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Schematic representation of a mitotic spindle and the organization of core proteins of inner and outer kinetochore.

Public summary
m Centromere is a vital macromolecular machinery for cell renewal quality control.
m CENP-A nucleosome is the hallmark and foundation for centromere and kinetochore assembly.

m Centromere and kinetochore core complex CCAN undergoes dynamic remodeling from CENP-A nucleosome-elicited
loading to DNA-centric gripping upon assembly.

m The excitement and challenge ahead are to illuminate the spatiotemporal characteristics of CCAN assembly in situ at
atomic resolution.
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Abstract: It is a fundamental task to ensure the faithful transmission of genetic information across generations for euka-
ryote species. The centromere is a specialized chromosomal region that is essential for mediating sister chromatid align-
ment and separation during mitosis. Centromere identity is epigenetically determined by nucleosome-containing
centromere protein A (CENP-A). The CENP-A nucleosome provides the foundation for the association of the inner kineto-
chore and the assembly of the outer kinetochore in mitosis. Here we review centromere identity determination, inner kin-
etochore function and assembly, and outer kinetochore function and assembly. In particular, we focus on the recent ad-
vances in the structure-activity relationship of the constitutive centromere-associated network (CCAN). CCAN structure

information sheds new light on our understanding of centromere and kinetochore functions and dynamic organization.

Keywords: mitosis; centromere; kinetochore; constitutive centromere-associated network (CCAN); CDK1
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1 Introduction

The embryonic development and tissue homeostasis mainten-
ance of higher eukaryotes rely on cell proliferation. The cell
division cycle (commonly called the cell cycle) is an orderly
sequence of cell growth and cell division events that produce
two new daughter cells. One cell cycle includes G1 phase, S
phase, G2 phase and M phase. The two most important events
are DNA synthesis in S phase and sister chromatid alignment
and segregation during mitosis. Errors in M phase (including
mitosis and cytokinesis) will produce daughter cells with an-
euploidy or micronuclei. It is well known that aneuploidy is a
hallmark of cancer. Aneuploidy is a type of chromosomal in-
stability and promotes tumorigenesis in a suitable context
(e.g., genetic background or microenvironment).

The centromere appears as a constricted chromosome re-
gion where the mitotic spindle fibers attach. However, spindle
microtubules cannot attach to centromere chromatin directly.
Instead, a large protein complex called the kinetochore as-
sembled on the centromere mediates the attachment of spindle
microtubules. Nevertheless, the functions of centromeres and
kinetochores are highly related and intertwined. In this paper,
we summarize the recent advances in centromere function,
kinetochore structure and dynamic assembly.

2 Centromere and the deposition of
CENP-A

The DNA sequences of centromeres are highly divergent and
rapidly evolving!. In the budding yeast Saccharomyces
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cerevisiae, centromeres are defined by a specific ~125-bp
DNA sequence, known as a point centromere. Budding yeast
kinetochores assemble on point centromeres wrapping a
single centromeric nucleosome containing the histone H3
variant Cse4 (the homolog of human CENP-A). Additional
Cse4 molecules exist in budding yeast centromeres, but the
function and exact molecule number of additional Cse4 is a
long-standing debate™. Echoing previous studies”™, a recent
study visualized individual kinetochore complexes in situ in
budding yeast using  single-molecule localization
microscopy™. Their finding of 4.842.4 copies of Cse4 in a
single kinetochore proved the existence of additional non-
centromeric copies of Cse4. However, in most eukaryotes,
centromeres are not defined by sequence and consist of highly
repetitive DNA sequences, such as tandem repeats and retro-
transposons, that are unrelated in different organisms. These
complex centromeres are known as regional centromeres, and
their sizes can extend for several megabases™". Regional
centromeres vary even between chromosomes of the same or-
ganism. Human centromeres are composed of so-called a-
satellite repeats, a tandem array of repeat units of approxim-
ately 171 bp DNA sequence. Regional centromeres contain
multiple CENP-A nucleosomes (CENP-A™) and assemble
kinetochores that bind multiple microtubules (approximately
20 in humans). In addition to point centromeres and regional
centromeres, centromeres extend along the length of entire
chromosomes in some species, such as C. elegans, and are
called holocentromeres. Holocentromeres have been pro-
posed to be dispersed point centromeres™.

