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ABSTRACT

The order Rodentia represents the most abundant and diversified order of living mammals.
Record high rates of karyotype evolution are found in the rodent’s superfamily Muroidea (the
most evolutionary successful mammalian species) making them the perfect organisms for studying
chromosome evolution and powerful tools also in the study of chromosome rearrangements and
their consequences in cancer. The major goal of the present thesis was the analysis of the
karyotype restructuring dynamics, both during species evolution and cancer.

Chromosomal evolutionary events are disclosed by the comparative analysis of different
species karyotype using cytogenetic techniques, allowing the fast generation of large scale
comparative maps in diverse groups including Rodentia.

The present thesis describes the construction of high resolution chromosome maps of
three Rodentia species, namely one Muridae species, Praomys tullbergi, and two Cricetidae Cricetus
cricetus and Peromyscus eremicns. One important outcome presented here is the delineation of the
Ancestral Muroidea Karyotype (AMK), based in the analysis of the Mus musculus syntenic
associations outlined by several works and supported by the results obtained. The assembling of
these comparative maps permitted the disclosure of genome architecture, as well as the delineation
of the chromosome evolutionary history since the common Muroidea ancestor for these species.
Peromyscus eremicus reveled to possess a highly conserved genome sharing most of the identified
syntenic association with the AMK. Cricetus cricetus and Praomys tullbergii, on the other hand, showed
to have more derivative genomes accounting a large number of large-scale rearrangements
occurred since the AMK, mostly fusion events. The construction of the comparative maps allowed
also the identification of the evolutionary breakpoint regions. The presence of repetitive sequences
at evolutionary breakpoints has been shown by whole genome alignment studies, and constitutive
heterochromatin (CH) has been considered as hotspot for structural chromosome rearrangements.
Here we have found a high co-localization of CH with the identified evolutionary breakpoints for
the species in analysis (P. #ullbergs, C. cricetus and Peromyscus eremicus), cleatly indicating its
involvement in the structural chromosome rearrangements. Besides, its constituents, such as the
satellite DNA, are most likely the responsible for promoting the genomic plasticity and
consequently the higher rates of chromosome rearrangements observed.

Satellite DNAs and thus thought to be implicated in karyotype restructuring, both in
species evolution and cancer. Satellite DNAs are highly repeated sequences, characterized by a a
dynamic behavior and the major constituents of functional centromeres; however being also found

in telomeres and interstitial positions. The potential functional importance of satellite DNAs and
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the existence of a whole range of satellite sequences either conserved or divergent, even between
closely related species, highlight the importance of studying satellite DNA. In the presented study
two repetitive sequences (CCR4/10sat and PMSat) were isolated de novo using laser
microdissection, physically mapped and molecularly characterized. Both sequences revealed to be
shared by different rodent species enlightening a dynamic behavior and possible implication in
karyotype architecture in rodents (Cricetidae). While CCR4/10sat evolution seems to be related
with intragenomic movements, the evolutionary pathway of PMSat occurred through copy
number variations, culminating in different profiles.

Cancer chromosomes are known to exhibit high levels of complexity and the ability to
constantly evolve. Understanding the genetic etiology of the cancer genome is important to
comprehend the mechanisms for cancer initiation and progression. The last part of this thesis was
dedicated to the genetic/cytogenetic characterization of two DMBA-induced rat mammary tumor
cell lines: HH-16 ¢l.2/1 and HH-16.cl.4. The cytogenetic analysis of both cell lines revealed
significant changes in their karyotypes, suggesting the presence of chromosomal instability (CIN)
and chromosome structure instability (CSI). It has been demonstrated that CSI can influence
tumorigenesis by deregulating expression of specific target genes or by promoting gene fusion. In
the present case it was clear the implication of chromosome rearrangements and karyotype
restructuring in tumor progression, specifically by causing changes in two oncogenes copy number
(Myen and Erbb2). Both cell lines showed different expression profiles regarding the intensely
studied Erbb2. Besides, the expression of Erbb2 in the HH-16.cl.4 rat cell line appears to be
affected by global genome demethylation (after 5-Aza-2’-deoxicitidine), suggesting the action of
negative regulators of Erbb2 expression. The different outcomes for both tumor cell lines,
regarding cytogenetic characterization, gene expression and methylation analysis, suggests different
mechanisms involved in tumor progression. This study highlights HH-16 ¢l.2/1 and HH-16.cl.4
potential as models for studying Erbb2 associated mechanisms and as experimental tools to assist
in the generation of new biotherapies.

The present thesis resulted in the elaboration of five articles that were

submitted/published in scientific journals.

XVI



SUMARIO

A ordem Rodentia representa a mais abundante e diversificada ordem de
mamiferos. A analise dos catiétipos/genomas de roedores da superfamilia Muroidea tem
revelado a ocorréncia de elevadas taxas de evolugao para estas espécies, o que as torna bons
modelos para o estudo da evolucdo de cromossomas, dos rearranjos cromossémicos e das
consequéncias dos mesmos durante o processo tumoral. O principal objectivo desta tese
consistiu na analise da dinamica envolvida na reestruturacio dos caridtipos durante a
evolugdo de algumas espécies de roedores e durante o processo de cancro num modelo
celular da espécie Rattus norvegicus.

Os eventos que ocorrem durante a evolu¢io dos cromossomas tém sido
desvendados através da analise comparativa dos cariotipos de espécies diferentes usando
técnicas de citogenética (“Comparative chromosomics”) que permitem a elaboracio de
mapas comparativos entre os mais diversos grupos, incluindo os Rodentia. Na presente
tese foram construidos mapas cromossoémicos de elevada resolugiao de trés espécies de
roedores, Praomys tulbergi (PTU, Muridae), Cricetus cricetus (CCR) e Peromyscus eremicus (PER),
ambas Cricetidae. Um resultado importante foi o delineamento do cariétipo ancestral
putativo dos Muroidea (AMK), baseado nas associagoes sinténicas do genoma modelo Mus
musculus determinadas neste trabalho e em trabalhos anteriores. A analise destes mapas
comparativos permitiu desvendar a arquitectura, assim como delinear a historia evolutiva
dos cromossomas desde o ancestral Muroidea até aos caridtipos das espécies em analise. A
espécie PER revelou possuir um genoma extremamente conservado, partilhando muitas
associagdes sinténicas com o AMK. As restantes espécies, CCR e PTU possuem genomas
mais derivativos, demonstrando a ocorréncia de um consideravel nimero de rearranjos
desde o AMK. A construgao dos referidos mapas permitiu ainda a identifica¢ao das regides
de “breakpoint”, regides estas que apresentam uma grande instabilidade. A presenca de
sequéncias repetitivas  (constituintes da heterocromatina constitutiva -HC) nesses
“breakpoints” evolutivos tem sido demonstrada em varios estudos, tendo sido a HC
considerada como uma regido propicia (“hotspot”) a ocorréncia de rearranjos
cromossomicos. Nos genomas analisados (PTU, CCR e PER) foi encontrada uma elevada
co-localizagio da HC com os “breakpoints” evolutivos, indicando o envolvimento da HC
na ocorréncia dos rearranjos cromossomicos observados, sendo o seu maior constituinte -
o DNA satélite - o melhor candidadato a promover esta plasticidade. O DNA satélite é
composto por sequéncias altamente repetidas e dinamicas e é o principal constituinte dos

centromeros funcionais, tendo também sido descrito em regides teloméricas e intersticiais.
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O cariz enigmatico das sequéncias de DNA satélite , conjugado com a existéncia de uma
grande variedade de familias diferentes, conservadas ou divergentes entre espécies e
possivel fungao nos genomas, ilustram a importancia do estudo destas sequéncias. No
presente trabalho ¢é descrito o isolamento de novo de duas sequéncias repetitivas
(CCR4/10sat e PMSat) por microdissec¢ao a laser, e a sua caractetizagao molecular. Ambas
as sequéncias revelaram estar presentes no genoma de diferentes espécies de roedores,
apresentando, no entanto diferentes perfis, facto que evidencia a sua importancia e
dinamismo na reestruturacdo destes genomas. Enquanto que a evolu¢ao do CCR4/10sat
parece dever-se a movimentos intragenémicos, as caracteristicas demonstradas pelo PMSat
indicam que o seu percurso evolutivo esta relacionado com variagdes no numero de copias.
A constante evolu¢io e o eclevado grau de dinamismo sao também
caracteristicos dos genomas tumorais. A parte final do presente trabalho descreve a
caracterizacdo genética/citogenética de duas linhas celulares comerciais de tumor de mama
de ratazana: HH-16 cl.2/1 e HH-16.cl4. A analise citogenética revelou a presenca de
alteragoes consideraveis nos seus cariotipos, sugerindo a ocorréncia de instabilidade
cromossomica  (“chromosomal instability”- CIN) e instabilidade estrutural dos
cromossomas (“‘chromosome structure instability”- CSI). Varios estudos revelaram que a
CSI pode influenciar a tumorigénese através da desregulacio de genes especificos ou
mediante fusdo de genes. O trabalho permitiu determinar os rearranjos cromossomicos que
das linhas celulares em analise, bem como de dois oncogenes - Myen e Erbb2, atectados por
esses mesmos rearranjos. Ambas as linhas celulares revelaram diferentes niveis de
expressao do gene Erbb2. Para além disso, na linha HH-16.cl.4 a expressio deste gene
parece ser afectada pela desmetilagio global do genoma (tratamento com 5-aza-2’-
deoxicitidina), sugerindo a acgao de reguladores negativos da expressio do Erbb2. Tendo
por base os resultados de caracterizagao citogenética, expressao de genes e analise de
metilagdo, sugeriu-se o envolvimento de mecanismos diferentes na progressao tumoral das
duas linhas celulates, evidenciando o potencial das linhas HH-16 cl.2/1 ¢ HH-16.cl.4 como
modelo celular para o estudo dos mecanismos epigenéticos associados ao Erbb2, bem
como potenciais ferramentas experimentais para o desenvolvimento de novas bioterapias.
A presente tese de doutoramento resultou na elaboragdo de cinco artigos

cientificos que foram submetidos/publicados em jornais cientificos.

XVIII



LIST OF PUBLICATIONS

This thesis is based on the collection of the following papers throughout the PhD period:

Paper I: Chaves R, Louzada S, Meles S, Wienberg |, Adega M (2012) Praomys tullbergi (Muridae,
Rodentia) genome architecture decoded by comparative chromosome painting with Mus and

Rattus. Chromosome Res. 20(6):673-683.

Paper II: Vieira-da-Silva A*, Louzada S*, Adega F, Chaves R (2012) A high-resolution
comparative chromosome map of Cricetus cricetus and Peromyscus eremicus reveals the involvement of
constitutive heterochromatin in breakpoint regions (Submitted)

* Vieira-da-Silva A and Louzada S contributed equally to the present work (2012)

Paper III: Louzada S, Paco A, Kubickova S, Adega F, Guedes-Pinto H, Rubes J, Chaves R (2008)
Different evolutionary trails in the related genomes Cricetus cricetus and Peromyscus eremicus (Rodentia,

Cricetidae) uncovered by orthologous satellite DNA repositioning. Micron 39(8): 1149-1155.

Paper IV: Louzada S, Vieira-da-Silva A, Kubickova S, Adega I, Rubes ], Chaves R (2012) An
ancient satellite DNA in Peromyscus genome that evolves by copy number fluctuation: does the

sequence matters? (Submitted)

Paper V: Louzada S, Adega F, Chaves R (2012) Defining the Sister Rat Mammary Tumor Cell
Lines HH-16 cl.2/1 and HH-16.cl.4 as an In Vitro Cell Model for Etbb2. PLaS One 7(1):¢29923.

From the work described resulted the following communications published in refereed

proceedings of conferences:

- Louzada S, Adega F, Chaves R (2010) Molecular cytogenetic characterization of a cell clone from

a rat fibrosarcoma cell line. Chromosome Res 18:718.

- Vieira-da-Silva A, Louzada S, Adega F, Guedes-Pinto H, Chaves R (2010) An orthologous

satellite DNA family between Muridae and Cricetidae (Rodentia). Chromwosome Research 18:7

XIX



- Louzada S, Vieira-da-Silva A, Adega F, Guedes-Pinto H, Chaves R (2009) Mouse and rat
uncover the chromosome restructuring in  Peromyscus eremicus (Cricetidae, Rodentia) —

Chromosomes 1 and 5 in focus. Chromosome Research 17(1): S168.

- Vieira-da-Silva A, Louzada S, Adega F, Guedes-Pinto H, Chaves R (2009) Comparative analysis
of two Cricetus cricetus chromosomes with Mus musculus and Rattus norvegicus using chromosome

painting. Chromosome Research 17(1):S167.

- Adega F, Louzada S, Vieira-da-Silva A, Guedes-Pinto H, Kofler A, Wienberg J, Chaves R (2008)

The freewill of evolution in the structuring of Rodentia genomes. Chromosome Research 0: 19.

- Louzada S, Vieira-da-Silva A, Paco A, Kubickova S, Adega F, Guedes-Pinto H, Rubes ] and
Chaves R (2008). Evolutionary chromosome repositioning of orthologous satellite DNA in the

related genomes C. cricetus and P. eremicus (Rodentia,Cricetidae). Chromosome Research16:1046.

- Adega F, Louzada S, Vieira-da-Silva A, Guedes-Pinto H, Kofler A, Wienberg ] and Chaves R
(2008) The freewill of evolution in the restructuring of Rodentia genomes. Chromosome Research 16:

104o6.

- Louzada S, Vieira-da-Silsa A, Kubickova S, Adega F, Guedes-Pinto H, Chaves R, Jiri ] (2007)
Cricetus cricetus and  Peromyscus eremicus (Rodentia, Cricetidae) share common repetitive DNA

sequences. Chromosome Research 15(2):43.



ABBREVIATIONS

ACT, G Adenine, cytosine, thymine, guanine
ACdK Ancestral Cricetidae karyotype
ACnK Ancestral Cricetinae karyotype
AEK Ancestral Ellobins karyotype
AMdK Ancestral Muridae karyotype
AMiK Ancestral Microtus karyotype
AMK Ancestral Muroidea karyotype
AMnK Ancestral Murinae karyotype
ASdK Ancestral Sciuridae karyotype.
BAC Bacterial Artificial Chromosomes
BER Basepair-excision repair

bp Base pair

CCR Cricetus cricetus

CENP-A Centromere protein A

CENP-B Centromere protein B

CH Constitutive heterochromatin
CIN Chromosomal instability

CSI Chromosome structure instability
DMBA 7,12-dimethylbenz|a]anthrazene
DNA Deoxyribonucleic acid

DNMT DNA methyltransferases

DSBs Double stranded breaks

FISH Fluorescent in situ hybridization
HOR Higher-order repeat

HP1 Heterochromatin protein 1

HSR Homogeneously staining region
Kb Kilo bases

LINE1 Long interspersed elements 1
Ma Million years ago

MAR Microtus arvalis

Masat Mouse major satellite

Mb Mega bases

MFISH Multiplex FISH

Misat Minor satellite

MMR Mismatch-repair

MMU Mus musculus

MS3 Mouse satellite 3

MS4 Mouse satellite 4

NER Nucleotide-excision repair

PER Peromyscus eremicus

PRAT Major satellite from Palorus ratzeburgii
PSU Phodopus sungorus

PTU Praomys tullbergi

RAK Ancestral Rodentia karyotype
RNA Ribonucleic acid

RNO Rattus norvegicus

RPCS Repetitive Puvll Crenomys sequence

XXI



rRNA Ribosomal RNA

satDNA Satellite DNA
siRNA Small interfering RNAs
SKY Spectral karyotyping

XXII



INDEX

AGRADECIMENTOS IX
ABSTRACT XV
SUMARIO XVII
LIST OF PUBLICATIONS XIX
ABBREVIATIONS XXI
INDEX XXIIT
FIGURES AND TABLES INDEX XXV
CHAPTER I — INTRODUCTION 1
1. Chromosomes and evolution 3
1.1 Genome conservation and karyotype restructuring 3

1.2 Resolving phylogenies in mammalian 5
1.2.1 From homology maps to the ancestral karyotype 5

1.3 Dynamics of chromosome evolution 10

2. Genomic compartments and repetitive sequences 13
2.1 Satellite DNA features and function 15

2.2 Evolutionary dynamics of satellite DNA 16
2.2.1 Concerted evolution 18

2.2.2 Modes of satellite DNA evolution and centromeric function 19

2.2.3 SatDNA dynamics and chromosomal rearrangements 23

3. Cancer is an evolutionary process 27
3.1 Genes that drive cancer 28

3.2 Genomic instability underlying cancer 29
3.2.1 Gene amplification 34

3.2.2 DNA methylation 35

4. Using Rodentia species as model 39
4.1 Rodents evolution and complex phylogeny 39
4.1.1 The superfamily Muroidea 42

4.1.1.1 The Muridae family 42

4.1.1.2 The Cricetidae family 43

4.2 Why study rodents karyotype evolution? 45

4.3 Cellular models for cancer study 46

5. References 47

XXIIT



CHAPTER II — RESULTS AND DISCUSSION 63

1. Comparative chromosomics 63
1.1 Praomys tullbergi (Muridae, Rodentia) genome architecture decoded by comparative
chromosome painting with Mus and Rattus 065
1.2 A high-resolution comparative chromosome map of Cricetus cricetus and
Peromyscus eremicus reveals the involvement of constitutive heterochromatin in
breakpoint regions 81

2. Satellite DNA 105
2.1 Different evolutionary trails in the related genomes Cricetus cricetus and

Peromyscus eremicus (Rodentia, Cricetidae) uncovered by orthologous satellite

DNA repositioning 107
2.2 An ancient satellite DNA in Peromyscus genome that evolves by copy number
fluctuation: does the sequence matters? 117
3. Cancer chromosomes and cell line modelling 143
3.1 Defining the Sister Rat Mammary Tumor Cell Lines HH-16 cl.2/1 and
HH-16.cl.4 as an In Vitro Cell Model for Erbb2 145
CHAPTER III — GENERAL DISCUSSION AND FUTURE PERSPECTIVES 165
1. General discussion 165
1.1 Comparative chromosome study in rodentia 165
1.2 Characterization and evolution of satellite DNA in Cricetidae 168
1.3 The role of CH and satDNA in Muroids karyotype restructuring 170
1.4 Cancer chromosomes and cell lines as models 175
1.5 Concluding remarks 178
2. Future Perspectives 180
3. References 181

XXIV



FIGURES AND TABLES INDEX

CHAPTER I — INTRODUCTION

FIGURE 1.1. — Example of the use of Zoo-FISH for the construction of comparative
maps.

FIGURE 1.2. — Putative ancestral karyotypes for Rodentia proposed by different authors.
FIGURE 1.3. — Putative rodent evolutionary tree.

FIGURE 2.1. — The bouquet organization of chromosomes during prophase.

FIGURE 2.2. — The Library model.

FIGURE 2.3. — Feedback model.

FIGURE 2.4. — Proximal Progressive Expansion mode of evolution of satellite DNA.
FIGURE 2.5. — Coevolution of satellite DNA sequences and DNA-binding proteins in the
centromeric region.

FIGURE 2.6. — The two main outcomes in genome restructuring,.

FIGURE 3.1. — The hallmarks of cancer. Distinctive and complementary capabilities that
enable tumor growth and metastatic dissemination.

