relative volume intensities of CENP-T, Hecl, and ACA at lagging chromosomes. Each circle represents a single kinetochore (n = 1-7 kinetochores/cell; 10
cells/experiment; three independent experiments). Bars indicate median kinetochore intensity and interquartile range. Significance determined by two-tailed Mann—

Whitney test.

E Representative maximum-intensity projection micrographs of kinetochore protein localization in anaphase cells after PIk1 inhibition (BI-2536) or nocodazole washout.

Insets highlight lagging kinetochores, marked by ACA. Scale bars, 5 pm.

F  Graph shows relative volume intensity of CENP-A at segregated (blue) and lagging kinetochores (red) from (E). Each blue circle represents all segregated kinetochores/cell
(n = 10 cells/experiment; three independent experiments), whereas each red circle represents a single kinetochore (n = 1-6 kinetochores/cell; 10 cells/experiment; three
independent experiments). Bars indicate median kinetochore intensity and interquartile range. Significance determined by two-tailed Mann—Whitney test.

(Figs 3E and F, and EV3A) and, prior to anaphase, CENP-A is
disproportionately lost from the pole-distal kinetochore of misa-
ligned chromosomes (Fig EV3B and C). Intriguingly, we found only
modest loss of ACA signal with Plk1 inhibition. ACA is known to
recognize multiple centromere epitopes, including CENP-B, which
binds DNA independently of CENP-A [43]. Consistent with our ACA
findings, CENP-B removal after Plkl inhibition is less severe than
the other examined proteins (Fig EV3D and E). Taken together,

© 2019 The Authors

these findings indicate that Plk1 activity is required to maintain
integrity of the mitotic kinetochore and CCAN, but not for CENP-B.
We next evaluated whether the observed effects altered CENP-A
turnover at the centromere or were specific for its nascent or ancestral
pools. Centromere loading of nascent CENP-A is largely restricted to
early G1 [6], and turnover of loaded CENP-A is not known to occur in
mitosis [44]. Nevertheless, it is possible that Plk1 activity restrains the
CENP-A turnover during late G2 or mitosis. To test this idea, we
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performed fluorescence recovery after photobleaching (FRAP) on
CENP-A in mitotic cells with and without Plk1 inhibition (Fig EV4A).
Consistent with earlier findings [44], there was no observed turnover
of CENP-A during mitosis, and this was unaffected by inhibiting P1k1.
Second, we employed quench-pulse-chase CENP-A-SNAP labeling to
differentiate nascent vs. ancestral CENP-A [6] (Appendix Fig S3). As
expected, there was no nascent loading of CENP-A at the centromere
during G2 and this was not altered with Plk1 inhibition, as previously
shown [12]. Finally, we considered that nascent CENP-A, loaded
during the prior G1, may be more readily extracted from centromeric
chromatin than the ancestral pool. To evaluate this, we generated cell
lines expressing CENP-A-SNAP to differentially label nascent and
ancestral CENP-A nucleosomes (Fig EV4B). We found that both
ancestral and nascent CENP-A pools are extracted with Plk1 inhibition
(Fig EV4C and D). We conclude that PIk1 signaling does not modulate
CENP-A loading and turnover, nor is it required for specific stabiliza-
tion of nascent or ancestral CENP-A.

Kinetochore disruption occurs after chromosome alignment and
is mediated in part by PICH

To understand how loss of these kinetochore proteins occurs, we
turned to live-cell imaging of RPE1 cells constitutively expressing
YFP-CENP-A and mCh-CENP-B. Using spinning-disk confocal micro-
scopy, we monitored CENP-A and CENP-B in 250-nm optical
sections of mitotic cells with/without Plkl inhibition. Consistent
with fixed cell analyses, YFP-CENP-A was lost while mCh-CENPB
was retained, occurring either at anaphase onset (orange arrow-
head/inset, Fig 4A, 0 min, Movie EV4) or after metaphase align-
ment (orange inset, Fig 4B, 3 min, Movie EV5). These data are
consistent with a model where Plkl inhibition stochastically
disrupts kinetochore integrity in early mitosis, yet its effects are not
observed until metaphase or anaphase onset (when tension across
sister kinetochores is highest), leading to two outcomes: loss of
alignment or lagging chromosomes. We are confident that variation
in CENP-A is not due to position in the z-plane with the 250-nm
optical sections. First, CENP-A intensity is uniformly equal across
sister pairs in early mitosis (Appendix Fig S4A). Second, CENP-B
levels remain uniform before-after CENP-A loss, as further
evidenced by quantitation and single planes (Fig 4A and B right,
Appendix Fig S5). Thus, live-cell imaging confirms disruption of
CENP-A at the inner centromere upon inhibiting P1k1.

Some chromosomes retain CENP-A, kinetochore components
and maintain metaphase alignment. A likely explanation is a
stochastic process of tension-mediated kinetochore disruption.
However, it is possible that the effects are systematic for specific
chromosomes at risk. Indeed, CENP-A levels vary on centromeres
of distinct chromosomes [45]. We tested if intrinsic factors, such
as initial CENP-A levels, chromosome size, or centromere position,
increased the risk of kinetochore disruption. Chromosome pairs
with low or moderate initial levels of CENP-A did not appear to
have a higher risk of disruption, nor did asymmetry in initial
CENP-A among chromatid pairs explain which kinetochore was
disrupted (Appendix Fig S4A). We did observe a trend toward
larger chromosomes more likely to be affected (Appendix Fig
S4B). Conversely, acrocentric chromosomes were less likely to
experience disruption. These findings are concordant with recent
findings [46]. Thus, chromosome size and centromere position,
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but not initial CENP-A levels, may drive the stochastic nature of
kinetochore disruption.

