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The centromere is a key region for cell division where
the kinetochore assembles, recognizes and attaches to
microtubules so that each sister chromatid can segregate to
each daughter cell. The centromeric chromatin is a unique
rigid chromatin state promoted by the presence of the histone
H3 variant CENP-A, in which epigenetic histone modifications
of both heterochromatin or euchromatin states and associated
protein elements are present. Although DNA sequence is not
regarded as important for the establishment of centromere
chromatin, it has become clear that this structure is formed
as a result of a highly regulated epigenetic event that leads
to the recruitment and stability of kinetochore proteins. We
describe an integrative model for epigenetic processes that
conform regional chromatin interactions indispensable for the
recruitment and stability of kinetochore proteins. If alterations
of these chromatin regions occur, chromosomal instability is
promoted, though segregation may still take place.

Introduction

The centromere is an essential locus that is required for the
accurate segregation of genetic material during mitosis and
meiosis. It serves as a platform upon which the kinetochore
assembles; thus, it is a vital structure for mitotic spindle attach-
ment that is required to guide chromosomal movements during
cell division. Centromeres are vital in this task and serve a con-
served role in many organisms; however, there is a surprising
variability in the structure’s sequence and organization among
eukaryotes. Eukaryotic centromeres are characterized by the
presence of a histone H3 variant known as centromeric protein
A (CENP-A) in mammals.! Centromeres are located near or
within repetitive DNA sequences, but sequence specificity has
only been found in budding yeast. The budding yeast centro-
mere is determined by a 125 bp DNA element that is assembled
into a single Cse4 nucleosome, which captures a single micro-
tubule.? Other organisms lack this sequence specificity in such
a way that even centromeric DNA within the same organism
varies among chromosomes.

In humans, centromeres are defined by AT-rich repeats
called a satellites, which are based on a 171 bp monomer that
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is tandemly arranged into higher order arrays that extend from
0.2-5 Mb.? In human chromosomes, CENP-A is located on the
a satellite DNA. However, its binding does not appear to be
sequence-specific, as CENP-A is confined to just a portion of a
given multi-mega base array. It also does not bind to scattered
monomeric & satellite DNA or at inactive centromeres of natu-
rally occurring dicentric human centromeres that contain two
regions of « satellite DNA.*> Neocentromeres are ectopic centro-
meres formed de novo typically at regions of non-repetitive DNA
and may be formed locally at sequences near the centromere or
hundreds of kilobases away from a deleted centromere in gene-
poor regions with some repetitive sequence.’

The deposition of CENP-A to the centromere is mediated
by the histone chaperone HJURP (Holliday junction recogni-
tion protein). In particular, HHURP’s short N-terminal domain,
is responsible for specific and stoichiometric binding to the
CENP-A/H4 complex.”® The expression of HJURP chaperone
is tightly regulated since perturbation of its expression leads to
mitotic defects.’

a satellite monomers contain a 17 bp motif, known as the
CENP-B box that is recognized by centromere protein B
(CENP-B)."* CENDP-B is important during de novo centromere
assembly and for the proper phasing of centromeric nucleo-
somes, with the exception of human chromosome Y, which lacks
CENP-B boxes at the « satellite and does not associate with
CENP-B, although all other centromere proteins are recruited
to this site.!"!? Interestingly, in a satellites devoid of CENP-B
boxes or those that contain mutated CENP-B boxes, euchromatic
DNA and Y alphoid DNA do not form artificial chromosomes.*'?
These findings suggest that CENP-B is essential for centromere
formation and that a satellites are the preferred sequence for de
novo CENP-A assembly. However, not all a satellite sequences
can form de novo centromeres.!

To date, it has become increasingly clear that the chromatin
environment has a relevant impact on centromere determina-
tion and establishment. Nevertheless, the necessary genomic and
chromatin elements that establish and maintain the centromere
are still unknown. Moreover, it has been suggested that DNA
sequence alone is not always sufficient for centromere estab-
lishment or function, which supports theories postulating the
involvement of epigenetic or chromatin based mechanisms.