FIGURE 3.2. — Normal and cancer cell karyotypes using multicolor FISH.

FIGURE 3.3. — Schematic illustration of mechanisms leading to chromosomal alterations.
FIGURE 3.4. — Commonly observed DNA methylation changes in cancer.

FIGURE 4.1. — The place of Rodentia in mammal’s evolutionary tree.

FIGURE 4.2. — Phylogenetic tree of Rodentia.

FIGURE 4.3. — Phylogenetic tree of Muroidea superfamily.

CHAPTER III — GENERAL DISCUSSION AND FUTURE PERSPECTIVES

TABLE 1- Summary of the results obtained with painting experiments and constitutive
heterochromatin analysis.

TABLE 2 - Summary table showing the 7z situ hybridization pattern of CCR4/10sat and
PMSat in Peromyscus eremicus chromosomes.

FIGURE 1.1 — Schematic diagram summarizing the different topics studied, the species

involved in each topic and some of the main outcomes.
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CHAPTERI |

INTRODUCTION

The human genome (entire hereditary information of an organism that is encoded in
their DNA) provides the underlying code for human biology (ENCODE Project Consortium
2012). Cells within an organism contain a complete copy of these instructions, written in the
four-letter language of DNA (A, C, T and G). These nucleic acids are arranged into units called
genes, which are organized in the chromosomes (Reece 2004). This organization ensures not
only proper gene function but also an accurate distribution of genes to daughter cells during cell
division. Chromosomes are thus the ultimate determinants of the organization of all living
organisms (Sumner 2003). The entire chromosome set of a species is known as a karyotype,
which can be thought of as a global map of the nuclear genome.

Genomes have the ability to evolve throughout local changes in nucleotide sequences or
by changes in the karyotypes, by means of chromosome rearrangements that can result in
dramatic phenotypic consequences and are assumed to play an important role in the evolution of
species and in cancer. Reproductive isolation and tumorigenic karyotypic transformation can be
initiated through the same structural rearrangements, therefore karyotype restructuring can drive
both speciation and carcinogenesis (Ye ez a/. 2009).

The major goal of the present thesis was the analysis of the karyotype restructuring
dynamics, both during evolution and cancer, in Rodentia species. Specifically, three objectives
may be outlined: i) the comparative analysis of the genome of various Rodentia species by means
of comparative chromosome painting in an evolutionary perspective; ii) the molecular and
cytogenetic characterization of satellite DNA families, and the analysis of their dynamic behavior
in the light of the species’ karyotype evolution; iif) cytogenetic and molecular characterization of
two rat tumor cell lines, highlighting the chromosome rearrangements effect in gene expression,
and validating the use of these cell lines as cellular models for breast cancer research, namely in
the elucidation of the epigenetic events involved in the regulation of Erbb2 expression.

This thesis is divided in three major parts: chromosomal evolution (Section 1; Papers 1
and II), satellite DNA dynamics and evolution (Section 2; Papers III and IV) and

chromosomes and cancer (Section 3; Paper V). For each of these parts a literature review was
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performed; the Results chapter will be presented as individual papers being some of them already
published, and others submitted. A general discussion is made at the end in order to integrate

and correlate all the data achieved.



INTRODUCTION | CHROMOSOMAL EVOLUTION

1. CHROMOSOMES AND EVOLUTION

In the 1900s a series of experiments by Theodor Boveri gave the definitive
demonstration that chromosomes are the vectors of heredity. Eukaryotic chromosomes present
differences in morphology (shape and size) within the karyotype and karyotypes vary in terms of
number and organization even between closely related species (Sumner 2003).

Going back to 1859, Darwin introduced the biologists to the concept that allied species
are descended from a common ancestor and that species change gradually over long periods of
time. The idea of evolution as the principle for the origin of biodiversity can be applied to
chromosomes, being the chromosomal diversity found the result of the action of different
mechanisms during the process of chromosome evolution, elucidating the high plasticity of the
genomes at the chromosomal level. Moreover, the wide diversity of karyotypes found, combined
with evidence that chromosomal rearrangements might reduce the fertility of heterozygous
hybrids (King 1993), has led some researchers to argue for a causative role of chromosomal

change in speciation.

1.1 GENOME CONSERVATION AND KARYOTYPE RESTRUCTURING

The first approach in the study of chromosomal evolutionary events was the
comparative analysis of several species karyotype. Initial attempts to identify chromosome
homologies were based on chromosome banding patterns (Dutrillaux e @/ 1980, Nash and
O’Brien 1982). Comparative studies were facilitated when molecular techniques were
incorporated into cytogenetics, allowing DNA level comparison even between phylogenetically
distant or highly rearranged species. With the advent of advanced molecular approaches, a new
term emerged - Comparative Chromosomics - used to define the field of cytogenetics using
methodologies which allow further resolution of comparative maps (Graphodatsky 2007).
Comparative chromosome painting and Zoo-FISH revealed to be a powerful tool in
comparative chromosome studies, allowing the construction of large-scale comparative maps
mostly in mammalian groups. This technique is based in cross-species fluorescent 7 situ
hybridization (FISH) using chromosome-specific DNA sequences as painting probes allowing
the definition of chromosomal homologue segments between species (Figure 1.1) (Wienberg ez

al. 1990, Scherthan ez al. 1994).
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Figure 1.1| Example of the use of Zoo-FISH for the construction of comparative maps. A) Human metaphase and
interphase nucleus after hybridization with a chromosome-specific paint probe set derived from gibbon chromosomes. B)
The analysis of the painting experiments enabled the construction of a homology map of gibbon chromosomal segments on
human chromosomes whete syntenic associations can be observed, e.g. syntenic association 7/9 in chromosome 4 (adapted
from Ferguson-Smith and Trifonov 2007).

Comparative chromosome painting permitted the disclosure of syntenic segments,
defined as large blocks of DNA often extending to whole chromosomes or chromosome arms,
which are shared by different species. Contiguous syntenic segments which are homologous to
regions belonging to different chromosomes in another species are designated as syntenic
associations (exemplified in Figure 1.1B) (Froenicke 2005). Comparative studies showed
remarkable interspecies chromosome segments conservation, but also demonstrated that
between species the syntenic blocks are assembled in different combinations, resulting in distinct
chromosome number and chromosome morphology, reflected in the karyotype variability
(Ferguson-Smith and Trifonov 2007). The reassembling of those segments and consequent
karyotype restructuring is promoted by chromosome rearrangements, being the most common
the translocations, inversions (paracenric and pericentric), fusions and fissions (Pevzner and
Tesler 2003a). Duplications, deletions and heterochromatin additions/eliminations were also
responsible for changes in chromosomes during evolution (Bailey e a/. 2004, Adega ef al. 2009).
Conserved segments that are fused together in one species can be separated on different
chromosomes in another. Chromosome numbers can increase or decrease by fission or fusion
events, and segments within blocks can be inverted and centromeres repositioned. The analysis
of the most parsimonious scenarios is the dominant approach in genome rearrangement study
uncovering the evolutionary history (Ferguson-Smith and Trifonov 2007).

Comparative chromosome painting allowed the fast generation of large-scale
comparative maps in Eutheria (placental mammals), however, its resolution presents some
limitations. This methodology fails to determine the orientation of each conserved block within a
chromosome, it does not allow the identification of intrachromosomal rearrangements such as

inverted segments, and it is not efficient in revealing syntenies between distantly relates species
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(Murphy ez al. 2005). Cytogenetic analysis can be in some cases complemented with the use of
BAC (Bacterial Artificial Chromosomes with cloned DNA fragments), allowing the detection of
more detailed homologies (Goureau ez @/ 2001). With the advent of large-scale genome
sequencing of eukaryotic genomes and the use of powerful algorithms to promote their
alignment and comparative analysis, an exquisite molecular resolution at the level of single-base
pair differences, as well as identification of gene order and changes in synteny was accomplished
(Froenicke ef al. 2006). Complete sequencing of genomes has confirmed the extensive levels of
conserved synteny originally found by cytogenetic comparative mapping, but the high density of
markers afforded by complete sequence also results in a more complex view of chromosomal
evolution, with remarkable levels of intrachromosomal rearrangement (Eichler and Sankoff
2003). Nevertheless, the drawbacks pointed to comparative chromosome painting do not
invalidate this methodology, in fact, several species were analysed using this technique and many
more will be, as this is clearly easier and faster than sequencing a species genome. In this way, for
the species whose genome has already been sequenced, the use of painting probes derived from
different species combined with comparative sequencing projects is definitely the more efficient

approach in comparative studies.

1.2 RESOLVING PHYLOGENIES IN MAMMALIA

Traditionally, the analysis of mammalian phylogenies was restricted to fossil records and
morphological characters. In the past years, data from a range of research disciplines, such as
molecular systematics, genome sequencing and comparative cytogenetics, have disclosed the
evolutionary relationships between humans and their mammalian relatives. Mammalian
phylogeny and evolution is now the driving force behind comparative genomic analysis,
investigating the details of mammalian genomes and how they evolved (e.g. Engelbrecht ez al.
20006, Robinson and Ruiz-Herrera 2008). Together, these tools are now converging on a well-

established phylogeny and timescale of mammalian species.

1.2.1 FROM HOMOLOGY MAPS TO THE ANCESTRAL KARYOTYPE

The search for the ancestral mammalian karyotype has a long tradition in cytogenetics.
The first comparative chromosome maps drawn outlined the segments with conserved
homology between human and other species. Chromosome homology maps of higher resolution
were also prepared from chromosome-specific paints from other animals, such as the domestic
dog (Graphodatsky ez a/. 2000), gibbon (Miller ez a/. 2003), the house mouse (Romanenko e7 /.

2000), several rodent species (reviewed in Romanenko e a/. 2012), among others.
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ANCESTRAL KARYOTYPE DELINEATION | The cladistic analysis of Zoo-FISH data was used in
the construction of ancestral karyotypes. This method relies in the identification of
primitive/ancestral chromosome traits (sympleisiomorphies) and shared detived chromosome
traits (synapomorphies), assisted by parsimony analyses of the chromosome evolutionary
rearrangements direction (Chowdhary ez a/. 1998, Wienberg e a/. 2000). In order to define the
conserved and derived syntenic associations, it is important the comparison with an outgroup, a
distantly related taxon known to be phylogenetically outside the group of species under study
(Wienberg 2004). If the syntenic association is present in the outgroup, then, according with the
parsimony principle, it is considered as ancestral, while others are classed as common derived
characters.

The first reconstruction of the ancestral eutherian karyotype was based in cladistic
analysis of Zoo-FISH data of seven non-primate species, representing three orders, and was
performed by Chowdhary and colleagues (1998). Several further analysis of the ancestral
eutherian karyotype have been made since then, each providing additional insights into the
organization of this ancestral karyotype (e.g. Wienberg 2004, Froenicke 2005, Ferguson-Smith
and Trifonov 2007). Using a similar strategy it was possible to reconstruct ancestral karyotypes
of different mammalian groups, such as primates, carnivores and rodents (reviewed in
Graphodatsky e al 2011). Regarding rodents, the delineation of the ancestral Muroidea
karyotype (AMK) has been proposed by several authors (e.g. Stanyon ez al. 2004, Engelbrecht ez
al. 2006, Romanenko ez a/. 2007). Recently, data from all comparative studies in Muroid rodents
was compiled and besides the suggestion of the AMK, were also presented putative ancestral
karyotypes for Cricetidae (ACdK) and Muridae (AMdK) (Figure 1.2), all based in the analysis of
the syntenic associations defined using mouse (Muwus musculus) paints (reviewed in Romanenko ez
al. 2012). Also Chaves ez al. (2012) proposed an high precision Muroidea ancestral karyotype
(Muridae/Cricetidae and Murine) based in a broad species analysis combining previous reported

comparative maps together with newly presented data.
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Figure 1.2 | Putative ancestral karyotypes for Rodentia proposed by different authors. A) Ancestral Muroidea karyotype
(AMK). B) Ancestral Cricetidae karyotype (ACdK). C) Ancestral Muridae Karyotype (AMdK). Different colors correspond
to different mouse chromosomes. Some elements state is still ambiguously determined in the ancestral karyotypes, being
represented by dashed grey frame and arrows (from Romanenko e 4/ 2012). D) Putative AMK with Mus musculus (MMU)
and Rattus norvegicus (RNO) homologies (from Chaves e a/. 2012).
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CONSTRUCTING COMPARATIVE MAPS IN RODENTIA| Within Rodentia, comparative
chromosome studies have been particularly productive in the analysis of non-muroid families,
such as the Sciuridae (squirrels), whose karyotypes are highly conserved and retain many
ancestral conditions (Stanyon ez a/. 2003, Li et al. 2006). On the contrary, the superfamily of
muroid rodents, including the important laboratory animals, have highly rearranged karyotypes in
comparison with humans, and for that reason cross-species chromosome painting with human
probes was sometimes difficult to interpret (Ferguson-Smith ez @/ 1998). This problem was
overcome by the use of painting probes from different rodents, such as Mus musculus, in cross-
species experiments, being afterwards the human homologies inferred from human-mouse
comparative maps based in the genome sequencing data (e.g. Romanenko ez al. 2006). Mus
musculys paint probes have been the most commonly used in rodent comparative studies
(Cricetidae and Muridae families), but recent works describe the use of chromosome paints from
rodent species belonging to other subfamilies, namely Cricetinae, Arvicolinae and Sigmodontinae

(reviewed in Romanenko ez a/. 2012).

PHYLOGENETIC TREES | The number of syntenic segments per haploid set provides a measure
of the relationship between species. When compared with the human genome, most eutherians
have 30 to 40 separated segments of homology (O’Brien e a/ 1999). Some species are
exceptional, such as dogs and gibbons, and have about twice as many conserved segments
(Wienberg et al. 1990, Yang ez al. 1999), the rat shares about 100 segments with human (O’Brien
et al. 1999), while the mouse is unique in having almost 200 blocks (Nilsson ef a/. 2001). By
comparing different species chromosomes, a phylogenic tree can be constructed based on the
minimum number of rearrangements occurred since the ancestral or the maximum number of
shared syntenic segments. Molecular cytogenetic data and the increasing availability of partially or
fully sequenced genomes from a variety of vertebrate species have fueled advances in
phylogenomics, the phylogenetic reconstructions using genomic data (Robinson and Yang 2012).
Because chromosomal rearrangements are such unique events, the probability that they occurred
twice in different lineages (convergence) is low (Wienberg 2004). Therefore, the chromosome
rearrangements identified by comparative studies revealed to be reliable evolutionary signatures
or landmarks and have been used in the construction of phylogenetic trees elucidating
phylogenetic relationships between species (e.g. Rokas and Holland 2000, Romanenko ez a/. 2007,
Nie et al. 2012). During these last years, several comparative studies performed attempted to
resolve some of the Muroids complex phylogenies, and phylogenetic trees were constructed for

different muroid families, as it is exemplified in figure 1.3 (reviewed in Romanenko ez a/. 2012).
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Figure 1.3| Putative rodent evolutionary tree. This tree is based in comparative data from several Muroid rodents,
showing chromosome evolution to the genus level. RAK—ancestral Rodentia karyotype; ACdK—ancestral Cricetidae
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RATES OF CHROMOSOMAL REARRANGEMENT | The chromosome painting data now available
for many species belonging to different eutherian orders, as well as data from alignment of
genome sequencing and radiation hybrid maps, helped to estimate the average rate of
evolutionary rearrangements (Murphy ez /. 2005). The rates of chromosomal rearrangement vary
radically not only among different lineages but also between sex chromosomes and autosomes
(Eichler and Sankoff 2003). In most eutherian orders, there are species presenting a slow rate of
chromosome evolution considered as the ”default” frequency (Wienberg 2004). The default rate
of eutherian chromosome evolution was calculated as approximately one rearrangement within
10 million years. Detailed investigation within groups has suggested that at different times, the
rate of evolution, as well as the prevailing type of rearrangement, can change greatly (Murphy e#
al. 2005). For example, in the lineage that extends from the eutherian ancestor to the primate
ancestor, during 50 million years, only three rearrangements took place (Froenicke ez 2/ 20006). In
contrast, a sudden karyotype diversification occurred in the gibbon lineage, with 24
rearrangements leading to the common gibbon ancestor and then multiple rearrangements
subsequently leading to the karyotypes of the extant species (Miiller ¢ a/. 2003, Wienberg 2005,).
During the same period, karyotype evolution within the great apes group was extremely slow.
Record high rates of karyotype evolution are found in muroid rodents (Romanenko ez a/.
2000, 2007, Sitnikova et al. 2007), canids (Yang e al. 1999, Graphodatsky ez 2/ 2000) and gibbons
(Mdller ez al. 2003). The evolutionary rate between mouse and rat appears to be ten times greater
than that found between humans and cat, or between humans and chimpanzees (Stanyon e/ a/.
1999). Nevertheless, each of these mammalian orders contains groups with slower rates of
chromosomal rearrangement, namely Sciuridae family among rodents (Stanyon ef a/. 2003, Li ez
al. 2004, 2000), felidae among carnivore (Perelman e a/ 2005) and apes among primates
(Froenicke 2005). The variation in the rates of mammalian karyotype evolution remains
unexplained. Environmental effects, overall mutation rates, population size and the activation of
mobile elements and retroviruses are among the possible contributory factors (Ferguson-Smith

and Trifonov 2007).
1.3 DYNAMICS OF CHROMOSOME EVOLUTION

Along this thesis section it was mentioned that every genome rearrangement study
involves identification of the syntenic chromosomal segments between species, and solving a
combinatorial puzzle to find a plausible series of genome rearrangements to transform one
genome into another. Such studies allow also the localization of breakpoint regions which are

given by the two boundaries of the syntenic segments (Froenicke 2005), corresponding to

-10 -
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regions where genome synteny has been disrupted by chromosomal rearrangements. A
breakpoint or breakpoint region is not a tangible physical entity in a genome; it is an analytical
construct arising from the comparison of two genomes (Sankoff 2009). An early work by Ohno
(1973) proposed the random breakage model of genomic evolution, postulating that the
distribution of chromosome rearrangements breakpoints was uniformly random. The work by
Nadeau and Taylor (1984), as well as comparative mapping and sequencing studies among
vertebrate species, provided convincing arguments in favor of this model, and the random
breakage model become the widely accepted theory of chromosome evolution. When data from
the genome sequencing projects was comparatively analyzed by algorithms, it revealed
remarkable levels of intrachromosomal rearrangements. The prevalence of short inversions
restricted to specific chromosome segments represented a departure from the random breakage
model in evidencing several breakpoints in one same region. Besides this, after comparing
human and mouse genomes (Pevzner and Tesler 2003a), 281 syntenic blocks were found
compared with the 180 known from comparative gene mapping (Nilsson ez a/. 2001). The
explanation found was that breakpoint regions between the synteny blocks would have been
disrupted an average of 1.9 times each, showing high density of breakpoints over these regions.
This suggested an alternate model for chromosomal evolution, termed fragile breakage model
(Pevzner and Tesler 2003b, which considers that there are regions (designated hotspots)
throughout the mammalian genome prone to breakage and reorganization (Zhao e al. 2004,
Peng et al. 2006). In support of this theory, chromosome breakpoint analyses have identified
shared evolutionary breakpoint regions between different species (Murphy e a/. 2005). Besides, a
recent study reveals a high level of reuse of evolutionary breakpoint regions among muroid
rodents, further supporting the fragile breakage model of chromosome evolution (Mlynarski e# /.
2010). An interesting finding was that evolutionary breakpoint regions tend to colocalize with the
more commonly occurring human cancer-associated breakpoints (Robinson ez a/ 2000).
Furthermore, whole genome alignment studies have shown that evolutionary breakpoints regions
are rich in repetitive elements (Murphy e# /. 2005 Ruiz-Herrera ez al. 20006), such as segmental
duplicated regions, centromeric and telomeric regions. The presence of repetitive sequences at
evolutionary breakpoint regions is thought to be related to the role that tandem repeats play as a
substrate for non-homologous recombination, thereby promoting chromosomal rearrangements
(Froenicke and Lyons 2008).

