
Chapter 7
Centromeres Transcription and Transcripts
for Better and for Worse

Pia Mihìc, Sabrine Hédouin, and Claire Francastel

Abstract Centromeres are chromosomal regions that are essential for the faithful
transmission of genetic material through each cell division. They represent the
chromosomal platform on which assembles a protein complex, the kinetochore,
which mediates attachment to the mitotic spindle. In most organisms, centromeres
assemble on large arrays of tandem satellite repeats, although their DNA sequences
and organization are highly divergent among species. It has become evident that
centromeres are not defined by underlying DNA sequences, but are instead epige-
netically defined by the deposition of the centromere-specific histone H3 variant,
CENP-A. In addition, and although long regarded as silent chromosomal loci,
centromeres are in fact transcriptionally competent in most species, yet at low levels
in normal somatic cells, but where the resulting transcripts participate in centromere
architecture, identity, and function. In this chapter, we discuss the various roles
proposed for centromere transcription and their transcripts, and the potential molec-
ular mechanisms involved. We also discuss pathological cases in which unscheduled
transcription of centromeric repeats or aberrant accumulation of their transcripts are
pathological signatures of chromosomal instability diseases. In sum, tight regulation
of centromeric satellite repeats transcription is critical for healthy development and
tissue homeostasis, and thus prevents the emergence of disease states.
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7.1 Satellite DNA Underlies (Peri)centromeric
Chromosomal Regions

Centromeres are chromosomal domains specialized in the faithful segregation of the
genetic material between daughter cells at each cell division. In most higher eukary-
otes, centromeres are made up of satellite DNA, i.e., large arrays of short, mostly A/
T-rich, DNA sequences repeated in tandem over chromosomal domains that can
range from hundreds of kilobases (Kb) to tens of megabases (Mb) on each centro-
mere. Different families of satellite DNA define two distinct functional chromo-
somal domains (Choo 2001) with distinct chromatin landmarks (Karpen and Allshire
1997), i.e., the centromere per se and the juxta- or pericentromeric domains. The
centromere is defined by the presence of unique nucleosomes, in which histone H3 is
replaced by its variant called CENP-A in humans (Cse4 in budding yeast, Cnp1 in
fission yeast, and CID/CenH3 in fruit flies) (Earnshaw and Rothfield 1985), inter-
spersed with canonical nucleosomes. The CENP-A nucleosomal domain creates a
platform for the assembly of a proteinaceous structure known as the kinetochore, that
links chromosomes to mitotic spindle microtubules (Palmer et al. 1991; Fukagawa
and Earnshaw 2014; Gambogi et al. 2020). CENP-A deposition is tightly regulated
and mediated by a specific histone chaperone Holliday Junction Recognition Protein
(HJURP) (Dunleavy et al. 2009; Foltz et al. 2009), although it remains unclear how
HJURP directs CENP-A to its default location (Hoffmann and Fachinetti 2017). In
juxta- or pericentromeric position, satellite repeats are enriched in repressive epige-
netic marks which makes up the bulk of constitutive heterochromatin in mammals
(Schueler and Sullivan 2006; Eymery et al. 2009b; Saksouk et al. 2015), and to
which several functions have been assigned, including in sister chromatid cohesion
at centromeres (Pidoux and Allshire 2005), maintenance of genome stability (Peters
et al. 2001), and functional organization of the interphase nucleus (Wijchers et al.
2015; Muller et al. 2019; Francastel et al. 2000).

In contrast to the presence of CENP-A nucleosomes being the main and evolu-
tionary conserved determinant of centromere identity, with very few exceptions in
some insect lineages and kinetoplastids (Akiyoshi and Gull 2014; Drinnenberg et al.
2014; Navarro-Mendoza et al. 2019), the evolution of the underlying DNA
sequences has been quite dynamic and gave rise to highly divergent centromere
organization (Malik and Henikoff 2009). Phylogenetic analysis also found little
evidence for satellite sequence conservation, which contrasts with the ancestral
conserved structure of tandem repeats at telomeres (Meyne et al. 1989). Centromeres
in different species display a wide variety of sequences, repeats organization, and
chromosomal positions (Melters et al. 2013; Plohl et al. 2014), that can even diverge
between chromosomes of the same species like in human andDrosophila (Bracewell
et al. 2019; Sullivan and Sullivan 2020). Tandem repeats are highly prevalent at
(peri)centromeres of most animal and plant genomes, and monocentric centromeres
are the fundamental unit for chromosome inheritance in most species. However,
chromosomes in certain insects lack a primary constriction and have adopted
holocentric centromeres, i.e., in which the activity of the kinetochore extends over
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the whole chromosome arms, and therefore lacks a satellite repeats signature
(Drinnenberg et al. 2014). There are also examples of atypical, yet functional,
centromeres that spontaneously form on unique non-satellite sequences. Originally
described in humans, the so-called neocentromeres are functionally and structurally
similar to endogenous centromeres but lack the underlying repetitive sequences
(Scott and Sullivan 2014). In the domestic horse, the discovery of satellite-less
centromeres with variable positions among individuals (Giulotto et al. 2017)
reinforced the idea that centromeres are defined, at least in part, by a centromere-
specific histone variant, and not by the underlying DNA sequences.

Besides the abundance of repeats and association of centromeres with
pericentromeric heterochromatin domains in most eukaryotes, a 17 base-pair
(bp) motif is also highly conserved throughout species and called the CENP-B-
box (B-Box). This sequence is the consensus binding site for the CENP-B protein,
the only centromeric protein with sequence-specific DNA-binding activity
(Masumoto et al. 1989). CENP-B protein is itself highly conserved, although its
essential nature is debatable since certain centromeres lack a B-box in their satellite
repeats, like on the human Y chromosome (Jain et al. 2018), and because CENP-B
seems dispensable in the mouse (Kapoor et al. 1998). The development of human
artificial chromosomes (HAC) has been instrumental in the determination of the
minimal requirements for a functional centromere in terms of protein factors and
DNA sequences (Bergmann et al. 2012). Many reports highlighted that both satellite
DNA and CENP-B were necessary for de novo assembly of centromeres and HAC
formation (Ohzeki et al. 2002; Masumoto et al. 2004), although alternative ways to
establish a centromere during HAC formation have been reported (Logsdon et al.
2019), still questioning CENP-B requirement for establishment or maintenance of
centromeres.

7.1.1 Examples of Centromere Organization Across Species

The budding yeast Saccharomyces cerevisiae and some relatives represent some sort
of exceptions in the centromere world. In these organisms, a so-called “point
centromere” is defined by short and unique sequences on which the centromere-
specific nucleosome is positioned (Lechner and Ortiz 1996; Furuyama and Biggins
2007). This is in contrast with other eukaryotic organisms that feature regional
centromeres assembled on kilo- to megabase-scale arrays of tandem repeats at the
primary constriction site of the chromosome, and at which CENP-A nucleosomes
are interspersed with canonical ones (Blower et al. 2002). The yeast
Schizosaccharomyces pombe centromeres are composed of a 4–7 Kb-long central
core element (ctr) flanked by centromere-specific innermost repeats (imr) sequences
and pericentric outer repeats (otr), with an overall size range of 30–110 Kbs
depending on the chromosome (Polizzi and Clarke 1991). In maize, centromeres
are composed of CentC repeat of 156 bp, which form tandem arrays that span
180 Kb, separated by one or more copies of centromeric retrotransposable
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(CR) elements. Similar organization at centromeres is shared by the fruit fly Dro-
sophila melanogaster, where the centromere is primarily composed of AATAT and
TTCTC satellites, interspersed with complex A/T-rich repeats and mobile elements
(Sun et al. 2003; Chang et al. 2019).

