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Summary

The kinetochore provides a vital connection between chro-
mosomes and spindle microtubules [1, 2]. Defining the mo-

lecular architecture of the core kinetochore components is
critical for understanding the mechanisms by which the

kinetochore directs chromosome segregation. The KNL1/
Mis12 complex/Ndc80 complex (KMN) network acts as the

primary microtubule-binding interface at kinetochores [3]
and provides a platform to recruit regulatory proteins [4].

Recent work found that the inner kinetochore components
CENP-C and CENP-T act in parallel to recruit the KMN net-

work to kinetochores [5–8]. However, due to the presence
of these dual pathways, it has not been possible to distin-

guish differences in the nature of kinetochore assembly
downstream of CENP-C or CENP-T. Here, we separated

these pathways by targeting CENP-C and CENP-T indepen-
dently to an ectopic chromosomal locus in human cells.

Our work reveals that the organization of the KMN network
components downstream of CENP-C and CENP-T is distinct.

CENP-C recruits the Ndc80 complex through its interactions

with KNL1 and the Mis12 complex. In contrast, CENP-T di-
rectly interacts with Ndc80, which in turn promotes KNL1/

Mis12 complex recruitment through a separate region on
CENP-T, resulting in functional relationships for KMN net-

work localization that are inverted relative to the CENP-C
pathway. We also find that distinct regulatory paradigms

control the assembly of these pathways, with Aurora B ki-
nase promoting KMN network recruitment to CENP-C and

cyclin-dependent kinase (CDK) regulating KMN network
recruitment to CENP-T. This work reveals unexpected com-

plexity for the architecture and regulation of the core compo-
nents of the kinetochore-microtubule interface.
Results

Distinct Regions of CENP-T Recruit KMN Network

Components
Previous work has analyzed kinetochore assembly primarily at
endogenous kinetochores, which contain both CENP-C- and
CENP-T-based assembly pathways [5–8]. To circumvent the
challenge posed by the presence of these dual pathways at
endogenous kinetochores, we targeted CENP-C or CENP-T
separately to an ectopic chromosomal locus in human cells.
For these experiments, we utilized our established assay in
which a lac repressor (LacI) fusion protein targets CENP-C or
2Current Address: Genentech, Inc., 1 DNA Way, South San Francisco,

CA 94080, USA

*Correspondence: icheese@wi.mit.edu
CENP-T to an integrated lac operon (lacO) array in U2OS cells
in the absence of the reciprocal protein [6]. We found that the
N-terminal 100 amino acids of CENP-C were necessary and
sufficient to recruit all KMN (KNL1/Mis12 complex/Ndc80
complex) network components to the lacO array (Figures 1A,
1B, and S1A), consistent with prior work [6, 9–11]. However,
despite previous reports that the N-terminal 21 amino acids
of CENP-C were sufficient to interact with the Mis12 complex
in vitro [10], we found that CENP-C 1-21 was unable to recruit
the KMN network to LacI foci in cells (Figures 1B and S1A).
Direct interactions between the CENP-C N terminus (residues
1–234) and the entire KMN network can also be reconstituted
in vitro (Figure S2A).
We next analyzed the requirements for KMN network recruit-

ment downstream of CENP-T. Previous work found that all
three KMN network components are recruited to GFP-CENP-
T-LacI foci via the N-terminal 375 amino acids of CENP-T
(Figures 1C and 1D; [6]). Although CENP-T binds to the Ndc80
complex directly [5], biochemical experiments cannot recreate
robust interactions betweenCENP-T and the KNL1/Mis12 com-
plex, even with Ndc80 present (Figure S2B; [5, 8]). In addition,
the Mis12 complex and N terminus of CENP-T (aa 76–106)
bind to the Ndc80 complex in amutually exclusivemanner, pre-
cluding assembly of theKMNnetwork in the canonically defined
manner [3, 5, 7, 8, 12–18]. We found that the first 106 amino
acids of CENP-T were sufficient to recruit the Ndc80 complex
to the lacO array (Figures 1C and 1D), consistent with previous
data [5, 7]. However, neither the Mis12 complex nor KNL1 were
recruited by this CENP-T fragment. A reciprocal truncation
(CENP-T residues 107–375) was unable to recruit any KMN
network components (Figures 1C and 1D). A series of additional
CENP-T truncations (Figures 1D and S1B) allowed us to refine
the minimal functional region required for the recruitment of
the complete KMN network to residues 1–230. This analysis
suggests that a conserved domain in the vicinity of amino acids
200–230 in CENP-T (Figure S1C) is important for KNL1/Mis12
complex recruitment. Therefore, although the KMN network is
biochemically stable on its own [3, 19, 20], the recruitment of
KMN network components to CENP-T foci is separable.

