Chapter 6 )
Satellite DNA-Mediated Gene Expression e
Regulation: Physiological and Evolutionary
Implication

Isidoro Feliciello, 2eljka Pezer, Antonio Sermek, Branka Bruvo Madaric¢,
Sven Ljubié, and Purdica Ugarkovi¢

Abstract Satellite DNAs are tandemly repeated sequences organized in large
clusters within (peri)centromeric and/or subtelomeric heterochromatin. However,
in many species, satellite DNAs are not restricted to heterochromatin but are also
dispersed as short arrays within euchromatin. Such genomic organization together
with transcriptional activity seems to be a prerequisite for the gene-modulatory effect
of satellite DNAs which was first demonstrated in the beetle Tribolium castaneum
upon heat stress. Namely, enrichment of a silent histone mark at euchromatic repeats
of a major beetle satellite DNA results in epigenetic silencing of neighboring genes.
In addition, human satellite III transcripts induced by heat shock contribute to
genome-wide gene silencing, providing protection against stress-induced cell
death. Gene silencing mediated by satellite RNA was also shown to be fundamental
for the early embryonic development of the mosquito Aedes aegypti. Apart from a
physiological role during embryogenesis and heat stress response, activation of
satellite DNAs in terms of transcription and proliferation can have an evolutionary
impact. Spreading of satellite repeats throughout euchromatin promotes the variation
of epigenetic landscapes and gene expression diversity, contributing to the evolution
of gene regulatory networks and to genome adaptation in fluctuating environmental
conditions.
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6.1 Introduction

Noncoding repetitive DNAs comprise a considerable portion of most eukaryotic
genomes and their function has been studied in diverse model organisms. Among the
most intensively investigated noncoding repetitive DNAs are mobile transposable
elements (TE) which represent an important source of regulatory sequences
(Faulkner et al. 2009; Kapusta et al. 2013). By mediating the distribution of
regulatory elements throughout the genome transposons are known to influence
the evolution of gene-regulatory networks (Chuong et al. 2017). Recent evidence
suggests that TEs can also have potent “epigenetic” effects on the regulation of gene
expression and genome evolution (Choi and Lee 2020). The functional significance
of another abundant class of noncoding repetitive elements such as satellite DNA,
regarding gene expression regulation was also proposed (Ugarkovi¢ 2005; Pezer
et al. 2012) and has been recently experimentally confirmed in different studies
(Feliciello et al. 2015a, 2020a; Menon et al. 2014; Joshi and Meller 2017; Halbach
et al. 2020). The aim of this review is to present recent findings on the role of satellite
DNA in gene expression regulation/modulation and to explain the molecular mech-
anisms by which satellite DNA affects genes. We focus particularly on the impact of
euchromatic satellite DNA repeats dispersed outside of (peri)centromeric regions on
adjacent gene expression, as well as the role of satellite transcripts since their
importance for gene expression modulation has been reported in different studies.
A physiological role of satellite DNAs and their transcripts in the remodeling of
global heterochromatin structure and in the modulation of gene expression during
development, stress response, and pathological transformation is presented. We also
discuss the implication of satellite DNA-mediated gene regulation in the evolution of
gene-regulatory networks and on the processes of environmental adaptation.

6.2 Proliferation and Dispersion of Satellite DNA Within
Euchromatin

Satellite DNAs are preferentially organized as tandemly repeated sequences assem-
bled in large arrays within gene-poor constitutive heterochromatin in (peri)-
centromeric and/or telomeric regions. Longer arrays of tandem satellite repeats
within euchromatin are generally rare, probably due to the instability caused by
intrastrand homologous recombination, although blocks of tandem repeats are found
in euchromatin of D. melanogaster (Kuhn et al. 2012) and Triatoma infestans (Pita
et al. 2017), while in the beetle Tribolium castaneum some euchromatic satellite
DNAs arrays are even composed of higher-order repeats (Vlahovié¢ et al. 2017;
Pavlek et al. 2015). Bioinformatic analyses of sequenced genomes however have
revealed many single repeats or short arrays of satellite DNAs dispersed within
euchromatin, in the vicinity of genes, in different insects such as Tribolium
castaneum, Drosophila melanogaster, and Locusta migratoria (Ruiz-Ruano et al.
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2016; Brajkovi¢ et al. 2012, 2018; Kuhn et al. 2012). In mammals, single repeats of a
major human alpha satellite DNA (Feliciello et al. 2020a, b) as well as of a major
mouse satellite DNA (Bulut-Karslioglu et al. 2012) are also found interspersed
among genes or within introns. It seems therefore that such mixed organization of
satellite DNAs with a majority of the repeats clustered within pericentromeric
constitutive heterochromatin combined with single repeats or short multimers dis-
persed within euchromatin is common for many species. Heterochromatic and
euchromatic repeats of the same satellite show different evolutionary dynamics as
revealed for Tribolium castaneum satellites, Drosophila 1.688, and human alpha
satellite DNAs (Brajkovic et al. 2012, 2018; de Lima et al. 2020; Feliciello et al.
2020b), suggesting that chromatin domains may influence the evolution of these
sequences. While heterochromatic satellite repeats display concerted evolution and a
species-specific pattern, euchromatic repeats display high intra- and interspecific
divergence. On the other hand, heterochromatic satellites coexisting in different
species of the insect genus Pimelia evolve in parallel with fairly similar rates
(Bruvo et al. 2003), indicating also the effect of chromatin state on satellite sequence
evolution. Human euchromatic alpha satellite repeats have sequence characteristics
of (peri)centromeric alpha repeats suggesting heterochromatin as their source but do
not exhibit the concerted evolution pattern (Feliciello et al. 2020b). Alpha satellite
repeats were continuously inserted within euchromatin throughout primate evolu-
tionary history and stably transmitted to the descendant species, while their sequence
divergence generally follows the primate species phylogeny (Feliciello et al. 2020b).