A model of choice for the study of centromere organization is the laboratory
mouse Mus musculus due to its fairly homogeneous centromeres across all chromo-
somes (Kalitsis et al. 2006). The basic repeat unit in murine centromeres, called a
minor satellite, is 120 bp-long and repeated in tandem over about 600 Kbs, which
represents around 0.45% of the mouse genome. Murine chromosomes are telocen-
tric, meaning that the centromere is nearly adjacent to the telomere of the short
chromosome arm. On this short arm, minor satellite repeats are flanked by a
retrotransposable DNA element, the truncated Long Interspersed Nucleotide Ele-
ment 1 (tL1) and clusters of telocentric tandem (TLC) repeats, which share between
74% and 77% of homology with minor satellites, but lay in the opposite orientation
(Kalitsis et al. 2006). On the long chromosome arm, the flanking pericentromeric
domains are made up of tandem repeats of 234 bp-long major satellite repeat units
over around 6 Mb and representing up to 3% of the mouse genome (Choo 1997;
Kalitsis et al. 2006).

As opposed to homogeneous murine satellite repeats, each human centromere
shows distinct polymorphisms in the number and sequence of α-satellite repeats
(Aldrup-Macdonald and Sullivan 2014). Centromeric regions contain 171 bp-long
α-satellite repeat units arranged in a tandem head-to-tail fashion, into higher-order
repeat (HORs) units, themselves repeated in a largely uninterrupted fashion up to
5 Mb. The re-iteration of the HOR forms the centromeric α-satellite array, with
occasional interruptions by transposable elements (She et al. 2004). In a given HOR,
individual α-satellite repeats may only share 50–70% sequence similarity, whereas
different HORs from the same chromosome share up to 98% of homology (Miga
2019). Neighboring pericentromeric regions account for about 4% to 5% of the
human genome. They can be made of three types of satellite repeats: type I, which
are formed by an alternation of 17 and 25 bp monomers and are restricted to
chromosomes 2, 3, and acrocentric chromosomes. Type II and type III satellites
are made of a 5 bp-long GGAAT repeat unit, found on all chromosomes, although
unevenly distributed over several Mb. Notably, large blocks of heterochromatin in
juxtacentromeric position on the long arm of chromosomes 1, and 16, or the long
arm of chromosome 9, are composed of satellites type II or III, respectively (Vourc’h
and Biamonti 2011).

All in all, the few unifying features in centromere organization across eukaryote
kingdoms pose somewhat of a paradox given the essential nature of centromeres for
the maintenance of genome integrity and the conserved functions and dynamics of
kinetochores. Perhaps the most common characteristic of DNA sequences underly-
ing centromeres is that they are transcriptionally competent in most of the species
studied.
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7.2 Transcription of Centromeric Repeats and Their
Transcripts

At a time when recognition of the relatively pervasive aspect of genome transcription
was in its infancy, the findings that (peri)centromeric satellite repeats could be
transcribed have almost gone unnoticed. However, transcription at centromeric
repeats was hinted at by the existence of centromeric transcripts in murine cells
(Harel et al. 1968; Cohen et al. 1973) and in lung cells of the newt Taricha granulosa
(Rieder 1978).

Nowadays, both the transcription of centromeric repeats and its products, the
centromeric RNAs (cenRNA), are viewed as a conserved feature of centromeres in a
broad range of organisms (Table 7.1), including yeast (Volpe et al. 2002; Choi et al.
2011; Ohkuni and Kitagawa 2011), plants (Topp et al. 2004; Du et al. 2010), beetles
(Pezer and Ugarković 2008),Drosophila (Grewal and Elgin 2007; Rošić et al. 2014),
amphibians (Varley et al. 1980; Diaz et al. 1981; Blower 2016), mouse (Rudert et al.
1995; Bouzinba-Segard et al. 2006; Ferri et al. 2009), and humans (Chan et al. 2012;
Quénet and Dalal 2014; McNulty et al. 2017). Interestingly, work using a structur-
ally dicentric chromosome that contains two α-satellite arrays demonstrated that
RNA Polymerase II (RNA Pol II) localizes at active centromeres, i.e., at which the
kinetochore assembles, but not at the inactive one (Chan et al. 2012), although
another study reported that inactive arrays can also produce cenRNAs but just less
stable than those originating from active arrays (McNulty et al. 2017).

In essence, in the absence of conserved centromeric DNA sequences across
species, it is tempting to speculate that transcription through centromeric repeats
or their derived transcripts may be functionally relevant to centromeres identity or
function.

7.2.1 Regulation of Centromere Transcription/Transcripts
Levels

Most of our knowledge of centromeric repeats transcription has been inferred from
the existence of transcripts with centromeric sequences. Yet, the consequence of
their highly repetitive and near-identical nature in some species is that they are
mostly absent from reference genomes and specifically excluded from high-
throughput sequencing analysis. Yet, transcripts with sequences of the identified
centromeric repeat units can be found in various databases, including Expressed
Sequence Tags (EST) databases. In addition, dedicated experimental testing of the
levels of cenRNAs in a given tissue or at a specific developmental stage argued
against the idea of simple transcription noise and even provided evidence for some
level of transcriptional regulation. The challenge is rather to determine whether the
observed differences in transcript abundance are the result of transcriptional or
posttranscriptional control mechanisms.
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In most species, the levels of cenRNAs appear to vary with particular develop-
mental stages and with cell types, tissues, or organs. They have been detected in
coleopteran insect species at all three developmental stages: larvae, pupae, and
adults (Pezer and Ugarković 2008). In chicken and zebrafish, transcripts from an
α-like satellite repeat are detected during early embryogenesis but are limited to the
cardiac neural crest, the head, and the heart (Li and Kirby 2003). During mouse early
development, pericentromeric major satellite RNAs (pericenRNAs) start being
detected at the 2-cells stage and are required for the major reorganization of the
nucleus that occurs at this stage, most notably characterized by the assembly of
pericentromeric heterochromatin nuclear compartments, concomitantly with zygotic
gene activation (Probst et al. 2010). In somatic cells, murine cen- and pericenRNAs
accumulate with terminal differentiation, a process also accompanied by major
spatial reorganization of constitutive heterochromatin compartments and changes
in gene expression programs (Terranova et al. 2005; Bouzinba-Segard et al. 2006).

Transcription of centromeric repeats seems to be also regulated during the cell
cycle. In cycling murine cells, cenRNAs begin to accumulate at the end of S phase
and peak in the G2/M phase, just before the onset of mitosis (Ferri et al. 2009). This
accumulation coincides with the late S phase when murine centromeres are being
replicated (Müller and Almouzni 2017), although no formal demonstration that this
would facilitate active transcription has been established. In human cells, the levels
of cenRNAs do not change throughout the cell cycle (McNulty et al. 2017), although
a recent study showed that their levels could fluctuate and peak in G2/M (Bury et al.
2020). In contrast, active RNA Pol II has been detected at human centromeric repeats
in G1 (Quénet and Dalal 2014), when cenRNAs levels are low (Bury et al. 2020).
More strikingly, elongating RNA Pol II was detected at mitotic centromeres in
humans and mice (Chan et al. 2012). This is paradoxical since mitosis is regarded
as a phase during which the bulk of the genome is transcriptionally silent (Christova
and Oelgeschläger 2002), and this RNA Pol II localization could represent storage or
bookmarking for further transcriptional activation when cells reenter the cell cycle.
However, incorporation of fluorescent uridine-50-triphosphate nucleotides (UTP) at
the mitotic centromere suggested that human and murine centromeres are indeed
actively transcribed during mitosis (Chan et al. 2012).