KMN Network Components Display Inverted Functional
Relationships Downstream of CENP-C and CENP-T

We next sought to dissect the dependency relationships be-
tween KMN network components at CENP-C and CENP-T
foci. Prior work analyzing the kinetochore assembly hierarchy
downstream of CENP-C [9–11, 21] suggested that the Mis12
complex and KNL1 act upstream to recruit the Ndc80 complex
[3, 21–23]. To define the relationships between KMN compo-
nents, we performed RNAi depletions and quantified KMN
network recruitment to CENP-T-LacI or CENP-C-LacI foci.
Consistent with previous models for KMN network organiza-
tion, we found that KNL1 and the Mis12 complex are interde-
pendent at both CENP-C and CENP-T foci (Figures 2A and
2B) [3, 19]. In addition, we found that depletion of KNL1 or
the Mis12 complex subunit Dsn1 led to the loss of the Ndc80
complex at CENP-C-LacI foci (Figure 2A). In contrast, deple-
tion of the Ndc80 complex subunit Nuf2 did not strongly
disrupt the recruitment of KNL1 or Mis12 to CENP-C-LacI
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Figure 1. KMN Network Components Display Separable Recruitment to CENP-T

(A) Immunofluorescence images showing positive (GFP-CENP-C (1–100)-LacI) or negative (GFP-CENP-C (101–234)-LacI) colocalization with anti-Ndc80 in

nocodazole-treated cells. Chosen cells lacked overlap between the GFP focus and endogenous kinetochores marked by anti-CENP-A. Images were scaled

independently to show the full range of data. Arrowheads indicate position of the GFP focus.

(B) Summary of immunofluorescence experiments assessing colocalization of KMN components with the indicated CENP-C-LacI fusions. >90% of cells

displayed the indicated behavior (n = 50 cells/condition).

(C) Representative immunofluorescence images showing localization of GFP-CENP-T-LacI foci and KMN components in nocodazole-arrestedmitotic cells.

Images were scaled independently to show the full range of data. Numbers in lower right indicate number of mitotic cells showing colocalization.

(D) Summary of colocalization of KMN components with CENP-T-LacI fusions. >90% of cells observed displayed the indicated behavior (n = 50 cells/con-

dition). Scale bars, 5 mm.

See also Figures S1 and S2.
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foci (Figure 2A). Partial loss of KNL1/Mis12 complex localiza-
tion following Nuf2 depletion has been described previously
[22] and is consistent with a stabilizing role for the Ndc80 com-
plex in KMN network assembly. These dependency relation-
ships agree with previous analyses of the CENP-C pathway,
with Ndc80 complex recruitment occurring downstream of
KNL1 and Mis12 (Figure 2A).

In contrast, we found distinct relationships for the KMN
network components downstream of CENP-T. KNL1 or Dsn1
depletion resulted in a modest reduction in Ndc80 complex
localization (Figure 2B), suggesting that these proteins are
not required for Ndc80 complex recruitment but may stabilize
Ndc80 bound to the CENP-T receptor. Strikingly, depletion of
Nuf2 eliminated KNL1 and Mis12 recruitment to CENP-T-LacI
foci (Figure 2B). These data suggest that the Ndc80 complex
acts upstream of KNL1 and the Mis12 complex for the
CENP-T-based kinetochore assembly pathway (Figure 2B),
such that these functional relationships are inverted relative
to the CENP-C-based pathway.

