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Abstract

In order to maintain chromosomal stability during cell division, eukaryotic cells have evolved a
number of surveillance mechanisms termed checkpoints. These checkpoints monitor the
completion of essential molecular and cellular processes of one stage before entering another. The
spindle checkpoint watches the bi-orientation attachment of spindle microtubulesto all condensed
chromosomes before initiation of nuclear division during mitosis. Histones are subject to a number
of post-trandlational modifications during the cell cycle, which may in turn modify or facilitate
cell cycle progression. Recent studies suggest that mitotic proteins including Bubl and Sgol that
areinvolved in the spindle checkpoint also play a major role in the regulation of histone
modifications and chromatin remodeling. This mini-review summarizes emerging information
about the new role of spindle checkpoint proteins in chromatin remodeling.
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2. INTRODUCTION

Equal segregation of chromosomes during mitosis and meiosisis pivotal for the
maintenance of genomic stability. Failure of accurate chromosome segregation inevitably
leads to cell death or malignant transformation. To faithfully maintain the genetic content
and ensure species survival, eukaryotic cells have evolved checkpoint systems to monitor
nuclear division during mitosis and meiosis. Recent studies have shown that many of the
components that are critical for spindle checkpoint control are also involved in regulating
chromatin remodeling. In fact, these proteins seem to coordinate histone modifications and
chromatin remodeling with cell cycle progression during mitosis and meiosis. This review
attempts to summarize recent developmentsin the area of spindle checkpoint regulation and
chromatin remodeling.

Chromatin is the network of fibers of DNA and proteins that make up the chromosomein
eukaryotic cells. The protein components essentially consist of four well-defined histones
(2). Chromatin is classified into euchromatin and heterochromatin primarily based on the
tightness of the DNA wrapping around the core histone complex (2). In eukaryotic cells,
chromatin structures are dynamic and need to be constantly altered to accommodate DNA
replication, gene transcription and stress responses. Alterations in the interaction between
DNA and histones, together with the recruitment of nuclear proteins, cause changesin the
chromatin structure, a process which is commonly referred to as chromatin remodeling(3).
The amino acid sequences for four core histones are remarkably conserved across awide
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spectrum of evolution. The sequence conservation of histones suggests that these molecules
among al eukaryotes have very similar three-dimentsional conformations which are thought
to be optimized for avariety of molecular and cellular processes including DNA replication
and chromatin dynamics during cell division(1). Histone tails are subject to multiple post-
translational modifications such as phosphorylation, methylation, acetylation, and
ubiquitination. It has been suggested that the combination of these distinct covalent
modifications of histones congtitutes the “the histone code” that regulates a variety of
cellular processes, including mitosis and meiosis (4). Covaent histone modifications are
essential for chromatin remodeling and they also impact mitosis through modulation of the
activity and subcellular localization of proteinsimportant to spindle checkpoint regulation
(5-7). For example, tri- methylation of histone H3 lysine 9 (H3K9) istightly related to
heterochromatinization (2) and recruitment of checkpoint proteinsto centromeres (5-7).

The spindle checkpoint monitors the bi-orientation attachment of microtubules to condensed
chromosomes before initiation of anaphase entry. A number of conserved proteins have been
identified and characterized that are required for the checkpoint function. These proteins
include Bubl, Bub3; Madl, Mad2 and Mad3 (8-12). In addition to the orthologs of Bub and
Mad families that consist of core components of the spindle checkpoint in mammalian cells,
several additional gene products including Shugoshin, Aurora B, Plk1 and PP2A also play a
role in spindle checkpoint control (13-18).