7.2.2 Mechanisms of Transcriptional Regulation

7.2.2.1 Transcriptional Machinery at Centromeric Repeats

The characteristic organization of most satellite DNA sequences is based on tandem
repeats devoid of canonical promoter sequences, which led to the proposal that they
could be transcribed by read-through from upstream genes or promoters of trans-
posable elements, which is the case in maize (Topp et al. 2004). It should be noted
that not all centromeres, like the human Y chromosome, may contain transposon
sequences (Miga et al. 2014). In addition, a candidate TATA-box has been identified
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within human α-satellite sequences, as well as an SV40 enhancer-core sequence with
spacing and orientation characteristic of RNA Pol II-transcribed genes (Vissel et al.
1992). The hypothesis that cryptic promoter elements are present within repeat
sequences would not be surprising since, like any genomic sequence, centromeric
repeats are stuffed with consensus binding sites for regulatory proteins. Some of
these binding sites have long been known to serve as entry sites for the basal
transcriptional machinery, like GATA sites, in place of a canonical TATA-box
(Aird et al. 1994). Of note, consensus binding sites for GATA factors (WGATAR
in which W indicates A/T and R indicates A/G) are frequently occurring in mam-
malian genomes, including at murine and human centromeric repeats, although
occupancy by GATA-family members has not been described.

Whether cells have adapted to the fortuitous binding of various transcription
factors to genomic loci essential for their survival is not known. Nevertheless, it may
explain why centromere transcription appears to be regulated depending on cellular
contexts, and hence, may rely on context-specific transcription factors. In addition,
accumulation of cenRNAs of the size of a repeat unit in the mouse suggested that
each repeat unit might contain a transcription start site (Bouzinba-Segard et al.
2006), although we cannot exclude that posttranscriptional processing of longer
transcripts occurs, which is discussed below.

The question of the RNA polymerase(s) involved, and the means employed to
regulate transcription of centromeric repeats, is also important. Centromeres of both
budding and fission yeast are transcribed by RNA Pol II (Ohkuni and Kitagawa
2011; Sadeghi et al. 2014). In beetles, the presence of a cap structure and poly
(A) tails in a subset of cenRNAs, termed PRAT, is also indicative of RNA Pol
II-dependent transcription (Pezer and Ugarković 2008). Differential inhibition of
RNA Pol I, II, and III and detection of active RNA Pol II at humans (Quénet and
Dalal 2014; McNulty et al. 2017) and murine (Chan et al. 2012) centromeres
indicated that RNA Pol II orchestrates the transcription of their centromeres.

In sum, RNA Pol II seems to be responsible for most part of the transcription of
both point and regional centromeres, suggesting that transcription of this essential
chromosomal domain has been conserved throughout evolution.

7.2.2.2 Transcription Factors

Compatible with the plethora of putative consensus binding sites for transcription
factors in centromeric sequences, activators and repressors have been identified to
control transcription of satellite repeats in various systems in a similar mode to the
regulation of gene promoters.

In S. cerevisiae, the transcription factor Centromere-binding protein 1 (Cbf1) has
been implicated as an activator of centromere transcription in an RNA Pol
II-dependent manner (Ohkuni and Kitagawa 2011), although this is still debated.
Indeed, other studies reported the upregulation of cenRNAs in cells lacking Cbf1, in
association with chromosomal instability through the downregulation of the protein
levels and mislocalization of CENP-A, HJURP, and components of the
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Chromosome Passenger Complex (CPC) (Ling and Yuen 2019; Chen et al. 2019).
Along the same line, Htz1 (human homolog of H2A.Z) was identified as a transcrip-
tional repressor since its deletion resulted in an upregulation of cenRNAs levels
(Ling and Yuen 2019). Interestingly, the double invalidation of Cbf1 and Htz1
resulted in an additive effect on the upregulation of cenRNAs, suggesting that
these two proteins operate in distinct pathways to repress centromere transcription
(Ling and Yuen 2019). Noteworthy, Cbf1 is conserved among species with point
centromeres, but not in eukaryotic species that have regional centromeres.

The Daxx-like motif-containing GATA factor Ams2 was actually one of the first
transcription factors shown to be required for centromere function in S. pombe (Chen
et al. 2003). Ams2 is a cell cycle-regulated factor that occupies centromeric chro-
matin in S phase where it is required for SpCENP-A deposition, although if this
occurs through promoting transcription of cenRNAs has not been established.
Again, whether a role for GATA factors is conserved among species has not yet
been tested.

The only reported transcriptional regulator for transcriptional activation at murine
and human centromeric repeats is the Zinc Finger and AT-Hook Domain Containing
(ZFAT) protein, through binding to the ZFAT box, a short sequence present at
centromeres of all chromosomes in mouse and human (Ishikura et al. 2020). In
mammals, more is known about the transcription of the neighboring pericentromeric
satellite repeats. In the mouse, transcriptional repressors YY1 (Shestakova et al.
2004), C/EBPα (Liu et al. 2007), and Ikaros (Brown et al. 1997; Cobb et al. 2000)
appear to bind directly to major satellite sequences, although their link with tran-
scriptional repression of these repeats has not been tested. In contrast, heat-shock
transcription factor 1 (HSF1) has been shown to promote transcriptional activation
of Sat III repeats in response to cellular stress in human cells (Jolly et al. 2004; Rizzi
et al. 2004).

7.2.2.3 Histone Marks and DNA Methylation

In addition to occupancy by transcription factors, epigenetic modifications are likely
to participate in the control of the transcription of centromeric repeats. In contrast to
nearby pericentromeric heterochromatin, and in addition to CENP-A-containing
nucleosomes, centromeres exhibit marks of euchromatin such as dimethylation of
lysine 4 of histone H3 (H3K4me2) and lack of heterochromatin marks such as di-
and tri-methylation of lysine 9 at histone H3 (H3K9me2 or me3) (Sullivan and
Karpen 2004). In addition, a hypoacetylated state at centromeres seems to be
conserved across eukaryotes (Wako et al. 2003; Sullivan and Karpen 2004; Choy
et al. 2011). More specifically, hypoacetylated lysine 16 of histone H4 (H4K16) was
shown to be required for kinetochore function and accurate chromosome segrega-
tion, although the link with transcriptional competence of centromeric repeats was
not assessed (Choy et al. 2011). More recently, acetylated lysine 4 of histone H3
(H3K4ac) was described at centromeres, at which it is required for the centromeric
localization of the chromatin reader Bromodomain-containing protein 4 (BRD4),
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which in turn recruits the RNA Pol II (Ishikura et al. 2020). At pericentromeric
satellite repeats, SIRT6, a member of the Sirtuin family of deacetylases, has been
implicated in the maintenance of their silent state through deacetylation of histone
H3 at lysine 18 (H3K18ac) (Tasselli et al. 2016). Knockdown of SIRT6 caused an
aberrant accumulation of pericenRNAs associated with mitotic errors through
desilencing of pericentromeric repeats, which also lent support to the importance
of heterochromatin maintenance in centromere function.

Additional important insights into the causal roles of histone modifications for
transcription at centromeres came from the study of human artificial chromosomes
(HACs) in which a CENP-B box was replaced by a tetracycline operator (tetO).
Demethylation of H3K4me2, through targeting of the Lysine-Specific histone
Demethylase 1A (LSD1) to the tetO sequence, induced a strong decrease in centro-
mere transcription associated with impaired recruitment of HJURP, the CENP-A
chaperone (Bergmann et al. 2011). This study provided a nice demonstration of a
causal link between a specific activating histone mark, transcription of centromeric
repeats, maintenance of CENP-A, and kinetochore functions.