To test whether this organization also exists at endogenous
kinetochores, we next conducted RNAi experiments in HeLa
cells. Codepletion of CENP-C and CENP-T significantly
reduced KMN network localization relative to the individual de-
pletions (Figure 2C; [6]), consistent with the presence of dual
pathways. As we found that the Ndc80 complex was required
upstream of KNL1 and the Mis12 complex at CENP-T foci (Fig-
ure 2B), we predicted that depletion of either Ndc80 or CENP-T
should cause a similar failure of KNL1/Mis12 complex recruit-
ment. Indeed, codepletion of CENP-C and the Ndc80 complex
subunit Nuf2 resulted in a severe reduction ofMis12 localization
to levels equivalent to those observed when both the CENP-T
and CENP-C pathways were disrupted directly (Figure 2C).
These data support a model in which KMNnetwork recruitment
downstream of CENP-T is promoted by the Ndc80 complex.

CDK Phosphorylation Regulates the Recruitment of KMN

Network Components through Multiple Distinct Regions
within CENP-T

Although CENP-C and CENP-T are present at centromeres
throughout the cell cycle, the KMN network assembles prior
to mitotic entry and disassembles at mitotic exit [24]. There-
fore, we next assessed the regulation of outer kinetochore as-
sembly downstream of CENP-C and CENP-T. Our previous
work highlighted the importance of cyclin-dependent kinase



Figure 2. The KMN Network Displays Distinct Dependency Relationships for Recruitment Downstream of CENP-C and CENP-T

(A and B) Top: representative immunofluorescence images of GFP-CENP-C (1–100)-LacI (A) and GFP-CENP-T (1–250)-LacI (B) foci following depletion of

KMN components. Bottom: quantification of antibody/GFP intensity ratio at the focus, normalized to control RNAi (6SEM). n = 20. Right: schematic of inter-

dependency of KMN components for the CENP-C (A) and CENP-T (B) pathways determined by RNAi (this figure) and truncation analyses (Figure 1). For

CENP-T, KNL1/Mis12 complex recruitment requires the Ndc80 complex and a second region on CENP-T.

(C) Representative immunofluorescence images showing anti-CENP-A and anti-Mis12 complex levels in HeLa cells. Quantification of Mis12 is shown in

bottom right as fraction of control RNAi 6 SD. n = 10.

NS, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; Student’s t test. Scale bars, 5 mm.
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(CDK) in promoting the binding and recruitment of the Ndc80
complex to CENP-T [5, 6, 24]. This work identified residues
76–106 in CENP-T as a key Ndc80 complex binding region
[5]. Based on sequence homology, there is a similar motif at
amino acids 11–25 in CENP-T. Each motif includes a mapped
CDK phosphorylation site (residue T11 or T85) (Figure 3A;
[5, 24]). Disrupting these motifs individually through an N-ter-
minal truncation (CENP-T aa 25–375) or using nonphosphory-
latable T11A or T85A single mutants did not prevent KMN
network recruitment to the ectopic locus (Figures 3B, 3C,
S3A, and S3B). In contrast, a T11A T85A double mutant abro-
gated recruitment of the KMN network (Figures 3B, 3C, S3A,



Figure 3. Recruitment of KMN Network to CENP-T Is Dependent on CDK Phosphorylation

(A) CENP-T schematic indicating its KMN network recruitment [6] and histone fold [25] domains. Indicated residues correspond to CDK phosphorylation

sites [5, 24], with those analyzed in this study in red. Sequences corresponding to hatched regions are shown below. Alignment was performed using

EMBOSS Water [26].

(B) Representative immunofluorescence images showing GFP-CENP-T-LacI foci costained for Ndc80 or Mis12 complexes in nocodazole-treated cells.

Images were scaled independently to show the full range of data. Numbers in lower right indicate the number of mitotic cells with colocalization between

GFP and the indicated KMN component. Wild-type CENP-T (1–250) images are duplicated from Figure S1. Scale bar, 5 mm.

(C) Quantification of antibody/GFP fluorescence ratio (6SEM) at the indicated foci, normalized to wild-type CENP-T. n = 10 cells/condition. NS, not signif-

icant; *p < 0.05; **p < 0.01; ***p < 0.001; Student’s t test.

(D) Immunofluorescence images of cells following 72 hr IPTG washout. Cells with two or more GFP foci are marked with arrowheads. Centromeres were

stained with anti-centromere antibodies (ACA). Scale bar, 15 mm.

(E) Table showing the frequency of cells with multiple GFP foci following 72 hr IPTG washout. n = 100 cells/condition.