In this review, we focus on centromere chromatin structure
and its relationship with epigenetic regulation. We will also dis-
cuss centromere epigenetics as a cause of chromosomal instability

Epigenetics 3



(CIN) (for further review on centromere epigenetics, see refs. 15

and 16).
Centromere Chromatin and Epigenetics

One obstacle in the study of the chromatin environment at nor-
mal human centromeres is the nature of the repetitive sequence
and shared sequence regions at non-homologous centromeres,
making centromeres difficult to evaluate using molecular
approaches for long-range chromatin organization analysis. It
is known that centromeric chromatin in humans and flies are
arranged as CENP-A nucleosomes that are interspersed with
H3K4me2 nucleosomes.”” CENP-A is a histone H3 variant found
only at functional centromeres over which the kinetochore will

eventually assemble;'®"

it represents an epigenetic mark neces-
sary for centromere activation. Recently, high-resolution struc-
tural data for a CENP-A/H4 heterotetramer have been reported,
showing significant structural differences between CENP-A/H4
and the canonical H3-containing nucleosomes. Also, the crys-
tal structure of the human CENP-A has been reported, showing
specific differences with the H3 canonical histone, in particular
the loop 1 contains two extra aminoacid residues (Arg 80 and
Gly 81), which may stabilize centromere chromatin containing
CENP-A.2

CENP-A-mediated differences at centromeric chromatin
between CATD (CENP-A centromere targeting domain) and
H4 beginning at interphase alter the global physical properties
of the nucleosome, thus converting the nucleosome into a more
rigid structure. This finding supports the existence of a CENP-A-
driven self-assembly mechanism that mediates the maintenance
of centromere identity.*"*> These differences are essential for
centromeric incorporation of CENP-A nucleosomes and reveal
the contribution of the histone analog to a specialized chromatin
structure at the centromere that differs from typical heterochro-
matin and euchromatin.

Chicken centromeres also contain CENP-A nucleosomes
that are interspersed with H3K9me3 nucleosomes, although
H3K4me?2 is present in lower amounts.” In plants such as maize,
centromeres are also enriched with H3K9me2 and H3K9me3,
while exhibiting low enrichment levels of H3K4me2. Maize cen-
tromeric H3 domains are interspersed with H3K27mel*** and
high resolution studies of these centromeres also revealed the
presence of active genes within the region that are associated with
H3K4me2 and acH4 enrichment, suggesting that centromeres
are organized as euchromatic pockets surrounded by regions of
heterochromatin enriched with H3K9me2 (Fig. 1).%° Also, the
H3K4me2 histone mark is an essential part of the chromatin
environment of vertebrate kinetochore required for long-term
maintenance and function.?”

All together, these results suggest that centromeric chromatin
varies among different species. In spite of these dissimilarities in
histone modifications, some findings could be obscured due to
resolution limitations caused by the nature of these regions.

Centromere inactivation (centromeres without CENP-A incor-
poration) is considered an epigenetic phenomenon. Therefore,
inactive centromeres may adopt a chromatin configuration that is

4 Epigenetics

not compatible with centromere maintenance.?® The chromatin
environment in centromeres is different from the usual active and
inactive chromatin configuration. It has been suggested by study-
ing artificial chromosomes with integrated a satellite and TetO
sequences constructed to tether chromatin-modifying proteins,
both transcriptional activators and repressors, which disrupt cen-
tromere function on the artificial chromosomes. Thus, purely
euchromatic and heterochromatic environments are incompat-
ible with CENP-A assembly and maintenance.? It has also been
suggested that neither large domains of euchromatic nor hetero-
chromatic chromatin are required for the formation of functional
neocentromeres.” A closer analysis using a transcriptional repres-
sor, KAP1, targeted to the synthetic centromere of the artificial
chromosome resulted in the depletion of CENP-C and CENP-H
followed by depletion of CENP-A, thus providing more evidence
for a hierarchy of centromere disassembly in which CENP-A is
one of the last proteins to be removed from a centromere that
is being inactivated.” However, it remains unclear whether the
changes in chromatin promote CENP disassembly or if CENP
removal allows heterochromatin to replace centromere chroma-
tin. In this respect, it has been shown that histone H3-containing
nucleosomes readily replace sites of CENP-A occupancy when
this protein is depleted, but when overexpressed, CENP-A
can replace sites of histone H3 assembly.”” Considering that
H3K9me3 is a marker that is thought to function as a limiting
factor or antagonist of CENDP-A chromatin, the overall ratio of
chromatin containing CENP-A to heterochromatin may be more
important than just the simple presence or absence of a particular
modification.?*%

H3K27 methylation is another epigenetic mark that defines
heterochromatin, and in some species of plants it has been asso-
ciated with centromeres in which H3K27me2/me3 enrichment
promotes centromere inactivation of two centromeres of a tricen-
tric chromosome in wheat (Fig. 1).* Thus, the modification of
histone marks in either a heterochromatic or euchromatic state
abrogates the capacity of the centromere from generating a kinet-
ochore. Therefore, modifications cause the loss of function to the
region during mitosis, which supports the significance of an epi-
genetic model in the establishment and regulation of the unique
centromeric chromatin (Fig. 2A).