Ubiquitination of histones is also important for the transcription of satellite
repeats, with activating or repressive roles for ubiquitination of histone H2B or
H2A (H2A-Ub; H2B-Ub), respectively (Zhu et al. 2011; Sadeghi et al. 2014). Loss
of function of the Breast Cancer type 1 susceptibility protein (BRCA1) in cancer
cells led to reduced H2A-Ub at pericentromeric satellite repeats, accompanied by
their transcriptional derepression and loss of heterochromatin integrity (Zhu et al.
2011). Knockdown of Ring Finger Protein 20 (RNF20), the ubiquitin ligase respon-
sible for H2B-Ub in S. pombe, led to reduced levels of transcription and nucleosome
turnover at centromeres, associated with impaired centromere function. These data
suggested that H2B-ub is essential for the maintenance of active centromeric chro-
matin (Sadeghi et al. 2014).

In contrast to their divergent sequence and structure, a common feature of
mammalian satellite sequences is their methylated state at CpG dinucleotides, the
main context for DNA methylation at least in mammals, which is also a major
epigenetic mechanism to consider. The density of methylatable CpGs is higher at
pericentromeres, which is consistent with their heterochromatin status, whereas
centromeric repeat units in mice and humans contain only 2 to 3 CpGs per repeat
unit. At repetitive elements, DNA methylation has been implicated in the inhibition
of transposition and mitotic recombination between repeats, in part through
maintaining these elements in a silent state (reviewed in Saksouk et al. 2014;
Francastel and Magdinier 2019; Scelfo and Fachinetti 2019). However, our vision
of the direct relationship between DNA methylation and transcriptional states of
these regions may only be partial. For example, treatment of cells with the DNA
demethylating agent 5-aza-20-deoxycytidine (5AZA) led to increased levels of
pericenRNAs in human cells (Eymery et al. 2009a) and of cenRNAs in murine
cells (Bouzinba-Segard et al. 2006). However, it remains to be determined whether is
it directly through demethylation of satellite repeats or through more indirect effects
caused by 5AZA treatment, e.g., increased DNA damage also known to cause
accumulation of Sat III pericenRNAs in humans (Valgardsdottir et al. 2008) or
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cenRNAs in murine cells (Hédouin et al. 2017). The identification of the DNA
methyltransferases (DNMTs) responsible for de novo methylation (DNMT3A and
DNMT3B) (Okano et al. 1999) or maintenance of methylation (DNMT1) (Bestor
et al. 1988) was decisive in the dissection of more direct links. Notably, mouse minor
satellites and human pericentromeric Sat II and Sat III repeats were identified as
specific targets of the de novo methyltransferase DNMT3B (Okano et al. 1999; Xu
et al. 1999). Human cells deficient for DNMT1 and DNMT3B are hypomethylated
on Sat III repeats but do not accumulate pericenRNAs compared to wild-type cells
(Eymery et al. 2009a). Similarly, hypomethylation of (peri)centromeric regions in
murine embryonic stem cells (mESCs) deficient for Dnmt1 and Dnmt3a/b is not
sufficient to promote their transcriptional activation (Lehnertz et al. 2003; Martens
et al. 2005). However, in physiopathological cellular contexts further discussed
below, loss of DNA methylation at (peri)centromeres has been associated with
their transcriptional derepression, although it remains to be determined whether
this is a direct consequence or a mere byproduct of the disease states.

It is possible that the methylated state at satellite repeats could influence the
binding of transcriptional activators or repressors. It is important to note that two of
the methylatable CpGs in human and murine centromeric repeat units reside within
the CENP-B-box. Yet, the impact of CpG methylation on CENP-B binding and
centromere architecture is still debated (Scelfo and Fachinetti 2019). DNA methyl-
ation was shown to prevent CENP-B binding to the CENP-B-box in vitro (Tanaka
et al. 2005). Conversely, global demethylation using 5AZA treatment in cultured
cells led to CENP-B spreading over demethylated repeats (Mitchell et al. 1996),
although nearby pericentromeric repeats without a CENP-B-box are also
demethylated in these conditions, making it difficult to conclude. Nevertheless,
DNA methylation could be directly linked to the correct assembly of centromere
architecture independently of the transcription of the repeats.

In sum, hypomethylation may create a favorable environment for transcriptional
activation of satellite repeats, although it might not be sufficient. Hence, one has to
consider that specific cellular contexts and their associated tissue- or context-specific
transcription factors would be a prerequisite.

7.3 Functional Relevance of Centromeric Transcripts/
Transcription

7.3.1 Centromeres Transcription and Chromatin Remodeling
Processes

It appeared that low transcriptional activity is a characteristic of centromeric repeats
in normal somatic cells. Several studies suggested that active transcription at cen-
tromeres would not only be compatible with but even required for centromere
function. Indirect evidence came from the global inhibition of transcription by
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RNA Pol II inhibitors which led to compromised centromere function (Chan et al.
2012; Quénet and Dalal 2014). Transcription or nucleosome turnover at centromeres
may be important for the dynamics of nucleosomes at centromeric repeats and
deposition of CENP-A (Fig. 7.1). Notably, the complex Facilitates Chromatin
Transcription (FACT) is localized to centromeres (Foltz et al. 2006) and is involved
in CENP-A deposition via the recruitment of the chromatin remodeler
Chromodomain Helicase DNA Binding Protein 1 (CHD1) in chickens (Okada
et al. 2009). In mammals, a subunit of FACT, the Structure Specific Recognition
Protein 1 (SSRP1), co-localized with RNA Pol II at centromeres during mitosis and
was necessary for the efficient deposition of CENP-A in early G1 (Chan et al. 2012).
Similarly, FACT-mediated transcription was also shown to be required for the de
novo incorporation of CENP-A in Drosophila S cells (Chen et al. 2015). In this
study, knockdown of FACT led to the loss of transcription at centromeres and
reduced CENP-A loading. In recent years, a two-step process for Drosophila
CENP-A loading was proposed (Bobkov et al. 2018). The first step was
transcription-independent, during which CENP-A localized to centromeres through
the Drosophila-specific chaperone Chromosome Alignment defect 1 (CAL1) (Chen
et al. 2014), but a second step of active transcription was necessary for its stable
incorporation into chromatin. In S. pombe mutants that are unable to restart stalled
RNA Pol II at centromeres, CENP-A was still efficiently deposited, suggesting that
halting RNA Pol II at centromeres may promote local chromatin remodeling events
sufficient for CENP-A deposition (Catania et al. 2015). In a context where centro-
meric transcription-dependent chromatin remodeling is required for stable incorpo-
ration of its epigenetic determinant CENP-A, which also relies on the eviction of

Fig. 7.1 Role of centromere transcription and transcripts in physiological conditions. Centromeric
chromosomal domains are marked by a combination of nucleosomes containing histone H3 (gray)
or CENP-A (orange) and are flanked by pericentromeric heterochromatin domains (green). RNA
pol II-mediated transcription of centromeric repeats, together with chromatin remodelers such as the
FACT complex, contribute to the dynamics of chromatin at centromeres and to the deposition of
CENP-A. The derived centromeric transcripts serve as scaffolds or guides for the correct localiza-
tion of centromeric proteins (e.g., CENP-C) and their associated complexes such as the chromo-
somal passenger complex (CPC), which includes Survivin, INCENP, and Aurora B kinase
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previously deposited H3/H3.3-placeholder nucleosomes (Dunleavy et al. 2011), the
replication-independent histone chaperone and transcription elongation factor Spt6
(SUPT6H in human) was identified as a conserved CENP-A maintenance factor
(Bobkov et al. 2020). Spt6 was shown to prevent loss of centromere identity in a
transcription-dependent manner, through promoting the recycling of CENP-A and
maintenance of parental CENP-A nucleosomes in both Drosophila and human cells
(Bobkov et al. 2020).