See also Figure S3.
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and S3B). This suggests that both Ndc80 complex binding
motifs are functional. However, our data do not distinguish
whether a single CENP-T simultaneously recruits two Ndc80
complexes (with incomplete occupancy of these sites) or
whether these motifs act together to create a robust binding
interface for a single Ndc80 molecule.

We next tested the regulation of KNL1 and Mis12 complex
localization downstream of CENP-T. Our truncation analysis
identified amino acids 200–230 in CENP-T as critical for
KNL1 and Mis12 complex recruitment (Figures 1D and S1B).
Therefore, we generated a phosphoinhibitory mutation in the
neighboring CDK phosphorylation site T195 (Figure 3A).
Although Ndc80 complex localization to CENP-T T195A
mutant foci was largely unaffected (Figure 3C), the levels of
KNL1/Mis12 were strongly reduced (Figures 3B, 3C, S3A,
and S3B). Despite the importance in vivo of phosphorylation
of T11, T85, and T195, phosphomimetic mutations cannot
reconstitute robust interactions between CENP-T and the
complete KMN network in vitro (Figure S2B).

Finally, we tested the effect of altering KMN network recruit-
ment downstream of CENP-T on chromosome segregation.
Due to the integration of lacO in the arm of chromosome 1 in
these cell lines, ectopic targeting of the CENP-T-LacI fusion
creates a dicentric-like chromosome that strongly perturbs
chromosome segregation [6, 27]. This behavior results in the
accumulation of GFP foci [27] but is suppressed by the addi-
tion of isopropyl b-D-1-thiogalactopyranoside (IPTG) to dis-
rupt the lacO/LacI interaction. Cells expressing GFP-LacI as
a control displayed a single focus in each cell, consistent
with proper chromosome segregation (Figures 3D and 3E). In
contrast, after removal of IPTG from the growth media for
72 hr, w50% of cells expressing the wild-type or T195A
GFP-CENP-T-LacI construct had two or more foci, indicating
chromosome missegregation (Figures 3D and 3E). However,
CENP-T T11A, T85A, and T11A T85A mutants showed attenu-
ated defects (Figure 3E), consistent with their reduced ability
to recruit the KMN network (Figures 3C and S3B). Together,
these data indicate that CDK regulates the interaction of
CENP-T with the KMN network at multiple distinct sites, with
functional consequences for chromosome segregation.

Aurora B Kinase Activity Is Required for Kinetochore

Assembly Downstream of CENP-C
We next analyzed the regulation of the CENP-C pathway.
Aurora B kinase, which plays a key role in controlling kineto-
chore-microtubule attachments [28], has been implicated
in kinetochore assembly in Xenopus laevis [29] and budding
yeast [30]. Although we observed previously that Aurora B in-
hibition in HeLa cells resulted in only a modest defect in kinet-
ochore assembly [31], we considered that this defect might be
magnified when the CENP-C- and CENP-T-based assembly
pathways were analyzed separately. Indeed, treatment with
the Aurora B inhibitor ZM447439 significantly reduced locali-
zation of all KMN network components to CENP-C-LacI foci
(Figure 4A). In contrast, Ndc80 complex recruitment to the
CENP-T-LacI focus was unaffected by ZM447439 treatment
(Figure 4B). However, we observed significant loss of KNL1
and Mis12 complex localization to the CENP-T-LacI focus,
suggesting that Aurora B phosphorylation may play a role in
stabilizing the Mis12/KNL1 interaction or may contribute to
KNL1 andMis12 complex recruitment downstreamof CENP-T.

We next tested the role of Aurora B in regulating endoge-
nous kinetochore assembly. We reasoned that if Aurora B pro-
motes kinetochore assembly downstream of CENP-C, the
effect of Aurora B inhibition would bemagnified in the absence
of the CENP-T-based assembly pathway. Indeed, combining
CENP-T RNAi and ZM447439 treatment led to an enhanced
reduction in Mis12 complex localization relative to the individ-
ual treatments (Figure 4C). In contrast, combining CENP-C
RNAi and ZM447439 treatment did not lead to a further reduc-
tion in Mis12 complex localization relative to CENP-C deple-
tion alone (Figure 4C).
Aurora B kinase directly phosphorylates KNL1, Ndc80, and