The sequence and organization of centromeres are not
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evolutionarily conserved. This fact suggests that the
centromere is determined epigenetically”. Mounting evid-
ence indicates that CENP-A™ is the epigenetic marker for
centromeres in the majority of eukaryote species''”. Structur-
al studies indicate that the CATD (CENP-A targeting domain)
confers nucleosomal rigidity to CENP-A™* at the centromere,
providing a unique structure that enables the reader to distin-
guish CENP-A-containing nucleosomes from bulk classical
H3 nucleosomes! "',

During S phase, after DNA replication, CENP-A nucle-
osomes were distributed into two sister chromatids. To main-
tain centromere stability, new CENP-A molecules must be
deposited into centromeres during each cell cycle. Interest-
ingly, new CENP-A molecules are not deposited during S
phase or G2 phase in humans. Instead, until cells exit mitosis,
new CENP-A molecules deposit into the centromere in G1
phase!”l. However, the cell cycle time windows for CENP-A
deposition are not conserved across species. HJURP is the
CENP-A chaperone that associates with Mis18a, Mis18p, and
Mis18BPI to target centromeres and mediate the deposition
of new CENP-A!"*"!. During G2 and M phases, higher CDK1
activity phosphorylates both HJURP and Mis18BP1, render-
ing them inactive and thereafter inhibiting the loading of
CENP-A"""1_ After mitotic exit, low CDKI1 activity licensed
the centromere localization of HJURP and CENP-A loading
in the next G1 phase.

|

3 Inner Kinetochore: function and com-
ponents

To separate each sister chromatid accurately into two daugh-
ter cells, the mitotic spindle apparatus forms during mitosis.
Kinetochores are protein machines linking centromere chro-
matin with spindle microtubules (Fig. 1). Under an electron
microscope, vertebrate kinetochores appear as trilaminar
plates, with electron-dense inner and outer kinetochore plates
and an electron-lucent middle plate'. It is widely accepted to
designate the inner plate and outer plate as the inner kineto-
chore and outer kinetochore, respectively.

First, the inner kinetochore links the centromeric nucle-
osome directly, and the outer kinetochore attaches spindle mi-
crotubules directly. In addition to the physical linker function,
kinetochores play multiple functions™. A group of proteins
localized at the outer kinetochore works as a cell cycle con-
troller through a signaling pathway called the spindle as-
sembly checkpoint (SAC)". Outer kinetochores also provide
a platform for enriching several motor proteins, which pro-
mote chromosome congression and biorientation. Finally, the
chromosome passenger complex, which mainly localizes at
the inner centromere but also has a kinetochore proximal
pool, plays an error-correction function and is essential for es-
tablishing correct kinetochore-microtubule attachment™”.

Inner kinetochores are composed of 16 proteins, which are

mmdle Microtubule

Centrnsﬁrme

Centromere

. Kinetochaore

Waiting anaphase signal

Fig. 1. A cartoon shown mitotic spindle and the chromosomes. In the central position of the spindle, two chromosomes achieved correct microtubule at-
tachment. On the contrary, a chromosome near the left pole failed to establish proper microtubule attachment. Thus, the kinetochores of this unaligned
chromosome initiate a signaling call the spindle assembly checkpoint (SAC) and thereafter preclude the cell to enter anaphase. The yellow dots on chro-