Importantly, targeting of a strong trans-activation domain from Herpes simplex
virus (VP16) to centromeres of HACs impaired the incorporation of newly synthe-
sized CENP-A and led to the eviction of the parental one (Bergmann et al. 2011).
Hence, even though transcriptional activation of centromeric repeats is necessary for
centromere identity, increased transcription at this locus is incompatible with cen-
tromere function since it leads to loss of CENP-A at HAC centromeres (Bergmann
et al. 2011).

To date, our knowledge of the immediate contribution of centromere transcription
on centromere identity in different species still remains incomplete. Since the direct
output from transcription at centromeres is the production of cenRNAs, whether
long or short-lived, a question that arises is whether cenRNAs themselves could be
implicated in the maintenance of centromere identity and function.

7.3.2 Functional Relevance of Centromeric Transcripts
themselves

A growing body of evidence suggests that cenRNAs themselves may contribute to
proper kinetochore assembly (Chen et al. 2003; Nakano et al. 2003; Topp et al. 2004;
Ferri et al. 2009). Notably, cenRNAs are an integral part of the centromeric fraction
(Ferri et al. 2009; McNulty et al. 2017; Kabeche et al. 2018), and coprecipitate with
CENP-A in maize (Topp et al. 2004), mouse (Ferri et al. 2009), and humans (Chueh
et al. 2009). Importantly, knockdown of human cenRNAs, without affecting tran-
scription of the locus per se, led to impaired CENP-A deposition (Quénet and Dalal
2014). This finding suggested that correct loading of CENP-A does not only depend
on active transcription at centromeres (see above), but also requires the transcripts
themselves. This was further evidenced by the knockdown of cenRNAs in extracts
of Xenopus oocytes, which led to decreased occupancy of CENP-A at centromeres
(Grenfell et al. 2016).

Besides CENP-A deposition, several studies showed a direct association between
cenRNAs and CENP-C in gel shift or immunoprecipitation experiments, probably
through the CENP-C RNA binding domain. This was the case for example in maize
(Du et al. 2010) and Drosophila (Rošić et al. 2014). RNase treatment of human cells
induced the delocalization of CENP-C but not that of CENP-A (Wong et al. 2007).
Similarly, inhibition of transcription in mitosis, a stage at which centromeres are
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transcribed by RNA Pol II, impaired the localization of CENP-C at centromeres
(Chan et al. 2012).

Beyond their association with the constitutive components of the centromere,
cenRNAs also interact with components of the CPC: Aurora B, INCENP, and
Survivin in the G2/M phase in murine cells (Ferri et al. 2009). More specifically,
the association of cenRNAs with the mitotic kinase Aurora B was necessary for
Aurora B interaction with its partners Survivin and CENP-A and potentiated its
kinase activity (Fig. 7.1). Since cenRNAs peak in G2/M, these data therefore
suggested a role for cenRNAs in the timely recruitment or stabilization of the CPC
components specifically at centromeres before the onset of mitosis. In turn,
unscheduled accumulation of murine cenRNAs throughout the cell cycle led to
ectopic localization of CPC proteins, mitotic abnormalities, and loss of cohesion
between sister chromatids (Bouzinba-Segard et al. 2006). This interaction between
cenRNAs and CPC proteins is conserved in Xenopus and humans, as seen with the
knockdown of cenRNAs which impaired the recruitment of CPC at centromeres
(Ideue et al. 2014; Blower 2016). Strikingly, the association of cenRNAs with
Aurora B was also shown to be required for both telomerase activity and mainte-
nance of telomere length in mESCs (Mallm and Rippe 2015). In the mouse,
centromeres and telomeres being in close proximity, it is possible that cenRNAs
may favor a local concentration of the kinase for shared functions on two essential
chromosomal domains.

Together, these data emphasize that the fine-tuning of centromeric transcription/
transcript levels is absolutely required, since too low or too high transcription or
cenRNAs levels have deleterious consequences for centromere identity and function,
and hence for normal cell growth and survival, and are emerging as new kinds of
players in the development of disease as discussed in the following chapters.

7.3.3 Regulation of the Levels of (Peri)centromeric
Transcripts Themselves

As mentioned above, the dynamic levels of cenRNAs according to cellular contexts
may not only result from regulatory processes at the level of transcription but also at
the level of the transcripts themselves, through fine-tuning of their stability or their
processing. In S. cerevisiae, low levels of cenRNAs might be insured by their
degradation by the exosome (Houseley et al. 2007; Ling and Yuen 2019). In many
species, centromeric repeats are transcribed in both sense and antisense orientations
(Topp et al. 2004; Li et al. 2008; Carone et al. 2009; Ideue et al. 2014), which would
favor the formation of double-stranded RNAs (dsRNAs) that are substrates for
further processing by the RNA interference (RNAi) machinery. The first example
of the possibility that cenRNAs could be processed into smaller species was pro-
vided by the discovery of endogenous small interfering RNA (siRNAs) of centro-
meric origin in S. pombe (Reinhart and Bartel 2002). In addition, deletion of factors
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of the S. pombe RNAi machinery such as Dicer, the RNA-binding protein Argonaute
(AGO), or the RNA-dependent RNA polymerase (RdRP), led to aberrant accumu-
lation of cenRNAs and chromosome missegregation due to defective
pericentromeric heterochromatin formation (Volpe et al. 2002). Similarly, in
human–chicken hybrid cells (chicken DT40 cells carrying a human chromosome),
ablation of Dicer led to mitotic defects and premature sister chromatid separation that
was attributed to the loss of HP1 at pericentromeric heterochromatin and
mislocalization of the cohesin complex (Fukagawa et al. 2004). In mouse embryonic
stem cells (mESCs), Dicer deficiency also caused an accumulation of pericenRNAs,
ranging from 40 nt to over 200 nt in size, i.e., not in the size range of siRNAs
(Kanellopoulou et al. 2005; Murchison et al. 2005). Dicer has been involved in the
repression of pericentromeric repeats in many species, but its depletion did not lead
to mitotic defects in mESCs, although they exhibited differentiation and proliferation
defects. In human cells, knockdown of Dicer or AGO2 resulted in chromosome
lagging and increased levels of cenRNAs (Huang et al. 2015).

In fact, outside of the well-characterized S. pombe model, the literature is
punctuated by opposing views of the role of Dicer/RNAi pathway in the regulation
of the levels of satellite transcripts, with consequences for heterochromatin assembly
and chromosomal stability. This is probably related to the failure to detect 25–30 nt
RNA species, at least in the mouse (Kanellopoulou et al. 2005; Bouzinba-Segard
et al. 2006). However, in mESCs, 150 nt-long cenRNAs, and smaller species but
longer than siRNAs, have been detected and shown to rely on Dicer for their
biogenesis (Kanellopoulou et al. 2005). Whether these transcripts play similar
roles as (peri)centromeric siRNAs found in S. pombe is an interesting possibility.
Of note, whereas exponentially growing somatic murine cells exhibit low levels of
2–4 Kb cenRNAs, the accumulation of 120 nt-long cenRNAs in physiopathological
conditions recapitulated the same phenotypic defects observed in Dicer-deficient
S. pombe that failed to produce centromeric siRNAs, including loss of sister chro-
matid cohesion, impaired centromere architecture and heterochromatin organization,
associated with mitotic defects (Bouzinba-Segard et al. 2006). Although it is still not
known whether these shorter cenRNAs result from cleavage through unknown
mechanisms or are produced by multiple transcription initiation events, these data
suggested that the absence of mature siRNAs or the accumulation of unprocessed
longer RNA species have the same impact on the integrity of centromeric regions
(Bouzinba-Segard et al. 2006).