the Mis12 complex subunit Dsn1 [31]. However, phosphoryla-
tion of KNL1 regulates its interactions with PP1 [32] andmicro-
tubules [31], and Ndc80 phosphorylation regulates its interac-
tions with microtubules [3, 17]. Therefore, we evaluated the
contribution of Aurora B phosphorylation of Dsn1 for promot-
ing Mis12 complex localization. To test this, we analyzed a
GFP-Dsn1 mutant in which the mapped Aurora B phosphory-
lation sites weremutated to aspartic acid (SD) to mimic consti-
tutive phosphorylation [31]. This mutant localized to mitotic
kinetochores in a manner similar to wild-type Dsn1. However,
we found that the GFP-Dsn1 SD mutant displayed enhanced
localization to G1 and G2 kinetochores (Figure 4D). This
increased G1 localization was not affected by CENP-T deple-
tion but was strongly compromised following CENP-C de-
pletion (Figure S4). In contrast, we previously reported that
the corresponding GFP-Dsn1 phosphoinhibitory mutant had
minimal effect on its mitotic localization [31], suggesting that
additional interactions promotemitoticMis12 complex recruit-
ment. In addition, the KMN network is able to interact with
CENP-C in vitro regardless of its phosphorylation state (Fig-
ure S1A and data not shown; [10]). Together, these data sug-
gest Aurora B kinase promotes the recruitment of the KMN
network to kinetochores, particularly downstream of CENP-C.

Discussion

Despite the identification of more than 100 different compo-
nents of the human kinetochore, defining the basic kinetochore
architecture remains an ongoing challenge. In particular, it has
been unclear how kinetochore components assemble down-
stream of the recently defined CENP-C- and CENP-T-based
pathways. Here, we have demonstrated that these two path-
ways are not simply duplications; rather, each pathway dis-
plays distinct regulation and functional relationships for KMN
network recruitment (Figure 4E). Recent work from Kim and
Yu [33] also identified similar differences in the behavior and
regulation of these pathways. When tested separately at the
ectopic focus, CENP-T and CENP-C are each capable of inde-
pendently recruiting the entire KMN network. However, it re-
mains to be determined how the two pathways interact when
both are present at endogenous kinetochores. For example,
theKMNnetwork componentsmay be recruited independently
by CENP-C and CENP-T, or a KMN unit may interact simulta-
neously with both receptors (Figure 4E). We also cannot rule
out the possibility that additional kinetochore components
contribute to the recruitment of KNL1 and the Mis12 complex
downstream of CENP-T at endogenous kinetochores. In sum-
mary, our work has uncovered a complex architecture for the
core kinetochore components.
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Figure 4. Aurora B Kinase Regulates KMN Network Recruitment Downstream of CENP-C

(A and B) Left: quantification of antibody/GFP intensity normalized to DMSO treatment for the indicated conditions (6SEM). n = 20. Right: representative

immunofluorescence images of GFP-CENP-C (1–100)-LacI (A) and GFP-CENP-T (1–250)-LacI (B) foci after treatment.

(C) Representative immunofluorescence images showing CENP-A andMis12 levels in HeLa cells. Quantification ofMis12 atmitotic kinetochores is shown in

lower right as a fraction of control RNAi + DMSO 6 SD. n = 10. All images were scaled relative to their DMSO and RNAi control.

(D) Representative immunofluorescence images of GFP-Dsn1wild-type and Aurora B phosphomimetic (S28D S78D S100D S109D)mutant-expressing HeLa

cells after RNAi depletion of endogenous Dsn1. GFP fluorescence is shown in bottom right as a fraction of mitotic kinetochore fluorescence for each

construct 6 SD. n = 90–300 kinetochores/condition from multiple cells. Images were scaled equivalently within each cell line.

(E) Model for KMN network recruitment at CENP-T or CENP-C foci (left) or endogenous kinetochores (right). It remains unknown whether KNL1/Mis12

interact directly with CENP-T, whether two Ndc80 complexes bind simultaneously to CENP-T, and whether a single KNL1/Mis12 complex can bridge

CENP-T and CENP-C at endogenous kinetochores. Stars indicate phosphorylation by the indicated kinase.

For (A)–(D): NS, not significant; *p < 0.05; ***p < 0.001; Student’s t test. Scale bars, 5 mm. See also Figure S4.
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