A segmental duplication involves the duplication of a small portion of chromosomal
material (with 90% of similarity) either in tandem or transposed to new locations within the

genome. Initial analyses of the human genome sequence have identified a large amount of
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tandem as well as interspersed segmental duplications (Bailey ez 2/ 2001). These observations
raise the possibility that segmental duplications may have played a significant role in gene and
genome evolution. Once formed, segmental duplications promote further rearrangement
through misalignment and subsequent non-allelic homologous recombination (Stankiewicz and
Lupski 2002). Studies in human corroborate this assumption showing that 25-53% of the
recurrent breakpoint regions colocalize with human segmental duplications (Armengol ef al.
2003, Bailey e al. 2004). Besides, in primates a strong association of segmental duplications with
recurrent chromosomal structural rearrangements and also with disease was also demonstrated
(Carbone et al. 2006, Marques-Bonet ¢z a/. 2009).

Centromeres and telomeres have long been recognized as peculiar dynamic regions of
chromosomal evolution. The repetitive nature of these regions extends beyond the classically
defined boundaries of centromeric and telomeric sequences; such transition regions, termed
pericentromeric and subtelomeric DNA, are hotspots for the insertion or retention of repeat
sequences. Among primates, there is now overwhelming evidence that blocks of recently
duplicated sequence populate subtelomeric and pericentromeric regions (Eichler and Sankoff
2003). Chromosomal fissions probably require the complex regeneration of centromeres and
telomeres, once chromatids have to be capped by telomeres and a new centromere have to be
created. Gene map alignments indicate a high rate of de novo centromere formation (Murphy ez a/.
2005). Because the evolutionary reoccurring breakpoint regions form only a small proportion of
a eutherian genome (3%), the colocalization of half of the neo-centromere hotspots with these
regions allows us to speculate that an association exists, although only a few neo-centromeres
have been observed (Robinson e a/ 20006). This colocalization might indicate that neo-
centromere generation is linked to the eutherian chromosomal plasticity, and that the potential
for neo-centromere generation might also be evolutionarily conserved.

Overall, genomes can be considered a mosaic comprising regions of fragility that are
prone to reorganization and regions that do not exhibit the same levels of evolutionary plasticity

that have been conserved in different lineages during the evolutionary process.
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2. GENOMIC COMPARTMENTS AND REPETITIVE SEQUENCES

Chromatin is found in two forms in eukaryotic genomes: euchromatin and
heterochromatin. This classification was based on the observation that euchromatic
chromosome regions changed their degree of condensation during the cell division cycle,
whereas heterochromatic chromosome regions remained highly condensed throughout the
majority of the cell cycle (Heitz 1928). In addition to differences in the timing of chromosome
condensation, numerous other dissimilarities have been identified between these two genomic
compartments. FEuchromatin is enriched with unique coding sequences (genes), which are
typically transcribed. Heterochromatin, on the other hand, is considered to be gene poor, being
primarily composed of arrays of highly repetitive sequences (Hughes and Hawley 2009).
Heterochromatin may be either facultative or constitutive. Facultative heterochromatin is found
at developmentally regulated /ocz, where the chromatin state can change in response to cellular
signals and gene activity, while constitutive heterochromatin (CH) occurs as large blocks in
regions harboring repetitive sequences such as the pericentromeric regions, interstitial
chromosome regions and telomeres (Dimitri ez a/. 2005, Adega et al. 2007, Pago et al. 2009).
Constitutive heterochromatin is a basic component of eukaryotic genomes forming about 5% of
the genome in Arabidopsis thaliana, 30% in Drosophila and humans, 60% in rodents and up to 70—
90% in certain nematodes and plants (Sherwood and Patton 1982, Arabidepsis genome initiative
2000, Dimitri ef a/. 2005). Constitutive heterochromatin can be revealed by preferential “loss” of
DNA from non-heterochromatic regions, achieved by conventional C-banding technique
(Pathak and Arrighi 1973). Restriction endonuclease digestion followed by C-banding has shown
its ability in demonstrate CH heterogeneity by revealing additional heterochromatic bands,
cryptic C-bands (Chaves ez a/. 2004, Adega ez al. 2005).

Studies primarily conducted in Drosophila melanogaster have shown that CH plays different
roles in important cellular functions, such as chromosome organization, besides containing
essential genes for viability and fertility (Dimitri ez 2/ 2009). Pairing of heterochromatic regions is
required for the proper segregation of chromosomes that fail to undergo recombination during
female meiosis (reviewed in Grewal and Jia 2007).

But how does heterochromatin perform its diverse functions? The formation of
heterochromatin requires methylation of histone H3 at lysine 9 and the subsequent recruitment
of chromodomain proteins such as heterochromatin protein HP1. Evidence from studies in
diverse model systems indicates that heterochromatin serves as a self-assembling framework of
histone modifications to recruit effector proteins, which in turn regulate various chromosomal

processes (Shimada and Murakami 2010). Given the critical functions of heterochromatic
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sequences in both meiosis and mitosis and its rapid change in sequence, it has been hypothesized
that differences in either heterochromatic sequences or the proteins that maintain them might

indeed play a role in species isolation and thus speciation (Hughes and Hawley 2009).

DIFFERENT TYPES OF REPETITIVE SEQUENCES IN THE GENOME | A significant portion of
the eukaryotic genome is comprised by repetitive sequences that can be located in both
euchromatin and heterochromatin. Repetitive sequences can be categorized into two main
classes considering their primary organization in the genome: interspersed DNA and tandemly
repeated DNA (reviewed by Slamovits and Rossi 2002). The first class refers to sequences
scattered in the genome, generally known as transposable elements due to their ability of
“jumping” to different genomic locations (transposition). These elements are divided in different
classes according to their mechanism of transposition (reviewed by Wicker ez al 2007):
retrotransposons or class I, transpose via an RNA intermediate and as examples are the well-
known Alu sequences in humans and the L1 elements in mammals (Capy ef 2/ 1997, Furano
2000); the class II are the DNA transposons, and these elements transpose by excision from
their location and integration in other genomic sites without an RNA intermediate (Finnegan
1989, Capy e al. 1997). The second class of repetitive sequences, the tandemly repeated DNA,
includes three distinct groups: microsatellites, minisatellites and satellite DNA. Micro and
minisatellites are characterized by short repeat units, ranging from up to 100 bp for
microsatellites and 1-5 bp for minisatellites (Chatlesworth ef al. 1994). Array size for both micro
and minisatellites varies from 10 to 100 repeat units, and they can be found distributed
throughout the genome (Li 1997). Microsatellites appear to be primarily located in euchromatic
regions of chromosomes or in the vicinity of genes, such as the human CGG trinucleotide
repeats (Riggins e al. 1992), but microsatellite arrays can be also often detected in
heterochromatin (Gindullis ez /. 2001). Minisatellites can be found irregularly dispersed in
euchromatin and largely clustered in subtelomeric chromosomal regions (Royle e a4/ 1988).
Satellite DNA (satDNA), that is the repetitive sequence zz focus in this thesis, is along with
transposable elements, the mainly constituent of constitutive heterochromatin (John 1988,
Chaves ez al. 2004). SatDNA is characterized by long tandem arrays and it is usually present in
the genomes in several million copies (Charlesworth e a/. 1994). Early experiments historically
coined the term “satellite DNA”, referring to tandemly arranged sequences forming satellite
bands which differentiated from the rest of the genomic DNA by density gradient separation
(John 1988). Once no protein coding function could be primarily associated with satellite DNAs,

it has been early considered as useless genomic elements accumulated as junk (Ohno 1972), or as

14 -



INTRODUCTION | SATELLITE DNA DYNAMICS AND EVOLUTION

sequences representing genomic parasites proliferating independently (Orgel and Crick 1980).
Nevertheless, evidences emerged that demonstrated the functional significance of satellite DNA
sequences, ranging from chromosome organization and pairing, to cell metabolism and
speciation. Studies support these functionalist assumptions concerning the association of satellite
DNAs with complex features of eukaryotic chromosomes (e.g. Csink and Henikoff 1998,
Henikoff ez a/l. 2001, Sullivan ef /. 2001), which will be highlighted in the next paragraphs.

2.1 SATELLITE DNA FEATURES AND FUNCTION

Satellite DNAs are highly repeated DNA sequences, typically organized as long arrays of
head-to-tail linked repeats (Charlesworth ez a/. 1994). The amount of satellite DNA content can
sometimes exceed 50% of a species total DNA (Mravinac and Plohl 2010), being this genome
fraction responsible for the variation of genome size in some eukaryotes (Gregory et al. 2007).
The length of the repeating unit (monomer) can range from only few base pairs up to more than
1 kb, thus forming arrays that may reach 100 Mb long (reviewed Plohl ¢# /. 2008). These lengthy
arrays of satDNA form conspicuous blocks of differentially condensed chromatin in the
chromosomes, mostly in centromeres but also in telomeres and interstitial positions (Chaves ez 4.
2000, Meles ez al. 2008). A satDNA family is defined by a specific sequence and length. Different
satDNA families can vary greatly in base composition, with some being rich in AT and others in
GC. In the mouse genome, for instance, four distinct satDNAs have been characterized, the
major satellite (MaSat) and the minor satellite (MiSat) which are AT-rich, and mouse Satellite 3
(MS3) and mouse Satellite 4 (MS4) which are CG-rich (Kuznetsova ez a/. 2005). Despite satDNA
variation in nucleotide sequences across species, they share some common features such as
monomer length, which is generally between 150-180 bp and 300-360 bp, in both plants and
animals (reviewed in Plohl e a/ 2008). As example, the human alpha-satellite presents a
monomer size of 171bp (Manuelidis 1978), the maize CentC and CentO satellites have 156 bp
(Birchler ef al. 2011), while the pig Mcl satellite presents a monomer of 340 bp (Adega ez al.
2008). This can be explained by the organization of the satDNA around the nucleossomes. The
mentioned sizes constitute the requited DNA length to be wrapped around one or two
nucleosomes (Henikoff e# a/. 2001). Another feature shared by different satellite DNA families is
the presence of a short motif with 17 bp, known as CENP-B box, found in several centromeric
satellites, such as human alphoid satellites (Masumoto ef a/. 1989), the mouse minor satellite
(Wong and Rattner 1988) and satellites from other species. CENP-B box represents the binding
site for centromere protein B (CENP-B) (Kipling and Warburton 1997), being one of the most
well characterized satDNA sequence binding protein (Earnshaw ef a/. 1989, Sugimoto ez al. 1998).

Given the conservation of the CENP-B box between diverse mammalian species, a functional
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constraint in centromere activity was attributed to CENP-B, being considered essential in human
assembly of centromeric-specific chromatin (reviewed by Ugarkovi¢ 2005). It has been
demonstrated that the CENP-B box is required for de novo centromere chromatin assembly on
human alphoid DNA (Ohzeki et al. 2002, Okada ef al. 2007). A recent study demonstrates that
the accumulation of CENP-B-containing satDNA in a neocentromeric region, leads to the
increase binding of another centromeric protein, CENP-A (centromeric protein A), eventually
leading to a mature centromere that binds more CENP-A (Marshall and Choo 2011). This new
proposed model explains, among others, the evolutionary conservation of CENP-B.

Given their primary localization in transcriptionally suppressive heterochromatin,
transcriptional activity was not expected for satellite DNAs. Although transcripts of satellite
DNAs have been reported in several organisms including vertebrates, invertebrates and plants
(e.g. Lee et al. 2000, Pathak e al. 2006, Wong ef al. 2007). It has been shown that satellite DNAs
are temporally transcribed at particular developmental stages or are differentially expressed in
some cell types, tissues or organs in most of the species analyzed (reviewed by Ugarkovic 2005).
For instance, mouse gamma satellite DNA is differentially expressed during development of the
central nervous system, as well as in the adult liver and testis (Rudert ez /. 1995). Besides, some
satDNA transcripts have shown to be important for epigenetic chromatin modifications, being
involved in the initiation of histone H3 methylation, a necessary prerequisite for
heterochromatin formation and maintenance (Martienssen 2003). Transcripts of satellite DNAs
in the form of small interfering RNAs (siRNA) participate in the epigenetic process of chromatin
remodeling and heterochromatin formation (Grewal and Elgin 2007). Some satellite DNA
transcripts, particularly from some insects, nematodes and amphibians (Epstein and Gall 1987,
Ferbeyre et al. 1998, Rojas ez al. 2000), function as ribozymes with self-cleavage activity, whereas
human satellite III transcripts are involved in the recruitment of splicing factors during stress
(Chiodi ef al. 2004). The presented examples suggest an active role for satellite transcripts in
several regulatory layers from chromatin modulation to transcription and RNA maturation

translation.

2.2 EVOLUTIONARY DYNAMICS OF SATELLITE DNA

Satellite DNA sequences probably arise as the result of large-scale duplication of
sequences that are integrated into the genome at a favorable site (Britten and Khone 1968). Once
established in the genome how do these sequences spread and amplify? Previously presented
features show that satellite DNA seems to be a very distinctive component of the eukaryotic

genomes constituting highly dynamic sequences. The variability of satDNAs even among closely

- 16 -



INTRODUCTION | SATELLITE DNA DYNAMICS AND EVOLUTION

related species, differing in nucleotide sequence and/or copy number of satellite families, results
from the rapid turnover of these sequences (reviewed in Plohl ez /. 2008). Two parameters must
be independently considered when referring to the evolution of satellite DNAs, copy number
and nucleotide sequence (Urgacovic and Plohl 2002), being copy number alterations the most
rapid changes.

Satellite DNAs can vary dramatically in their number of copies among related species.
Expansions and contractions of satellite arrays can efficiently change the landscape of repetitive
sequences, resulting in the replacement of one dominant satellite repeat (major satellite) with
another one less represented (minor satellite) (reviewed in Ugarkovic and Plohl 2002). The
mechanisms proposed to be responsible for amplification/deletion of repeated DNA are
unequal crossing over, replication slippage and rolling circle amplification (Walsh 1987).
Intragenomic identity among units of satellite DNA sequences is on the base of all these
mechanisms action. Briefly, unequal crossing over occurs when near, but non-homologous, sites
recombine during meiosis, and it have been shown to develop periodicities (Smith 1976);
replication slippage takes place when short contiguous repeats cause a mispairing between
neighboring repeats during DNA replication (Levinson and Gutman 1987); rolling circle
amplification involves intrastrand recombination between repeat units resulting in
extrachromosomal DNA circles consisting in several repeat units, that can be lost or integrated
in the genome, and in this case is called saltatory amplification (Walsh 1987, Rossi ¢# a/. 1990).

Rapid evolution of satellite DNA sequences is also possible due to the accumulation of
nucleotide changes, usually with a high rate and in a gradual manner (Plohl e /. 2008). Mutations
in a satellite DNA family accumulate gradually, and depending on the rate of accumulation and
spread they can be phylogenetically informative, for example, on the species level, on the level of
ecotype-specific variants or on the level of phylogeographic clades (Plohl 2010). In fact, some
satDNAs were used to establish phylogenetic relationships in rodents, cetartiodactyla and oyster

(Arnason et al. 1986, Kunze et al. 1999, Lopez-Flores et al. 2010, Ostromyshenskii e a/. 2011),

among others. Satellite DNAs divergence among species is quite variable, as some repeats are
species-specific, while others are widely conserved, being shared across distantly related species
(Mravinac et al. 2002, Adega et al. 2008). Some satDNA sequences maintain their sequence
identity during long evolutionary periods, and copy number changes may not be accompanied by
turnover of nucleotide sequences. Recently it has been described a satellite DNA family shared
by species belonging to the three main clades of the Class Bivalvia thus representing the oldest

described satDNA (540 million years) (Plohl ef 2/ 2010). In addition, large-scale changes such as
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segmental duplications, as referred previously, play an important role in the rapid evolution of

DNA sequences in and around centromeric regions (e.g. Ventura ez a/. 2007).

2.2.1 CONCERTED EVOLUTION

When monomers of a repetitive family are compared between species, higher sequence
similarity is found within species than between species. The high repeat homogeneity is
suggested to result from non-independent evolution of monomers. This phenomenon is known
as concerted evolution, and it is promoted by molecular drive, a two-level process in which
mutations are homogenized throughout members of a repetitive family, and concomitantly fixed
within a group of reproductively linked organisms (Dover 1986, Elder and Turner 1995).
Sequence homogenization can be achieved by gene conversion. This mechanism consists in the
non-reciprocal transfer of genetic information between similar sequences, in which exchange of
flanking DNA is not involved (Schimenti 1999). Other mechanisms responsible for
homogenization are transposon-mediated exchange, as well as unequal crossing over and rolling
circle replication that, unlike gene conversion, also promote changes in the number of repeats (as
mentioned before) (Slamovits and Rossi 2002). The action of these mechanisms between similar
sequences on non-homologous chromosomes is related with a specific chromosome
configuration during early prophase (Figure 2.1). In this stage all chromosomes migrate into one
area of the nucleus and adopt a particular orientation known as the bouquet in which all
telomeres attach to the nuclear membrane (Scherthan ef a/. 1996). The bouquet provides the
physical opportunity for concerted evolution to occur between similar sequences on non-
homologous chromosomes (e.g. Brannan e# a/. 2001). Nevertheless, this “structure” influences
the evolution of satDNAs between acrocentric versus metacentric chromosomes. This has been
demonstrated in humans and more recently in the pig, in which the similarity of centromeric
sequences is higher within acrocentric and within metacentric chromosomes than between them
(Hirai et al. 1999, Adega ef al. 2008).

The spreading of newly occurring mutations horizontally throughout the members of
repetitive family reveals lower efficiency (predominantly with unequal crossover) in bordering
regions of the satellite array (Bassi ez a/. 2000, Schueler ez a/ 2005). This fact leads to the
prediction that monomers at array ends are more divergent than those located centrally (Stephan
1989). Moreover, considering local and global sequence homogenization, these mechanisms
efficiency has been demonstrated to be higher within localized subsets of satellite repeats than
between arrays on the same chromosome, homologous and heterologous chromosomes (Dover

1986). This results in adjacent monomers showing a higher degree of sequence similarity than
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those retrieved at random, being them often grouped into subsets or subfamilies, defined by

specific mutations (Hall ez 2/ 2005, Roizes 2000).
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Figure 2.1| The bouquet organization of chromosomes during prophase. All telomeres (dark grey) are attached to the
nuclear envelope. The physical proximity between centromeres (blue) may facilitate their sequence homogenization by non-
homologous recombination. It’s worth noticing that centromeres from acrocentric and metacentric chromosomes ate far
from each other diminishing the interaction between them (adapted from Cazaux ef a/. 2011).