The low levels of cenRNAs in normal conditions could indicate a short half-life
caused by the rapid degradation of the transcripts through mechanisms exposed
above or through posttranscriptional modifications shown to regulate the stability of
transcripts (Nachtergaele and He 2017; Boo and Kim 2020). Among the myriad of
known posttranscriptional RNA modifications, the adenosine to inosine (A to I)
modification mediated by the adenosine deaminase acting on RNA (ADAR) machin-
ery was shown to edit structured dsRNAs, with selectivity for certain internal loops
and bulges rather than for a consensus sequence (Levanon et al. 2005). Just like the
excitement of a connection between the RNAi machinery in keeping (peri)-
centromeric transcription in check in a broad range of eukaryotes in the early
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years of 2000 (Lippman and Martienssen 2004), the involvement of ADAR in the
silencing of repetitive sequences in heterochromatin also attracted much interest a
few years later (Fernandez et al. 2005). The A/T-rich and potentially dsRNAs
produced from murine pericentromeric satellite repeats (Kanellopoulou et al.
2005) would make excellent substrates for the deamination of adenosine to inosine
residues by ADAR. However, the search for such editing and for an
immunolocalization of factors of the ADAR complex at (peri)centromeric domains
remained unsuccessful (Lu and Gilbert 2008). Yet, it is interesting to note that RNA
editing by ADAR is incompatible with the RNAi machinery (Scadden and Smith
2001). This is exemplified by the A to I conversion on microRNAs (miRNAs)
derived from repetitive Long interspersed nuclear element 2 (LINE2), which blocks
their cleavage by Dicer in human and mouse (Kawahara et al. 2007).

Thus, there is an exciting possibility that the dynamic size range of cenRNAs,
with potentially distinct roles, could result from the fine-tuning of a balance between
RNA modifications and RNA processing depending on phases of the cell cycle or
cellular contexts.

7.4 Centromeric Transcripts: Cause or Consequence
of Disease?

7.4.1 Accumulation of Satellite Transcripts in Various Types
of Cellular Stress

Cells are constantly exposed to various environmental or endogenous stresses that
may jeopardize their identity and viability. Exogenous sources of cellular stress
include high temperatures [heat shock (HS)], DNA damaging chemicals, UV and
ionizing radiation, hyperosmotic and oxidative stresses, whereas endogenous stress
can originate from cellular metabolism or replication defects. In this context, a major
challenge for the cells is therefore to safeguard their genome integrity. This is
fundamental for their survival but also for the normal functioning of the whole
organism and protection from the emergence of disease states. In that respect, cells
have evolved sophisticated mechanisms that can trigger a rapid and adapted cellular
response, including cell-cycle arrest, to allow time to repair DNA lesions or activate
sets of genes to recover from stress, and therefore maintain their genomic integrity.
There is now a large body of evidence showing that transcription of (peri)-
centromeric satellite repeats is rapidly induced in cells under various stress condi-
tions, through the activity of transcription factors belonging to different stress-
response pathways, thereby increasing the levels of resulting satellite transcripts as
integral components of the stress response.

The accumulation of human pericenRNAs from Sat III of chromosome 9 was the
first and best-characterized example of the accumulation of satellite transcripts in
stress conditions. Originally described in response to HS (Jolly et al. 2004; Rizzi
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et al. 2004), it occurs in all of the above-cited types of stress conditions
(Valgardsdottir et al. 2008). In response to HS, transient subnuclear organelles,
called nuclear stress bodies (nSB), assemble on blocks of Sat III DNA repeats at
which the Heat Shock Factor 1 (HSF1) binds, which in turn recruits the RNA Pol II
and promotes transcriptional activation of the repeats (Biamonti and Vourc’h 2010).
In stressed cells, nSBs are thought to contribute to the rapid and transient shutdown
or reprogramming of gene expression programs required for the cells to recover from
stress, through a Sat III transcripts-mediated trapping of a subset of splicing and
transcription factors away from their site of action (Eymery et al. 2010).
Pericentromeric heterochromatin is also central to the functional organization of
the cell nucleus and to the maintenance of gene silencing through their positioning in
the vicinity of subnuclear heterochromatin compartments (Francastel et al. 2000;
Fisher and Merkenschlager 2002). Hence, transcriptional activation of
pericentromeric Sat III sequences may also have a long-range impact on gene
expression programs through the disorganization of these repressive nuclear com-
partments. It is interesting to note that activated transcription of satellite repeats in
response to thermal perturbations appears to be a shared feature as it also occurs in
beetles (Pezer and Ugarkovic 2012), Arabidopsis thaliana (Pecinka et al. 2010;
Tittel-Elmer et al. 2010), and mouse (Hédouin et al. 2017). However, whether it
triggers similar mechanisms in these organisms is not known. In fact, in the mouse,
HS stimulates only a modest increase in cenRNAs levels but not that from
pericentromeric repeats, whereas nSBs described in human cells do not form in
murine cells. Hence, cellular responses to stress may vary between organisms
although satellite transcripts appear to be central to the stress response.

In contrast to HS in murine cells, genotoxic stress led to a strong and rapid
transcriptional activation of centromeric repeats, followed by local accumulation of
cenRNAs at their site of transcription (Hédouin et al. 2017). Transcriptional activa-
tion, and not the transcripts themselves, has been causally linked to the loss of
centromere identity characterized by the delocalization of CENP-A away from its
default location. CENP-A delocalization, or eviction of CENP-A nucleosomes, was
dependent on the chromatin remodeler FACT, pinpointing another function of
FACT at centromeres in nucleosome destabilization at centromeres, and on the
DNA Damage Response (DDR) effector ATM (Hédouin et al. 2017). Importantly,
genotoxic stress-induced transcriptional activation of centromeric repeats had dis-
tinct functional consequences for cellular phenotypes depending on the integrity of
the p53 checkpoint. Whereas immortalized cells continued to cycle, while accumu-
lating micronuclei indicative of mitotic errors and centromere dysfunction, primary
cells with normal p53 entered premature cell-cycle arrest and senescence (Hédouin
et al. 2017). Hence, in the mouse, activated transcription at centromeric repeats
provides a safeguard mechanism to prevent genomic instability in the context of
persistent DNA damage signaling, through the disassembly of the core components
of centromere identity and function. Whether this mechanisms is related to the
acrocentric structure of murine chromosomes, i.e., with telomeres close to centro-
meric repeats, or to the mouse having very long telomeres so they enter senescence
through mechanisms distinct than telomere shortening, is not known. However,
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together with the example of increased levels of Sat III pericenRNAs in heat-
shocked cells, this illustrated the functional relevance for satellite transcripts in the
stress response and protection of genome integrity.

7.4.2 Deregulation of Satellite Transcription/Transcripts
in Cancer

Consistent with the above-mentioned links between transcription of satellite repeats
and the triggering of safeguard mechanisms, it is not surprising that aberrant
accumulation of transcripts from satellite repeats characterizes disease states with
chromosomal instability like cancer, and that they actually represent good bio-
markers of cancerous lesions (Eymery et al. 2009a; Ting et al. 2011; Zhu et al.
2011; Bersani et al. 2015; Tasselli et al. 2016; Hall et al. 2017). Yet, whether they are
mere byproducts of disease phenotypes or act as drivers of disease, and through
which mechanisms, are still open questions.