The pattern of dispersion of satellite DNA repeats within euchromatin can be very
dynamic, differing significantly among related species as shown for Drosophila X
chromosome euchromatin satellite DNAs (Sproul et al. 2020). This suggests that
similar to transposable elements, euchromatic satellite repeats can be subjected to
cycles of proliferation. Insertional polymorphism of euchromatic satellite repeats
detected among populations of the same species or even among individuals within
the same population suggests an ongoing movement of these elements within
euchromatin and demonstrates the mutational potency of satellite DNAs (Feliciello
et al. 2015a, b). Although a novel insertion of satellite repeat within euchromatin in
many cases probably does not have an effect on genes, under particular conditions
such as heat stress it can modulate the expression of nearby genes by a novel
epigenetic mechanism (Feliciello et al. 2015a) which is described in the next
sections. Some insertions however can affect proper gene function or even cause
disease as demonstrated for the human beta satellite repeats inserted within the
splice-acceptor site of a transmembrane serine protease gene which causes
childhood-onset deafness (Scott et al. 2001). Mobilization of some transposons in
somatic cells can also induce a pathogenic state, e.g., insertion of human LI
retroelement within the APC tumor suppressor gene initiates colorectal cancer
(Scott et al. 2016).

The activation of repetitive elements such as transposons, in terms of transcrip-
tion and transposition, was intensively studied and was shown to be stress-induced,
particularly by heat shock (Ratner et al. 1992; Piacentini et al. 2014; Cavrak et al.
2014; Makarevitch et al. 2015; Ito et al. 2016). In addition, environmental stress is
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Fig. 6.1 Models of spreading of satellite DNA repeats in euchromatin. (a) Intra-chromatid
recombination of satellite repeats within heterochromatin gives rise to extrachromosomal circular
satellite DNAs. Short segments of homology, indicated in yellow, between circularized repeats and
target regions in euchromatin are necessary for the insertion by site-specific homologous recombi-
nation. (b) Satellite transcripts can be reverse transcribed and by the activity of endonuclease/
integrase cDNA is inserted within euchromatin, (c) satellite DNAs can be spread throughout the
genome as an integral part of DNA transposons

responsible for a significant change in copy number of transposons, as shown in wild
barley and in Drosophila (Kalendar et al. 2000; Kim et al. 2014). It has been
proposed that heat stress induces modulation of heterochromatin structure which is
accompanied by the rearrangement of repeats present therein, in particular of tandem
satellite repeats, which are prone to homologous recombination (Fig. 6.1a; Brajkovi¢
et al. 2012). Intra-chromatid recombination events can give rise to extrachromo-
somal circular satellitte DNAs that are common for diverse eukaryotic organisms
including insects, plants, and mammals (Cohen et al. 2006; Navratilova et al. 2008;
Cohen and Segal 2009; Paulsen et al. 2018; Sproul et al. 2020). Extrachromosomal
satellite DNA circles are proposed to be amplified by rolling circle replication and
can be reintegrated within the genome by a random process of site-specific recom-
bination which occurs between short sequence motifs within circularized satellite
repeats and homologous motifs at different chromosomal sites, either within euchro-
matin or heterochromatin (Fig. 6.1a; Feliciello et al. 2006; Brajkovic et al. 2012).
This process can lead to a relatively rapid change in a copy number of particular
satellite DNA which can be detected at the population level (Wei et al. 2014;
Feliciello et al. 2015b) or even at the individual level (Cardone et al. 1997). In
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addition, the same process of proliferation can spread satellite repeats to new loci and
change the dispersion profiles of satellite DNA within euchromatin. These processes
lead to an increase in the genetic variability among individuals within a population as
well as between populations (Feliciello et al. 2015a, b).