We next considered that stochastic removal of the kinetochore
and CENP-A from the chromosome could result from impaired func-
tions of condensin II or Aurora B. Condensin II operates primarily in
the region of centromeric chromatin and is regulated by Plkl [47—
50]. However, loss of condensin II is known to increase inter-kineto-
chore distance, whereas we observed decreased distance with Plkl
inhibition (Appendix Fig S6A). Additionally, depletion of condensin
II is reported to generate microtubule attachment errors with
retained kinetochores in human cells [47,51], both inconsistent with
Plk1 loss. Finally, impaired Aurora B kinase activity is associated
with condensin depletion [47] and impaired localization of outer
kinetochore components [52,53]. However, lagging and misaligned
chromosomes generated by the Aurora B inhibitor, ZM447439,
retained CENP-A (Appendix Fig S6B-F). We conclude that the
effects of Plkl inhibition are distinct from those observed by
condensin depletion and Aurora B inhibition.

One time-lapse videomicroscopy movie demonstrated an elastic
stretching of CENP-A and a lengthening gap from CENP-B, followed
by gap closure, with a restored difference (Appendix Fig S7A and
Movie EV6). Others showed only partial loss of CENP-A, sometimes
with two apparent foci. These observations suggested a partial
unwinding of centromeric chromatin, or ultra-fine bridge (UFB) of
chromatin/DNA linking the residual kinetochore to the extracted
CENP-A and kinetochore. Chromosome spread analysis identified
elongated or fragmented CENP-C signals at an average of 15% (up
to 50%) of Plkl-inhibited kinetochores, compared to 0% in controls
(Fig SA and B), confirming our live-cell imaging observations.
Importantly, CENP-C signal disruption coincided with similarly
stretched or fragmented centromere FISH signals (Fig 5C and D),
indicating involvement of centromeric chromatin.

To evaluate for chromatin unwinding, we probed for PICH, a
DNA helicase that coats UFBs [54]. In untreated metaphase cells,
PICH localized to the centromeric region of a small number of chro-
mosomes (Appendix Fig S7B and C), consistent with earlier reports
[54,55]. In nocodazole-challenged cells, PICH localization was more
notable at misaligned chromosomes. Strikingly, Plk1l inhibition
markedly increased the number of chromosomes with centromeric
PICH, particularly in the aligned chromosomes (Appendix Fig S7B
and C). During anaphase, PICH localized uniformly to lagging chro-
mosomes generated by nocodazole washout, consistent with earlier
findings that PICH DNA binding increases with tension-induced
DNA stretching [56]. In contrast, PICH was frequently undetectable
(~80%) from lagging chromosomes generated by Plkl inhibition
(Fig SE and F). Moreover, we observed PICH kinetochore localiza-
tion in segregated chromosomes more frequently with Plk1 inhibi-
tion than with nocodazole washout or no treatment (Fig 5G). We
rarely observed PICH(+) decorated UFBs (Fig SE,ii), consistent with
our earlier findings [29]. We conclude that Plkl activity prevents
access of the PICH helicase to centromeric chromatin.

To evaluate the role of PICH in the previously described kineto-
chore defect, we used siRNA depletion of PICH in the setting of Plk1
inhibition (Fig SH-K). Importantly, we found that PICH knockdown
largely reversed disrupted CENP-C signals from Plk1 inhibition in
chromosome spreads (Fig 5J and K). Thus, PIkl activity protects
kinetochore and centromere integrity, in part, by preventing PICH
accumulation and/or activity at centromeric DNA.

© 2019 The Authors
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A Maximum-intensity projection frames from live-cell fluorescence microscopy of RPE1 cells challenged with 40 nM BI-2536 to generate lagging chromosomes. White
arrowhead follows kinetochore retaining CENP-A, and yellow/orange arrowheads follow kinetochore losing CENP-A (yellow—prior to loss; orange—after loss). Insets
highlight the kinetochore pair with normalized intensities plotted over time on graph to right. Single-plane insets of lagging kinetochore at last time point. 0 nm
indicates plane with highest CENP-B intensity. Time, in min:s after anaphase onset. Scale bar, 5 pm.

B Maximume-intensity projection frames from live-cell fluorescence microscopy of RPEL cells challenged with 40 nM BI-2536 to generate misaligned chromosomes.
Insets highlight kinetochore pair with pole-distal sister losing CENP-A over time (yellow box—prior to loss; orange box—after loss). Normalized intensities of the
pole-proximal and pole-distal kinetochores are plotted over time on graph to right. Asterisk marks a kinetochore from an adjacent plane. Single-plane insets of last
time point. 0 nm indicates plane with highest CENP-B intensity. Time, in min:s, at metaphase onset. Scale bar, 5 pm.

Plk1 signals at chromatin restore chromatin integrity, and mis-
segregated chromosomes fail to re-establish centromeric CENP-A

Anaphase defects from Plk1 inhibition are partly rescued by restor-
ing its activity at chromatin or the inner centromere, but not at
the outer Kkinetochore [28]. Because loss of inner Kinetochore
proteins is a salient feature of the anaphase segregation defect
(Figs 3 and EV2), we tested if localizing PIk1 activity to the inner
kinetochore is sufficient to restore the defect. To this end, we
generated cell lines that stably express both a Plk1% allele and a
Plk1 chimera, where wild-type Plkl kinase domain is fused to the
N-terminus of CENP-A, CENP-B, H2B (chromatin localized), or
INCENP (inner centromere localized) (Fig 6A and Appendix Fig
S8), similar to that reported previously [28]. Surprisingly, tethering

© 2019 The Authors

PlIkl activity to either CENP-A or CENP-B failed to restore
anaphase chromosome segregation following treatment with BI-
2536 (Figs 6A and EV5A), although CENP-B-tethered Plk1 trended
toward restoring chromosome segregation. Consistent with our
previous experience, tethering Plkl to chromatin (H2B) or the
inner centromere (INCENP) partially restored chromosome segre-
gation (Figs 6A and EVSA). Curiously, we do not observe
increased PICH localization to segregated chromosomes after inhi-
bition of PIk1*® with 3-MB-PP1, which is inconsistent with findings
with BI-2536 (Fig 5G), possibly due to subtle differences in resid-
ual Plk1 activity in the two systems. Nevertheless, centromere-
localized Plk1 significantly enhances PICH recruitment (Fig 6C).
Improved segregation fidelity suggests, although does not prove,
that centromeric Plkl activity is important for kinetochore
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integrity. However, the effect of PICH localization during late
anaphase remains inconclusive.