mosomes depict centromeres, and the red dots depict kinetochores.
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constitutively localized at the inner kinetochore. Therefore,
these proteins are called the constitutive centromere-
associated network (CCAN) (Fig. 2). CCAN includes several
subcomplexes, CENP-C, CENP-LN, CENP-HIKM, CENP-
TWSX and CENP-OPQUR. Among the 16 CCAN proteins,
CENP-N and CENP-C bind to CENP-A™* directly. Straight
and colleagues” identified CENP-N as a reader of the
centromere mark comprising CENP-A™c. Shortly after the
Straight group’s discovery, the Harrison group® demon-
strated that budding yeast CENP-N forms a complex with
CENP-L and determined the structure of the CENP-LN com-
plex. Subsequently, using a combination of genetic, biochem-
ical and cell biology studies, the Cheeseman group™’ demon-
strated that the CENP-LN complex is critical for CCAN as-
sembly. Their work also demonstrated that multiple interac-
tions among different CCAN subcomplexes determine each
subcomplex’s localization and CCAN integrity.

In addition to CENP-N, CENP-C is another CCAN com-
ponent that directly interacts with CENP-A™<*. In vitro
arrays of CENP-A™¢ recruit CENP-C via the CENP-A
C-terminal LEEGLG motif*!. A structural comparison of the
human CENP-A and H3 nucleosomes revealed that CENP-A
contains two extra amino acid residues (Arg 80 and Gly 81)
in the RG-loop (also called the L1 loop)*”. Indeed, Fang et
al.’” demonstrated that the RG-loop of CENP-A is required
for recruiting CENP-N to centromeres and faithful mitosis.
Later, three groups independently reported the structure of
CENP-N binding to CENP-AM* These structural, bio-
chemical and cell biology studies confirmed that CENP-N is a
reader for CENP-A™* and verified the importance of the RG-
loop in mediating CENP-N binding. In addition, the CENP-N-
CENP-A™* interaction is stabilized by electrostatic interac-
tions between CENP-N and nucleosomal DNA.

CENP-A Nuc
linker DNA

Inner kinetochore: CCAN

4 Inner kinetochore: CCAN structure

The structure of an intact CCAN bound to CENP-A™- is a
“holy grail” for structural biologists and cell biologists who
study mitosis and chromosomes. The Barford group”" un-
covered the cryo-electron microscopy structure of the Sac-
charomyces cerevisiae CCAN complex assembled onto a
CENP-A™¢ (CCAN-CENP-A™). The Y-shaped overall
CCAN structure explains the interdependency of the different
subcomplexes of CCAN and shows how the opening of
CCAN accommodates CENP-A™c. Importantly, CENP-LN
interacts with the unwrapped DNA duplex at the two termini
of CENP-A™<. Biochemical and genetic studies verified that
the CENP-N DNA-binding groove is required for stable
CCAN-CENP-A™- interaction.

Mounting evidence has demonstrated that CCAN compon-
ents are largely conserved between fungi and mammals. Re-
cently, the Barford group, Musacchio group and our group in-
dependently uncovered the structure of human CCANF1. In-
deed, the overall architecture of human CCAN is similar to
that of budding yeast CCAN. To solve the structure of CCAN-
CENP-A™, we reconstituted a 16-subunit human CCAN
complex assembled on CENP-A™© wrapped with 147 bp of
DNA using the Widom 601 sequence. We note that Widom
601 DNA has high affinity for histone octamers, but its DNA
sequence is not the natural centromere sequence. In the hu-
man CCAN structure we solved, there are four subcomplexes,
CENP-LN, CENP-HIKM, CENP-TWSX, and CENP-
OPQUR. The arrangement of the four subcomplexes gener-
ates a b-shaped structure, in which CENP-OPQUR adopts an
elongated shape to generate the arm, and CENP-LN, CENP-
HIKM, and CENP-TWSX form the semicircle. The CENP-
LN subcomplex, located at the center of the ‘b’, functions as a

