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ABSTRACT

Satellite DNA (satDNA) sequences constitute the major component of constitutive
heterochromatin (CH) and have been considered one of the most fascinating and intriguing
repetitive DNA elements of eukaryotic genomes. For many years, satDNA was considered
“junk” and a transcriptional inert fraction of eukaryotic genomes. Today is generally accepted
that satDNAs play important structural and functional roles in genomes, such as genome
architecture, chromosomal reorganization during evolution, or genome regulation, mainly
driven by satellite transcripts or satellite non-coding RNAs (satncRNAs). Centromeric
satncRNAs have been highlighted as crucial players in remodeling/CENP-A deposition and
correct kinetochore assembly, essential for proper chromosome segregation.

The advent of Next Generation Sequencing (NGS) strategies and the overwhelming
advances in genome sequencing technologies have provided a massive amount of sequencing
data from hundreds of model and non-model species. Similarly, a growing in bioinformatics
tools and strategies have been established towards genome-wide identification and
characterization of the repetitive genome elements, namely satDNAs — the Satellitome.

In the last decades, rodents belonging to the Peromyscus genus have emerged as
model systems across a variety of scientific disciplines, including chromosomal evolution,
and the release of the first Peromyscus representative genome sequence (from P.
maniculatus) was the gateway to further dissect the repetitive content of this genome. A
bioinformatics pipeline was thus defined in this work, based on the Tandem Repeats Finder
algorithm and an integrated analysis of sequence similarity allowed the identification of 21
distinct families of large tandem repeats in Peromyscus maniculatus genome (array length
larger than 2 kb) being the majority of these satellite- or transposable elements-related
families, presenting a tandem organization. Two orthologous satDNA families of the rat and
mouse genomes were recognized for the first time in P. maniculatus genome: RNSATI1 and
MMSAT4, respectively. The most prevalent satDNA family of the P. maniculatus satellitome
corresponded to the previously described Peromyscus satDNA — PMSat — an AT-rich
satDNA displaying a 345 bp monomeric size. Physical mapping of PMSat conducted in four
Peromyscus species (P. eremicus, P. maniculatus, P. leucopus and P. californicus) revealed
that PMSat is mainly located at the active centromeres and pericentromeric regions of all
chromosomes, and at other constitutive heterochromatin rich regions as telomeres and p-arms
of some chromosomes. In all the studied species, PMSat showed a high degree of nucleotide

conservation, despite the different number of PMSat copies per genome. Our results strongly
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suggest that the evolution of PMSat was driven by copy number fluctuations and the high
similarity among Peromyscus and non-Peromyscus species may reflect non-concerted
evolutionary events. Also, in light of the karyotype differences of these species, as well as
many of the chromosome polymorphisms found in Peromyscus species, the distinct pattern of
CH, and PMSat locations, we hypothesized that PMSat evolutionary molecular events may
have promoted Peromyscus karyotype variations and genome evolution. Furthermore, the
PMSat copy number fluctuations, promoted by molecular mechanisms such as unequal
crossing-over and rolling circle amplification are clearly observed in the heterochromatin
additions found in some of the genus species, namely on P. eremicus genome.

The transcriptional analysis of PMSat in proliferative cells from all the studied
Peromyscus species uncovered a positive correlation between PMSat expression and DNA
copy number in each genome. Despite the pronounced variation levels of transcripts, the
analysis of specific cell cycle phases revealed a similar transcriptional cellular profile
throughout the cell cycle: PMSat satncRNA accumulates mostly at G2/M transition and at the
mitosis onset and are restricted to the nucleus. To gain more insights on the putative
function(s) of PMsat transcripts, a functional assay based on PMSat RNA knockdown on P.
eremicus proliferative cells anticipated its potential role as key players on kinetochore
assembly and centromeric function. Moreover, according to the putative transcription factors’
binding sites on PMSat monomer sequence found, RNA polymerase II may be the enzyme
conducting the transcription of this satellite family in a variety of cell conditions, namely in
response to cellular stresses.

The work presented on this thesis uncovered PMSat not only as the trigger of
Peromyscus karyotype evolution but also as a crucial element of the centromeric function and

chromosome segregation fidelity, that seems to be conducted by their derived satncRNAs.

Keywords: Peromyscus, satellitome, PMSat, PMSat satncRNAs, karyotype evolution,

centromeric function



RESUMO

As sequéncias de DNA satélite (satDNA) constituem o principal componente da
heterocromatina constitutiva (HC) e tém sido consideradas como um dos elementos
repetitivos mais fascinantes e intrigantes dos genomas eucariotas. Durante muitos anos, estas
sequéncias de DNA foram consideradas “lixo” e uma fragdo gendmica trancricionalmente
inerte. Atualmente, ¢ reconhecida a importante funcdo das sequéncias de satDNA na
arquitetura dos genomas, na reorganizagdo cromossOmica durante a evolu¢do, ou na
regulacdo dos genomas, maioritariamente conduzida pelos seus transcritos ou RNAs satélite
ndo codificantes (satncRNAs). Os transcritos centroméricos tém sido destacados como
importantes reguladores na remodelagdo/deposicdo da CENP-A e no correto “assembly” do
cinetocoro, fatores determinantes para a correta segregacao cromossomica.

O advento de novas estratégias de sequenciagdo dos genomas (“Next Generation
Sequencing - NGS”) e os avangos impressionantes das tecnologias de sequenciagdo tém
fornecido uma enorme quantidade de dados de sequenciacdo de centenas de espécies. Da
mesma forma, um crescente numero de ferramentas e estratégias bioinformaticas tém sido
desenvolvidas para identificar e caracterizar a fraccdo repetitiva de todo um genoma,
nomeadamente as sequéncias de satDNAs - o “Satellitome .

Nas tultimas décadas, os roedores pertencentes ao género Peromyscus emergiram
como animal modelo em varias areas cientificas, incluindo a evolucdo cromossomica. A
disponibilidade do primeiro genoma sequenciado representativo de uma espécie Peromyscus
(o P. maniculatus), representou a oportunidade para uma perce¢do global do contetido em
sequéncias repetitivas deste genoma. Neste trabalho, foi definido um “pipeline”
bioinformatico com base no algoritmo “Tandem Repeats Finder” e uma andlise integrada
baseada na similaridade entre sequéncias que permitiu a identificagdo de 21 familias
repetitivas em “tandem” (tamanho de “array” maior que 2 kb), sendo a maioria
correspondente a sequéncias relacionadas com sequéncias de satDNA ou elementos
transponiveis, que se apresentam em ‘“tandem”. Duas sequéncias ortdlogas de satDNA de
ratazana e ratinho foram identificadas pela primeira vez no genoma de P.maniculatus:
RNSAT1 e MMSATH4, respetivamente. A familia mais predominante encontrada no genoma
de P. maniculatus foi uma sequéncia de satDNA previamente descrita no genoma de P.
eremicus — PMSat —, uma sequéncia rica em AT com um mondémero de 345 bp. Esta
sequéncia foi mapeada fisicamente em quatro espécies de Peromyscus (P. eremicus, P.

maniculatus, P. leucopus e P. californicus) e revelaram que o PMSat esta localizado

XXI



principalmente nos centromeros e regides pericentroméricas de todos os cromossomas, para
além de outras regides ricas em HC, como os telomeros e os bragos curtos de alguns
cromossomas. Em todas as espécies estudadas, o PMSat apresenta uma elevada conservacao
da sequéncia nucleotidica, apesar da grande variacdo no nimero de copias encontrado em
cada genoma. Assim, 0s nossos resultados sugerem que a evolugdo do PMSat foi
impulsionada por flutuagdes no numero de copias, sendo que a elevada similaridade da
sequéncia entre espécies Peromyscus € nao-Peromyscus podem refletir eventos evolutivos
que ocorreram de forma nao-concertada. Para além disto, e de acordo com as diferengas nos
cariotipos, bem como muitos dos polimorfismos cromossémicos encontrados nas espécies de
Peromyscus, o padrao distinto de HC e a localizagdo cromossémica do PMSat, hipotetizamos
que os eventos moleculares evolutivos do PMSat podem ter promovido as variacdes de
cariotipo em Peromyscus e a evolucdo destes genomas. Mais ainda, as flutua¢cdes no niimero
de copias de PMSat, promovidas por mecanismos moleculares como “crossing-over”
desigual e amplificagdo por circulo-rolante, sdo claramente observadas nas adi¢des de HC
encontradas em algumas espécies, principalmente no genoma de P. eremicus.

A atividade transcricional do PMSat em células proliferativas de espécies Peromyscus
revelou uma correlagdo positiva entre a expressdo do PMSat e o nimero de copias em cada
genoma. Apesar da variagdo pronunciada no nivel de transcritos detetados, a andlise
transcricional ao longo do ciclo celular revelou um perfil semelhante: o PMSat satncRNA
acumula-se preferencialmente na transi¢do G2/M e no inicio da mitose e estd confinado ao
nicleo. De forma a obter mais informagdes sobre a(s) funcao(des) putativa(s) dos transcritos
de PMSat, foi realizado um ensaio funcional de silenciamento dos transcritos de PMSat em
células proliferativas de P. eremicus que revelou uma possivel interven¢do dos transcritos de
PMSat no “assembling” do cinetocdro e na fung¢do centromérica. De acordo com os possiveis
locais de ligagdo a fatores de transcrigdo na sequéncia de PMSat, a transcricdo desta familia
de satDNA parece ser realizada pela RNA polimerase II em diversas condi¢des celulares,
nomeadamente em resposta a stress celular.

O trabalho aqui apresentado revelou que o PMSat, ndo s6 foi um “motor” na evolucao
do cariotipo do género Peromyscus, como também ¢ um elemento crucial na funcio
centromérica e fidelidade da segregacdo cromossdmica, tarefa que parece ser desempenhada

pelos seus transcritos.

Palavras-chave: Peromyscus, satellitome, PMSat, PMSat satncRNAs, evolucdo cariotipica,

fungdo centromérica
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I. GENERAL INTRODUCTION

Historically, constitutive heterochromatin (CH) has been viewed as “dark matter” with
an unvarying and static structure, in which only a few regulatory processes occur. However,
over the past two decades, the synergy between the “Omic” technologies, such as genomics,
epigenomics, proteomics and transcriptomics, has revealed unexpected plasticity.
Additionally, transcription of centromeric regions has emerged as a feature of eukaryotic
genomes in various biologic contexts (Chapter III). The CH domains formation and regulation
has been considered to be more dynamic than anticipated, and understanding the biogenesis
and function of repetitive sequences, mainly at centromeres, is raised as of fundamental
interest.

CH is a major component of eukaryotic genomes composing about 30% in Drosophila
and human genomes, 60% in rodents and up to 70-90% in nematodes and plants (Lander et al.
2001; Dimitri et al. 2005; Vicient and Casacuberta 2017). In most organisms, CH occurs as
large blocks mainly at (peri)centromeric regions and telomeres, and represents the typical
“inert” chromatin structure with a stable structural organization characterized by histone
hypoacetylation (important for chromatin compaction), di- and trimethylation of lysine 9 of
histone H3 (H3K9me2 and H3K9me3, respectively) and its binding protein, heterochromatin
protein 1 (HP1) (Bannister et al. 2001; Yan and Boyd 2006; Janssen et al. 2018). This
specialized chromatin plays critical roles in proper chromosomal segregation and genome
stability. At centromeric region, CH components allow the recruitment of the cohesion
complex that promotes sister chromatid cohesion and the recruitment of kinetochore proteins,
like Misl2 complex (reviewed in Grewal and Jia 2007; Fukagawa and Earnshaw 2014).
Heterochromatic regions are typically formed by repetitive DNA sequences that, due to their
high molecular dynamics, act like “hotspots” for the occurrence of structural chromosome
rearrangements and consequently, genome evolution (Chaves et al. 2004; Ruiz-Herrera et al.

2006; Adega et al. 2009; Pago et al. 2014).

I. 1. EUKARYOTIC GENOMES “ARE DOOMED TO REPEAT”

A great proportion of the eukaryotic genomes are built of repetitive DNA sequences.
Their abundance varies significantly among species, and is involved in the huge variation of
genome size in eukaryotes, performing around 50% of the human genome (Shapiro and von
Sternberg 2005; Gregory et al. 2007; Gregory 2018). Repetitive DNA is simply defined as
sequence motifs that occur repeated several of times (i.e. hundreds or thousands) in the

genome. However, encompasses a huge variety of DNA elements of very diverse structure
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and origin. Based on distribution modes in genomes, repetitive DNAs are classified into two
main classes: dispersed (interspersed) repeats and tandemly repeated DNA (reviewed in
Slamovits and Rossi 2002; Richard et al. 2008). In Figure 1.1 each of these main classes is

shown according to their principal repeat elements and genomic locations across species.
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Figure L.1. Repetitive DNA in Eukaryotic genomes. Transposable elements (TEs), interspersed repeats
scattered through the genome, are mainly located at heterochromatin, but also can be present in euchromatin
(gene-rich regions). The elements are composed by DNA transposons and RNA transposons (with subclasses
identified on the figure). Tandem repeats, sequential arrangement of repeat units, are composed by mini-,
microsatellites and satellite DNA (satDNA). Mini- and microsatellites are predominantly located in euchromatin,
but microsatellite arrays can be often also detected in heterochromatin. SatDNAs are located in heterochomatic
regions [(peri)centromere, telomeres, and some interstitial block], but some arrays in euchromatin region was
also identified. TEs and satDNAs are the main constitutes of Constitutive Heterochromatin (CH). Figure
information as a result of the data compilation (Plohl et al. 2008; Richard et al. 2008; Mestrovi¢ et al. 2015;
Padeken et al. 2015).

Interspersed repeats refer to sequences scattered through the genome, commonly
identified as transposable elements (TEs) due their ability to “jump” (transpose) within
distinct genomic locations. According to their transposition mechanism these repetitive
elements are subdivided into two major classes: retrotransposons or class I, that transpose by
a “copy and paste” mechanism through an RNA intermediate (e.g. L1 elements in mammals);
and class II, the DNA transposons, that transpose by excision and integration (“cut and

paste”) without an RNA intermediate (reviewed in Mestrovic¢ et al. 2015; Padeken et al. 2015;
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Kojima 2018). The tandem repeats (TRs) are structurally characterized by a sequential
arrangement (arrays) of copies/repeat units (monomer) that are normally presented in a head-
to-tail fashion (Richard et al. 2008). Within a genome, distinct groups of tandem repeats are
found with different properties: telomeric and subtelomeric repeats, microsatellites,
minisatellites and satellite DNA. Microsatellites include simple short repeat units, 2-5 bp,
with a total length of hundreds of basepairs (bp), while minisatellites have a unit length of 30—
35 bp with a conserved core sequence of 10—15 bp, span from 1 to 15 kb (Padeken et al.
2015). Both classes can be found distributed through the genome in euchromatin regions.
Further, microsatellite arrays can be often also detected in heterochromatin (Plohl et al. 2008;
Padeken et al. 2015). Satellite DNAs (satDNA), that are the repetitive sequences and focused
in this thesis, are characterized by noncoding long tandem arrays and it are usually present in
several million copies in genomes (Charlesworth et al. 1994). Indeed, their prominent copy
number arrays constitute the main feature that allows its differentiation from micro- and
minisatellites (Plohl et al. 2008). SatDNAs do not have the ability to transpose by themselves
as TEs. However, there are some reported examples showing that TEs may act as a substrate
for satDNA emergence and mobility (Dias et al. 2015; Mestrovi¢ et al. 2015; Satovi¢ et al.
2016; Chaves et al. 2017). Together with TEs, satDNAs are the main constituent of CH
(Ugarkovi¢ and Plohl 2002; Chaves et al. 2004; Mestrovi¢ et al. 2015), being preferentially
found at the centromeric and pericentromeric heterochromatin, but also at the interstitial and
terminal chromosomal positions (reviewed in Adega et al. 2009). Actually, recent findings
also revealed the presence of short arrays dispersed along the euchromatin (gene-rich regions)
(Brajkovi¢ et al. 2012; Kuhn et al. 2012; Pavlek et al. 2015). In general, the specific sequence
and monomer length, copy number and chromosome distribution, define the different satDNA
families (Plohl et al. 2008). These sequences are generally characterized by a high AT
content, but GC-rich families have been identified (Kuznetsova et al. 2006). These sequences
often have a high linguistic complexity of nucleotides that leads to complex conformational
curvatures of the DNA helix axis, resulting in tertiary or quaternary structures important for
the heterochromatin identity (Ugarkovi¢ 2005). Basic features of centromeric and
pericentromeric satDNA, as structural and evolutionary concerns, are highlighted in the

following sections.
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I. 1.1. Satellite DNA and the centromere identity

The faithful inheritance of the genome during cell division is ensured by a region of
specialized chromatin found in all eukaryotic chromosomes — the centromere. Two distinct
domains are of vital importance for the centromeric function: the centromere core domain and
its flanking pericentric heterochromatin (pericentromere), which are epigenetically defined by
different sets of proteins that are concomitant with their structure and function in kinetochore
formation and sister chromatid cohesion, respectively (Figure 1.2a) (Chan and Wong 2012;
Plohl et al. 2014). At the centromere, heterochromatin contains the histone H3 variant
(CENP-A in mammals) interspersed with histone H3 (H3.1), which is characterized by the
methylation of lysine residues of H3.1 tails by a lysine methyltransferase: methylation and di-
metylation of lysine 4 (H3K4mel/2) and di- and tri-methylation of lysine 36 (H3K36me2/3)
(Hall et al. 2012). Pericentromere is characterized by di- and tri-methylation of H3.3 lysine 9
and 27 (H3K9me2/3 and H3K27me?2/3), and also by the presence of non-histonic proteins,
which are associated to chromatin by the H3K9me recognition, the HP1 (in mammals) (Chan
and Wong 2012; Hall et al. 2012).

While centromeric structure and function is conserved through eukaryotes, both
centromere DNA sequences (mainly satDNAs) and protein components are paradoxically
variable (Henikoff et al. 2001). In fact, it was assumed that both satDNA and protein evolve
in parallel at the centromere, but at the same time provide a stable complex essential for
centromere activity (Dawe and Henikoff 2006). Epigenetic pathways also play a crucial role
for structural and functionality of centromeres, but the synergy among centromeric
components remains unclear (Hayden et al. 2013; Fukagawa and Earnshaw 2014; Plohl et al.
2014). Nevertheless, a more comprehensive contribution of satDNA to centromeric activity
was accomplished by the discovery of the transcription of centromeric satDNAs as non-
coding RNAs, which are important for a functional centromere/kinetochore complex (a
review of satDNA transcription was presented on Chapter III).

Centromere region differ greatly among species, showing variations in nucleotide
sequence, monomer length, copy number of repeats and their organization itself. Variations
exist even in different chromosomes of the same species. Primate centromeres are made of a
171 bp satDNA (alpha or alphoid satDNA) that acquires distinct organization features
(reviewed in Plohl et al. 2012). Human pericentromere occurs in the form of monomeric
tandem repeats and centromere core domain is organized into high-order repeats (HOR)

structures that consist of multiple (from 2 to 34) head-to-tail basic 171 bp repeat units (Figure
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1.2b) (reviewed in Plohl et al. 2012; Garrido-Ramos 2017). Conversely, in the mouse
centromeres and pericentromeres, two distinct AT-rich satDNAs have been characterized: the
minor satellite (MiSat; 120 bp) and major satellite (MaSat; 234 bp) (Guenatri et al. 2004a).
Additionally, two GC-rich satDNAs are present in some mouse centromeres and
pericentromeric regions of chromosomes, mouse satellite 3 (MS3, 150 bp) and mouse satellite
4 (MS4, 300 bp), (Kuznetsova et al. 2006). Interestingly, some evidences shows that MaSat

can also present HOR structures (Komissarov et al. 2011).
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Figure 1.2. Centromere organization features in human and mouse chromosomes. (a) The centromere core
domain, which specifies kinetochore formation, contains centromere-specific proteins (not shown) and consists
of clusters of CENP-A and H3.1 nucleosomes. The pericentromere regions with H3.3 nucleosomes contain
typical heterochromatin markers including heterochromatin protein 1 (HP1). The epigenetic features of lysine
residues are described in the text. (b) Human centromere was made by long tandem array of high-order repeats
(multicolored arrows HOR) made up of a set of 171 bp alpha satellite monomers flanked by monomeric units
disorderly arranged; mouse centromere was constituted by Major satellite (234 bp units; possible forming
HORs) located at pericentromere and Minor satellite (120 bp units) located at the centromere core domain. The
figure information was collected from the studies (Guenatri et al. 2004; Roizes 2006; Chan and Wong 2012;
Plohl et al. 2012; Fukagawa and Earnshaw 2014; Biscotti et al. 2015).
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Despite satDNAs monomer length variation range from only a few bp up to more than
1kb across species, it seems to exist a preferential monomer length between 150-180 bp and
300-360 bp, which can be explained by the required DNA length to be wrapped around one or
two nucleosomes, respectively (Henikoff et al. 2001). Further, some DNA motifs can be
preserved across centromeric satDNAs. The presence of a short motif with 17 bp, known as
CENP-B box, was found in several mammalian centromeres (Masumoto et al. 2004). These
motif represents the binding site for the centromere protein B (CENP-B), an essential

component for centromere function (Ugarkovi¢ 2005; Fachinetti et al. 2015).

I. 1.2. Satellite DNA evolution

A remarkable feature of satDNA is their rapid turnover even among closely related
species, in which differences in nucleotide sequence, copy number and/or composition of
satDNA families reflect their evolutionary dynamics (reviewed in Ugarkovi¢ and Plohl 2002;
Plohl et al. 2008). Several satDNA families can coexist in a single genome constituting a
“library” of satDNAs, that each of them can be independently amplified/deleted in each
genome (Fry and Salser 1977; Plohl et al. 2012). According to the “library model” (Fry and
Salser 1977), related species share an ancestral hypothetical bulk of distinct satDNA families,
and expansions and contractions of satDNA monomers/arrays can lead a species-specific
satDNA profile with a copy number variation among related species, or even between distinct
chromosomes (Figure 1.3a). Thus, resulting in the replacement of one dominant satellite
repeat (major satellite) by another less represented (minor satellite) (reviewed in Ugarkovié
and Plohl 2002). This model of satDNA evolution is verified in some satDNA already
reported (Mravinac et al. 2002; Bruvo et al. 2003; Plohl et al. 2010). The major satDNA
present in the genomes of the Ctenomys rodents (RPCS - repetitive Pvull Ctenomys sequence)
revels copy number fluctuations among these rodents genomes (Slamovits et al. 2001;
Ellingsen et al. 2007; Caraballo et al. 2010).

It is generally accepted that satDNAs sequences evolves according to the principles of
concerted evolution, that a non-independent evolution of satellite monomers results in a high
repeat homogenization of satDNAs within a genome (Elder and Turner 1995; MeStrovi¢ et al.
1998, 2013). This evolution mode is promoted by molecular drive (Figure 1.3b), a two-level
process in which mutations are spread or eliminated throughout members of a repetitive
family, and concomitantly to its fixation within a population (reviewed in Plohl 2010). The

sequence homogenization is promoted by mechanisms of non-reciprocal transfer, mainly
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unequal crossing-over, gene conversion, rolling circle replication, and also transposition-
related mechanisms (Dover 1986, 2002; Elder and Turner 1995). Generally, these
mechanisms act more efficiently within proximal monomers, decreasing their efficiency when
occurring between different arrays on the same chromosome, homologous or heterologous
chromosomes (Plohl et al. 2008). Thus, adjacent monomers reveal higher degree of sequence
similarity and, in some cases, the homogenization process may originate new repeat units
compose in HORs. For example, in the human alpha-satellite (mentioned above in Figure
1.2b), HORs are typically 97-100% identical while internal subunits are ~70% identical
(Roizes 2006; Palomeque and Lorite 2008).

a
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Figure 1. 3. The Library Model and Molecular Drive Process. (a) The library model of satDNA evolution
predicts that several satDNA families can coexist with different representation among species/chromosomes,
which can be differentially amplified resulting in a distinct satellite landscape leading to a species-specific
profile. Each rectangle represents a repeat unit. Different colors indicate different satDNA variants in an
ancestral species. Subsequent variation in each species is represented by different color gradients. (b) The
molecular drive process explains intraspecific homogenization and the gradual divergence of a specific satDNA
family (color gradient) between species. Adapted from Garrido-Ramos (2015).
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The centromere was traditionally referred as a genomic /Jocus of suppressed
recombination, but mechanisms as unequal crossing over and gene conversion have been
identified as involved is satDNA dynamics on these genomic region (Talbert and Henikoff
2010). Also, segmental duplications has been implicated in large satDNA amplifications of
satDNA arrays and rearrangements of (peri)centromeric regions (Catacchio et al. 2015). The
study of human centromeres (Schueler et al. 2005) reveals that centromeric satDNA evolves
according to “Proximal Progressive Expansion” (Figure 1.4). According to this model, new
satDNA sequences originated by mutations are consequently added to the core centromere, in
a progressive manner that includes both copy number changes and mutation/homogenization
mechanisms. Each addition moves previous centromeric DNA outwards, being the older
sequences located more distantly. The terminal monomers present a low efficacy of the
homogenization mechanisms, and these outwards monomers are more divergent than those
located in the centromere core (for instance see Figure 1.2) (Schueler et al. 2005; Schueler and

Sullivan 2006).

Figure 1.4. Centromeric satDNA evolution by Proximal Progressive Expansion. New satDNA sequences
(originated by mutations) are successively added (colour bars) to the centromere along evolution. Each addition
moves previous centromeric DNA outward. Adapted from Schueler and Sullivan (2006).

Altogether, the dynamic evolution of satDNAs leads to a species-specific satellite
profiles that reflects a combinatorial evolve mechanisms include nucleotide sequence,
monomer size, copy number fluctuations and/or chromosome locations. In fact, the final
outcome of concerted evolution is a highly dynamic molecular behavior of satDNAs that

results in their occurrence in a restricted lineage (e.g. taxonomic group, species,

-10 -
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chromosomes) (Dover 1986; Rudd et al. 2006; Ellingsen et al. 2007). Nonetheless, some
satDNA sequences, designated as “frozen” satDNAs, persist in the genomes over long
evolutionary times, even in the form of low-copy number repeats, most likely because the
concerted evolution of these sequences is influenced by selective constraints and/or slowing
down mutation rates (Mravinac et al. 2002; Mravinac et al. 2005; Plohl et al. 2010; Petraccioli
et al. 2015; Chaves et al. 2017). The most striking example is the FA-SAT satellite that was
recently characterized by our group (Chaves et al. 2017). This satDNA family is the oldest
satDNA already reported being present in several Bilateria species. FA-SAT copy number
changes accompanied by low sequence variability, are observed between Carnivora (i.e., cat
and genet) and non-Carnivora genomes, and are arranged in tandem arrays at telomeric or

centromeric regions, or presented in an interspersed fashion, respectively.

