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Summary

The Chromosomal Passenger Complex (CPC) localizes to centromeres in early mitosis to activate
its subunit Aurora B kinase. However, it is unclear if centromeric CPC localization contributes to
CPC functions beyond Aurora B activation. Here, we show that an activated CPC that cannot
localize to centromeres supports functional assembly of the outer kinetochore, but is unable to
correct errors in kinetochore-microtubule attachment in Xenopus egg extracts. We find that CPC
has two distinct roles at centromeres: one to properly phosphorylate Ndc80 to regulate attachment,
and a second, conserved kinase-independent role in the proper composition of inner kinetochore
proteins. Although a fully assembled inner kinetochore is not required for outer kinetochore
assembly, we find it is essential to recruit tension indicators, such as BubR1 and 3F3/2, to
erroneous attachments. Thus, centromeric CPC is necessary for tension-dependent removal of
erroneous attachments, and for the kinetochore composition required to detect tension loss.

Introduction

Faithful segregation of chromosomes is the key event of mitosis, and its dysregulation can
lead to aneuploidy and genomic instability, both hallmarks and drivers of cancer initiation
and progression (Gordon et al., 2012). Chromosome segregation requires attachment of
spindle microtubules to kinetochores, large proteinaceous structures that assemble on
centromeric chromatin. The kinetochore is assembled on nucleosomes at centromeres which
contain the histone H3 variant, CENP-A (Westhorpe and Straight, 2016). The 16-subunit
Constitutive Centromere-Associated Network (CCAN), which constitutes the inner
kinetochore, resides at the centromere throughout the cell cycle and links centromeric
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chromatin to the microtubule-binding proteins at the outer kinetochore. The CCAN
components CENP-C and the CENP-L-N, CENP-T-W-S-X and CENP-H-I1-K-M complexes
make numerous interactions with each other to bind centromeres and to confer structural
integrity to the kinetochore (Nagpal et al., 2015). Upon entry into mitosis, interactions are
altered such that the localization of all CCAN members depend on the interaction of CENP-
C with CENP-A nucleosomes (McKinley et al., 2015; Nagpal et al., 2015). This suggests
that CCAN remodeling is important for kinetochore function, but its cause and purpose are
not known.

The outer kinetochore, comprising the Knl1-Mis12-Ndc80 (KMN) network, connects the
inner kinetochore to microtubules (Cheeseman, 2014). In higher eukaryotes, the outer
kinetochore assembles upon entry to M phase, through interaction of CENP-C with the
Mis12 complex (Dimitrova et al., 2016; Petrovic et al., 2016; Przewloka et al., 2011;
Screpanti et al., 2011) and the recruitment of the Ndc80 complex by CENP-T (Nishino et al.,
2013). The KMN network attaches to microtubules, primarily through direct interaction with
Ndc80. If an attachment is lost, the KMN network halts the cell cycle by activating the
spindle assembly checkpoint (SAC). Mps1 kinase binds to Ndc80 in a microtubule-
dependent manner to phosphorylate KNL1, which recruits the SAC proteins, including
BubR1 and Mad2, to the kinetochore (Hiruma et al., 2015; Ji et al., 2015).

The Chromosomal Passenger Complex (CPC) is a four-protein complex which consists of
the kinase Aurora B, INCENP, Survivin and Borealin. The CPC, through Aurora B
phosphorylation, regulates multiple processes required for chromosome segregation
(Carmena et al., 2012). INCENP is a large scaffolding protein that serves to orchestrate the
localization and activity of the CPC throughout mitosis. The CPC can be separated into three
functional modules based on the domain structure of INCENP (Figure 1A): a kinase module
consisting of Aurora B and the C-terminus of INCENP (IN Box); a second, centromere
targeting module comprising the N-terminal domain of INCENP (CEN), Survivin and
Borealin; and a third module comprising the microtubule-binding SAH domain of INCENP.
Full activation of Aurora B in most eukaryotes is thought to require phosphorylation of the
“TSS” motif in the IN Box motif of INCENP (note: this site is absent in some species,
including budding yeast Sli15) by Aurora B itself (Bishop and Schumacher, 2002; Sessa et
al., 2005), which induces a conformational change in Aurora B required for full kinase
activation. Multiple lines of evidence suggest this is mediated /in trans by another Aurora B/
INCENP complex and that kinase activation is regulated through local concentration at
centromeres or microtubules (Kelly et al., 2007; Tseng et al., 2010; E. Wang et al., 2011). In
early mitosis, the CPC localizes to the centromere and ensures proper kinetochore-
microtubule attachments by removing improper attachments and activating the SAC. In
addition, Aurora B is required for the assembly and maintenance of the outer kinetochore,
through the phosphorylation of Mis12 complex subunit Dsn1 which drives the interaction of
Mis12 with CENP-C (Akiyoshi et al., 2013; Dimitrova et al., 2016; Emanuele et al., 2008;
Kim and Yu, 2015; Petrovic et al., 2016; Rago et al., 2015; Yang et al., 2008). CPC
localization is mediated by Survivin and Borealin, which interact with Histone H3
phosphorylated at threonine 3 (H3T3ph) by Haspin (Kelly et al., 2010; F. Wang et al., 2010;
Yamagishi et al., 2010), and Shugoshin, which directly interacts with histone H2AT120ph-
modified nucleosomes established by Bub1l kinase (Kawashima et al., 2010; H. Liu et al.,
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2015). However, it remains unclear whether the conserved centromere localization of the
CPC is required for its early mitotic functions (Caldas et al., 2013; Campbell and Desali,
2013; F. Wang et al., 2010; Yue et al., 2008).

Bi-orientation, where sister chromatids attach to microtubules emanating from opposing
sides of the cell, is essential for chromosome segregation. Microtubule-based forces create
tension across and within kinetochores in a bi-oriented state, which induces the full
separation of sister kinetochores. Tension loss at kinetochores, which can be assessed
experimentally through measurement of inter-kinetochore distances, is thought to signal
errors in attachment which must be removed and then replaced to allow for chromosomes to
bi-orient. Aurora B phosphorylates Ndc80 to weaken its interactions with microtubules to
remove erroneous attachments (Cheerambathur and Desai, 2014). How Aurora B senses
such errors and whether tension sensing requires centromeric CPC is currently unclear
(Krenn and Musacchio, 2015).

Here we reveal that the centromere localization of the CPC is essential for error detection
and correction. We demonstrate that centromere-targeting of Aurora B is required to
modulate Ndc80 phosphorylation in response to tension. Importantly, we discover a kinase-
independent role for the interaction of the CPC with centromeric chromatin that mediates
assembly of the inner kinetochore in mitosis. We show that proper inner kinetochore
composition is required for the tension responsiveness of kinetochores and the identification
of erroneous attachments. Together, our data demonstrate that the CPC centromere
localization controls the detection and correction of erroneous attachments by establishing
proper kinetochore composition and modulating Aurora B activity.