The Kinetochore:
A Macromolecular Protein Complex

In eukaryotes, accurate chromosome segregation requires each
chromosome to interact appropriately with microtubules from
the mitotic spindle, which provides the structural framework
upon which chromosome segregation occurs. This interaction is
mediated by a macromolecular complex known as the kineto-
chore, which is a structure composed of more than 90 proteins
(Fig. 1).” The kinetochore must facilitate the interaction between
centromeric chromatin and dynamic microtubules to ensure the
bi-orientation of chromosomes on the metaphase plate and the
segregation of sister chromatids at anaphase.*

During S phase, CENP-A is equally segregated between
sister chromatids, but new CENP-A is not incorporated into
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Figure 1. Schematic representation of centromeric and pericentromeric chromatin and the formation of an epigenetic complex that further shapes
the kinetochore. Centromeric chromatin is shaped mainly by the presence of rigid CENP-A nucleosomes, interspersed H3-CENP-T/W complex and
interspersed histone H3 nucleosomes, that present the repressive marks, H3K9me2/me3 and H3K27me1/3 (diamond symbol indicates marks found
only in plants species and star symbol indicates marks reported in more than one species), active marks scattered throughout the region, H3k4me2
and acH4, and ncRNAs that form the foundation. This foundation then recruits the CCAN that will further link the other complexes that recruit the
microtubules needed for chromosome segregation. In mammals, many of the CENP proteins that form the inner centromere are recruited by DNA
interactions and histone mark-dependent proteins because there is evidence that Mis12C depends on HP1 for its incorporation into the kinetochore.
Aurora-B/INCENP is recruited from methylated pericentromeric chromatin in order for Mis12C to interact with NDC80C (represented by the brown
arrow). Aurora-B/INCENP dimer is removed from the kinetochore by phosphorylation of H3S10. Pericentromeric chromatin is mainly constitutive
heterochromatin composed of repetitive satellite DNA that is heavily methylated and enriched with repressive marks, principally H3K9me3 and scat-
tered H3K27me3, dependent on SUV39H1 and EZH1, which serve to recruit HP1, HDAC and DNMT. Pericentromeric chromatin is further stabilized and

centromeric chromatin until telophase and G1."* The signifi-
cance of this abnormal timing remains elusive, but it has been
suggested that this timing could represent a defense mechanism
against misincorporation and the subsequent assembly of the
kinetochore structures at non-centromeric sites caused by tempo-
rarily separating the incorporation of CENP-A from replication
and the incorporation of other histones.?” In some species, such
as Drosophila, CENP-A alone is sufficient to ensure kinetochore
formation; however, this is not true in human cells, and CENP-A
alone is not sufficient for complete kinetochore assembly in mito-
sis.*® Additional proteins are also required for the correct assem-
bly. To date, many approaches have been attempted to identify
core centromere components in mammals, and 15 proteins were
identified and defined as the constitutive centromere associated
network (CCAN)."#3%4 It has been suggested based on several
functional analyses that these proteins play a key structural role
in forming a stable foundation for dynamic kinetochore assembly
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and for providing a proper environment for new CENP-A incor-
poration."® It was also suggested that CCAN might also func-
tion to directly control microtubule dynamics.?’

Recently, the CENP-T/W complex has been shown to interact
stably with histone H3-containing nucleosomes.?” Although the
precise molecular organization of the histone H3-CENP-T/W
nucleosome population is not known, it has been suggested that
they are interspersed closely with CENP-A nucleosomes (Fig. 1).
The functional consequence of these assembly events would be an
expansion of the histone H3-CENP-T/W compartment within
post-replicative centromeric chromatin. The dynamic behavior of
proteins within this compartment kinetically parallels the active
establishment of the kinetochore complex. This suggests that the
CENP-T/W complex plays a functional role in kinetochore for-
mation following DNA replication.”!

It has been shown that CCAN proteins remain associ-
ated with centromeric chromatin through the entire cell cycle.
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Figure 2. Epigenetic disruption of the centromere and implications for chromosomal instability (CIN). (A) Schematic representation of centromere
disruption pathways by CENP-A upregulation and heterochromatization. (B) HP1 depletion causes that localization of Misc12C to the kinetochore is
reduced, which may promote microtubule misincorporation and kinetochore unsteadiness generating aneuploidy and CIN. (C) Chromosomal instabil-
ity generated by different mechanisms at centromeric and pericentromeric regions as a plausible early cause of cancer.

In conjunction with CENP-A, they may form a stable environ-
ment for the assembly of the mitotic kinetochore structure. DNA
binding activity or direct interaction with CENP-A has been
observed for several CCAN proteins.!*#4

The outer kinetochore plate and fibrous corona assemble upon
entry into mitosis and contain proteins required for interactions
with microtubules. These proteins include those with direct
microtubule binding activity, such as the KL1, Mis12, Ndc80
complex (Ndc80C) (together forming the KMN network),*
CENP-E and the Skal complex,® all of which are transient fac-
tors that modulate this interaction or monitor attachment status.”