Some satellite DNAs that are preferentially expressed in cancer such as human
satellite II have the ability to reverse-transcribe in cancer cells and through
RNA-derived DNA intermediates can expand locally and genome-wide (Bersani
et al. 2015). This example of human satellite II shows that similar to
retrotransposons, some satellite DNAs can proliferate through RNA intermediates
and indicates coupling of satellite DNA transcription and proliferation (Fig. 6.1b).
DNA transposons belonging to the Helitron superfamily have a propensity to
capture and mobilize flanking DNA sequences (Thomas et al. 2014). Since some
satellite repeats are found as integral parts of DNA transposons while some satellite
arrays are flanked by Helitron transposons, it was proposed that the spread of
satellite repeats throughout the genome can be linked to the process of transposition
(Fig. 6.1c; Brajkovi€ et al. 2012; Satovic et al. 2016; Vojvoda Zeljko et al. 2020). In
the human genome, single repeats of a major alpha satellite DNA dispersed within
euchromatin are often embedded within abundant retroelements such as Alu, L1, or
ERVL-LRTs; however, there is no evidence for such elements playing a role in the
spreading of alpha repeats throughout euchromatin (Feliciello et al. 2020b). While
segmental duplication can be associated with the dispersion of some alpha repeats,
the prevalent mechanism of spreading seems to be mediated by extrachromosomal
circles of alpha satellite DNA whose insertion is facilitated by short sequence
homology between alpha repeats and their target sequences (Feliciello et al.
2020b). Extrachromosomal circular DNAs (eccDNA) composed of alpha satellite
repeats ranging in size from less than 2 kb to over 20 kb are detected in human cells
(Cohen et al. 2010), revealing the propensity of tandemly arranged alpha repeats to
generate eccDNA. The main mechanisms proposed to be responsible for the prolif-
eration of satellite repeats and their dispersion within euchromatin are shown in
Fig. 6.1.

6.3 Satellite DNA Transcription: Heat Stress Activation

Apart from a specific genomic organization of satellitte DNA which is characterized
by their partial dispersion within euchromatin, transcripts of satellite DNAs have
also been proposed to have gene-regulatory potential (Ugarkovi¢ 2005). Although
satellite DNAs are preferentially embedded in constitutive heterochromatin which is
considered transcriptionally inert, their transcription was reported in many species
belonging to vertebrates, invertebrates, and plants (Ugarkovi¢ 2005). Transcription
of satellite DNAs is often bidirectional and proceeds usually by RNA polymerase 11
(RNAP II) from internal promoters as shown in mice (Lu and Gilbert 2007), humans
(Bury et al. 2020) as well as in insects (Pezer and Ugarkovi¢ 2008, 2009, 2012). The
satellite transcripts fall into two main categories: long noncoding RNAs (>200 nt)
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and small RNAs (<200 nt; reviewed in Arunkumar and Melters 2020). Among small
RNAs, the most represented are small interfering RNAs (siRNAs) which, through an
RNA interference mechanism (RNAi) are involved in the epigenetic process of
heterochromatin formation in fission yeast, insects as well as in plants and nema-
todes (Volpe et al. 2002; Pal-Bhadra et al. 2004; Grewal and Elgin 2007; Fagegaltier
et al. 2009). In mammals, however, long satellite transcripts play a role in hetero-
chromatin formation, maintenance, and regulation (Saksouk et al. 2015; Johnson
et al. 2017). During mitosis, the level of mouse major and minor satellite RNA and of
human alpha satellite RNA is regulated by Dicer-mediated cleavage (Fukagawa et al.
2004; Huang et al. 2015) while in meiosis the MIWI protein guided by PIWI-
interacting RNAs (piRNAs) together with the endoribonuclease Dicer controls
satellite RNA level (Hsieh et al. 2020). In diverse species, from plants, insects to
mammals, centromeric satellite transcripts are involved in the recruitment and
loading of centromere-specific histone H3 variant CENP-A as well as of CENP-B
and CENP-C proteins, which are necessary for centromere organization, mainte-
nance, and function (Bouzinba-Segard et al. 2006; Wong et al. 2007; Rosic et al.
2014; Arunkumar and Melters 2020; Chap. 7 of this book). Controlled expression of
(peri)centromeric satellite RNAs, therefore, seems to be essential for ensuring proper
kinetochore assembly and faithful chromosome segregation.