Centromeric CPC Localization is Not Required for Assembly of the Outer Kinetochore

To further understand how Aurora B and the CPC regulate kinetochore function, we first
investigated the role of centromeric localization of the CPC in kinetochore assembly using
Xenopus egg extracts. As previously reported (Emanuele et al., 2008; 2005), CPC
immunodepletion or inhibition of Aurora B blocked the assembly of the outer kinetochore
proteins Ndc80 and Dsnl (a Mis12 Complex component, Figure 1B) onto replicated sister
chromosomes in cycled mitotic Xengpus egg extracts (Figures 1C and 1D and Figure S1A).
CPC depletion also prevented the phosphorylation of Ser10 on histone H3 (H3S10ph), an
established Aurora B substrate, in both total extracts and on chromosomes (Figure 1E and
Figure S2A). The assembly of Dsnl and Ndc80 as well as H3S10ph were fully restored by
re-expression of all four CPC subunits from pooled mRNAs in depleted extracts (Figures
1C, 1D, and 1E, Figure S1A and Figure S2A). To test whether centromeric CPC is required
for kinetochore assembly, we reconstituted depleted extracts with wild-type Aurora B kinase
and an INCENP deletion mutant that prevents centromere targeting (henceforth referred to
as CPCACEN Figure 1A). Aurora B kinase activation normally requires binding to and
clustering on chromosomes or microtubules, but this requirement can be bypassed by
antibody-mediated clustering of INCENP (Kelly et al., 2007; Tseng et al., 2010). Antibody-
mediated clustering of INCENP increases the Aurora B-mediated phosphorylation of
INCENP /n trans, which is required for allosteric activation of Aurora B and its activity in
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egg extracts (Kelly et al., 2007). As expected, deletion of the CEN domain blocked CPC
localization to chromosomes, Aurora B activation, phosphorylation of histone H3 and outer
kinetochore assembly (Figures 1C and 1D, Figure S1A and Figure S2A). Remarkably,
antibody-mediated clustering of CPCACEN (activated CPCACEN) fully rescued the assembly
of Dsnl and Ndc80 to kinetochores and H3S10ph on chromosomes (Figures 1C, 1D and 1E,
Figure S1A and Figure S2A). We could detect no CPC subunits on centromeres or
kinetochores on chromosomes in activated CPCACEN extracts (Figure S1B). Outer
kinetochore assembly by activated CPCACEN was not mediated by microtubules, as addition
of nocodazole had no effect on assembly (Figure S2B). Additionally, clustering of CPCACEN
on the surface of anti-INCENP beads promoted kinetochore assembly, even though the
beads were on average twelve microns away from the nearest chromosome mass (Figures
S2C, S2D, and S2E) and global Aurora B kinase activity levels were very low (Figure S2F).
Thus, we conclude that the CPC can promote outer kinetochore assembly without the
requirement for centromere, kinetochore, or microtubule localization.

Centromeric CPC is Required to Correct Errors in Attachment

Our results thus far suggest that the localization of the CPC to centromeres is not required
for assembly of the outer kinetochore. However, it is unclear whether the CPC must reside at
centromeres to properly regulate kinetochore-microtubule attachment (Krenn and
Musacchio, 2015). We found that activated CPCACEN could generate bipolar spindles with
normal length and geometry as compared to control (Figure 2A). In addition, activated
CPCACEN gpindles exhibited similar levels of inter-kinetochore separation between sister
chromatids (which reflects tension across kinetochores) to control and inter-kinetochore
separation appropriately decreased upon treatment with nocodazole (Figure 2B). However,
we observed a two- to three-fold increase in chromosome misalignment, defined as
kinetochore pairs that are localized outside of the central region of the spindle (see
methods), in activated CPCACEN spindles compared to control spindles (Figure 2C). We
hypothesized that these errors could be the result of improper regulation of kinetochore-
microtubule attachments. To investigate this, we measured phosphorylation of the N-
terminal tail of Ndc80 at S40 (S40ph) by Aurora B (Figure 2D, Figures S3A, S3B and S3C
and Figure S4D), one of several Aurora B-mediated phosphorylations that weakens the
interaction of Ndc80 with microtubules to remove erroneous attachments (Cheerambathur
and Desai, 2014). We observed a low level of Ndc80 phosphorylation at kinetochores in
control metaphase spindles, which increased four-fold when all microtubules were
depolymerized by nocodazole (Figure 2D), in agreement with findings in human cells
(DeLuca et al., 2011). However, we observed elevated levels of Ndc80 phosphorylation
(59% of WT nocodazole-treated) across all kinetochores in unperturbed spindles generated
by activated CPCACEN (Figure 2D). Strikingly, these levels showed no significant change
upon microtubule loss induced by nocodazole treatment. These data indicate that non-
centromeric CPC results in unregulated levels of Ndc80 phosphorylation, and an increase in
alignment errors.

To test whether CPC must reside at centromeres to detect and correct errors in attachment,
we modified an established error correction assay (Lampson et al., 2004) and adapted it to
the egg extract system. Monopolar spindles are first induced by treatment with the Eg5
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inhibitor, S-Trityl-L-Cysteine (STLC) (Houghtaling et al., 2009), which results in erroneous,
mono-oriented (syntelic) kinetochore-microtubule attachments that do not produce tension
(Figures 3A and 3B). Subsequent dilution of STLC allows for bipolar spindle formation and
chromosome alignment at the metaphase plate through removal of improper kinetochore-
microtubules by Aurora B kinase.

In both control and activated CPCACEN extracts treated with STLC, monopolar spindles
were formed and all kinetochores lost tension, as measured by the inter-kinetochore distance
between sister chromatids (Figures 3C and 3D and Figure S4D). These kinetochores
demonstrated no recruitment of Mad2 (Figure S5A). Since the SAC is only activated by
unattached kinetochores in the egg extract system (Minshull et al., 1994), these results
indicate that kinetochores remained attached to microtubules in the presence of STLC.
When STLC was diluted from control extracts, 96% of spindles were bipolar and only 3% of
these spindles had more than one misaligned chromosome (Figures 3C and 3E and Figure
S4A\). Strikingly, when STLC was diluted in activated CPCACEN extracts, only 37% of
spindles were bipolar (Figure 3C), with the remaining structures either remaining monopolar
or displaying a multipolar phenotype (Figure S4A). Of the bipolar spindles observed in
activated CPCACEN extracts, all had multiple chromosome misalignments, a 33-fold increase
compared to control (Figure 3E). The average number of misaligned kinetochores per
bipolar spindle in activated CPCACEN extracts after STLC dilution was 4.13 (+1.5),
compared to 0.14 (x0.4) in WT extracts (Figure S4B). We conclude that non-centromeric
CPC has severe defects in its ability to correct errors in microtubule attachment.

Centromeric CPC is Required for Specific and Dynamic Ndc80 Phosphorylation

Since we had observed that Ndc80 phosphorylation was improperly regulated in activated
CPCACEN metaphase spindles, we examined Ndc80 phosphorylation levels throughout the
error correction process. In WT extracts, we found that levels of Ndc80 phosphorylation
markedly increased upon treatment with STLC and returned to levels observed in
unperturbed metaphase spindles upon STLC dilution (Figure 2D, Figures 3F and 3G and
Figure S4C), in agreement with previous studies in human cells that reported an increase in
Ndc80 phosphorylation in monopolar spindles (Welburn et al., 2010). In contrast, in the
bipolar spindles formed in activated CPCACEN extracts, Ndc80 phosphorylation levels
remained elevated throughout the error correction assay (Figures 3F and 3G and Figure
S4C). However, the levels of phosphorylation we observed were only ~50% of those at
kinetochores in WT extracts treated with STLC. Interestingly, phosphorylation levels were
uniform and irrespective of chromosome alignment or spindle bipolarity (unpublished
observations, J.H.; Figure 3E and Figure S4A). Thus, our results suggest that centromeric
CPC localization is required for the specific and dynamic phosphorylation of Ndc80 at
kinetochores in response to tension status.