To evaluate the fate of chromosomes after kinetochore disruption,
we challenged cells with BI-2536 and compared with nocodazole
washout control (Fig EV5B). As expected, micronuclei are generated
in both experiments, consistent with the finding of lagging chromo-
somes (Fig 6D). We also find the CENP-A, but not ACA, signals to be
reduced in the primary nucleus of Plkl-inhibited cells (Fig EV5C),
consistent with the role of Pkl in CENP-A loading during G1 [12].
Notably, we observe CENP-A intensity reduction in micronuclei
generated by either Plk1 inhibition or nocodazole washout (Fig 6E),
consistent with earlier observations that centromere protein recruit-
ment is impaired in micronuclei [57]. Importantly, micronucleus

Robert F Lera et al

CENP-A localization after Plkl inhibition is significantly more
impaired compared to nocodazole washout, suggesting the defect is
not exclusively generated by impaired nuclear import. We conclude
that subtle loss of PIk1 activity at chromatin during mitosis yields
centromeres that fail to re-establish CENP-A.

Discussion

Herein, we discover that PIk1 activity at chromatin, but not at kineto-
chores, is crucial to maintain integrity of the entire kinetochore
during mitosis. These findings are consistent with our previous
report that PIk1 signals at centromeric chromatin maintain genomic
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Figure 5. PICH promotes kinetochore and centromeric DNA fragmentation following PIk1 inhibition.

A Representative maximum-intensity projection micrographs of metaphase spreads after PIk1 inhibition (25 nM BI-2536) or control (DMSO). Insets highlight
kinetochore pairs that are intact (top), elongated (white asterisk), or fragmented (yellow asterisk). Scale bar, 5 pm.

B Graph shows percentage of kinetochore pairs/spread exhibiting disrupted CENP-C from (A). Each circle represents a spread (n > 30 spreads from five independent
experiments). Bars indicate median kinetochore intensity and interquartile range. Significance determined by two-tailed Mann-Whitney test.

C Representative maximum-intensity projection micrographs of metaphase spreads after Plk1 inhibition (25 nM BI-2536) or control (DMSO). Insets highlight integrity of
the kinetochore (CENP-C) and underlying centromeric chromatin (Chromosome 5, Cen2). Note multiple centromere probes used for analysis. Here, centromere probe

(Cenl) of Chromosome 4 is indicated in red. Scale bar, 5 pm.

D Graph shows frequency of intact (blue) or disrupted (red) CEN signals associated with disrupted CENP-C from (C). Bars represent the average percentage (& SEM) of
a minimum of 200 centromeres from two independent experiments. Impaired CENP-C was rarely observed in DMSO control, hence its exclusion from analysis.

E Maximum-intensity projection micrographs of anaphase cells after nocodazole washout or Plk1 inhibition with 40 nM BI-2536. Insets highlight localization of PICH
and BLM to lagging kinetochores. Elongated, non-chromatin-associated midzone signals (ii) were rarely observed and excluded from analysis. Scale bars, 5 pm.

F Graph shows percentage of cells exhibiting lagging chromosomes with PICH(+) kinetochore signals in (E). Each circle represents a cell (n = 50 cells from four
independent experiments; average laggards/cell: two nocodazole washout, four BI-2536). Bars indicate median percentage and interquartile range. Significance

determined by two-tailed Mann—-Whitney test.

G Graph shows number of segregated chromosomes with PICH(+) kinetochore signals observed per cell in (E). Each circle represents a cell (n = 30 cells from two
independent experiments for no treatment; 50 cells from four independent experiments for nocodazole washout and BI-2536). Bars indicate median number and
interquartile range. Significance determined by Kruskal-Wallis test with Dunn’s correction for multiple comparisons.

H Illustrative schematic of the PICH knockdown strategy.

| Immunoblot of protein extracts from RPE1 cells 72 h after PICH (25 nM) or control knockdown. Membranes probed for PICH or GAPDH (loading control).

] Representative maximum-intensity micrographs of metaphase spreads after control or PICH knockdown with (25 nM BI-2536) or without (DMSO) PIk1 inhibition.
Insets highlight integrity of a kinetochore pair. Yellow asterisk denotes fragmented CENP-C.