I. 1.3. The link between satDNA and Chromosomal Evolution

The ever-increasing volume of genomic and cytogenetic information focused on
chromosomal evolution highlight satDNA sequences as active players in the structural and
functional evolution of the genome (Garagna et al. 2001; Slamovits et al. 2001; Louzada et al.
2008). Some authors described CH as hotspots for structural chromosomal rearrangements
(Chaves et al. 2004). Actually, repetitive sequences are involved in chromosomal
rearrangements and are responsible for significant proportions of the karyotypic variations
observed in many taxa (Slamovits and Rossi 2002; Schibler et al. 2006; Chaves et al. 2012;
Pago et al. 2015; Vieira-da-Silva et al. 2015; Li et al. 2017). Ruiz-Herrera et al (2006)
performed a broad analysis of evolutionary breakpoint regions between several species and
disclosed that human chromosomes possess fragile sites (where evolutionary rearrangement
events accumulated) characterized by the presence of tandem repeat elements.

Although the specific mechanisms underlying the close relationship between satDNA
and chromosomal rearrangements are unclear, several reports suggest satDNA intragenomic
movements among non-homologous chromosomes and between different chromosomal
regions (centromere, telomere, and short and long arm) (Wichman et al. 1991; Garagna et al.
2001; Slamovits et al. 2001; Louzada et al. 2008). Slamovits and colleagues (2001) confirmed
that karyotype reshuffle in the rodent Ctenomys was accomplished by localization and copy
number variations of RPCS satDNA (referred before). Specifically, expansion and contraction
events were accomplished by chromosome fissions or fusions, respectively (Slamovits et al.

2001; Caraballo et al. 2010). Also, the presence of specific sequence motifs on satDNA

-11 -
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sequences, like the CENP-B box, seems to play an important role in recombination events
promoting, in some cases, translocations involving the centromeric region (e.g. Garagna et al.
2001; Kalitsis et al. 2006; Mestrovi¢ et al. 2013). The complex satDNA/CENP-B seems to
promote recombination events in a dual manner: 1) the sequence similarity can promote
misalignments between monomers/arrays on non-homologous chromosomes, and 2) facilitate
recombination due the protein nicking activity that is bound to satDNA itself (Kipling and
Warburton 1997; Garagna et al. 2001). In this context, the MiSat-CENP-B protein complex
looks to be involved in robertsonian translocations in mouse (Garagna et al. 2001).

Despite the significant findings underlying the link between satDNA and
chromosomal rearrangements in the light of comparative cytogenetics, also the clinical
cytogenetics, namely cancer cytogenetics, has been crucial to disclose the satDNAs role(s) in
eukaryotic genomes (for a comprehensive detail about a practical cancer cytogenetics
approach see Mendes-da-Silva et al. 2016). Indeed, carcinogenesis is considered a
microevolutionary process, in which similar events such as the ones occurring during
chromosomal evolution are observed in tumorigenesis progression. Santos and colleagues
(2006) reported that in a cat fibrosarcoma the amplification of the FA-SAT satDNA was
linked to the complex patterns of chromosome abnormalities detected. Also, not only FA-
SAT satDNA sequence itself was correlated with carcinogenesis, as the FA-SAT non-coding
transcripts also seem to play an important role in tumour progression (Ferreira et al. 2015,

2019).
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I. 2. THE SATELLITOME - NEW CHALLENGES FROM THE GENOMICS ERA

Although initially called “junk” DNA, an increasing number of studies reinforce the
importance of satDNA in genome plasticity and regulation. In addition, the assessing of the
whole collection of satDNA families within a genome has been one of the main challenges in
the new genomic era. Advances in Next Generation Sequencing (NGS) techniques have
improved the quickness, high throughput and reduced cost of whole genome sequencing.
However, the read length was replaced by speed, and the average read length of the most
widely used NGS platforms is about 100-500 bp (Buermans and den Dunnen 2014). The
reduced read lengths, compared with capillary-based approaches (Sanger sequencing), makes
the “genome puzzle” an arduous challenging because more overlapping sequence reads (i.e.,
additional coverage) are necessary to generate a comparable assembly (Schatz et al. 2010;
Treangen and Salzberg 2011). However, higher depth of coverage cannot overcome the
difficulties of repetitive sequences. In fact, for de novo assembly, the assessment of a high
throughput of sequences with read length smaller than repetitive monomers, with an
additional high similarity between repeat units, resulted in several assembly gaps and
produced more fragmented assemblies in recent years than in the pre-NGS era (Schatz et al.
2010; Ye et al. 2011). As an example, the satellite TCAST1 comprises the (peri)centromeric
regions of all the chromosomes and comprising 35% of the beetle Tribolium castaneum
genome; however, only 0.3% of TCASTI1 of the assembled genome consists of a major
TCASTI satellite (Wang et al. 2008). Actually, even the human genome reference sequence
remains incomplete due to the challenge of assembling long arrays of highly similar repeats at
the centromeric regions and the short arms of the acrocentric chromosomes (for review, see
Miga 2015). In the last years, the innovation and challenges in the NGS platforms allowed the
generation of ever-larger reads (up to over 10.000 bp) strategies, known also as third-
generation sequencing methodologies, that are currently provided by several companies such
as Pacific Biosciences (PacBio) (Khost et al. 2017) and Oxford Nanopore (MinlON) (Jain et
al. 2018). Recently Jain et al. (2018) reported the complete assembly and characterization of
the centromeric region of human chromosome Y by an implemented nanopore sequencing
strategy, which represents a key advance on the understanding of these genomic regions.

NGS-based approaches are providing a growing number of sequenced genomes, while
innovative and efficient bioinformatic tools have been specifically developed toward genome-
wide identification of repetitive DNAs. Currently, there are new tools and strategies to access

the whole collection of satDNAs from a given genome — termed as Satellitome (Ruiz-Ruano
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et al. 2016). In the last decade several NGS technologies have been developed with distinct
sequencing strategies (Table I.1), which ultimately present advantages/disadvantages for the
satDNA sequences assessment (reviewed in Lower et al. 2018). Further, many computational
methods are design to assess repeats only in assembled data that can be focused to detect
novel repeats [e.g. Tandem Repeats Finder (Benson 1999; Warburton et al. 2008; Komissarov
et al. 2011; Bose et al. 2014; de Lima et al. 2017; Lang et al. 2019)] or based on similarity to
known repetitive sequences [e.g. RepeatMasker (Bose et al. 2014; Ruiz-Ruano et al. 2016)].
Interestingly, new algorithms have been emerged for the repetitive sequences discovery at
unassembled sequences, however, the maximum detectable repeat monomer size is
constrained by read length [e.g. RepeatExplorer (Novéak et al. 2013, 2014; Belyayev et al.
2019) and TOREAN (Novak et al. 2017)].

Table I.1. Next Generation and Third Generation Sequencing platforms for assessing highly conserved
and repetitive DNA (satDNA). Adapted from Lower et al. 2018.

Read
Platform Method length Pros Cons Examples
(Up to)

NEXT GENERATION SEQUENCING

Ruiz-Ruano et

PCR bias in library preparation

Inexpensive, low o . al. 2018
Ilumina 2] 300 bp (PCR-free libraries reduces bias);
S error rate Ostromyshenskii
% short reads etal 2018
< ] ) Lower yield; high error rate in Cacheux et al.
Ion torrent 400 bp Fast, inexpensive
homopolymer tracts 2016
THIRD GENERATION SEQUENCING*
. Long reads; can Expensive; high error rate (some
Pacific . . Khost et al.
50 kb assemble complex exceptions for Circular Consensus
Biosciences ) ) ) 2017
satellite regions Sequencing approach)
.%’ Long-range
Optical % positional Requires a reference genome; large
. g . . R . Weissensteiner
mapping © 220 kb information; nicking intervals preclude mapping
o etal. 2017
(nanochannel) vE) orthogonal method simple sequences
to sequencing
Oxford High error rate; extracting high
300 kb** Longest reads . o Jain et al. 2018
Nanopore molecular weight DNA is limiting

Pros: advantages; Cons: limitations
* Oxford Nanopore is also considered as fourth generation sequencing technique (e.g. Srinivasan and Batra 2014).

** Read length is only limited by the size of the DNA molecules; thus, reads up to 2 Mb can be obtained (https://nanoporetech.com/).

Traditionally, satDNA have been mostly studied from experimental approaches

(mainly restriction digestion and/or PCR) with a small sample of cloned repeats that was
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isolated from a specific genome, or eventually, a few genomes. These expensive and time-
consuming experimental strategies are insufficient for the identification of the satellitome
from a chosen genome. The synergy between NGS technologies and computational
algorithms has allowed the quest for repetitive content from multiple lineages of non-model
taxa. Therefore, an increasing number of studies focuses in assessing satellite diversity across
a wide range of species, including animals (Warburton et al. 2008; Alkan et al. 2011;
Komissarov et al. 2011; Garcia et al. 2015; Cacheux et al. 2016; Silva et al. 2017), insects
(Ruiz-Ruano et al. 2016; Palacios-Gimenez et al. 2017; Ruiz-Ruano et al. 2018) and plants
(Macas et al. 2011; Novak et al. 2014; Belyayev et al. 2019). Melters et al. (2013) developed
a bioinformatic pipeline to identify the most abundant TRs from 282 selected sequenced
genomes from animal and plant species. This approach confirmed the rapid evolution of
satDNA at the centromere, in which centromeric repeat monomers were highly variable in
both nucleotide sequence and length, however, showing similar modes of concerted
evolution. On the mouse genome, the comprehensive analysis of tandemly repeated
sequences, not only reveled new putative satDNA families (usually defined as tandem repeats
- TRs - rather than satDNA in the Genomic era), as revealed new insights about MaSat
evolution as HORs (Komissarov et al. 2011). Further, the genome-wide analysis of TRs have
allowed the identification of several novel TR families that can reveal a specific pattern of
hybridization, which might provide a kind of “bar code” for each chromosome that can be
used in cytogenetic analysis (Komissarov et al. 2011; Podgornaya et al. 2013).

Since its discovery, satDNA 1is still the most enigmatic fraction of eukaryotic
genomes. Howsoever, the genomic era opens new perspectives not only to disclose the
fundamental features of satDNA (structure, composition, origin and evolution) but also to

unveil the universal framework for understanding the roles of repetitive DNAs as a whole.
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I. 3. RODENTIA - A SOURCE OF ANIMAL MODELS

Since its divergence (~82 MYA'), rodents underwent an impressive adaptive
radiation, accounting for over one third of the current mammalian species (Carleton and
Musser 2005). Rodentia order (NCBI:txid9989) comprises an evolving taxon with more than
2.200 species distributed by 33 families (Wilson and Reeder, 2005). Currently, new species
and genera are being described each year (e.g. Fabre et al., 2018; Pérez et al. 2017). These
small to medium-size mammals are ubiquitous and having spread almost over all continents
(except Antarctica), where they occupy basically all terrestrial ecosystems, including tropical
rainforest and deserts (Carleton and Musser 2005).

Rodents diversity is also reflected karyotypically, due the extreme variation in the
diploid chromosome number ranging from 2n=10 to 2n=102 (Romanenko et al. 2012,
http://www.bionet.nsc.ru/labs/chromosomes/). Even in the same genera, some species may
differ by almost 50 chromosomal rearrangements (Aniskin et al. 2006). Indeed, rodent
genomes experienced a rapid chromosomal evolution (Veyrunes et al. 2007). Specifically, the
species belonging to the Superfamily Muroidea, were characterized by intense chromosome
reshufflings, presenting many complex rearrangements compared to humans and other
mammals (Romanenko et al. 2012). As a result, these species were considered a preferential
animal model for studying the process of karyotype evolution (Romanenko et al. 2007) that is
accompanied by variations at the heterochromatin content and consequently satDNA
distribution patterns (Volobouev et al. 2006). Altogether, rodents have been considered a fine
candidate to study the dynamic behavior of satDNA sequences and its contribution to genome
evolution (e.g. Pago et al. 2014; Pago et al. 2015; Vieira-da-Silva et al. 2015).

Intrinsic characteristics such as small size, easily housing and maintenance, and well
adaptation to new environments make rodents, specifically mouse (Mus musculus) and rat
(Rattus norvegicus), the animal model of choice for a broad range of scientific fields like, for
instance, physiology, nutrition, pharmacology, toxicology, immunology or cancer, among
others (Morse 2007). The advent of the new genomic era with an increasing of whole genome
sequencing platforms allows sequencing an increasing number of Rodentia non-model
genomes. Currently, in addition to mouse (Mus musculus) and rat (Rattus norvegicus), about
more than 30 Rodentia genomes were sequenced and several others are in the process in

sequencing (Accession NCBI:txid9989, NCBI taxonomy, www.ncbi.nlm.nih.gov/taxonomy).

1 Estimated divergence times between Lagomorpha and Rodentia were derived from 45 molecular and paleontological
studies. These inferences were accomplished and available at http://www.timetree.org/.
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Thus, as a result of the increasing genomic and comparative studies, different rodent species
are emerging as new models. Importantly, due to the rodent high content in CH, we are able
to combine different strategies, including whole genome shotgun (WGS) technologies/data
and in silico analysis conjugated with in situ approaches (e.g. Fluorescent in situ hybridization
approaches; for more details see Mendes-da-Silva et al. 2016) to unveil the secrets that govern

satDNA regions.

I. 3.1. Peromyscus as an emerging animal model

The Peromyscus genus (Cricetidae, Neotominae) constitutes the most abundant and
diverse group of North American mammals found from Alaska to Central America. This
genera comprises 56 recognized species, being the Peromyscus maniculatus (deer mouse) and
Peromyscus leucopus (white-footed mouse) the two most abundant and widespread (Figure
1.5) (Carleton and Musser 2005). As in
Rodentia species in general, the
phylogenetic  relationships  inside 2 ;:f’ TRg \
Peromyscus remains a challenge due * %(%
their complexity (Bradley et al. 2007). (

P. californicus
P. eremicus

P. polionotus
P. maniculatus

P. leucopus

Figure L5. Geographic distribution of
Peromyscus species in North American.
Only the species currently maintained as
laboratory stocks are shown. Adapted from
Bedford and Hoekstra (2015).

P. gossypinus

P. melanophrys

HEN EN

P. aztecus

Despite the morphological similarities between Peromyscus, Mus and Rattus, the two
last ones share a more recent common ancestor each other than Peromyscus (Figure 1.6). The
Peromyscus not only assisted in the phylogenetic relationships disclosures the Mus/Rattus
lineage by serving as outgroup but also represents an intermediary species between the two
major rodent genetic models and humans (O’Neill et al. 2007). However, comparative
genomic analyses suggest the deer mouse genomic organization more closely to rat than

mouse (Ramsdell et al. 2008).
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Rattus -

20,9 MYA -

Mus P

33 MYA
Peromyscus
28,8 MYA -

© 90 MYA Microtus q:
22,8 MYA ‘

Mesocricetus 4y,

Human

Figure 1.6. Phylogeny of some muroid rodent models and relation with human. Peromyscus belong to the
Cricetidae family, which includes voles (Microtus) and hamsters (Mesocricetus). The laboratory rat (Rattus
norvegicus) and mouse (Mus musculus) belongs to the Muridae family. Muridae and Cricetidae diverged ~33
million years ago (MYA). The divergence time between rodents and human was estimated in 88 MYA.
Schematic phylogeny and divergence time was based on molecular and paleontological studies that were
compiled and available on public database “Time Tree of Life” (http://www.timetree.org/).

In addition to mouse and rat, peromyscine species are quickly becoming models in
diverse areas of science such as ecology, physiology, chromosomal evolution or reproductive
and developmental biology (complied by Bradley et al. 2007). The majority of the studies
focus in biomedical research (autism, epilepsy, cancer, diabetes, aging, infectious diseases,
toxicology, haematology) and natural variation (behavior, habitat adaptation, etc.) (O’Neill et
al. 2007; Shorter et al. 2012; Sun et al. 2014; Bedford and Hoekstra 2015; Havighorst et al.
2017). Indeed, the importance of these rodent species across a variety of scientific disciplines
is highlighted by Dewey and Dawson (2001) that refer to Peromyscus as “The Drosophila of
North American mammalogy”. Peromyscus acquired special interest when they were
recognized as a natural reservoir for infectious diseases, mainly the hantavirus pulmonary
syndrome (Netski et al. 1999; Burns et al. 2018), Lyme disease (Schwanz et al. 2011) and
hepatitis C (Kapoor et al. 2013; Vandegrift et al. 2017). In contrast to mice, which have a 2-
to 3-year life span, Peromyscus species have life spans ranging between 5 and 8 years (Sacher
and Hart 1978). As such, these species, in special Peromyscus leucopus, are being considered
good models for aging research (Ungvari et al. 2008; Labinskyy et al. 2009). The frequent
occurrence of adenocarcinomas in inbred Peromyscus leucopus strains makes them a
spontaneous metastasis model in laboratory mammals (Parnell et al. 2005). Also, a recent
work of Kaza et al. (2018) report that Peromyscas californicus supports the growth of
estrogen-dependent breast cancers and, on the contrary to what happens in mice, exogenous
supplementation is not necessary.

Currently, diverse research programs are carried out on rodents provided by the

Peromyscus Genetic Stock Center at the University of South Carolina (PGSC;
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http://stkctr.biol.sc.edu/) that provide healthy, uniform, disease-free and parasite-free
Peromyscus individuals to research and to the educational community, and develop the
genetic and molecular resources that will further enhance the research value of the species
(e.g. Shorter et al. 2012; Kenney-Hunt et al. 2014; Vrana et al. 2014; Brown et al. 2018).
Additionally, the Coriell Institute (https://www.coriell.org/) possesses distinct Peromyscus
cell lines karyotipically characterized, providing an excellent source for cytogenetic research,
as the research presented on this thesis.

Four Peromyscine species were studied in this thesis: Peromyscus maniculatus, P.
leucopus, P. californicus and P. eremicus. Their phylogenetic relationships are shown in
Figure 1.7, and followed the estimated divergence time inferred from both fossil records and
molecular studies compiled and available in the public database “Time Tree of Life”

(http://www.timetree.org/).

Peromyscus leucopus
2n=48, FN=70 - o
8MYA white-footed mouse

Peromyscus maniculatus % &

7,
8,8 MYA 2n=48, FN=86 (G =
%'ﬁ pay. A
deer mouse r~
‘ 11 MYA Peromyscus eremicus
2n=48, FN=96 -

bie.
cactus mouse ~

Peromyscus californicus
2n=48, FN=54 .
P e

. . g /
california mouse /)C”

J

Figure 1.7. Phylogenetic tree of the Peromyscus species studied on this thesis. The estimated divergence time
among species are shown. The resulting tree was obtained from the data compilation available on public
database “Time Tree of Life” (http://www.timetree.org/).

I. 3.1.1. Satellite DNA: A neglected element on Peromyscus studies

An interesting feature in Peromyscus species is the high degree of karyotypic
conservation: all species exhibit 2n=48 (Romanenko et al. 2012). The differences between
species reside on the number of chromosomal arms (Fundamental Number, FN) that ranges
from 52 (P. boylii) to 96 (P. eremicus) (Robbins and Baker 1981; Rogers et al. 1984). One of
the major goals in chromosomal evolution studies is the reconstruction of the putative
ancestral karyotype of Muroidea and its subfamilies. Despite the initial purpose that

considered the P. eremicus karyotype close to the putative ancestral for Muroidea

-19-



I. GENERAL INTRODUCTION

(Romanenko et al. 2007), some disagreement signatures were found when more Peromyscus
genomes were analysed, as P. maniculatus (Romanenko et al. 2007; Mlynarski et al. 2008).
These findings reveal the importance of comparative studies with as many as possible
Peromyscus species for the reconstruction of the Neotominae ancestral karyotype
(Romanenko et al. 2012).

The karyotypic differences among Peromyscus species were attributed to pericentric
inversions or additions/deletions of large CH blocks present at the short arm of biarmed
chromosomes that increase the FN (Deaven et al. 1977; Robbins and Baker 1981). All the P.
eremicus chromosomes are biarmed (submetacentric), with all the autosomal short arms
composed by CH. As a result, Peromyscus species greatly differs in the CH content,
composing, for instance, in ~36% of P. eremicus genome and ~6% of P. maniculatus (Deaven
etal. 1977).

Firstly referred by Jalal et al. (1974), it seems to exist a close relationship between
satDNA sequences and the evolutionary rearrangements that originate the Peromyscus
karyotype. With a combinatorial method of traditional analysis of CH and satDNA,
quinacrine banding and density gradient centrifugation, these authors revealed that all the
short arms of P. eremicus were heterochromatic and contained a large amount of satDNA. In
the early 90’s, Hamilton and colleagues (1992) isolated four satDNA clones from P. leucopus
genome and shown that the majority of CH in several Peromyscus species is composed by
satDNA. Interestingly, the studied species (e.g. P. leucopus, P.maniculatus and P.eremicus)
revealed a conserved satDNA at the centromeric region in all the chromosomes that shared, at
least, 70% of similarity (Hamilton et al. 1992). However, the molecular features of this
satDNA (e.g. nucleotide sequence and length) were not defined, and the inferences were
obtained through the stringency used on in sifu hybridization experiments.

Despite its initial interest, the repetitive sequences on Peromyscus genomes, as also
their involvement in the karyotyping reshufflings was neglected for many years. In the last
decade, our group highlighted some evolutionary features involving the contribution of CH,
and satDNA sequences on Peromyscus genome evolution. The complete characterization of
CH from Cricetus cricetus and P. eremicus (Paco et al. 2009) contributed to the construction
of the first combined chromosome comparative maps between these two Cricetidae species
and the index species M. musculus and R. norvegicus (Vieira-da-Silva et al. 2015). On both
genomes, evolutionary breakpoint regions co-localize with CH, reinforcing the involvement
of CH in the karyotype restructuring of these species (Paco et al. 2009; Vieira-da-Silva et al.

2015). Several mammalian species were investigated in our lab and two orthologous satDNAs

-20 -



I. GENERAL INTRODUCTION

were reported in P. eremicus genome. A centromeric satDNA in C. cricetus genome present
on chromosomes 4 and 10 (CCR4/10sat) is also present on P. eremicus genome displaying an
interesting pattern: a scattered distribution in all the chromosomes of the species and localized
within CH regions (Louzada et al. 2008). However, no sequence information of CCR4/10sat
is available. Figure 1.8 summarizes the reports on satellite DNA in Peromyscus until the

beginning of the work presented in this thesis.

Hamilton et al., 1992

HC regions (short arms

and centromeric region) sequence?
enriched by satDNA
Louzada et al., 2008
Figure I.8. Schematic representation of Pero- CCA4/10sat scattered
myscus chromosome related to satDNA reports
on all chromsomes sequence?

until the beginning of this work. The scheme is
based on reports by Hamilton et al. (1992) and
Louzada et al. (2008). In all these studies, P.
eremicus is one of the analyzed species and, for
that, a biarmed (submetacentric) chromosome is
represented.

(mainly in g-arms)
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I. 4. AIMS OF THE WORK

The peculiarities of the Peromyscus karyotype diversity among the genus, mainly due
to the heterochromatic content, highlights the potential of Peromyscine rodents for the study
of the dynamic behaviour of satDNA. Despite the few studies regarding the notorious
constitutive heterochromatin regions of the Peromyscus genome, mainly at the
(peri)centromeric region, the release of the representative Peromyscus annotated genome
assembly (P. maniculatus  bairdii; Pman 1.0, GenBank assembly accession
GCA _000500345.1) and the recent assembly of P. maniculatus chromosomes
(HU Pman 2.1, GenBank assembly accession GCA 003704045.1) represents a gateway for
genome-wide analysis of the Peromyscus satellitome and tandem repeats assessment. Over
the last years, an increasing number of studies reinforced the functional role of satDNAs
carried out not only by the DNA molecule but also by its derived satellite non-coding RNAs
as dynamic elements of mammalian genomes driving the structural and functional evolution
of the genome. The great question underlying this work was “What is the role of satellite
DNA in the genome?” To address this scientific question, the Peromyscus genus (Rodentia)
was used as model, and an integrated and comprehensive approach was carried out to disclose
the satDNA content of Peromyscus genome and its functional role. To approach this goal,
specific objectives were achieved:

1) Genome-wide analysis of the repetitive fraction content on Peromyscus genome
through a bioinformatics pipeline;

i1) Molecular and cytogenetic characterization of the major satDNA family in four
distinct Peromyscus species, P. eremicus, P. maniculatus, P. leucopus and P. californicus;

ii1) Evaluation of the transcriptional status of this satDNA family and the putative

function(s) of the derived satellite non-coding RNAs on Peromyscus genomes.

This thesis is divided in two major sections considering the study of satDNA as DNA
sequences (Chapter I and II), and as satellite non-coding RNAs (Chapter III and IV).

Following the General Introduction in Chapter I, Chapter II describes the repetitive
content of Peromyscus genome using a bioinformatic pipeline to unveil the diversity of large
tandem repeat families, mainly satDNA. The in silico analysis was performed for P.
maniculatus genome and the major (peri)centromeric satDNA family found — PMSat — was
further experimentally characterized in terms of presence, localization, and abundance in the

four distinct genomes previously referred. Also the analysis of the dynamic behaviour of this
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satDNA family on Peromyscus’ karyotype evolution was also performed and presented in this
chapter.

In Chapter III, a general review emphasizes the functional features underlying satellite
non-coding RNAs, especially regarding centromeric and pericentromeric transcripts. Chapter
IV focus on the main purpose of understanding the role of (peri)centromeric satellite non-
coding RNA on Peromyscus genomes, where the transcriptional profile of PMSat was
performed in two genomes, P. eremicus and P. maniculatus, both in terms of space (cellular
location) and time (cell cycle). The depletion of PMSat transcripts was carried out to disclose
the putative cellular function(s) of these (peri)centromeric non-coding RNAs and the possible
pathways in which it is involved.

Finally, Chapter V aimed to integrate and discuss the global findings, followed by the

main conclusions and future perspectives of the work carried out.
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CHAPTER 11

UNVEILING THE SATELLITE DNA LANDSCAPE IN
PEROMYSCUS GENOMES






I1.1. A novel satellite DNA sequence from Peromyscus genome (PMSat):
Evolution via copy number fluctuation

This subchapter summarizes the main features and findings of the satDNA sequence PMSat
on its first report.