Centromeric CPC is Required for BubR1 and 3F3/2 Enrichment at Tensionless
Attachments

Our results thus far indicate that there may be a problem sensing a loss of tension at
kinetochores in activated CPCACEN extracts. To test this, we performed immunofluorescence
using monoclonal 3F3/2 antibodies that mark tensionless kinetochores in many species,
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during error correction (Cyert et al., 1988; Gorbsky and Ricketts, 1993). As expected, the
3F3/2 epitope was highly enriched at kinetochores in control extracts that were treated with
STLC (Figures 4A and 4B) and 3F3/2 levels decreased by 14-fold upon STLC dilution.
However, there was little detectable 3F3/2 staining at kinetochores in STLC-treated activated
CPCACEN gpindles, and remained low in bipolar spindles upon STLC dilution (Figures 4A
and 4B), even though we observed many errors in alignment in this condition (Figure 3E).
These results suggest that tension status is not being discerned at kinetochores assembled by
activated CPCACEN,

3F3/2 antibodies have been shown to detect the Polo-dependent phosphorylation of BubR1in
Xenopus egg extracts (Wong and Fang, 2007). BubR1, which is enriched at misaligned and
unattached kinetochores (Ditchfield et al., 2003; Hoffman et al., 2001; Skoufias et al., 2001),
is required for the stabilization of new attachments at kinetochores that have not yet
established tension, in addition to its role in SAC signaling (Elowe, 2011; Lampson and
Kapoor, 2005). Indeed, during the course of our experiments, we observed a small
population of highly intense BubR1 foci at kinetochores of control metaphase spindles but
not in activated CPCACEN (Figure S5B). Furthermore, we found that while BubR1 was
enriched only at kinetochores that had lost tension (inferred by the distance between sister
kinetochores) in control extracts, we did not observe this enrichment at tensionless
kinetochores in activated CPCACEN spindles (Figure S5D).

To confirm that the BubR1 enrichment we observe in control spindles is at attached but
tensionless kinetochores and not at unattached kinetochores, we performed our error
correction assay and measured BubR1 levels at kinetochores throughout. In control spindles
treated with STLC, all kinetochores lost tension and demonstrated a robust enrichment of
BubR1 (Figures 4C, 4D and 4E). Upon dilution of STLC, BubR1 levels decreased to levels
found in kinetochores of aligned metaphase chromosomes (Figure 4E and Figures S5B and
S5C). However, when activated CPCACEN extracts were treated with STLC, BubR1 levels
did not increase, even though tension was lost (Figures 4C, 4D and 4E). Upon STLC
dilution, BubR1 levels remained low. In contrast, BubR1 levels responded normally to loss
of microtubule attachment, as induced by nocodazole, in activated CPCACEN extracts
(Figures S5B and S5C). Checkpoint protein Mad2 also properly localized to unattached
kinetochores in nocodazole-treated, activated CPCACEN extracts (Figures S5B and S5C).
These results indicate that BubR1 enrichment at attached kinetochores that have lost tension
depends on centromeric CPC, but that checkpoint-related BubR1 enrichment to unattached
kinetochores does not.

The enrichment of BubR1 to unattached kinetochores depends on its interaction with the
outer kinetochore proteins Bub1, Bub3, and KNL1, when KNL1 has been phosphorylated by
Mps1 kinase (Krenn et al., 2014; London et al., 2012; Shepperd et al., 2012; Yamagishi et
al., 2012). Mps1 kinase is targeted to kinetochores by a direct interaction with Ndc80
(Hiruma et al., 2015; Ji et al., 2015). However, it is unclear whether the tension-dependent
recruitment of BubR1 to improperly attached kinetochores we observe is mediated by a
similar pathway. To test this, we treated extracts with either nocodazole or STLC and added
the Mps1 inhibitor AZ3146 (Hewitt et al., 2010) to each (Figure 4F and Figure S5F). As
expected, BubR1 recruitment to unattached kinetochores was dependent on Mps1 activity.
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Surprisingly, the recruitment of BubR1 to tensionless attached kinetochores in STLC treated
extracts was also Mps1 dependent. These defects in BubR1 recruitment were not due to a
change in KNL1 levels (Figure 4F and Figure S5F). We then measured Mps1 kinetochore
localization in control and activated CPCACEN extracts treated with either nocodazole or
STLC. In both nocodazole or STLC, we found no difference in Mps1 levels at kinetochores
assembled in either extract (Figure S5E). Altogether, these results suggest that BubR1
enrichment to attached, tensionless kinetochores and unattached kinetochores both depend
on Mpsl-dependent phosphorylation of KNL1 and that the BubR1 defects we observe are
not due to mislocalization of Mps1.

Centromeric CPC Mediates the Complete Loading of Inner Kinetochore Proteins in a
Kinase-Independent Manner

Our results thus far suggest that centromeric CPC is required for the proper response to a
loss of tension at kinetochore-microtubule attachments. Proteins at the inner kinetochore not
only provide a platform for outer kinetochore assembly, but have also been implicated in the
response to tension (Ribeiro et al., 2010; Suzuki et al., 2014; Vargiu et al., 2017). Therefore,
we hypothesized that the localization of the CPC to centromeres may play a role in the
localization of inner kinetochore components (Figure 1B). Indeed, kinetochores assembled
in activated CPCACEN extracts had reductions in certain inner kinetochore proteins at
metaphase. CENP-K levels (part of the CENP-H-I-K-M complex) were decreased by 78%
and CENP-C levels were decreased by 54% (Wynne and Funabiki, 2015) compared to
control at centromeres of replicated sister chromatids at metaphase (Figures 5A and 5B and
Figure S1A).

To determine whether Aurora B kinase activity or some other activity of the CPC is required
for proper inner kinetochore assembly, we analyzed inner kinetochore assembly in both CPC
depleted extracts and in extracts treated with the Aurora B kinase inhibitor hesperadin. We
found that CPC depletion, but not Aurora B kinase inhibition with 2 pM hesperadin
(Emanuele et al., 2008; Hauf et al., 2003), led to reductions in CENP-C and CENP-K
kinetochore localization at metaphase (Figures 5A and 5B, and Figure S1A). These effects
were specific, since defects in inner kinetochore composition in depleted extracts could be
rescued by the addition of the CPC (Figures 5A and 5B and Figures S1A). These results
suggest that centromeric CPC controls the assembly of the inner kinetochore in mitosis
independently of Aurora B kinase activity.

To understand if control of the inner kinetochore by the CPC is conserved, we examined the
localization of multiple inner kinetochore proteins in human cells arrested at metaphase. In
HeLa cells, levels of the CENP-H-I-K-M complex subunits CENP-K and CENP-I were
reduced by 77% and 52%, respectively, upon siRNA-meditated knockdown of the CPC but
not upon Aurora B kinase inhibition (Figures 5C and 5D and Figures S6A, S6B, S6C and
S6D). Similarly, CENP-C was reduced by 53% upon CPC knockdown but was not affected
by Aurora B kinase inhibition. The level of CENP-A at centromeres was not changed by
CPC knockdown in human cells, indicating that the observed inner kinetochore assembly
defects were not due to loss of centromere identity (Figures S6A and S6B). Recent work in
human cells has demonstrated that CENP-C is required for the localization of all inner
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kinetochore proteins in mitosis (Klare et al., 2015; McKinley et al., 2015; Nagpal et al.,
2015). Indeed, the inner kinetochore protein CENP-T was reduced upon CPC knockdown by
76%, suggesting that control of inner kinetochore assembly by the CPC is upstream of
CENP-C loading in mitosis (Figure S6C). These results demonstrate an evolutionarily
conserved role for the CPC in inner kinetochore assembly in mitosis that is independent of
Aurora B kinase activity.