3. SPINDLE CHECKPOINT COMPONENTS

3.1.Bubl

Bubl was originally isolated in a screen for budding yeast mutants that were sensitive to a
spindle destabilizing drug benomy! (8). It was later elucidated as a serine/threonine protein
kinase which isinvolved in spindle checkpoints during the cell cycle (19-20). The kinase
has an N-terminal tetratricopeptide repeat domain followed by a Gle2-binding-sequence
motif which mediates the interaction with Bub3 (21). There are two KEN boxes that precede
the C-terminal kinase domain (22), suggesting that it is a potential target of anaphase
promotion complex/cyclosome (APC/C). Extensive analyses have shown that the conserved
N-terminal region isessentia for the recruitment of BUB1 to kinetochores whereas KEN
boxes serve as docking motifs necessary for substrate recognition (22—23). Recent studies
show that Bubl also regulates |oading of important mitotic proteins to kinetorchores (24—
25). For example, Bubl1 promotes the assembly of outer kinetochore components including
CENP-F and BubR1 (ayeast Mad3 homolog), thus functioning as a master organizer of the
inner centromeric region (ICR) (26).The kinase activity of Bubl is required for recruitment
of chromosomal passenger complex and Sgol to ICR (26). A recent study by Kawashima et
dl. has demonstrated that H2A-S121 in fission yeast is phosphorylated by Bubl and that the
phosphorylation is regulated in acell cycle dependent manner. H2A-S121 is phosphorylated
along entire chromosome arms in G, phase whereas its phosphorylation is limited to
centromeres during mitosis, suggesting that the phorsphorylation status may play arolein
the maintenance of sister chromatid cohesion. This regulatory relationship between Bubl
and histonesis conserved in human cells as well (25).

3.2.Shugoshin 1 (Sgo1l)

Shugoshin, meaning “ Spirit Guardian” in Japanese, was first identified and characterized as
aprotector of the centromeric cohesion in the fission yeast (27-28). Sgo2, a Sgol paralog,
was also characterized in fission yeast (27-28). Given their functional conservation,
Shugoshin orthologs have been identified and studied in higher eukaryotes including
Xernopus, mouse and human (29-31). Intriguingly, Mei-S332, a Drosgphilahomolog of
Sgol, was studied rather extensively long before Shugoshin family members were
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identified. It was reported to maintain sister chromatid cohesion during meiosis (32—-33).
Despite their functional conservation, the Shugoshin family proteins identified from various
eukaryotic species only share alimited similarity at the level of amino acid sequences. On
the other hand, conserved moitifs including a coiled coil structure and abasic domain
termed the SGO motif areidentified which are confined to N-terminus and C-terminus,
respectively (27).

3.2.1.Splice variants and subcellular localization—Splicing variants of Sgol were
first reported in both human and mouse (30). It was thought that splice variants of Sgol
might function in atissue-specific manner (30). However, there are two major forms of

Sgol mRNA that are predominantly present in various types of mammalian cells (34). These
splice variants in human cells encode along isoform with 527 amino acid (Sgol) and a short
form with 292 amino acid (sSgol), respectively. The shorter isoform lacks 268 amino acids
that are primarily encoded by exon 6 (34—35). The long form Sgol, which is mostly studied
in higher eukaryotic cells, localizes at the inner centromeric region (25, 27, 30, and 36).
Temporally, Sgol starts to accumulate at centromeres during prophase, and its peak
accumulation is detected at metaphase. Only residual Sgol isvisible in early anaphase (37).
Sgol aso localizes to centrosomes during interphase and to spindle poles during mitosis
(34). Subsequent studies reveal that sSgol is primarily localized to centrosome/spindle poles
but not to kinetochores (34-35), suggesting that it plays arole in centrosome dynamics
during the cell cycle.

3.2.2.Biochemical and molecular functions

3.2.2.1.Kinetochores: The cohesion complex functions as molecular “glue’ that connects
sister chromatids soon after DNA replication. During early mitosis, cohesion dissociates
from chromosome arms by the so-called “ prophase pathway” (37). However, centromeric
cohesion is retained until the onset of anaphase (38). Researchers were puzzling about the
molecular basis by which sister centromeric cohesion is protected. Since the identification of
Sgol in various eukaryotic cells, it had been proposed that Sogl may function as a protector
for centromeric cohesion before anaphase entry. A series of studies from several laboratories
around the world have confirmed the function of Sgol as a protector of centromeric
cohesion during meiosisin yeast and during mitosis in high eukaryotes because suppression
of Sgol function resultsin premature separation of sister chromatids in both meiosis and
mitosis (30-31). Given severe phenotypes such as mitotic arrest and catastrophe induced as
the result of Sgol depletion, it has been proposed that Sgol can serve as a molecular target
for induction of apoptosisin cancer cells. Indeed, delivery of a competitive peptide
interferes with cellular Sgol function, resulting in achangein cell cycle progression as well
as reduced cell viability in HeLa and A549 cells (39).

