Post-translational Modifications
of Centromeric Chromatin

Ana Garcia del Arco and Sylvia Erhardt

Abstract Regulation of chromatin structures is important for the control of DNA
processes such as gene expression, and misregulation of chromatin is implicated in
diverse diseases. Covalent post-translational modifications of histones are a
prominent way to regulate chromatin structure and different chromatin regions bear
their specific signature of histone modifications. The composition of centromeric
chromatin is significantly different from other chromatin structures and mainly
defined by the presence of the histone H3-variant CENP-A. Here we summarize the
composition of centromeric chromatin and what we know about its differential
regulation by post-translational modifications.

Abbreviations

aa Amino acid

C. elegans Caenorhabditis elegans

CAL1 Chromosome alignment defect 1
CID Centromere identifier (Drosophila)
Dam Deoxyadenosine methylase

D. melanogaster Drosophila melanogaster

Dnmt DNA methyltransferase

HACs Human artificial chromosomes
HAT B Histone acetyltransferase B
HDACs Histone Deacetylases

HFD Histone fold domain

HJURP Holliday junction-recognition protein
H3 Histone 3

LSD1 Lysine-specific demethylase 1

A. Garcia del Arco - S. Erhardt
Center for Molecular Biology of Heidelberg (ZMBH), DKFZ-ZMBH Alliance,
Heidelberg University, Im Neuenheimer Feld 282, 69120 Heidelberg, Germany

S. Erhardt (D<)

Cell Networks Excellence Cluster, Heidelberg University, Im Neuenheimer Feld 282,
69120 Heidelberg, Germany

e-mail: s.erhardt@zmbh.uni-heidelberg.de

© Springer International Publishing AG 2017 213
B.E. Black (ed.), Centromeres and Kinetochores, Progress in Molecular
and Subcellular Biology 56, DOI 10.1007/978-3-319-58592-5_9



214 A. Garcia del Arco and S. Erhardt

PTM Post-translational modifications

PcG Polycomb group

Plk Polo-like kinase

RCC1 Regulator of chromatin condensation 1
Rdx Roadkill

S. cerevisiae Saccharomyces cerevisiae

S. pombe Schizosaccharomyces pombe

TrxG Trithorax group

Z. may Zea mays

1 Chromatin

In the nuclei of all eukaryotic cells, genomic DNA is highly folded, constrained,
and compacted by both histone and non-histone proteins in a dynamic polymer
called chromatin. Chromatin is organized in the dynamic structuring of nucleo-
somes, which represent the basic repeating unit of the chromatin fiber. Each
nucleosome is formed by 146-147 bp of chromosomal DNA tightly wrapped
around an octamer of proteins comprising two subunits each of the canonical
histones H3, H4, H2A, and H2B, or variants of these histones (Davey et al. 2002;
Luger et al. 1997).

Histones are small basic proteins consisting of a globular domain, called the
histone fold domain (HFD), and a more flexible and charged NH,-terminus (histone
tail). These flexible N-terminal tails of the four core histones undergo a range of
post-translational modifications (PTMs), including acetylation, methylation, phos-
phorylation, ubiquitination, sumoylation, ribosylation, and many others
(Hatakeyama et al. 2016). These covalent modifications reveal a “histone code” that
is involved in generating epigenetic information, the code that is ‘above’ (greek
‘epi’) the genetic code by influencing the state of chromatin structure and function
(Jenuwein and Allis 2001; Kouzarides 2007). The two most distinct chromatin
states are euchromatin, which is mainly found on chromosome arms and comprises
most of the protein-coding genes. In contrast, heterochromatin is more compact,
highly condensed, and most prominently found at telomeres and in vicinity to
centromeres (Grewal and Elgin 2007).

The transcriptional consequences of histone modifications are revealed either as
a result of the direct biophysical consequences of the modification, or through the
catalytic activities of proteins and complexes that recognize and bind these
specifically modified histones. For instance, acetylation, which reduces the net
positive charge on the nucleosome, results in decreased stability of the histone
associations with the negatively charged DNA, facilitating access of chromatin
associating factors and promoting, most prominently, transcription. Therefore,
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by balancing levels and activities of histone acetyltransferases (HATs) and
deacetylases (HDACs), which, respectively, add and remove acetyl groups from
histones (and other proteins), transcription can be activated or repressed (Bannister
and Kouzarides 2011). In contrast, the effects of histone methylation appear to be
transmitted more indirectly, as the addition of a methyl group does not modify
histone chain charge. Methylated histones rather seem to serve as a recognition
platform for protein complexes that bind to chromatin and remodel its compaction,
localization, and transcriptional activity (Cohen et al. 2011).