K Graph shows frequency of kinetochore pairs/spread exhibiting disrupted CENP-C from (J) in the indicated conditions (siPICH 25 and 40 nM). Each circle represents
the average frequency observed within a given experiment (n > 30 spreads from 4 to 5 independent experiments). Bars indicate median kinetochore intensity and

interquartile range. Significance determined by two-tailed Mann-Whitney test.

integrity [28] and a recent observation that its signals maintain struc-
tural integrity of centromeric chromatin [46]. As a whole, our data
support a model (Fig 7) where Plk1 signals at chromatin secure the
integrity of the kinetochore within centromeric chromatin against
microtubule-induced tension at kinetochores. When this activity is
lost, centromeric chromatin becomes disrupted, stochastically
recruiting PICH. Affected chromosomes align on the metaphase
plate, followed by transient elastic stretching (as seen in
Appendix Fig S7A and Movie EV6) or a more severe “kinetochore
rupture”. The disrupted kinetochore lacks all surveyed components
including CENP-C, CENP-T, and CENP-A. However, CENP-B remains
on centromeric chromatin, indicating tight binding to DNA that even
chromatin unwinding, sufficient to unwrap histones (as CENP-A), is
not able to remove. Once a kinetochore is ruptured, the chromosome
pair migrates toward the pole with a retained kinetochore, as the
force across the chromosomes is reduced. We were unable to visual-
ize these ruptured kinetochores pulled toward spindle poles, suggest-
ing that they are rapidly disassembled. These chromatids lacking
kinetochores fail to recruit mitotic checkpoint components, permit-
ting progression to anaphase. The result is daughter cells with
micronuclei enclosing chromosomes that lack CENP-A.

This model is supported by the findings: (i) Outer and inner kine-
tochore proteins are equally affected by the rupture event, (ii)
centromeric chromatin disruption frequently coincides with kineto-
chore disruption, (iii) segregation fidelity is largely restored when
Plk1 is tethered to H2B or INCENP, and (iv) the double-stranded
DNA binding helicase, PICH, is recruited to kinetochores in meta-
phase, and its depletion largely reverses kinetochore disruption in
pre-anaphase cells. Thus, Plk1 signaling at the centromere reinforces
centromeric chromatin, anchoring CENP-A against tension. When
this signaling is lost, tension can physically extract CENP-A in a
stochastic manner. Consistent with a tension model, we find that
reducing spindle microtubule tension abrogates the defect. More-
over, the defect occurs only after chromosome alignment, when

© 2019 The Authors

microtubule attachments are most numerous [58]. As expected, only
one kinetochore of a sister pair is affected, since the inter-kineto-
chore tension is relieved after disruption. Taken together, these data
support a novel tension-dependent mechanism of chromosome insta-
bility that is not restrained by the mitotic checkpoint.

Our results are inconsistent with other explanations for chromo-
somes lacking critical kinetochore proteins. The observed defects are
not the result of errors in protein loading (Fig 2A and B), nor the
result of aberrant protein turnover (Fig EV4A). Although PIk1 is
known to regulate condensin II [49], these findings are also inconsis-
tent with condensin II dysfunction as chromosomes condense
normally (Fig 1B and C, Movies EV2 and EV3) and inter-kinetochore
distance is not lengthened (Appendix Fig S6A). Furthermore, the
shortened inter-kinetochore distances and relative preservation of
ACA/CENP-B signal suggest our observations are not artificial signal
loss from diluted protein localization on hyperstretched chromatin.
Finally, the specific loss of the kinetochore proteins from the pole-
distal kinetochore of misaligned chromosomes when cells are held in
mitosis for equal periods of time argues against differences in cell
division timing indirectly influencing kinetochore protein levels.

PIk1 activity at the centromere occurs, in part, via PICH. PICH
depletion suppresses centromere disruption in pre-anaphase cells
(Fig 5J and K), and similar findings have been reported recently
[46]. We also observe PICH kinetochore recruitment is increased
during metaphase in RPE1 cells inhibited by BI-2536 (Appendix Fig
S7B and C); however, this effect is not always recapitulated in
anaphase segregated chromosomes after modest Plkl inhibition
(Fig 6C). Localizing Plk1 activity to the centromere significantly
reverses segregation defects and increases the frequency of PICH
(+) segregating chromosomes (Fig 6A-C). In light of these findings,
we speculate that PICH involvement is indirect. Plkl does not
regulate PICH ATPase activity [59], and other proteins, such as
BLM and RPA, are co-recruited to DNA strands with PICH [46].
Notably, the recently reported centromere disintegration associated

EMBO reports  20: e4871112019 9 of 16
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Figure 6. Centromere-localized Plk1 activity promotes kinetochore integrity, which, when lost, is not restored in subsequent G1.

A lllustrative schematic. EGFP-PIk1% RPE1 cells were transduced with an empty vector (Flag), wild-type PIk1 (PIk1""), or wild-type Plk1 kinase domain tethered to
CENP-A, CENP-B, H2B, or INCENP(aa 1-69). Cells were challenged with 200 nM 3-MB-PP1, which inhibits PIk1®®, but not PIk1"* or tethered constructs.

B Graph shows average percentage (&= SEM) of anaphase cells with fully segregated chromosomes for each cell line (clones identified alphanumerically) (n = 50
cells/experiment; two independent experiments). Significance of cell lines against Flag control determined by one-way ANOVA with Holm-Sidak’s multiple

comparisons test (*P < 0.05, **P < 0.01, ****P < 0.0001).

C Graph shows number of segregated chromosomes with PICH(+) kinetochore signals observed per cell. Each circle represents a cell (n = 45 cells from three independent
experiments). Bars indicate median number and interquartile range. Significance determined by Kruskal-Wallis test with Dunn’s correction for multiple comparisons.
D Representative maximum-intensity projection micrographs of interphase cells with micronuclei after BI-2536 challenge or nocodazole washout. Insets highlight

contents of micronuclei. Scale bars, 10 pum.

E Graph shows relative volume intensity of CENP-A at kinetochores in the primary nucleus (blue) or micronuclei (red) from (E) (n = 368 primary/40 micronuclei
kinetochores, nocodazole washout; 308 primary/35 micronuclei kinetochores, BI-2536; three independent experiments). Bars indicate median intensity and

interquartile range. Significance determined by two-tailed Mann—Whitney test.

with Plk1 inhibition implicated BLM as the main effector of Plkl
activity [46]. We further speculate that Pkl maintenance of kineto-
chore and centromere integrity includes other substrates in addi-
tion to PICH and its binding partners. This is based on our
observation that PICH rarely localizes at kinetochores of lagging
chromosomes after Plkl inhibition (Fig SE and F). Additionally,
phosphoproteomic screens have identified numerous centromere-
localized proteins as putative Plkl substrates [28,60-62]. Thus,
Plk1 protection of kinetochore and centromere integrity likely
exists as a spectrum, involving discrete locales and substrates, of
which PICH is one intermediary.