3.2.2.2.5pindle pales: Depletion of Sgol through RNA interference (RNAI) resultsin the
formation of extra centrosomal foci and premature separation of paired mother and daughter
centriols (35). Extensive analyses reveal that sSgol, but not Sgol, functions in centrosome
dynamics during the cell cycle (35). It has been proposed that sSgol may serve asa
protector of a“cohesive factor” at the centrosomes. Rad21, a cohesin subunit cleavable by
separase, has been aso found to be transiently associated with the centrosomes during
metaphase and anaphase in Drosophila(40); it is thus reasonable to speculate that sSgol at
the spindle poles may work in afashion similar to that of Sgol at centromeres by protecting
cohesion(35).

3.2.3.Molecular regulation of Sgo1l

3.2.3.1Phosphorylation: In Drosophila, Mei-S332 is regulated by phosphorylation by
POL O and serine 234 and threonine 331 are the primary phosphorylation (41). In human
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cells, Sgol during mitosis undergoes a dramatic shift on denaturing gels and pretreatment
with A phophatase collapses it to the interphase form, suggesting that it is subjected to
protein phosphorylation (35). The short form of Sgol (sSgol) appears to be subject to
phosphorylation as well because the localization of sSgol to spindle polesis regulated by
PIk1 (35). Depletion of PIk1 or expression of Sgol mutants devoid of putative Plk1-
phorphorylation sites abolished the spindle poles localization of ectopically expressed GFP-

sSgol (35).

/n vitrokinase assays carried by several independent research groups have identified some
phosphorylation sites. Aurora B, an important mitotic kinase, phosphorylates Mei-S332 at
serine 124,125 and 126 (Figure 1). Expression of Sgol mutant with these serine sites
mutated to alanines leads to significant reduction in centromeric signals (13). Moreover,
depletion of Aurora B through RNAI resultsin translocalization of Sgol from the
centromeres to the chromosome arms in Hel a cells. The change of Sgol subcelluar
localization leads to ectopic protection of cohesin on chromosome arms with concomitant
loosening of centromeric cohesion and loss of the primary constriction (14). Sgolisalso a
substrate of Nek2A which phosphorylates human Sgol /n vitro at serines 14 and 507 (Figure
1). Phosphorylation by Nek2A is not required for assembly of Sgol at the kinetochore,
however, expression of non-phosphorylatable mutant human Sgol perturbs chromosome
congression, leading to a significant increase in microtubul e attachement errors including an
increase of syntelic and monotelic attachments (42).

Consistent with the importance of Sgol phosphorylation in its function during mitosis,
protein phosphatase 2A (PP2A) can significantly affect the activity and subcellular
localization of Sgol. PP2A physically interacts with Sgol, and the interaction is required for
normal function of Sgol during mitosis (17, 43-44). Depletion of PP2A delocalizes
centromeric Sgol and induces chromosome mis-segregation (17,44). Interestingly, there's a
functional interaction between PP2A and PIk1 in the regulation of Sgol because PIk1
depletion by RNAI restores centromeric localization of Sgol in cells depleted of PP2A and
suppresses chromosome mis-segregation induced by the absence of PP2A (44). To date, it
remains unknown whether Sgol is adirect substrate of PP2A.