BASED ON THE RESEARCH ARTICLE:

Louzada S, Vieira-da-Silva A, Mendes-da-Silva A, Kubickova S, Rubes J, Adega F and Chaves R
(2015) A Novel Satellite DNA Sequence in the Peromyscus Genome (PMSat): Evolution via Copy
Number Fluctuation. Molecular Phylogenetics and Evolution 92: 193-203.
https://doi.org/10.1016/j.ympev.2015.06.008.






I1.1. ANOVEL SATELLITE DNA SEQUENCE FROM PEROMYSCUS GENOME (PMSAT)

For many years, the repetitive fraction of the Peromyscus genome was disregarded
from the cytogenetic analyses, and although some studies reported the presence of satellite
DNA (satDNA) at the (peri)centromeric region in some chromosomes’ short arms (Hamilton
et al. 1992), and in an interspersed location in Peromyscus eremicus chromosomes (Louzada
et al. 2008), no DNA sequence information was available. Later on, the work performed by
Louzada and colleagues, in 2015, characterized and provided molecular information on the
monomer sequence of the major satDNA in P. eremicus, PMSat. The next sections focus on

the main features and findings of this satDNA sequence.

II. 1.1. PMSAT - A NOVEL SATELLITE DNA FROM P. EREMICUS GENOME

Over the years, the development of effective methodologies for de novo isolation of
repetitive sequences has been one of the main factors in the success of the knowledge and
understanding of the functions of these sequences in genomes. One of these methodologies is
laser microdissection procedures (Kubickova et al. 2002) that have allowed the isolation of
centromeric repetitive sequences (Li et al. 2005; Pauciullo et al. 2006) in different
mammalian genomes such as rodent genomes (Louzada et al. 2008). Isolation of centromeres
from P. eremicus chromosomes was conducted by Louzada et al. (2015), by laser
microdissection and subsequent amplification and cloning produced clones of a repetitive
sequence. After sequencing, additional clones were also obtained by PCR amplification with
specific primers and by digested genomic DNA with restriction enzymes. Southern blot
analysis revealed the tandem genomic organization of the isolated sequence, exhibiting a
monomeric size of 345 bp. This novel satDNA was named PMSat — Peromyscus Satellite.

The PMSat clones isolated from P. eremicus genome revealed an identity ranging
from 89.5 to 100 % (Table II.1.1) with a length variation extending from 343 to 464 bp and
an average AT content of 55% (Figure II.1.1 a). In addition to southern blot hybridization
pattern, also the dot plot analysis on PMSat clones confirmed a monomer size of 345 bp

(Figure I1.1.1 b,c).
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I1.1. ANOVEL SATELLITE DNA SEQUENCE FROM PEROMYSCUS GENOME (PMSAT)

Table II. 1.1. Matrix of sequence identity of PMSat isolated sequences in P. eremicus based in the alignment of
Figure I1.1.1.

GQ902036 KC351938 KC351942 KC351943 KC351941 KC351939 KC351940

GQ902036 1.000 1.000 0.997 0.997 0.910 0.921
KC351938 1.000 1.000 0.997 0.997 0.910 0.921
KC351942 1.000 1.000 0.997 0.997 0.910 0.921
KC351943 0.997 0.997 0.997 0.997 0.907 0.918
KC351941 0.997 0.997 0.997 0.997 0912 0.922
KC351939 0.910 0.910 0.910 0.907 0912 0.895
KC351940 0.921 0.921 0.921 0.918 0.922 0.895

The PMSat sequence corresponding to the accession number is available in Table II.1.2.
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Figure II. 1.1. PMSat monomer sequence. (a) Alignment of P. eremicus PMSat isolated clones. The green
box corresponds to PMSat monomer. Only differences in sequences are indicated, while the positions of
sequence identity are represented by a dot. (b) Dot plot diagram of the clone GQ902036 (PERm40) compared to
itself, showing two internal repeats (42 bp length) and two inverted repeats (31 bp length). (¢) Schematic
representation of the satellite detected features with indication of the monomer. Adapted from Louzada et al.
(2015).
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The physical mapping of PMSat on P. eremicus chromosomes (Figure II.1.2 a,b),
conducted by fluorescent in situ hybridization (FISH) and sequential C-banding, showed a
co-localization with constitutive heterochromatin (CH) (Figure II.1.2c,d), mainly at the
(peri)centromeric region in all the autosomes and also in the entire p-arm (e.g. PER2, PER4
and PERY) or at the terminal region of some autosomes (e.g. PER6). On sex chromosomes,
this sequence was also presented at the (peri)centromere and interstitially in the X

chromosome p-arm (Figure I1.1.2b).

PMSat PMSat+

PERX

Figure II. 1.2. Physical mapping of PMSsat on Peromyscus eremicus chromosomes. (A) Representative in
situ hybridization presenting the chromosomal localization of PMSat. (B) Haploid karyotype of P. eremicus
chromosomes showing PMSat hybridization signal. (C) Same metaphase as in (A) after sequential C-banding.
(D) Overlapping of PMSat hybridization signal with C-banding. The arrowhead indicates a chromosomal region
containing CH but no PMSat signal. Adapted from Louzada et al. (2015).

II. 1.2. ORTHOLOGOUS PMSAT IN OTHER CRICETIDAE SPECIES

The presence of orthologous PMSat sequences was investigated in three distinct
Cricetidae species, Cricetus cricetus, Phodopus sungorus and Microtus arvalis. The
sequences were isolated by PCR amplification with specific primers, cloned and sequenced.
The comparison between clones and P. eremicus consensus sequence revealed similarity of
95% with C. cricetus, 94% with P. sungorus and 100% with M. arvalis (Table 11.1.2). Indeed,
the PMSat clones showed a very high interspecies similarity with high conservation of the

monomer sequence among Sp€CiCS.
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Table II. 1.2. Summary of the analysis in all PMSat isolated clones and Genbank accession number sequences.

Phylum Species YoSimilarity  pesignation Isolation Length % AT Access.
(bp) number

Craniata P. eremicus PERm40 Microdissection 464 54 GQ902036

PERmS57 Microdissection 463 54 KC351938

PERp25 PCR 396 55 KC351941

PERp45 PCR 443 54 KC351942

PERp62 PCR 386 55 KC351943

PERHaelllA RE Haelll 346 56 KC351939

PERHacellIB RE Haelll 343 57 KC351940

C. cricetus 95 CCRpAl PCR 446 54 KC351944

CCRpB1 PCR 399 54 KC351945

CCRpCl1 PCR 442 54 KC351946

CCRpR1 PCR 411 54 KC351947

M. arvalis 94 MARpAL1 PCR 430 54 KC351948

MARApI15 PCR 431 54 KC351949

MARpB1 PCR 430 54 KC351950

P. sungorus 100 PSUpAL11 PCR 387 54 KC351951

PSUpA25 PCR 392 54 KC351952

PSUpE1 PCR 443 54 KC351953

PSUpR1 PCR 425 57 KC351954

Similarity percentage refers to the number of identical nucleotide positions compared with PER consensus sequence.

Despite the presence of PMSat orthologous sequences, the physical mapping and
southern blot hybridization revealed different results in the other three Cricetidae species
from those observed in P. eremiscus, namely, no hybridization signal could be detected. This
could be a consequence of copy number variations of PMSat content on these genomes.
Using a new methodology, based on real-time quantitative PCR allied to TagMan chemistry,
the quantification of satDNA was conducted with a specific assay (two primers and a probe)
designed based on the PMSat consensus sequence in a conserved region amongst all the
species under study (Figure II.1.3). Although it was observed a high similarity among the
PMSat monomers in the different Cricetidae species, PMSat family may also comprise other
divergent monomers that were not detected. This approach was also described by our group
in Pago et al. (2014) and revealed to be more specific than previous experiments that combine
the use of standard primers with SYBR Green I chemistry to access the copy number of
repetitive sequences (Navajas-Pérez et al. 2009). Absolute quantification revealed that PMSat
comprises, at least, 20% of the P. eremicus genome (corresponding to at least 1.73x10°

copies per genome), and the relative quantification showed, as suspected, a much lower
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amount of this satellite family in the others studied genomes, approximately 10°-fold fewer

copies compared to P. eremicus (Table I1.1.3).

1 10 20 30 40 50 60 70 80 90 100 110
Consensus CCCATGTGTGTAGGAAGCACAGTTCTTTTGTTCTGAGCAAGETCACTGTTCTGGCCCTATAGGAAACACAGTAGAATAGAAGAGTGETCTTTTCTCAAAAGCAGAGT GTGTTTCT
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KC351946
KC351948
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KC351950
KC351951
KC351953
KC351947
KC351952
KC351954

120 130 140 150 160 170 180 190 200 210 220 230
Consensus TGTAAGGEGAGETAGGGTTTGTTTECCAGTEETAAACGGAGTTGAATECCATGEAGTTTETGGTEETACGAGEAAGAGTT GTTTTETGGTAAGAAGAGTEACTETTGEGETECCA
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Figure II. 1.3. Alignment of PMSat monomer sequence. The image shows the alignment between PMSat
monomer consensus sequence of P. eremicus with other species PMSat sequences. Only differences in
sequences are indicated, while the positions of sequence identity are represented by a dot. The primer/probe
used in the quantification experiments is indicated in blue and red, respectively. Adapted from Louzada et al.
(2015).

Table II. 1.3. List of species and number of clones analyzed, percentage of similarity and quantification of
PMSat satellite DNA family in the species genomes.

Species Clones Similarity (%) PMSat copy number analysis

P. eremicus 7 > 1,73x106 copies/genome

Relative quantification

C. cricetus 4 95 - 1x10° fold
P. sungorus 4 94 - 6x10° fold
M. arvalis 3 100 - 4x10° fold

Similarity percentage refers to the number of identical nucleotide positions compared with PER consensus sequence (Figure II.1.1). The
amount of PMSat in C. cricetus, M. arvalis and P. sungorus is presented as fold change relative to the amount determined for PER.

Altogether, the presence of PMSat orthologous sequences in non-Peromyscus species
in a much lower copy number (comparatively to P. eremicus) suggests that PMSat is only

amplified in the Peromyscus species and presents a typical satDNA sequence ‘‘behavior’’,
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i.e., located at the chromosomes’ CH rich regions (at the pericentromeric regions in P.

eremicus), highly amplified and organized in a tandem array fashion.

II. 1.3. EVOLUTION OF PMSAT SATELLITE DNA SEQUENCE

Due to the high interspecies PMSat sequence identity and a wide range of PMSat
copy number content on the studied Cricetidae species, it could be hypothesized that PMSat
evolves through copy number fluctuations, appearing in P. eremicus genome highly repeated
and organized in tandem arrays. The amplification of repetitive DNA sequences has been
attributed to distinct mechanisms, including unequal crossing-over and rolling circle
amplification (Walsh 1987; Dover 2002; Plohl 2010).

On P. eremicus genome, the copy number variation of PMSat seems to be associated
with the karyotype evolution of this species. As referred on Chapter I, Peromyscus genus
reveals a high degree of karyotypic conservation, being the variations attributed to CH
additions and pericentric inversions (Robbins and Baker 1981; Rogers et al. 1984). As an
element of the CH (observed on P. eremicus genome), PMSat dynamics through
amplification events certainly contributed to CH additions, resulting in the large CH blocks
enriched in PMSat observed on P. eremicus chromosomes.

It has been postulated that satDNA sequences rapidly evolve even among related
species based on the principles of concerted evolution, where a non-independent mode of
monomers evolution results in the homogenization of the accumulated mutations of satDNAs
within a genome (Dover 1986, 2002; Plohl et al. 2008). Interestingly, in non-Peromyscus
species, PMSat orthologous sequences exhibit remarkable similarity to Peromyscus PMSat
sequences but do not present the archetypical features of a satellite DNA sequence (i.e.,
highly repeated and organized in tandem arrays). These findings leave several questions
open: Why is PMSat so conserved in these genomes? What is the function of this sequence?
Some satDNAs persist in the genomes in a conserved manner and have been considered as
“frozen” satDNAs (Plohl et al. 2010; Petraccioli et al. 2015). In fact, putative functional
interactions of some segments inside the monomeric unit of a satDNA family can lead to low
mutation rates by substitution (Plohl 2010). Altogether, PMSat findings suggest that this
satDNA family is under evolutionary constraints in the studied species and may constitute a

functional element in their genomes.
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I1.2. GENOME-WIDE ANALYSIS OF TANDEM REPEATS ON THE GENOME OF PEROMYSCUS

ABSTRACT |

The continuous advances in genome sequencing technologies have provided an enormous amount of
genomic data from hundreds of models and non-model species. Further, bioinformatics tools and
strategies have been developed toward genome-wide identification of repetitive DNAs, namely
satellite DNA (satDNA) — the Satellitome. Here, we describe the first genome-wide identification and
analysis of tandem repeats on a Peromyscine species — Peromyscus maniculatus. A bioinformatics
pipeline based on the Tandem Repeat Finder (TRF) algorithm and an integrated analysis of sequence
similarity allowed the identification of 21 distinct families of large tandem repeats (array length
longer than 2 kb) being the majority of them satellite- or transposable elements-related families. The
major constituent of the Peromyscus satellitome corresponded to the PMSat satDNA family originally
isolated on P. eremicus genome. In situ experiments conducted in four Peromyscus species (P.
eremicus, P. maniculatus, P. leucopus and P. californicus) revealed that PMSat is mainly located at
the active centromeres and pericentromeric regions of all chromosomes, as also at other constitutive
heterochromatin rich regions as telomeres and p-arms of some chromosomes, maintaining a high
degree of conservation in all the studied species despite the different number of copies of PMSat per
genome. Our data strongly suggest that the evolution of PMSat was driven by copy number
fluctuations and the high similarity among Peromyscus and non-Peromyscus species reflect non-
concerted evolutionary events. Moreover, in light of the karyotype differences among Peromyscus
species and the distinct redistribution of constitutive heterochromatin, we hypothesized that PMSat
evolutionary molecular events may have promoted Peromyscus karyotype variations and genome
evolution.

II. 2.1. INTRODUCTION

An important feature of eukaryotic genomes is their richness in repetitive sequences,
namely satellite DNA (satDNA) sequences, which are mainly located at the heterochromatic
regions of chromosomes (constitutive heterochromatin, CH), especially at the centromeric,
pericentromeric and subtelomeric regions, but also at interstitial locations (Henikoff and
Dalal 2005; Plohl et al. 2012). SatDNAs are traditionally organized in megabase-scale arrays
of tandemly repeated monomers in a head-to-tail fashion (Plohl et al. 2014). Due to their
repetitive nature and to the high frequency of variable sequences, in particular at the
centromeres, the correct assembly of these sequences remains challenging and the genome
projects have expurgated them from the public sequencing data. Consequently, even in the
best studied genomes, as the human genome, satDNAs represent the principal unassembled
elements (Jain et al. 2018; Lower et al. 2018), thus limiting our understanding of centromere
organization and function. Notwithstanding, the synergy between emerging sequencing
technologies and increasingly robust analytical algorithms has strengthened our progress
towards end-to-end assemblies of entire chromosomes (Alkan et al. 2011; Jain et al. 2018;
Lower et al. 2018). Therefore, some efforts have been made to explore sequencing data from

recently sequenced genomes in an attempt to find repetitive elements, mainly satDNAs
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(Komissarov et al. 2011; Melters et al. 2013; Ruiz-Ruano et al. 2016; de Lima et al. 2017;
Palacios-Gimenez et al. 2017). These new strategies, in association with molecular and
cytogenetic approaches, not only contribute to unveil these hidden genome components but
also to increase the knowledge about their evolution and function.

Traditionally, satDNA families have been referred to as the most variable elements
between genomes, as they usually evolve rapidly between species regarding composition,
chromosome organization/location and array length (mainly by expansion and/or contraction
events) (Plohl et al. 2008). This is a presumed consequence of concerted evolution, where
different molecular mechanisms of non-reciprocal transfer lead to a rapid intraspecific
homogenization of occurring changes (Plohl et al. 2012). SatDNAs are thus generally
characterized by a high evolutionary mutation rate resulting in species-specific repetitive
elements in some genomes, as it is the case of the human genome. Curiously, some satDNA
families seem to contradict this fact and persist almost intact at the nucleotide sequence level
in phylogenetically distant genomes for long evolutionary periods - the so called “frozen”
satDNAs - even in low copy numbers (Mravinac et al. 2002; Mravinac et al. 2005; Petraccioli
et al. 2015; Chaves et al. 2017). These findings clearly indicate a functional significance for
these ubiquitous genome elements (Chaves et al. 2017) that were once considered “junk”
DNA. In fact, several lines of evidence suggest that satDNA represents a dynamic component
of mammalian genomes, playing important roles in structure and function (Shapiro and von
Sternberg 2005; Biémont and Vieira 2006). Some satDNAs were already described as
responsible for chromosomal rearrangements leading to karyotype variations and hence, to
genome evolution (Slamovits and Rossi 2002).

The Rodentia genus Peromyscus (Cricetidae) comprises the most abundant and
widely distributed group of North American mammals (Witmer and Moulton 2012).
Peromyscus species have emerged as model systems for various aspects of human biology,
including aging, epigenetics or cancer (Parnell et al. 2005; Ungvari et al. 2008; Shorter et al.
2012; Kaza et al. 2018), in addition to the study of chromosome evolution (Shorter et al.
2012; reviewed in Bedford and Hoekstra, 2015). Due to their abundance, P. maniculatus
(deer mouse) and P. leucopus represent the most studied Peromyscus species.

Within Peromyscus, a high degree of conservation in chromosome number is
observed, with all the 56 species presenting 2n=48. There is however a substantial variation
in the number of chromosomal arms, which ranges from 52 to 96 as a result of
heterochromatin additions and pericentric inversions (Rogers et al. 1984; Carleton and

Musser 2005). Most of the cytogenetic studies performed in these species are in the fields of
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comparative genomics, phylogeny and chromosome evolution (e.g. Louzada et al. 2008; Paco
et al. 2009; Brown et al. 2018). In contrast, studies that focus on the repetitive fraction of the
genome are very scarce and the first molecularly characterized satDNA in this genus (PMSat
in P. eremicus) having only been recently reported by our group (Louzada et al. 2015).

The availability of the primary genome assembly of the deer mouse, P. maniculatus
(Pman_1.0 by Baylor College of Medicine, 2014), has allowed us to perform the work
presented here, which is the first genome-wide identification and analysis of large tandem
repeats (TRs) in this genome. For this purpose, we applied a bioinformatics pipeline based on
the Tandem Repeat Finder (TRF) algorithm to identify TR families. The repeat sequences
clustered into 21 new families, the majority of which correspond to satDNA or Transposable
Elements (TE) and related repeats presenting a tandem organization. The largest TR family
identified was the previously reported PMSat, the major satDNA of P. eremicus genome
(Louzada et al. 2015). The molecular and cytogenetic validation studies performed in several
Peromyscus species (P. eremicus, P. maniculatus, P. leucopus and P. californicus) revealed
that PMSat is a component of the active centromere in these species, forming large sequence
blocks at the (peri)centromeric regions of the chromosomes. The peculiarities of the
evolution of this satDNA family seem to correlate with the evolution of the karyotype of

Peromyscus.
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II. 2.2. MATERIAL AND METHODS

Bioinformatics analysis

Peromyscus  maniculatus  bairdii  (Pman_1.0, GenBank assembly  accession
GCA_000500345.1, BioProject PRINA53563) WGS scaffold sequences were obtained from
NCBI in FASTA format. The scaffold nomenclature (1 to 30.921) was defined by default
output order.

Tandem repeat search was performed using Tandem Repeats Finder (TRF) (Benson 1999),
using the following parameters: match, mismatch and delta that were set to 2, 5, 7,
respectively; match_probability was set to 80; indel probability was set to 10; the MinScore
(minimum alignment score to report) was set to 50 and MaxPeriod (maximum period size to
report) was set to 2000. TRF output analysis was performed with custom in house scripts.
Redundant entries from TRF output were eliminated (all embedded TR arrays were
discarded; for the same sequence coordinates, a TR with a larger unit size was discarded).
Each pair of arrays was compared using bl2seq from BLAST+ suite (Camacho et al. 2009).
All pair matches with a score less than 90 were discarded to remove false-positive or
suspicious alignments. The remaining arrays were separated in Families by Blast score
(members in the same family have bl2seq match with score greater than 90). The resulting
families were checked manually for errors. Repbase Rodentia database was used to compare
all TRs with known repeats and validate the grouping into families. All matches to Repbase
repeats with less than 80% similarity were discarded in order to remove false positive
matches from Blast vs Repbase. Some TRs that were not grouped originally into families
(orphan TRs), were grouped in clustered TRs as ‘transposable element (TE)-related’ due to
their respective match on Repbase blast results. For blasting repetitive DNA, sequence
alignments were performed with several changes in the search parameters: max_target seqs
and num_descriptions were set to 10,000, evalue was set to 107", word_size was set to 10,
dust was set to ‘no’ and soft masking parameter was set to ‘false’. All other search
parameters were set to default values. The search for CENP-B box motifs (wild type motif
YTTCGTTGGAARCGGGA) on PMSat family arrays was performed using the Fuzznuc
from EMBOSS on Geneious R9 version 9.1.2 (Biomatters) with a maximum of two

mismatches.
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Cell culture and isolation of DNA

Cell lines from Peromyscus maniculatus (48,XY), P. californicus (48,XX) and P. leucopus
(48,XX) were provided by the Peromyscus Genetic Stock Center from the University of
South Carolina (now available from the Coriell Institute). The cell line from P. eremicus was
gently provided by the Department of Systematics and Evolution, Muséum National
d’Histoire Naturelle, Paris, France. The first two cell lines were grown in Ham's F12/DMEM,
P. leucopus and P. eremicus cell lines were grown respectively in EMEM and DMEM. All
basal media were supplemented with 13% AmnioMax C-100 Basal Medium, 2% AminoMax
C-100 supplement, 10% FBS, 100 U/mL/100 pg/mL of Penicillin/Streptomycin antibiotic
mixture and 200 mM L-Glutamine (all from Gibco, Thermo Fisher Scientific). Cells were
maintained at 37°C in a humidified atmosphere of 5% CO..

Genomic DNA isolation from the different cell lines was carried out using QuickGene DNA

Tissue Kit S (Fujifilm Life Science), according to the manufacturer’s instructions.

PMSat isolation, cloning, sequencing and analysis

PMSat orthologous sequences from P. maniculatus, P. leucopus and P. californicus genomes
were isolated by PCR amplification from the genomic DNA previously obtained from these
genomes and using sequence-specific primers, as previously described for P. eremicus
(Louzada et al. 2015). PCR amplification fragments were extracted from the agarose gel and
purified using the QIAquick PCR purification Kit (QIAGEN). Fast DNA End Repair
(Thermo Scientific) was performed for blunting and phosphorylation of DNA ends, and
subsequently linked into the Smal site of the plasmid pUC19 (Thermo Scientific) with T4
DNA ligase (Thermo Scientific). Transformation was performed in DH5a competent cells
(Invitrogen, Thermo Fisher Scientific). Clones were screened using the -galactosidase blue-
white color system, and the selected ones were labeled with digoxigenin-11-d’UTP (Roche
Diagnostics), validated by DNA-FISH (see below) onto P. eremicus chromosomes (to
confirm orthologous sequences) and sequenced in the forward direction. Clone sequencing
chromatograms and sequence alignments were performed using ClustalW cost matrix on

Geneious R9 version 9.1.2 (Biomatters) with parameters set to default values.

Chromosome preparations, GTG-banding, DNA Fluorescent in Situ Hybridization (DNA-
FISH) and CBP-Banding Sequential to FISH
Fixed chromosome preparations were obtained from the cell lines referred bellow using

standard procedures described elsewhere (Chaves et al. 2004). Air-dried chromosome
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preparations were aged overnight at 65°C and subsequently submitted to standard procedures
of G-banding with Trypsin and revealed with Giemsa (GTG-banding) (Seabright 1971).
Chromosome preparations were fixed in 3% formaldehyde and subjected to sequential
physical mapping of PMSat by DNA fluorescent in sifu hybridization (DNA-FISH) by
routine procedures (Schwarzacher and Heslop-Harrison 2000). PMSat cloned sequences were
labeled with biotin-16-dUTP (Roche Diagnostics) by PCR. The most stringent post
hybridization wash was 50% formamide/2xSSC at 42°C.

Sequentially to FISH, CBP-banding [C-bands by Barium hydroxide using Propidium Iodide
(PD)] was performed according to standard procedures (Sumner 1972) with slight
modifications (Adega et al. 2007).

The karyotypes for the species under analysis were organized based on the guidelines of the
Committee for Standardization of Chromosomes of Peromyscus (1977) and Greenbaum et al.

(1994) and are presented in Supplementary Figure I1.2.1.

Immunofluorescence (IF) and DNA-FISH on unfixed metaphase spreads

Immunofluorescence on unfixed metaphase spreads was performed using a slight
modification of the procedure previously described by Terrenoire et al. (2010). Cells in
exponential growth were treated for 2 hours with colcemid (KaryoMax, Gibco) at 0.1 pg/ml.
The cells were harvested by mitotic shake-off, washed twice with cold phosphate buffered
saline by centrifugation at 1800 rpm for 10 minutes at 4°C, re-suspended in 75 mM KCl at a
concentration of 2-3x10° cells/ml and left at 37°C for 10 minutes. Cell suspension (200 pl)
was cyto-spun (Hettich Rotofix 32A) onto glass slides at 1200 rpm for 10 minutes. Slides
were then incubated in KCM buffer (120 mM KCI, 20 mM NacCl, 10 mM TrisHCI pH 8.0,
0.5 mM EDTA, 0.1% Triton X-100) for 10 minutes at room temperature. The CENP-A
antibody (Cell Signaling) was diluted 200-fold in KCM supplemented with 1% BSA (Sigma-
Aldrich and incubated at 37°C for 1 hour. Slides were washed twice in KCM (5 minutes at
room temperature) and a FITC conjugated secondary antibody diluted as previously
described was then added and the slides incubated for a further hour at 37°C. Slides were
washed twice in KCM (5 minutes at room temperature), fixed in 4% (v/v) formaldehyde (10
minutes, room temperature), rinsed in deionized water and mounted in Vectashield mounting
medium containing 4’-6-diamidino-2-phenylindole (DAPI) (Vector Laboratories). After
image capture the slides were equilibrated in 50%formamide/2xSSC (v/v) for 48 hours and

then DNA-FISH procedures were performed on the same slides.
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PMSat Copy Number Quantification (absolute and relative) by TagMan Assay

For PMSat quantification a TagMan specific assay (primers/probe) previously used and
described in Louzada et al., 2015 was performed. Absolute quantification in Peromyscus
species was performed by the standard curve method, previously used in other satDNA copy
number quantifications (Louzada et al. 2015; Chaves et al. 2017). A 10-fold serial dilution
series of the plasmid DNA standard, ranging from 2x10° to 3.2x10° copies, was used to
construct the standard curve (5 points series dilutions). The concentration of the plasmid was
measured using the NanoDrop ND-1000 (NanoDrop Technologies) equipment and the
corresponding plasmid copy number was calculated using the following equation: DNA
(copy number) = [6,023x10> (copy number/mol) x DNA amount (g)] / [DNA length (bp) x
660 (g/mol/bp)], where Avogadro number is 6.023x10* (copy number) / 1mol and the
average molecular weight of a double-stranded DNA molecule is 660 g/mol/bp. In the
respective formula the recombinant plasmid DNA length is 4242 bp (pDrive vector 3851 bp
and the insert 391 bp).