Mitotic loss of CENP-A is surprising for several reasons. First,
little to no CENP-A turnover is observed after incorporation into the

10 of 16 EMBO reports  20: e48711 | 2019

nucleosome [6,44,63,64], although recent evidence suggests that
CENP-A can undergo histone exchange in non-dividing cells
[preprint: 65]. Second, kinetochore loading of CENP-A is restricted
to G1 [6,44,63]. Importantly, we find loss of both ancestral and
nascent CENP-A pools is not biased to centromeres with diminished
initial CENP-A levels. Although Plk1 phosphorylation of the Mis18
complex during G1 is required for nascent CENP-A loading at the
centromere [12], effects of Plk1l inhibition on centromeric CENP-A
retention during G2/M have not been previously observed. Here,
mitotic CENP-A loss results in centromeres lacking their epigenetic
mark.

One puzzling aspect of the phenotype reported here is that only a
fraction of chromosomes are affected in each cell. The stochastic

© 2019 The Authors
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Figure 7. Model of kinetochore-centromere dysfunction with loss of Plk1 activity.

In an unperturbed mitosis, centromeric chromatin is initially compact with DNA tightly wrapped around nucleosomes (Min MT attachment/Low tension). With increasing
MT attachment and tension, the chromatin stretches evenly, and DNA remains tightly wrapped around nucleosomes. When PIk1 activity is compromised, PICH recruitment
to centromeric chromatin increases and DNA contact around nucleosomes is relaxed (Min MT attachment/Low tension). With increasing MT attachment and tension,
stochastic chromatin disruption occurs with DNA stretching (dashed line) or complete rupture of the kinetochore and surface CENP-A nucleosomes. This loss of kinetochore/
centromere stability results in either chromosome misalignment during metaphase or chromosome lagging during anaphase.

nature of kinetochore disruption is explained by residual Plk1 activity
and by timing of the mitotic checkpoint. The partial loss of its activity
used in experiments here allows for some centromeric phosphoryla-
tion, near the on/off threshold, which could stochastically unwind
chromatin of different kinetochores to a variable extent. In a represen-
tative time-lapse video (Fig 1B), loss of chromosome alignment occurs
sequentially for chromosome pairs until anaphase onset. Moreover,
partial disruption of the kinetochore and centromere may occur, as
evidenced by split or elongated CENP-C and FISH signals (Fig 6A and
C). Taken as a whole, the incompletely penetrant phenotype is consis-
tent with partial loss of PIk1 function and may depend on stochastics,
on different tension on centromeres, or even on structure of the
centromeres.

A tantalizing possibility is that intrinsic features of each chromo-
some predispose it to greater sensitivity or resistance to mitotic
perturbations. For example, chromosomes with longer alpha-satel-
lite arrays could recruit more centromere proteins, thereby creating
a greater number of microtubule binding sites that could make these
chromosomes more resistant to perturbation. Evidence of expanded
satellite repeats recruiting more centromere and kinetochore
proteins has been demonstrated previously in mouse oocytes
[66,67]. Our initial experiments identify a trend toward chromo-
some size, but not initial CENP-A levels, influencing kinetochore
disruption. However, more comprehensive experiments are neces-
sary to determine how intrinsic chromosome qualities influence
likelihood of chromosome disruption.

© 2019 The Authors

In conclusion, we have discovered that kinetochore anchoring
into centromeric chromatin is stabilized against tension through
signals generated by Plkl1. This stabilization prevents unwinding of
double-stranded DNA and complete disruption of the kinetochore,
CCAN, and CENP-A nucleosomes. These effects are mediated, in
part, by PICH, as its knockdown rescues the effect of BI-2536. The
findings reported here are surprising because centromere-specific
mechanisms, beyond condensation, have not previously been
known to operate to stabilize against the spindle force, despite the
well-focused pulling force on this chromatin fragment. Consistent
with our finding, tethering experiments suggest that this effect
requires Plk1 activity at chromatin. We conclude that G2 or mitotic
stabilization of centromeric chromatin against tension is crucial to
govern genomic integrity. It will be important to identify the particu-
lar substrates and interactors of Plkl that are required to stabilize
the centromere against the pulling force of the mitotic spindle.

Materials and Methods

Cell line derivation and culture procedures

Cell culture

All cell lines were maintained at 37°C and 5% CO, in a humidified
incubator and propagated in the following media supplemented with
10% fetal bovine serum and 100 units/ml penicillin—streptomycin:

EMBO reports  20: e48711(2019 11 of 16
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Phoenix retroviral packaging line, Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 4.0 mM r-glutamine and
4,500 mg/1 glucose; and hTERT-RPE1-derived cell lines, 1:1 mixture
of DMEM and Ham’s F-12 media supplemented with 2.5 mM
L-glutamine. RPE1 cells were purchased from ATCC. EGFP-Plk1%®
and EGFP-PIk1%°/Flag-PIk1AC-H2B RPE1 cell lines were derived as
previously reported [28,34]. All cell lines were tested for myco-
plasma contamination with the MycoAlert Mycoplasma Detection
Kit (Lonza).