3.2.3.2. Ubiquitination: Like many mitotic protein, the level of Sgol is also subject to
regulation during the cell cycle. Sgol protein levelsare low during G1 and S phases of the
cell cycle; it peaksin mitosis and is degraded after exiting from mitosis (45). Sgol
degradation depends on APC/C (45-46). Human Sgol contains one putative KEN (Lys-Glu-
Asn) box (a.a. 310-316) and three putative destruction boxes (D box, aa 192—-200, a.a
438446, and a.a. 457-465). Among the three putative destruction boxes, only the second
one (a.a. 438-446) is conserved among human, mouse and Xengpus. Removal of either the
KEN box or the D box is not sufficient to stabilize Sgol. However, Sgol mutant with
deletion of both KEN and D boxes is more stable in cells (45).Surprisingly, mitosisis not
perturbed in the presence of non-degradable Sgol, suggesting that Sgol degradation is
required neither for sister-chromatid separation nor mitotic exit (45-46). Figure 1
summarizes various posttranslational modifications of Sgol.

Sgo2, a paralogue of Sgol, plays a distinct role in mitosis and meiosis. While Sgolis
expressed only around meiosis | in fission yeast Sgo2 is expressed in both mitosis and
meiosis. Unlike Sgol, Sgo2 is dispensable for centromeric protection of cohesion in yeast
(27); however, it interacts with Birl/Survivin and promotes localization of Aurorakinaseto
the pericentromeric region, which isimplicated to correct erroneous attachment of
microtubule to kinetochores (27, 43). In contrast to the role in yeast, Sgol in higher
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eukaryotesis essential in the protection of centromeric cohesion in mitosis (30—31). On the
other hand, mammalian Sgo2 is highly expressed in oocytes and plays a predominant rolein
protecting centromeric cohesionin meiosis| (31).

In mammalian cells, PP2A isrequired for localization of human Sgo1l at the centromeric
region (17, 44). However, there is controversy regarding whether in yeast the association of
PP2A -1t with centromeres is regulated in a Sgol-dependent manner (17). Kitajima ef &/.
have shown that human Sgo2 (Sgo2 coprecipitates with PP2A and that centromeric
localization of PP2A is abolished in Sgo2-dificient mitotic cells, which is accompanied by
precocious separation of sister chromatids (43). Thus, Sgo2 may be responsible for
recruitment of PP2A to mitotic chromosomes in human cells (43).

3.4.0ther components

3.4.1. Aurora B—Aurora B is amember of the conserved protein kinases of the Aurora
family (47). It isa so characterized as a chromosome passenger protein which mediates
spindle checkpoint functions during mitosis (48-49). Aurora B level fluctuates and its
subcellular localization varies as well during the cell cycle. Aurora B peaks at the Go/M
transition and its kinase activity is high throughout mitosis (47). Aurora B localizesto
centromeres during mitosis and the centromeric localization during metaphase is dynamic
with a constant exchange between centromeric Aurora B and the soluble poal in the
nucleocytoplasm. During anaphase Aurora B concentrates at the mid-zone of mitotic
spindles (48). The kinase activity of AuroraB isrequired for stable activation of the spindle
checkpoint; more importantly, Aurora B is primarily responsible for phosphorylation of
histone H3 serine 10 (H3S10) during mitosis (47). In fact, H3S10 phosphorylation is the
major mitosis-specific phosphorylation of histone molecules and is thought to play arolein
super-condensation and super-compaction of chromosomes during mitosisin higher
eukaryotic cells (50).

3.4.2. PIk1—Polo like kinases are named after POL O, a gene encoding a protein serine/
threonine kinase in Drosgphi/a (51) PIk1 isthe best characterized member of the Polo
kinase family. The protein level of Plk1 and its kinase activity are also regulated in a cell
cycle dependent fashion, peaking during mitosis (52). Extensive studies in the past have
identified many targets that are involved in cell cycle regulation. Depletion of Plk1 resultsin
mitotic arrest that is partly due to alterations of important cell cycle molecules including
APC/C (51). During prophase, Plk1 is also involved in controlling so-called the “prophase
pathway” that regulates arm cohesion of sister chromatids through direct phosphorylation of
Sccl, an integral component of the cohesin complex37. Cohesin not only plays amajor role
in the regulation of sister chromatid cohesion during the cell cycle but also functions as a
transcriptional insulator for the genome (53).