Cr values in each dilution were measured using real-time qPCR with the TagMan specific
assay described above to generate the standard curve for PMSat. Briefly, the standard curve
includes a plot of the Cr values versus the log concentration of the plasmid DNA standard.
Genomic DNA of all studied species, the unknown total DNA sample (copy number of
PMSat on the genome), was obtained by interpolating its Cr value against the standard curve.
We used 1 ng genomic DNA in the PCR reaction. These reactions were performed in a total
volume of 25 pL with 1.25 pL of the primer/probe assay mixture and 12.5 pL of TagMan®
Genotyping Master Mix (Life Technologies Applied Biosystems). This experiment was
carried out in StepOne real-time PCR system (Life Technologies Applied Biosystems), where
the samples were subjected to an initial denaturation at 95°C (10 min), and then to 40 cycles
at 95°C 15 sec followed by 60°C 1 min. All reactions were performed in triplicate, and
negative controls (without DNA) were also run.

StepOne software (version 2.2.2, Life Technologies Applied Biosystems) was used to
generate the standard curve and for data analysis. Only standard curves with the following
parameters were considered to be typically acceptable: R* > 0.99 and slopes between —3.1

and —3.6 giving reaction efficiencies between 90 and 110%.

Antibodies
Cell signaling: anti CENP-A polyclonal rabbit (IF: 1:200, #2186). Millipore: anti-rabbit
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polyclonal FITC antibody (1:200, #AP132F). Sigma Aldrich: antidigoxigenin-50-TAMRA
(1:200, #11207750910). Zymed: anti-mouse monoclonal FITC (1:200, #81-6511).

Microscopy and image acquisition

Chromosomes images were obtained using an Axio Imager Z2 microscope (Zeiss) coupled to
a JAI Progressive Scan (CV-M4+CL) digital camera and Cytovision software (Genus,
version 4.5.2). Digitized photos were prepared using Adobe Photoshop (version 7.0). Image

optimization included contrast and color adjustments and affected the whole image equally.

Statistics and reproducibility

All data are presented as mean =+ standard deviation (SD). Data were statistically analyzed in
GraphPad Prism 7 (GraphPad Software, Inc.) in which statistical significance was determined
using two-tailed Student's t-test for the comparison between two independent samples and
analysis of variance (ANOVA) tests when more than two groups were under analysis.
Fisher’s exact test was used to analyze the cell phenotypes significance. p-values: ns p>0.05,

* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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II. 2.3. RESULTS

Genome-wide analysis of highly repetitive sequences in the deer mouse genome

We have taken advantage of the data available from the Peromyscus genome
sequencing project (Peromyscus maniculatus bairdii, Pman 1.0, GenBank assembly
accession GCA 000500345.1, BioProject  PRJNAS53563) to perform a systematic search for
Tandem Repeats (TRs) in this genome. The Tandem Repeats Finder (TRF) algorithm
(Benson 1999) was used to identify all the putative TRs presenting at least two tandem copies
of a particular sequence, with a maximal unit size of 2 kb. Since only the scaffold assembly
level was available on Pman_ 1.0, the search was performed on each scaffold sequence
(Figure I1.2.1). Due to the repetitive nature of the analyzed sequences, the initial TRF output
included redundant results due to repeats in the same coordinates with different unit sizes. To
eliminate these redundant entries, all the embedded arrays (i.e. arrays within other arrays)
were removed and in the case of overlapping arrays, the TR with the largest unit size was
discarded. Since the TRF algorithm is more precise in searching for large TRs (monomer
length >50 bp), short repeats (monomer lengths <50 bp) were also excluded from the
subsequent analysis. Additionally, the data obtained were further filtered for finding arrays
larger than 2 kb so we could analyze solely large TRs. Using this approach, we found 1651
large TRs, with monomer and array lengths longer than 50 bp and 2 kb, respectively. The
complete report of each TR is presented in Supplementary File 1.

Then, the TRs were compared two-by-two in the bl2seq program, and the score value
was used as a measure of TR sequence similarity. According to Komissarov et al. (2011), two
tandem repeats belong to the same family if they have a bl2seq match with a score greater
than 90. This analysis classified the 1651 large TRs into orphan (OTRs, 32%) and clustered
(CTRs, 68%), subdividing these last ones (1126) into 21 families (Table I1.2.1; Figure 11.2.2).
The similarity of the identified CTRs with Rodentia known repeats was checked by blast
search against the Rodentia Repbase repeat collection and the nucleotide database from the
National Center for Biotechnology Information (NCBI) (Supplementary File 1), resulting in
the identification of four families of transposable elements (TEs), three families of satDNA
and fourteen families of unclassified tandem repeats within our dataset. The ‘Unclassified’
TR families were named according to the minimum monomer size found in each array,

followed by the species abbreviation PM (Peromyscus).
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Figure I1.2.1. General workflow of the large tandem repeats analysis on Peromyscus maniculatus genomic
data. The search was performed on the scaffold level sequences and for each program the changed parameters
are shown. The complete description of the workflow is described in Methods and Results sections.

Typically, TEs display a scattered distribution throughout the genome due to their
ability to “jump” (transpose) to distinct genomic locations. Interestingly, the four families
identified as related to disperse transposable elements (TE) are tandemly organized in the P.
maniculatus genome. The L1-related family seems to be mostly formed by part of the ORF2,
and the SINE-related family made by fragments of SINE elements, namely B1, B2 and B3
Rodentia retrotransposons. Moreover, several TRs seem to be composed by fragments of
MTA transposons (MTA related family), mostly MaLR-LTR, endogenous retrovirus (ERV3)
and retrovirus-like elements (MYS1), which have structural similarities with MTA
transposons. It should be noted that some TRs included in TE related families (based on

bl2seq match) do not show any similarities with Repbase repeats.
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Table I1.2.1. Peromyscus maniculatus tandem repeats classification.

Arrays % of TR Families Subfamilies

ORPHAN TR 525 318 ) )
CLUSTERED TR 1126 68.2 21 21
Satellite related 886 53.7 3
PMSat 875 53 1
RNSATI1 8 0.5 3
MMSAT4 3 02 1
TE Related 198 11.9 4
L1 related 25 1.5 7
SINE_related 62 3.7 12
MTA related 47 2.8 25
Uncharacterized 64 3.9 N.A.
Unclassified 42 2.5 14
TR 72B_PM 10 0.6 NA.
TR 273 PM 4 0.3 N.A.
TR_72A PM 3 0.2 N.A.
TR 77 PM 3 0.2 NA.
TR 1084 PM 3 0.2 N.A.
TR 1699 PM 3 0.2 N.A.
TR 56 _PM 2 0.1 NA.
TR_72C PM 2 0.1 N.A.
TR 141 PM 2 0.1 N.A.
TR 498 PM 2 0.1 N.A.
TR 1024 PM 2 0.1 N.A.
TR 1175 PM 2 0.1 NA.
TR 1198 PM 2 0.1 N.A.
TR 1612 PM 2 0.1 N.A.

The tandem repeats (TR) found at P. maniculatus bairdii WGS scaffolds (only monomer and array length longer than 50 bp
and 2 kb, respectively, were considered) were classified by their bl2seq score. Two TR belongs to the same family if their
score was higher than 90. The clustered TR (families composed by at least 2 members) was classified due their similarity
(>80%) with known repeats deposited on Repbase Rodentia Database and NCBI. The complete characterization of each
family is provided on Supplementary File 1. TE Related — Tandem repeats related to transposable elements (TE); L1 related
— Long interspersed elements related, non-LTR retrotransposon; SINE_related — short interspersed nuclear elements related,
non-LTR retrotransposon; MTA_related — mouse transcript retrotransposon related, LTR retrotransposon; PM — Peromyscus
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Figure 11.2.2. Large tandem repeat families in Peromyscus maniculatus genome. (a) Overview of the large
TR composition based on TRF output with CTRs highlighted. (b-e) Relationship between all the families
depending on monomer length and GC content. Each clustered TR is separately presented: (c) Satellite_related;
(d) TE related; and (e) Unclassified. (f-i) Relationship between all the families depending on monomer length
and the degree of repeat unit similarity. Each clustered TR is separately presented: (g) Satellite related; (h)
TE_related; and (i) Unclassified.
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Regarding the three satDNA families identified, two were recognized as Rodentia
satDNAs: RNSAT]I, originally isolated from rat, found in eight arrays; and MMSAT4, a
mouse satDNA, found in three arrays. The third and most prevalent family is the previously
described Peromyscus satDNA (PMSat), which appeared in 875 arrays (Louzada et al. 2015).
Thus, our bioinformatics search for P. maniculatus TRs identified for the first time the
presence of two Rodentia satDNAs in this genome (Table 11.2.1; Figure 11.2.2). Although
presenting a different nucleotide sequence, the monomeric unit of both rodent satDNA
families is described as having 168 bp. In P. maniculatus genome, in addition to this
monomer, we identified repeat size units of 84 bp for both families and 252 bp for MMSATA4.
This may indicate the presence of variants/subfamilies of these satDNA families in
Peromyscus. In fact, the results of the Repbase blastn search recognized three RNSATI1
variants already deposited on Repbase, namely RNSATI1a, b and ¢ (Table 11.2.2). All the P.
maniculatus RNSAT1 and MMSAT4 arrays are AT-rich, with a maximum GC content of
38% and 37%, respectively (Figure 11.2.2 b, c¢). The consensus sequence for each array
showed a high similarity with the Repbase consensus sequence for each of the satDNA
families (75.4 -89.3% for RNSATI and 79.8 — 86.8% for MMSAT4). However, within the
array, a low identity was found between monomers (about 76.6% of matches among
RNSATTI arrays and 73.7% among MMSAT#4 arrays) (Table 11.2.2; Figure 11.2.2 f, g).

Finally, all CTR families were compared in terms of monomer length, GC content and
inter-repeat units’ similarity (Figure I1.2.2 b, ). The relationship between these parameters
revealed that some of the unclassified families show similar molecular features to the satellite
related families: TR 56 PM, TR 72A PM, TR 72B PM, TR 72C PM, TR 141 PM and
TR 273 PM (Figure I1.2.2 b, e, f, 1).

Table I1.2.2. RNSATI1 and MMSAT4 satellite related families.

F SF N Scaffold Coordinates Length U.n it Copy %GC  %match  %id.
Size number

162 6626177662849 2074 g4 247 37 79 893

434 527291--529595 2335 84 278 35 7 86.9

RNSATIa 4 253 1518507--1220682 2192 84 26,1 38 75 85.7

973 220921--223035 2133 84 254 37 76 833

RNSATI RNSATID 2 10 177211--179697 2436 168 14,3 36 ) 75.4

1932 66142--68991 2856 84 34 36 77 82.1

596 7200475055 3066 84 365 37 63 774

RNSATIe 2 g 193388--196605 3217 84 383 36 84 78.6

820 148404150931 2545 252 10,1 36 73 85,7

MMSAT4 31056 101425--103548 2133 84 254 36 71 79.8

1126 190181192327 2150 168 12.8 37 7 86.8

Subfamilies were ordered by scaffold number. Unit Size in bp; F - Family; SF - Subfamily; N - number of arrays;
Coordinates - nucleotide position on the corresponding scaffold; Length — in bp; Copy number — number of monomers in the
array; % GC — mean array GC content; % match — mean agreements between monomers in the array; % id — alignment
identity between the array consensus sequence and the corresponding sequence on Repbase Rodentia Database.
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PMSat is the major SatDNA family in Peromyscus maniculatus

As mentioned above, the most prominent TR identified in this study was PMSat
satDNA sequence (Table I1.2.1; Figure 11.2.2), previously experimentally isolated and cloned
by our group (Louzada et al. 2015) from P. eremicus genome and from other species’
genomes belonging to the order Rodentia. The bioinformatics approach now conducted
showed that these sequences are present in 231 scaffolds, totalizing 875 independent arrays,
with the longest having ~41 kb (Figure 11.2.3 a, b; Supplementary File 1). The PMSat family
was thus estimated to account for over 0.2% of the total length of the sequenced P.
maniculatus genome.

The scaffold encompassing the highest PMSat representation contains 34 arrays and a
total of 352 PMSat monomers, spanning over ~ 228 kb (scaffold 266). Interestingly, some
smaller scaffolds are composed entirely by PMSat (see for instance scaffold 19116 with
~7kb and scaffold 19117 with ~3kb). The PMSat family is AT-rich (55 to 67%) showing
high intra-monomeric similarity within each array (~84%) (Figure I1.2.2 b, c, f, g). The
majority of the arrays exhibit a monomer size varying between 341 and 345 bp (Figure
I1.2.3). This is in agreement with the experimental characterization performed by Louzada et
al. (2015), that identified a common monomer size with approximately 345 bp. The current
study also identified the presence of arrays displaying repeat units of dimers (684 to 688 bp)
and trimers (1027 to 1031 bp) of PMSat. Furthermore, these units are repeated in multimers,
suggesting a possible higher order repeat (HOR) organization structure. However, the dot
matrix analysis of scaffolds composed entirely by PMSat monomers shown no signs of HOR
structures’ presence (Figure 11.2.4 a, b). Indeed, the multimers found could be merely the
result of sequence divergence originating sequence variants composed by multimers.
Furthermore, the pairwise comparisons between PMSat monomers within a scaffold are

suggestive of recombination processes amongst PMSat sequences (Figure 11.2.4 ¢).
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Figure 11.2.3. PMSat distribution on Peromyscus maniculatus genomic data. (a) Array length distribution
among the 875 PMSat arrays. (b) Relationship between the degree of monomer units similarity and array length.
(c) PMSat repeat unit distribution shows a predominant PMSat repeat unit with 341 to 345 bp; and the presence
of three picks that represent monomers composed by one (*), two (**) or three (***) repeat units.

-61-



I1.2. GENOME-WIDE ANALYSIS OF TANDEM REPEATS ON THE GENOME OF PEROMYSCUS

1 1,000 2,000 3,000 1 1 1,000 2,000 3,000 4,000 5,000 6,000

1,000

2,000

1,000
3,000

4,000

5,000

2,000
6,000

3,000

2 to 201

Figure 11.2.4. Dot-plot analysis and distance matrix of pairwise alignment. Dot-plot matrix analysis in P.
maniculatus. PMSat scaffolds 19117 (a) and 19116 (b) for signs of HOR structures. The criterion in the analysis
was that a 49- or 50 nucleotide match should exist over a window of 50 nucleotides. If a line spanning more
than two repeat units on a dot matrix, it can be interpreted as a putative HOR structure (Sujiwattanarat et al.
2015). However, only the pattern with single repeat units (~ 345 bp) was detected (represented by gray arrows).
(c) Distance matrix of pairwise alignments of PMSat repeats in scaffold 2261 (Supplementary Figure 11.2.2).
The distances were made using the alignment algorithm CLUSTALW. The horizontal and vertical axes of each
matrix represent consecutive repeats contained in the scaffold sequence. Cells showing nucleotide identities of
>90, 85-89, 80—84 and 75-79% are in red, yellow, green and blue respectively. The same matrices containing
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the identity values in the cells are shown in Supplementary File 2. All matrixes were generated by Geneious R9
version 9.1.2. (Biomatters) under default settings.

PMSat SatDNA has the hallmarks of a true centromeric sequence

A common feature in most animal and plant centromeres is their abundant content in
tandem repeats. The widespread presence of PMSat in a repeated fashion in the centromere
region of the P. eremicus genome, together with its richness in the genome of P. maniculatus
determined by our bioinformatics approach, hypothesizes a close relationship between this
sequence in both genomes and foresees a centromeric location in the entire Peromyscus
genus.

Although the divergence of centromeric sequences among species seems to be the
rule, these satDNA sequences appear to keep a conserved DNA-binding domain for the
centromeric protein CENP-B (CENP-B box), which forms a stable complex with CENP-A
nucleosome (Fujita et al. 2015). The CENP-B box is composed by a 17 bp motif
(YTTCGTTGGAARCGGGA), in which the underlined nucleotides make the core

recognition sequence (CRS), composed by three different binding sites (Tanaka et al., 2001;
Masumoto et al., 2004). A search for the CENP-B box motif was thus conducted for all the
scaffolds that presented PMSat arrays using the Geneious R9 (Biomatters) software. The
CRS was used as the reference motif (CRSwt), leading to the identification of a total of
40683 similar motifs scattered across all scaffolds and located within PMSat
sequences/arrays (Supplementary File 3), 29% of which were identical to CRSwt. The
remaining motifs contained 1-2 mismatches and were termed CRSvar (see for example the
scaffold 19.117 on Figure I1.2.5. a, b). It is worth noticing that some of the PMSat monomers
that presented CRSw¢ motifs are located in scaffolds whose sequences are smaller than 2 kb
and flanked by gaps, which escape from our TRF analysis (e.g. scaffold 1.708; Figure 11.2.5.
c).

To experimentally analyze the genomic context of PMSat, its nucleotide sequence
was isolated and the genome organization was analyzed in other Peromyscus genomes,
including P. maniculatus, P. leucopus and P. californicus. Sequence-specific primers were
designed and used for PCR amplification experiments considering P. eremicus the control
(Louzada et al. 2015). Amplification was successful in all the species under analysis and the
PCR fragments were subsequently cloned. Three clones in P. maniculatus and two clones
both in P. leucopus and P. californicus were selected for sequencing. All the analyzed

sequences shared 99 to 100% identity across all nucleotide positions (Supplementary Tables
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I1.2.1 and I1.2.2). These sequences showed a CRSvar with two mismatches (Figure 11.2.5 d),
a motif that was also found in our bioinformatics analysis in distinct scaffolds enriched in

PMSat arrays (Supplementary Figure 11.2.3).

CRS wild-type CRS variation
N NINNIANINEG G G
NTE G NNNVARNNEG G G [NTCCGNINNMVANIG G G G
NTEETNNNIANNEG G G
NTEETNNNVANNEG G GIN
a 0
2
2
2% d °
MGMGMGWAGGAAGCACAGIICIIINGITRCTGAGCAAGCHCACHGINCMGGCCCMAMAGGAAACACAGIIAGAATMAGAAGAGIGCIMCIITRCMCAAAAGCA Legend
% IPMSat
GAGHMGHGTITTOTTGTAAGGEGAGETAGGGIMINGIMINCCCAGRNCCMAAACGGAGINIGAAMCCCAMGCAGIINCMGGMCCWACGAGCAAGAGIIGIIMTRCT -(jksm
TG GRNNIARNRIEG G G B CRs
“RSvar

GGWAAGAAGAGECACTCIERGCGCMCCCAMNGCCAMACACAGIHGCAAATAGCACTCGCGMCHMGIMRCCCAGCAAGTACAGIHGIHAMTGGACTEGAAGAGAAGC -Assembl\‘ Gap (-NN-)

TWACHGIRCERGHCAGIIRCCHWAAGCAGAGIMRGAACTAGAWAMGGCCCG

Figure I1.2.5. CENP-B box motifs on PMSat monomers. (a) The scaffold 19.117 are composed by 9 PMSat
monomers, in which the first repeat unit possesses the wild type of the core recognition sequence (CRSwt) of
CENP-B box, and the remaining repeat units presents a CRS with 1/2 mismatch or absent. The CRSw¢ and
CRSvar on these scaffold is shown in (b). (¢) The initial region of scaffold 1.708 present a unique PMSat repeat
that present a CRSwt and is flanked by assembly gaps (represented in grey); these PMSat repeats are not
detected by the Tandem Repeat Finder (TRF) algorithm due their array length <2 kb. (d) Consensus sequence of
the isolated clones from Peromyscus species shown a CRSvar with two mismatches.

The corresponding colours for PMsat repeats, CRSw¢, CRSvar and assembly gaps are shown in the figure lower right corner.
The nucleotides present in (b) and (d) follow the same corresponding code colours: Adenine (A) in red, Thymine (T) in
green, Guanine (G) in yellow, and C (cytosine) in purple.

We physically mapped PMSat clones onto Peromyscus chromosomes using
fluorescent in situ hybridization (FISH). The species belonging to the genus Peromyscus are
characterized by exhibiting the same chromosome number (2n=48), with variation at the
fundamental number (FN). In all the species analyzed, P. maniculatus, P. leucopus and P.
californicus, PMSat presents a chromosome distribution characteristic of a satellite repeat,
organized in large blocks at the (peri)centromeric region of all autosomes and in the sex
chromosomes (Figure 11.2.6 a). Of note, FISH technique resolution only allows identification
of PMSat arrays at the (peri)centromeric region (where these are heavily clustered) and does
not allow the physical discrimination between centromeric and pericentromeric domains. In
P. californicus (PCA, FN =54), the sequence was only found at this (peri)centromeric region.
However, in some chromosomes of P. maniculatus (PMA, FN= 86) and P. leucopus (PLE,

FN=70), PMSat was also found at the chromosomes’ p-arms, namely PMA14, 17, 18, 22 and
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PLE11, 18, 22 and at the telomeric region of PMA11 and PLE23. In P. eremicus (PER; FN=
96) chromosomes, PMSat is widely distributed throughout the p-arms (note that all PER
chromosomes are submetacentric), as described by Louzada et al. (2015) (Supplementary
Figure 11.2.4). C-banding sequential to FISH revealed a co-localization of PMSat sequence
with constitutive heterochromatin in all the Peromyscus species (Figure 11.2.6 a;
Supplementary Figure 11.2.5). FISH was further coupled to an immunostaining against the
CENP-A protein on Peromyscus chromosomes in order to confirm the centromeric nature of
the PMSat sequence, with results showing a perfect co-localization between the two (Figure
I1.2.6 b).

The analysis of PMSat copy number was performed in the Peromyscus genomes
using a previously established real-time qPCR approach based on TagMan chemistry for
repetitive sequences (as described in Pago et al. 2014; Louzada et al. 2015). Absolute
quantification using the standard curve method (Supplementary Figure I1.2.5) revealed
significant differences in the copy number of PMSat in P. eremicus genome compared with
the other Peromyscus (Figure 11.2.6 ¢). Our quantification results for PMSat in P. eremicus
are in agreement with those of Louzada et al. (2015), revealing that, at least, 20% of the
genome is composed by PMSat. Since the annotation of the genome size/molecular weight is
not available for P. leucopus or for P. californicus genomes, the results were analyzed in
terms of copy number variation between the species, using the genome of P. maniculatus as
reference. This analysis revealed that P. eremicus is the genome presenting the highest

number of PMSat copies (Figure 11.2.6. ¢; Supplementary Table 11.2.3).
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Figure I1.2.6. PMSat DNA profile on Peromyscus species. (a) Physical mapping of PMSat on P. maniculatus,
P. leucopus and P. californicus chromosomes. Representative G-banded metaphases with sequential DNA-FISH
presenting the chromosomal localization of PMSat (green signals); chromosomes were counterstained with
DAPI (blue). The same metaphases after sequential C-banding (chromosomes counterstained with propidium
iodide, red) revels chromosomal regions containing CH, which when overlap with PMSat hybridization results
in yellow signals. The karyotypes of the same metaphase are presented in Supplementary Figure I1.2.1. (b)
Immuno-localization of the centromeric protein CENP-A (green) on P. maniculatus, P. leucopus and P.
californicus metaphases with sequential localization of PMSat (red). Some examples of co-localization signals
(yellow) are highlighted. Scale bars represent 10 um in all the panels. (¢) PMSat copy number fold change in the
different analysed genomes is indicated, considering P. eremicus as the reference genome. Values are mean +
SD of three replicates. ****P < 0.0001 as determined by one-way ANOVA.
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II. 2.4. DISCUSSION

Since its discovery, satDNA has been the most enigmatic fraction of eukaryotic
genomes. An increasing number of studies reinforce the significance of satDNA in genome
plasticity and regulation. Assessing the entire collection of satDNA families within a genome
has been a major challenge in the new genomic era. Next Generation Sequencing (NGS)
technologies have provided an increasing number of sequenced genomes, while new and
efficient bioinformatic tools have been specifically developed toward genome-wide
identification of repetitive DNAs. Currently, we have new tools and strategies to theoretically
access the whole collection of satDNAs from a given genome — termed as the “Satellitome”
(Ruiz-Ruano et al. 2016).

The genomic era, with the synergy between in silico and in situ approaches, opens
new perspectives not only for disclosing the fundamental features of satDNA (structure,
composition, origin and evolution) but for unveiling the universal framework for

understanding the roles of repetitive DNAs as a whole.

The repeatome of the deer mouse genome

Here, we report for the first time, a genome-wide analysis of tandem repeat elements
(TRs) on P. maniculatus bairdii genome, a Peromyscus species whose sequencing genome
data assemble (at the scaffold level) is available. For this purpose, we defined a
bioinformatics pipeline (Figure I1.2.1) that applies the TRF algorithm at a scaffold assembly
genome level conjugated with tactical filters for TR discovery. A similar strategy revealed to
be effective in the analysis of the repetitive fraction in two mouse whole genome shotgun
(WGS) assemblies (Komissarov et al. 2011).