Outer kinetochore: KMN

/

CENP-C N-tail

Ndc80C
Mis12C

Fig. 2. The structure of inner kinetochore and outer kinetochore core proteins. Centromeric CENP-A nucleosome serves as the foundation for kineto-
chore assembly. CCAN, a complex comprising 16 proteins, constitutively localizes at the centromeres. The cartoon shows the 3D architecture of CCAN
bound CENP-A nucleosome. Interestingly, CCAN forms a channel that topologically grasps linker DNA of CENP-A nucleosome. CENP-T and CENP-C,
which both have an elongated N-terminal tail, functions as two parallel pathways to recruit Knll complex, Mis12 complex and Ndc80 complex in mitos-
is. Knll complex, Mis12 complex and Ndc80 complex comprise the core of outer kinetochore and were named KMN network. KMN harbors two activ-

ity, attaching the spindle microtubule and recruiting SAC signaling proteins.
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node for coordination of the assembly of CCAN by contribut-
ing the contact sites, with the subcomplexes CENP-HIKM
and CENP-OPQU on the opposite side”. In general, the hu-
man CCAN structure reported by two other groups is consist-
ent with our data.

To our surprise, a DNA double helix approximately 25 bp
in length was clearly resolved in our CCAN structure, al-
though the CENP-A™ signal could not be determined.
Around the DNA is a positively charged channel composed of
CENP-LN, CENP-HIK"* and CENP-TW, which comple-
ments the negative charge of the DNA gyre. As shown in
Fig. 3a, the CCAN complex binds to double-stranded DNA
through electrostatic interactions between a set of positively
charged residues from several CCAN components and the

CENP-W
K14 R15
K16 R19
K23 R24
R28 K37

K79K120
R166 K221

GFP-CENP-L ACA DNA

4KA

4KE

negatively charged phosphate backbone of DNAF. In agree-
ment with our observation, Barford’s structure also con-
cludes that the positively charged CCAN channel grips the
linker a-satellite DNA of CENP-A™-. Through biochemical
and cell biology studies, we further confirmed the importance
of key positively charged residues of CENP-LN in the as-
sembly of CCAN and faithful chromosome segregation dur-
ing mitosis. For instance, CENP-L mutants with mutations in
the four positively charged residues failed to localize to the
kinetochore effectively (Fig. 3b, c).

In yeast, the Y-shape of CCAN opening can accommodate
CENP-A™* to enable specific CCAN subunits to contact the
nucleosomal DNA and histone subunits®!. In contrast, hu-
man CCAN forms edge-on contacts with CENP-AM*, and the

CENP-N
K10 K11
K15R42
R44 K45
K81 K148
R169R170
R194 R196
K270 K296

CF

CENP-L
K155
R306
K319
K321

&/ | CENP-T
P CENP-W

—
(&)}
|

PETes

PRETS

—
[e]
|

ol
o
|

of CENP-L in interphase

Relative kinetochore intensity

=
o

Fig. 3. DNA binds to CCAN through the CENP-LN channel. (a) Electrostatic potential surface view of CENP-LN-HIK head-TW binding with DNA.
The DNA is shown as cartoon. Note that positively charged amino acids from CENPLN, CENP-I and CENP-TW constitute the contact sites between
CCAN and DNA. (b) Representative immunofluorescence montage of HeLa cells expressing GFPCENP-L wild type and DNA binding-deficient
mutants. 4KA represents CENP-L K155A/R306A/K319A/K321A, 4KE represents K155E/R306E/K319E/K321E. Scale bar, 10 um. (c¢) Statistical analys-
is of kinetochore intensity of various GFP-CENP-L mutants as treated in b. Bars represent the mean kinetochore intensity (SEM) normalized to values
of the CENP-L WT expressing group. Each dot represents one cell (30 cells from three independent experiments). Ordinary one-way ANOVA followed

by Tukey’s post hoc test was used to determine statistical significance. ****p <
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CENP-LN channel grips the linker DNA of CENP-AMN«<F1,
Topological entrapment of the linker DNA by CCAN likely
provides a molecular explanation for the tight kinetochore as-
sembly on the centromere to withstand the pulling force dur-
ing chromosome movement and segregation.