Recent experiments on microtubule tension in human cells
treated with taxol helped map the internal architecture of the
kinetochore in the presence and absence of tension across kineto-
chore pairs. These studies identified surprising changes in the
organization of the layer structure, where the absence of ten-
sion leads to a reduced distance between inner kinetochore
proteins, such as CENP-C, and the microtubule interacting
complex Ndc80. However, the localization of inner kinetochore
proteins with respect to each other remained unchanged.* The
reduction of tension across kinetochores also caused striking
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rearrangements of components of the KMN network, suggesting
that some kinetochore-proteins complexes are more dependent
than others on forces exerted by microtubule interactions.

Although the kinetochore appears as a stable structure during
mitosis, it has recently been suggested that kinetochore proteins
are highly dynamic through the cell cycle. Whereas the inner
kinetochore proteins of the CCAN are present at the centro-
mere in a constitutive manner throughout the cycle, some outer
kinetochore proteins, such as the Mis12 complex (Mis12C) and
KLNI, are recruited in G2.” Because this recruitment is sug-
gested to prime centromere assembly, the assembly of remaining
components occurs at prophase and prometaphase to generate the
structure capable of binding to microtubules.

From the more than 90 proteins that contribute to kineto-
chore assembly, four groups have recently been suggested to
prime centromere assembly given their known functions: link-
ers, scaffolds, chaperones and structural stabilizers.”” However, a
striking feature of the vertebrate kinetochore is the massive reor-
ganization that takes place during mitosis. In a time period of
less than one hour, the kinetochore recruits more than 40 mitotic
components in a hierarchical manner and then subsequently
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disassembles these proteins to return to an interphase state. It has
been proposed that this process may be controlled by the presence
of the nuclear envelope, which restricts proteins from the nucleus
such that they are unable to associate with the kinetochore until

4 However, recent work

nuclear envelope break down occurs.
has demonstrated that at least some proteins are present within
the nucleus at times when they are not localized at the kineto-
chores, suggesting that the formation of the kinetochore during
mitosis is not necessarily blocked from assembly by the nuclear
envelope.”” Furthermore, post-translational modifications may
regulate kinetochore formation. Recent work has demonstrated
that the ubiquitin-like protein SUMO modifies CENP-1. When
CENP-I is extensively SUMOylated, it is targeted for degrada-
tion. Thus, for this protein to become incorporated into the
kinetochore during mitosis, the removal of the SUMO group by
the SUMO protease SENPG is required.”

Heterochromatin Protein 1: A Kinetochore Partner

Heterochromatin protein 1 (HP1) was first discovered in
Drosophila as a dominant suppressor of position-effect variega-
tion (PEV) and was later found to participate in the formation of
compact heterochromatin in an array of pericentric heterochro-
matin.”® Although initial studies demonstrated the role of HP1
in the formation of heterochromatin, especially in centromeric
and pericentromeric regions, it has become increasingly evident
that HP1 has multiple functions and is also present in actively
transcribed euchromatic regions.”” HP1 also plays a role in cen-

50 telomere maintenance’ and

tromeric sister chromatid cohesion,
DNA repair.* In humans, these functions are performed in a spe-
cific manner by each of the three subtypes of HP1 that have been
identified: HP1a, Hp1P and HP1y.>*

HP1 binds to histone H3 that has been methylated at lysine 9
by SUV39HI1 and, in turn, it recruits SUV39HI to the DNA,
which further propagates methylation along the chromatin.®
This relationship between HP1 and SUV39HL1 is conserved in
their Saccharomyces pombe homologs, Swi6 and Clr4,’° suggesting
evolutionary conservation of this mechanism of heterochromatin
formation. It has been demonstrated that Swi6 and other factors
are required for the establishment of de novo centromeres, but
not for their maintenance.”