In the present study, we found 1651 large TRs with a monomer and array length
larger than 50 bp and 2 kb, respectively, which were clustered into 21 families according to
their abundance and similarities with repetitive sequences already reported and deposited on
the Repbase and/or NCBI databases. The majority of the families were clustered into
satellite- or transposable elements (TE)- related repeats, presenting a tandem repeat
organization (Table I1.2.1). We identified, for the first time, in P. maniculatus genome, two
orthologous satDNA families of the rat and mouse genomes: RNSAT1 and MMSAT4,
respectively. Mouse and rat shared a common ancestor with the deer mouse lineage ~32.7
MYA (according to the “Time Tree of Life”, http://www.timetree.org/). Therefore, these two

satDNAs were present on this ancestral genome, and have, at least, 32.7 MYA.
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The largest TR family identified is a satDNA already characterized by our group:
PMSat (Louzada et al. 2015). This AT-rich satDNA, previously isolated from P. eremicus
genome, revealed a monomer unit of 345 bp organized in large blocks in the heterochromatin
at or near the centromeric region. According to our results, PMSat arrays are constituted not
only by monomeric repetitions, but also by repeated units periodically repeated as dimers and
trimers. Moreover, our data showed that PMSat arrays are characterized by a high similarity
between monomers within an array (~84%) (Figure 11.2.3 b). These values may be even
underestimated because the more conserved monomers, which form long tracts of nearly
identical TRs, represent a major challenge for genome assembly, besides the fact that
(peri)centromeric regions are often neglected in genome assembly and annotation. In fact, the
smaller arrays of PMSat showed a higher degree of repeat units’ similarity (cf. Figure 11.2.3.
b). The same was observed experimentally between the PMSat clones isolated from the

Peromyscus species under analysis (above 99-100%; Supplementary Table 11.2.1).

PMSat is part of the functional centromere in Peromyscus

Its abundance and high similarity in the genome sequencing data and in previous
experimental data (Louzada et al. 2015) place the PMSat as a potential candidate for a
centromeric satDNA in Peromyscus genomes. Indeed, the high abundance of TRs at the
centromeres of eukaryotic genomes drove Melters and co-authors (2013) to apply a
bioinformatic pipeline to the available genomic data of hundreds of species in an attempt to
identify centromeric candidate sequences. In addition to satDNA sequences, TEs are also
present at centromeric regions (Plohl et al., 2014; Jain et al., 2018) and in our analysis we
have also found repeats exhibiting homology with partial sequences of endogenous
retroviruses (e.g. ERV2-3) and retrotransposons (e.g. MYS1).

The experimental analysis of isolation and mapping of PMSat was carried out on
three Peromyscus species: P. maniculatus, P. leucopus and P. californicus. A combined
analysis integrating the obtained in silico results, with those from the physical mapping
(DNA-FISH) and CENP-A identification (immunocytochemistry), clearly demonstrated that
PMSat is part of the active centromeres of all the chromosomes in the three species under
study (Figure 11.2.6 b). In P. californicus the sequence is confined to the centromeric region
of the entire chromosomal complement, including the sex chromosomes. This was also
observed by Smalec and colleagues (2019). Additionally, in P. leucopus and P. maniculatus,
the sequence extends to the p-arm or is present at the telomeric region in some chromosomes,

(PMAL11, 14, 17, 18, 22 and PLEI1I, 18, 21 and 23) (Figure I1.2.6; Supplementary Figure
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11.2.6). Although PMSat physical distribution in some of the chromosomes of these two
species is not apparently concordant with that of Smalec et al. (2019), the fact is that
Peromyscus chromosomes exhibit a considerable number of intraspecific/intraindividual
polymorphisms that can be responsible for the differences here observed. In fact, Baker et al.
(1983) and Stangl and Baker (1984) refer to the existence of cytotypes or chromosome races
when analyzing P. leucopus chromosomes.

We also disclosed the presence of the CENP-B box like motif (analyzed by its core
recognition sequence, CRS) on PMSat monomers (Figure I1.2.5), what foresees PMSat
centromeric location and function. Indeed, the in silico analysis of P. maniculatus revealed
the existence of the CENP-B box motif as part of a large amount of PMSat monomers
scattered across all the scaffolds analyzed (Figure 11.2.5 and Supplementary Figure 11.2.3),
either the conserved functional motif (CENP-B box motif — CRSwz, Masumoto et al., 2004)
or presenting one to two mismatches (CRSvar). We strongly believe that the monomers
exhibiting the functional CENP-B box core recognition site (CRSwr) found throughout the
PMA genome assembly are the ones located at the centromere core and are the ones CENP-A

is binding, thus performing a part of its role on the centromeric activity.

PMSat evolution by copy number fluctuation

In P. eremicus PMSat shows the highest representativeness amongst the studied
species, comprising large (peri)centromeric blocks that extend to the entire p-arm of the
majority of the chromosomes, results that corroborate previous findings, that PMSat
corresponds to, at least, ~20% of the genome, according to Louzada et al., 2015
(Supplementary Figures 11.2.4 and 11.2.6). Despite the specificity of the innovative
methodology (i.e. TagMan probe/primers) used for copy number analysis and the high
similarity observed between monomers, is not possible to rule out the possibility of the
existence of divergent monomers of PMSat that escaped our detection (Louzada et al., 2015).
For this reason, the number of copies estimated is considered the minimum present in P.
eremicus genome. The observed PMSat conservatism seems to widen to other Rodentia
genomes also belonging to the Cricetidae family - Cricetus cricetus, Phodopus sungorus and
Microtus arvalis, but once again the differentiating feature is the number of copies, that is
residual in the latter (Louzada et al. 2015).

Once again, the data here assembled corroborates our previous hypothesis (Louzada

et al. 2015) suggesting that copy number fluctuation drove PMSat evolution.
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PMSat is a driver of Peromyscus karyotype evolution

As referred, the karyotype differences among Peromyscus genus rely in the variation
of the fundamental number that ranges from 52 to 96, forming a karyotype of 48
chromosomes in all the studied species. It is established that the karyotypic differences, as
well as many of the chromosome polymorphisms found in Peromyscus result from
heterochromatin additions and pericentric inversions (Rogers et al. 1984; Greenbaum et al.
1994; Romanenko et al. 2012). In fact, PMSat, the major heterochromatin component in
Peromyscus locates exactly at the supposed target chromosome regions involved in the
kayotype evolution of the genus, namely at the (peri)centromeres, p-arms and telomeres.
Furthermore, the fluctuations in copy number of this satDNA sequence represent the
heterochromatin additions found in some species. In the light of Peromyscus karyotype
evolution, we believe that PMSat was originally in a strict centric location, as observed in P.
californicus, mainly composed of acrocentric chromosomes (Supplementary Figure 11.2.6).
The amplification of the satDNA sequences by mechanisms as unequal crossing-over and
rolling circle amplification led to copy number fluctuations, resulting in progressive CH
addictions and these consequently to chromosomal rearrangements (Wichman et al. 1991),
such as the pericentric inversions clearly verified in some chromosomes of P. leucopus P.
maniculatus and P. eremicus. This effect was quite notorious in P. eremicus chromosomes,
where all the autosomes are submetacentric presenting very large CH blocks enriched in
PMSat in the entire p-arms of some chromosomes (Supplementary Figure 11.2.6), what is in
accordance with the analysis of PMSat copy number by real-time qPCR (Figure 11.2.6 c). It is
accepted that repetitive sequences, with emphasis to satDNA, play an important role in
mammalian genome evolution as hotspots for the occurrence of chromosomal
rearrangements, due to the rapid evolution rates of this genomic fraction (Slamovits and
Rossi 2002; Ruiz-Herrera et al. 2006; Adega et al. 2009).

The evolution of specific satDNA families by copy number variations, either by
expansion and/or contraction of arrays, have been associated to chromosomal evolution in
phylogenetically related species (e.g. Slamovits et al. 2001; Ellingsen et al. 2007; Cazaux et
al. 2013; Chaves et al. 2017). Several are the examples where amplification, deletion and
intragenomic movements of satDNA sequences seem to have been the engine promoting
chromosomal evolution. Some of these include RPCS satellite DNA in rodents belonging to
the Ctenomys genus (Ellingsen et al. 2007), the TLC satDNA in the subgenus Mus (Cazaux et
al. 2013) or FA-SAT in a wide range of Bilateria genomes (Chaves et al. 2017), where large

fluctuations in the number of copies of this repetitive family have been detected and seem to
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be causal for the sequence evolution. Also in this work reveals the involvement of a satDNA
family — PMSat — in the chromosomal rearrangements that conducted Peromyscus karyotype

evolution and that is clearly associated with the evolution of the sequence itself.

II. 2.4. CONCLUSION

This work clearly reinforces the potential of genome-wide analysis of newly
sequenced genomes for a global characterization of TRs content. An integrated analysis with
cellular complementary techniques, allows not only a physical characterization at a
chromosomal level, assisting in the subsequent stages of sequencing projects
(scaffold/contigs mapping), but also a molecular and functional characterization of satDNAs
across genome evolution and function.

The characterization of the repetitive fraction of Peromyscus maniculatus assembled
genome, revealed the presence of several not yet classified tandem repeats, transposable
elements and three satDNA families. Amongst these, PMSat stands out, showing to be the
most representative and conserved satDNA family in this genome. These results, together
with previous ones from our group points PMSat as the major constituent of the Peromyscus
satellitome. The molecular and cytogenetic/physical characterization of PMSat in the
different analyzed Peromyscus species (P. californicus, P. maniculatus, P. leucopus and P.
eremicus), revealed its presence at the centromeres, constituting large PMSat blocks, that
extended to the short arm of the chromosomes in some species, being P. eremicus the most
evident one, what seems to be the result of an incredible number of sequence amplifications,
as verified by the huge number of PMSat DNA copies for us detected in comparison to the
other species. In fact, copy number fluctuation seems to have been the evolutionary engine of
this satDNA family that consequently resulted in the chromosome differences and
rearrangements (promoted by centromeric sequences copy number fluctuations and
inversions) behind the karyotype evolution in the genus. Besides its presumable role in the
evolution of the Peromyscus karyotype, the remarkable sequence similarity found in PMSat
orthologous sequences (on Peromyscus species and in non-Peromyscus species) clearly
indicates a functional significance for this repeat. Additionally, the presence of the conserved
DNA-binding domain for the centromeric protein CENP-B (CENP-B box) and the co-
localization of the CENP-A protein that forms a stable complex with this motif on PMSat
monomers proves its centromeric nature and anticipates its involvement in the centromeric

function.
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SUPPLEMENTARY INFORMATION
SUPPLEMENTARY FIGURES
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Supplementary Figure IL.2.1. Karyotypes of Peromyscus species. The representative karyotype of P.
californicus (a), P. leucopus (b) and P. maniculatus (c). For each species, 20 metaphases were analysed after of
G-banding and after physical mapping of PMSat. The metaphasic chromosomes are the same presented in
Figure 11.2.4 a. Karyotype were constructed based on chromosomal morphology presented in Committee for
Standardization of Chromosomes of Peromyscus (1977), and Greenbaum et al. (1994).
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Supplementary Figure I1.2.2. PMSat representativeness on Scaffold_2261. (a) Dot-matrix analysis of five
contigs on scaffold 2261 (AYHNO1158826.1, AYHNO1158827.1, AYHNO01158828.1, AYHN01158829.1 and
AYHNO01158830.1) for PMSat repeats. The matrix was performed based on EMBOSS 6.5.7 tool dotmatcher on
Geneious R9 version 9.1.2 (Biomatters), with threshold of 50%. (b) Assembly map of PMSat repeats on
Scaffold 2261 supercontig. PMSat repeats and assembly gaps were mapped in red and yellow, respectively.

Both analyses was carry out on Geneious R9 version 9.1.2. (Biomatters).
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Supplementary Figure 11.2.3. CENP-B box motifs mapping on Scaffold_100. The presented scaffold shows
a region (highlighted in the figure with corresponding coordinates) with CRSvar motifs (red arrowheads), which
are also found in isolated PMSat clones.

Supplementary Figure I1.2.4. Physical mapping of PMSat onto P. eremicus chromosomes. (a)
Representative metaphase of DNA-FISH presenting the chromosomal localization of PMSat (green signals).
Chromosomes were counterstained with DAPI (blue). (b) The same metaphase after sequential C-banding
(chromosomes counterstained with propidium iodide, red) revels coincidence of CH at the same PMSat regions
(for more detail see in Louzada et al. 2015).
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Supplementary Figure I1.2.5. Standard curve used in the absolute quantification of PMSat in Peromyscus
genomes. The parameters follow the acceptable values for the purpose, with R* = 0.991, slopes -3.407 and
96.588% of reaction efficiency.
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Supplementary Figure I1.2.6. Chromosomal mapping of PMSat onto Peromyscus chromosomes. The
physical location of PMSat (green signals) is shown in terms of comparison for the homologous chromosome in
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the corresponding Peromyscus species: P. californicus (PCA, 48,XX), P. leucopus (PLE, 48XX), P.
maniculatus (PMA, 48,XY) and P. eremicus (PER, 48,XY). Chromosomes were counterstained with DAPI
(blue). The metaphasic chromosomes are the same presented in Figure I11.2.6 and Supplementary Figure 11.2.4
and the corresponding karyotypes are presented in Supplementary Figure 11.2.1.
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SUPPLEMENTARY TABLES
Supplementary Table I1.2.1. Summary of the analysis in all PMSat isolated clones
Species % Similarity Designation Length (bp) % GC
99.74 PMApl1 387 46.3
P. maniculatus 100 PMAp2 388 46.9
100 PMAp17 405 46.2
99.73 PLEp2 368 46.7
P. leucopus

99.75 PLEp4 405 45.9
100 PCApl 391 46.8

P. californicus
99.74 PCAp2 392 46.9

Similarity percentage refers to the number of identical nucleotide positions compared with PMSat sequence deposited on

NCBI (GI: KC351938)

isolated from P. eremicus (Louzada et al. 2015).

Supplementary Table I1.2.2. DNA sequence of PMSat isolated clones from P. maniculatus, P. leucopus and

P. californicus.

Designation

Sequence

PMApI

PMAp2

PMAp17

>TTCTTTTGTTCTGAGCAAGCTCACTGTTCTGGCCCTATAGGAAACACAGTAGAATAGAAGAGTGC
TCTTTTCTCAAAAGCAGAGTGTGTTTCTTGTAAGGCGAGCTAGGGTTTGTTTCCCAGTCCTAAACG
GAGTTGAATCCCATGCAGTTTCTGGTCCTACGAGCAAGAGTTGTTTTCTGGTAAGAAGAGTCACTC
TTGCGCTCCCATTGCCATACACAGTGCAAATAGCACTCGCGTCTGTTCCCGGCAAGTACAGTGTAT
TGGACTGAAGAGAAGCTACTGTTCTTGTCAGTTTCCTAAGCAGAGTTGAACTAGATATGGCCCGTG
TGTGTAGGAAGCACAGTTCTTTTGTTCTGAGCAAGCTCACTGTTCGGACCCCACATAC

>CGACTCGAGTGGGTTATGTGGCCCATGTGTGTAGGAAGCACAGTTCTTTTGTTCTGAGCAAGCTC
ACTGTTCTGGCCCTATAGGAAACACAGTAGAATAGAAGAGTGCTCTTTTCTCAAAAGCAGAGTGT
GTTTCTTGTAAGGCGAGCTAGGGTTTGTTTCCCAGTCCTAAACGGAGTTGAATCCCATGCAGTTTCT
GGTCCTACGAGCAAGAGTTGTTTTCTGGTAAGAAGAGTCACTCTTGCGCTCCCATTGCCATACACA
GTGCAAATAGCACTCGCGTCTGTTCCCAGCAAGTACAGTGTATTGGACTGAAGAGAAGCTACTGTT
CTTGTCAGTTTCCTAAGCAGAGTTGAACTAGATATGGCCCGTGTGTGTAGGAAGCACAG

>TGTGTGTAGGAAGCACAGTTCTTTTGTTCTGAGCAAGCTCACTGTTCTGGCCCTATAGGAAACAC
AGTAGAATAGAAGAGTGCTCTTTTCTCAAAAGCAGAGTGTGTTTCTTGTAAGGCGAGCTAGGGTTT
GTTTCCCAGTCCTAAACGGAGTTGAATCCCATGCAGTTTCTGGTCCTACGAGCAAGAGTTGTTTTCT
GGTAAGAAGAGTCACTCTTGCGCTCCCATTGCCATACACAGTGCAAATAGCACTCGCGTCTGTTCC
CAGCAAGTACAGTGTATTGGACTGAAGAGAAGCTACTGTTCTTGTCAGTTTCCTAAGCAGAGTTGA
ACTAGATATGGCCCGTGTGTGTAGGAAGCACAGTTCTTTTGTTCTGAGCAAGCTCACTGTTCGGAC
CCCACATAC

PLEp2

PLEp4

>GCCCATGTGTGTAGGAAGCACAGTTCTTTTGTTCTGAGCAAGCTCACTGTTCTGGCCCTATAGGA

AACACAGTAGAATAGAAGAGTGCTCTTTTCTCAAAAGCAGAGTGTGTTTCTTGTAAGGCGAGCTA

GGGTTTGTTTCCCAGTCCTAAACGGAGTTGAATCCCATGCAGTTTCTGGTCCTACGAGCAAGAGTT
GTTTTCTGGTAAGAAGAGTCACTCTTGCGCTCCCATTGCCATACACAGTGCAAATAGCACTCGCGT
CTGTTCCCAGCAAGTACAGTGTATTGGACTGAAGAGAAGCTACTGTTCTTGTCAGTTTCCTAAGCA
GAGTTGAACTAGATATGGCCCGTGTGCGTAGGAAGCACAG

>TGTGTGTAGGAAACACAGTTCTTTTGTTCTGAGCAAGCTCACTGTTCTGGCCCTATAGGAAACAC
AGTAGAATAGAAGAGTGCTCTTTTCTCAAAAGCAGAGTGTGTTTCTTGTAAGGCGAGCTAGGGTTT
GTTTCCCAGTCCTAAACGGAGTTGAATCCCATGCAGTTTCTGGTCCTACGAGCAAGAGTTGTTTTCT
GGTAAGAAGAGTCACTCTTGCGCTCCCATTGCCATACACAGTGCAAATAGCACTCGCGTCTGTTCC
CAGCAAGTACAGTGTATTGGACTGAAGAGAAGCTACTGTTCTTGTCAGTTTCCTAAGCAGAGTTGA
ACTAGATATGGCCCGTGTGTGTAGGAAGCACAGTTCTTTTGTTCTGAGCAAGCTCACTGTTCGGAC
CCCACATAC

PCApI

PCAp2

>CGACTCGAGTGGGTTATGTGGCCCATGTGTGTAGGAAGCACAGTTCTTTTGTTCTGAGCAAGCTC
ACTGTTCTGGCCCTATAGGAAACACAGTAGAATAGAAGAGTGCTCTTTTCTCAAAAGCAGAGTGT
GTTTCTTGTAAGGCGAGCTAGGGTTTGTTTCCCAGTCCTAAACGGAGTTGAATCCCATGCAGTTTCT
GGTCCTACGAGCAAGAGTTGTTTTCTGGTAAGAAGAGTCACTCTTGCGCTCCCATTGCCATACACA
GTGCAAATAGCACTCGCGTCTGTTCCCAGCAAGTACAGTGTATTGGACTGAAGAGAAGCTACTGTT
CTTGTCAGTTTCCTAAGCAGAGTTGAACTAGATATGGCCCGTGTGTGTAGGAAGCACAGTTC

>CGACTCGAGTGGGTTATGTGGCCCATGTGTGTAGGAAGCACAGTTCTTTTGTTCTGAGCAAGCTC
ACTGTTCTGGCCCTATAGGAAACACAGTAGAATAGAAGAGTGCTCTTTTCTCAAAAGCAGAGTGT
GTTTCTTGTAAGGCGAGCTAGGGTTTGTTTCCCAGTCCTAAACGGAGTTGAATCCCATGCAGTTTCT
GGTCCTACGAGCAAGAGTTGTTTTCTGGTAAGAAGAGCCACTCTTGCGCTCCCATTGCCATACACA
GTGCAAATAGCACTCGCGTCTGTTCCCAGCAAGTACAGTGTATTGGACTGAAGAGAAGCTACTGTT
CTTGTCAGTTTCCTAAGCAGAGTTGAACTAGATATGGCCCGTGTGTGTAGGAAGCACAGTTCT
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Supplementary Table I1.2.3. Copy number of PMSat in all the species analyzed. The data are presented in
comparison to P. maniculatus reference genome, resulting in a relative quantification.

Species Relative quantification
PMA 1.00 (+0.03)
PLE 0.65 (1.14x107)
PCA 0.79 (£0.07)
PER 3590 (+343.2)
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SUPPLEMENTARY FILES

All the Supplementary Files are available for online view at the link:

https://mega.nz/#F!P8AgDQrJIn6nD8L4USJalPDgUNzlj YQ

Supplementary File 1

These file (.xml file) comprise 7 distinct sheets with the following information:

1) WGS Peromyscus maniculatus bairdii scaffolds. The Scaffold number used in these work are presented on
the first column.

2) Repbase Rodentia Databe Blastn results.

3) Large Tandem Repeats (>50bp period/monomer size; >2000 bp array lenght) after redundancy elimination.

4) PMSat Family

5) RNSAT Family

6) MMSAT4 Family

7) Unclassified TRs

Supplementary File 2

Distance matrix of pairwise alignments of PMSat repeats in five scaffolds of scaffold 2261 (Supplementary
Figure 11.2.2). The horizontal and vertical axes of each matrix represent consecutive repeats contained in the
scaffold sequence. Cells showing nucleotide identities of 290, 85-89, 80—84 and 75-79% are red, yellow, green
and blue respectively. Also, in each cell the corresponding value was presented (zoom tool for visualization).
All the matrixes were generated by Geneious R9 version 9.1.2. (Biomatters) under default settings.

Supplementary File 3

CENP-B box motifs on PMSat scaffolds (.xml file). A total of 875 motifs were analyzed. The sequence and
mismatches with the wildtype motif are presented.
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CHAPTER 111

SATELLITE NON-CODING RNAs: AN EVOLVING TOPIC
AROUND CENTROMERE FORMATION, IDENTITY AND
FUNCTIONALITY

SOME SECTIONS ON THIS CHAPTER WERE BASED ON THE REVIEW ARTICLE:

Ferreira D, Meles S, Escudeiro A, Mendes-da-Silva A, Adega F, Chaves R (2015) Satellite Non-Coding
RNAs: the emerging players in Cells, Cellular Pathways and Cancer. Chromosome Research. 23, 479-
493. (doi: 10.1007/s10577-015-9482-8).






II. SATELLITE NON-CODING RNAs

The release of the human genome sequence in 2001 unveiled that only about 1-2 % of
the genome encodes for proteins, as a huge part of the genome is transcribed as non-coding
RNAs (ncRNAs) (Deng and Sui 2013). Over the last years, a growing number of studies
focused on ncRNAs point them as crucial elements in fundamental biological processes
(Brown et al. 2012; Sana et al. 2012).

Aside with other parts of the genome, satellite DNA (satDNA) was initially
considered to be “junk DNA” (Shapiro and von Sternberg 2005; Plohl et al. 2008; Leonova et
al. 2013). As referred in Chapter I, satDNA is mainly located at the centromeric region of the
chromosomes, besides other heterochromatic regions, and the possibility of its transcription
was not considered for several years, as these were considered transcriptionally inert (Plohl et
al. 2008). It was in the late 60s and 70s that satDNA transcriptional activity was first reported
(Harel et al. 1968; Cohen et al. 1973), however, only in the last years the satellite non-coding
RNAs (satncRNAs) started to be characterized and described in different species, including
vertebrates, invertebrates and plants (reviewed in Hall et al. 2012; Biscotti et al. 2015;

McNulty and Sullivan 2018).

IT1.1. SATELLITE ncRNAS AND THEIR FUNCTIONAL SIGNIFICANCE

Centromeric transcription has evolved as a fundamental aspect of centromere
conserved among eukaryotes. The study of satncRNAs has revealed to be a challenging work,
even more because the human centromere, specifically the two main centromeric domains,
the core centromere (CT) and the pericentromere (PCT), are both composed by alpha-satellite
DNA, being extremely difficult to discriminate the functional role(s) of alpha-satellite
transcripts (McNulty and Sullivan 2018). Indeed, transcripts are generated both from the CT
and PCT regions; interestingly, processed through different pathways, and exhibiting distinct
molecular functions, independently from the DNA sequence. SatncRNAs from CT interact
with centromeric proteins and are involved in remodeling/CENP-A deposition and
kinetochore assembly (Wong et al. 2007; Ideue et al. 2014; Quénet and Dalal 2014; McNulty
et al. 2017). On the contrary, PCT derived transcripts can act as siRNAs to define and
maintain PCT heterochromatin in fission yeast, or as long satncRNAs in heterochromatin
formation, at least in human and mouse cells (Chan and Wong 2012; Camacho et al. 2017,

Johnson et al. 2017).
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II1.1.1. Pericentromeric transcription

As referred to in chapter I, the heterochromatin is characterized by specific epigenetic
marks, and their formation in mammals involves the methylation of histone H3 at lysine 9
(H3K9me) by Suv39h (methyltransferases) and subsequent recruitment of chromodomain
proteins such as heterochromatin protein 1 (HP1) (Grewal and Jia 2007). PCT transcripts has
been considered as an essential component for heterochromatin formation and maintenance,
due to their role in recruiting heterochromatin factors that maintain the heterochromatin
modifications, mainly H3K9me2/3 and H3K27me?2/3 (Lippman and Martienssen 2004; Chen
et al. 2008; Djupedal et al. 2009; Reyes-Turcu et al. 2011). Intriguingly, a paradox was
governed at heterochromatic regions: heterochromatin is transcribed to maintain its inactive
state.

The mechanism of heterochromatin formation and maintenance was extensively
dissected in fission yeast (Saccharomyces pombe), in which three distinct mechanisms have
been identified (Lippman and Martienssen 2004; Djupedal et al. 2009; Reyes-Turcu et al.
2011). In all the characterized mechanisms, heterochromatin formation involves the
transcription of PCT sequences by RNA polymerase II (RNApolll) and subsequent PCT
transcripts processing into short interfering RNAs (siRNAs), which can involve the RNA
interference (RNAIi) pathway (Lippman and Martienssen 2004), an alternate RNAi pathway
with secondary stem-loop structures as triggers (Djupedal et al. 2009), or an RNAi-
independent mechanism that acts in parallel with the RNAi pathway (Reyes-Turcu et al.
2011).