Apart from covalent modifications occurring at histone tails, the DNA sequence
can also be chemically modified. A detailed description of DNA modifications is
beyond the scope of this chapter, but it is important to mention that there is sig-
nificant crosstalk between histone PTMs and DNA modifications, and that these two
gene expression regulatory phenomena can be dependent on each other. For
instance, DNA methylation has been proposed to serve as a template for establishing
particular PTMs on newly synthesized histones after DNA replication (Cedar and
Bergman 2009). DNA methylation is the classic example of a heritable epigenetic
mark, specifically at CpG islands, which are maintained in a semi-conservative
manner by the activity of the DNA methyltransferase 1 (Dnmtl) (Jones and Liang
2009). DNA methylation is found symmetrically on parental strands, each daughter
strand therefore contains one methylated strand acting as a template for faithfully
maintaining the methylation pattern at the newly synthesized DNA strand.

2 Machineries of Histone Post-translational
Modifications (PTMs)

The addition and removal of histone PTMs are considered key regulatory processes
of chromatin function. Enzymes which catalyze the addition of PTMs to histones
are often referred to as “writers.” The added modifications are then recognized by
so-called “readers” (proteins which are sensitive to the PTMs presented by the
histones), and, ultimately, some of them by “erasers” (enzymes which catalyze the
removal of these marks) (Falkenberg and Johnstone 2014). The actions of these
proteins are crucial for the dynamic regulation of histone modification levels on the
chromatin fiber, since most PTMs have a writer/eraser pair with opposing effects.
For example, histone acetylation is regulated by the opposing actions of HATs and
HDACS, and phosphorylation is regulated by the activity of kinases and phos-
phatases. The fine regulation of these enzyme activities determine whether histone
PTMs contribute to short-term chromatin regulation (immediate functions) or
long-term chromatin changes (heritable function). In cellular signaling events, rapid
responses to environmental stimuli necessitate a high turnover rate of histone
PTMs, whereas defining and maintaining chromatin structures, such as constitutive
heterochromatin, throughout the cell cycle or from one cell generation to the next,
requires constant PTMs with little dynamics (Turner 2007).
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3 PTMs in Epigenetic Inheritance

Epigenetics is generally defined as heritable changes in gene activity and expression
that occur without altering the underlying DNA sequence (Bird 2007; Goldberg
et al. 2007). Epigenetics is therefore often considered a link between genotype and
phenotype. Besides DNA methylation (which is not found in all species), histone
PTMs are a major regulatory entity for epigenetic chromatin regulation and func-
tion, since they determine heritable differences in chromatin states. Important
players at all stages of histone and chromatin regulation (including PTM modula-
tion) are histone chaperones. They associate with newly synthesized histones, help
transport them into the nucleus, and associate them to DNA (Avvakumov et al.
2011).

Epigenetic inheritance and the transmission of information beyond the DNA
sequence during cell division is crucial for maintaining differential gene expression
patterns during development and differentiation, and also for the development of
many diseases (Heard and Martienssen 2014). The known association of histone
chaperones and chromatin-modifying enzymes to the replication fork highlights
that, at least for some of these marks, their inheritance is of crucial importance for
cell viability and function.

An epigenetic role for histones was first proposed in 1980 (Stein 1980), but it
was almost 20 years later, in 1997, when the first mechanistic understanding of how
histone PTMs mediate the inheritance of silenced chromatin was reported, using
budding yeast as a model (Sherman and Pillus 1997). More and more examples of
histone-mediated inheritance were discovered in higher eukaryotes, including
humans, resulting in more effort to unravel the epigenetic roles of PTMs. Today, the
information on different epigenetic roles of PTMs is overwhelming and summarized
elsewhere (Allis and Jenuwein 2016).

4 Maintenance of PTMs Throughout Cell Cycle

Chromatin in proliferating cells is highly dynamic. During cell cycle, there are two
major events involving a global chromatin reconstruction. First, during S-phase,
newly synthesized histones must be correctly incorporated with nascent DNA, and
histone PTMs must be reestablished (Annunziato 2005). Second, major chromatin
remodeling and distributional changes of chromatin-associated factors occur during
mitosis; most prominent is the condensation of chromosomes and the phosphory-
lation of histone H3S10 (Hsu et al. 2000).