In some satellites it has been observed a tendency to increase the repeat unit length and
complexity. This can be achieved by merging shorter repeat motifs into a higher-order repeat
(HOR). HORs result from the homogenization between adjacent monomer variants, in which
former monomers become subrepeats or subunits (reviewed in Plohl e a/. 2008). Since a HOR is
a homogenization unit, HORs generally show high level of sequence identity, while substantial
sequence divergence is accumulated among constituent subunits. This was demonstrated in
human alpha-satellite HORs, which are typically 97—-100% identical while subunits within them
are only, on average, 70% identical (Roizes 20006).

The concerted evolution model has received considerable support from other repetitive

DNA elements, such as tRNA genes (Ganley and Kobayashi 2007, Cazaux ef a/. 2011).

2.2.2 MODELS OF SATELLITE DNA EVOLUTION AND CENTROMERIC FUNCTION

Despite existing in other chromosome locations, generally satDNAs are more
representative in the centromeric and pericentromeric regions and its rapid evolution seems to
contrast with the high conservation in function of centromeres. The centromere is the

chromosomal domain responsible for primordial functions such as kinetochore formation and
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sister chromatid cohesion, playing a key role in faithful transmission of chromosomes during
mitosis and meiosis (Gongalves dos Santos Silva ez @/ 2008). While centromeric function is
conserved through eukaryotes, the profile of satellite DNAs in this region can be species-specific
(Henikoff ez al 2001), thus representing a paradox. According to normal expectations of
evolutionary biology, a region with such a critical and highly conserved function should have a
stable sequence. Given the diversity of rapidly evolving satellite repeats in the centromere, some
authors proposed that centromere function and inheritance may be determined by epigenetic
determinants (reviewed in Ekwall 2007). Nevertheless, the presence of satellite DNA flanking
functional centromeres can be advantageous given the unique dual ability of satDNAs to
maintain sequence homogeneity over long stretches of DNA, and simultaneously to change
rapidly in evolution. As explained by Plohl ez a/. (2008), these characteristics along with the
abundance of satellite repeats may stabilize interactions with DNA-binding proteins and, on the
other hand, they can rapidly mutate into a new sequence variant which can better fit protein
interactions, once these sequences can present diverse degrees of conservation as highlighted
before in this chapter.

Several studies of satDNA from different species revealed diverse patterns of evolution

of these sequences in centromeric and pericentromeric regions, which will be presented.

LIBRARY MODEL | It has been suggested that closely related species share a library of satellite
DNAs, existing in a hypothetical common ancestor, and the contraction or amplification of the
number of copies of those satellites can lead to lineage specific profiles (Figure 2.2) (Fry and
Salser 1977). Generally, the library model explains the occurrence of species-specific satellite
profiles as a consequence of fluctuation in copy number without variance of the sequence
(Mestrovic ef al. 1998). A striking example is the insect satellite family PRAT, found in species
separated by 50-60 million years and showing low sequence variability (“frozen”), but
considerable copy number variation in the species genomes (Mravinac ez a/. 2002). Another well-
known example of copy number fluctuations are the recurrent amplifications and deletions of
the major satellite RPCS (repetitive Pvull Crenomys sequence) which are characteristic for the
rodent species of the genus Crenomys (Slamovits ez al. 2001). Moreover, recently the library model
continues receiving considerable support in different animal models (Bruvo e /. 2003, Ellingsen

et al. 2007, Caraballo ez al. 2010, Plohl e a/. 2010).
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Figure 2.2| The Library model. Several satDNA families can coexist on chromosomes with different representation (major
(major and minor satellites). These families can be differentially amplified resulting in a distinct satellite landscape in the
chromosomes, leading to species-specific profiles (from Plohl e a/. 2008).

FEEDBACK MODEL| Nijman and Lenstra (2001) have proposed a model based on studies in
Bovidae explaining satDNA life history. According to the feedback model three different
phases occur during satDNA life (Figure 2.3). Briefly, in phase I, interactions of homogeneous
repeats cause rapid expansions, as well as contractions with saltatory fluctuations in the copy
number. These events are favored by the homogeneity between sequences (Positive Feedback).
Mutations can lead to new sequence variants, decreasing the recombination events and the
homogenization (Negative Feedback). In phase II, mutations and recombination events lead to
new variants, evolving independently; finally, phase III, the final phase, is reached when
interactions between old monomers and a new satellite DNA family stop. Plus, the selective
pressure on maintenance of the genome size eventually leads to the elimination of the older
satDNA families (Nijman and Lenstra 2001). This model has been extrapolated to satellite

families of several mammalian species (Slamovits ¢/ @/ 2001, Mravinac ez a/. 2005).
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Figure 2.3 | Feedback model. This model predicts three distinct phases in satellite DNA life history (Phase I, IT and III). +
Positive feedback loop; - Negative feedback loop (adapted from Nijman and Lenstra 2001).
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PROXIMAL PROGRESSIVE EXPANSION | Studies on the organization of the centromere in the
human X chromosome, revealed another mode for satDNA evolution. A work by Schueler ¢ 4/.
(2005) showed that the human alpha-satellite evolves according to Proximal Progressive
Expansion (Figure 2.4). New satDNA sequences originated by mutations are consecutively
added to the centromere, being the older sequences located more distantly (Schueler and Sullivan
2006). This leads to a satDNA age gradient to occur from the centromere into the
pericentromeric regions observed in human centromeres (Schueler ez a/. 2005), which was
recently pointed as an invaluable tool for phylogenetic studies (Shepelev ez a/ 2009). The
described process is facilitated by the low efficacy of the homogenization mechanisms in the
terminal monomers of the arrays, as referred previously (Stephan 1986). This occurrence
corroborates the predictions of theoretical models which considered that distant satDNA
monomers are more divergent than those located in the central region (Smith 1976, Stephan

1989).
Ancient

Recent

Figure 2.4| Proximal Progressive Expansion mode of evolution of satellite DNA. SatDNA successive additions
(colour rectangles) to the centromere along evolution are shown. Each addition of new material moves previous centromeric
DNA outward (adapted from Schueler and Sullivan 2006).

CENTROMERE DRIVE MODEL| The existence of fast evolving satDNAs in centromeres is
described as a paradox, as explained before in this thesis section. However, it has been
demonstrated that not only the profiles of satellite DNAs in this region suffer changes, but also
the centromeric proteins were found to diverge (Malik and Henikoff 2001). These observations
support the idea that both centromeric satellite sequences and proteins can evolve in concert,
being this referred as centromere drive model (Henikoff ¢ @/ 2001). The same idea has been
highlighted more recently by Dawe and Henikoff (2006), stating that both DNA and protein

evolution drive each other in a centromere (Figure 2.5A), thus providing a stable, but flexible,

-22 -



INTRODUCTION | SATELLITE DNA DYNAMICS AND EVOLUTION

system, able to work on genetic and epigenetic platforms and, if necessary, to rescue
chromosomal function by forming new centromeres on non-specialized locations. This
coevolution may be driven either by changes in satellite DNAs (Malik and Henikoff 2001,
Talbert et al. 2004), or by satellite repeats competition to better fit the chromatin environment
(Dawe and Henikoff 20006). The rapid replacement of DNA sequences without alteration in the
binding affinities would constitute an ideal system (Figure 2.5B) (reviewed in Plohl ez a/. 2008).
The divergences in satellite sequences and corresponding proteins accumulated between
individuals can cause incompatibilities in hybrids leading eventually to reproductive isolation
acting thus as a trigger in the speciation process (e.g. Meetrovic ez a/. 1998, Hall ez al. 2005).
Recent studies show evidences on how satellites can impact chromosomes at a number of
different developmental stages and through distinct cellular mechanisms, and can cause

postzygotic reproductive isolation (reviewed in Ferree and Prasad 2012).

S7RUIN
O

Figure 2.5|Coevolution of satellite DNA sequences and DNA-binding proteins in the centromeric
region. A) A changed satellite monomer variant (green) with modified binding site is able to bind a changed centromeric
protein (red) replacing eventually the old protein/satellite pait. B) Rapid changes in satellite DNA profiles without affecting
DNA-binding proteins (from Plohl ez a/. 2008).

2.2.3 SATDNA DYNAMICS AND CHROMOSOMAL REARRANGEMENTS

Along this section, several aspects of satDNA have been shown indicating that these
sequences constitute a very dynamic component of the mammalian genome, representing an
important factor for genomic plasticity (Slamovits and Rossi 2002). Some studies focused on

chromosome evolution indicate that satellite DNA can be correlated with the dynamics of the
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chromosome restructuring (Garagna ez a/. 2001; Louzada ez a/. 2008). In this sense, satDNA has
been claimed to play a role in genomes with particular impact on chromosomal changes related
with speciation (Bradley and Wichman 1994, Hartmann and Scherthan 2004). Although
considerable evidence from several works support this association, the precise mechanisms
remain elusive in many cases (Coghlan e a/. 2005).

Wichman e al (1991) postulated that rapidly evolving satDNA families promote
chromosomal rearrangements by means of their intragenomic movements, occurfing
among non-homologous chromosomes and between different chromosomal fields, as
centromeres, arms and telomeres.

A striking evidence for the correlation between repetitive sequences and chromosome
restructuring, come from the analysis of the distribution of the syntenic blocks and evolutionary
breakpoint regions between diverse species (highlighted in the previous section of this thesis).
Ruiz-Herrera and colleagues (2006) found a high correspondence between human chromosome
fragile sites location, the positions of evolutionary breakpoint regions and the distribution of
tandem repeats in the human genome. Moreover, the constitutive heterochromatin regions
(where satDNA is located) have been previously pointed as hotspots for structural chromosome
rearrangements (John 1988, Chaves ez a/. 2004).

Some satellite DNA sequences have been associated with the occurrence of specific
chromosome rearrangements along species evolution in particular taxa. An example regards the
Robertsonian translocations which constitute a common and frequent form of chromosomal
rearrangement occurred in a variety of species along their evolution. Garagna ef a/ (2001)
suggested the occurrence of sequence-dependent mechanisms of interchromosomal exchange
between satellite blocks (Smith 1976), promoting the Robertsonian and whole-arm reciprocal
translocations, based in the orientation and disposition of the satellite repeats in the
pericentromeric regions. In fact, the physical and organizational analyses of different satDNA
families in a model translocation, like the well known t(1;29) in cattle (e.g. Chaves e a/. 2003), for
example, can greatly increase our understanding on the translocation events during mammalian
genome evolution. Also Slamovits ¢ a/. (2001) verified that chromosome restructuring in the
rodent Crenomys was accompanied by the active processes of expansion, contraction and
mobilization of the satellite DNA RPCS. In fact, it was shown that karyotypically variable clades
underwent substantial contractions and expansions of RPCS copy numbers while
chromosomally stable clades exhibit stasis of the RPCS copy number. Moreover, it has been

suggested that chromosome fissions would have been accompanied by significant satDNA
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expansion events, while the loss of RPCS was hypothetically related with chromosomal fusion
events (Slamovits ez 2/ 2001, Caraballo e a/. 2010).

A common feature to many species centromeric satDNAs is the CENP-B box. The
presence of this sequence motif possibly plays an important role in recombination events leading
to translocations involving the centromeric region (e.g. Volobouev ez a/. 1995). This may occur
due to the dimerization ability of CENP-B protein which can lead to misalignment between
HOR units of satDNA in non-homologous chromosomes, and also facilitate recombination
mediated by nicking activity (Garagna ez a/. 2001).

Adega et al. (2009) suggested two different modes of genome restructuring pinpointing
the evidences found in diverse mammalian groups. These authors state that satellite DNA
dynamic behavior constitutes one of the hallmarks of genome evolution, being the other mode
of genome restructuring the chromosomal conservative lineages with satDNA patterns localized

only in specific chromosomal fields (Figure 2.6).
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Figure 2.6| The two main outcomes in genome restructuring (from Adega ¢z a/. 2009).

Clinical cytogenetics and, in particular, cancer cytogenetics can also provide important
information about the mechanisms involved in chromosome change induced by satDNA. In
tumors, it has been shown that the high density of repetitive DNA in a given region provides
“hotspots” for homologous recombination and mediates translocation processes (Kolomietz e#

al. 2002). The analysis of a cat fibrosarcoma by Santos e7 a/. (2006) revealed that the amplification
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of satellite DNA sequences in the cat chromosomes was related to mitotic instability, which
could explain the exhibition of the complex patterns of chromosome aberrations detected.
Evolutionary and clinical evidences show that each genome structure exhibits sensitivity
to rearrangements involving certain chromosome regions. However, a common trait in all of
these cases is the involvement of repetitive sequences in these rearrangements, either

centromeric or interspersed in the genome.
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3. CANCER IS AN EVOLUTIONARY PROCESS

Cancer chromosomes present a high level of dynamics and the ability to constantly
evolve. This unique characteristic forms the basis of genetic heterogeneity necessary for cancer
formation. Therefore, the development of cancer can be considered analogous to the evolution
of species being both Darwinian processes based on variation and selection (Greaves and Maley
2012). Cancer progression is based on two fundamental processes, the continuous acquisition of
heritable genetic variation in individual somatic cells and natural selection acting on the resultant
phenotypic diversity (Stratton e a/. 2009). This results in the unrestrained proliferation of cells
known as tumor or neoplasm that may subsequently invade beyond normal tissue boundaries
and metastasize to distant organs (cancer) (Alberts e 2/ 2008). The earliest ideas about tumor
evolution come from Boveri, that over a century ago proposed that tumors originated in
chromosomal abnormalities passed on to daughter cells (Boveri 1902, 1914). Later, it has been
postulated that most tumors originate from a single cell, and the acquisition of genetic variability
within the original clone determinates the tumor progression throughout the selection of more
aggressive subclones (Nowell 1976). Accordingly, multistep tumor progression can be portrayed
as a succession of clonal expansions, relying on variability between tumor cell subpopulations
partly initiated by conditions within the cancer-micro-environment as well as by interactions
between tumor cell subpopulations and host cells (reviewed in Tysnes 2010). This is confirmed
by the variability in disease presentation and path, found in similarly diagnosed cancers in
different patients and in the same cancer at different time periods.

An alternative model for tumor evolution was derived from studies in hematological
tumors which revealed the presence of intra-clonal genetic heterogeneity indicative of divergent
clonal evolution. These data suggested that clonal architecture might be driven by genetic
heterogeneity of propagating or stem cells (reviewed in Greaves 2010). The cancer stem cell
concept postulates that similar to the growth of normal tissues, the growth of tumors is fuelled
by the presence of stem cells that are capable of self-renewal (reviewed in Clevers 2011). Its
worth mentioning that the clonal evolution and cancer stem cell models are not mutually
exclusive in cancers that follow a stem cell model, as cancer stem cells would be expected to

evolve by clonal evolution (Shackleton e# a/. 2009).
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3.1 GENES THAT DRIVE CANCER

Cancer is, in essence, a disease of genes (Vogelstein and Kinzler 2004). In the last years,
many important genes responsible for cancer development have been discovered, their
mutations precisely identified, and the pathways through which they act characterized. A census
of cancer genes was recently updated to 384 genes (almost 2% of genes in the human genome)
that are thought to be causally implicated in cancer development when specifically mutated
(Santarius ef al. 2010).

Three important classes of genes can be referred as playing key roles in tumor initiation:
oncogenes, tumor suppressor genes and stability genes. Alterations in these genes (e.g.
mutations, amplifications or deletions) may lead to a de-coupling of biological mechanisms
involved in the regulation of normal cell growth and differentiation (reviewed in Tysnes and

Bjerkvig 2007).

ONCOGENES| A proto-oncogene is a gene that under normal conditions controls proper cell
growth and differentiation. Mutations in proto-oncogenes (gain-of-function mutations) convert
them to oncogenes (Alberts ez a/. 2008). This activation may occur also through chromosomal
rearrangement or gene amplification, and usually confers alterations in structure and/or
expression level of the oncogene (Vogelstein and Kinzler 2004). These mutations behave in a
dominant fashion, meaning that one changed allele can lead to uncontrolled cell proliferation

(Alberts ez al. 2008). Well-known examples of oncogenes are ERBB2 and MYCN.

TUMOR SUPPRESSOR GENES| Tumor suppressor genes are involved in inhibition of cell
proliferation and control of cell differentiation in normal cells (Vogelstein and Kinzler 2004).
These genes are targeted for inactivation in cancer cells (loss-of-function mutations), however
mutations in both alleles of a tumor suppressor gene are generally required to confer a selective
advantage to the cell (Alberts ez /. 2008). This situation commonly arises through the deletion of
one allele via a major chromosomal event — such as the loss of an entire chromosome,
chromosome arm or region — coupled with an intragenic mutation of the other allele (Knudson
2002). In rare cases, when still one intact allele is retained, the single allele dosage is not enough
to suppress tumorigenesis (Santarosa and Ashworth 2004). Well characterized examples of tumor

suppressor genes are PTEN and TP53.

STABILITY GENES| Stability genes keep genetic alterations in the cell to a minimum, and thus,

when they are inactivated, mutations in other genes occur at a higher rate (Friedberg 2003). This
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class of genes code proteins involved in the mismatch-repair (MMR), nucleotide-excision repair
(NER) and basepair-excision repair (BER) responsible for repairing subtle mistakes made during
normal DNA replication or induced by exposure to mutagens (reviewed by Yang 2008). This
group also includes genes that are responsible for mitotic recombination and chromosomal

segregation, such as BRCAT and MSH?2 (Vogelstein and Kinzler 2004).

3.2 GENOMIC INSTABILITY UNDERLYING CANCER

Genomic instability is a characteristic of most cancers. This genomic instability can
manifest itself as small changes at the nucleotide level affecting cancer-related genes, as gene
amplification or as major chromosomal alterations (reviewed in Martin e @/ 2010). Similarly,
epigenetic regulation of genes associated with the maintenance of genomic stability, have also
been implicated in cancer development (Issa e a/. 2007). Another source of tumor associated
genomic instability that has been uncovered is the loss of telomeric DNA in many tumors, which
generates karyotypic instability and associated amplification and deletion of chromosomal
segments (Artandi and DePinho 2010).

The instability of the genome has been suggested to be the means that enable
populations of premalignant cells to reach the six biological endpoints acquired during the
multistep development of human tumors: sustaining proliferative signaling, evading growth
suppressors, resisting cell death, enabling replicative immortality, inducing angiogenesis and
activating invasion and metastasis (Hanahan and Weinberg 2000, 2011). These hallmarks of
cancer provide a solid foundation for understanding the biology of cancer (Figure 3.1). Two
additional hallmarks of cancer have been suggested, but because neither is yet generalized and
fully validated, they are labeled as emerging hallmarks (Hanahan and Weinberg 2011). One
involves the capability to modify, or reprogram, cellular metabolism in order to most effectively
support tumor proliferation. The second allows cancer cells to evade immunological destruction,
in particular by T and B lymphocytes, macrophages and natural killer cells.

Although genomic instability appears to be the driving force of cancer, data from
sporadic colorectal cancers showed little evidence of genomic instability in early lesions (Sieber ez
al. 2003). This fact, along with other evidences, raised the question whether genetic instability is
an early or late event in the process of tumorigenesis. Despite our current understanding of
cancer genomes, it has been difficult to determine if many genetic abnormalities are a cause or
consequence of cancer initiation or progression.