The function of HP1 is highly important in the establish-
ment, propagation and maintenance of constitutive heterochro-
matin,”® especially at the pericentromeric region that has been
demonstrated to be enriched in the H3K9me3 and H4K20me3
marks, hypoacetylated histones H3 and H4 and highly meth-
ylated regions along the satellites repeats.”®® Due to its juxta-
position next to centromeric chromatin, it has been suggested
that the organization and stability of the pericentromeric region
is crucial to ensuring correct chromosomal segregation during
mitosis; therefore, this region is important for genome stabil-
ity.”>®" Increasing evidence has shown that the KMN network
in humans and flies is a binding partner of HP1, where HP1
may participate in recruiting and directing Mis12C to the cen-
tromere during interphase (Fig. 1).°%* It is also suggested that
the recruitment of Misl2 protein is performed by HP1.% Each
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HP1 subunit consists of a chromodomain, which binds to meth-
ylated H3K9, a hinge implicated in the regulation of the protein/
DNA/RNA interactions, and a chromoshadow domain, which is
responsible for dimerization and for the interactions with binding
partners containing the defined motifs comprise of the PXVXL
consensus.” These properties of the HP1 proteins give rise to
its function as an adaptor that enables other proteins to interact
with chromatin. Recently, in vitro analyses have suggested that
Mis12C dimerizes with HP1, but that its interaction with the
PVIHL motif located at residues 209-213 of protein NSLI is
largely responsible for binding to the PXVXL consensus.®*
Moreover, these results give rise to the following question.
If H3K9me3 functions as a boundary marker or an antagoniz-
ing marker for CENP-A,* why does a protein that is recruited
to the centromeric chromatin in a Suv39 h-dependent manner
play a major role in directing the Mis12C complex to the kineto-
chore? Is HP1 involvement regulated in a cycle-dependent man-
ner? Even though enrichment of H3K9me2 and H3K9me3 has
been found in the centromere, other marks, such as H3K4me2
and H3K27me3, have been found to be interspersed among
centromeres, as previously discussed. In vivo microscopic analy-
ses have demonstrated that human HPla and HP1B localiza-
tion has a specific role at different times during the cell cycle.
Thus, the localization of human HP1aw and HP1 to centromeric
heterochromatin at interphase and metaphase is exchanged.
Specifically, while in metaphase, HP1@ (which is preferentially
found at centromeric chromatin) is replaced by HPla (which is
typically located at pericentric and telomeric chromatin). These
exchanges are mediated by differences in HP1 chromoshadow
domain sequence.” Recently, in vitro protein interaction analyses
demonstrated that the DSNI-NSL1 dimer is a crucial binding
partner for HP1, Ndc80C and KNLIC. Therefore, HPla and
Ndc80C are competitive binders of Mis12C, suggesting that they

% Hence, for

have either identical or overlapping binding sites.
Ndc80C to localize to the kinetochore, it is necessary to displace
most of the HP1a from Misl2C. It is clear that this exchange
must occur rapidly and in a coordinated fashion during mito-
sis if chromosome segregation is to occur.®® The disruption or
abrogation of HP1 is believed to lead to the formation of some
tumors, and it may also be possible that the absence of HP1 may
lead to the loss of incorporation of Mis12C into the kinetochore.
Therefore, centromere structure and kinetochore relaxation fur-
ther promote CIN® (Fig. 2B).

It has been proposed that INCENP localizes to the Aurora-B/
AIM-1 complex in heterochromatin, where its kinase activity is
required for the dissociation of HP1 from chromosome arms in
mitotic cells. This process is mediated by the phosphorylation
of H3S10. It has also been shown that Aurora-B/AIMI regu-
lates the localization of SUV39H.” These results indicate that
Aurora-B/AIM1 is necessary for the regulated histone modifica-
tions involved in the binding of HP1 to centromere chromatin
during mitosis. However, it is not sufficient by itself to completely
regulate the localization of HP1 subtypes during mitosis, imply-
ing that other mechanisms are necessary for the event. Moreover,
strong evidence suggests that the HPla localized at the mitotic
centromeric heterochromatin contributes to the stability of sister
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chromatid cohesion or activation of the kinetochore checkpoint.
Reduced HPla at the metaphase centromere may be a cause of
chromosomal instability in cancer cells.”"’? Centromeres and
kinetochore formation seem to be directly or indirectly regulated
by epigenetic mechanisms in most eukaryotes. In particular, this
hypothesis is supported by the fact that several kinetochore com-
ponents are related to epigenetic factors. This finding suggests
the deregulation epigenetic components at the kinetochore com-
plex could lead to chromosome defects and the development of
chromosomal instability.

Chromosomal Instability:
Epigenetics and Centromere Involvement

Two major models of genetic instability have been described. The
first model is associated with microsatellite instability (MIN),
and the second describes CIN. Microsatellites are repeated
sequences of DNA that vary in length among individuals but
over the course of an individual’s lifetime, the lengths remain
constant. Abnormally long or short microsatellites of DNA are
referred as MIN. This phenomenon may be associated with
diseases such as cancer. Approximately 15% of colorectal can-
cers present a MIN phenotype.”> Meanwhile, CIN can develop
in two principal ways. One is related to abnormalities in chro-
mosome number, which mainly occur due to the gain or loss of
the whole chromosome (W-CIN); the other is associated with
an abnormal organization of the chromosome (S-CIN). This
faulty organization is characterized by structural changes of the
chromosomes by gain, loss or translocation of chromosome frag-
ments, which are mainly caused by breakage. This phenomenon
is associated with mitotic errors that allow chromosome misseg-
regation, which can lead to oncogenesis.” In particular, labile
regions of DNA, known as chromosomal fragile sites, are heri-
table and contain specific loci that are especially prone to break-
age and rearrangement.”” These sites lead to rearrangements of
large genomic regions by the insertions, deletions or transloca-
tions deriving in S-CIN. Thus, the CIN phenomenon promotes
the expression of altered oncogenes, the loss of tumor suppres-
sor genes and the deletion of several other genes, such as those
encoding microRNAs.”®