The heterochromatin establishment at pericentromeres involving similar RNAi
machinery has also been identified in other organisms, including plants (e.g. rice, maize and
Arabidopsis), invertebrates (Drosophila and tammar wallaby) and vertebrates (Fukagawa et
al. 2004; Lippman and Martienssen 2004; Neumann et al. 2007; Hsieh et al. 2011). Indeed,
the involvement of RNAI in heterochromatin formation in vertebrates has been debated in the
last years, namely in mouse and human, with some conflicting reports related to transcripts
size, cell cycle expression pattern and recognized involvement in heterochromatinization
process (reviewed in Chan and Wong 2012). Despite the initial different opinions (e.g.
Kanellopoulou et al. 2005 vs Murchison et al. 2005), the involvement of Dicer/RNAI
analogous pathways has been reported in mouse. The condensation of chromatin might be
due to WDHD1 (WD repeat and HMG-box DNA binding protein 1), an acidic nucleoplasmic
DNA-binding protein whose activity is coupled to RNApolll transcription, which the
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association with centromere in mid-to-late S phase plays a role in PCT transcripts processing
by a similar pathway to the RNAi pathway Dicer-dependent in yeast (Hsieh et al. 2011). In
mouse, in WDHDI knock-down experiments, the localization of HP1 and epigenetic
silencing of (peri)centromeric regions is compromised, leading to an increase in the
transcription of both CT and PCT satellites (MiSat and MaSat, respectively and referred in
Chapter I) and a decrease in the compaction of centromeric heterochromatin, which in turn
result in cell cycle abnormalities due the effects in centromere integrity and subsequently,
genomic stability (Hsieh et al. 2011).

The involvement of murine non-siRNA-sized PCT transcripts in establishing
heterochromatin has been also reported in several works. In mitotic somatic mouse cells, Lu
and Gilbert (2007) reported the presence of both small (~200 nt) and long PCT transcripts
(MaSat transcripts with 1 kb to more than 8 kb length) through the cell cycle. The
transcription of murine PCT transcripts is cell cycle regulated and long PCT transcripts are
present at the G1 phase and are closely located around the chromocenters (nuclear structures
formed by the aggregation of heterochromatin from multiple chromosomes), with an
increased level in G1/S transition and decrease before the replication of PCT heterochromatin
(Lu and Gilbert 2007). Moreover, the accumulation of small PCT transcripts at pericentric
regions of condensed chromosomes at the G2/M phase has been observed and reinforces their
role in the remodeling and/or maintenance of the pericentric heterochromatin structure during
cell division (Lu and Gilbert 2007; Bulut-Karslioglu et al. 2012). Maison et al. (2011)
demonstrated that mouse long single-stranded (ss) PCT transcripts associate with HP1 and
this complex is guided to the pericentric heterochromatin domain to lead further HPI
localization. A more recent work by Camacho et al. (2017) propose an RNA-mediated
process to govern the stable association of the Suv39h enzymes at mouse heterochromatin
(Figure IIL.1), in which MaSat transcripts remain associated with the chromatin and form
RNA:DNA hybrids and induce the formation of a higher-order RNA-nucleosome scaffold
that would represent the underlying structure of mouse heterochromatin (cf. in Chapter I the
MaSat organization into HORs). Also, in humans, alpha satellite ssPCT transcripts in
association with chromatin contribute to the localization of SUV39HI at constitutive
heterochromatin (CH) (Johnson et al. 2017). Although, evidence of HP1 localization by alpha
satellite RNA binding has not yet been reported in humans.
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Figure II1.1. Model for a higher-order RNA-nucleosome scaffold established by the chromatin association
of mouse PCT repeats. In this model, the initial transcriptional activity of the PCT region is needed to build
heterochromatin. The intrinsic property of satellite mouse repeats to form RNA:DNA hybrids will facilitate their
chromatin retention and most likely occurs in inter-nucleosomal regions. Additional ssPCT transcripts organize
the assembly of a higher-order RNA-nucleosome structure and recruit and stabilize Suv39h enzymes to
heterochromatin. At the heterochromatin, ssPCT transcripts also provide additional binding affinities such as the
basic domain (BD) of Suv39h2 (Camacho et al. 2017), H3K9me3 (Wang et al. 2012) and RNA binding by the
chromodomains of both mouse Suv39h1 (Shirai et al. 2017) or human SUV39H1 (Johnson et al. 2017) enzymes
and HP1 interaction (Maison et al. 2011). Adapted from Camacho et al. (2017).

Some studies have been clarifying the binding partners for PCT sequences that,
ultimately, are involved in heterochromatinization process, which are characterized by a fine
regulation at the transcriptional level. As a redundant outcome, the transcription factors Pax3
and Pax9 repress RNA output from major satellite sequences by associating with DNA within
PCT heterochromatin (Bulut-Karslioglu et al. 2012). Nevertheless, other transcription factors
can be involved in the regulation of PCT transcription, since potential binding sites reside on
PCT satellites (e.g. YY1 factor, Shestakova et al. 2004).

Transcription of murine PCT sequences may also be required to regulate growth and
development. In early mouse development, the transcription of MaSat is required to establish

heterochromatin formation in chromocenters (Probst et al. 2010; Casanova et al. 2013;
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Burton and Torres-Padilla 2014) and their disruption causes arrest of the cell cycle,
suggesting a PCT transcripts role in the correct progression of the early embryogenesis by
heterochromatin establishment (Probst et al. 2010; Burton and Torres-Padilla 2014).
Moreover, a strand-specific transcription of MaSat occurs, sense and anti-sense strand of
PCT transcripts are differentially expressed throughout the developmental progression, in
terms of their expression levels and location within the cell (Probst et al. 2010). In addition to
mitotic cells, the roles of PCT sequences in mouse post-mitotic cells were also investigated
during neuronal differentiation (Solovei et al. 2004; Kishi et al. 2012). Kishi and colleagues
(2012) demonstrate that murine MaSat transcription is significantly increased during
neuronal differentiation both in vitro and in vivo assays. Also, MaSat DNA sequences suffer
an increasing of H3K4me3, suggesting both structural and transcriptional roles of MaSat

regions in neuronal differentiation (Kishi et al. 2012).

II1.1.2. Centromeric transcription

The transcription from de core centromeric domain has been proved more enigmatic
than PCT transcription, and much less is known of the molecular mechanisms involving CT
transcription. Actually, the overall level of CT sequences transcription was lower than PCT
transcription (Ohkuni and Kitagawa 2011), being in some cases, almost undetectable due CT
satncRNA rapid turnover (Choi et al. 2011; Ohkuni and Kitagawa 2011; Chan et al. 2012).
Notwithstanding, both the act of RNApolll transcription of the centromeric chromatin and the
derived nascent satncRNAs are essential for both kinetochore assembly and CT chromatin
remodeling/CENP-A deposition and evidenced an extremely regulated process (Perea-Resa
and Blower 2018). The initial studies reported the co-localization of human CT transcripts in
the nucleolus until their re-localization to the centromere at the onset of mitosis via CENP-C
(Wong et al. 2007). However, recent studies reveal that long CT satncRNAs are localized at
the centromeres in both interphase and metaphase and co-localized with essential centromeric
proteins (Chan et al. 2012; Ideue et al. 2014; Quénet and Dalal 2014; McNulty et al. 2017).

Little is known about the mechanism of RNApolll acting on centromere and the
transcription factors and binding domains involved in their recruitment in most organisms are
still enigmatic (Talbert and Henikoff 2018; Perea-Resa and Blower 2018). Some molecular
players have been revealed in budding yeast (Smurova and De Wulf 2018), but, according to
our knowledge, only the general CTDP1 factor (RNA pol II subunit A C-terminal domain
phosphatase) has been identified at the human centromere (Chan et al. 2012). Also, additional

-93-



HI. SATELLITE NON-CODING RNAs

chromatin remodeling factors and RNApolll associated proteins has been identified at the
human centromere, like FACT (facilitates chromatin transcription complex) (Formosa 2012).
Indeed, the repetitive nature of CT region difficult the identification of promoter-like regions.
Studies in maize (Topp et al. 2004) and tammar wallaby (Carone et al. 2009; O’Neill and
Carone 2009) have been suggested that the promoters within transposal elements (e.g.
retroviral elements), which also reside on CT region, lead the transcription of neighbouring
satDNAs (O’Neill and Carone 2009; Carone et al. 2013). Recently, Kasinathan and Henikoff
(2018) hypothesized that non-B-form DNA structures (e.g. cruciforms) on centromeric
satellites may facilitate their transcription.

While the specific mechanisms of CT transcription remain elusive, several studies
reinforce the link between the CT transcription and nucleosome assembly (Carone et al.
2013; Rosi¢ et al. 2014; Chen et al. 2015; Bobkov et al. 2018). The topological effect of
RNApolll transcription is necessary for the stable and specific loading of CENP-A into the
CT core domain chromatin (Chen et al. 2015; Molina et al. 2016; Perea-Resa and Blower
2018). Ohzeki et al. (2012) suggested that transcription could promote H3 acetylation at the
core domain, in which during mitosis the RNApolll could recruit HAT (Histone
acetyltransferase) complexes and generate an acetylated environment that could be favorable
for CENP-A loading (Ohzeki et al. 2012). Interestingly, CT transcription seems also to be
required for the correct re-localization of Sgol from the outer kinetochore to the inner
centromere for the correct centromeric cohesion (Liu et al. 2015).

Recent works have been reported that human CT transcripts can be functional in cis
or in trans (Blower 2016; McNulty et al. 2017; Quénet et al. 2017; Kabeche et al. 2018),
where array-specific CT satncRNAs act only near the site of transcription as nascent
transcripts or can be influence the function of all/others centromere regions. CT transcripts
have been identified in pre-assembly histone complexes (i.e. not yet incorporated into DNA
to form chromatin) containing CENP-A and the histone chaperone HJURP (Holliday
Junction Recognition Protein) prior to association with centromeric chromatin (Quénet and
Dalal 2014). In mammalian cells, the CENP-A loading occurs in late telophase/early Gl
(Jansen et al. 2007; Dunleavy et al. 2011), and prior to assembly into chromatin long CT
transcripts are complexed with chromatin-bound centromere proteins, such as CENP-A and
CENP-B (McNulty et al. 2017). In human centromeres, RNApolll is actively elongating
during mitosis, before CENP-A deposition (Chan et al. 2012; Liu 2016) and in mouse, MiSat
transcripts present a moderate peak in G2/M are barely detectable at G1 (Ferri et al. 2009).
Indeed, high activity of RNApolll was verified until kinetochores have achieved stable
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microtubule attachment (Liu et al. 2015). As a result, the mitotic CT transcripts seem to
associate with other centromeric proteins during mitosis.

In addition to CENP-A and HJURP, an increasing number of studies has reported that
CT transcripts physically associate with other centromeric proteins, including CENP-B and
CENP-C (Wong et al. 2007; Carone et al. 2009; Du et al. 2010; Quénet and Dalal 2014;
McNulty et al. 2017), as well as with components of chromosome passenger complex (CPC),
including, INCENP, Survivin and Aurora-B (Bouzinba-Segard et al. 2006; Ferri et al. 2009;
Ideue et al. 2014). Specifically, Aurora-B is recruited in early mitosis and regulates essential
events in chromosome dynamics, as pericentromeric cohesion, chromosome alignment and
kinetochore-microtubule attachment (Krenn and Musacchio 2015). Indeed, in mouse and
human (Bouzinba-Segard et al. 2006; Ferri et al. 2009; Ideue et al. 2014), in which both
centromere transcription and CT transcripts seems to regulate the normal activation and
localization of Aurora-B (Ideue et al. 2014). Recently, Kabeche and colleagues (2018)
proposed that the presence of R-loops (derived from the transcriptional activity of RNAPolII)
in centromere during mitosis is required for normal Aurora-B activation. The inhibition of
centromeric transcription or depletion of satncRNAs causes mistargeting of centromeric
proteins, namely CENP-A (Quénet and Dalal 2014; Rosi¢ et al. 2014; McNulty et al. 2017),
CENP-B (Carone et al. 2009; McNulty et al. 2017) and CENP-C (Wong et al. 2007; Du et al.
2010; Chan et al. 2012), and also displacement of CPC components, leading to abnormal cell
shape and error in mitosis (Ideue et al. 2014). Also, their overexpression compromise CPC
integrity by mislocalization of Aurora-B (Bouzinba-Segard et al. 2006). Altogether, the
recent evidences of centromeric transcription suggest that CT transcripts could act as a

scaffold at the mitotic kinetochore to recruit and organize centromeric proteins (Figure I11.2).
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Figure II1.2. The dual effect of centromere transcription. a) RNApolll is recruited to the centromeric core
(through an unknown mechanism) and the topological effect of transcription results in chromatin remodeling by
CENP-A loading. The histone chaperone and chromatin remodeler, HJURP and FACT complex, are important
component for remodeling process. (Dark- and light-blue circles represent CENP-A or H3.1 nucleosomes,
respectively). b) Centromere satncRNA is an integral component of the kinetochore. During interphase, core-
derived satncRNA localized to the nucleolus (left) allows the complex formation or the assembly of pre-
kinetochore structures or at the centromere core domain associates with CENP-A and CCAN (Constitutive

Centromere Associated Network) complex, namely CENP-C, and stabilize its DNA-binding ability. During
mitosis, satncRNAs associates with CPC proteins (INCENP and Survivin) and mediates the kinase activity of

other CPC protein, Aurora-B. Adapted from Scott (2013)

II1.1.3. Centromeric transcription during cellular stress, disease and cancer
It has been made clear that satncRNAs derived from CT and PCT regions plays

important roles in the cell. As a result, it has been expected that their transcription should be
in which some disturbance potentiate cellular

maintained through a fine balance,
disadvantageous consequences (reviewed in Hall et al. 2012). The most studied cellular

context that triggers overexpression of satncRNAs is the response to stress, which can be
induced by different factors such as high temperature (heat shock), heavy metals, hazardous

chemicals, ultraviolet radiation, and hyperosmotic or oxidative conditions (Jolly et al. 2004

Valgardsdottir et al. 2008; Eymery et al. 2010; Goenka et al. 2016)
Besides alpha-satellite, two additional satDNA families are found in some human

chromosomes at the PCT region, Satellite II (SATII) and Satellite ITII (SATIII) (Tagarro et al

1994), which transcription was verified in specific cell stress conditions such as heat shock
In fact, the association between the heat shock factor 1 (HSF1) transcription factor and
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SATIII leads to their transcription by RNApolll, being important for the nuclear stress
bodies’ (nSBs) assembly (Jolly et al. 2004; Valgardsdottir et al. 2008; Eymery et al. 2010;
Goenka et al. 2016). These transcripts are involved in the recruitment of specific splicing
factors (e.g. SRSFI, serine/arginine-rich splicing factor 1; also known as SF2) and
transcription factors (e.g CREB-binding protein) to nSBs (Goenka et al. 2016) and modulate
the expression of stress specific genes (Valgardsdottir et al. 2008; Eymery et al. 2010;
Goenka et al. 2016). The transcription of specific PCT satncRNAs seem to contribute to the
transitory cell nucleus organization (Eymery et al. 2009a; Eymery et al. 2010), acting as a
protective effect against the heat-shock-induced cell death (Enukashvily and Ponomartsev
2013; Goenka et al. 2016). The transcription of SATIII can also be induced by other cellular
stresses, regulated by other transcription factors, like the tonicity enhancer-binding protein
(TonEBP) during hyperosmotic stress (Valgardsdottir et al. 2008). In contrast, the
overexpression of CT satncRNAs (MiSat in mouse) during chemical exposure leads to
chromosome abnormalities (Bouzinba-Segard et al. 2006). Indeed, under stress conditions,
the transcription of PCTs was globally upregulated and CTs were not, which reinforces that
PCT and CT transcripts are under different transcriptional controls during stress (Eymery et
al. 2009b).

Interestingly, the accumulation of CT MiSat transcripts was also verified on the
induction of apoptosis (Bouzinba-Segard et al. 2006), despite their specific role in the context
has not yet been elucidated. In senescent cells, the accumulation of PCT satncRNAs was also
been reported (Enukashvily et al. 2007; De Cecco et al. 2013), and their transcripts might be
related with heterochromatin structure maintenance (Enukashvily et al. 2007; Eymery et al.
2009a). In the last years, an increasing number of studies associate satncRNAs with genomic
instability and tumorigeneses (Bouzinba-Segard et al. 2006; Valgardsdottir et al. 2008;
Eymery et al. 2009b; Ting et al. 2011; Deng and Sui 2013; Bersani et al. 2015; Zhu et al.
2018). Due to their functional role on the centromere/kinetochore assembly, satncRNAs may
influence the oncogenic process by its dysfunction in mitosis contributing to abnormal
chromosome segregation — one of the hallmarks of cancer (Frescas et al. 2008). Indeed, the
abnormal expression of satncRNAs might be involved in the cancer genome instability that
contributes to cancer cell phenotype (Brown et al. 2012). However, whether if the molecular
mechanisms leading to overexpression of satncRNAs in cancer or their expression pattern is a
cause or a consequence of genomic instability are yet unclear (Burgess 2011; Plohl et al.
2014). Nevertheless, the involvement of epigenetic mechanisms has been attributed (Ting et

al. 2011; Ferreira et al. 2015). Also, satncRNAs have been associated with tumor suppressor
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intervenients/pathways, like BRCA1 (Kononenko et al. 2014; Zhu et al. 2018), KDM2A
(Frescas et al. 2008) and p53 (Leonova et al. 2013).

Along the previous sections, the transcription of satncRNAs in several and distinct
biological contexts supports the awareness of a fine-tuning regulatory system of satncRNAs
expression. The transcriptional profile of satDNAs can be specific of cell stages:
development (Burton and Torres-Padilla 2014), differentiation (Kishi et al. 2012), cell cycle
(Lu and Gilbert 2007; Bulut-Karslioglu et al. 2012), cell stresses (Eymery et al. 2010),
apoptosis (Bouzinba-Segard et al. 2006), transformation (Eymery et al. 2009a; Eymery et al.
2009b); cell types: stem cells (Probst et al. 2010; Burton and Torres-Padilla 2014),
proliferative cells (Lu and Gilbert 2007; Bulut-Karslioglu et al. 2012), senescent cells
(Enukashvily et al. 2007), cancer cells (Ting et al. 2011); and tissues (Ugarkovi¢ 2005;
Enukashvily and Ponomartsev 2013). A specific satDNA transcription in a specific biological
context may reflect a conserved function of the satncRNAs or of the transcription process
itself (Saksouk et al. 2015). Figure II1.3 summarizes the cellular processes/functions where

satncRNAs seem to be involved in normal, stressed, and cancer cells.
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Figure IIL.3. Functions attributed to satncRNAs in normal, stressed, and cancer cells. The functions
common to all the cells are in yellow, and the functions shared by normal/cancer cells and stressed/cancer cells
are in purple and green, respectively. Adapted from Ferreira et al. 2015.
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II1.1.2. THE CHALLENGES OF SATNCRNAS ANALYSIS

One of the main goals for the scientific community in unveiling the functional role of
satDNA transcripts reside on the strategies, methodologies and techniques used. Indeed, for
many years, the molecular genetics and genomic approaches are traditionally focused on the
study of coding genes, mRNAs and proteins and not repetitive sequences (Ferreira et al.
2015).

The knowledge about satDNA transcripts and their DNA sequences has been delayed
by several circumstances, namely a) the restricted number of mammalian studied species
(mainly human and mouse) with distinct cell types and cellular conditions among the
different works that difficult a comparative analysis; b) the sequences’ complexity, the high
level of polymorphisms and the repetitive nature of satDNA sequences in the genomes,
which is also a major issue in the design of the experimental work as well as in the
application of the techniques available that are mainly directed for coding sequences; and c)
these are exacerbated by the fact that sequence databases (DNA and RNA) mask the
repetitive sequences content that hampers an in silico proper analysis (Ferreira et al. 2015).

SatDNA sequences evolve extremely fast in respect to sequence and/or copy number.
Indeed, the molecular dynamics and the repetitive nature of satDNAs raises the challenges in
their analysis (Eymery et al. 2009a), which requires the improvement and/or adjustments in
the available methodologies and techniques. These strategies need to be performed using
different approaches that extend from the identification and quantification of satncRNAs in a
collection of cells approach to their characterization by single-cell analysis, complemented
with other methods and techniques allowing the disclosure of their function(s) and cellular
pathway(s) interveners (for approach examples see Ferreira et al. 2015). As mentioned in
Chapter I, satDNA sequences are constantly masked in the genome assemblies and, as a
consequence, their transcripts are also underrepresented in the ncRNA-specific databases.
Despite some currently ncRNA available databases, namely IncRNAdb (Amaral et al. 2011;
Quek et al. 2015), NONCODE (Xie et al. 2014) and LncRNADisease (Chen et al. 2012), the
information about satellite transcripts is only available in the NONCODE database.
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ABSTRACT |

Satellite DNA (satDNA) constitutes the major component of constitutive heterochromatin and has
been considered one of the most intriguing repetitive DNA elements of eukaryotic genomes. Initially
considered as “junk DNA”, satDNAs play an important role in the occurrence of chromosomal
reorganization during chromosomal evolution and the satellite transcripts or satellite non-coding
RNAs are key players in genome regulation. Here, we report for the first time the transcription of the
Peromyscus centromeric satDNA sequence — PMSat. The transcriptional activity in Peromyscus
proliferative cells reveals a positive correlation between PMSat expression and DNA copy number
content in each genome, maintaining, however, a the transcriptional cellular profile throughout the
cell cycle. PMSat satncRNAs are nuclear transcripts and accumulate mostly at G2/M transition and in
mitosis onset. A preliminary knockdown experiment anticipates the potential involvement of PMSat
satncRNAs on kinetochore assembly and function. This work uncovers PMSat transcripts as crucial
elements for chromosome segregation fidelity.

IV. 1. INTRODUCTION

As an essential structure in the genome, the centromere is the chromosomal region
crucial for chromosome segregation and genome stability across all eukaryotes (Aldrup-
Macdonald and Sullivan 2014). During cell division, a dynamic multiprotein kinetochore
complex assembles on centromeric DNA and coordinates the attachment to microtubules and
the movement of chromosomes along the mitotic spindle (Aldrup-Macdonald and Sullivan
2014; Forer et al. 2015). It is assumed that genomic along with epigenetic pathways are
important for the structure and functionality of centromeres. However, the synergy among
centromeric components remains unclear (Perpelescu and Fukagawa 2011; Hayden et al.
2013; Plohl et al. 2014). As a vital component of the centromeres of higher eukaryotes,
centromeric protein A (CENP-A in mammals), a species-specific histone H3 variant, is
considered an epigenetic mark that contributes for specialized chromatin at active
centromeres (reviewed by Buscaino et al. 2010; Earnshaw 2015). Long-term established
centromeres are frequently formed by repetitive DNA, mainly megabase-scale arrays of
tandemly repeated satellite DNAs (satDNAs) (Melters et al. 2013; Plohl et al. 2014).
Paradoxically, both centromeric DNA and protein components are characterized by a high
degree of divergence in spite of conserved centromeric function (Henikoff et al. 2001).

The days when the centromere was considered a transcriptionally inert region of the
chromosome are long gone. This idea has been refuted by the multiple observations showing
that the transcription of centromeric sequences is a highly conserved feature of all eukaryote
genomes studied so far. In fact, both centromeric transcription and the resultant non-coding

satellite RNAs (satncRNAs) have been shown to contribute to centromeric function (Lu and
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Gilbert 2007; Ferri et al. 2009; Probst et al. 2010; Hsieh et al. 2011; Kishi et al. 2012; Rosi¢
et al. 2014; McNulty et al. 2017). Studies on the transcription of satncRNAs have revealed
the existence of pericentromere (PCT) and centromere (CT) satncRNAs (Chan and Wong
2012; Gent and Dawe 2012; Rosi¢ et al. 2014; Perea-Resa and Blower 2018). PCT and CT
satncRNAs appear to be essential for the formation and maintenance of heterochromatin and
for kinetochore assembly, respectively; as abnormalities in the transcription of each of these
satDNAs adversely affect cellular function, causing centromeric dysfunction, genomic
instability and tumorigenesis (Ting et al. 2011; Hall et al. 2012; Zhu et al. 2018).

PMSat, a 345 bp monomeric unit satDNA identified and characterized by our group is
the major component of the rodent Peromyscus eremicus constitutive heterochromatin
(Louzada et al. 2015) and 1is present at the CT regions of P. maniculatus, P. leucopus, P.
califonicus and P.eremicus in all the chromosomes of the chromosome complement (Section
IL.1 and I1.2, Louzada et al. 2015). The features of this satDNA led us to investigate its
transcriptional potential in P. eremicus and P. maniculatus. In fact, PMSat is transcribed in
these genomes. Depletion of these satncRNAs was conducted to disclose its putative cellular
function(s). Altogether, our results strongly suggest that PMSat plays a functionally relevant

role in centromeric activity, displaying the characteristic behavior of a centromeric satDNA.
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IV. 2. MATERIALS AND METHODS
PMSat in silico analysis on Peromysucs transcriptome and putative transcription

factors binding sites assessment

The search for PMSat transcripts was performed on the only available Peromyscus species
with available FASTA transcriptome sequences (Peromyscus californicus, PRINA350325
BioProjectID: 350325). Sequence analysis was performed using BLAST (Basic Local
Alignment Search Tool provided by NCBI). Several search parameters were changed for the
analysis of repetitive DNA: max_target seqs and num_descriptions were set to 10.000, and
e-value and word_size were set to 10'® and 11, respectively. All other search parameters
were set to default values. Multiple alignments were obtained using CLUSTALW cost matrix
on Geneious R9 version 9.1.2 (Biomatters) with parameters set to default values.

The search for transcription factors binding sites on PMSat sequence was carried out on
scaffolds that contained PMSat arrays (identified in section II.2). On each of these 231
scaffolds, one random PMSat consensus sequence was selected for further analysis. The
search was performed using Vertebrate transcription factor database from Transfac
(Wingender et al. 1997) with a minimum limit length of matches to 7 bp, based on the
EMBOSS 6.5.7 tool tfscan. The analysis was carried out on Geneious R9 version 9.1.2
(Biomatters) interface and only positive results for Rodentia (mouse/rat) transcription factors

were analyzed.

Cell culture and transfection

Cell lines from Peromyscus maniculatus (48,XY) and P. californicus (48,XX) and P.
leucopus (48,XX) were provided by the Peromyscus Genetic Stock Center from the
University of South Carolina (Coriell Institute). The cell line from P. eremicus was gently
provided by the Department of Systematics and Evolution, Muséum National d’Histoire
Naturelle, Paris, France. The first two cell lines were grown in Ham's F12/DMEM, P.
leucopus and P. eremicus cell lines were grown respectively in EMEM and DMEM. All basal
media were supplemented with 13% AmnioMax C-100 Basal Medium, 2% AminoMax C-
100 supplement, 10% FBS, 100 U/mL/100 pg/mL of Penicillin/Streptomycin antibiotic
mixture and 200 mM L-Glutamine (all from Gibco, Thermo Fisher Scientific). Cells were
maintained at 37°C in a humidified atmosphere of 5% CO..