Macroarray-based approaches, designed to assess levels of transcripts from
various repeated elements including satellite sequences, showed that the levels of
satellite transcripts are higher in a variety of cancer cells compared to their normal
healthy counterparts (Eymery et al. 2009a). Aberrant accumulation of satellite
transcripts has also been reported in a wide range of primary epithelial tumors,
both in humans and mice (Eymery et al. 2009a; Ting et al. 2011; Zhu et al. 2011).
High-throughput sequencing has further highlighted that satellite transcripts actually
represent up to 50% of transcriptional output in these tumors, which is in stark
contrast to the low levels of these RNAs in normal cells (Ting et al. 2011).

An important open question remains as to the mechanisms that lead to the
pathological transcriptional derepression of satellite sequences. Abnormal levels of
satellite transcripts are often associated with the global hypomethylation that char-
acterizes cancer cells, which in fact reflects reduced DNA methylation at repeated
sequences owing to the large fraction of the genome they represent and their heavily
methylated state in normal cells (Ross et al. 2010). The derepression of satellite
transcripts was indeed shown to correlate with reduced DNA methylation of the
underlying repeats (Ting et al. 2011; Unoki et al. 2020).

More hints into causal links between the aberrant accumulation of satellite
transcripts and chromosomal instability came from gain-of-function experiments
where cenRNAs were ectopically transcribed from expression vectors. In murine
cells, ectopic expression of minor satellites from one repeat unit was sufficient to
promote mitotic defects and alterations of nuclear organization typical of cancer cells
(Bouzinba-Segard et al. 2006). Unscheduled accumulation of cenRNAs led to
mitotic errors and disorganized centromere architecture through the trapping of
centromeric protein complexes away from their default location (Bouzinba-Segard
et al. 2006), providing a direct link between high levels of cenRNAs and centromere
dysfunction. Likewise, ectopic expression or injection of satellite transcripts in
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cultured human or murine cells also led to mitotic errors (Zhu et al. 2011, 2018;
Kishikawa et al. 2016, 2018), in correlation with the accumulation of foci of
phosphorylated histone H2A.X (γ-H2A) that marks DNA double-strand breaks
(DSBs) (Zhu et al. 2011). These data suggested that increased levels of satellite
transcripts, and not transcriptional activation per se, is deleterious to the cells and
leads to increased DNA mutation rates. They also put forward an interesting
interplay between pathological high levels of satellite transcripts and DNA damage.
In support of this hypothesis, there is the finding that these satellite transcripts
accumulate strongly in breast cancer cells deficient for the BRCA1 gene (Zhu et al.
2011). Likewise, BRCA1 depletion has been causally linked to elevated levels of
cenRNAs associated with impaired centromere architecture and chromosome
missegregation (Di Paolo et al. 2014). BRCA1 is an important repair factor which,
in normal conditions, occupies centromeric chromatin in interphase and throughout
mitosis in normal cells (Pageau and Lawrence 2006; Di Paolo et al. 2014; Gupta
et al. 2018), and may serve as a guardian of centromere integrity. Aberrant levels of
cenRNAs, just like it has been described for kinetochore proteins (Bouzinba-Segard
et al. 2006), were proposed to lead to BRCA1 delocalization away from centromeres
and further exposure of this locus to the accumulation of unrepaired genotoxic
insults (Zhu et al. 2018). Yet, the molecular mechanisms may not be that straight-
forward since BRCA1, besides its role in DNA damage repair, operates pleiotropic
functions linked to the maintenance of chromosomal stability including at the
replication fork, control of the cell cycle, and many other regulatory functions
(Savage and Harkin 2015). BRCA1 was also recently shown to be an important
determinant of the epigenetic states of centromeric and pericentromeric chromatin,
through its ubiquitin ligase activity (Zhu et al. 2011). H2A ubiquitination at Lys
19 by BRCA1 provides a repressive mark at centromeric repeats important for their
transcriptional repression. Hence, pathogenic variants of BRCA1 would promote
DNA damage through the derepression of centromeric repeats in addition to, or
instead of, promoting the accumulation of satellite transcripts. Along the same lines,
centromeric targeting of VP16 for transcriptional activation of the underlying repeats
in murine cells also promoted chromosomal instability (Zhu et al. 2018). Con-
versely, genotoxic stress using DSB inducers triggered the rapid transcriptional
activation of murine centromeric repeats in a p53- and ATM-dependent dependent
manner (Hédouin et al. 2017). In that case, transcriptional activation preceded, and
was required for, eviction of CENP-A from centromeric chromatin, suggesting a
direct link between activated transcription at centromeres and loss of centromere
function and identity.

All these data suggested that our vision of the functional consequences of
activated transcription of satellite repeats or accumulation of their related transcripts,
and the actors at play, on centromere function and chromosomal stability is still only
partial and may depend on organisms and cellular contexts. In the mouse, activated
transcription of centromeric repeats and delocalization of CENP-A is associated with
premature senescence in primary cells, whereas immortalized cells with impaired
p53 checkpoint continue to cycle while accumulating mitotic errors and micronuclei,
indicative of chromosomal instability (Hédouin et al. 2017). Thus, at least in the
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mouse, a functional p53 pathway is an important surveillance mechanism for
centromere integrity, although the mechanisms remain unknown. Interestingly,
p53-deficient mice ectopically expressing either human cenRNAs or murine
pericenRNAs, were susceptible to tumor formation in mammary glands (Zhu et al.
2018). Hence, alterations to centromeric transcription may cooperate with oncogenic
events or loss of tumor-suppressor function to promote oncogenesis.

Many questions remain unanswered as to the direct and reciprocal links between
pathological hypomethylation of satellite repeats, their transcriptional derepression,
the accumulation of DNA damage, and chromosomal instability. As cancer is a
complex multifactorial disease, the current challenge is to dissect further and order
these events.

7.4.3 Deregulation of Satellite Transcripts in the ICF
Syndrome

A major breakthrough in the medical field came from the identification of inherited
disorders of the epigenetic machinery, which provided interesting monogenic con-
texts and unsuspected players in a number of biological processes (Velasco and
Francastel 2019). The first example of such developmental rare diseases was the
Immunodeficiency with Centromeric instability and Facial anomalies (ICF) syn-
drome, a rare autosomal recessive immunological/neurological disorder with typical
centromeric instability, including the presence of unusual multiradial chromosomal
figures, decondensation, and rearrangement of (peri)centromeric regions (Ehrlich
et al. 2006; Francastel and Magdinier 2019). At the molecular level, it is a remark-
able case where these chromosomal alterations are caused by constitutive defects in
DNA methylation, especially visible at heterochromatin blocks in juxtacentromeric
position regions of chromosomes 1, 9, and 16 (Satellites type II and III) in all patients
(Ehrlich et al. 2006). In a subset of patients, additional hypomethylation of centro-
meric α-satellite repeats suggested the genetic heterogeneity of the disease (Jiang
et al. 2005; Toubiana et al. 2018).

Studies of the etiology of this rare disease have been instrumental in the identi-
fication of essential factors for the methylated state of (peri)centromeric repeats and
the maintenance of their integrity. Hypomorphic mutations in the DNMT3B gene
were the first identified genetic cause in about half of the patients (Xu et al. 1999),
concomitantly implicated in de novo DNA methylation at centromeres in the mouse
(Okano et al. 1999). The disease gained renewed interest when, in the reminder of
patients, under the same diagnosis but with additional DNA methylation loss at
centromeric repeats, exome sequencing identified mutations in factors with very few
known functions and strikingly devoid of DNA methyltransferase (DNMT) activity
(de Greef et al. 2011; Thijssen et al. 2015). These factors are transcription factors
(ZBTB24, CDCA7) or chromatin remodeler of the SWI/SNF2 family (HELLS), the
latter having already been shown to play a role in DNA methylation at murine
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centromeric repeats (Zhu et al. 2006). RNA interference performed in somatic cells,
where DNA methylation profiles are already established, further demonstrated the
requirement for ZBTB24, CDCA7, and HELLS in DNA methylation maintenance at
murine centromeric repeats (Thijssen et al. 2015). These findings represented a
major breakthrough in the knowledge of the determinants of DNA methylation at
centromeric repeats. Yet, they raised again the question of the mechanisms that link
hypomethylation of centromeric repeats to centromere loss of integrity, and the
question of the contribution of non-DNMT ICF factors in DNA methylation and
integrity of centromeres.