In cancer, CIN is associated with poor prognosis in solid
tumors and results in phenotypic variations that promote drug
resistance.”” CIN is a likely cause of tumor cell heterogene-
ity.”” One of the main hypotheses is that these tumors rapidly
acquire multidrug resistance, leading to lower rates of disease-
free survival.

It was previously believed that genomic instability develops
from strictly genetic mechanisms. However, there is now some
evidence that epigenetic processes are also involved. The pertur-
bation of the epigenetic balance may lead to alterations in gene
expression and CIN, resulting in cellular transformation and
cancer development (Fig. 2B and C).”®* DNA methylation, one
of the primary epigenetic processes, is performed by the addi-
tion of a methyl group to the cytosine base of DNA to form
5-methyl-cytosine (for more information, see refs. 79 and 80).
DNA methylation has been linked to the silencing of imprinting
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genes, X-chromosome inactivation and repetitive elements, lead-
ing to chromosome stability.®! A growing number of human dis-
eases linked to epigenetic defects are currently being studied. In
particular, DNA methylation in cancer gained attention with
studies reporting that there is local hypermethylation, mainly
at CpG islands and global hypomethylation in cancer.8% This
phenomenon is present in the majority of cancers, suggesting
that it plays an important role in oncogenic transformation.%-%
Recently, it has been suggested that epigenetic instability repre-
sents a theoretical alternative to genetic instability in cancer.®
Several cancers exhibit high degrees of DNA methylation. The
difference in the methylation degree gave rise to a tumor sub-
classification called a CpG island methylator phenotype or
CIMP. This classification represents a clinically and etiologi-
cally distinct group of tumors that is characterized by epigenetic
instability.®”

It has been reported that some colon cancers that demonstrate
genetic instability do not exhibit MIN nor CIN, but do present
the CIMP phenotype, suggesting the importance of epigenetic
deregulation in cancer.®® The CIMP-positive tumors are clinically
distinct from those in the rest of the patient population. These
differences could help improve the understanding of the tumor’s
origins. Several human genetic disorders have been linked to epi-
genetic deregulation, such as Prader-Willi, Angelman and Fragile
X syndrome,® but only one human genetic disease is currently
known to arise from a germline mutation, namely the immu-
nodeficiency, centromeric region instability and facial anomalies
syndrome (ICF).”° ICF is an autosomal recessive disease that
involves spontaneous CIN and immunodeficiency. The molecu-
lar basis for this disease is related to the mutation of DNA meth-
yltransferase 3B (DNMT3B). This disease is extremely rare and is
characterized by profound immunodeficiency due to the absence
of or significant reduction in the expression of at least two immu-
noglobulin isotypes.”

Diseases can have many causes, from a single nucleotide mod-
ification to structural changes at the chromosome level, genetic
damage, chromosomal rearrangements, mutations or germinal
and somatic deficiencies in genes associated with DNA repair.’?
However, the study of epigenetic components has become more
relevant in the last two decades because of its implications in
multiple cellular processes, such as transcriptional regulation,
differentiation and genomic protection against viral infections.
Deregulation of any of these processes is associated with the
development of syndromes and diseases such as cancer.”

An epigenetic component implied in CIN is CENP-A. This
protein has been reported to be overexpressed in primary colorec-
tal cancer.’® In particular, diminished levels of pRb have been
associated with the CENP-A overexpression and the induction
of hypodiploid aneuploidy. Bioinformatics analysis at the 5'
upstream sequence of the human CENPA gene revealed a poten-
tial E2F motif. This observation could explain the increase of
CENP-A transcript in pRb-depleted cells.”*® A novel hypoth-
esis is that CENDP-A overexpression might cause spreading along
the centromere heterochromatin through chromosome arms and
interfere with the correct kinetochore complex assembly, this
being a cause of genomic instability.”®
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It has also been reported that the overexpression and mislo-
calization of the CENP-A chaperone HJURP has been observed
in lung cancer cell lines. These observations were associated with
CIN and immortality of cancer cells.” In clinical trials, the over-
expression of HJURP was associated with an increased sensitivity
to radiotherapy but with a decreased survival in patients with
breast cancers.””