To deplete PMSat, 50 nM of a customized Antisense LNA™ GapmeRs was used (5’-FAM
TCGTAGGACCAGAAACTGCAT) (Exiqon). PMSat LNA transient transfection was
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carried out with Lipofectamine® RNAiMAx Transfection Reagent (Invitrogen, Thermo
Fisher Scientific) according to the manufacturer’s instructions. A LNA GapmeR negative
control (Exiqon) was used to exclude off-target effects. A mock control (with the transfection

reagent) was used for all the transfections.

Isolation of RNA

Total and small (< 200 bp) RNA fractions were isolated using the mirVana Isolation Kit
(Ambion, Thermo Fisher Scientific) following the manufacturer’s recommendations. The
total RNA was purified using the TURBO DNA-freeTM Kit (Ambion, Thermo Fisher
Scientific). The DNA and RNA obtained were quantified in a NanoDrop 1000 equipment
(Thermo Fisher Scientific).

Reverse Transcription Quantitative Real-Time PCR (RT-qPCR Real Time)

Expression experiments were performed using the same TaqMan specific assay
(primers/probe) described previously (section 11.2.2.) and TagMan® RNA-to-Cr™ 1-Step
Kit. The 20 pL reactions included 80 ng of RNA, 0.5 uL of RT enzyme mix, 10 pL of RT-
PCR Mix and 1 pL of TagMan assay. This experiment was carried out in StepOne real-time
PCR (Life Technologies Applied Biosystems), where the samples were subjected to 48°C for
15 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec and 60°C 1 min. All
reactions were performed in triplicate, and negative controls (without template) were run for
each master mix. The data were analyzed using the same parameters and the StepOne
software (version 2.2.2, Life Technologies Applied Biosystems). The quantification was

transformed in fold-change in comparison with a control sample.

RNA-FISH, RNA-FISH/IF and sequential DNA-FISH

The RNA-FISH procedure was performed using cells grown on a Superfrost Excell
microscope slides (Thermo Scientific) at a concentration of 100.000 cells/mL. The cells were
fixed with 2% (m/v) paraformaldehyde in PBS, for 20 min and permeabilized with 4% (v/v)
Triton X-100/100pg/mL digitonin or 4% (v/v) Tween-20 (this last only for PCNA antibody)
in PBS supplemented with 200 mM of Ribonucleoside Vanadyl Complex (RVC, Sigma
Aldrich) for 15-20 min. Before hybridization, a dehydration was performed in sequential
ethanol baths (70%, 90% and 100%). The cells were hybridized with the PMSat probe [PCR
amplification of the PMSat cloned sequence and labelled with digoxigenin-11-dUTP (Roche
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Applied Science)] overnight at 37°C. The most stringent wash was carried out in 0.1xSSC at
42°C. After this, the cells were incubated with blocking buffer for 30 min. When the RNA-
FISH protocol was conjugated with IF, the primary antibody was incubated with the cells for
I h. In both, RNA-FISH or RNA-FISH/IF, the cells where incubated with the secondary
antibody for 1 h. After this, cells were mounted with coverslips and counterstained with
Vectashield mounting medium containing DAPI (Vector Laboratories).

After the RNA-FISH procedure and image capture, a sequential DNA-FISH was performed.
For that, the slides were equilibrated in 50%formamide/2xSSC (v/v) for 48 hours and then
DNA-FISH procedures were performed on the same slides with a denaturation step of 2

minutes instead of 90 sec of the standard procedure followed.

Antibodies

Cell signaling: anti CENP-A polyclonal rabbit (IF: 1:200, #2186). Millipore: anti-cyclin D1
monoclonal mouse (IF 1:50, #05-815), anti-Cdc25 monoclonal mouse (IF 1:100, TC-15
clone, #05-507SP), anti-cyclin A polyclonal rabbit antibody (IF 1:75, #06-138), anti-
phospho-histone H3 (Serl0) polyclonal rabbit antibody (IF 1:200, #06-570), anti-rabbit
polyclonal FITC antibody (1:200, #AP132F). Sigma Aldrich: antidigoxigenin-50-TAMRA
(1:200, #11207750910). Zymed: anti-mouse monoclonal FITC (1:200, #81-6511).

Microscopy and image acquisition

The RNA-FISH and RNA-FISH/IF confocal fluorescence images were acquired on a LSM
510 META with an Axio Imager Z1 microscope (Zeiss) and LSM 510 software (version 4.0
SP2). In order to normalize the results, for all the images it was applied the same microscope
settings. The lasers used were: argon (488 nm) set at 12.9%, helium—neon (543 nm) set at
50.8% and Diode (405 nm) set at 9.9%. The pinhole was set to 96 mm (1.02 airy units) for
argon laser, 102 mm (0.98 airy units) for helium—neon laser and 112 mm for the Diode laser
using a 63x objective. Images were captured at a scan speed of 4 with 1 um thick Z sections.
The images’ deconvolution was performed using the AutoQuant X3 software (Media
Cybernetics) and processed in TIFF images with ImageJ (1.47v). A Zeiss Axiovert 200
microscope with P.A.L.M. image browser was used for transfected cells live imaging. All the
images were prepared at the contrast and colour optimization (at whole image) using Adobe

Photoshop (version 7.0).
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Statistics and reproducibility

All data are presented as mean =+ standard deviation (SD). Data were statistically analyzed in
GraphPad Prism 7 (GraphPad Software, Inc.) in which statistical significance was determined
using two-tailed Student's t-test for the comparison between two independent samples and
analysis of variance (ANOVA) tests when more than two groups were under analysis.

Fisher’s exact test was used to analyze the cell phenotypes significance. p-values: ns p>0.05,

* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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IV. 3. RESULTS

PMSat transcripts are present in Peromyscus transcriptome sequencing projects

The transcriptome sequencing projects on Peromyscus genomes are nOw in progress
for several species, including P. eremicus, P. maniculatus, P. leucopus and P. californicus.
However, until now, RNA FASTA sequences are only available for P. californicus. Thus, a
blast search was conducted to verify the possible presence of PMSat transcripts. Indeed, our
analysis identifies two significant blast hits with a cover PMSat consensus sequence of 77%

and 65%, with an identity of 90% and 86%, respectively (Figure IV.1).

a
1 25 50 75 100 125 150 175 200 225 250 275 300 1as
PMSat | ' —— 1 — — 1 —— - - SN § N S | N O OO 1
Blast_hit 1 ' ' ' 1 ' ' 1
Blast_hit 2 = '
1 10 20 30 40 50 60 70 80 90
TOTGTGTAGGAAGEACAGTTET T T TG T TETGAGEAAGETOAC TG T TETGGECCTATAGGAAACACAGTAGAATAGAAGAGTGETETTTTOTOAAAA
G G m G 4 ]
100 110 120 130 140 150 160 170 180 190
G IGIA G 1A G T G I G IR G AAI G G I G N G IGIIAI G G G IR G I niGEGGIA! G IRIGEGIATATATG] G G A G N G IAANTIGEGEGIANT G IGIAI G IIniGiT G G IRIGEGITANG] G Al G IGIATAL G I G I G
| < A AN TT A A (4 -]
m A T A GAN TT A A GCCCT
200 210 220 230 240 250 260 270 280
\ h v V . 7 v | v
TTTTETGGOTAAGAAGAGTEACTOT TG GETECCATTGOUATATACAGTGEAAATAGEACTEGEGTETGTTECCCAGEAAGTATAGTGTATTGGALCTG
G N = G G | G N A m | A
G A m AAT G m N G - wWem
2% 300 310 320 330 345

R G A G I G AT G ATSIGET G AGIAl G e CHGRIATA! G IGHA G A G AN G IATATGIIAl G IARIAT G G GGG G

A

Figure IV.1. PMSat blastn search on P. californicus transcriptome project (PRJNA350325 BioProjectID:
350325). (a) Blast hits mapping on PMSat consensus sequence. Hit 1 (GenBank: GFCW01046971.1) and hit 2
(GenBank: GFCW01002455.1) reveals an identity of 90% and 86%, respectively. The detailed mapping with
identities is presented in (b). The sequences mapping was carried out on Geneious R9 version 9.1.2.
(Biomatters).

PMSat SatDNA is actively transcribed during the G2/M transition and mitosis onset

To get some more insights about the functional significance of PMSat, transcription
was analyzed by Real Time RT-qPCR. Total and small RNA fractions were isolated from
normal proliferative fibroblast cells from P. eremicus, P. maniculatus, P. leucopus and P.
californicus. The transcription of PMSat was verified on both RNA fractions from all the
studied species, but only the total fraction showed a significant difference between P.
eremicus and the other Peromyscus species, namely an increased amount of ncsatRNAs of

20.36 times (Figure IV.2 a; Supplementary Table IV.1).
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Figure IV.2. PMsat satellite RNAs on Peromyscus proliferating cells. (a) PMSat transcripts fold change on
P. maniculatus, P. leucopus, P. californicus and P. eremicus, considering the last one as the reference genome.
(b) Sequential RNA-FISH of PMSat RNA (red) and DNA-FISH of PMSat DNA (green) and merged image of
both. Some RNA signals co-localize with DNA signals, resulting in yellow signals (indicated by white
arrowheads). (c) Cell cycle distribution of PMSat RNA by RNA-FISH (red) conjugated with IF with cell cycle-
specific antibodies; for the G1/S transition, Cyclin D1-positive cells were analysed; Cyclin A-positive cells are
in the S phase; cdc25-positive cells are considered in the G2 phase; phospho-histone H3 (serl0) are cells in
mitosis. Nuclei are counterstained with DAPI (blue) in all the presented images. All the scale bars represent 10
um in all the panels. Values are mean + SD, ****p < (0.0001, as determined by one-way ANOVA.

Due to the expression differences on the analyzed species, a cell imaging analysis was
performed only in P. eremicus and P. maniculatus proliferating cells. The use of RNA-FISH
allowed to define the transcripts cellular localization. This analysis revealed that PMSat
transcripts are restricted to the nucleus and in a cluster pattern, grouped as spots-like signals
in both species (Figure IV.2 b, ¢). PMSat RNA-FISH followed by DNA-FISH (Figure 1V.2
b) exhibits the presence of PMSat DNA sequences and transcripts at the same nuclear

regions. The co-localization of specifically RNA and DNA signals suggests that the PMSat
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transcripts are: 1) nascent transcripts or, alternatively, 2) mature transcripts acting at the
PMSat DNA clusters (arrowheads on Figure IV.2 b). RNA-FISH data demonstrated that
PMSat ncRNAs are not present in all cycling cells at a specific moment. Both findings may
be indicative of a cell cycle-dependent transcription. In order to comprehend this aspect,
PMSat transcriptional cellular profile was analyzed throughout the cell cycle using specific
cell cycle markers (by immunofluorescence) combined with RNA-FISH (Figure IV.2 c). As
can be seen in Figure IV.2 ¢, PMSat seems to be transcribed at specific phases of the cell
cycle, with PMSat ncRNAs accumulating at the G2/M transition (Cdc25 positive cells) and at
mitosis onset (phosphoH3-serl0 positive cells) in both species (P. eremicus and P.
maniculatus) . It was not possible to detect PMSat transcripts at the remaining cell cycle
phases. This satellite transcription behavior seems to be analogous to that of other cell cycle-
dependent centromeric satellite RNAs (Lu and Gilbert, 2007; Chen et al., 2008; Ferri et al.,
2009).

An in silico analysis was also conducted for the analysis of putative transcription
factors (TFs) that could bind to PMSat sequence, in an attempt to disclose the possible role of
PMSat ncRNAs. We randomly selected one PMSat consensus sequence per scaffold and the
search for putative TFs binding sites was carried out using the Rodentia (mouse/rat) TF
database from Transfac (Wingender et al. 1997). This analysis identified 208 binding sites for
13 distinct TFs (Supplementary Table IV.2). Table IV.1 summarizes the TFs identified and

the biological processes in which these are involved.

Table IV.1. Summary of transcription factors binding sites on PMSat sequences.

Transfac Uniprot
Transcription Factor N Biological processes
Accession Accession
Pit-1 96 T00691 Q00286 Development, Differentiation
Myogenin 78 T00528 P12979 Development, Differentiation, Cell cycle
progression, Cell response to stimuli
CBF2 11 T00084 P53569 Enhancer of RNA polymerase II
CP2 9 T0O0152 Q3UNWS5 Development, Differentiation
Repressor of RNA polymerase II
Development, Differentiation, Cell cycle
AP-1 2 T00032 P05627 progression, Aging, Tumorigenesis, Cell
response to stimuli
DBP ) T00183 Q60925 Development, Activator of RNA polymerase
I
GR 2 T00333 P06537 Development, Cell response to stimuli
IL-6 RE-BP 2 T01499 P08505 Differentiation, Cell response to stimuli, Cell
proliferation
MEP-1 2 T00970 P28825 Transcription repression
CAC-Binding Protein 1 T00076 N.A. N.A. *

-117 -



IV. DISCLOSING THE ROLE OF PMSAT NON-CODING RNA

Development, Cell response to stimuli, cell

Fral 1 T01208 P48755 proliferation, Activator of RNA polymerase
I
Development, Differentiation, cell
NF-E2 1 T00557 Q07279 proliferation, regulation of RNA polymerase
I
Development, Differentiation, Cell response
SRF 1 T00765 Q9JM73

to stimuli, Cell proliferation and migration,
regulation of RNA polymerase II

The biological processes were referred based in Uniprot information for each TF.
N: Number of binding sites among 231 PMSat consensus sequences; N.A. not available;
*any protein that binding to a CACC motif

PMSat RNA depletion appears to lead to mitotic errors during the cell cycle

As a preliminary assay on the role of PMSat transcripts in Peromyscus cells, we
designed a knockdown experiment on P. eremicus proliferating cells, once this species
showed the highest expression of PMSat. PMSat transcripts were depleted with locked
nucleic acid (LNA) GapmeRs in assays of 24 h (Figure IV.3 a). The knockdown experiments
with LNA GapmeR degrade RNA in a RNase H-dependent manner (Kauppinen et al. 2005).
A negative control, LNA GapmeR, was also included. The real-time RT-qPCR results
showed that the RNA levels of PMSat were reduced by 84% compared with the mock control
(Figure IV.3 b). The cells transfected with PMSat LNA were easily visualized once the LNA
GapmeR was FAM labelled (Figure IV.3 a). Immunofluorescence analysis of the transfected
cell population (at the 24 h experiment) with an anti-tubulin antibody exhibited nuclear
abnormalities, with 10% of the cells containing two or more nuclei (multinucleated cells) and
8% of the cells with large nuclei (Figure IV.3 ¢, d). These preliminary findings suggest a
putative role for PMSat RNAs in chromosome segregation, since the PMSat transcripts

demonstrated a propensity for nuclear abnormalities concomitant with aneuploidy.
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Figure 1V.3. PMSat knockout leads to aneuploidy phenotypes. (a) Cell imaging of P. eremicus cells at 24 h
in mock, negative control and PMSat LNA. Scale barsrepresent 100 um. (b) PMSat expression analysis of
PMSat knockout in P. eremicus cells by real-time RT-qPCR using mock as reference at 24 h shows a high
decrease in PMSat RNA. A negative control (negative LNA GapmeR) was used in the experiment. Values are
mean £ SD, ***p < 0.001, as determined by one-way ANOVA. (c) Immunofluorescence of P. eremicus cells
after PMSat knockout with tubulin antibody (red) reveals several nuclear abnormalities (micronuclei, large
nuclei and multinucleated cells; indicated by arrowheads). The nucleus was counterstained with DAPI (blue).
(d) Percentage of P. eremicus cells exhibiting nuclear abnormalities after PMSat knockout, with statistical
significance mock versus PMSat LNA. Was analysed ~1000 cells on mock and ~500 cells on PMSat LNA. P-
value: ns non-significant, * p < 0.05, as determined by Fisher’s exact test.
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IV. 4. DISCUSSION

In general, transcripts of satDNAs have been identified in various eukaryotic
genomes, however, reports on the cellular location, transcriptional profile, binding partners or
function are far more scarce (Wong et al. 2007; Chan et al. 2012; Ideue et al. 2014; McNulty
et al. 2017). Our data revealed that all proliferative cells from the different Peromyscus
species under analysis transcribe PMSat, being P. eremicus cells the ones showing the
highest transcriptional levels (Figure IV.2 a). This seems to be a reflection of the striking
amount of PMSat DNA in the genome of P. eremicus largely extended to the chromosomes’
p-arms in large (peri)centromeric blocks, comparatively to the other species (Section I1.2.).
Additionally, comparisons between centromeric and pericentromeric transcripts reveal that
the overall level of centromeric satncRNAs is lower than pericentromeric one (Ohkuni and
Kitagawa 2011), being in some cases, almost undetectable due to the centromeric ncRNAs
rapid turnover (Choi et al. 2011; Ohkuni and Kitagawa 2011; Chan et al. 2012).
Additionally, the transcription of centromeric satDNAs is also constrained by the highly
condensed state of the centromere (Schalch and Steiner 2017). As an example, the
transcriptional level of FA-SAT, a highly abundant satellite DNA family in the Felidae
genome, greatly decreased when the sequences were evolutionarily relocated to the
centromeric region in some related species (Chaves et al. 2017). These findings indicate that
a large amount of copies of satDNA in a particular genome is not the only condition for being
highly transcribed, being the chromosome region where it is located also an important factor
of this equation. Nevertheless, in Peromyscus genomes, it seems that PMSat transcription is

highly associated with variation in DNA copy number (cf. Section II.2. Figure 11.2.6).

The role of PMSat DNA and ncRNAs in proliferative cells

The transcription analysis by RNA-FISH in P. eremicus and P. maniculatus
demonstrated a similar transcriptional cellular behavior throughout the cell cycle
independently from its representativeness in the genomes (Figure IV.2). Depending on the
localization of the DNA (i.e. CT or the PCT region), satncRNAs display distinct molecular
functions (reviewed in McNulty and Sullivan, 2018; Perea-Resa and Blower, 2018). Long
non-coding satellite RNAs derived from PCT repeats directly associate with key players on
heterochromatin formation in human and mouse cells, namely with methyltransferases
(Suv39h1/2) and heterochromatin protein 1 (HP1) (Maison et al. 2011; Camacho et al. 2017,

Johnson et al. 2017; Shirai et al. 2017). However, the transcripts that derive from the central
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core of the centromere seem to directly contribute to the centromeric function, specifically, in
chromatin remodeling/CENP-A deposition and in kinetochore assembly in mitosis (Perea-
Resa and Blower 2018). CT transcripts interact with the centromere proteins CENP-A,
CENP-B and CENP-C (Wong et al. 2007; Carone et al. 2009; Du et al. 2010; Quénet and
Dalal 2014; McNulty et al. 2017), as well as with components of the Chromosome Passenger
Complex (CPC), including Aurora-B, INCENP and Survivin (Ferri et al. 2009; Ideue et al.
2014). These fundamental processes in which CT and PCT transcripts are involved occur in
different phases of the cell cycle and the variation in the centromere transcript levels
throughout the cell cycle has been reported in many works (Lu and Gilbert 2007; Ferri et al.
2009; Probst et al. 2010; Maison et al. 2011). In mouse, long transcripts derived from the
PCT region have been detected in G1-phase (CENP-A loading in mammals) (Lu and Gilbert
2007; Maison et al. 2011). Also in mouse, but regarding transcripts from the CT region
(mouse minor satellite), these exhibit a different cell cycle profile, with an enrichment at
G2/M (Ferri et al. 2009). This profile fits our data, revealing that PMSat transcripts exhibit
characteristics of a centromeric satncRNA, a dynamic temporal profile, accumulating in G2
and mitosis onset in both P. eremicus and P. maniculatus (Figure IV.2 c¢). Besides, PMSat
knockout preliminary experiments highlights this putative major role as it leads to aneuploidy
phenotypes (Figure IV.3). Furthermore, our previous in silico analysis of P. maniculatus
(section II.2.) revealed the existence of the CENP-b box motif (in a total of 40683 motifs) as
part of a large amount of PMSat monomers scattered across all the scaffolds analyzed, either
the conserved functional motif (CENP-B box motif - CRSw¢, Masumoto et al. 2004) or
presenting one to two mismatches (CRSvar). Finally, the co-localization of the sequence with
the centromeric protein CENP-A at the centromeres, proved that PMSat is a component of
the active centromere (cf. Section I1.2. Figure 11.2.6).

The presence of putative binding sites for a variety of TFs involved in distinct
biological processes in PMSat highlights the functional significance of the originated
satncRNA (Table IV.1 and Supplementary Table IV.2). Indeed, satDNA transcripts have
been reported in a variety of cell conditions related to cell proliferation, development and
differentiation, cell aging, cell stresses and tumorigenesis (Eymery et al. 2009; Eymery et al.
2010; Biscotti et al. 2015; Ferreira et al. 2015; Zhu et al. 2018). Our data are concordant with
the hypothesis that PMSat transcription is performed by RNApolll (cf. Table IV.1,
repressors/activators/regulators of RNApolll on PMSat monomer sequence). Furthermore,
PMSat ncRNAs seem to participate in a variety of cellular biological conditions in addition to

cell proliferation (verified on these study), as cell stresses/stimuli and cell development and
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differentiation. All these biological roles are in accordance with a satDNA transcribed from a

centromeric location.

IV.5. CONCLUSION

In this preliminary analysis of PMSat satncRNAs we reveal that these sequence are
transcribed in a cell cycle dependent mode, accumulating at G2 and in mitosis onset in both
P. eremicus and P. maniculatus proliferative cells. Together with our previous results,
specifically the presence of the conserved DNA-binding domain for the centromeric protein
CENP-B (CENP-B box); the co-localization of the CENP-A protein that forms a stable
complex with this motif on PMSat monomers; the aneuploidy phenotypes resulting from
PMSat knockout and the centromeric nature of this satDNA family, anticipates its
involvement in the centromeric function, both as a DNA sequence and as a ncRNA. Also, the
search for putative TFs binding sites revealed that PMSat could indeed bind to a variety of
TFs involved in distinct biological processes, what also anticipates the functional relevance

for this satDNA family.
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SUPPLEMENTARY INFORMATION

SUPPLEMENTARY TABLES

Supplementary Table IV.1. Relative quantification of PMSat transcripts in the analyzed species. P.
maniculatus was considered the reference genome.