In the case of histone modifications, canonical histones are displaced and
replaced during S-phase and DNA replication. During DNA replication, chromatin
is disassembled prior to the replication fork and reassembled on the two daughter
strands. How PTMs of recycled and newly incorporated histones are faithfully
passed from one generation to the next is not yet fully understood. Alabert et al.
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have recently examined the maintenance of histone PTMs after DNA replication in
HeLa cells and propose two modes for the transmission of histone modifications at
the replication fork: (i) most of the PTMs on parental old histones are retained and
newly synthesized histones collect PTMs to become identical within the same cell
cycle; and (ii) gradual modification of both new and parental histones. In the case of
the H3K9me3 and H3K27me3 marks on new H3, more than one generation is
required to complete the trimethylation. As these marks are therefore diluted in half
after replication, a potential loss of cellular memory could result (Apostolou and
Hochedlinger 2013). However, this is counterbalanced by the continual modifica-
tion of both new and old histones.

The results of Alabert et al. suggest that histone PTMs are transmitted at the
replication fork and would be in contrast to the observation of complete deletion of
PTMs in experiments using Drosophila embryos, where the TrxG and PcG
histone-modifying enzyme complexes remain associated during replication and
reestablish the histone modifications after S-phase (Petruk et al. 2012).

5 Centromeric Chromatin: CENP-A, the Epigenetic
Marker for Centromere Identity

The proper segregation of genetic information during cell division is crucial to
maintain genomic integrity. Errors in segregation can lead to abnormal chromo-
some number—known as aneuploidy—which is linked to human disease (Kops
et al. 2005). Accurate segregation during mitosis is mediated by the centromere, a
chromosomal chromatin region of each sister chromatid that serves as a chromatin
foundation for kinetochore formation and as a chromosome attachment to the
mitotic microtubule spindle (Przewloka and Glover 2009).

Despite differences in complexity, one common centromere feature is conserved
among species: the replacement of the canonical histone H3 with the histone H3
variant CENP-A in a subset of centromeric nucleosomes (Allshire and Karpen
2008). The underlying DNA sequence is fast evolving and not conserved between
species (Murphy et al. 2005). With the exception of some yeast species such as
Saccharomyzes cerevisiae and Kluyveromyces lactis, the centromeric DNA
sequence alone seems insufficient to confer centromeric identity, and it is, therefore,
widely accepted that centromeres are regulated epigenetically (Karpen and Allshire
1997).

CENP-A is structurally similar to the canonical histone H3. The C-terminus
contains a globular HFD that shares 62% sequence homology with the HFD of
canonical H3 (Sullivan et al. 1994). The HFD of CENP-A, like all histone proteins,
consists of three a-helices linked by two loops (Arents et al. 1991). In addition to
mediating the interaction with histone H4, CENP-A’s HFD contains the critical
structural features that are needed to deposit CENP-A to centromeres, i.e., loopl
(L1) and a-helix 2, which build up the CENP-A targeting domain (CATD), a region
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that is necessary and sufficient to promote centromeric targeting (Black et al. 2004).
In contrast to the HFD, the N-terminal tail of CENP-A is very diverse and varies in
length between different species as discussed later (Smith 2002). X-ray crystal-
lography has revealed that CENP-A and canonical nucleosomes are structurally
very similar, and both types of nucleosomes wrap their DNA in a left-handed
manner (Tachiwana et al. 2011). The precise composition of centromeric nucleo-
somes has been a subject of controversy over the past years, however, most evi-
dence points to an octamer as the predominant centromeric structure (Dunleavy
et al. 2013). Differences in the octameric structure of CENP-A-containing nucle-
osomes may be mediated by the binding of CENP-C, which can reshape these
nucleosomes into a more rigid structure (Falk et al. 2015).