Constitutive heterochromatin is sensitive to temperature fluctuations and is
dynamically regulated in response to environmental stimuli (Ayoub et al. 1999;
Wang et al. 2016). Possible mechanism of temperature-mediated heterochromatin
modulation includes stress-response transcription factors involved in heterochroma-
tin assembly. In human cells, heat stress activates heat shock transcription factor
1 (HSF1) which recruits major cellular acetyltransferases to pericentric heterochro-
matin leading to targeted hyperacetylation (Col et al. 2017), facilitating particularly
the transcription of satellite [Il DNA (Jolly et al. 2004; Rizzi et al. 2004) and satellite
II (Tilman et al. 2012) but also, to a lower extent, transcription of a major alpha
satellite DNA (Feliciello et al. 2020a). The human alpha satellite transcription seems
to be controlled by centromere-nucleolar contacts and when the nucleolus is
disrupted alpha satellite transcript levels increase substantially (Bury et al. 2020).
The possible damage of nucleolus structure upon heat stress might therefore also
influence the activation of alpha satellite transcription. Although human
pericentromeric satellite DNAs such as alpha, satellites II and III are heavily
methylated no change in methylation was detected upon heat stress (Eymery et al.
2009), confirming that transcription activation is not related to DNA methylation
status. In Drosophila, under standard conditions, transcription factor dATF-2 which
regulates expression of stress response genes recruits heterochromatin protein
1 (HP1) to pericentromeric heterochromatin regions that contain dATF-2 binding
sites. Under stress conditions activated MAP kinase such as p38 phosphorylates
dATF-2 which is released from heterochromatin, leading to the abolishment of HP1
and disruption of heterochromatin (Seong et al. 2011). In vivo studies on insect
T. castaneum revealed heat-stress induced transcription of a major satellite DNA
TCAST1 located within pericentromeric heterochromatic and in centromeric
regions, followed by the processing of long satellite transcripts into siRNAs (Pezer
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and Ugarkovi¢ 2012; Sermek et al. 2021). Induced satellite DNA transcription is
coupled with the almost complete demethylation of satellite DNA suggesting a
possible role of DNA methylation in the control of satellite DNA transcription
activation upon heat stress (Feliciello et al. 2013). In Arabidopsis specific transcrip-
tion factors HIT4, MED14, and UVHG6 are required for transcriptional activation of
heterochromatic DNA. Transposons in particular respond to heat stress and this
process is accompanied by heterochromatin decondensation and 3D genome reor-
ganization (Bourguet et al. 2018; Wang et al. 2013; Sun et al. 2020).

6.4 Satellite RNA and Euchromatic Satellite Repeats
in Gene Expression Regulation

Since expression of heterochromatic satellite DNAs is induced upon heat stress in
different model organisms it was investigated whether this could be linked to
modulation of expression of genes located in the vicinity of satellite repeats. In the
beetle T. castaneum enhanced heat stress-induced transcription of a major TCAST]1
satellite DNA correlates with an increased level of repressive heterochromatin marks
H3K9me2/3 on satellite repeats in constitutive heterochromatin as well as on
dispersed TCAST]1 satellite elements within euchromatin and their proximal regions
up to 6 kb from the insertion site (Feliciello et al. 2015a). TCAST1 satellite DNA
repeats dispersed within euchromatin, therefore, seem to serve as nucleation sites for
transient heterochromatin formation which results in partial suppression of nearby
genes upon heat stress, representing the first experimental proof for the gene-
modulatory role of a satellite DNA (Feliciello et al. 2015a). In addition, the role of
TCAST1-derived siRNAs in transient H3K9me?2/3 enrichment at euchromatic and
heterochromatic TCAST1 repeats upon heat stress is proposed (Fig. 6.2a). This
proposal is consistent with the fact that small RNAs initiate the epigenetic silencing
of repetitive DNAs such as satellite DNAs or transposons (TE), and the strength of
these epigenetic effects was shown to be positively correlated with the amount of
small RNAs targeting some TE families (Lee 2015; Lee and Karpen 2017; Choi and
Lee 2020). Since this novel mode of gene expression regulation does not seem to be
unique to a specific satellite DNA it is hypothesized that different satellites which are
partially dispersed in the vicinity of genes and whose transcription is induced upon
heat stress, could influence the expression of associated genes by the same mecha-
nism of temporary “heterochromatinization.” Furthermore, in plants, the strength of
epigenetic silencing of a TE family positively correlates with the family copy
number (Cheng et al. 2006; Noreen et al. 2007), while in Drosophila, the proportion
of TEs with cis-spreading of repressive marks also increases with family copy
number (Lee and Karpen 2017). In addition, it could be proposed that the copy
number of satellite DNAs which would be related to the level of satellite transcripts
might also influence the strength of their epigenetic effects. Apart from copy
number, the influence of chromatin state on the expression of transposon-derived
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Fig. 6.2 Mechanisms of satellite DNA-mediated gene expression regulation. (a) Heat stress pro-
motes transcription of abundant pericentromeric satellite DNAs: TCAST!1 in beetle T. castaneum
and alpha satellite DNA in human cells. This is accompanied by increased H3K9me3 levels at
euchromatic TCAST1 and alpha satellite repeats, respectively, resulting in partial suppression of
nearby genes (Feliciello et al. 2015a, 2020a). Genes associated with satellite repeats are schemat-
ically shown: exons are represented by rectangles, satellite elements by arrows, and complex
containing satellite RNAs by a circle. (b) In the mosquito Aedes aegypti satellite repeats located
at a single euchromatic locus promote sequence-specific gene silencing in trans via the expression
of piRNAs which participate in the degradation of maternally inherited transcripts during early
embryonal development (Halbach et al. 2020). (¢) The transcription of human Satellite III (sat III)
loci is induced upon heat stress and satellite 3 transcripts sequester transcription factor CREBBP
and splicing regulatory proteins SRSFs. As a consequence, there is a suppression of gene expression
(Goenka et al. 2016; Ninomiya et al. 2020)