The CEN-Module of the CPC Mediates Assembly of the Inner Kinetochore

To further understand the role of the CPC in inner kinetochore assembly, we tested which
parts of the CPC were required to rescue the inner kinetochore defects observed upon CPC
depletion from extracts. We found that Aurora B, and the SAH domain of INCENP were not
required for rescue of inner kinetochore composition (Figure S6E). Strikingly, addition of
only the centromere-binding module of the CPC (CEN-module, Figure 1A), in the absence
of Aurora B and the remainder of INCENP, restored normal levels of the inner kinetochore
components CENP-K and CENP-C at metaphase chromosomes (Figures 5E and 5F). The
CEN-module localized to centromeres in extracts depleted of the CPC (Figure 5G).
Accordingly, in these extracts, outer kinetochores were not formed, as determined by the
absence of Dsn1 at kinetochores (Figure 5E). The rescue of inner kinetochore composition
by the CEN-module was not due to HP1 binding to INCENP (Abe et al., 2016), since
deletion of its interaction site did not affect CENP-C levels at kinetochores (Figures 5G and
5H). Therefore, the interaction of the CPC with centromeric chromatin is required to build a
complete inner kinetochore in mitosis, independently of outer kinetochore assembly. In
addition, we find that a full complement of inner kinetochore proteins is not necessary to
build an outer kinetochore (Figure 1C), in agreement with previous work that demonstrates
only 30% of CENP-C molecules engage outer kinetochore proteins (Suzuki et al., 2015).

A Fully Assembled Inner Kinetochore is Required for BubR1 Enrichment at Tensionless
Attachments

We next sought to determine if the tension-detection defect we observed in activated
CPCACEN extracts (Figures 4A, 4B, 4C, 4D and 4E) could be due to defects in inner
kinetochore composition. To do this, we sought to manipulate levels of CENP-C at
kinetochores to match those observed in activated CPCACEN extracts (~50% of control) and
measure levels of BubR1 at kinetochores in the presence of either nocodazole or STLC.
Strikingly, in extracts partially depleted of CENP-C, CENP-C levels were ~50% at
kinetochores (Figures 6A, 6B and 6C), and BubR1 levels remained high in nocodazole but
decreased dramatically upon treatment with STLC, compared to controls (Figures 6A, 6B
and 6D). Full depletion of CENP-C, which caused a significant loss of outer kinetochore
Ndc80 (Figures 6A, 6B and 6E) (Krizaic et al., 2015; Milks et al., 2009), resulted in a
decrease in BubR1 in both conditions (Figure 6D). We conclude that complete assembly of
CENP-C at kinetochores is specifically required for the enrichment of BubR1 at tensionless
attachments.
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The Proper Response to Erroneous Attachments Requires Complete Inner Kinetochore
Assembly and the Localization of Aurora B to Centromeres

To examine whether rescuing defects inner kinetochore composition in activated CPCACEN
extracts could also rescue tension-dependent BubR1 enrichment, we added both the CEN-
module and activated CPCACEN j fransto CPC-depleted extracts (Figure 7A and Figure
S7A). Indeed, in spindles treated with STLC, the addition of both CPC modules fully
rescued the loss of BubR1 enrichment and CENP-C assembly observed in activated
CPCACEN gpindles alone (Figure 7B and Figure S7B). This demonstrates that that error
sensing through the BubR1 pathway requires the CEN-module, but does not require
localized Aurora B activity. We next examined whether the CEN-module could also rescue
defects in Aurora B-mediated Ndc80 phosphorylation at tensionless, attached kinetochores
in activated CPCACEN extracts. In activated CPCACEN extracts treated with STLC, the
addition of both modules did not rescue Ndc80 phosphorylation to control levels (Figure 7C
and Figure S7C). This suggests that Aurora B must be properly localized to specifically
remove and correct erroneously attached microtubules, even when inner kinetochore
composition and BubR1 enrichment are rescued. Together, these results indicate that an
intact CPC is required at centromeres to detect and respond to errors in attachment, and
suggest that local interplay between the error sensing and removal pathways controlled by
the CPC is required for error correction.

Discussion

Error Detection via the Inner Kinetochore

Faithful chromosome segregation requires the tension-dependent detection of errors in
kinetochore-microtubule attachment. Here, we show that BubR1 enrichment and
phosphorylation at kinetochores that are attached, but have lost tension (as indicated by
inter-kinetochore distances), depends on a kinase-independent role of the CPC at
centromeres in the formation of the inner kinetochore. However, we also show that BubR1
recruitment to unattached kinetochores does not depend on a fully formed inner kinetochore
(Figure S5C). A likely explanation for this separation of function is that a fully formed inner
kinetochore is required to prevent “hyper-stretching” within kinetochores by microtubule
pulling forces (a defect that is not reflected in inter-kinetochore distances) (Ribeiro et al.,
2010; Suzuki et al., 2014; Vargiu et al., 2017; Suzuki et al., 2011). We propose that
kinetochores built in the presence of non-centromeric CPC are “hyper-stretched” and thus
there is no differentiation between high and low tension states. At the molecular level, we
show that BubR1 recruitment to both unattached kinetochores and attached, tensionless
kinetochores depend on the kinase Mps1, which phosphorylates BubR1-docking protein
KNL1 (Figure 4F) (Krenn et al., 2014; London et al., 2012; Overlack et al., 2015; Shepperd
etal., 2012; Yamagishi et al., 2012). We also show that non-centromeric CPC does not affect
Mps1 localization (Figure S5E) (Hiruma et al., 2015; Ji et al., 2015), which suggests that
defects in BubR1 recruitment lie in control of Mps1-substrate phosphorylation. In the
unattached state, Mps1 likely has full access to KNL1, regardless of the inner kinetochore
state, since no microtubules are present to cause “hyper-stretching” (Aravamudhan et al.,
2015; Suzuki et al., 2014). When kinetochores are attached, Mps1 may be prevented from
phosphorylating KNL1 if the inner kinetochore is defective, since it has been shown that
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Mps1 must be in close proximity to KNL1 (Aravamudhan et al., 2015). Thus, we propose
that the CPC must reside at centromeres to build a kinetochore that can withstand and
differentiate tension forces in early mitosis. At anaphase, the CPC is evicted from
centromeres and relocalizes to the spindle midzone (Carmena et al., 2012). An enticing
possibility is that inner kinetochore assembly is a dynamic process, and that CPC
relocalization blocks the tension-responsiveness of kinetochores to prevent untimely
activation of error correction (Vazquez-Novelle et al., 2010).

Recent work has demonstrated that non-centromeric CPC results in weakened centromeric
cohesion in human cells (Hengeveld et al., 2017), in accordance with previous reports that
the CPC regulates centromeric cohesion (Marston, 2015). Interestingly, studies in budding
yeast have shown that the inner kinetochore enriches centromeric cohesion by recruiting the
cohesin loader complex (Fernius et al., 2013). However, multiple lines of evidence suggest
that control of kinetochore composition, and not cohesion, by centromeric CPC underlies the
tension-dependent enrichment of BubR1 and the 3F3/2 epitope: 1) inter-kinetochore
distances are not altered in our non-centromeric CPC condition (Figure 2B), which suggests
that centromeric cohesion is not drastically reduced (Rivera et al., 2012), and 2) previous
reports have indicated that intra-kinetochore deformations, and not defects in cohesion
between sister-kinetochores, affect tension-dependent 3F3/2 enrichment at kinetochores
(Maresca and Salmon, 2009). Thus, although the CPC can regulate centromeric cohesion,
which certainly contributes to bi-orientation, our results and previous findings suggest a
more direct role for the CPC-dependent control of the inner kinetochore in detecting tension.