3.4.3.PP2A—Protein phosphatase 2A (PP2A) exists primarily as a heterotrimeric complex
which is composed of the scaffolding A subunit (PP2A-A), the variable regulatory subunit B
(PP2A-B), and the catalytic subunit (PP2A-C) (54). As a serine/threonine phosphatase,

PP2A regulates numerous molecular processes through dephosphorylating various substrates
(55). Recent studies indicate that PP2A also localizes centromeres during mitosis and that its
activity is essential for the maintenance of centromeric cohesion of sister chromatids before
anaphase entry (17, 43-44). In mammalian cells, the localization of Sgol to centromeresis
PP2A-dependent (43-44).

Front Biosci (L andmark Ed). Author manuscript; available in PMC 2013 September 04.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Y a0 and Dai Page 6

4. THE FUNCTIONAL INTERACTION OF SPINDLE CHECKPOINT AND
CHROMATIN

Chromatin remodeling is a constant process that accompanies the cell cycleanditis
especially dynamic during mitosis as duplicated chromosomes super-condense and super-
compact in preparation for nuclear division. Many kinetochore proteins that are assembled at
the centromeres during mitosis are part of heterochromatin, the function of which remains
largely unknown. For example, inactivation of heterochromatin formation by genetic
mutations abolishes centromere-directed location of cohesion (38). Moreover,
heterochromatin protein (HP1), afundamental units of heterochromatin; has several
functions at centromeres including silencing gene expression, recombination, loading and
retaining cohesin, promoting kinetochore assembly and preventing erroneous microtubule
attachement to the kinetochores (5). Soon after Sgol isidentified in fission yeast, the
physical interaction between HP1 (Swi6 as the homologue in fission yeast) and Sgol is
demonstrated (5, 56). Yamagishi ef &. has shown that a mutated form of Sgol compromises
the interaction between Swi6 and Sgol (V242E) which in turn impairs the centromeric
localization and function of Sgol. Sgol-VE expression provokes nondisjunction in meiosis
I1, which is similar to the phenotype observed in Swi6 deficient cells (5). Furthermore,
forced centromeric localization of Sgol is capable of restoring proper meiotic chromosome
segregation in cells deficient in Swi6 (5). These observations strongly suggest that the
heterochromatin plays a primary role of recruiting Sgol to the centromeres.

Heterochromatin components other than HPL1 are also temporally involved in Sgol
subcellular localization. In Suv39 null murine embryonic fibroblasts (MEFs), histone H3
lysine 9(H3K9) cannot undergo trimethylation, and consequently HP1 dislocates from
heterochromatin (6). Interestingly, Sgol fails to localize to the centromeres during G, phase
of the cell cyclein these cells although it is targeted back to centromeres at the onset of
mitosis in a Bubl kinase activity-dependent manner (7).

Bub1l is known to play an important role in targeting Sgol to centromeric heterochromatin
(24, 57). However, the mechanism by which Bubl regulates Sgol subcellular localization is
not entirely clear. It has been shown that Sgol can be largely displaced aong the entire
length of the chromosome in Bubl-repressed cells (57). Given that Bubl is a protein kinase,
it islikely that the phosphorylation status of Sgol, which isdirectly or indirectly regulated
by Bubl, would modulate the activity of Sgol. To date, thereis no evidence indicating that
Bub1 directly phosphorylates Sgol. On the other hand, a recent study shed light on the
regulatory relationship between Bubl and Sgol. Bubl is capable of phorphorylating histone
H2A at Serine 121(S121) and the phosphorylated siteis critical for centromeric localization
of Sgol (25). In fission yeast, expression of Bubl kinase dead (Bub1-KD) cells abolishes
Shugoshin localization. This phenotype is mimicked by expression of an H2A mutant in
which S121 has been replaced a non-phosphorylatable form (25). In fact, Sgol is associated
with nucleosomes containing phosphorylated H2A-S121 (p-H2A-S121) through the
conserved SGO motif; forced localization of Shugoshin at centromeric heterochromatin in
Bubl-deficient cells restores Shugoshin localization and its biological function (25).
Consistent with the role of Bubl in targeting Sgol via chromatin, H2A-S121 is
phosphorylated along entire chromosome length in G, phase but its phosphorylation is
limited to centromeresin M phase (25). Similar results have also been found in human cells
(25). Therefore, Bubl phosphorylates H2A on S121, which in turn recruits Shugoshin/Sgol
to chromosomes. Additional factors like Suv39 may also affect Shugoshin localization
during the cell cycle (6-7).
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5. AN INTEGRATED MODEL