Following, some well characterized examples of genome instability and the associated

mechanisms are presented.
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Figure 3.1| The hallmarks of cancer. Distinctive and complementary capabilities that enable tumor growth and metastatic
dissemination (from Hanahan and Weinberg 2011).

Whereas human’s normal cells contain a specific diploid number of chromosomes that
defines the species, some cancer cells are notorious infractors of nature’s karyotype stability laws,
showing to harbor atypical numbers of chromosomes as well as large-scale structural
rearrangements of chromosomes (Figure 3.2). Since Boveri observed abnormal chromosome
complements in tumors cells (Boveri 1902, 1914), the role of instability at the chromosome level
in tumor initiation and progression has been a central issue in cancer biology. In addition to
classical cytogenetic analysis such as G-banding, FISH based methods such as chromosome
painting (Ried ez a/. 1998), comparative genomic hybridization (Kallioniemi ez a/. 1992), multiplex
FISH (MFISH) (Speicher et al 1996) and spectral karyotyping (SKY) (Schrock ef al 1997),
enabled researchers to easily identify all the chromosomal segments gained, lost or rearranged in
a given cell, determining the genomic complexity of tumor karyotypes with considerable detail.

As previously suggested by Duesberg (2007), the “chaos” at chromosomal level is not
just a side effect of malignancy. Although several questions and controversies still remain, recent
studies using sophisticated mouse modeling approaches demonstrated that chromosomal
instability (CIN) plays a causative role in a substantial proportion of malignancies (reviewed in
Schvartzman ef /. 2010). One of the consequences of CIN is aneuploidy (Thompson and
Compton 2011), known as an imbalance in chromosome number, resulting in losses and gains of
whole chromosomes (whole chromosome aneuploidy) or large chromosome parts (segmental

aneuploidy) (Geigl ez a/. 2008). Aneuploidy can result in gene dosage changes of thousands of
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genes at once and consequently in the corruption of highly conserved proteins involved in the
repair or disposal of damaged DNA and segregation of chromosomes (Duesberg ez a/. 2004).
Besides, loss of large regions of a chromosome can lead to the inactivation of tumor suppressor
genes (Lengauer ¢f al. 1998). Aneuploidy may be an initiation event in cancer by promoting the
accumulation of mutations in some cancers in the absence of initiation mutations (e.g. Hanks ez
al. 2004, Snape et al. 2011). Other studies show aneuploidy as a later event in cancer, being
caused by mutations accumulating during cancer progression (Solomon e al 2011). Both
aneuploidy and CIN are associated with poor patient prognosis (e.g. Heilig ez 2/ 2010) (Figure
3.2).

Normal Cell Cancer Cell
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Figure 3.2| Normal and cancer cell karyotypes using multicolor FISH. A normal human cell’s chromosome set (left)
includes 23 pairs of standard chromosomes, whereas a tumor cell exhibits an irregular karyotype (right). Among the

chromosome abnormalities, aneuploidies and structural rearrangements can be seen (forming marker chromosomes)
(adapted from Duesbere 2007).

In addition to changes in chromosome numbers, structural alterations in chromosomes
(Figure 3.3) are present in a high percentage of both hematological cancers and solid tumors,
being the karyotypes of solid tumors far more complex than the ones found in leukemias or
lymphomas. These changes may involve multiple chromosomes and multiple breakpoints being
regarded as chromosome structure instability (CSI) (reviewed in Thompson and Compton

2011).
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Figure 3.3| Schematic illustration of mechanisms leading to chromosomal alterations. A broad range of
chromosomal abnormalities can be present in cancer cells, including altered ploidy, gain or loss of individual chromosomes,
structural rearrangements and amplifications (adapted from Albertson ef a/. 2003), that are detailed along this chapter.

MECHANISMS OF CIN | CIN has been shown to result from perturbations of proteins that play
key roles in mitosis, including proteins that maintain the mitotic spindle checkpoint and sister
chromatid cohesion (Jallepalli e# a/. 2001, Michel ef a/. 2001). The chromosome mis-segregation
rate of cancer cells with CIN is about one chromosome every one to five divisions, while in
stable diploid cell lines the rate is one chromosome per a hundred cell divisions (Cimini e a/.
1999, Thompson and Compton 2008). Evidence from human cancer cell lines suggests that the
major source of chromosome segregation errors causing CIN is a specific kinetochore—
microtubule attachment error called merotely (reviewed in Thompson and Compton 2011).
Merotelic attachments are defined by single kinetochores attaching to microtubules emanating
from more than one spindle pole (Thompson and Compton 2008). Chromosomes with
merotelic attachments align at the metaphase plate once merotely is not detected by the spindle
checkpoint (Khodjakov ef a/ 1997). If a cell enters anaphase with a merotelic attachment, the
chromatid attached to both poles can segregate to the same daughter cell as its sister resulting in
a mis-segregation that produces two aneuploid cells, one with an extra copy of the chromosome
and the other with a missing a copy (Cimini e a/. 2002).

CIN has also been shown to be initiated by tetraploidy, which has been found to precede
the development of CIN and aneuploidy in several cancers (Galipeau ez a/. 1996). Different
mechanisms can lead to tetraploidy, including cell fusion, mitotic slippage and cytokinesis failure
(Holland and Cleveland 2009). In addition to a doubling of the chromosome content, tetraploid

cells typically contain twice the normal complement of centrosomes. Centrosomes are involved
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in many biological functions as mitotic activity, cell shape, polarity, motility and DNA repair
(Wang et al. 2004). Aberrant mitotic divisions and chromosome mis-segregation have shown to
be promoted by supernumerary centrosomes at a high frequency, and thus, tetraploidy causes an
inherently unstable state that acts as a catalyst to promote further aneuploidy and instability
(Fujiwara et al. 2005).

Recent works show evidence that aneuploidy enhances genetic recombination and
defective DNA damage repair (Thompson and Comptom 2010, Sheltzer ¢f 2/ 2011) providing a
mechanistic link between aneuploidy and genomic instability. Moreover, aneuploidy has shown
to promote the development of high chromosome mis-segregation rates (Solomon e a/. 2011),
what indicates that aneuploidy can cause CIN, and demonstrates that CIN can be a self

propagating type of genomic instability.

MECHANISMS OF CSI| Tumor cells are characterized by having structural changes such
as deletions, duplications, inversions, isochromosomes, ring chromosomes and translocations
(reciprocal and non-reciprocal). Structural chromosome rearrangements can influence
tumorigenesis either deregulating expression of specific-target genes or by producing a hybrid,
chimeric gene through fusion of parts of two genes on separate chromosomes (Mitelman e .
2007). Gene fusions resulting from translocations are frequent and characteristic from blood
cancers, as is the example of the chimeric gene fusion BCR-ABL found in 95% of patients with
chronic myeloid leukemia (Kurzrock e a/. 2003). Recurrent gene fusions appear to be quite rare
in solid tumors, although they may also play a role in tumorigenesis in some particular cases
(Tomlins ez al. 2005).

Chromosome structure instability mechanisms are now starting to be disclosed,
nevertheless, it seems that CSI can be the result of errors in the DNA damage checkpoints,
DNA repait pathways and/or mitotic segregation errors (Thompson and Compton 2011).
Double stranded breaks (DSBs) are among the lesions that cause structural chromosomal
instability by initiating rearrangements such as translocations (Richardson and Jasin 2000, Gent ez
al. 2001). Accordingly, mutations in proteins that permit cell cycle progression in the presence of
double stranded breaks (e.g. p53, BRCA1, BRCA2, ATM and ATR) may also facilitate CSI
(Lengauer e al. 1998).
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3.2.1 GENE AMPLIFICATION

Gene amplification constitutes a copy number increase of a restricted region of a
chromosome arm (Albertson 2006). During normal developmental states, such as oogenesis in
Drosophila, gene amplification is a characteristic occurring process being strictly developmentally
controlled (Tower 2004). Nevertheless, genomic DNA copy number aberrations are frequent in
solid tumors and are expected to contribute to tumor evolution (Albertson 20006). The
amplification of chromosomal regions might promote tumorigenesis by the activation of proto-
oncogenes (Lengauer e al. 1998).

The cytogenetic analysis of amplified DNA in mammalian cell lines and tumors has
revealed that it can be organized as extrachromosomal copies (called double minutes); in tandem
arrays as head-to-tail or inverted repeats within a chromosome (often forming a cytologically
visible homogeneously staining region - HSR); or distributed at various locations in the genome
(Albertson ez al. 2003) (Figure 3.3). The size of the amplified region (amplicon) can range from
few kilo bases (kb) to several mega bases (Mb) of DNA (Albertson 2006). The mechanism that is
likely to contribute for gene amplification initiations is the DNA double-strand break in cells
lacking robust checkpoints (Paulson e a/. 1998, Pipiras et al. 1998).

Amplification of a gene may result in an increase in the gene dosage, often leading to up-
regulation of gene expression (Schwab 1998, Savelyeva and Schwab 2001). Although a high
correlation between amplification and overexpression was demonstrated by several studies, there
is not always equivalence between the level of DNA gain and gene expression (Santarius ef al.
2010). In clinical aspects, amplification may be used as a molecular marker for prognosis as well
as in the selection of the most appropriate therapeutic strategy (Al-Kuraya ef a/. 2004). Examples
of recurrently amplified oncogenes are the ERBB2 in breast cancer (Harari and Yarden 2000)

and MYCN in neuroblastoma (Westermark ez a/. 2011).

ERBB2 GENE | The ERBBZ gene (human epidermal growth factor receptor 2, also known as
HER-2/nen) is located in human chromosome 17q and encodes a 185-kDa transmembrane
tyrosine kinase growth factor (Schechter ef 2/ 1984, Hung and Lau 1999). Deregulated signal
transduction can be caused by ERBB2 mutation, amplification and/or overexpression, leading to
cellular immortalization, neoplastic transformation and tumor progression (Harari and Yarden
2000). ERBBZ represents the best described and most commonly clinically used amplified cancer
gene. It has been shown to be amplified in a subset of gastric, lung and salivary carcinomas, but
is most commonly amplified in breast carcinoma (20%-30% of invasive breast cancer) (Hynes

2007). The discovery of ERBB2 gene amplification in primary human breast cancer and its
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association with a more aggressive clinical behavior led to early interest in diagnostic and
therapeutic applications (Slamon e# /. 1987). ERBB2 gene amplification was associated with the
high erbB-2 protein overexpression levels found in human carcinomas of the breast, and they
were associated with an unfavorable prognosis (Slamon e7 a/. 1989). Trastuzumab (Herceptin) is a
humanized monoclonal antibody directed against the extracellular domain of the erbB-2 protein
that have been found to be effective when in presence of high levels of this protein (Goldenberg
1999). The ERBB2 gene and erbB-2 protein status (gene amplification/protein overexpression)
are considered useful markers for predicting the response to a specific cancer therapy, and
analysis of these markers is mandatory for the identification of breast cancer patients that are

amenable to trastuzumab treatment (Baselga ef /. 2001, Slamon e a/. 2001).

MYCN GENE | The MYCN is part of the MYC oncogene family, one of the first cancer related
genes discovered (reviewed in Wasylishen and Penn 2010). This gene is localized in human
chromosome 2p, and encodes the MYCN transcriptional regulator, predominantly expressed in
the developing peripheral neural crest (Zimmerman ef al. 1986, Zindy et al. 2006). MYCN is
thought to be critical in the tumorigenesis of human neuroblastoma (Weiss ez a/. 1997), with gene
amplification found in 20% of these childhood cancers, associated with aggressive disease, rapid
progression and poor prognosis (Westermark e a/. 2011). The initial studies suggested that
MYCN amplification was specific for neuroblastoma, although latter surveys showed that this
mark can also be seen in small cell lung cancer, retinoblastoma, malignant gliomas and peripheral
neuroectodermal tumors, although at a much lower incidence (Schwa 2004). As a common
feature, all these tumors have neural qualities. Moreover, Myen amplification has also been
observed in rat tumors, specifically in uterine endometrial carcinomas (Katlsson e a/. 2001,
Adamovic ez al. 2005). Amplified MYCN has been found only in more aggressive variants of
neuroblastoma, having emerged clinically as a powerful independent marker to predict poor
patient outcome (reviewed in van Noesel ef a/. 2004). Studies in different human neuroblastoma
cell lines have shown that the high-expression level of MYCN is considered to be driven by
DNA copy number increases, with the most amplified cell lines expressing the highest levels of
the gene expression (reviewed in Schwab 1998). Also MYCN up-regulation has been associated

with human inflammatory breast tumorigenesis, in a study by Bieche e a/. (2004).

3.3.2 DNA METHYLATION
Epigenetics can be described as a stable alteration in gene expression potential without

any change in gene sequence, which takes place during development and cell proliferation
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(Kouzarides 2007). The DNA methylation is one of the most commonly occurring epigenetic
events taking place in the mammalian genome. Besides DNA methylation, epigenetic regulation
can be mediated by other molecular mechanisms such as chromatin/histone modifications
(reviewed in Cheung and Lau 2005). DNA methylation refers to the covalent post-replicative
addition of a methyl group onto the 5" position carbon of the cytosine ring within CpG
dinucleotides (Wyatt 1950), being the reaction catalyzed by the enzymes DNA
methyltransferases (DNMT) (Goll and Bestor 2005). The methylation of DNA plays a key role
in chromatin structure and stable suppression of gene expression (epigenetic silencing), namely
in the inactive X chromosome and imprinted genes (Bird 2002). It has been demonstrated that
increased methylation in the promoter region of a gene leads to reduced expression, whereas
methylation in the transcribed region has a variable effect on gene expression (Singal ez a/. 2002,
Dahl e a/. 2011). DNA methylation can repress gene expression, by means of two main
mechanisms: by interfering with the assembly of the transcription machinery and/or by causing a
change in chromatin structure via various methyl-CpG binding proteins (e.g. Jones ef al 1998,
Kaludov and Wolffe 2000).

Much attention has focused on DNA methylation in CpG islands, although the majority
of methylated CpG dinucleotides are in fact found within repetitive elements, which in total
comprise approximately half of the human genome (reviewed in Wild and Flanagan 2010). It is
believed that DNA methylation is an essential mechanism silencing the transcription of these
elements to prevent their movement and expansion throughout the genome (Peng and Karpen
2008).

Significant changes in genome-wide DNA methylation have been observed in cultured
cancer cells and primary human tumors. For this reason, influence of DNA methylation in
cancer has become the topic of intense investigation. As compared with normal cells, the
malignant cells show major disruptions in their DNA methylation patterns (Das and Singal
2004). Moreover, it has been proposed that changes in DNA methylation can greatly influence
genetic instability (Veigl ez a/. 1998). Hypomethylation and hypermethylation of DNA are relative
terms applied to cancer epigenetics and denote less or more methylation than in normal tissues,
respectively. Generally, the genome of cancer cells is characterized by global loss of DNA
methylation (genome-wide hypomethylation) and regional hypermethylation of CpG islands
(Brena et al. 2006) (Figure 3.4). Hypomethylation usually occurs in repeated DNA sequences,
being the centromeric alpha- satellite, the interspersed Alu and the long interspersed elements
(LINE)-1 repeats the most frequently studied DNA cancer hypomethylated repeats (reviewed in
Ehtlich 2009). Abnormal DNA hypermethylation at gene promoter CpG islands has been shown
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to contribute to transcriptional repression of many genes in different cancers (reviewed in Jones
and Baylin 2007) (Figure 3.4).

Unlike genetic changes which cause permanent damage to the genome, changes in DNA
methylation patterns are potentially reversible. Therefore, they have been considered targets for
therapeutic intervention (Kelly ef 2/ 2010). This has led to an intensive search for drugs that
target components of the epigenetic machinery. Two examples are inhibitors of DNA
methylation, 5-azacytidine and 5-aza-2’-deoxycytidine, which have been known for decades, have
now been approved for treatment of patients with myelodysplastic syndrome (reviewed in Dahl
et al. 2011). 5-Azacytidine and 5-aza-2-deoxycytidine are cytosine analogues that trap all DNA
methyltransferases and target them for degradation (reviewed in Issa ez o/ 2007). At low doses
that do not inhibit proliferation, these drugs are effective hypomethylating agents and they have

shown clinical activity as anticancer agents.
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Figure 3.4| Commonly obsetved DNA methylation changes in cancer. (A) In normal tissues, the majority of CpG
islands and regulatory elements are methylation-free, while repetitive sequences and interspersed CpG dinucleotides are
heavily methylated. (B) The genome of cancer cells is characterized by global loss of DNA methylation and regional
hypermethylation of CpG islands and other gene regulatory regions (from Brena ez /. 2000).
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4. USING RODENTIA SPECIES AS MODEL

This thesis concerns the study of karyotype restructuring along evolutionary processes,
such as species evolution and cancer, focusing in the chromosome dynamics featuring at some
point particular sequences as satellite DNAs. The chosen species to work were rodents, namely
wild species and the well known model organism, the laboratory rat (Raztus norvegicus).

Rodentia species have a long tradition as model organisms, and new models keep
emerging. The laboratory rat has been extensively used as an animal model for physiology,
pharmacology, toxicology, nutrition, behavior, immunology and neoplasia (Aitman e a/. 2008).
Accordingly, in the last decade there has been an extraordinary increase in rat genomic resources
(Gibbs ef al. 2004, Hamta ez al. 2006). These achievements in rat genome discoveries have been
translated to human disease, and contributed to the increasing speed of discovery of new disease
genes, pathways and mechanisms (Aitman ez 2/ 2008). Also the mouse (Mus musculus) has a
century of genetic studies, creation of inbred strains, hundreds of spontaneous mutations,
practical techniques for random mutagenesis, and, importantly, directed engineering of the
genome through transgenic, knockout and knockin techniques (e.g. Yu and Bradley 2001, Bucan
and Abel 2002).

The rodents are ubiquitous and occur in all continents (except Antarctica). Rodent’s
remarkable diversity has always been a challenge when it comes to determine their origins, ways
of radiation and times of diversification. A brief review regarding the origins and taxonomy
inside the Order Rodentia will be made in the next paragraphs. Here it will be presented the

taxonomy followed in this work and highlight the complex phylogenies within this diverse group.

4.1 RODENTS EVOLUTION AND COMPLEX PHYLOGENY

At approximately 62 to 100 Ma, the rodents arose along a branch of the mammalian
lineage (Benton and Donoghue 2007) (Figure 4.1) sharing a common ancestor with lagomorphs
(rabbits, pikas), forming the clade Glires (Luckett and Hartenberger 1993). Glires share a
common ancestry with primates, tree shrews, and the flying lemurs (e.g. Churakov e# a/. 2010).
Early studies based in paleontological data and latter based in morphological characters
demonstrated that rodent’s evolution was monophyletic, assuming a common origin for all

species (Luckett and Hartenberger 1993).
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Figure 4.1 | The place of Rodentia in mammal’s evolutionary tree. The tree depicts historic divergence relationships
among the living orders of mammals. The phylogenetic hierarchy is a consensus view of several decades of molecular
genetic, morphological and fossil inference. The rodent’s divergence is highlighted in blue. Double rings indicate mammalian
supertaxa, numbers indicate the possible time of divergences (adapted from Graphodatsky ez 2/ 2011).