Defects in the CPC-dependent assembly of the inner kinetochore likely have deleterious
effects on other processes at the kinetochore as well (Cheeseman, 2014). For example, the
CENP-H-I-K-M complex, which is strongly diminished at kinetochores in the non-
centromeric CPC mutant, is required to regulate microtubule dynamics (Amaro et al., 2010)
as well as the checkpoint response by regulating Mad1 and Mad2 turnover (Matson and
Stukenberg, 2014). Although we demonstrate Mad2 and BubR1 recruitment to unattached
kinetochores does not require centromeric CPC, the halting of the cell cycle does (J.H. and
M.K.B., unpublished observations), suggesting that centromeric CPC ultimately regulates
both Mad2 recruitment and dynamics. Additionally, BubR1 recruits the phosphatase PP2A
to kinetochores that have yet to establish tension to oppose Aurora B and to stabilize nascent
attachments (Elowe et al., 2007; Foley et al., 2011; Kruse et al., 2013; Suijkerbuijk et al.,
2012; Xu et al., 2013). Our results here suggest that centromeric CPC (and an intact inner
kinetochore) is required for this important process, and that the CPC coordinates not just the
removal but also the replacement of microtubules during error correction. Understanding
how the CPC interaction with centromeric chromatin regulates inner kinetochore assembly
and maintenance should be a focus of future efforts.

Regulation of Kinetochore-Microtubule Attachment by the CPC

We demonstrate that the localization of CPC to centromeres is required to properly
phosphorylate Ndc80 in response to tension and attachment state. Non-centromeric CPC
results in elevated yet “flat” levels of Ndc80 phosphorylation, regardless of tension status
(Figure 2D and Figure 3G). These results support, but do not validate, the “spatial
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separation” model for tension-sensing by Aurora B, wherein tension regulates the distance
between centromeric Aurora B and substrates at the kinetochore such as Ndc80 (D. Liu et
al., 2009; Tanaka et al., 2002; Welburn et al., 2010). Although the /n trans rescue of inner
kinetochore assembly does not rescue proper Ndc80 phospho-response by CPCACEN (Figure
7C), “hyper-stretching” of kinetochores after inner kinetochore perturbation has been shown
to dampen Ndc80 phosphorylation (Suzuki et al., 2014). Thus, the CPC may require
centromeric localization to regulate substrate access as well as to titrate phosphorylation
levels.

The spatial separation model has been challenged by experiments demonstrating that bi-
orientation can be achieved in budding yeast when the N-terminus of INCENP homolog
Sli15 is deleted (Campbell and Desai, 2013). This led to a model, in which tension controls
the exposure of Aurora B kinetochore substrates for error correction, but does not require
centromeric Aurora B activity. Our results here do not support a model where non-
centromeric Aurora B can achieve selective error correction. However, when spindle
assembly is unperturbed, we demonstrate that non-centromeric Aurora B kinase does not
cause major defects in chromosome alignment (Figure 2C), most likely due to non-selective
turnover of kinetochore attachments by intermediate levels of Ndc80 phosphorylation that
could prevent errors in attachment (Figure 2D) (Tanaka et al., 2002). Yet, when a large
number of errors are introduced (by STLC), selective removal becomes essential for the
correction of erroneous attachments (Figure 3C). This suggests that initial bias towards bi-
orientation (Indjeian and Murray, 2007) combined with increased microtubule dynamics can
overcome a need for tension-dependent phospho-regulation of attachment (Bakhoum et al.,
2009; Tanaka et al., 2002). We propose that in budding yeast, where only one microtubule
interacts with each kinetochore instead of 20-25 microtubules per kinetochore in higher
eukaryotes (Haase et al., 2012), intermediate, non-specific Ndc80 phosphorylation could
allow for bi-orientation. Recent work in budding yeast proposed that the interaction of the
CPC with microtubules, through the SAH domain of INCENP, allows for bi-orientation
independently of centromere localization (Fink et al., 2017). However, although CPCACEN
does contain the SAH domain, we find that it is not sufficient for selective error correction
(Figures 3C, 3D, 3E, 3F, and 3G). Furthermore, we show that Ndc80 phosphorylation at
kinetochores is not altered upon microtubule depolymerization when the CPC is non-
centromeric (Figure 2D). Thus, though we cannot rule out a direct role for microtubule
binding by the CPC in error correction, it is not sufficient to properly regulate kinetochore-
microtubule attachment removal in egg extracts. The inner kinetochore dependent control of
tension-detection may be conserved in yeast, since CPC mutants are synthetically lethal with
inner kinetochore mutants (Campbell and Desai, 2013; Knockleby and Vogel, 2009). Future
experiments are required to determine whether the CPC controls inner kinetochore assembly
in yeast.

Our work reveals that the CPC controls assembly of the inner and outer kinetochore in
mitosis (Figure 7D). We show that non-centromeric CPC cannot specifically correct errors in
attachment, and we propose that this is caused by defects in Ndc80 phosphorylation and
BubR1 enrichment. Our discovery of a kinase-independent role of the CPC in inner
kinetochore assembly and its role in tension-responsiveness is a significant advance, since
all prior models of CPC function in error correction focused mainly on the control of
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phosphorylation by Aurora B (Krenn and Musacchio, 2015). Furthermore, our results may
explain why cancer cells are more susceptible to CPC knockdown than to Aurora B
inhibition (Ditchfield et al., 2003) and why artificial targeting of CEN-deleted INCENP to
centromeres does not rescue CPC function (E. Wang et al., 2011; Wheelock et al., 2017). By
ultimately controlling kinetochore assembly, error detection and correction, the CPC is a
master regulator of kinetochore function.

STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Please contact the corresponding author, Alexander Kelly (alexander.kelly_at_nih.gov), for
reagents or further information.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Xenopus laevis—Mature Xenopus laevis were obtained from NASCO and housed in
water tanks in a climate controlled environment constructed by Aquarius Aquariums. Water
temperature was maintained at 16°C, and water quality (nitrites-undetectable levels,
chlorine-undetectable levels, conductivity: 1200-1800 puS/cm and pH: 7.2—7.8) was tested
daily. Light/dark cycles consisting of 12h/12h were followed. Frogs were fed NASCO frog
brittle twice weekly.

To obtain eggs, female frogs were primed for ovulation by two injections of 50 U pregnant
mare serum gonadotropin (EMD Millipore) two days apart. An injection of 500 U human
chorionic gonadotropin (Prospec) followed within 21 days to induce egg laying.

To obtain sperm, mature male frogs were obtained from NASCO and housed separately
from female frogs. Male frogs were euthanized with tricaine methanesulfonate (MS-222,
Sigma), and testes were dissected to collect sperm.

METHOD DETAILS

Immunodepletion of Xenopus egg extracts—.Xenopus laevis egg extract was
prepared as previously described (Kelly et al., 2007). To prevent translation of endogenous
RNAs, RNase A (Ambion) was added to a final concentration of 0.01 mg/ml to extract for
15 minutes at 12°C. RNase inhibitor (RNasin Plus RNase Inhibitor, Promega) was added at
a 1:100 dilution for 5 minutes at 12°C. Yeast tRNAs (50 pg/mL) were added and extract was
kept on ice. Immunodepletions of the CPC from the extract were performed as described
(Kelly et al., 2007, Tseng et al., 2010) with the following modification. Complete depletion
was achieved after two rounds of incubations of anti-INCENP-Protein A beads (100 pl) with
RNase treated extract (100 pl) on ice for 45 minutes. Immunodepletion of CENP-C from the
extract was performed using serum from rabbits raised against xCENP-C207-29 fysed to
GST. Depletion was performed as described above, using 10 pg serum bound to 100 pl beads
for 100 pl extract.