5 Inner kinetochore: dynamic regulation

The main function of CCAN is linking centromere CENP-
A™e with the outer kinetochore. Although CCAN proteins
bind centromeres throughout the cell cycle, these proteins are
phosphorylated during mitosis and have more functions. Con-
sidering its multiple binding activity with CENP-A, CENP-
LN and CENP-HIKM, CENP-C is generally recognized as a
blueprint for directing CCAN assembly. CENP-C has addi-
tional role in recruiting M18BP1 to centromeres to promote
CENP-A chromatin assembly™. CDKI1 phosphorylates
CENP-C and boosts the binding between CENP-C and CENP-
ANCI - We note that the CENP-C-CENP-A™ interaction is
important since CENP-A™ does not directly bind to other
CCAN components in mitosis. The CENP-LN subcomplex
forms a channel to bind the linker DNA of CENP-A™* in both
budding yeast and humans. Interestingly, both CENP-L and
CENP-N are substrates of CDK1. Our study demonstrated
that phosphorylation of CENP-N Ser299 by CDKI disrupts
the CENP-N/L interaction and CENP-N kinetochore localiza-
tion”’). Consistent with our work, a study from the Cheese-
man group” also concluded that phosphorylation of CENP-L
and CENP-N controls CENP-LN complex formation and loc-
alization in a cell cycle-dependent manner.

CENP-U functions as a receptor to recruit PLK1 to the kin-
etochore, stabilizing kinetochore-microtubule attachment™ ",
Our group recently demonstrated that phosphorylation of
CENP-R by Aurora B regulates kinetochore-microtubule at-
tachment for accurate chromosome segregation. We sum-
marized the reported CDKI1 phosphorylation sites toward
CCAN components in Table 1.

6 Outer kinetochore and its assembly
regulated by mitotic kinases

The core outer kinetochore proteins comprise a conserved

Table 1. CDK1 phosphorylations towards CCAN proteins and their functions.

network called KMN, including the Knll-Zwintl subcom-
plex, the Mis12 complex (Mis12C, which contains Misl2,
Dsn1/Mis13, Nsl1/Mis14 and Nnfl) and the Ndc80 complex
(Ndc80C, which contains Hecl/Ndc80, Nuf2, Spc24 and
Spc25)#-#1 In contrast to CCAN proteins, which con-
stitutively bind centromeres, the KMN network and other out-
er kinetochore proteins are rapidly assembled on the inner
kinetochore when cells enter mitosis. Recent work has high-
lighted two parallel pathways for the assembly of the KMN
network (Fig. 2). The N-terminal region of CENP-C recruits
Mis12C through direct binding between the N-terminal re-
gion of CENP-C and Mis12C"**". In turn, Mis12C can re-
cruit Knll (in complex with Zwint1) and Ndc80C". The oth-
er pathway depends on the CENP-TWSX subcomplex, which
can bind centromeric DNA. CENP-T can subsequently re-
cruit Ndc80C via direct binding between the CENP-T N-
terminal tail and the Spc24/Spc25 subunit of Ndc80C upon
mitotic entry™ . In summary, CENP-C and CENP-T medi-
ate two parallel pathways for outer kinetochore assembly.

Several mechanisms determine the timing of KMN as-
sembly in prophase. The Ndc80C is sequestered outside the
nucleus throughout interphase and is thereby spatially separ-
ated from the CCAN until mitosis®". KMN assembly is pro-
moted by CDK1 and Aurora B, whose kinase activity peaks
in mitosis. CDK1 phosphorylation of CENP-T promotes the
direct interaction of CENP-T with Ndc80C and Mis12CF>*,
In addition, the phosphorylation of Dsn1/Mis13 by Aurora B
enhances the interaction between CENP-C and Mis12C dur-
ing mitosis*>**. Interestingly, phosphorylation of fission
yeast CENP-C by Aurora B impairs the CENP-C-Mis12C in-
teraction. Another study from the Fukagawa group investig-
ated the contribution of the CENP-C and CENP-T pathways
in the recruitment of the KMN network to kinetochores and
the phosphorylation regulation of these two pathways during
mitotic progression”’. These studies suggest the existence of
remarkable phosphorylation-regulated plasticity in the inner-
outer kinetochore interface during different mitotic stages and
in different species/cells.