Independently of a putative role in DNA methylation pathways, a role for
CDCA7 and HELLS in DNA repair pathways has been recently reported,
reinforcing the idea of a link between DNA damage and centromere integrity
(Burrage et al. 2012; Unoki et al. 2019). Notably, human embryonic kidney
HEK-293T cells engineered to reproduce CDCA7 and HELLS mutations found in
ICF patients exhibited a compromised nonhomologous end joining (NHEJ) DNA
repair pathway (Unoki et al. 2019). Consistent with an aberrant accumulation of
defects in DNA repair at centromeres, these cells accumulated micronuclei and
suffered from abnormal chromosome segregation, while satellite repeats retained
their methylated status. These engineered ICF cells, as well as cells from ICF
patients, also exhibited increased transcription of (peri)centromeric repeats (Unoki
et al. 2020). Given that genotoxic stress promotes a rapid transcriptional activation at
centromeres (Hédouin et al. 2017), and along with the findings that satellite tran-
scripts accumulate in breast cancer cells deficient for the DNA repair factor BRCA1
(Zhu et al. 2011), these data, therefore, suggested that DNA damage may trigger
transcriptional activation at satellite repeats. An alternative, or concomitant, the
mechanism could be that factors like CDCA7, HELLS, or BRCA1 may protect
transcribed centromeric repeats from the accumulation of deleterious DNA:RNA
hybrids (R-loops), just like BRCA1 does at transcriptional termination pause sites of
actively transcribed genes (Hatchi et al. 2015). R-loops are dynamic and abundant
structures that have been involved in a variety of physiological processes including
chromosome segregation (Kabeche et al. 2018), whereas their unscheduled accumu-
lation is also a source of DNA damage and genome instability (Costantino and
Koshland 2018; Mishra et al. 2021). R-loops have been observed to accumulate at
(peri)centromeres in engineered ICF cells and cells from ICF patients (Unoki et al.
2020). However, whether the transcriptional derepression and subsequent R-loop
formation arise directly through DNA methylation loss or loss of function of ICF
factors acting as “guardians” or transcriptional repressors of (peri)centromeric
repeats, remains to be determined.

Like in cancer cells, transcriptional derepression or accumulation of the related
satellite transcripts may represent intermediate steps between pathological
hypomethylation of satellite repeats and chromosomal instability (Fig. 7.2). Impor-
tantly, the ICF syndrome leads to the premature death of the patients in early
childhood from repeated infections, and despite a few reported cases where patients
developed cancer, it is not clear whether pathological hypomethylation of centro-
meric repeats would favor later complications and further emergence of cancer. It
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also pointed out again that the impact of higher levels of satellite repeats transcripts
on cellular phenotypes depends on the context in which it occurs.

A possibility that has not been evoked yet is that loss of DNA methylation at
(peri)centromeric repeats and its associated abnormal levels of satellite RNAs may
trigger surveillance mechanisms, which in fine would activate an interferon inflam-
matory response (Rajshekar et al. 2018). This has been nicely shown in a Zebrafish
ICF model where one of the earliest in vivo consequences of ZBTB24 loss of
function is a progressive loss of DNA methylation at pericentromeric regions
associated with the derepression of sense and antisense pericenRNAs. This in turn
triggered an interferon-dependent immune response mediated by the Melanoma
Differentiation-Associated gene 5 (MDA5) and Mitochondrial AntiViral Signaling

Fig. 7.2 Increased centromere transcription/transcripts levels: missing links between physiopath-
ological DNA hypomethylation/DNA damage at centromeres and loss of centromere identity and
function. Pathological hypomethylation, DNA damage at centromeres, or potentially impaired
RNA processing or editing could promote: (a) unscheduled activated transcription of centromeric
repeats, which in turn would lead to the formation of genotoxic R-loops; (b) aberrant accumulation
of cenRNAs and trapping of kinetochore and DNA repair proteins away from centromeres; (c) the
formation of double-stranded cenRNAs, known to trigger inflammatory responses. Although direct
links between all these events remain to be formally dissected, the deregulation of centromeric
transcription/transcripts ultimately lead to loss of centromere identity and integrity, as exemplified
by multiradial chromosome figures, loss of sister chromatid cohesion, or recombination events
between satellite repeats
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(MAVS) machinery, an antiviral surveillance mechanism that senses dsRNAs
(Berke et al. 2013). Injection of sense and antisense pericenRNAs in Zebrafish
embryos was also sufficient to stimulate the innate immunity (Rajshekar et al.
2018), implicating the accumulation of pericenRNAs as an important trigger of
autoimmunity in a variety of diseases.

7.5 Conclusion

All of the data exposed in this chapter lend support to the essential nature of temporal
control of the act of transcription through centromeric satellite repeats for the
determination and correct functioning of this chromosomal region in most of the
species studied so far. Transcription per se would facilitate the dynamic exchange of
nucleosomes for the deposition of the key determinant of centromere identity,
CENP-A, but would also favor a local concentration of the transcripts themselves
for the timely recruitment of other centromere components. Yet, it is still unclear
which molecular mechanisms and regulatory pathways are involved for a timely
control in normal conditions, although we mentioned transcription factors acting in
defined chromatin environments and RNA-based mechanisms for the regulation of
the transcripts levels.

In turn, unscheduled transcription or aberrant levels of the transcripts have
profound consequences for both centromere function and cell fate. We have seen
that activated transcription of (peri)centromeric repeats or ectopic accumulation of
the transcripts, i.e. elsewhere than at centromeres, under stress conditions is a
mechanism adopted by many organisms to trigger rapid cellular responses for cells
to recover from stress. This type of response is possible through the trapping of
various regulatory factors away from their site of action and impairment of their
associated functions, to favor genome repair or remodeling of gene expression
programs. In turn, unscheduled transcription or accumulation of the transcripts
coincides with disease states. In that case, they are not seen as safeguard mecha-
nisms, which implicitly infer collaborative effects with disease conditions like
defective checkpoints, oncogenic events, or even an inflammatory environment
that ultimately alter cellular phenotypes. Pathological hypomethylation of satellite
repeats like in cancer or ICF syndrome is a good candidate for uncontrolled
transcription of satellite repeats, although we have seen that it is not necessarily
sufficient and that opportunistic tissue- or context-specific factors may come into
play. This might explain why all cancer cells do not necessarily exhibit increased
transcription of satellite repeats, and why ICF patients do not have widespread
alterations in all their tissues. Alternatively, or in addition to, defective
RNA-based surveillance mechanisms might also contribute to the abnormal eleva-
tion of the levels of satellite transcripts.

In sum, the use of a wide range of model organisms and artificial centromeres
allowed to identify a large number of centromere and kinetochore proteins, to
address the relevance of DNA sequences for centromere identity, and to tackle the
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functional relevance of centromeres transcription/transcripts for centromere identity
and function. Studies of the etiology of complex or monogenic human diseases
further identified key determinants for centromere integrity and function, among
which we can cite factors with DNA repair or chromatin remodeling activities, many
of which could not be suspected before their implication in centromeric instability
diseases. Yet, our vision of the intricate contribution of all the actors and mecha-
nisms mentioned throughout this chapter still remains fragmentary and will require
the development of targeted approaches, many of which are still missing in mam-
malian systems.
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