Reconstitution of Immunodepleted Extracts—To express the CPC in
immunodepleted extract, we pooled CPC mRNAs (consisting of INCENP, Aurora B,
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Borealin (Dasra A) and Survivin, unless otherwise indicated), and added them to extracts at
the onset of interphase, using previously described methods (Kelly et al., 2007). Briefly, the
CPC members were in vitro transcribed by using the mMessage Machine SP6 kit (Thermo
Fisher Scientific), pooled together and then precipitated in the presence of 20 ug of
glycogen. The capped mRNA pools were then resuspended in RNase-free water so that 1 pl
of pooled mRNAs reconstituted 60 pl of CPC-depleted extract. To achieve partial levels of
CENP-C in extract, control extract was mixed with CENP-C immunodepleted extract so that
total levels of CENP-C were approximately 25% of control egg extracts (which results in
50% levels of CENP-C at kinetochores). Extract was used for spindle assembly assays as
stated below.

Spindle assembly in Xenopus egg extracts—To assess kinetochore assembly and
checkpoint response, sperm chromatin was replicated in extracts, and spindles were
assembled according to previously published methods (Kelly et al., 2007). Briefly, 1 ul of
pooled mRNAs was added to 20 pl of RNase treated control or immunodepleted extract with
sperm nuclei (final concentration 500/ pl) and calcium chloride (0.3 mM). Rhodamine
tubulin (Cytoskeleton, Inc.) was added at a 1:200 dilution to observe the progress of spindle
assembly. Extract reactions were incubated at 20°C for 80 minutes to cycle into interphase.
To drive the extract into metaphase, 40 pl of CSF extract (control or immunodepleted) was
added. At the onset of metaphase, nocodazole was added as needed to a final concentration
of 10 pg/ml. After 45 minutes at 20°C, metaphase spindle assembly was assayed by fixing 1
ul samples with Hoechst (10 pg/ml) (Hoechst 33258, Invitrogen) and imaging tubulin and
DNA. Samples for Western blot and immunofluorescence were taken once metaphase was
successfully achieved.

Error correction assay in Xenopus egg extracts—To analyze the response to
defective kinetochore-microtubule attachments, an established assay for error correction in
human cells was modified for extracts. The addition of an Eg5 inhibitor, S-Trityl-L-Cysteine
(STLC, Sigma Aldrich), results in monopolar spindles with kinetochores in a tension-less,
mono-oriented (syntelic) configuration (Houghtaling et al., 2009). Subsequent removal of
Eg5 inhibition allows spindles to bipolarize and chromosomes to align at the metaphase
plate through removal of improper kinetochore-microtubules by Aurora B kinase (Lampson
et al., 2004). A range of concentrations of STLC was tested in extracts, and the ratio of
monopolar and bipolar spindles generated were recorded in order to determine the 1Cgq (0.2
uM). In the modified assay for extracts, STLC was added to a final concentration of 0.5 uM
at the beginning of metaphase to induce the majority of spindle structures into a monopolar
state. After monopolar spindles were generated in metaphase (around 40 minutes),
experiments demonstrating error correction could be performed by diluting the STLC-
treated extract with ten-fold untreated CSF extract and letting the monopolar spindles re-
bipolarize. At the final concentration of 0.05 UM, no monopolar spindles were observed.
Samples for Western blot and immunofluorescence were taken 30 minutes after STLC was
diluted.

Antibody/bead activation of Aurora B kinase—To globally activate Aurora B in
experiments using INCENPACEN 1 ] of anti-INCENP antibody (0.015 mg/mL) was added
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to 40 pl of CSF extract, for a final concentration of 0.25 ng/ul. This sub-stoichiometric
amount of antibody compared to CPC in extract is sufficient to catalyze the activation of
Aurora B. After incubation on ice for 20 minutes, this was added to 20 pl of experimental
interphase extract to induce cycling of extract into metaphase. For bead-based activation of
Aurora B using CPCACEN  anti-INCENP antibody was bound to protein-A Dynabeads
(Invitrogen) at a concentration of 10 pg/100 pl of beads and crosslinked as above. 3 pl of
antibody bound beads were added to 30ul of extract upon exit from interphase for a final
antibody concentration of 10 ng/ul.

MBP-INC1-242 protein purification—The MBP-INC1-242 (CEN-module) construct was
cloned into the protein expression plasmid, pET28a, and transformed into BL21(DE3) cells.
Cells were induced with 1 mM IPTG for 3 hours at 37°C, and the tagged protein was
purified using Ni-NTA agarose (Qiagen). The purified protein underwent buffer exchange in
a PD-10 column (GE) into 150 mM sucrose, 150 mM NaCl, 20 mM HEPES, pH 7.7, 1 mM
DTT. For spindle assembly experiments in extract, MBP-INC1-242 was added at the
beginning of interphase at 100 nM. mRNAs for all other CPC members, including
INCENPACEN and MBP-INC1-71 (CEN-module®HP1) were also added at the beginning of
interphase. For experiments using both MBP-INC1-242 and INCENPACEN  Ayrora B was
activated globally by adding anti-INCENP antibody at the onset of metaphase.

Western Blots—Primary antibodies were diluted in Licor blocking solution/PBST with a
final Tween-20 concentration of 0.1% except for anti-phospho Aurora and anti-Histone3
(Ser10p), which had no Tween-20. The following antibodies and antibody dilutions were
used: anti-INCENP (raised against C-terminal peptide CSNRHHLAVGYGLKY) (5.5 pg/
ml), anti-Aurora B (Kelly et al., 2007) (5 pg/ml), anti-Borealin A (Dasra A) (Kelly et al.,
2007) (5 ug/ml), anti-Survivin (Tseng et al., 2010) (12 pg/ml), anti-phospho Aurora
(Phospho-Aurora A (Thr288)/Aurora B (Thr 232)/Aurora C (Thr198) 2914, Cell Signaling
Technology) (1:200), anti-Histone3 (Ser10p) (6G3, 9706, Cell Signaling Technology)
(1:500), anti-Histone3 (T3p) Phospho (Epitomics 2162-1) (1:10000), anti-MBP (New
England Biolabs E8032) (1:10000), anti-alpha-tubulin (DM1, Sigma) (1:20000), Incenp
(39259, Active Motif) (1:500), AIM-1 (611082, BD Transduction Laboratories) (1:500).
Secondary antibodies from Licor were used (Licor goat anti-Rabbit 800 nm and Licor goat
anti-mouse 680 nm) as was the Licor imaging system to scan membranes.

Microscopy and Fluorescence Quantification—To immunostain kinetochores,
Xenopus egg extract was fixed for 5 min by ~20-fold dilution in BRB80 + 20% glycerol

+ 0.5% Triton X-100 + 3.7% formaldehyde at room temperature. Fixed reactions were
layered onto a cushion of BRB80 + 40% glycerol overlaying a poly-L-lysine-coated
coverslips (No. 1) placed in a 24 well plate. Nuclei were adhered onto coverslips on plate
holders at 4,000 rpm for 15 min at 18°C in a centrifuge (Eppendorf 5810R). Cushions were
washed with BRB80 and coverslips were postfixed in ice-cold methanol for 5 min, blocked
with TBS + 0.1% Tween20 + 5% BSA over night at 4°C, incubated in primary at room
temperature for 1.5 hours unless otherwise noted. All washes and antibody dilutions were
done with AbDil buffer. Nuclei were stained with Hoechst 33258 prior to mounting in 80%
glycerol + PBS medium. The following antibodies were used at the indicated dilutions:
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Dsnl (Emanuele et al., 2008) 1:500, p-Aurora (Cell Signaling 2914S) 1:500, Knl1
(Emanuele et al., 2008) 1:200, Ndc80 (McCleland et al., 2003) 1:200, Mad2 (Chen et al.,
1996) 1:200, BubR1 (Boyarchuk et al., 2007) 1:100, Borealin (Dasra A) 1:250 (Kelly et al.,
2007), 3F3/2 (Gorbsky et al., 1993) 1:2500, Cenp-K (Milks et al., 2009) 1:250, Cenp-C
1:500, MBP (New England Biolabs E8032S) 1:1000, INCENP (39259, Active Motif) 1:500,
Ndc80S44ph (DelLuca et al., 2011) 1:2000 and Mps1 (Zhao and Chen, 2006) 1:100.