Plasmid construction

Human CENP-B (clone 6470289) was purchased from Invitrogen.
Human INCENP (EHS1001-97551817) was purchased from Open
Biosystems. Human YFP-CENPA was a kind gift from Daniel Foltz.
The pSNAPf vector was purchased from New England Biolabs.
Retroviral plasmid backbones (pQCXIX, pQCXIN, pQCXIP) were
purchased from Clontech. Unless otherwise stated, all constructs
were created using standard restriction digest and ligation proce-
dures. After insertion, PCR-amplified DNA was fully sequenced to
verify integrity. See Appendix Table S1 for primer list.

For YFP-CENPA/mCh-CENPB(1-158) RPE1 cells, YFP-CENPA
was PCR-amplified and inserted into the pQCXIX backbone. CENPB
amino acids 1-158 were PCR-amplified and inserted C-terminal to
mCherry in the pQCXIN backbone. For CENPA-SNAP-3xFlag RPE1
cells, the pQCXIN backbone was linearized with Notl and BamHI
digest, the SNAP-tag and CENP-A were PCR-amplified, a 3x-Flag G-
block was purchased from IDT, and all four components were
assembled by Gibson Assembly. For Plkl chimera RPE1 cells, full-
length CENP-A and CENP-B were PCR-amplified and inserted C-
terminal to Flag-tagged wild-type Plk1 kinase domain (Flag-Plk1AC)
in the pQCXIN backbone as previously reported [28]. INCENP amino
acids 1-69 [68] were PCR-amplified and inserted C-terminal to Flag-
tagged wild-type Plk1 kinase domain (Flag-PlIk1AC) in the pQCXIN
backbone via standard restriction digest and ligation procedures.

Retroviral transgenesis

For stable retroviral transduction, constructs were co-transfected
with a VSV-G envelope plasmid into Phoenix cells. Fresh medium
was applied 24 h post-transfection. A further 24 h later, cells were
clarified by centrifugation and filtration through a 0.45-um
membrane to remove cell debris and diluted 1:1 with complete
medium containing 10 pg/ml polybrene (Millipore). Target cells
(RPE1 or EGFP-PIk1*® RPE1) were infected at 40-60% confluence
for 24 h and then selected with 0.4 mg/ml G418 for 10-14 days.
Polyclonal transductants were further purified by limiting dilution
to obtain individual clones.

SiRNA transfection

siRNA against PICH (AM16708; Ambion) or a control siRNA (D-
001810-10-05 ON-TARGETplus; Dharmacon) was introduced using
Lipofectamine RNAIMAX (Invitrogen) following the manufacturer’s
instructions. Cells grown at low confluency on a glass coverslip
were transfected with 25 or 40 nM of siRNA twice in a 24-h interval.
Cells were fixed 72 h after the first transfection.

Chemicals
For chemicals, manufacturers, catalog numbers, and working
concentrations, please refer to Appendix Table S3. Of note, two
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separate lots of BI-2536 were used in this study with similar
phenotypes observed at 40 nM in lot #1 and 25 nM in lot #2. Lot
#1 was used for the majority of the experiments, with lot #2 for
some experiments in Fig 5. Concentrations are included in the fig-
ure legends.

Immunoblotting

For siRNA experiments, cells were pelleted and lysed in buffer (4%
SDS, 20% glycerol, 100 mM Tris-HCI pH 7.6). Proteins were quanti-
fied using Pierce™ BCA Protein Assay Kit (Thermo Scientific™) and
were separated by SDS-PAGE, transferred to nitrocellulose
membrane and blocked for 30 min in 5% milk and 0.1% Tween-20/
Tris-buffered saline pH 7.4 (TBST + milk). Membranes were incu-
bated with gentle agitation overnight at 4°C with primary antibodies
(Appendix Table S2) diluted in TBST + milk, washed 3x with TBST,
and incubated for 45 min at room temperature in secondary anti-
bodies conjugated to horse radish peroxidase diluted 1:5,000 in
TBST + milk.

Membranes were washed and developed with luminol/peroxide
(Millipore) and visualized with a ChemiDoc MP imaging system,
controlled by Image Lab 4.1 (Bio-Rad). All results were obtained
from single gels. To simultaneously probe for the protein of interest
and the loading marker, the membrane was divided in two after
transfer and incubated in separate antibody solutions.

Immunofluorescence microscopy

General procedures
Cells were seeded on #1.5 glass coverslips (Fisherbrand) at low
density in 24-well plates and, with the exception of SNAP-labeling
experiments, allowed to grow until 80-90% confluence prior to
chemical challenge.

For anaphase segregation experiments, cells were challenged for
6 h with 40 nM BI-2536 prior to fixation. For the nocodazole
washout control, cells were challenged for 5 h with 0.2 ug/ml noco-
dazole, followed by removal, a single rinse with HBSS, and replen-
ishment with fresh media for 45 min prior to fixation. For
metaphase misalignment experiments, cells were challenged for 2 h
with 10 pM MG-132 to prevent anaphase onset and 40 nM BI-2536,
40 ng/ml nocodazole, or 20 nM paclitaxel to generate misaligned
chromosomes. For anaphase segregation restoration experiments
with Plk1 chimeras, cells were challenged for 6 h with 200 nM 3-
MB-PP1, which generates lagging chromosomes in EGFP-PIk1%
RPE1 cells [28]. For experiments examining Hecl recruitment to
kinetochores, cells were challenged overnight with 100 uM monas-
trol or 0.2 pug/ml nocodazole + 0 nM, 40 nM, or 200 nM BI-2536.
For experiments examining forced mitotic exit, asynchronously
growing cells were challenged for 30 min with 200 nM BI-2536
alone or in combination with 2 pM AZ-3146 or 500 nM reversine.