Species Relative quantification
PMA 1.00 (+0.04)
PLE 1.12 (+£5.82x107)
PCA 1.02 (£0.07)
PER 20.36 (+1.66)

Supplementary Table IV.2. Transcription Binding Sites on random PMSat sequences on each 231 scaffold on
P. maniculatus Genome project (BioProject PRINAS53563)

Transcription

Min. (position

Max. (position

Transfac

factor on sequence) on sequence) Length Species Accession Sequence
AP-1 595 601 7  mouse, Mus musculus. T00032 random 2168
AP-1 595 601 7 rat, Rattus norvegicus. T00031 random 2168
gﬁg;ﬁmdmg 625 631 7 mouse, Mus musculus. T00076 random 1885
CBF (2) 11 18 8 rat, Rattus norvegicus. T00084 random 90
CBF (2) 11 18 8 rat, Rattus norvegicus. T00084 random 90
CBF (2) 25 32 8 rat, Rattus norvegicus. T00084 random 891
CBF (2) 26 33 8 rat, Rattus norvegicus. T00084 random 807
CBF (2) 318 325 8 rat, Rattus norvegicus. T00084 random 686
CBF (2) 808 815 8 rat, Rattus norvegicus. T00084 random 523
CBF (2) 131 138 8 rat, Rattus norvegicus. T00084 random 523
CBF (2) 78 85 8 rat, Rattus norvegicus. T00084 random 2262
CBF (2) 185 192 8 rat, Rattus norvegicus.  T00084 r&%‘i‘;m
CBF (2) 185 192 8 rat, Rattus norvegicus.  T00084 r&%‘i‘;m
CBF (2) 298 305 8 rat, Rattus norvegicus. T00084 random 1833
CP2 10 16 7  mouse, Mus musculus. T00152 random 90
CP2 24 30 7  mouse, Mus musculus. T00152 random 891
CP2 25 31 7  mouse, Mus musculus. T00152 random 807
CP2 317 323 7  mouse, Mus musculus. T00152 random 686
CP2 807 813 7  mouse, Mus musculus. T00152 random 523
CP2 77 83 7  mouse, Mus musculus. T00152 random 2262
CP2 184 190 7  mouse, Mus musculus. T00152 random

18949

CP2 184 190 7  mouse, Mus musculus. T00152 rlag:i&m
CP2 297 303 7  mouse, Mus musculus. T00152 random 1833
DBP 928 934 7 rat, Rattus norvegicus.  T00183 rlag%dl%m
DBP 1,02 1,026 7 rat, Rattus norvegicus. T00183 random 1714
Fral 595 601 7 rat, Rattus norvegicus. T01208 random 2168
GR 60 68 9 rat, Rattus norvegicus. T00333 random 775
GR 246 254 9 rat, Rattus norvegicus. T00333 random 1708
IL-6 RE-BP 282 290 9 rat, Rattus norvegicus. T01499 random 609
IL-6 RE-BP 363 371 9 rat, Rattus norvegicus. T01499 random 2168
MEP-1 792 798 7  mouse, Mus musculus. T00970 random 2575
MEP-1 622 628 7  mouse, Mus musculus. T00970 random 2504
myogenin 176 183 8 mouse, Mus musculus. T00528 random 964
myogenin 156 162 7 mouse, Mus musculus. T00528 random 807
myogenin 41 48 8 mouse, Mus musculus. T00528 random 736
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mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.

mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.
mouse, Mus musculus.

mouse, Mus musculus.

mouse, Mus musculus.
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18928
myogenin 171 178 8 mouse, Mus musculus. T00528 rlag;dlozm
myogenin 581 588 8 mouse, Mus musculus. T00528 rlag;dlolm
myogenin 268 275 8 mouse, Mus musculus. T00528 rlaggdloom
myogenin 298 305 8 mouse, Mus musculus. T00528 rlag;c})(;m
myogenin 632 639 8 mouse, Mus musculus. T00528 rlag;c})(;m
myogenin 291 298 8 mouse, Mus musculus. T00528 rlag;c})(;m
myogenin 318 325 8 mouse, Mus musculus. T00528 rlag;c})(;m
myogenin 56 63 8 mouse, Mus musculus. T00528 rlag;c})%m
myogenin 742 749 8 mouse, Mus musculus. T00528 rlag;c})%m
myogenin 121 128 8 mouse, Mus musculus. T00528 rlag;c&m
myogenin 325 332 8 mouse, Mus musculus. T00528 rlagngdgosm
myogenin 821 827 7 mouse, Mus musculus. T00528 random 1885
myogenin 236 243 8 mouse, Mus musculus. T00528 rlagn%osm
myogenin 224 231 8 mouse, Mus musculus. T00528 rlagn7dlo1m
myogenin 282 289 8 mouse, Mus musculus. T00528 rlzri)i(;m
myogenin 36 43 8 mouse, Mus musculus. T00528 E%I:)iozm
myogenin 100 107 8 mouse, Mus musculus. T00528 Ea;ng%(;m
myogenin 95 102 8 mouse, Mus musculus. T00528 random 1766
myogenin 783 790 8 mouse, Mus musculus. T00528 random 1766
myogenin 439 446 8 mouse, Mus musculus. T00528 random 1766
myogenin 45 52 8 mouse, Mus musculus. T00528 rla7rzdsoom
myogenin 36 43 8 mouse, Mus musculus. T00528 random 1651
myogenin 303 310 8 mouse, Mus musculus. T00528 rla6nscz)(;m
myogenin 283 290 8 mouse, Mus musculus. T00528 random 1541
myogenin 112 119 8 mouse, Mus musculus. T00528 random 1514
myogenin 42 49 8 mouse, Mus musculus. T00528 random 1513
myogenin 155 162 8 mouse, Mus musculus. T00528 random 1470
myogenin 206 213 8 mouse, Mus musculus. T00528 random 1446
myogenin 141 148 8 mouse, Mus musculus. T00528 random 1416
myogenin 85 92 8 mouse, Mus musculus. T00528 random 1389
myogenin 114 121 8 mouse, Mus musculus. T00528 r1a3n7c;05m
myogenin 127 134 8 mouse, Mus musculus. T00528 random 1355
myogenin 14 21 8 mouse, Mus musculus. T00528 random 1156
myogenin 39 46 8 mouse, Mus musculus. T00528 random 1064
NF-E2 595 601 7  mouse, Mus musculus. TO00557 random 2168
Pit-1a 252 258 7 rat, Rattus norvegicus. T00691 random 964
Pit-1a 339 345 7  rat, Rattus norvegicus. T00691 random 90
Pit-1a 339 345 7 rat, Rattus norvegicus. T00691 random 90
Pit-1a 117 123 7 rat, Rattus norvegicus. T00691 random 736
Pit-1a 895 901 7 rat, Rattus norvegicus. T00691 random 732
Pit-1a 597 603 7 rat, Rattus norvegicus. T00691 random 732
Pit-1a 1,237 1,243 7 rat, Rattus norvegicus. T00691 random 732
Pit-1a 307 313 7  rat, Rattus norvegicus. T00691 random 6535
Pit-1a 208 214 7  rat, Rattus norvegicus. T00691 random 639
Pit-1a 98 104 7 rat, Rattus norvegicus. T00691 random 5440
Pit-1a 206 212 7 rat, Rattus norvegicus. T00691 random 4932
Pit-1a 108 114 7 rat, Rattus norvegicus. T00691 random 4642
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rat, Rattus norvegicus.
rat, Rattus norvegicus.
rat, Rattus norvegicus.
rat, Rattus norvegicus.
rat, Rattus norvegicus.
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rat, Rattus norvegicus.
rat, Rattus norvegicus.
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rat, Rattus norvegicus.
rat, Rattus norvegicus.
rat, Rattus norvegicus.
rat, Rattus norvegicus.
rat, Rattus norvegicus.
rat, Rattus norvegicus.
rat, Rattus norvegicus.
rat, Rattus norvegicus.
rat, Rattus norvegicus.
rat, Rattus norvegicus.
rat, Rattus norvegicus.
rat, Rattus norvegicus.
rat, Rattus norvegicus.

rat, Rattus norvegicus.

rat, Rattus norvegicus.
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18912
Pit-1a 657 663 7 rat, Rattus norvegicus.  T00691 rlztgdl"lm
Pit-1a 314 320 7 rat, Rattus norvegicus.  T00691 rlztgdl"lm
Pit-1a 30 36 7  rat, Rattus norvegicus. T00691 random
18909
Pit-la 367 373 7  rat, Rattus norvegicus.  T00691 r@%‘;m
Pit-1a 23 29 7 rat, Rattus norvegicus. T00691 rlag;c})(;m
Pit-1a 50 56 7 rat, Rattus norvegicus. T00691 random
18907
Pit-la 721 728 8 rat, Rattus norvegicus.  T00691 %%%"6“‘
Pit-la 818 824 7 rat, Rattus norvegicus.  T00691 %%%"6“‘
Pit-1a 475 481 7 rat, Rattus norvegicus.  T00691 %%%"6“‘
Pit-1a 132 138 7 rat, Rattus norvegicus.  T00691 %%%"6“‘
Pit-1a 197 203 7 rat, Rattus norvegicus.  T00691 r@%‘;m
Pit-1a 57 63 7 rat, Rattus norvegicus. T00691 rlagngdgosm
Pit-1a 617 626 10 rat, Rattus norvegicus. T00691 random 1885
Pit-1a 11 17 7  rat, Rattus norvegicus. T00691 random 1885
Pit-1a 676 682 7 rat, Rattus norvegicus. T00691 random 1885
Pit-1a 311 317 7 rat, Rattus norvegicus. T00691 random 1885
Pit-1a 450 456 7 rat, Rattus norvegicus. T00691 random 1885
Pit-la 312 318 7  rat, Rattus norvegicus.  T00691 rlzt;‘;"sm
Pit-1a 300 306 7 rat, Rattus norvegicus.  T00691 rlzt;dl"lm
Pit-la 218 224 7 rat, Rattus norvegicus.  T00691 %%%"3“‘
Pit-1a 262 268 7 rat, Rattus norvegicus. T00691 random 1850
Pit-1a 14 20 7 rat, Rattus norvegicus. T00691 random
18043
. . random
Pit-1a 112 118 7  rat, Rattus norvegicus. T00691 18042
Pit-la 175 181 7 rat, Rattus norvegicus.  T00691 rla7ngd3°3m
Pit-1a 859 865 7 rat, Rattus norvegicus. T00691 random 1766
Pit-1a 515 521 7 rat, Rattus norvegicus. T00691 random 1766
Pit-1a 171 177 7 rat, Rattus norvegicus. T00691 random 1766
Pit-1a 121 127 7 rat, Rattus norvegicus.  T00691 Tgfs"om
Pit-1a 157 163 7  rat, Rattus norvegicus. T00691 random 1714
Pit-1a 842 848 7  rat, Rattus norvegicus. T00691 random 1714
Pit-1a 112 118 7 rat, Rattus norvegicus. T00691 random 1651
Pit-1a 35 41 7 rat, Rattus norvegicus. T00691 r;gls%(;m
Pit-1a 15 21 7 rat, Rattus norvegicus. T00691 random 1541
Pit-1a 188 194 7  rat, Rattus norvegicus. T00691 random 1514
Pit-1a 118 124 7 rat, Rattus norvegicus. T00691 random 1513
Pit-1a 231 237 7  rat, Rattus norvegicus. T00691 random 1470
Pit-1a 282 288 7 rat, Rattus norvegicus. T00691 random 1446
Pit-1a 269 275 7 rat, Rattus norvegicus. T00691 random 1415
Pit-1a 161 167 7 rat, Rattus norvegicus. T00691 random 1389
Pit-la 190 196 7 rat, Rattus norvegicus.  T00691 rla3n7d3°5m
Pit-1a 203 209 7  rat, Rattus norvegicus. T00691 random 1355
Pit-1a 70 76 7  rat, Rattus norvegicus. T00691 random 1195
Pit-1a 90 96 7 rat, Rattus norvegicus. T00691 random 1156
Pit-1a 115 121 7 rat, Rattus norvegicus. T00691 random 1064
SRF 913 919 7  mouse, Mus musculus. TO00765 random 1885
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V. GENERAL DISCUSSION AND FUTURE PERSPECTIVES

Over the years, understanding the evolution, organization, and regulation of genomes
has been one of the major research focuses of the scientific community. Since its discovery in
the early 1960s, satellite DNA (satDNA) (the major constituent of the repetitive genomes’
fraction) has been considered one of the most intriguing elements of eukaryotic genomes.
Initially considered as “junk DNA” and a transcriptional inert portion of eukaryotic genomes,
the dynamic molecular behaviour of satDNAs plays an important role in the occurrence of
chromosomal reorganization during genomes’ evolution (e.g. Chaves et al. 2004) and
satDNA transcripts are emerging as key players in genome regulation (reviewed in Ferreira et

al. 2015).

V. 1. UNVEILING THE PEROMYSCUS’ SATELLITOME LANDSCAPE

Traditionally, the methods used for the isolation and discovery of satDNA families
were time-consuming (e.g. genomic restriction digestion), allowing the identification of only
the major or a few satDNA families in each genome (reviewed in Garrido-Ramos 2017). The
advances in whole-genome sequencing methodologies and platforms has generated an
enormous amount of sequencing data that has been used to decipher the genomes’ repetitive
fraction (e.g. Alkan et al. 2011; Komissarov et al. 2011; Silva et al. 2017). Due to the easy
access of sequencing platforms, more and more non-model species can be studied at the
genomic scale and today, the genome-wide analysis of the repetitive content of eukaryotic
genomes is evolving as a pivotal step for unveiling the functional roles of these sequences in
eukaryotic genomes.

The starting point of the work here presented was to perform, for the first time, a
genome-wide analysis of the repetitive DNA sequences on the representative genome
sequencing project of the first Peromyscine species whose genomic data was available — the
deer mouse, Peromyscus maniculatus (Pman_ 1.0, Genbank assembly accession
GCA_000500345.1). A bioinformatics pipeline was thus defined (Chapter II; section I1.2.)
based on the Tandem Repeat Finder (TRF) algorithm (Benson 1999) and tactical filters
application that allowed the identification of more than 1.500 distinct arrays of large tandem
repeats (TRs). Additionally, an integrated analysis based on sequence similarity between the
identified TRs and repetitive sequences deposited in the Rodentia Repbase and NCBI
databases clustered all the sequences into 21 families, being the majority satellite-related or
transposable elements (TE)-related families. The major component of the P. maniculatus

satellitome counts for more than 50% of all the identified TRs and corresponds to the PMSat
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satDNA family that was firstly physically isolated by laser microdissection from the
chromosomes (peri)centromeric region of other Peromyscus species, P. eremicus, by our
group (Chapter II; Section II.1; Louzada et al. 2015). The data of the in silico analysis of this
AT-rich satDNA were in agreement with our previous report, as in P. eremicus genome, also
in P. maniculatus, PMSat presents a monomer size of approximately 345 bp exhibiting a high
intra-monomeric similarity. Despite the divergence of centromeric repetitive sequences, the
abundance and repetitive nature of each specific TR (Melters et al. 2013), such as the
presence of conserved DNA-binding domains (Fujita et al. 2015) and surrounding TE
elements (reviewed in Hartley and O’Neill 2019) have been identified as common features of
eukaryotic centromeres. In fact, in addition to the high abundance of PMSat in P.
maniculatus genome, our data reveals the occurrence of PMSat monomers exhibiting CENP-

B box like motifs, as well as PMSat rich regions presenting TE-related elements.

Peromyscus karyotype reorganization driven by PMSat

Experimental approaches focused on the PMSat satDNA family were conducted in
four distinct Peromyscus species: P. eremicus, P. maniculatus, P. leucopus and P.
californicus (Chapter II; section I1.2.). According to an in silico analysis, we proved that
PMSat is mainly located at the chromosomes’ active centromeres and pericentromeric
regions, maintaining a high degree of conservation/similarity in all the studied species despite
the different number of copies of PMSat per genome. Traditionally, satDNA has been
considered one of the most dynamic elements of eukaryotic genomes that rapidly evolve even
in close-related species (Plohl et al. 2012). The high variability exhibited in terms of
monomer size nucleotide sequence, chromosome organization is mostly promoted by
concerted evolution, which culminates in the rapid intraspecific homogenization of occurring
changes by a molecular drive process (Plohl 2010; Plohl et al. 2012). Conversely, some
satDNA families seem to persist in a conserved fashion in genomes for long evolutionary
periods, even if presenting a residual number of copies (e.g. Petraccioli et al. 2015; Chaves et
al. 2017). Our results strongly suggest that the evolutionary pathway of PMSat was driven by
copy number fluctuations and the high similarity among PMSat on the studied Peromyscus
and non-Peromyscus species (Louzada et al. 2015) can reflect non-concerted evolutionary
events (Plohl et al. 2010). Moreover, the genomic location of PMSat at the centromeres can
favour this evolutionary form, since there is a suppression of recombination events at this
region (Talbert and Henikoff 2010). Besides the centromeric location, PMSat is also present

at (peri)centromeric, p-arm and telomeric regions of some chromosomes, and regardless of
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the high degree of interspecific and intraspecific sequence similarity of PMSat monomers,
some nucleotide divergences were identified in specific sequence motifs (i.e. CENP-B box).
In fact, the results of the in silico results on P. maniculatus genome sequencing data, points to
the hypothesis that the more conserved PMSat monomers reside on the centromere and, while
the monomers displaying sequence modifications locate in other locations, not so constrained
in the occurrence of recombination processes.

Copy number changes of satDNA families have been correlated with karyotypic
reorganization, where the amplification, deletion and/or intragenomic movement can promote
chromosomal alterations and consequently, karyotype evolution (e.g. Ellingsen et al. 2007;
Cazaux et al. 2013; Vittorazzi et al. 2014). Despite the initial reports that attribute the
karyotype differences among Peromyscus species to the distinct repatterning of constitutive
heterochromatin (CH) blocks (e.g. Romanenko et al. 2012), until the beginning of this work,
no sequence information on the repetitive nature and content of these regions was known.
Our results demonstrated that Peromyscus CH, mainly at the (peri)centromeric, p-arm and
telomeric regions, are enriched in PMSat. It is accepted that chromosomal evolution in the
Peromyscus genus was driven by progressive CH addictions, deletions and pericentric
inversions (e.g. Louzada et al. 2015; Smalec et al. 2019); so, if these are mainly composed of
PMSat, we can postulate that it were these satDNA family evolutionary molecular events the
responsible for Peromyscus genome/or karyotpic evolution. In fact, copy number fluctuations
(due to unequal crossing-over and rolling circle replication) can instigate chromosomal
rearrangements, such as the pericentric inversions observed in the distinct karyotypes of the
genus. In light of the different patterns of PMSat locations on CH regions and the distinct
features of karyotype evolution, it seems that PMSat was originally only at the
(peri)centromeric regions (as observed on P. californicus, that was mainly composed by
acrocentric chromosomes) and acquired a more spread distribution during karyotype
evolution in the other species (Figure V.1). This effect is notorious on P. eremicus,
presenting the highest PMSat copy number per genome as large CH blocks that form the p-
arms of all the autosomes.

Our first report of PMsat on P. eremicus genome (Louzada et al. 2015) caught the
attention of the scientific community, and in the course of the work here presented, Smalec
and colleagues (2019) also mapped and characterized PMSat satDNA in other Peromyscus
species. As our results, the analysis based on next-generation sequencing reads databases of
four distinct Peromyscus species (P. maniculatus, P. californicus, P. leucopus and P.

polionotus) revealed a high degree of nucleotide sequence and size conservation between
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monomers of PMSat inter- and intra-Peromyscus species (Smalec et al. 2019). However,
some discrepancies in the PMSat physical distribution findings were verified in some
chromosomes of P. maniculatus, P. leucopus and P. eremicus, which can be a result of
considerable number of intraspecific/intraindividual chromosome CH polymorphisms
resulting in distinct cytotypes or chromosome races. It is also worth mentioning that Smalec
and colleagues (2019) do not refer the standard karyotypes used in the organization of the
species’ karyotypes. Despite these differences, this study corroborates the evolution mode of
PMSat by non-concerted evolutionary events and its involvement in Peromyscus karyotype

variations (Smalec et al. 2019).

11 MYA ® 1

WIDE
HETEROCHROMATIN HETEROCHROMATIN
AMPLIFICATION AMPLIFICATION
+ +
PERICENTRIC PERICENTRIC
INVERSIONS INVERSIONS
" 0MYA
P. californicus P. maniculatus  P. leucopus P. eremicus
. L. - FN increse - - Maximum FN -
acrocentric (majority) acrocentric tacentric ch
and submetacentric chr o (all) submetacentric chr

and tric chr

COPY NUMBER FLUCTUATION OF PMSAT SATELLITE

Figure V.1. Proposed model for PMSat evolution in the studied Peromyscus species. Peromyscus genus is
characterized by a high degree of karyotypic conservation and all the Peromyscine species share a 2n = 48. The
interspecific and intraspecific karyotypic variations reside in the number of chromosomal arms (fundamental
number (FN) varies from 52 to 92). We propose that chromosomal rearrangements among Peromyscus
chromosomes were promoted by PMSat and this sequence also evolved in a non-concerted evolutionary fashion.
PMSat presents a high degree of interspecific and intraspecific sequence similarity, and the differences among
Peromyscus species are attributed to the variation of PMSat copy number per genome; the
amplification/contraction molecular mechanisms (such unequal crossing-over and rolling circle replication)
leads to copy number fluctuations among species, resulting in PMSat repatterning from its original location
(centromere; as observed in P. californicus) to other genomic locations (pericentromere, p-arm and telomere; as
observed in other Peromyscus species).
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In addition to PMSat, two additional satDNA families were identified for the first
time on P. maniculatus genome, RNSATI1 and MMSAT4, that were previously identified on
Rattus norvegicus and Mus musculus genomes (Ostromyshenskii et al. 2015; Rodentia
database reports). This finding together with the lack of molecular and cytogenetic features of
these two satDNA families on Peromyscus and non-Peromyscus genomes represents the
gateway for the full characterization of other satDNA families in Peromyscine species. It is
important to highlight that the bioinformatics strategy conducted in this work was designed to
uncover repetitive sequences exhibiting a classical satDNA behaviour, i.e. with a tandem
array organization fashion and high copy number. Recently, our group reported that the cat
major satDNA (FA-SAT) constitute one of the most ancient satDNAs described so far,
maintaining a high degree of conservation/similarity in several Bilateria species with distinct
copy numbers per genome and genomic organization, including on P. eremicus genome with
an interspersed distribution (Chaves et al. 2017). However, FA-SAT escaped our analysis
most probably due to its low copy number. Meanwhile, it is also important to mention that P.
maniculatus genome is not fully sequenced (and annotated) as well as certain repetitive

regions may have been masked during the genome sequencing process.

V. 2. DISCLOSING THE ROLE OF PMSAT ncRNA

To get more insights into PMSat on Peromyscus genomes, the transcriptional activity
of this satDNA family was also investigated (Chapter IV). The experimental achievements
unveiled that PMSat is transcribed in proliferative cells of all the studied Peromyscus species
with a positive correlation between PMSat expression and copy number content on each
genome. Since PMSat presents a (peri)centromeric location with a high degree of sequence
similarity between the centromeric and pericentromeric regions among all the studied
Peromyscus genomes, it is difficult to distinguish and analyse specific PMSat variants for
each chromosome region or species. Notwithstanding, as already referred, our data suggest
that the main difference among species resides on PMSat copy number fluctuations and these
variations seem to be the major contributor to PMSat expression variations. Besides the
distinct abundance of transcripts between P. eremicus and P. maniculatus proliferative cells,
a similar transcriptional cellular profile was detected throughout the cell cycle in both
species’ cells. The analysis of specific cell cycle phases revealed that PMSat satncRNA
accumulates mostly at G2/M transition and at the mitosis onset. Our findings are in

agreement with a cell cycle-dependent manner of transcription, which follows other
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centromeric satDNAs (Lu and Gilbert 2007; Ferri et al. 2009; Probst et al. 2010; Maison et al.
2011). In accordance with our results, also in mouse cells, the levels of centromeric MiSat
RNAs greatly vary throughout the cell cycle presenting a maximum at G2/M phase (Ferri et
al. 2009).

In order to unveil the putative function(s) of PMSat transcripts, a knockdown
experiment was performed on P. eremicus proliferative cells. Interestingly, the depletion of
PMSat RNA suggested a tendency for nuclear abnormalities, mainly the occurrence of
aneuploidy phenotypes. These results anticipate the potential role of PMSat transcripts as key
players on kinetochore assembly and function, in agreement with several others centromeric
satncRNAs’ reports (e.g. Ideue et al. 2014; Grenfell et al. 2016). In fact, it has been revealed
that both the transcription of centromeric satDNAs by RNA polymerase II (RNApolll)
process itself and the derived transcripts play important roles in chromatin
remodelling/CENP-A deposition and in kinetochore assembly during mitosis (reviewed in
Perea-Resa and Blower 2018). Moreover, centromeric RNAs seem to interact with the
centromeric proteins CENP-A, CENP-B and CENP-C (e.g. Quénet and Dalal 2014; McNulty
et al. 2017), as well as with Aurora-B, INCENP and Survivin, which are elements of the
chromosome passenger complex (CPC) that is involved in proper chromosome segregation
(e.g. Ferri et al. 2009; Ideue et al. 2014; Grenfell et al. 2016). PMSat monomers seems to
keep a conserved motif related to the DNA-binding domain for the centromeric protein
CENP-B (CENP-B box) and, crucially, are co-localized with the CENP-A protein that forms
a stable complex with this motif on PMSat monomers, which proves its centromeric nature
and anticipates its involvement in the centromeric function, both as a DNA sequence and as a
satncRNA.

Although satDNA transcripts have been reported in a variety of cell conditions, such
as cell proliferation, development and differentiation, cell aging, cell stresses and
tumorigenesis (e.g. Ferreira et al. 2015), little is known about the mechanism of RNApolll
acting in the centromere, or the transcription factors and binding partners involved in
centromere transcription. Some satDNAs present binding sites for diverse transcription
factors (Bulut-Karslioglu et al. 2012) and some of these were already identified under
specific cell stress conditions, such the human SATIII overexpression after heat shock
(Goenka et al. 2016). The in silico analysis of putative transcription factors binding sites in
PMSat monomer sequences suggests that PMSat transcription can be conducted by
RNApolll, as repressors/activators/ regulators of RNApolll were identified in our analysis.

Also, the cellular pathways in which these putative transcription factors are involved are in
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accordance with the PMSat satncRNA involvement in a variety of cell conditions, namely in

response to cellular stresses, cell development and differentiation.

V.3. CONCLUDING REMARKS

This work clearly reinforces the potential of genome-wide analysis on newly
sequenced genomes for a global characterization of tandem repeats, specifically the
satellitome fraction, which, in addition with experimental complementary techniques, allows
not only its physical characterization at a chromosome level, assisting in the subsequent
stages of sequencing projects (scaffold/contigs mapping), but also at the molecular and
functional analysis level of satDNAs across genomes.

The search for repetitive sequences in the representative P. maniculatus genome
sequencing project, revealed a highly homogenous and conserved satDNA — PMSat - the
major constituent of this genome satellitome. The molecular and cytogenetic characterization
of PMSat in several Peromyscus species (P. californicus, P. maniculatus, P. leucopus and P.
eremicus) revealed that it must be involved in the centromeric function, as PMSat knockout
preliminary experiments lead to aneuploidy phenotypes and in fact PMSat satncRNAs
accumulate at G2 and in mitosis onset in both P. eremicus and P. maniculatus. Moreover, the
presence of a conserved CENP-B box-like motif and the co-localization of the CENP-A
protein on PMSat monomers emphasize the centromeric role of this satDNA. These findings
are also supported by the analysis of PMSat orthologous sequences (found in non-
Peromyscus species) that share a remarkable sequence similarity, which once again,
anticipates its functional significance. Its presence not only at the active centromeres but also
at the pericentromeric regions of these species chromosomes, comprising large PMSat blocks
at, that further extend to the entire p-arms in some species chromosomes, in addition to its
different representativeness in the analysed species, shows that PMSat satDNA family was
potentially involved as trigger of the Peromyscus karyotype evolution, driven by
chromosomal rearrangements promoted by copy number fluctuations of a “simple” satDNA.

Altogether, these results represent the preliminary study of PMSat satncRNAs on
Peromyscus genomes, whose functions seem to follow the ones postulated for centromeric
transcripts: key players on kinetochore assembly and function by association and modulation

of centromeric proteins.
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V.4. FUTURE PERSPECTIVES

The complex repetitive structure of the centromeric region with long arrays of near-
identical satDNA sequences represents one of the major challenges for the correct genome
assembly, as the (peri)centromeric regions are usually discarded during genome sequencing.
Therefore, the centromere has persisted as the ultimate stronghold in genome annotation.
Works as the one presented in this thesis, that discloses the repetitive sequences that “govern”
each genome in newly sequenced species, represent a remarkable tool for a widespread
understanding of genome organization, regulation, and evolution. The achievements
regarding PMSat at the centromeres represent an excellent opportunity to complete the
assembly and annotation of P. maniculatus centromeric regions. Interestingly, in addition to
the P. maniculatus genome project that was focused on this work, a novel genome
sequencing project (with unplaced contigs and at a chromosome level assembly — Pman_2.1,
GenBank assembly accession GCA 003704035.1, BioProject PRINA494228) was recently
released by Harvard University/Howard Hughes Medical Institute. Thus, our research group
initiates the comparison of the in silico genome wide analysis of TRs content between this
new one genome sequencing project and the representative genome of P. maniculatus
(presented in this thesis). Moreover, our results can also assist the ongoing genome
sequencing projects of other Peromyscus species, namely, P. californicus, P. leucopus and P.
polionotus (Baylor College of Medicine, www.hgsc.bcm.edu/peromyscus-genome-project).
In the near future, the full characterization of other satDNAs also reported in this work
(MMSAT4 and RNSATI1), will certainly contribute to decoding the satellitome of
Peromyscus genomes.

Understanding the molecular mechanisms underlying satDNAs transcription (i.e., the
transcriptional process and machinery and the satncRNAs-binding partners of each satellite
DNA) as well as the pathways in which satncRNAs are involved is imperative for the
clarification of the roles played by these important DNA sequences, and its transcripts in

eukaryotic genomes.
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