The KMN network then scaffolds the localization of other
outer kinetochore proteins, such as proteins involved in the

Substrates Sites Function References
CENP-C T651 (chicken) CDK1-mediated phosphorylation of CENP-C facilitates its binding to CENP-A in vitro and in vivo. [36, 42]
T734 (human)
T, CDK1 phosphorylation towards CENP-T promote kinetochore assembly during mitosis. Phosphorylation of [51, 53
CENP-T ngi)sf CENP-T at Thrl1 or Thr85 is sufficient to recruit Ndc80 complex. Phosphorylated Ser201 of CENP-T is 5’7] ’

Multiple sites

capable to bind the Mis12 complex at low CDK1 activity.

T98 (human)

CDK1 and PLK1 phosphorylation towards CENP-U enable the kinetochore recruitment of PLK1 by CENP-U. [39]

CENP-U T31, S41, S45,

S53 (budding Cdk1 phosphorylation activates phospho-degrons on the essential subunit Amel/CENP-U. [43]
yeast)
CENP-N T158,T172, Phosphorylation of CENP-N by CDK1 during mitosis negatively regulates its kinetochore localization, and (37, 38]
T22é):,;250299, dynamic phosphorylation plays an important role in the precise function of CENP-LN. ’
CENP-L T:;O’SZ§;’ g;ié Phosphorylation of CENP-L by CDK1 during mitosis negatively regulates its kinetochore localization, and [38]
> T27i > dynamic phosphorylation plays an important role in the precise function of CENP-LN.
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spindle assembly checkpoint (SAC) and mitotic motor pro-
teins. Here, we briefly summarize the recruitment of core
SAC proteins. Ndc80C is the major kinetochore site for mi-
crotubule binding (through its Hecl and Nuf2 subunits)**. In-
terestingly, the kinetochore localization of Mpsl kinase, an
upstream kinase of SAC signaling, also relies on Hecl and
Nuf2b 1, Thus, Mpsl and microtubules competitively bind
Ndc80C, which provides a wonderful molecular mechanism
for how the kinetochore couples microtubule attachment with
SAC signaling”®-). The Mpsl phosphorylation of Knll on
conserved MELT motifs initiates the recruitment of
Bub3/Bubl and Bub3/BubR1 since Bub3 functions as a read-
er for phosphorylated MELpT.. In turn, Bubl subsequently
recruits Mad1/Mad2. Intriguingly, Mps1 activity is essential
for Bub1’s recruitment of Mad1/Mad2*". As the key compon-
ent of the mitotic checkpoint complex, the recruitment of
Mad1/Mad2 also depends on the RZZ complex (Rod, ZW10,
Zwilch)!l,

Cyclin-dependent kinase 1 (CDK1) is a master kinase that
coordinates mitotic progression and requires its regulatory
subunit Cyclin B to ensure full kinase activity and substrate
specificity. Both Cyclin B1 and B2 localize at the outer kin-
etochores during mitosis. Barr and colleagues™ have estab-
lished the Cyclin B1-Madl interaction and have revealed the
role of Cyclin B1 as a bona fide SAC component. A study by
the Saurin group”” showed that Cyclin B1 scaffolds the kin-
etochore corona localization of Madl and ensures a robust
SAC signal. Furthermore, a study from Pines’ group®
demonstrated that Mad1 recruits Cyclin B1-Cdk1 to nuclear
pores. In turn, Cyclin B1-Cdk1 promotes Mad1 translocation
to kinetochores from nuclear pores. Despite some inconsist-
encies, these three independent studies demonstrated the im-
portance of Cyclin B1 kinetochore localization in robust SAC
signaling. Interestingly, our recent study demonstrated that
Cyclin B2 selectively localizes at the unattached kineto-
chores in prometaphase and established that Mad2 promotes
Cyclin B2 recruitment to the kinetochore for faithful mitotic
progression!®.