6 PTMs of Centromeric Chromatin

Despite the essential role of CENP-A for most centromeres, the chromatin envi-
ronment created by the presence of specific PTMs on all histone species at cen-
tromeres is just as important. In most species, centromeres are organized with a
central region that is defined by the presence of CENP-A-containing nucleosomes,
surrounded on both sides by flanking heterochromatin (pericentric chromatin)
(Blower and Karpen 2001; Blower et al. 2002; Partridge et al. 2000). The PTMs on
histones present at human centromeres indicate that centromeric chromatin is nei-
ther heterochromatic nor euchromatic. This unique mixture of repressive and per-
missive histone marks has been termed “centrochromatin” (Sullivan and Karpen
2004).

The PTMs of centromeric chromatin can be sorted in four different categories
depending on their localization: PTMs (i) of the pericentromeric region, (ii) of
nucleosomes adjacent to CENP-A containing nucleosomes, (iii) of CENP-A con-
taining nucleosomes, and (iv) of CENP-A itself (Fig. 1).

6.1 Modifications of the Pericentromeric Region

As mentioned before, chromatin is generally divided into distinct types: tran-
scriptionally ‘open’ euchromatin and tightly packaged, ‘closed’ heterochromatin. It
is now clear that this “open” or “closed” classification is an oversimplification, and
more precise subdivisions of chromatin structures have been proposed based on
specific PTMs and the protein associated with these modifications (Filion et al.
2010). Early studies have shown that centromeres are surrounded by heterochro-
matin (Lima de Faria 1949), and following studies have found that these pericen-
tromeric regions are indeed containing hypermethylated H3K9 that is dependent on
the Suv39h histone methyltransferases as a typical repressive mark of heterochro-
matin (Peters et al. 2003; Rice et al. 2003). Similar to centromeres, the surrounding
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Fig. 1 Different possible localizations of PTMs at centromeric chromatin. A generalized diagram
is shown, indicating the composition of chromatin in distinct regions of the chromosome arm

pericentromeric heterochromatin is characterized by hypoacetylated canonical his-
tones. However, in contrast to centromeres, pericentric chromatin is characterized
by dimethylation (flies and fission yeast) or trimethylation (in mammalian cells) of
H3K9 (Noma et al. 2001). Another repressive mark present at the pericentromeric
region is H3K27me3, which may serve slightly different or additional functions for
instance a compensatory mechanism for the loss of K9 methylation, causing
redistribution of this mark to the region, preserving in this manner the repressive
state (Lam et al. 2006). Trimethylation of H4K20 is another marker of constitutive
heterochromatin that is present in DNA repetitive regions, focally enriched at
pericentric heterochromatin. All these repressive marks index pericentric hete-
rochromatin in a sequential model. After H3K9 and H3K27 methylation occurs, the
heterochromatin protein 1 (HP1) binds, further recruiting Suv4-20h enzymes,
which trimethylate H4K?20, reinforcing the heterochromatic state of pericentromeric
chromatin (Schotta et al. 2004). HP1 dissociation from heterochromatin is regulated
by the Aurora B phosphorylation of H3S10 in M-phase (Fischle et al. 2005). The
levels of HP1 dissociation, however, seem to vary in different model systems. In
Drosophila cultured cells, for instance, HP1 is still detectable on metaphase
chromosomes (Rosic et al. 2014).

The presence of heterochromatin in pericentromeric regions is also required to
ensure recruitment of cohesin protein complex, which holds sister chromatids
together until anaphase onset (Sakuno et al. 2009; Yamagishi et al. 2008).
Moreover, heterochromatin of pericentromeric regions is restricted to a particular
portion as shown in Schizosaccharomyces pombe, where centromeres are sur-
rounded by chromatin barriers containing tRNA genes (Scott et al. 2006). It is also
important to note that there is a correlation between heterochromatin and neocen-
tromere establishment at least in some species: neocentromere formation is reduced
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in mutants of the S. pombe H3K9 methyltransferase Clr4, suggesting that hete-
rochromatin positively influences neocentromere formation (Ishii et al. 2008).
Consistently, stable hotspots of overexpressed CENP-A in Drosophila cells
are preferentially established at euchromatin/heterochromatin boundaries (Olszak
et al. 2011).