With the exception of chromosome misalignment experiments,
coverslips were initially incubated for 15 s at room temperature
(RT) in PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA,
2 mM magnesium chloride) with 10% NP-40 to pre-extract cytoplas-
mic proteins. Otherwise, coverslips were fixed in 4% paraformalde-
hyde in PHEM buffer for 10 min at RT, washed three times in PBS,
and then blocked for 30 min at RT in 3% bovine serum albumin
(BSA) and 0.1% Triton X-100 in PBS (PBSTx + BSA). Primary
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antibodies (Appendix Table S3) were pooled and diluted in
PBSTx + BSA. Coverslips were incubated in primary antibodies for
1 h at RT and washed three times in PBSTx. Alexa Fluor (Molecular
Probes) secondary antibodies were pooled and diluted at 1:350 in
PBSTx + BSA. Coverslips were incubated in secondary antibodies
for 30 min at RT and then washed twice with PBSTx. Coverslips
were counterstained with DAPI (Sigma-Aldrich) and mounted on
glass slides with Prolong Diamond anti-fade medium (Molecular
Probes) and allowed to cure for 48 h.

SNAP labeling of CENPA-SNAP-3xFlag RPE1 cells was performed
as illustrated (Fig EV4B) and previously described [69]. Briefly,
CENPA-SNAP was labeled with SNAP-Cell 505 STAR or SNAP-Cell
TMR-STAR (NEB), diluted in cell culture media for 30 min, rinsed
2x with fresh media, and then replenished with fresh media. Please
refer to Appendix Table S2 for working concentrations.

Image acquisition was performed on a Nikon Eclipse Ti inverted
microscope equipped with motorized stage, LED epifluorescence
light source (Spectra X), 60x/1.4NA (Plan Apo) DIC oil immersion
objective, and ORCA Flash4.0 V2+ digital sSCMOS camera (Hama-
matsu). Optical sections were taken at 200-nm intervals and decon-
volved using the LIM 3D Deconvolution module in Nikon Elements.
Panels were cropped using Photoshop CS5 (Adobe) and assembled
with overlays using Illustrator CS5 (Adobe).

Analysis

All intensity analyses were performed using functions within Nikon
Elements. For anaphase segregation experiments, the optical section
image stacks were initially converted to maximum-intensity projec-
tion images to identify chromosome position via DNA (DAPI) and
kinetochore (ACA antibody) signals. “Lagging” chromosomes were
defined by single DAPI or ACA signals located between two larger
sets of DAPI/ACA signals. To measure kinetochore protein intensi-
ties and to minimize bias, all image processing was performed using
the ACA channel. First, LUTs were adjusted to decrease background
signal. Next, a freehand ROI was drawn loosely (to account for non-
overlapping kinetochore protein signal) around an individual target
ACA signal. A duplicate ROI placed in an adjacent location not occu-
pied by another kinetochore was used to measure background
signal. Returning to the original optical section image stack, the
target and background ROI intensities were measured for each chan-
nel at all optical sections where the target ACA was observed. The
sum of the background section intensities was then subtracted from
the sum of the target section intensities to get individual volume
intensities for each kinetochore protein. This was repeated for all
lagging chromosomes and eight segregated chromosomes per cell.
To get relative signal intensities, individual intensity values were
divided by the average intensity value of the nocodazole washout
chromosomes in each experiment. A chromosome was excluded
from analysis if its ACA signal overlapped with a second ACA
signal.

For chromosome misalignment experiments, the optical section
image stacks were converted to maximum-intensity projection
images. A cell was included for analysis if the majority of its chro-
mosomes were aligned at the equator. Misaligned chromosomes
were included for analysis if their ACA signal was (i) sufficiently
separated from the equatorial pool and (ii) characterized by
two distinct foci or an elongated signal, indicating that the inter-
kinetochore axis between the sisters was parallel to the imaging
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plane. To determine the signal distribution of Hecl, a 1 pixel
intensity line with a 5 pixel width was drawn along the inter-
kinetochore axis of each misaligned pair. If the peak Hecl intensity
at one kinetochore was < 50% of the peak Hecl intensity at its
sister, the distribution was considered unequal or decreased. To
determine if the diminished Hecl signal was “pole-proximal” or
“pole-distal”, a perpendicular line bisecting the equator was drawn
to represent the spindle pole axis. The kinetochore signal closer to
the spindle pole axis was considered “pole-proximal”, the further
“pole-distal”. This was repeated for intensity and localization of
BubR1, Madl, and CENP-A.

For Hecl kinetochore recruitment experiments, background
intensities were subtracted individually from each cell and then a
common threshold intensity for each channel was applied to all cells
in a given experiment. Individual freehand ROIs were drawn around
each cell using DNA (DAPI) as a guide. Total volume and mean
intensity measurements were collected within each ROI. To get total
volume intensity, the mean intensity measurement was multiplied
by the total volume within the ROI. Finally, average volume inten-
sity for the control cells (chemical treatment without Plk1 inhibi-
tion) was determined to get relative volume intensities for all cells.

To measure ancestral and nascent CENP-A intensities, 0.43-um?
ROIs were placed over the kinetochores of all lagging chromosomes
and 20 segregated chromosomes in each cell. A single 0.43-um?* ROI
was also used to measure the background intensity. Fluorescence
intensities were measured for each ROI throughout the entire image
stack, and the background intensity was subtracted from the target
intensities to get signal intensity for each chromosome kinetochore,
which was then divided by the average intensity of the segregated
kinetochores to get a relative intensity of each kinetochore per cell.

For the PICH analysis, the image stacks were thresholded to
remove background signal and then converted to 3D volume
images. All PICH signals that overlapped with an ACA signal were
counted as “PICH(+)”. Cells that exhibited numerous elongated
PICH signals not associated with any lagging ACA signal (see
Fig SE,ii) were infrequently observed and excluded from analysis.
For the metaphase analysis, “rounded” and “elongated” PICH(+)
signals were subjectively determined. “Elongated” PICH signals
were counted for aligned chromosomes, regardless of their overlap
with an ACA signal.