7 Perspectives

Combinations of advanced optical imaging protocols, such as
lattice light-sheet microscopy with adaptive optics and photo-
activatable complementary fluorescence, spectral imaging
analyses, and correlative light and cryo-electron microscopic
tomography, would increase our understanding of CCAN as-
sembly dynamics during the cell cycle and CCAN communic-
ation with the KMN network" . The newly developed lat-
tice light-sheet microscopy with adaptive optics has enabled,
for live organoids, noninvasive, aberration-free imaging of
subcellular processes, including kinetochore-microtubule at-
tachment switching from lateral attachment to end-on capture
during mitosis"”. In this context, inclusion of the expanding
collection of gene-edited organoids will allow modeling of
chromosome interactions and CCAN regulation underlying
the control of cell division™.

The large size and complex architecture of the centromere,
which contains numerous proteins possessing low-
complexity regions, are linked to its regulatory mechanisms

0901-6

involving posttranslational modifications and interchange-
able complex subunits between compartments in mitosis.
Thus, the centromere must possess intrinsic self-control
mechanisms. According to proteomic and bioinformatics ana-
lyses, the centromere is composed of perhaps 15 scaffolding
proteins with a total of more than 150 proteins””. Future work
will describe the spatiotemporal dynamics and physicochem-
ical properties of these low-complexity kinetochore proteins
driven by LLPS during cell division, as recently reported” .
Finally, recent clinical and translational studies support our
early rationale that genetic variation affects protein posttrans-
lational modifications and is involved in rewiring biological
pathways to generate asymmetric division of tumor cells.

The CCAN structure provides new insight into centromere
and kinetochore organization and a foundation for develop-
ing chemical tools to delineate the spatiotemporal dynamics
of centromere assembly and communication. The substantial
overall architecture similarity between budding yeast CCAN
(scCCAN) and human CCAN (hsCCAN) suggests a common
evolutionary origin of centromere kinetochore assembly.
Comparison of the structure of CENP-N-CENP-A™ with that
of human CCAN-CENP-A™ suggests that there is a large
conformational change or allosteric effect when the whole
CCAN is assembled. Cryo-EM can capture a wide variety of
conformational states of macromolecules in solution. Con-
formational changes are often transient but can be trapped by
vitrification at specific time points following the initiation of
the reaction and imaged using time-resolved cryo-EM"". It
would be of great interest and excitement to visualize the
CENP-N conformational change during CCAN assembly us-
ing time-resolved cryo-EM and to address the underlying
mechanism.

Despite progress over the past decade in understanding the
function and mechanism of centromere assembly and plasti-
city control, much remains to be explored. We still have a
minimal understanding of the molecular mechanisms underly-
ing centromere assembly/disassembly during the cell cycle.
Advances will require cryo-electron tomographic analyses of
the different states of the centromeres of mitotic cells in situ.
Currently, it is unclear to what extent CCAN structural per-
turbation results in chromothripsis”™. Thus, the challenges
ahead are to delineate and distinguish the characteristics of
chromosome-specific CCAN assembly that exhibit susceptib-
ility to chromosome segregation effort and CCAN assembly.
Overall, we anticipate that advances in our understanding of
the molecular language of centromere network communica-
tions will enable us to consolidate temporal protein interac-
tions into a working model for decision making in cell divi-
sion and targeted interrogation for aberrant CCAN-elicited
pathogenesis™.
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