While repressive marks on the canonical histones H3 or H4 play a role in
establishing centromeric chromatin, histone variants (apart from CENP-A) can also
do so but are less well understood. For instance, the H3 variant H3.3 replaces the
canonical H3.1 in nucleosomes of pericentromeres, telomeres, and regions of active
transcription in a replication-independent manner (Chow et al. 2005; Wirbelauer
et al. 2005). During mitosis, H3.3S31 is phosphorylated by CHKI1 at pericen-
tromeric regions (Hake et al. 2005). H3.3S31ph then spreads along the chromosome
arm in lagging or misaligned chromosomes, causing p53-dependent cell cycle
arrest. Mitotic H3.3S31ph has been unraveled recently, as a sensor to promote
nuclear p53 accumulation in aneuploidy daughter cells, thereby preventing and
suppressing aneuploidy (Hinchcliffe et al. 2016).

6.2 Modifications of H3 Nucleosomes Adjacent to CENP-A
Containing Nucleosomes

Examination of extended chromatin fibers has revealed that CENP-A nucleosomes
occupy discrete domains that are interspersed with chromatin containing canonical
histone H3 (Blower et al. 2002; Sullivan and Karpen 2004; Zinkowski et al. 1991).
In contrast to the repressive marks at pericentromeres, canonical histone H3 within
centromeric chromatin contains some marks that are usually specific for open
chromatin, e.g., K36me2 (Bergmann et al. 2011). At the same time, other typical
euchromatic modifications, such as acetylation of H3 and H4, are missing, but so
are typically silent chromatin marks, such as H3K9me3 (Sullivan and Karpen
2004). The inhibition of HDAC activity by trichostatin A (TSA) leads to hyper-
acetylated centromeres and chromosome segregation defects in S. pombe, and
prolonged mitotic arrest in HeLa cells (Shin et al. 2003), suggesting that histone
marks are crucial for cell cycle progression and accurate segregation.

Using human artificial chromosomes (HACs), Bergmann et al. found H3K36me
as a new centrochromatin modification. This modification is normally associated
with transcription elongation, supporting observations that centromeres are tran-
scriptionally active (Bergmann et al. 2011). This study also found that H3K4me2
plays a role in CENP-A maintenance. H3K4me2 depletion at the alphoid' cen-
tromere of the HAC by tethering the lysine-specific demethylase 1 (LSD1) causes a
reduction of CENP-A incorporation as a result of the loss of the CENP-A chaperone
HJURP at centromeres, suggesting that this modification is involved in the
recruitment of HIURP to centromeres.
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A more recent study shows that CENP-A-proximal nucleosomes containing
canonical histones are not uniformly modified, but bear complex combinations of
PTMs. They confirm the presence of H3K4me2 and H3K36me2/3, and show that
these modifications exist in combination with methylation (and some low levels of
acetylation) on different lysines of the same histone, predominantly H3K9 (mono-,
di-, and trimethylations), and H3K27 (mono, di, and trimethylation) (Bailey et al.
2015). Regulating the balance between H3K9ac, which promotes CENP-A
assembly, and H3K9me3, which inhibits it, may be crucial not only for kineto-
chore assembly but also for genome stability (Ohzeki et al. 2012). In conclusion,
the distinct combination of histone modifications associated with centrochromatin
distinguishes it from bulk chromatin, thereby creating a chromatin environment
crucial for facilitating the centromere function and its propagation.

In addition to establishing a unique chromatin environment, some marks
established only during specific processes such as mitosis are also important for
centromere function. For instance, the mitotic kinase haspin is responsible for H3T3
phosphorylation and this mark is specifically enriched at H3 nucleosomes of the
centromeric core of mitotic chromosomes (Kelly et al. 2010; Wang et al. 2010;
Yamagishi et al. 2010) and has been proposed to guarantee proper chromosome
congression to the metaphase plate for faithful segregation of sister chromatids
during anaphase (Dai and Higgins 2005).

6.3 Modifications of CENP-A Containing Nucleosomes

X-ray crystallography studies showed that human CENP-A and H4 interact to form
a heterotetramer (Sekulic et al. 2010; Tachiwana et al. 2011). H4 associated with
pre-nucleosomal CENP-A is acetylated in a manner that is essentially identical to
H4 in complex with pre-nucleosomal H3. The three predominant acetylation sites of
H4 are the o-N-terminus, which is modified constitutively during translation (Hole
et al. 2011), and lysines K5 and K12, which are acetylated by histone acetyl-
transferase B (HAT B) (Chang et al. 1997). Acetylation of H4 at K5 and K12 is
found within the pre-nucleosomal CENP-A-H4-HJURP complex and requires
RbAp46/48 for its subsequent successful localization of CENP-A to centromeres
(Shang et al. 2016).