Characteristics such as small size, short breeding cycles, and wide variety of foods eaten,
probably favored rodents rapid arising and lead them to become one of the most successful
mammalian groups, occupying nearly all continents. The order Rodentia represents half of the
placental mammals and includes, at least, 2277 species divided into 33 families (Musser and
Carleton 2005), being the most abundant and diversified order of living mammals.

Even though several evolutionary relationships within Rodentia have not been easy to
determine, the rodents are currently divided in five suborders: Sciuromorpha, Myomorpha (or
Myodonta), Anomaluromorpha, Castorimorpha and Ctenohystrica (or Hystricomorpha) (Musser
and Carleton 2005). In recent studies, these five suborders were clustered into three main
lineages: mouse-related clade (includes Anomaluromorpha, Castorimorpha and Myomorpha),
squirrel-related clade (includes Sciuromorpha) and Ctenohystrica (includes Hystricomorpha)
(Huchon ez al. 2007, Montgelard ez a/. 2008) (Figure 4.2). The mouse and squirrel-related clades
were proposed as the most divergent rodent lineages (Montgelard ¢ a/. 2008, Blanga-Kanfi ez al.

2009).
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Figure 4.2| Phylogenetic tree of Rodentia. This phylogenetic tree is based on retroposon (SINEs) presence-absence data, and
illustrates the classification of rodents in three clades: mouse-related clade, ctenohystrica clade, and squirrel-related clade, as
supported by other studies (Huchon ez a/. 2007, Montgelard ez /. 2008). This study supports an early divergence of a pre-Squirrel-
related clade from a common ancestor of a pre-Mouse-related/Ctenohystrica clade, providing some understanding to eatly
speciation in rodents (from Churakov ez /. 2010).
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4.1.1 THE SUPERFAMILY MUROIDEA

The Muroid rodents represent the most diverse and geographically widespread
subordinal clade, comprising more than 1500 species with a nearly global distribution (Musser
and Carleton 2005). Muroidea members are characterized by myomorphic jaw structure that
have lost the upper fourth premolar and have a well-developed anterocone (-id) on the first
molar (Flynn ez al. 1985).

Their presumably rapid radiation left little opportunity for the evolution of distinctive
synapomorphies, and so the morphologic phylogenetic studies end up by relying on dental
characters which are particularly prone to adaptive convergence. The use of molecular genetic
characters assisted in the clarification of the phylogenetic relationships of muroids. Based in
molecular studies, six different families were acknowledged to Muroidea: Platacanthomyidae,
Spalacidae, Calomyscidae, Nesomyidae, Muridae and Cricetidae (Musser and Carleton 2005). In
the next paragraphs only the families (Muridae and Cricetidae) and subfamilies (Murinae,
Cricetinae, Neotominae and Arvicolinae), which include the studied species in this work, will be

referred in detail.

4.1.1.1 THE MURIDAE FAMILY

The Muridae family constitutes the largest and most diverse family of rodents,
comprising about 730 species distributed by 150 genera (Musser and Carleton 2005). According
to fossil records, the Muridae originated approximately 54 to 37 Ma, but the large-scale radiation
events occurred only between 1.8 to 0.01 Ma (Benton 1997). Murids occupy a broad range of
habitats from tropical rain forests to arid deserts and tundra having adopted an equally wide
array of lifestyles. It is important to mention that in the literature, the family name Muridae is
sometimes used in a broader sense to include all members of the superfamily Muroidea, what
doesn’t happen in the present study. The phylogenetic analysis at subfamilial level of Muridae has
been debated along the years, supported by both paleontological and molecular studies (Senegas
and Avery 1998, Jansa and Weksler 2004, Stteppan ez a/. 2004, Steppan ez a/. 2005). Till this date,
no cladistic analyses present a broad species sampling among all the families or across extant
geographic range, what difficults Muridae complete phylogenetic resolution.

The most representative Murid subfamily, comprising about 561 species, is the Murinae
subfamily (Old World mice and rats), which includes the popular animal models, mouse (Mus
musculus) and rat (Rattus norvegicus) (Musser and Carleton 2005).

Within the Old World rodents, the Praomys group constitutes a diverse and abundant

group, occupying various African biotypes ranging from the equatorial rain forest to Sahelian
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savannas (Nicolas ef /. 2005). This group comprises several genera, which have been divided into
two complexes, the jacksoni-complex and the #//bergi-complex. Praomys tullbergi is one of the
four species comprising the #ullbergi-complex (Lecompte e al. 2005, Nicolas ez a/. 2005). The basal
relationships within Praomys group suggest a rapid radiation at about 7 to 9 Ma based on genetic
divergence rates calibrated from the fossil record (Lecompte e a/. 2005). Recently, it was
proposed a tribal level of classification within Murinae, and the new name Praomyini tribe nov.,
which includes Colomzys, Heimyscus, Hylomyscus, Mastomys, Myonzyscus, Praomys, Stenocephalenrys and
Zelotomys (Lecompte et al. 2008).

4.1.1.2 THE CRICETIDAE FAMILY

The Cricetidae family is considered by many paleontologists to be ancestral to the
Muridae family, with its emergence approximately 58 to 47 Ma according to fossil records
(Hartenberger 1998). Some of the species studied in this work belong to the Cricetidae family,
and for this reason the following information will only regard three of the subfamilies included in
this group: Cricetinae, Arvicolinae and Neotominae (Musser and Carleton 2005).

The Cricetinae subfamily, originated approximately 12 to 5 Ma (Neumann ez a/ 2000),
harbors the Old World hamsters. Morphological and paleontological data about this group
revealed not enough reliable synapomorphies for phylogenetic resolution (e.g. Hir 1997,
Kowalski 2001), and, although molecular studies clarified some aspects of this subfamily
systematic (Steppan ¢ al. 2004, Neumann ef a/. 20006), the phylogenetic relationships between
genera remains unclear. Within Cricetinae subfamily are included the genus Cricetus and Phodopus.
The genus Cricetus comprises only one species, Cricetus cricetus (common hamster) (Nechay
2000). Cricetus hamsters’ fossils were dated from 2.5 Ma (Hir 1997) but only Cricetus cricetus
survived areal shifts and local extinction during glacial oscillations. The genus Phodopus harbours
the small sized hamsters (dwarf hamsters), including Phodopus sungorus (djungarian hamster).
Phylogenetic studies based on molecular data propose that this genus represents the eatliest split
among all hamsters (Neumann ez /. 2000).

To the Neotominae subfamily belong the rodents that inhabit North America desert
areas (Engel ef al. 1998). According to fossil data, this subfamily emerged approximately 16 to 9
Ma (Baskin 1989). Among them are the well-known deer mice (Peromyscus maniculatus), white-
tooted mice (Peromyscus lencopus), and cactus mouse (Peromyscus eremicus). The phylogenetic
relationships within this group have been difficult to clarify (Bradley ez a/ 2007).

The subfamily Arvicolinae (lemmings, muskrats, and voles) harbors about 151 species

distributed across 28 genera (Musser and Carleton 2005), from which more than 60 are found
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within the vole genus Microtus, which is thought to have originated 0.5 to 2 Ma (Reppenning
1980, Chaline ¢# a/. 1999). Within this subfamily is included Microtus arvalis (common vole).
The limited variation in external morphology has been a significant challenge in Microtus
classification and this has made cytogenetic data important for solving problems of vole

taxonomy.

In summary, the phylogenetic relationships in Rodentia are still far from being fully
revealed in all their complexity. Along this thesis, the described taxonomy shown in Figure 4.3
was followed. This taxonomy is available in databases, namely “NCBI Taxonomy”
(www.ncbi.nlm.nih.gov/taxonomy) and “Tree of Life Web Project” (www.tolweb.org/tree/),

which compile and update data from both fossil records and molecular studies.

Spalacinae
Spalacidae |

Rhizomyinae
I— Myospalacinae

Dendromurinae

Cricetomynae

. Petromyscinae
Nesomyidae

Muroidea —

Mystromyinae

—————— Nesomyinae -ﬁ
Murinae “\)

Muridae — Gerbilinae R, norvegicus — Praomys tullbergi
— Deomyinae

Lophiomynae
Calomyscinae
Cricetinae §
Cricedusiorietus Phodopus sungorus

Arvicolinae l l

Microtus arvalis

Cricetidae

Neotominae

Sigmodontinae

Peromyscus eremicus
Tylomyinae

? Platacanthomyinae

Figure 4.3| Phylogenetic tree of Muroidea superfamily. This tree is based in molecular studies from several
authors [Robinson et al. (1997), Michaux and Catzeflis (2000), Michaux ez /. (2001), Jansa and Weksler (2004) and
Steppan ¢z al. (2004)] (adapted from Tree of Life Web Project). In the tree are highlighted the studied species in this
thesis.
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4.2 WHY STUDY RODENTS KARYOTYPE EVOLUTION?

Rodentia order constitutes the most numerous and evolutionarily diverse taxon of
mammals. Rodents represent a very karyotypically diverse group, with diploid numbers ranging
from 2n=10 to 2n=102 (e.g. Contreras et al. 1990, Silva et al. 2006). Besides, heterochromatin
content and C-value (haploid DNA content) also vary greatly between species (reviewed in
Graphodatsky ez a/. 2011).

Compared to humans and other mammals, rodent genomes, specifically Muroidea
species, underwent intense chromosome reshufflings, in which many complex structural
rearrangements occurred (reviewed in Romanenko e# 2/ 2012). This fact makes them preferential
animal models for studying the process of karyotype evolution, and so, as more Muroidea
species are analyzed by comparative studies, more unraveled the evolutionary events will be. The
comparative maps construction, specifically for mouse and rat, was crucial for understanding the
human genome functionalities. This allows that information’s gathered from high resolution
mapping in mouse and rat genomes can be used to make predictions about the orthologous
regions of the human genome (e.g. Guigo ez 4/ 2003). Besides, biomedical studies of human
genes could be complemented by experimental manipulations of corresponding rodent model
genes to accelerate functional understanding (Waterston ez a/. 2002).

Many other rodent species have been analyzed by comparative chromosomics with the
purpose of tracing the evolution of key traits and determine phylogenies. Two of the species
studied, Cricetus cricetus and Peromyscus eremicus, belong to groups of species that have been used as
models. Peromyscus species constitute emerging models in diverse areas as ecology, behavior,
physiology, reproductive and developmental biology, biochemistry, chromosomal evolution,
allozymes, cytogenetics, speciation, biogeography and many other areas of research (Bradley ez 4/.
2007). Also hamsters (including Cricetus cricetus) have been used in research in areas such as
cancer research (Reznik 1977) and neurology (Pévet e al. 1987). For this reason, comparative
studies are of great importance to be applied to other areas besides evolution, such as physiology,
genomics, immunology and oncology, once rodent model organisms are used in biomedical
research (e.g. Lee ef al. 2004).

Furthermore, a robust phylogeny is demanding to interpret the many studies as well as
identifying species and clades for potential future biomedical studies. This is particularly
interesting in the case of Praomys tullbergi, once this species belongs to one of the more difficult
and unresolved group, the so called tullbergi-complex, and the comparative studies may shed

some light in revealing phylogenetic relationships.
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An important source of karyotype variability in rodents is related to heterochromatin
amount and its distribution pattern (Volobouev e a/. 2006). The differences in the amount of
CH in rodents genome and their elevated evolutionary rates, makes this group an excellent
candidate to study the dynamic behavior of satellite DNA sequences (main constituent of CH),

and its possible involvement in the intense genome reshuffling occurred along rodents evolution.

4.3 CELLULAR MODELS FOR CANCER STUDY

As shown along this thesis, cancer constitutes a complex disease that involves a sequence
of gene-environment interactions in a progressive process that cannot occur without dysfunction
in multiple systems. Understanding the dynamic nature of the cancer genome is important to
comprehend the mechanisms of genetic heterogeneity and population diversity, which is the
genetic basis for cancer formation.

A major opportunity to increase our knowledge regarding the biology of cancer is
associated with the availability of experimental model systems that recapitulate the many forms
of this disease. I vitro cell culture models play an important role in understanding the molecular
basis of cancer, as a majority of researchers actively use iz vitro models that can be relatively
easier for experimentation (Ye ez a/. 2007). Using the evolutionary conservation of gene segments
as a guide, animal models, such as rodents, constitute powerful tools to decipher pathways and
genes involved in tumorigenesis (e.g. Aitman ez /. 2008). Moreover, researchers now have access
to powerful web servers and databases in which syntenic regions can be easily identified and
associated with a great amount of information concerning human genetics.

By studying the biology and pathobiology of the rat allows translating this information to
humans, particularly in the context of complex traits. With the advances in molecular genetics,

animal models of human diseases are becoming more numerous and more refined.

USING THE RAT FOR MODELLING CANCER| Rat models resulting from chemically induced
carcinogenesis of the mammary gland have been extensively used specifically in the study of
breast cancer. The carcinogenic compound 7,12-dimethylbenz[ajanthrazene (DMBA) is
frequently used to induce such tumors, and DMBA-induced rat mammary tumors and sarcomas
are useful cancer models (e.g. Aitman ez a/. 2008). However, some available animal tumor cell
lines are often pootly characterized from a cytogenetic/genetic point of view, reducing their
usefulness as cell models. In the present thesis the fully cytogenetic and genetic characterization
of two rat mammary tumor cell lines was performed and suggested as a cellular model for Erbb2

study.
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Resurts anp Discussion

1. COMPARATIVE CHROMOSOMICS

Rodents constitute a very abundant and diverse order within mammalian, characterized by an
impressive radiation leading to the high number of species observed today. Once some rodents are used
extensively in biomedical research, this has stimulated interest in the study of this group. High record rates
of karyotype evolution are found in muroid rodents, making them the perfect organisms for studying
chromosome evolution.

Cross-species chromosome painting is currently the method of choice for comparative
cytogenetic studies in rodents, used in the construction of a high number of comparative chromosome
maps. The intense focus on building comparative maps was due to the fact that these maps provide an
unprecedented opportunity to use multispecies analysis as a tool for inferring karyotype evolution.

In this section it will be presented two papers presenting the construction of comparative maps
for three Muroid species, Praomys tullbergi (PTU, Muridae), Cricetus cricetus (CCR) and Peromyscus eremicus
(PER) (Cricetidae). These studies were developed with the objective of investigate the number and nature
of the rearrangements that modelled these species’ karyotype evolution. The use of Mus musculus (MMU)
and Rartus norvegicus (RNO) paint probes permitted the identification of the syntenic associations for each
species and the comparison with syntenic associations identified in previous studies for other species. This
analysis culminated in the determination of the related clades, the suggestion of an Ancestral Muroidea
Karyotype (AMK) and the identification of the major rearrangements occurred along evolution of these
species. An analysis of the co-localization of constitutive heterochromatin (CH) with the breakpoint sites
was also petformed. As major outcomes can be pointed: 1) the elaboration of high resolution comparative
maps (MMU, RNO and HSA syntenies) for the three species; the detection of intrachromosomal
rearrangements due to the combined use of two sets of paint probes; 2) PER possesses a very conserved
genome while PTU and CCR present more derivative karyotypes; 3) a high percentage of the identified

breakpoints co-localize with CH.
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1.1 Praomys  tullberg  (Muridae, Rodentia) genome
architecture decoded by comparative chromosome

painting with Mus and Rattus
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Abstract The order Rodentia and in particular the
Muridae are characterised by extremely high rates
of chromosome evolution and remarkable chromo-
some diversity. The Praomys group (Murinae, Mur-
idae and Rodentia) constitutes a diverse and
abundant group divided into two complexes, the
Jjacksoni complex and the fullbergi complex which
includes the species Praomys tullbergi. Comparative

Responsible Editor: Herbert Macgregor.

Electronic supplementary material The online version of this
article (doi:10.1007/510577-012-9304-1) contains supplementary
material, which is available to authorized users.

R. Chaves (<) - S. Louzada - S. Meles * F. Adega
Centre of Genomics and Biotechnology,

Institute for Biotechnology and Bioengineering,
University of Tras-os-Montes and Alto Douro
(IBB/CGB-UTAD),

Vila Real, Portugal

e-mail: rchaves@utad.pt

J. Wienberg
Chrombios GmbH,
Raubling, Germany

J. Wienberg

Department Biologie 1,
Anthropologie und Humangenetik,
Ludwig-Maximilians-University,
Munich, Germany

chromosome painting using the two index genomes,
Mus musculus and Rattus norvegicus, was per-
formed resulting in a high resolution chromosome
map for P. tullbergi. The combined use of rat and
mouse probes and the assistance of the assembly of
all the available sequencing data from Ensembl
genome browser allowed a great dissection of P
tullbergi genome, the detection of inversion events
and ultimately the refinement of P. tullbergi com-
parative map. A key achievement was the recon-
struction of a high precision Muroidea ancestral
karyotype (Muridae/Cricetidae and Murine) based
in a broad species analysis combining previous
reported comparative maps together with the pre-
sented data. This permitted the reconstruction of the
evolutionary history of chromosome changes since
the ancestral Muroidea genome and enlightened the
phylogenetic relationships with the related species
mouse and rat. The analysis of constitutive hetero-
chromatin and its co-localisation with the identified
evolutionary breakpoints regions was performed
suggesting the involvement of repetitive sequences
in the chromosome rearrangements that originated
the present P. tullbergi genome architecture.

Keywords Chromosome evolution -
Chromosome map of Praomys tullbergi -
evolutionary breakpoint regions -
constitutive heterochromatin
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Abbreviations
AMK Ancestral Muroidea karyotype

CH Constitutive heterochromatin

DOP-PCR  Degenerated oligonucleotide primed-PCR
FACS Fluorescence-activated cell sorter

FITC Fluorescein isothiocyanate

GTG G-banding by trypsin using Giemsa
HSA Homo sapiens

MMU Mus musculus

PTU Praomys tullbergi

RNO Rattus norvegicus

TAMRA  Tetramethyl-6-carboxyrhodamine
Introduction

The Praomys group (Rodentia, Muridae and Murinae)
is one of the most diverse and abundant of Old World
rodents. This group consists of several genera, among
them Praomys, which is divided into two complexes,
the jacksoni complex and the fullbergi complex.
Praomys tullbergi is one of the four species compris-
ing the tullbergi complex (Lecompte et al. 2005;
Nicolas et al. 2005).

The Muridae is the single most diverse family of
living mammals. Extremely high rates of chromosome
evolution and remarkable chromosome diversity (wide
variation in diploid numbers, rearrangements, local-
isation and amount of heterochromatin, occurrence of
supernumerary B chromosomes, etc.) are features of
the order Rodentia and Muridae rodents in particular
(rats, mice, voles, hamsters, jerboas and many related
other species) (Graphodatsky et al. 2000; Murphy et
al. 2001; Romanenko et al. 2012). This high karyotype
diversity has made myomorph rodents difficult to
study using simple comparative analyses based on
chromosome banding alone. The high number of
Muridae species hindered a more broad-spectrum
analysis of this family and their subfamilies in a
single study. For this reason, the different studies
have focused on one or a few species in a single
published report.