For HeLa cells, coverslips were fixed for 10 min in chilled 100% methanol at —20°C. Dsnl
was fixed in 3% PFA in PHEM buffer + 0.05% Triton-X. Coverslips are washed in 1 X
PHEM + 0.05% Triton X three times. Coverslips are incubated in 1 X PHEM + 0.5% Triton
X coverslips for 10 min at room temperature. Coverslips were blocked in 2.5% BSA + 1%
Boiled Donkey Serum in 1 X PHEM + 0.01% Triton-X. All washes were done in 1 X PHEM
+ 0.05% Triton X. The antibodies used are as follows: CENP-T (D286-3, MBL) (1:2000),
CENP-C (PD030, MBL) (1:2000), CENP-A (ab13939, AbCam) (1:400), CENP-K (PD018,
MBL) (1:500), CENP-I (PD032, MBL) (1:500), INCENP (39259, Active Motif) (1:1000).
Secondary antibodies (goat anti-mouse cy3, donkey anti-guinea pig 647, donkey anti-rat
488, donkey anti-rabbit 488, goat-anti mouse 488) were from Jackson Immuno and used at
the 1:400 in blocking buffer for 1 hr at room temperature. Cells were counterstained in
Hoechst 33258 prior to mounting in Vectashield Mounting Media (H-1000, Vector Labs).

All immunofluorescence was imaged with 0.2 um step size using an Eclipse Ti (Nikon)
comprised of a Nikon Plan Apo x100/1.45, oil immersion objective, a PlanApo x40/0.95
objective, and a Hamamatsu Orca-Flash 4.0 camera. Images were captured and processed
using NIS Elements AR 4.20.02 software (Nikon), and analyzed in Fiji ImageJ. The
acquired Z-sections of 0.2 um each were converted to a maximum projection using NIS
Elements and Fiji. Distances between foci were measured as the distance between maximal
points of fluorescence as determined by linescans. Signal intensity was measured as
previously reported (Hoffman et al., 2001) using Fiji. Kinetochore intensity was measured
using Fiji by centering 9 x 9 and 13 x 13 pixel regions over individual kinetochores. Total
fluorescence intensity was recorded from each region. To correct for background
fluorescence, the difference in intensities between the two regions was determined, and then
made proportionate to the smaller region. This background value was then subtracted from
the smaller region to determine kinetochore intensity with background correction as
previously reported (Hoffman et al., 2001). Kinetochore alignment was determined by
dividing metaphase spindles longitudinally into three equally sized zones. Kinetochore pairs,
detected through immunofluorescence, were categorized as being misaligned if they were
found to be outside of the central zone.

Cell culture—Hel.a cells were plated in 24 well plates and maintained with DMEM (Life
Technologies) supplemented with 10% FBS (Life Technologies). For immunofluorescence,
cells were plated on poly-L-lysine (Sigma) coated coverslips at ~10,000 cells per well and
arrested with a final concentration of 2 mM thymidine (Sigma) for 15-18 hrs at 60%
confluency. Cells were released for 1-2 hrs, switched into OptiMEM media (Life
Technologies) and transfected using RNAiMax (Life Technologies) according to
manufacturer’s protocols with siRNA INCENP (Thermo Scientific s7423)
GCUUGUACCUCAUAUCAGALt and siRNA BIRCS5 (Thermo Scientific s1458)
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GCAGGUUCCUUAUCUGUCALt or non-targeting control siRNA (GE Dharmacon
D0012100105) at 45 nM per siRNA (90 nM for scramble control). 2 uM final concentration
of ZM 447439 (Tocris) was added at the time of transfection. After 12 hrs, MG132 (20 uM,
Sigma) was added for 3 hrs. Cells were harvested protein analysis or processed for
immunofluorescence.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were repeated at least twice and a minimum number of either 75 spindles or
96 kinetochores were analyzed for each assay. Sample size was chosen to ensure a high
(>90%) theoretical statistical power in order to generate reliable P values. All graphs and
statistical analysis were prepared with GraphPad Prism. Fluorescence values from
experimental conditions were compared to control conditions using an ordinary one-way
ANOVA with Turkey’s multiple comparison tests to determine significance. All graphs show
the mean with error bars representing the s.e.m.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Aurora B kinase drives outer kinetochore assembly independent of spatial
positioning

. Error correction and selective Ndc80 phosphorylation require centromeric
CPC

. The CPC centromere-targeting module regulates inner kinetochore
composition

. Proper inner kinetochore composition is required for the detection of tension
loss
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Figure 1. Centromeric CPC is Not Required for Outer Kinetochore Assembly
(A) Schematic of the Chromosomal Passenger Complex (CPC) and CPC manipulations used

in this study. “CPC” indicates reconstitution of CPC depleted extracts with all four CPC
subunits. “CPCACEN" jndicates reconstitution with Aurora B kinase and a fragment of
INCENP (aa 58-873; ACEN) of that cannot bind to centromeres (see Figure S1B).
“Activated CPCACEN" indicates the addition of substoichiometric amounts of activating anti-
INCENP antibodies. “CEN-module” indicates reconstitution with full-length Borealin (aka
Dasra A), full-length Survivin, and residues 1-242 of INCENP fused to MBP.

(B) Schematic highlighting key components of the inner (or CCAN) and outer kinetochore.
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(C) Representative IF images of replicated chromosomes in metaphase spindles in Xenopus
laevis mock-depleted (WT) and CPC-depleted (ACPC) extracts with indicated CPC
conditions +/- 2 uM hesperadin. Spindles were stained for kinetochore components (white).
See also Figures S1A and S2A.

(D) Mean integrated fluorescence intensities of kinetochore components shown in (C) were
quantified and normalized to WT. n = 96 kinetochores.

(E) Mean integrated fluorescence intensity of chromosomal H3S10ph in WT, ACPC, and
activated CPCACEN extracts was quantified and normalized to WT. n = 96 kinetochores.

For all figures, error bars represent the SEM of 3 independent experiments and asterisks
indicate a statistically significant difference (P<0.0001) while NS indicates no significant
difference, unless otherwise noted.
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Figure 2. Proper Chromosome Alignment and Ndc80 Phosphorylation Require Centromeric
CPC

(A) Upper panel: Representative images of spindles formed in WT and ACPC extracts with
indicated CPC conditions. Chromatin was stained with Hoechst (blue), and rhodamine-
labeled tubulin was added (red). Lower panel: Representative IF images of metaphase
spindles stained for Dsnl (green).

(B) Mean of inter-kinetochore distances observed in ACPC extracts with indicated CPC
conditions +/- nocodazole. n = 100 kinetochores.

(C) Mean percent of bipolar spindles observed in (B) which contained multiple misaligned
kinetochores. n = 75 total spindle structures per condition.