In contrast to chromatin-associated centromeric H4, pre-nucleosomal CENP-A
associated histone H4 lacks K20me (Bailey et al. 2015). H4K20mel has been
reported to be enriched at centromeres and essential for correct kinetochore
assembly (Hori et al. 2014). Bailey et al. also found that the most abundant form of
centromeric H4 in cycling cells bore H4K20me2. However, as they discussed,
H4K20me2 is a common modification within general chromatin and the ubiquitous
nature of H4K20me?2 makes it unlikely to play a unique role in centromere identity.

In S. cerevisiae hypoacetylation of H4K16 at centromeres has been reported to
be important for kinetochore function, since its deregulation leads to failures in
chromosome segregation (Choy et al. 2011).
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6.4 Modifications of CENP-A Itself

The CENP-A N-terminal tail is enriched in arginines and lacks most of the
well-characterized lysines of histone H3 that are targets for modification.
A divergence is not only found between CENP-A and other canonical histones or
other variants, but also between CENP-A orthologs from different species. The
N-terminal tails of CENP-A orthologs vary significantly in length (for instance, 20
aa in S. pombe versus 200 aa in Caenorhabditis elegans) (Smith 2002). Like other
histones, CENP-A 1is also subjected to post-translational modifications. Depending
on the modification, the effect will influence CENP-A stability, structure, or posi-
tioning. What is special to CENP-A modifications is that many of these PTMs affect
the recruitment of kinetochore components. However, for most of the so far dis-
covered PTMs of CENP-A we know very little about their catalysis, dynamics, and
function.

Phosphorylation. The CENP-A N-terminus is phosphorylated on S16 and S18
already in prenucleosomal CENP-A, and these marks are important for reliable
chromosome portioning during division (Bailey et al. 2013). The phosphorylation
state of Drosophila CENP-A varies with its subnuclear localizations since mass
spectrometry analysis detected cytoplasmic CENP-A peptides in unmodified,
mono-, and dephosphorylated form (most prominently at S20ph and S75ph),
while nucleoplasmic CENP-A peptides were only detected as unmodified and
monophosphorylated (S77ph) peptide (Boltengagen et al. 2015).

Apart from regulating the passage of the newly synthesized protein through
different pre-assembly complexes, phosphorylation of CENP-A can impair its
deposition at centromeres. CDK1 phosphorylates CENP-A at S68, which interferes
with CENP-A binding to its loading factor HJURP and, therefore, with its depo-
sition to centromeric chromatin prior to mitotic exit (Yu et al. 2015; Zhao et al.
2016). At the time of CENP-A loading onto centromeric chromatin this phospho-
rylation is removed by the phosphatase PP1a. However, in long-term cell survival
assays, S68 phosphorylation seems dispensable for CENP-A function and cellular
survival, challenging the finding that S68 phosphorylation is necessary for CENP-A
recognition by HJURP and therefore faithful loading (Fachinetti et al. 2017).

CENP-A is also phosphorylated by Aurora A and B at S7 and this modification
is required for mitotic progression and proper kinetochore function. CENP-A-S7ph
is initially established by Aurora A in prophase and this is required for Aurora B
restriction to the inner centromere, the maintenance of CENP-A phosphorylation at
S7 by Aurora B from late prophase to metaphase, and for recruiting the inner
kinetochore protein CENP-C (Goutte-Gattat et al. 2013; Kunitoku et al. 2003). The
maize ortholog of CENP-A is phosphorylated at S50 during chromosome segre-
gation, in a temporal pattern very similar to the S7ph in human CENP-A (Zhang
et al. 2005).

Methylation. CENP-A N-terminus not only bears phosphorylation sites, but is
also a-trimethylated on Glyl by the N-terminal RCC1 methyltransferase NRMT,
though it is unclear how NRMT activity is regulated (Bailey et al. 2013).



Post-translational Modifications of Centromeric Chromatin 223

The o-N-methylation has previously been reported to facilitate the chromatin
localization of the regulator of chromatin condensation 1 (RCC1), a key player in
nucleocytoplasmic transport, mitosis, and nuclear envelope assembly (Chen et al.
2007). The addition of three methyl groups on CENP-A implies the introduction of
a conformational change that mediates DNA interactions. The conservation of the
CENP-A N-terminal motifs among different species and the fact that most of
CENP-A nucleosomes carry Glme3 points to the importance of this modification.