small RNAs during embryogenesis was reported in plants (Papareddy et al. 2020).
Chromatin organization is also proposed to be responsible for distinct transcription
regulation of satellite DNAs in the beetle T. castaneum during embryogenesis and
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heat stress (Sermek et al. 2021). Namely, transcription of a major TCAST]1 satellite
DNA which proceeds from heterochromatic loci is specifically induced during these
processes. In contrast, the transcription of a minor TCAST? satellite which proceeds
predominantly from euchromatic clusters remains unchanged. Consequently, the
levels of the silent histone mark H3K9me3 at minor TCAST?2 repeats as well as
the expression of nearby genes are not influenced by heat stress (Sermek et al. 2021).

Recently it was revealed that repeats of a major human alpha satellite DNA
located both in heterochromatin and euchromatin have increased H3K9me3 levels
upon heat stress (Feliciello et al. 2020a). H3K9me3 enrichment at alpha repeats upon
heat stress correlates with the dynamics of alpha satellite DNA transcription activa-
tion while spreading of H3K9me3 up to 1-2 kb from the insertion sites reveals that
euchromatic alpha repeats act as modulators of local chromatin structure. Aside from
satellite DNAs, some transposons in plants (Eichten et al. 2012) and mammals
(Rebollo et al. 2011; Liu et al. 2018) reduce expression of neighboring genes by
spreading heterochromatin marks, DNA methylation, and/or H3K9me?2/3 from the
insertion sites. A widespread influence of transposons on H3K9me3 spreading and
expression of neighboring genes was also observed in Drosophila (Sienski et al.
2012; Lee and Karpen 2017). All these results suggest that epigenetic effects, in
particular H3K9me3 enrichment mediated by siRNAs and piRNAs, respectively, are
common for some satellite DNAs and transposons, becoming pronounced upon
stress and may affect neighboring gene expression.

While in the beetle T. castaneum and in human cells the major satellites’ repeats
dispersed within euchromatin modulate the local chromatin environment in cis
inducing neighboring gene silencing, in the mosquito Aedes aegypti evolutionary
old and conserved satellite repeats located at a single euchromatic locus promote
sequence-specific gene silencing in trans via the expression of abundant PIWI-
interacting RNAs (piRNAs). The satellite-derived piRNAs participate in the degra-
dation of maternally inherited transcripts during the maternal-to-zygotic transition
and are fundamental to early embryonic development (Halbach et al. 2020;
Fig. 6.2b). Satellite DNA-derived siRNAs also play a specific role in gene expres-
sion regulation in Drosophila. Namely, short, tandem clusters of 1.688 satellite
DNA in the X chromosome euchromatin of D. melanogaster males guide the dosage
compensation complex MLS which increases expression of nearby genes and the
1.688 siRNAs play a role in this process (Menon et al. 2014; Joshi and Meller 2017,
Chap. 1 of this book). The short euchromatic array of 1.688 satellite on the X
chromosome is also shown to promote specific targeting of POF protein which is
involved in the global regulation of genes on D. melanogaster chromosome 4 (Kim
et al. 2018), while depletion of a large block of pericentromeric 1.688 satellite seems
to affect eggshell formation (Ekhteraei-Tousi et al. 2020). Human alpha satellite
DNA repeats in addition to primates have been detected as rare, highly conserved
elements in evolutionarily distant species such as chicken and zebrafish (Li and
Kirby 2003). The presence of several coding mRNAs in human and chick embryos
that contain alpha-like satellite repeats as a part of their 5" or 3’ untranslated regions
indicates that their expression could be controlled in trans by alpha satellite RNA
(Li and Kirby 2003).
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Some satellite DNA repeats are located within introns of particular genes affect-
ing their expression under specific conditions or developmental stages. One such
example is the tandem repeats found within the intron of the major histocompatibil-
ity complex gene (MHIIp) in the fish Salvelinus fontinalis which are involved in
temperature-dependant modulation of expression of this gene (Croisetiere et al.
2010). The minisatellite was proposed to play a role in the regulation of the adaptive
immune response but the molecular mechanism behind its gene-modulatory effect
was not investigated. In plants such as Arabidopsis thaliana and particularly in rice,
introns of many genes contain heterochromatin associated with repetitive elements,
mostly transposons (Duan et al. 2017; Espinas et al. 2020). The establishment and
maintenance of heterochromatin within introns seem to be critical for transcriptional
control of the associated genes which are predominantly required for environmental
responses and development (Le et al. 2015; Khan et al. 2013). The transcription of
genes with intronic heterochromatin is regulated by an epigenetic mechanism that
involves the conserved nuclear protein complex, mutation of which results in severe
developmental defects (Duan et al. 2017; Espinas et al. 2020). Introns containing
long arrays of satellite DNAs are characteristic for Drosophila Y chromosome genes
which are solely expressed during spermatogenesis (Hardy et al. 1981). The gigantic
introns of these genes are transcribed in line with their exons; however, their
expression requires a unique gene expression program, which acts on both tran-
scription and posttranscriptional processing (Fingerhut et al. 2019). It is proposed
that satellite DNA-containing gigantic introns could act in a manner similar to
enhancers, recruiting transcriptional machinery to the Y-loop genes, while intron
size can play a critical role in the regulation of gene expression (Shaul 2017;
Fingerhut et al. 2019).