(D) Mean integrated fluorescence intensities of Ndc80S40ph in metaphase spindles in WT
and activated CPCACEN extracts +/— nocodazole. Values are normalized to the WT +
nocodazole condition, n = 96 kinetochores. See also Figure S3A-C.
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Figure 3. Centromeric CPC is Required for Error Correction

(A) Experimental design for error correction in cell free system via STLC treatment and
dilution. STLC is added to 0.5 uM upon entry into metaphase and diluted to 0.05 pM after
assembly of monopolar spindles by addition of untreated CSF extract. Spindle structures are

fixed 40 minutes after STLC dilution.

(B) Mean percent bipolar spindles in WT extract treated with varying doses of STLC. Error
bars represent the SEM of 3 independent experiments; n = 100 spindles per dosage.

(C) Representative images of spindles with 0.5 uM STLC and after dilution of STLC to 0.05
UM, in WT and activated CPCACEN extracts. Monopolar spindle frequency was similar in
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both conditions. Percent bipolar spindle formation after dilution is indicated. Chromatin was
stained with Hoechst (blue), and rhodamine-labeled tubulin was added (red). See Figure
S4A for more information.

(D) Mean of inter-kinetochore distances observed in WT and activated CPCACEN extracts +/
- 0.5 uM STLC. n = 100 kinetochores.

(E) Mean percent of bipolar spindles structures in (C) that contained multiple misaligned
kinetochores after STLC dilution, n = 75 total spindle structures per condition. See Figure
S4B for more information.

(F) Representative IF images of replicated chromosomes in WT and activated CPCACEN
extracts treated with 0.5 uM STLC and after dilution of STLC to 0.05 pM. Spindles were
stained for Ndc80S40ph (white).

(G) Mean integrated fluorescence intensities of Ndc80S40ph in (F). Values are normalized
to the WT + nocodazole treated condition, n = 96 kinetochores per condition. See also
Figure S4C.
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Figure 4. Centromeric CPC is Necessary for the Enrichment of BubR1 and the 3F3/2 Epitope at
Tensionless Kinetochore-Microtubule Attachments

(A) Representative IF images of metaphase spindles formed in the presence of 0.5 uM STLC
and after STLC dilution to 0.05 uM in WT and activated CPCACEN extracts. Samples were

stained for 3F3/2 (white).
(B) Mean integrated fluorescence intensity of 3F3/2 in (A). Quantification was normalized
to the WT STLC treated condition, n = 100 kinetochores per condition.
(C) Representative IF images of metaphase spindles formed in the presence of 0.5 yM STLC
in WT and activated CPCACEN extracts. Samples were stained for BubR1 (green). See also

Figure S5A.
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(D) Scatter plot of integrated BubR1 fluorescent intensity of kinetochores, relative to sister
kinetochore separation during metaphase in WT and activated CPCACEN extracts. STLC was
added as indicated, n = 100 kinetochores per condition. See also Figure S5B.

(E) Mean integrated fluorescence intensities of BubR1 in WT and activated CPCACEN
extracts treated with 0.5 uM STLC and after dilution to 0.05 uM STLC. Values are
normalized to the nocodazole treated WT sample, n = 96 kinetochores per condition. See
also Figure S5C.

(F) Mean integrated fluorescence intensities of BubR1 and KNL1 in WT extracts treated
with either nocodazole or STLC. When indicated, 25 uM AZ3146 (Mps1 inhibitor) was
added. Quantifications were normalized to the nocodazole treated sample without AZ3146.
n = 100 kinetochores.
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Figure 5. Centromeric CPC Mediates the Complete Loading of Inner Kinetochore Proteins in a
Kinase-Independent Manner

(A) Representative immunofluorescence (IF) images of replicated chromosomes in
metaphase spindles in WT and ACPC extracts with indicated CPC conditions +/- 2 pM
hesperadin. Spindles were stained for indicated kinetochore components (white). See also
Figure S1A.

(B) Mean integrated fluorescence intensities of kinetochore components shown in (A) were
quantified and normalized to WT. n = 96 kinetochores per condition.

Dev Cell. Author manuscript; available in PMC 2018 November 28.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haase et al.

Page 31

(C) Representative IF images of metaphase kinetochores in human Hela cells treated with
control siRNAs, control siRNA with ZM447439 (Aurora B kinase inhibitor) or INCENP +
Survivin siRNAs. Samples were stained for kinetochore components (white). See also
Figure S6A-D.

(D) Mean integrated fluorescence intensities of kinetochore components shown in (C) were
quantified and normalized to WT. n = 96 kinetochores.

(E) Representative IF images of metaphase spindles in WT, ACPC, or CEN-module extracts.
Spindles were stained for kinetochore components (white).

(F) Mean integrated fluorescence intensities of inner kinetochore components shown in (E)
were quantified and normalized to WT. n = 96 kinetochores.

(G) Representative IF images of metaphase spindles in CEN-module and CEN-module®HP1
extracts. Spindles were stained for MBP to show localization of both CEN-modules and
stained for CENP-C to show kinetochore assembly (white).

(H) Western blot for the CPC components, MBP, Histone H3 phosphorylation (H3S10ph)
and tubulin for samples shown in (G).
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Figure 6. A Full Inner Kinetochore is Required for BubR1 Enrichment at Tensionless

Attachments

(A) Representative IF images of metaphase spindles assembled in the presence of either WT,
partially CENP-C depleted, or fully CENP-C depleted extracts treated with nocodazole at
metaphase. Spindles were stained for kinetochore components (white). Also indicated is the
mean integrated fluorescence intensity observed at kinetochores, normalized to the WT +

nocodazole condition.

(B) Representative IF images of metaphase spindles assembled in the presence of either WT,

partially CENP-C depleted, o

r fully CENP-C depleted extracts treated with STLC at

metaphase. Spindles were stained for kinetochore components (white). Also indicated is the
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mean integrated fluorescence intensity observed at kinetochores, normalized to the WT +
nocodazole condition in (A).

(C) Mean integrated fluorescence intensities of CENP-C at kinetochores assembled in
extracts as described in (A) and (B). Note that the partial depletion of CENP-C condition
closely matches levels of CENP-C at kinetochores observed in CPC depleted extracts.
Values are normalized to the WT CENP-C + nocodazole condition in (A). n = 104
kinetochores per condition.

(D) Mean integrated fluorescence intensities of BubR1 at kinetochores assembled in extracts
as described in (A) and (B). Values are normalized to the WT + nocodazole condition in (A).
n = 104 kinetochores per condition.

(E) Mean integrated fluorescence intensities of Ndc80 at kinetochores assembled in extracts
as described in (A) and (B). Values are normalized to the WT + nocodazole condition in (A).
n = 104 kinetochores per condition.
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Figure 7. The Proper Response to Erroneous Attachments Requires Complete Inner Kinetochore
Assembly and the Localization of Aurora B to Centromeres

(A) Schematic of experimental setup. Activating antibody was added at metaphase.

(B) Mean integrated fluorescence intensities of CENP-C and BubR1 in WT, activated
CPCACEN and activated CPCACEN + CEN-module metaphase extracts treated with STLC.
Samples were treated with STLC to generate tension-less but microtubule attached
kinetochores. BubR1 values are normalized to the WT + nocodazole treated condition in
Figure S5C and CENP-C values are normalized to the WT condition in Figure 5A. n = 96
kinetochores per condition. See also Figures S7A and B.

Dev Cell. Author manuscript; available in PMC 2018 November 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Haase et al.

Page 35

(C) Mean integrated fluorescence intensity of Ndc80S40ph in WT, activated CPCACEN  and
activated CPCACEN + CEN-module metaphase extracts treated with STLC. Values are
normalized to the WT + nocodazole treated condition in Figure 2D. n = 96 kinetochores per
condition. See also Figures S7A and C.

(D) Model for the roles of centromeric CPC in the detection and correction of attachment
errors.
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