In S. cerevisiae a single nucleosome defines the centromeric region and therefore
constitutes a so-called point centromere (Morey et al. 2004). In the essential
N-terminal domain of Cse4 (CENP-A ortholog), R37 is methylated and this
modification is proposed to positively regulate the recruitment of the complete
kinetochore complex and consequently control proper chromosome segregation
(Samel et al. 2012).

Acetylation. Apart from the phosphorylations already discussed that affect
CENP-A localization within the cell, CENP-A-K105ac has been described in
Drosophila cytosolic prenucleosomal CENP-A but not in nuclear extracts
(Boltengagen et al. 2015). Therefore, this prenucleosomal modification might be
important for its association with chaperones and/or for its import into the nucleus,
as has been shown for H4 acetylation at K5 and K12 (Lassallette et al. 2011).
Human CENP-A has also been reported to be acetylated at K124 in
G1/S-phase-derived cells, a residue located within the HFD closer to the C ter-
minus. Adding an acetyl group to K124 neutralizes the positively charged lysine
surface, supposedly loosening the DNA-histone interface and increasing the
accessibility of the CENP-A nucleosomal interior to non-histone proteins or to
chromatin remodelers (Bui et al. 2012). It was proposed that this CENP-A K124ac
functions in “priming” or “blocking” CENP-A K124 for ubiquitylation until the
M-phase.

Ubiquitylation. At the same residue as the previously discussed acetylation,
CENP-A can be ubiquitylated (K124ub) by the CUL4A-RBX1-COPS8 complex
in vivo and in vitro. Acetylation of CENP-A serves as a signal for its deposition at
centromeres. The ubiquitylation at this residue occurs in the M and G1 phases and
is required for efficient interaction with HJURP to properly localize CENP-A at
centromeres and is, therefore, essential for CENP-A loading onto chromatin
(Niikura et al. 2015). This study has recently been contradicted by Fachinetti et al.
who found no evidence for CENP-A-K124ub to be important for loading or
maintenance of CENP-A (Fachinetti et al. 2017). CENP-A mono-ubiquitylation
seems epigenetically inherited through dimerization between cell divisions and this
inheritance is important for the control of CENP-A deposition and maintenance
at centromeres (Niikura et al. 2016). Similar to the human K124ub, mono-
ubiquitylation of Drosophila CENP-A by the E3 ligase CUL3/RDX has been
reported (Bade et al. 2014). Mono-ubiquitylation stabilizes CENP-A that is bound
to its loading factor CAL1. The CALI interaction to the ubiquitin machinery
mediates the mono-ubiquitylation of CENP-A and, therefore, its accurate loading,
securing that chromosomes segregate correctly.
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Fig. 2 PTMs of centromeric chromatin. Summary of the PTMs present at histones composing the
core centromere and the pericentromeric region, and at CENP-A itself. Mitosis-specific PTMs are
labeled with asterisk and PTMs specific of certain species are also marked (Dmel Drosophila
melanogaster, Sc Saccharomyzes cerevisiae, Sp Schizosaccharomyzes pombe, Zm Zea mays)

Mono-ubiquitylation of CENP-A seems to be important for its stability, but
ubiquitin is normally used to poly-ubiquitylate proteins, thereby marking them for
degradation by the proteasome. In the case of CENP-A, proteolysis of residual,
spare, or overproduced CENP-A helps to prevent its spreading into euchromatin in
several organisms and restrict loading to centromeric chromatin only (Hewawasam
et al. 2010; Moreno-Moreno et al. 2006, 2011; Ranjitkar et al. 2010).

Taken together, post-translational modifications present on centromeric chro-
matin at different levels impact the prenucleosomal assembly, nuclear import, and
the pre-loading states of CENP-A, as well as the formation of centromeric chro-
matin and kinetochore formation, allowing centromeres to mediate faithful mitosis
and meiosis (Fig. 2).
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7 Phosphorylation of Non-histone Proteins,
Regulatory Effect of Kinetochore Activity

As already mentioned, the interaction between the centromere-attached kinetochore
and the microtubules ensures the precise segregation of chromosomes in mitosis as
well as in meiosis. For accurate regulation, kinetochore components are also
post-translationally modified in large numbers. The most commonly known PTM of
kinetochore proteins is phosphorylation. Two prominent kinase families at the
kinetochore are Polo and Aurora that phosphorylate many proteins at centromeric
regions during the cell cycle. Nevertheless, other kinases such as mpsl, haspin,
Cdkl, or bubl are key regulators of mitotic progression that function at or near
centromeric chromatin and are essential for correct cell cycle progression in mitosis
(Bayliss et al. 2012).