6.5 “Macroheterochromatin” in Gene Expression
Regulation

A “micro-heterochromatin” is formed on some satellite repeats or short arrays
dispersed within euchromatin and can affect the expression of genes located in the
vicinity (Feliciello et al. 2015a, b, 2020a). On the other hand, a “macro-heterochro-
matin” is composed of megabase stretches of satellite DNA such as those on the
Drosophila Y chromosome and polymorphism in heterochromatic Y chromosomes
results in genome-wide gene expression variation (Lemos et al. 2010). It seems that
Y chromosome heterochromatin serves as a source of epigenetic variation in natural
populations that interacts with chromatin components to modulate the expression of
biologically relevant phenotypic variation. Increasing the amount of repeats on the X
or Y D. melanogaster chromosome results in a decrease of H3K9me?2/3 levels at
repeat-rich regions at pericentromeres and the Y chromosome, implying a role for
satellite DNA in global chromatin dynamics and redistribution of chromatin regula-
tors across the genome (Brown et al. 2020). Since satellite DNAs are characterized
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by a rapid copy number change often observed at the intraspecific level (Cardone
et al. 1997; Wei et al. 2014; Feliciello et al. 2015b), a significant difference in their
amount may contribute to the diversity of expression of genes and repetitive
elements among populations and individuals. Analyses of 3D genome structures
reveal that pericentromeric heterochromatin spatially contacts distant euchromatin
regions enriched for repressive epigenetic marks, such as regions associated with
epigenetically silenced transposable elements or other repeats, as shown in
D. melanogaster (Lee et al. 2020). It can be proposed that due to such interactions,
pericentromeric heterochromatin could impact the expression of distant euchromatic
genes which are associated with “H3K9me?2/3 islands.” This also indicates that an
interplay between satellite DNA repeats located within heterochromatin and euchro-
matin might be involved in genome-wide gene expression regulation.

6.6 Satellite DNA Role in Stress Response
and Environmental Adaptation

Numerous in vitro studies on human cell lines have shown a strong increase of
pericentromeric satellite Il expression induced by a large number of stressing agents
including heat shock, DNA damaging agents, and hyperosmotic stress (reviewed in
Vourc'h and Biamonti 2011). While most of these stressing agents act through heat
shock transcription factor 1 (HSF1), transcription of satellite III in response to
hyperosmotic stress depends on Tonicity Enhancer Binding Protein (TonEBP)
which controls genes responsible for the survival of cells subjected to high osmotic
pressure (Valgardsdottir et al. 2008). It was proposed that stress-induced activation
of satellite IIT occurred through at least two independent pathways which both lead to
the formation of nuclear stress bodies, and is considered to be a part of a general
cellular response to stress. Namely, satellite III transcripts recruit critical factors
involved in the transcriptional process, contributing to heat-induced transcriptional
silencing and seem to be required to provide protection against heat-shock-induced
cell death (Goenka et al. 2016; Fig. 6.2c). Satellite IIl RNA also mediates in the
recruitment of a number of RNA binding proteins involved in pre-mRNA processing
and participates in the control of gene expression upon heat stress at the level of
splicing regulation (Ninomiya et al. 2020). The alteration of the splicing profile is
mainly characterized by an increase in intron retention events during the recovery
from heat shock. Intron retention prevents the export of the pre-mRNAs from the
nucleus resulting in suppression of gene expression at the posttranscriptional level.
Expression of centromeric satellites is also strongly induced by genotoxic stress as
shown for mouse minor satellite DNA and their accumulation under stress condi-
tions seems to be a conserved feature of the cellular stress response (Hédouin et al.
2017).