DNA methylation is another epigenetic process associated
with neoplastic disorders in many reports.”® Global hypometh-
ylation and local hypermethylation are broadly represented in
cancer, and it is suggested that they might promote CIN as a

83,86,98,9

result of gene expression deregulation. ? The gain or loss of

histone marks is associated with gene silencing at a local level'
and chromatin rearrangements at a global level; both have a pro-
found effect on the local function of the cell and can promote
certain diseases. Examples of histone modifying proteins include
the deregulation of histone methyltransferases, such as EZH2,
and the downregulation of HP1, either by the loss of H3K9me3
or gene mutations. Additionally, the inhibition or reduction of
HDAC levels at the centromeric region promotes the accumula-
tion of H3K9ac and H3K14ac, which is expected to cause a loss
of chromosomal segregation due to the acetylation-dependent
inhibition of H3K9me3 (Fig. 2C).®0"102

Therefore, it is clear that aberrant changes that modify
chromatin structure are important for chromosome stability.
Particularly, the co-existence of epigenetic components, such
as H3K9me3 and HP1, which are highly enriched at pericen-
tromeric chromatin regions and satellites, may strengthen the
hypothesis that HP1 is not only a component that helps establish
heterochromatin (thereby making it a protein that is associated
with genetic silencing) but is also an important scaffold protein
that is involved in kinetochore assembly. If HP1 is disrupted,
studies suggest CIN is promoted; therefore, HP1 disruption may

lead to cancer.>"®2

Non-Coding RNA: Covering the Centromere

Non-coding RNA (ncRNA) has become an increasingly studied
field of research in epigenetic studies, is believed to be involved
in chromatin regulation at the level of the centromeres and the
kinetochore.!'® There are many types of ncRNAs including
the following: small interfering RNAs (siRNAs), microRNAs
(miRNAs) and long ncRNAs. The expression of these RNAs has
a direct effect on chromosomal architecture. Moreover, the tran-
scription of siRNA from the satellite regions that form and sta-
bilize pericentromeric and centromeric DNA has been reported,
and this transcription is conserved in species such as Drosophila,
mice and humans. Although their function is not yet clear, it is
possible that they are involved in the establishment and regula-
tion of chromatin structure in pericentromeric and centromeric
regions.

Fission yeast centromeres resemble those of human in their
organization and epigenetic nature, but provide a simplified
model for the study of complex regional centromeres. The discov-
ery that ncRNA, specifically iRNA, directs chromatin modify-
ing activities to outer repeats of fission yeast centromeres, become

www.landesbioscience.com

a key precedent concerning heterochromatin formation.'” The
modulation of such heterochromatin formation is engaged by
RNA-induced silencing complexes (RISCs) which downregu-
late homologous gene expression.'” Its effect in transcriptional
gene silencing has been intensively studied in Sehizosaccharomyces
pombe, where members of the RNAIi pathway such as: Dicer,
Argonaute (agol), Chpl and the RNA-dependent RNA poly-
merase (Rdpl) plays an important role. Evidence suggest that
at sites of active RNAIi, chromatin-based activities drives the
formation of self-enforcing loop coupling siRNA biogenesis to
promote H3K9me2 expansion, where RNAP II transcription
of centromeric repeats together with chromodomain proteins
bound to H3K9me2 mediate recruitment of silencing factors.'®
Interestingly, in fission yeast, RNAP II transcribe centromeric
pre-siRNAs at heterochromatin, which act in transcriptional
gene silencing. These transcripts require a particular subunit of
RNAP II, Rbp7, for initiation of centromeric siRNA precursor
transcription that will drive centromeric chromatin silencing.'””

For efficient production of centromere repeat homologous to
be attained, siRNA is followed by the loading of RNA-induced
transcriptional silencing effector complexes (RITS). By means of
a component of RITS complex, Chpl, that contain a chromo-
domain that binds to H3K9me2 modification, RITS associates
with heterochromatin repeats.’®® RITS, along with its encapsu-
lated ss-siRNA, might be targeted to homologous chromatin via
siRNA-nacent transcript complementarity. The siRNA response
is amplified by the RNA-dependent RNA polymerase complex
(RDRC), which promotes further dsRNA, and thus, more
siRNA synthesis.'”