The Polo-like kinases (Plk) compose a family of structurally related Ser/Thr
kinases that are highly conserved from yeast to humans. They have multiple cell
cycle functions, e.g., coordinating the entry into M-phase by the activation and
control of cyclin-dependent kinase 1 (CDK1) (Archambault and Glover 2009).
Strikingly, Polo kinases localize to the centromeric and kinetochore regions and
have been shown to be required for initial CENP-A deposition in human cells. Plk1,
which is the most extensively studied among the four mammalian Plks, is required
downstream of CENP-C localization, and its substrate is M18BP1, a subunit of the
kinetochore protein family Mis18 complex. The phosphorylation of M18BP1 by
PIk1 promotes the centromeric localization of Misl8 complex, thereby licensing
centromeres for CENP-A deposition (McKinley and Cheeseman 2016). Plkl
localization has been suggested to be dependent on phosphorylation of inner cen-
tromere protein (INCENP) by CDKI1. However, it is difficult to rule out whether
these modifications directly mediate Plk1 localization to the kinetochore, or whe-
ther it is a secondary effect of other aspects in kinetochore assembly. Furthermore,
PIk1 seems to act as a sensor of tension at the kinetochore. Plk1 phosphorylates
BubR1 at S676 and thereby stabilizes kinetochore—microtubule interactions during
mammalian mitosis (Elowe et al. 2007).

A second important family of conserved kinases involved in chromosome seg-
regation is the family of Aurora protein kinases. This Ser/Thr-direct kinase family
encompasses Aurora A, B, and C. Aurora B has been implicated in many cell cycle
processes, including chromosome condensation, segregation, sister chromatid
cohesion, and cytokinesis (Carmena et al. 2009). Aurora B is part of the chromo-
somal passenger complex (CPC), that it is also composed of INCENP, Borealin,
and Survivin. Localization of the CPC is dynamic during mitosis and is an indi-
cation of the multiple roles of the CPC. Aurora B, along with CDK1, contributes to
sister chromatid’s resolution by phosphorylating the cohesion-stabilizing protein
Soronin (Nishiyama et al. 2013). CPC also regulates kinetochore to microtubule
attachments and activation of the mitotic checkpoint until chromosomes become
bi-oriented (Mufioz-Barrera and Monje-Casas 2014). Whether and how these
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phosphorylated proteins interact with PTMs of centromeric histones or of other
enzymes that act on histones is likely to be an area of intense research in the future.

Remarkably, DNA processes can also regulate kinase function. For instance,
transcription at the centromere plays an important role in kinetochore assembly,
since noncoding RNAs are required for regulating the activation and localization of
Aurora B (Blower 2016; Ferri et al. 2009; Jambhekar et al. 2014).

8 Conclusion and Perspectives

In summary, a vast array of PTMs regulate centromeric chromatin and centromere
function. Like the rest of the genome, modifications of centromeric chromatin exist
in a unique pattern that specifies centromere identity. While previous research on
PTMs relied on site-specific antibodies, these methods are replete with technical
obstacles. As a result of the progress in protein mass spectrometry, many new
aspects of these modifications have been unraveled. Single-cell epigenomic meth-
ods are also very rapidly developing, which have the potential to polish our
understanding of histone modifications in a more detailed manner. Single-cell
DamlID could also support genome wide analysis of histone modifications by using
Dam fusion with specific histone readers or modifiers.

Improving and refining our knowledge about histone modifications that occur in
particular cells at defined moments will improve our understanding of how epi-
genetic processes crosstalk with one another, and their role in stemness, develop-
ment, and disease.
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Glossary

Histone It describes the hypothesis that the genetic information encoded in

code the DNA with a four-letter code is controlled by diverse
post-translational modifications of histones which act in combination
to provide binding sites for specific regulatory proteins depending on
the combinatorial use of histone modifications.

PTM Post-translational modifications are covalent modifications of pro-

teins catalyzed by enzymes, which occur after proteins translation is
completed.
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