Where appropriate, observer blinding was performed by slide
label concealment. Sample size was selected for cell biology experi-
ments based on prior experience and biologically significant effect
size. Data analysis was performed using Prism 8 (GraphPad). Statis-
tical significance was determined either by t-test or one-way
ANOVA and is described in the figure legends.

Live-cell microscopy

RPE1 cells stably expressing EGFP-H2B and mCherry-tubulin or
YFP-CENPA and mCherry-CENPB were seeded on 35-mm imaging
dishes with 1.5# polymer coverslip bottom (Ibidi). Upon reaching
60-70% confluence, the cells were challenged with 40-50 nM BI-
2536 for 3 h.

Live-cell imaging was performed on a Leica DMi8 inverted fluo-
rescence microscope equipped with 488-nm and 561-nm excitation
lasers, Yokogawa CSU-W1 spinning-disk confocal scanning unit,
and 63x%/1.4NA or 100x/1.4NA oil immersion objectives (Plan Apo),
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controlled by MetaMorph 6.1 software (Molecular Devices). Envi-
ronmental control was maintained by stage-top humidified chamber
(Tokai Hit) set to 37°C and 5% CO,. Images were collected every
30 s at 250-nm optical sections with an ORCA Flash4.0 V2+ digital
sCMOS camera (Hamamatsu).

Analysis

To track CENP-A/CENP-B intensities of individual kinetochore pairs
over time, the imaging file was cropped to include only the optical
sections containing CENP-A or CENP-B signals for either kineto-
chore of the pair. Maximum-intensity projection images were
created for the selected optical sections of each channel for every
time point in MetaMorph. To measure CENP-A and CENP-B intensi-
ties at individual kinetochores, image stacks were imported into
Elements (Nikon). Identical circular ROIs were drawn around each
kinetochore and the intensity recorded at each image plane where
CENP-A or CENP-B was observed. Values for each image plane were
combined to determine the volume intensity of each protein at each
kinetochore. Intensity values of each protein were then plotted rela-
tive to initial intensity, time point 0.

Fluorescence recovery after photobleaching

RPE1 cells stably expressing YFP-CENPA and mCherry-CENPB
growing in 35-mm imaging dishes with 1.5# polymer coverslip
bottom (Ibidi) were imaged on a A1RS point scanning confocal
microscope (Nikon) equipped with 408-nm, 488-nm, and 561-nm
excitation lasers, 60%/1.4NA oil immersion objective (Plan Apo),
controlled by Elements (Nikon). Environmental control was main-
tained by stage-top humidified chamber (Tokai Hit) set to 37°C and
5% CO,. Metaphase cells were identified, and circular ROIs with a
diameter of 1-2 um were drawn around single or multiple kineto-
chore pairs. Single-plane, pre-bleach intensities were collected for
5s. A 3-s pulse from the 408-nm laser at 100% intensity was used
to bleach the YFP or mCherry fluorescence signals within a ROL
Single-plane, post-bleach intensities were collected every 5 s for
2 min.

Analysis

CENP-A or CENP-B intensities were measured for each ROI at each
time point beginning from pre-photobleaching. To determine the
relative fluorescence intensity (RFI) for each ROI over time, pre-
bleach intensity was set to 100% and immediate post-bleach inten-
sity was set to 0%. To control for photobleaching during acquisi-
tion, fluorescence intensities were recorded from identical ROIs
around non-bleached kinetochore pairs. RFI vs. time graphs were
plotted using Origin 2016 software (OriginLab).

Chromosome spreads and fluorescence in situ
hybridization (FISH)

For chromosome spreads, cells grown to 75-80% confluency on a
12-mm glass coverslip (VWR) or on a 4-well glass slide (Millipore)
were treated with BI-2536 for 3 h and MG-132 at 20 uM for two
additional hours. Growth medium was replaced by a hypotonic
medium (60% growth medium, 40% ddH,O) for 5 min and
removed. After centrifugation (3 min, 800 x g) in a humid cham-
ber, cells were pre-extracted for 1 min in blocking buffer (0.2 M
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glycine, 2.5% FBS, 0.1% Triton X-100 in 1x PBS) and fixed in 4%
formaldehyde at room temperature for 10 min. Incubations with
primary antibodies were conducted in blocking buffer for 1 h at
room temperature. Immunofluorescence on chromosome spreads
was done as described previously [70]. Immunofluorescence
images were collected using a DeltaVision Core system (Applied
Precision).

Fluorescence in situ hybridization
Chromosome painting and centromere enumeration probes were
purchased from MetaSystems Probes, and FISH was performed
following the manufacturer’s instructions. A cocktail of four probes
(1:1:1:1) was used for each hybridization. See Appendix Fig S4 for
chromosomes probed in this study.

Sequential FISH

After coverslip removal, slide was washed in ethanol 70% for
1 min, pre-warmed denaturation solution (70% formamide, 2x SSC,
pH 7.0) was applied, and slide was placed on a hot plate at 75°C for
2 min. Slide was then washed in 70% ethanol for 1 min and subse-
quently dehydrated in 90 and 100% ethanol for 1 min. Sample was
air-dried, and new probe hybridization was performed.

Analysis

Deconvolved 2D maximume-intensity projections were saved as un-
scaled 16-bit TIFF images. Centromeres were considered “intact” (2
round CENP-C signals; Fig 5A, top), “elongated” (2 CENP-C signals
with one stretched; Fig S5A, white asterisk), or “fragmented” (> 2
CENP-C signals; Fig SA, yellow asterisk). Both elongated and frag-
mented centromeres were considered “disrupted”. For IF-FISH,
point coordinates were recorded for sequential FISHs.

Expanded View for this article is available online.
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