Recent studies revealed that spindle checkpoint proteins also played a significant role in
regulating histone modifications, suggesting a crosstalk between two seemingly discrete
molecular processes during mitosis. The following model is proposed to illustrate regulatory
relationship between mitotic components and histone modifications (Figure 2). After DNA
replication, the cohesin complex functions to “hold” together sister chromatids. Centromeric
cohesin isretained or protected by the combined action of Sgol and PP2A before anaphase
initiation. Suv39 tri-methylates H3K9 in heterchromatin, leading to the retention or
recruitment of Sgol; therefore results in the protection of centromeric cohesin. Moreover,
Bubl phosphorylates H2A T121 (H2A S120 in yeast), which in turn recruits Sgol to the
centromeres, reinforcing the integrity of the cohesin complex. Intriguingly, Bubl appears to
also function to suppress arm-localization of Sgol abeit its mechanism remains unclear.
Therefore, Bubl and Suv39 recruit Sgol to the centromeres through phosphorylation of
H2A T121 and tri-methylation of H3K9, respectively, which reinforces the spindle
checkpoint control during mitosis.
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Figure 1.

Known or proposed posttranslational modification sites of Sgol. (A) Amino acid residues
subject to posttranglational modifications in DrosophilaMei-S332. (B) Amino acid residues
subject to posttranglational modifications in mammalian Sgol. Phosphorylation sites
confirmed by /n vitrokinase assays are denoted by filled triangles. Amino acid residues
whose phosphorylation have not been verified are denoted by open triangles. KEN box is
highlighted in red and confirmed D box is highlighted in dark blue. Putative D boxes are
highlighted in light blue. Refer to Table 1 for Additional details.

Front Biosci (L andmark Ed). Author manuscript; available in PMC 2013 September 04.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Yao and Dai

Page 12

() Sgol
A PP2A

‘l' N
o

A model illustrating regulatory network of spindle checkpoint control and histone
remodeling. Arrows indicate positive regulation and red blocks indicate negative regulation.
The question marks denote the regulatory relationship remains unknown.
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Known or proposed sites of Sgol subject to phosphorylation or ubiquitination

Table 1
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Mmodification | Putativesite(s) Enzyme Invitroassay | Mutant assay | Molecular function
phosphorylation | Mei-S332 AuroraB yes yes Required for centromere localization in
Serine 124,125,126 meiosis!3
phosphorylation | Mei-S332 POLO yes yes Delocalization from chromosome®!
Serine 234, Threonine 331
phosphorylation | Human Sgol NEK2A yes yes Mutants lead to abnormal chromosome
Serine 14, 507 congression*?
phosphorylation | Human Sgol Aurora no no Reviewed in Ref.30
192-195,317-320,457-460
phosphorylation | Human short form Sgol Pkl no yes L ocalization to spindle poles®®
serine 73, threonine 146
phosphorylation | Human Sgol 365-370 Pkl no no Reviewed in Ref.30
phosphorylation | Human Sgol PKA no no Reviewed in Ref.30
456459, 476479
phosphorylation | Human Sgol Cdk no no Reviewed in Ref.30
346-349, 461-465
ubiquitination KEN APC/Cdhl | yes yes Needed with D box 438-446 for
ubiquitination®®
ubiquitination D box 438446 APC/Cdhl | yes yes Needed with KEN box for
ubiquitination*®
ubiquitination D box 192-200 APC/Cdhl | no yes Ectopic expression level istoo low to
determin®®
ubiquitination D box 457-565 APC/Cdhl | no yes Mutant leads to defects of chromosome

alignment and segregation®®
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