In the insect Tribolium castaneum and in human cells activation of (peri)-
centromeric satellite DNA transcription during heat stress response reinforces
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“heterochromatinization” and helps heterochromatin recovery (Pezer and Ugarkovié
2012; Feliciello et al. 2020a). Since heterochromatin is important for genome
stability and integrity, satellite DNA transcripts might have a protective effect in
stressed cells/organisms. In addition, induced ‘“heterochromatinization” leads to
transient suppression of genes located in the vicinity of dispersed TCAST]1 satellite
elements (Feliciello et al. 2015a), as described previously in this chapter. However,
what is the physiological consequence of such transient gene suppression upon heat
stress? It is known that after strong heat stress genomes undergo a substantial
transcriptional silencing and the role of human satellite III in this process was
demonstrated (Goenka et al. 2016). It could be hypothesized that other satellite
DNAs contribute to the same process of gene repression which is necessary to
protect the cell from stress-induced damage. While human satellite III RNA affects
gene expression genome-wide, in the case of TCAST]1 satellite expression of genes
located in the vicinity of euchromatic TCAST]I repeats is affected. Within genes
associated with euchromatic TCAST1 satellite repeats, there is a significant over-
representation of immunoglobulin-like genes (Brajkovié et al. 2012). Stress and the
immune response are tightly connected in insects and mild physical or thermal stress
leads to short-term immune memory (Altincicek et al. 2009; Freitak et al. 2012;
Marshall and Sinclair 2012; Eggert et al. 2015). In mammals, genes involved in
immunity and stress are more likely to contain transposon sequences within UTRs
than other genes (van de Lagemaat et al. 2003). In plants, genes required for
environmental response and development are enriched with heterochromatic introns
associated with repetitive elements (Duan et al. 2017; Espinas et al. 2020). These
data indicate that repetitive elements, either transposons or satellite repeats, seem to
be preferentially associated with environment susceptible genes such as stress or
immune response genes and might affect their expression under specific conditions.
In addition, the high evolutionary dynamics of repetitive elements can promote
expression variation and the evolution of associated genes. Differential transcription
activation of satellite DNA families by heat stress and clustering of their repeats near
some genes, as observed in 7. castaneum (Brajkovi¢ et al. 2018), may facilitate
satellite-mediated gene modulatory effects and increase the complexity of the
transcriptional response to the environment. Satellite DNA-induced changes of the
transcriptome might create a modified gene interaction network with a strong
adaptive potential on which natural selection can act (Fig. 6.3). In ectothermic
organisms in particular, whose body temperatures conform to ambient temperature,
the temperature is one of the principal environmental variables that drive adaptive
evolution. It is also important to mention that satellite DNAs are subjected to a high
evolutionary turnover, resulting in a rapid change of their copy number (Mestrovic¢
et al. 1998) as well as in the emergence of new satellites which could sometimes
contribute to the evolution of a novel feature (Ugarkovi¢ and Plohl 2002). In the
New World Monkey genus Aotus the newly amplified satellite DNA builds a
centrally located heterochromatin block in the nucleus of the rod cells which is
responsible for the evolution of night vision characteristic for species of this genus
(Koga et al. 2017). This represents an example of how a newly acquired satellite
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6.7 Satellite DNA in Pathological Transformation
and Development

Satellite DNA transcription is activated not only by environmental stress but also
upon pathological conditions. In epithelial cancers increased satellite DNA tran-
scription is observed (Ting et al. 2011) and it is often associated with a deficiency of
tumor suppressor proteins, in particular p53 which restrains the movement of
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repetitive elements (Wylie et al. 2016). Besides p53, deficiency of the tumor
suppressor BRCA1 impairs the integrity of constitutive heterochromatin and induces
abnormal transcription of satellite DNA repeats (Zhu et al. 2011). Overexpressed
heterochromatic satellite RNAs sequester BRCA 1-associated proteins causing desta-
bilization of DNA replication forks, and promote breast cancer formation in mice
(Zhu et al. 2018). In mouse K-ras-mutated pancreatic precancerous tissues, tran-
scripts of a major pericentromeric satellitt DNA inhibit the DNA-damage repair
function of YBX1 protein and accelerate tumor formation, and so act as “intrinsic
mutagens” (Kishikawa et al. 2016, 2018). Human satellite II transcripts which are
preferentially expressed in cancer cells are immunogenic, able to directly activate the
innate immune system to produce cytokines, modulating in this way the immune
response against tumor cells (Tanne et al. 2015). In addition, demethylated human
satellite II and its transcripts act as molecular sponges and sequester chromatin
regulatory proteins into abnormal nuclear bodies in cancer (Hall et al. 2017).
Expression of human satellite II is also strongly induced in herpesvirus infected
cells by viral proteins, while satellite II transcripts modulate viral protein expression
and release of infectious particles, having functionally important consequences for
viral replication (Nogalski et al. 2019). Hypomethylation of pericentromeric
sequences and subsequent derepression of associated satellite transcripts triggers
an interferon response in zebrafish (Rajshekar et al. 2018).