Recently, a surveillance mechanism was proposed, where
small RNA degradation products are generated independently of
Dicer or RDRC activities that becomes loaded to Agol. Such
Agol-priRNAs complexes engage homologous centromeric tran-
scripts and recruit Clr4 to promote basal H3K9me2 levels that
are sufficient to induce RNAi-mediated heterochromatin estab-
lishment.!”” However, similar Dicer-independent Ago mediated
small regulatory RNA have been characterized in zebrafish and
mice'll(l,lll

Moreover, centromeric ncRNA transcript might have dif-
ferent functions rather than heterochromatin propagation and
silencing. There is evidence that suggest that transcripts homolo-
gous to centromere-associated DNAs are detected in various
organisms, since then centromeric transcripts have been found
to associate with kinetochore proteins.">" In fission yeast, it has
been reported that Hrpl, an ATP-dependent remodeling factor
(orthologous to S. cerevisiae chdl), affects CENP-A deposition.'
In S. pombe, Hrpl facilitates the assembly of CENP-A analogous
to siRNA derived of outer repeats transcripts drive heterochro-
matin formation. Thus, Hrpl facilitates the assembly of CENP-A
chromatin, and becomes essential when MIs6 or CENP-A func-
tion is impaired. Also, Hrpl acts at a subset of gene promoters
to dissemble histone H3-containing nucleosomes close to the
transcription start sites, allowing the deposition of CENP-A-
nucleosome at the promoter of some genes in the centromere."
Such remodeling resembles the transcription-coupled replace-
ment of H3.1, H2A with H3.3 and H2A.Z in metazoans.!” The
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fact that Hrpl promotes H3-nucleosome eviction suggests that
similar remodeling processes may occur at RNAP II promoters
within centromeres. Therefore, it is possible that transcription
within centromeres occurs merely as a consequence of having
RNAP II promoters that might contribute to promote CENP-A

deposition.''¢

It is also possible that the discrete transcripts of
0.5 kb detected at centromere repeats could be processed into a
specific class of small RNAs that have a roll in CENP-A chroma-
tin formation and kinetochore assembly analogous to the siRNA
derived from outer repeats transcripts drive heterochromatin
formation. Interestingly, in S. cerevisiae it has been shown that
CENP-A also tends to associate with some RNAP II promoters
where RNAP II binding is enriched; however, not clear associa-
tion with CENP-A depositions has been observed.!®

In humans, recent analyses have found that the human chro-
matin remodeling factor FACT, whose function is implicated in
transcription, interacts with affinity purified CENP-A chroma-
tin.! Moreover, depletion of FACT was found to impair incor-
poration of newly synthesized CENP-A in chicken cells.?’ Taken
together, these results might give evidence of possible transcripts
regulated by FACT acting at centromere chromatin.

Hence, if centromeric chromatin in fission yeast and other
organisms contains RNPII transcripts that are implicated in
many processes at these regions, it is natural to think that such
transcripts can be modulated through cell cycle and devel-
opment. Such an example in development has been recently
explored in mammals, where pericentromeric chromatin flanks
the centromere; these regions are important in the stability of the
centromere and in kinetochore formation. It has been observed
that pericentromeric regions in mice, specifically the major satel-
lite region, present high peaks of transcription from the zygote
genome followed by rapid downregulation, which coincides with
the organization of the chromocenters. Particularly, the paternal
genome forward strand DNA was predominantly expressed, sug-
gesting that this paternal bias might reflect the asymmetry in his-
tone marks between maternal and paternal pericentric domains."”?
This evidence strongly supports the idea that pericentric satellites
have an important functional role during embryo development.

In cancer, it has been reported that the ncRNAs transcripts
are expressed in repetitive satellite regions in some solid tumors,
suggesting that their deregulation could be involved in the carci-

nogenesis process.'*’

Alternatively, extensive studies of miRNAs have revealed their
importance in the regulation of multiple gene targets, includ-
ing key epigenetic components. Interestingly, the overexpression
of EZH2 deregulates multiple miRNAs, especially miR-26a,
miR-101 and miR-98, in many types of cancers, such as lung,
gastric and nasopharyngeal cancer and glioblastoma. Given that
ncRNAs are shown to play a key role in establishing the char-
acteristic heterochromatin epigenetic patterns necessary for cen-

tromere regions, they may function as structural components.'*

Conclusion and Final Remarks

Centromeric chromatin regions are highly structured and regu-
lated during the cell cycle, leading to the formation of one of
the most complex macromolecular machineries that function
to maintain genetic information for progeny. It is clear that
this huge assembly of proteins must be regulated at many levels
and is not dependent on DNA sequence. Centromeres must be
an epigenetically regulated region that is needed to generate a
unique rigid chromatin state, as defined by the CENP-A nucleo-
some surrounded by a constitutive heterochromatin region. The
conjunction of the centromeric chromatin and euchromatin and
heterochromatin is indispensable for the recruitment and sta-
bility of kinetochore proteins. If alterations of these chromatin
regions occur, chromosomal instability is promoted, although
segregation may still take place. This disruption could occur in
the early stages of cancer development, supporting the fact that
epigenetic mechanisms might be one of the first steps of carcino-
genesis. However, there are still many open questions regarding
centromere epigenetics and how it regulates kinetochore assem-
bly as well as how the communication between centromeric and
pericentromeric chromatin is established.
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