In 2008, Lecompte et al. estimated the timing of
key cladogenic events for the African murine diver-
sity (Lecompte et al. 2008). In this broad sampling
analysis, the radiation of the ‘Praomys group’, con-
sidered one of the most diverse lineages, seems to
have occurred somewhat at 7.6 Ma. The

@ Springer

phylogenetic relationships within Murinae and the
exact distribution ranges of these taxa are unclear.
Previous studies point to the genus Apodemus as
the sister group of the Praomys group by the cyth
phylogeny (Lecompte et al. 2002). Chevret et al.
(1994) proposed the genera Mus and Malacomys in
polytomy with the Praomys group, based on DNA/
DNA hybridization experiments. In 2004, Jansa and
Weksler suggested Mus as the sister group of the
Praomys group based on the molecular analysis of
the IRBP gene (Jansa and Weksler 2004). In 2005,
analyses based on morphological characters and
sequence data from a mitochondrial and a nuclear
gene performed by Lecompte et al. (2005) did not
reached a clear determination of the sister taxa of
the Praomys group, but all the candidates belong to
one of the Eurasian taxa, namely Apodemus, Rattus
or Mus. According to these authors, the discrepan-
cies between molecular and morphological results
are probably a reflex of the numerous convergen-
ces, as well as variations in the rates of morpho-
logical evolution among lineages. More recently, in
2008, Lecompte et al., based on mitochondrial cyt b
gene and two nuclear gene fragments (IRBP exon 1
and GHR), point the genus Praomys as being
monophyletic, as in previous molecular and mor-
phological analyses (Lecompte et al. 2005). In this
phylogenetic analysis, the Praomys group lineage
appears as a sister group of the Mus lineage, but
only with moderate support (77 % BP; 0.69 PP).
Dobigny et al. (2002, 2003) suggested that in
the case of African murids, karyotype differences
provide some of the most reliable diagnostic criteria.
However, cytogenetic information of the recognised
Praomys species is restricted to G- and C-banding
(Lyonsetal. 1977; 1980; Lee and Martin 1980, Capanna
and Corti 1982; Baker etal. 1988; Qumsiyeh etal. 1990;
Meles et al. 2008). Also in 2008, Meles et al. charac-
terised the P. tullbergi karyotype by G- and C-
banding and also analysed the distribution of
LINEs and telomeric sequences. This work
revealed that P. fullbergi karyotype is completely
composed of acrocentric autosomes and a sub-
metacentric X. In various rodents, karyotypes of
closely related species just differ by reshuffling of
chromosomes through Robertsonian translocations
(Gropp and Winking 1981; Savic and Nevo 1990;
Nachman and Searle 1995; Gava and Freitas
2003; Britton-Davidian et al. 2005). Robertsonian
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fusions and fissions are the main forces that
changed the organisation of genomes in various
other mammals. This was thoroughly analysed in
chromosome painting studies for Ursidae (bears)
(Nash et al. 1998), Canidae (dogs) (Nash et al.
2001; Nie et al. 2012), Bovidae (Robinson and
Ropiquet 2011) and many other mammals. In P, full-
bergi, however, compared to mouse and rat chromo-
somes, other changes that are not Robertsonian
can be suggested from the banded chromosomes
(Meles et al. 2008). Only for few chromosomes
that homologous patterns can be found between
mouse, rat and Praomys. Thus, there should have
been further mechanisms that changed their
genome organisation during the estimated 7-9 Ma
of radiation.

In this work, we assembled a high resolution
chromosome painting map for P. tullbergi compared
with the two index genomes Mus musculus and
Rattus norvegicus for which the genomic DNA
sequence is available. The objective of the present
work was to perform an improved characterization
of P. tullbergi genome organisation and thus to
reconstruct the evolutionary history of chromosome
changes with the related species mouse and rat. We
therefore applied comparative chromosome painting
(Wienberg et al. 1990) that allows the generation of
global comparative genome maps at a cytogenetic
resolution of about 5 Mbp (Wienberg et al. 2000;
Froenicke et al. 2003). These maps could then be
further compared to the existing higher resolution
maps based on sequence data (Synteny viewer
application in the Ensembl database; http://www.
ensembl.org/).

Previous studies which focused on chromosome
evolution indicate that the genome repetitive fraction
can be correlated with the dynamics of the chromo-
some restructuring (Garagna et al. 2001). Accordingly,
constitutive heterochromatin regions have been
pointed as ‘hotspots® for structural chromosome
rearrangements (John 1988; Chaves et al. 2004).
In this work, all the data related to the constitutive
heterochromatin (CH) characterization of P. tullbergi
were assembled in the constructed comparative map.
The obtained levels of co-localisation between CH and
the identified evolutionary breakpoints suggest a poten-
tial role of repetitive sequences in the chromosome
rearrangements that originated P. tullbergi genome
architecture along evolution.

Materials and methods
Cell culture and chromosome preparation

Chromosomes from P. tullbergi (PTU) were pre-
pared from a fibroblast cell culture using standard
procedures. In general, for karyotyping, Praomys
chromosomes were ordered following Meles et al.
(2008), according to their relative size. Chromo-
some numbering for mouse (M. musculus, MMU)
and rat (R. norvegicus, RNO) paint probes was the
same as previously described (Stanyon et al.
1999).

Chromosome painting probes and probe labelling

The paints (mouse and rat chromosome-specific
probes) for this study are commercially available
probes from Chrombios GmbH and were kindly pro-
vided by Dr. A. Kofler and R. Kofler from the flow
sorting facility at Chrombios and were obtained from
flow sorting spleen cell chromosomes on a FACS
Vantage (BD) as described before (Rabbitts et al.
1995). Chromosome-specific probes were made by
DOP-PCR from the flow-sorted chromosomes by using
6MW (CCGACTCGAGNNNNNNATGTGG) (rat
probes) and F/S (CGGACTCGAGNNNNNNTACACC)
(mouse probes) PCR universal primers and amplification
conditions as previously described (Rabbitts et al.
1995). In a secondary PCR, the same PCR primers
were also used to label the chromosome paints
with either digoxigenin-2'-deoxyuridine, 5’-triphos-
phate (dUTP) or biotin-dUTP (Roche Molecular
Biochemicals).

Fluorescent in situ hybridization and image processing

In situ hybridization of rat and mouse painting probes
to P tullbergi chromosome preparations was done as
previously described (Wienberg et al. 1997). After
hybridization and washing of the slides, digoxigenin-
11-dUTP- or biotin-16-dUTP- (Roche Molecular Bio-
chemicals) labelled chromosome paints were detected
with antidigoxigenin-5’ TAMRA (Roche, Molecular
Biochemicals) or avidin-FITC (Vector Laboratories),
respectively.

Digital images were obtained with an Axiocam
camera coupled to a Zeiss ImagerZ microscope
and analysed by AxioVision software (Zeiss).
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Digitised photos were prepared for printing includ-
ing contrast and colour optimization in Adobe
Photoshop.

In silico analysis

The ‘Synteny’ application from Ensembl database
(http://www.ensembl.org/; v67—May 2012) was used
to access the syntenies between the genomes mouse/
rat, mouse/human and rat/human (Supplementary Sla
and S1b). These data were used to confirm and further
increase the painting data resolution using mouse and
rat probes and for refining the P. fullbergi map by
inferring human syntenies in this genome.

Results
Pattern of chromosome rearrangements

The karyotype of P. tullbergi is composed of 34 chromo-
somes with all acrocentric autosomes. The Y is a small
acrocentric and the X is a large submetacentric chromo-
some (Qumsiyeh et al. 1990; Capanna et al. 1996; Meles
etal. 2008). Figure | shows various hybridization images
obtained with mouse and rat paint probes on P. tullbergi
chromosomes. The hybridization results are summarised
in Fig. 2, where they are all mapped onto high resolution
chromosomes of the haploid karyotype of P tullbergi.
The rat probes disclosed 33 syntenic segments and the
mouse probes, at least 44 syntenic segments in P full-
bergi autosomes. When including probable bulk hetero-
chromatin insertions (see below), the rat probes
delineated at least 61 segments and the mouse paints 66
segments in the P, tullbergi karyotype (autosomes).

In some P tullbergi chromosomes, synteny was
entirely conserved compared to rat [RNO4 (PTUS),
RNOS5 (PTU7), RNO6 (PTU10), RNO10 (PTU11)
and RNO20 (PTU16), X] and mouse [MMU3
(PTU9) and MMU18 (PTU13), X]. All other P. tull-
bergi chromosomes were further rearranged. Nine out
of the 16 Praomys autosomes showed homologies to
two or more rat chromosomes/chromosome segments.
Some chromosomes showed extensive rearrangements
such as P. tullbergi chromosomes 1 and 4 (both show
four homologous segments with rat paints).

The comparison using mouse paints indicated even
more rearrangements: 14 out of the 16 Praomys auto-
somes showed to be composed by two or more
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homologous mouse chromosomes/chromosome seg-
ments. Again, some chromosomes showed extensive rear-
rangements such as P. tullbergi chromosomes 1, 2 and
8 (all show four or more homologous segments with
mouse paints).

As for the comparison of mouse and rat (Stanyon et
al. 1999) numerous translocations, none of the
Robertsonian type was observed. Some patterns indi-
cate further inversions after the translocation event
(for example the pattern of rat paints 7 and 19 and
mouse paints 10 and 8 on P. tullbergi chromosome 1).
On some chromosomes, homologous segments are
disrupted by segments that do not hybridise with either
rat or mouse paints (for example on chromosome 2,
four segments; on chromosome 3, five segments). The
great majority of these segments, not present in the
mouse and rat genome, are of heterochromatic nature,
as previously revealed by C-banding (Meles et al.
2008; Paco et al. 2009). Figure 2 also shows a map
for the constitutive heterochromatin bands obtained by
classical C-banding sequentially to G-banding and
heterochromatin identified by specific fluorochrome
staining (Meles et al. 2008) and in situ RE digestion
(Paco et al. 2009).

Syntenic associations in P. fullbergi delineated
with mouse and rat paints

Whenever chromosomes rearrange during evolution,
they form new ‘syntenic associations’ which can be
used in comparative studies to trace ancestral vs. com-
monly derived chromosome patterns. M. musculus
chromosome paints delineated the following syntenic
associations on P. tullbergi chromosomes: MMU1/4
(PTU7), MMUI/16 (PTU14), MMU2/10 (PTUL1),
MMU2/13 (PTUS), MMU3/5 (PTU15), MMU5/6
(PTUS), MMU5/11 (PTU3), MMUS5/13 (PTUA4,
PTUI15), MMU7/17 (PTU2), MMU7/19 (PTU2),
MMUS8/16 (PTUB), MMU9/13 (PTU6), MMU10/8/
10 (PTU1), MMU10/17 (PTU2, PTU16), MMU11/
14 (PTU3), MMUI11/17 (PTUILL), MMU12/17
(PTU10), MMU13/15/13/15 (PTU4), MMU13/16
(PTUZ), MMU16/17 (PTU11) and MMU17/1/17
(PTU12). Praomys syntenic associations delineated
by the R. norvegicus paints were the following:
RNO1/2 (PTU4), RNO1/7 (PTU4), RNO2/12
(PTU4, PTU15), RNO3/7 (PTU1), RNO7/19/7
(PTU1), RNO8/17 (PTU6), RNO9/13/9 (PTU12),
RNO11/13 (PTU14), RNOI11/16 (PTUS8), RNOI1/17
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Fig. 1 Representative images of in situ hybridization with
specific Rattus norvegicus (RNO) and Mus musculus (MMU)
paint probes onto P. tullbergi chromosomes. The paint probes

(PTUS), RNO12/17 (PTU15), RNO14/16 (PTU3),
RNO15/16 (PTU3) and RNO17/18 (PTU13) (Fig. 2).

A test of consistency of rat and mouse painting in P,
tullbergi chromosomes was performed (supplementary
S2), where the common derived syntenic associations

are indicated in the corner of each picture segment. The target
chromosomes are numbered close to the hybridization signals
scale bar = 5 um

in Praomys/mouse vs. rat and Praomys/rat vs. mouse
were examined. From the 21 syntenic associations
delineated by MMU chromosome paints in P. tullbergi
genome, 11 are common between PTU and RNO
(MMU1/4, MMU2/13, MMUS5/6, MMUS5/11,
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Fig. 2 Comparative chromosome map of P tullbergi dis-
playing the chromosomal homologies to Mus musculus
(MMU), Rattus norvegicus (RNQ), Homo sapiens (HSA)
and the ancestral Muroidea karyotype (4MK) in the haploid
karyotype of the GTG-banded P. tullbergi (PTU) chromosomes. In
respect to human homologies, two shades of pink were used: in

MMU7/17, MMU7/19, MMU10/17, MMU12/17,
MMU13/15, MMU16/17 and MMU17/1/17), and
from the 14 associations obtained by RNO chromo-
some paints, only three (RNO 9/13, RNO15/16 and
RNO17/18) are common between PTU and MMU.

Discussion

In comparative chromosome painting, contiguous chro-
mosome segment combinations are used as phylogenet-
ic characters to infer evolutionary relationships by
discriminating between ancestral and derived chromo-
some forms (Wienberg et al. 2000). The present experi-
ments delineate extreme genomic reshuffling between
closely related species which up to now has only been
reported for some few other rodents (e.g. Guilly et al.
1999; Rambau and Robinson 2003; Romanenko et al.
2007a, b; Hass et al. 2008; Badenhorst et al. 2011) and
gibbons (primates) (Jauch et al. 1992).

9] Springer

pale pink, the segments in which the order is known; in dark pink,
the order of the segments is also known but is not possible to
disclose if the block is inverted. Constitutive heterochromatin
(CH) bands are also shown, namely C-banding sequential to G-
banding (black), to in situ RE digestion (hlue) and to specific
fluorochromes staining (red)

Moreover, chromosome painting has been instru-
mental in transferring linkage information from ‘map-
rich” taxa to ‘map-poor’ taxa (e.g. Yang et al. 2000;
Cavagna et al. 2002). This is especially true for the
present experiments. The comparative paintings of
mouse and rat probes to all individual chromo-
somes of P tullbergi resulted in two consistent
comparative maps correlating the genomes of these
three rodents (Fig. 2). Rat and mouse genomic
DNA sequencing data provided by the Ensembl
genome browser, however, also provided the tool
to suggest strong hypotheses about ancestral and
derived chromosome forms at a resolution (base
pair level) not possible up to now and using the
human genomic DNA sequences as outgroup.

Phylogenetic analysis

Although intrachromosomal rearrangements usually
escape detection by chromosome painting, the pattern

-72 -



RESULTS AND DISCUSSION |

Chromosome architecture of Praomys tullbergi

COMPARATIVE CHROMOSOMICS

679

provided by some probes and syntenic associations
with rat and mouse probes allowed the detection of
inversion events in P fullbergi. Rat paints disclosed
two inversions on the Praomys genome and mouse
paints three inversions: RNO7/19 and MMUS8/10 on
PTU1, RNO9/13 and MMU1/17 on PTUI2 and
MMUI13/15 on PTU4. For the inversion on PTUI,
both mouse and rat paints show the same pattern
indicating a derived inversion in P. fullbergi after the
divergence from mouse and rat. Curiously, a similar
inversion was also detected in Microtus oeconomus
from Cricetidae (Arvicolinae) (Sitnikova et al. 2007).
The second inversion involving the syntenic associa-
tion 1/17 is present in the Rattus genome, (RNQY,
Nilsson et al. 2001) and in all the members of Muridae
studied until now, with the exception of the Mus group
(Matsubara et al. 2003; Veyrunes et al. 2006), some
Apodemus members (Matsubara et al. 2004) and one
Arvicanthis species (Otomys irroratus, Engelbrecht et
al. 2006). This inversion also exists in one of the
Cricetidae studied (Ellobius lutescens, Romanenko et
al. 2007b) and is considered an ancestral form and
may have been lost in the Mus lineage (Stanyon et
al. 2004). Finally, the inversion observed with the
mouse MMU13/15 paints was also found in Coelomys
pahari (Mus subgenera, Veyrunes et al. 2006), the
majority of the Apodemus karyotypes (Matsubara et
al. 2004, not detected in Stanyon et al. 2004) and O.
irroratus (Arvicanthis group, Engelbrecht et al. 2006)
and should be considered the ancestral form for
the Muridae, lost by some Mus subgenera and the
Rattus group. Interestingly, the complex form of
the inversion (double inversion 13/15/13/15) is
found not only in P tullbergi, but also in the
Cricetidae Cricetulus griseus (Yang et al. 2000)
which may be due to convergence supported by
its absence in the majority of the studied genomes.

The presented results indicate that there are some
autosomes and large autosomal segments that are con-
served between the three species: mouse, rat and Pra-
omys. The data show that Praomys/rat conserved more
than twice of their syntenies (seven autosomes) than
Praomys/mouse (only three that are also conserved
between Praomys/rat). More interestingly, Praomys/
rat shares nine commonly derived chromosome rear-
rangements that are not present in mouse, while Pra-
omys/mouse shares only two that are not present in the
rat. These data strongly suggest that Praomys and rat
have retained more conserved regions (in comparison

with Praomys and mouse), what is consistent with the
notion that these are probably ancestral traits,

An integrated and detailed analysis of all the com-
parative chromosome painting works performed until
now gave us a comprehensive picture of the chromo-
some phylogenetic relationships that unite the rodents
already analysed by cross-species chromosome paint-
ing. The syntenic associations MMU2/10, MMU3/5,
MMUS/16 and MMU11/14 are only found on the P,
tullbergi genome, and for this reason, it should be
considered species specific and derived forms, at least,
until more species will be examined. All the other
detected syntenic associations are shared by two or
more species/families and should be considered com-
mon derived traits. At least one member of the two
groups, Rattus (Muridae) and Arvicolinae (Cricetidae),
shares the highest number of conserved syntenic asso-
ciations: M. oeconomus, Ellobius lutencens (both Crice-
tidae, Arvicolinae) and R. norvegicus. Within the
Muridae, Rattus and Praomys seem more conserved
because of the highest number of common syntenic
associations. This interpretation contrasts with some
results obtained by molecular approaches alone
(Steppan et al. 2004). However, Lee and Martin (1980)
also suggested a close phylogenetic relationship between
Praomys natalensis and R. norvegicus, using conventional
G- and C-banding and Ag-NOR analysis. Curiously, M.
oeconomus and E. lutencens, two species from the Crice-
tidae subfamily Arvicolinae, also share with P. tullbergi
the same number of syntenic associations than R. norve-
gicus does (11 syntenic associations). This observation,
together with the high number of syntenic associations
also shared by some other members of this family, sug-
gests the Cricetidae and specially Arvicolinae as a sister
group of P tullbergi what points to the fact that even
though the high number of shuffles undergone in the
evolution of these genomes, they may not be so phyloge-
netically apart as previously suggested.

Finally, the use of two index genomes in a same
species together with the in silico analysis performed in
Ensembl database allowed not only to construct two high
resolution maps of P. tullbergi, and thus to gain insights
about the genome architecture of one more member of
this large and interesting family, but also to infer the
human syntenies in this genome (Fig. 2). All the human
syntenic associations 3/21 (PTUR), 4/8 (PTUS), 10/12
(PTU1 and PTUS), 12/22 (PTU4) and 16/19 (PTUI),
already present on MMU and RNO genomes, were also
observed in P tullbergi; therefore, the high genome
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repatterning occurred in this species genome apparently
did not cause any disruption in these ancestral human
syntenic associations.