Apart from stress and pathological states, activation of satellite DNA transcrip-
tion in many organisms is associated with cell cycle progression, development, and
differentiation (Probst et al. 2010; Kishi et al. 2012; Park et al. 2018; Ferreira et al.
2020). The bidirectional transcription of murine minor satellitt DNA occurs during
mitosis and transcripts stabilize the overall kinetochore structure in the G2/M phase
(Ferri et al. 2009), while in meiosis transcription mostly occurs during the early-
pachytene stage (Hecht 1986). During early mouse embryogenesis, the major
pericentromeric satellite RNA modulates the activity of histone methyltransferase
SUV39H2 and reduces H3K9me3 levels in zygotes (Burton et al. 2020), while
during the midblastula stage a burst of strand-specific transcription of a major
pericentromeric satellite DNA is essential for heterochromatin formation and early
development progression (Probst et al. 2010; Casanova et al. 2013). In addition, the
same satellite is differentially expressed in cells of the developing central nervous
system (Rudert et al. 1995) and this satellite RNA whose level is significantly
increased during neuronal differentiation (Kishi et al. 2012) is necessary for the
correct higher-order organization of pericentromeric heterochromatin (Fioriniello
et al. 2020). It is interesting that although the transcription of the major satellite
proceeds from both DNA strands only the satellite forward RNA is involved in the
initial heterochromatin formation during embryogenesis (Maison et al. 2011) and in
pericentromeric heterochromation organization in neurons (Fioriniello et al. 2020).
Major and minor mouse satellite RNAs are also involved in the large-scale reorga-
nization of constitutive heterochromatin during muscle differentiation (Park et al.
2018). In chicken and zebrafish, transcription of alphoid repeat sequences displays a
specific temporal and spatial expression pattern during embryogenesis (Li and Kirby
2003). In insects, transcription of satellite DNAs is also developmentally regulated
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being increased during specific stages of embryogenesis as revealed for the major
TCAST]1 satellite DNA of T. castaneum, and transcripts in the form of TCAST]I
piRNAs and siRNAs are proposed to be necessary for initial heterochromatin
formation (Pezer and Ugarkovi¢ 2012; Sermek et al. 2021). In the mosquito Aedes
aegypti, piRNAs which derive from conserved euchromatic satellite DNA are
necessary for embryonic development (Halbach et al. 2020), while RNA from a
simple satellite DNA of D. melanogaster is required for sperm maturation and male
fertility (Mills et al. 2019). Examples in other species also indicate that transcription
activation of satellitt DNAs as well as of some other repetitive families such as
LINE1 might be a part of normal developmental and differentiation processes. While
pericentromeric satellite DNA transcripts are important for regulation of heterochro-
matin establishment during early mouse embryogenesis and for heterochromatin
remodeling during differentiation (Park et al. 2018; Burton et al. 2020), LINE-1
transcripts are relevant for regulation of global chromatin dynamics: de- and
recondensation (Jachowicz et al. 2017), acting as a nuclear scaffold to direct gene
expression programs essential for embryo development (Percharde et al. 2018).
Transcripts of some satellite DNAs such as FA-SAT DNA are proposed to be
important for cell proliferation (Ferreira et al. 2020). FA-SAT DNA is highly
conserved in mammals being primarily located at the telomeres and FA-SAT RNA
forms a nuclear complex with Pyruvate Kinase Muscle Isozyme protein (PKM2)
which seems to participate in cell-cycle progression.

In conclusion, satellite DNA transcripts activated either by environmental stress
or during pathological transformation and viral infection, are implicated in immune
system modulation and stress responsiveness, although they act through different
molecular pathways and mechanisms. On the one hand, satellite transcripts can
promote oncogenic processes by inducing mutations (Kishikawa et al. 2016), affect-
ing epigenetic regulators (Hall et al. 2017), enhancing tumor cell proliferation
(Nogalski and Shenk 2020), or compromising replication fork stability and genome
integrity (Zeller and Gasser 2017; Zhu et al. 2018). Satellite RNAs also provide
protection against heat-shock-induced cell death (Goenka et al. 2016) and are a
prerequisite for early embryonic development (Probst et al. 2010; Halbach et al.
2020) and cell differentiation (Park et al. 2018). On the other hand, besides playing a
physiological role in the modulation of global heterochromatin structure as well as of
the gene expression program during development and stress response, activation of
satellite DNAs in terms of transcription and proliferation (mobilization) has an
evolutionary impact. It generates spreading and insertion polymorphism of euchro-
matic satellite repeats, causing variation of epigenetic landscapes and gene expres-
sion diversity within species (Feliciello et al. 2015a; Fig. 6.3). This variation is
additionally enhanced by the propensity of satellites to change copy numbers and to
form new satellite families. This gene expression diversity contributes to the evolu-
tion of gene regulatory networks, increases the evolvability of species, and could
represent a powerful adaptive response of the genome to changing environmental
conditions.
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