Ancestral karyotype

The chromosome painting experiments with both mouse
and rat paints and the assistance of the Ensembl genome
browser allowed us to reconstruct a Muroidea ancestral
karyotype (Muridae/Cricetidae and Murine). For this,
homologous mouse and rat chromosome segments in P
tullbergi were assigned according to the position on the
respective chromosome as proximal (prox), medium
(med) and distal (dist) relatively to the centromere.
The suggested ancestral karyotype is shown in Fig. 3
and displays the following chromosomes, composed
from homologous mouse chromosome segments:
Tprox/7dist/19, 2dist, 3, 4, Sprox/6, 9, Smed/11prox,
1prox + med/1 7med3 + med4, 14prox2/14prox1 + dist,
l6prox/17medl/11med + dist, 13dist/15prox/13med2,
12med + dist, 18, 16dist, 1dist, 15dist, 13prox + med1/
2prox, &dist, 8prox, Sdist, 10prox/17prox, 17med2/
10med, 12prox/17dist, 10dist, X, Y.

RNO MMU
7pmx
19 é
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This karyotype would have 2n=50 which is four
chromosomes less than proposed by Stanyon et al.
in 2004 (2n=>54), two chromosomes less than the
one suggested by Engelbrecht et al. (2006) (2n=52)
and two more chromosomes than proposed by
Romanenko et al. (2006) (2n=48). We propose that
the segment homologous to 16dist of MMU would
be a single chromosome. The other difference, also
supported by other authors (Veyrunes et al. 2006),
follows the assumption that the association (with
inversion) 13dist/15prox/13med is an ancestral state
and is a unique chromosome in the Muroidea ancestor.
The proposed ancestral karyotype differs from that
very recently suggested by Romanenko et al. (2012)
which has 2n=52 chromosomes. Lasting contrast to
this karyotype, we propose that there was no compo-
sition 8/2/13 or 5/14, since the syntenic associations 2/
8 and 5/14 are found only in Cricetidae and therefore
should be considered derived traits for this group.
Also, the ancestral chromosome originated by the
inversion 1/17/1 is not considered ancestral since this
chromosome form is observed mainly in Muridae
species.

4pren[ T [Sprox
4 4out| 6 aIs r— .
14 ot BT o
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Fig. 3 Putative AMK with Mus musculus (MMU) and Rattus norvegicus (RNO) homologies
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Starting from this proposed ancestral karyotype, it
should be possible to reconstruct the chromosome
evolutionary events that the Praomys genome experi-
enced from the ancestral putative genome. There are
about 32 autosomal conserved segments between the
ancestor and Praomys genomes. A minimum of 23
major rearrangements separate the Muroidea ancestor
and P. tullbergi, including, at least, 7 fissions, 15
translocations (tandem translocations and/or Robertso-
nian translocations accompanied by centromere repo-
sitioning) and 1 inversion. The mouse karyotype
experienced 26 rearrangements after the divergence
from the ancestral form, while in the rat, only 18
rearrangements occurred. Seven (RNO3, 4, 8, 10, 14,
19 and 20) of the 20 autosome pairs of the rat are
apparently entirely conserved from the ancestral kar-
yotype. The relative high conservation of the rat kar-
yotype compared to other rodents would make rat
paint probes a well-suited tool for chromosome studies
in rodents.

Constitutive heterochromatin accumulation
at the breakpoints

In this work, we also assembled all the data related to
the CH characterization of P. tullbergi in the homology
map (Fig. 2) using C-banding sequential to G-banding,
to in situ RE digestion (Pago et al. 2009) and to
specific fluorochromes staining (Meles et al.
2008). The combination of these methodologies
allowed the identification of 126 heterochromatic
bands, displaying centromeric, interstitial and telo-
meric locations. The majority of the detected CH
co-localises with evolutionary breakpoint regions
of P. tullbergi karyotype identified by comparative
chromosome painting with rat and mouse probes.
Among the P rullbergi breakpoint regions revealed
by R. norvegicus genome (45), about 70 % co-localise
with CH sequences. For the mouse paints, 74 % of the
breakpoints detected (49) are composed by CH. Finally,
the assessment to the putative ancestral Muroidea kar-
yotype (AMK) allowed inferring the breakpoint regions
in P, tullbergi chromosomes; in a total of 16 breakpoints,
15 of them co-localise with C-bands (94 %).

The combination of the index genomes R. norvegi-
cus and M. musculus allowed a further extrapolation of
the breakpoints between P. tullbergi and the human
genome. This in silico analysis increased largely the
resolution of the map, especially of the largest

syntenic blocks detected by the index rodent's
genomes. For instance, the large syntenic block dis-
closed by RNO3 and MMU2 on PTU1 could be
resolved in four smaller conserved syntenies with the
human genome, all of them flanked by CH. This was
observed for the great majority of the chromosomes.
These results strongly suggest the involvement of
repetitive sequences in the chromosome rearrange-
ments that originated P. tullbergi genome architecture
along evolution. The dynamic nature of repetitive
sequences has been outlined in several studies (e.g.
Plohl 2010), revealing that they constitute an impor-
tant factor for genomic plasticity (e.g. Adega et al.
2009).
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S1: Schematic presentation of the integrative in silico analysis (Ensembl sequencing data from the Synteny tool with
our data) that led to the inference of the rat (RNO) and mouse (MMU) chromosome homologies to human (HSA).
The example for chromosome PTUS5 is shown. Sla. The use of both index species (rat and mouse) paint probes
onto Praomys tullbergi (PTU) chromosomes allowed the specific delineation of homologies between RNO and MMU.
In this specific case RNO4 to MMU5 and MMUG. With the assistance of Ensembl Synteny assemblies it was then
possible to unequivocally determine the exact homology chromosome segment between each synteny block of Mus
muscnlns and Rattus norvegicus. This data integration also allowed to designate as proximal, median and distal the
different syntenic blocks regarding its position in relation to the centromere. In the example shown, RNO4prox is
homologous to MMU5prox and RNO4dist to the entire RNOG. S1b. The accuracy of this analysis allowed to further
assign the homologies between each rodent index species and human. And from this standpoint to P. zullberg
chromosomes. RNO4prox/MMU5prox showed to be homologous to HSA7. RNO4dist/MMUG showed to be
homologous to HSA7, HSA4, HSA2, HSA3, HSA10 and HSA12. Highlighted is HSA7, whose homologies to MMU
and RNO shown to confirm the results above. This is evident when comparing segments marked with black squares
or circles in both Ensembl synteny maps (HSA7 to RNO and MMU): black squares correspond to
RNO4dist/MMUG and circles cotrespond to RNO4prox/MMU5prox (PDF 2,033 kb).
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S2: Test of consistency of rat and mouse painting in P. zu/lbergi chromosomes showing the common derived syntenic
associations in PTU/MMU vs. RNO and PTU/RNO vs. MMU (PDF 5 kb).
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1.2 A high-resolution comparative chromosome map of
Cricetus ~ cricetus  and — Peromyscus  eremicus  reveals the

involvement of constitutive  heterochromatin  in

breakpoint regions

-81-



RESULTS AND DISCUSSION | COMPARATIVE CHROMOSOMICS

-82-



RESULTS AND DISCUSSION | COMPARATIVE CHROMOSOMICS

A high-resolution comparative chromosome map of Cricetus cricetus and
Peromyscus eremicus reveals the involvement of constitutive

heterochromatin in breakpoint regions
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ABSTRACT | Compared to humans and other mammals, rodent genomes, specifically Muroidea
species, underwent intense chromosome reshufflings, in which many complex structural
rearrangements occurred. This fact makes them preferential animal models for studying the
process of karyotype evolution. Here we present the first combined chromosome comparative
maps between the index species Mus musculus and Rattus norvegicus and two Cricetidae species -
Cricetus  cricetus and  Peromyscus  eremicus. 'The methodology applied was the comparative
chromosome painting, using mouse and rat paint probes, together with in silico analysis from
Ensemble genome browser database. This study allowed inferring the evolutionary events (inter-
and intrachromosomal rearrangements) that occurred in these karyotypes since the putative
ancestral Muroidea genome as well as the detection of C. ¢ricetus and P. eremicus evolutionary
breakpoint regions. The analysis of the colocalization between constitutive heterochromatin
regions and evolutionary breakpoint regions in each genome was performed. Our results suggest
the involvement of constitutive heterochromatin regions in these species karyotype restructuring,
despite the different level of conservation of C. ericetus (derivative) and P. eremicus (conserved)

genomes.

Key wotds: comparative chromosome map; Cricetus cricetus; Peromyscus eremicus; breakpoint regions;

constitutive heterochromatin
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INTRODUCTION

Comparative studies have started with the main purpose of clustering the extant species
in groups. First works rely on morphologic features but with the technological improvements
more precise analysis became available, such as paleontological, molecular and cytogenetic data.
Beyond resolving phylogenies, the obtained information allowed new approaches such as
weaving the path of evolutionary events in the genomes (e.g. infer probable evolutionary
chromosomal rearrangements and pinpoint the localization of breakpoint regions) (Veyrunes et
al., 2006; Ramsdell et al., 2008). These studies reveal also important biomedical information since
the evolutionary large-scale genome rearrangements (translocations, inversions and deletions of
chromosomal regions of several megabases in length), characteristic of genomic instability
required to evolution, are also observed in many different human disease states (Longo et al.,
2009). For instance, the most commonly occurring human cancer-associated breakpoint regions
tend to colocalize with evolutionary breakpoint regions (EBr) (Robinson et al., 2000).

Whole genome alignment studies have shown that EBr (region between two syntenic
segments) are rich in repetitive elements (Murphy et al., 2005, Ruiz-Herrera et al.,, 2000).
Moreover, the constitutive heterochromatin (CH) regions have been previously pointed as
hotspot for structural chromosome rearrangements (John, 1988; Louzada et al., 2008; Adega et
al., 2009). The association between EBr and repetitive sequences is thought to be related to the
role that repeat sequences have in predisposing the region where they are located (mainly in CH)
to large-scale chromosomal instability, playing as a substrate for non-homologous recombination,
thereby promoting chromosomal rearrangements (Froenicke and Lyons, 2008; Adega et al.,
2009).

The Muroidea species (Rodentia) are a preferential mammalian group for evolutionary
studies (Romanenko et al., 2007a). This superfamily comprises the larger, the most diverse and
evolutionary successful mammalian species (Murphy et al., 2001; Romanenko et al., 2007a), with
a wide variation in diploid numbers and heterochromatin nature. Muroid species genomes are
characterized to have undergone a rapid genomic evolution (Steppan et al., 2004) involving many
complex structural rearrangements (e.g. Nadeau and Taylor, 1984; Nilsson et al., 2001; Kent et
al., 2003; Ramsdell et al., 2008), hindering the phylogeny of this group. The majority of rodent
phylogenetic studies that have been performed are morphological (e.g. Miller and Gidley, 1911;
Catzeflis et al., 1992), paleontological (e.g. Chaline et al., 1977; Jacobs et al., 1989; Hugueney and
Mein, 1993), molecular (e.g. Catzeflis et al., 1993; Dubois et al., 1996, 1999; Robinson et al., 1997;
Jansa et al., 1999; Michaux et al., 2001; Adkins et al., 2003) and cytogenetic (by classical methods)

(e.g. Veyrunes et al., 2004). However, a molecular cytogenetic method with high resolution,
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Comparative Chromosome Painting (CCP), became the most used (reviewed in Romanenko et
al,, 2012).

The present study concerns two Cricetidae (Rodentia, Muroidea) species, the common
hamster (Cricetus cricetus, CCR) and the cactus mouse (Peromyscus eremicus, PER) belonging to the
Cricetinae and Neotominae subfamilies, respectively (Musser and Carleton, 2005). These two
species have been used in biomedical research such as neurology (Glasper and DeVries, 2005)
and neuroendocrinology (Hanon et al., 2010).

In this work we provide a high-resolution detailed comparison between the index genomes, Mus
musculns (MMU) and Rattus norvegicns (RNO), and the two Cricetidae species, using CCP. Here we
reportt for the first time the combined use of mouse and rat paint probes supported by an in silico
analysis using the mouse and rat sequences available in Ensemble genome browser, resulting in
the refinement of CCR and PER comparative maps resolution. Also, a detailed analysis of CH
and its colocalization with EBr is shown. Our data strongly suggest the involvement of CH in

this species karyotype restructuring.

MATERIALS AND METHODS

Cell culture and metaphase preparation

The metaphase preparations were obtained with standard cell culture procedures from
fibroblast cell lines of Cricetus cricetus (female) and Peromyscus eremicus (male). Chromosome
nomenclature of C. eucetus (20n=22) chromosomes follows Gamperl et al. (1976) and
nomenclature of P. eremicus (20n=48) chromosomes is according to The Committee for
Standardization of Chromosomes of Peromyscus (1977). Chromosome number for rat (Rattus
norvegicus, RNO) and mouse (Mus musculus, MMU) paint probes was according Stanyon et al.

(1999).

Chromosome specific paint probes

The paints for this study (mouse and rat chromosome-specific probes) are commercially
available probes from Chrombios GmbH and were kindly provided by Dr. A. Kofler and R.
Kofler from the flow sorting facility at Chrombios. Chromosome-specific probes were prepared
by primary DOP-PCR amplification (Rabbits et al., 1995) using the universal primers 6MW (for
RNO paints) and F/S (for MMU paints) followed by labelling DOP-PCR with the incorporation
of digoxigenin-dUTP (Roche Molecular Biochemicals).

Fluorescent in sitn Hybridization (FISH)

-85 -



RESULTS AND DISCUSSION | COMPARATIVE CHROMOSOMICS

The chromosome specific paint probes from mouse and rat were in situ hybridized to C.
cricetus and P. eremicus chromosomes according to Wienberg et al. (1997). The most stringent post-
hybridization wash was 50% formamide/2xSSC at 37°C, and in the probe detection it was used

antidigoxigenin-5"TAMRA (Roche, Molecular Biochemicals).

Image capture and processing

FISH images were observed in a Zeiss ImagerZ microscope, coupled to an Axiocam
digital camera with AxioVision software (version Rel. 4.5 — Zeiss), which allowed the image
capture. Digitised photos were prepared for printing in Adobe Photoshop (version 7.0); image

optimization included contrast and colour adjustments that affected the whole image equally.

In silico analysis

The in silico analysis was performed according with Chaves et al. (2012). The syntenies
between the genomes Mouse/Rat were accessed using the “Synteny” viewer application from
Ensembl database (http://www.ensembl.org/; release 68 - July 2012). These data were used to
confirm the painting results using mouse and rat probes and further increase the comparative
maps resolution. For the mouse and rat chromosome segments delineated in C. cricetus and P.
eremicus karyotypes maps it was used the nomenclature proximal (prox), medium (med) and distal

(dist).

RESULTS

A high-resolution comparison of both Cricetus cricetus (CCR) and Peromyscus eremicus (PER)
karyotypes was carried out using Mus musculus MMU) and Rattus norvegicus (RNO) chromosomes
and supported by MMU and RNO Ensembl genome browser data. Cricetus cricetus (2n=22)
karyotype is composed by one acrocentric, five metacentric and four submetacentric autosomal
chromosome pairs, a metacentric X and a submetacentric Y (Matthey, 1952). In turn, Peromyscus
eremicus (PER, 2n=48) karyotype is constituted exclusively by submetacentric chromosomes,
including the X (large submetacentric) and the Y (small submetacentric) chromosomes (Pathak et
al., 1973; Deaven et al.,, 1977). Paint probes specific for each mouse (MMU1-19, X, Y) and rat
(RNO1-20, X, Y) chromosomes were successfully cross-hybridized, delimiting the homologous
chromosomal segments in CCR and PER, by in situ hybridization. In figure 1 it can be observed

some of the resulting hybridization images obtained with MMU and RNO paint probes.
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Figure 1 - Representative images of fluorescent iz situ hybridization of different MMU (a,b,c,d) and RNO (e,f,g,h)
paint probes on CCR (a,b,e,f) and PER (c,d,g,h) metaphasic chromosomes. In each image is referred the paint probe

used (in the top left at the corner) and chromosomal localization in the species.
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Comparative Chromosome Painting in Cricetus cricetus

Mus musenlus and Rattus norvegicus paint probes highly segmented the Cricetus cricetus genome
revealing respectively, 44 and 32 homologous segments in its autosomes (fig. 2 and
supplementary table S1). When considering the intrachromosomal segments, the mouse probes
delineated 77 syntenic segments, while the rat probes 67 syntenic segments (e.g. MMU4
delineated three segments in CCR1 and RNO3 is divided into four segments in CCR3).
Regarding the sex chromosomes, X chromosome from Mus musculus and Rattus norvegicus each
originated three conserved segments on CCRX p arm.

Detailed analysis of the mouse comparative results showed that MMU19 was the only
probe homologous in toto to a single CCR chromosome region (CCR2). Five MMU paints
(MMU3, MMU4, MMU9, MMU14 and MMU18) each hybridized also in only one CCR
chromosome, originating, however, at least two signals on these chromosomes. The most
rearranged MMU paint in CCR genome was MMU17, delineating seven syntenic segments on
four CCR chromosomes. The other MMU probes painted two, three or four CCR chromosomes,
revealing one or more conserved segments on these chromosomes. 26 syntenic associations of
mouse homologous chromosomal segments were observed in CCR genome: MMU1/10,
MMU1/15, MMU1/17 (thrice), MMU2/8, MMU2/13, MMU2/17, MMU3/10, MMU4/18,
MMU5/6, MMU5/9, MMU5/11, MMU5/14, MMU5/16, MMUG/10, MMU7/8, MMU7/19,
MMUS8/11, MMUS8/17, MMU10/17 (twice), MMU10/18 (twice), MMU11/17, MMU12/16,
MMU12/17 (twice), MMU13/15, MMU13/17 and MMU16/17.

Regarding the rat comparative results, it was observed that two RNO chromosomes were
conserved in toto in CCR genome (RNO12 and RNO15), each hybridizing in a single block in
CCR4 and CCR5, respectively. Other nine rat chromosomes (RNO3, RNO5, RNOS8, RNO10,
RNOT11, RNO13, RNO14, RNO17 and RNO19) hybridized in toto in one CCR chromosome,
although originating more than one syntenic segment (e.g. RNO5 on CCR1). Also RNO16 and
RNO18 paint probes hybridized in one CCR chromosome but appear disrupted by a different
RNO segment. RNO1 and RNO7 were the more rearranged ones: RNO1 painted nine regions
spread in three different CCR chromosomes and RNO7 produced four painting signals in three
different CCR chromosomes. All the other RNO paints (RNO2, RNO4, RNOG6, RNO9 and
RNO20) provided one, two or more conserved segments in two CCR chromosomes. Nineteen
syntenic associations of rat homologous chromosomal segments were observed in CCR genome:
RNO1/2, RNO1/7, RNO1/18, RNO1/19, RNO2/7, RNO3/6, RNO4/7, RNO5/18,
RNOG6/10, RNOG6/13, RNO7/9, RNO8/12, RNO9/16, RNO9/20, RNO11/12, RNO14/16,
RNO15/16, RNO17/19 and RNO18/20 (twice).
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Figure 2- Comparative chromosome map of Cricetus cricetus (CCR). The correspondence with the haploid set of CCR
and the homologous segments of Rattus norvegicus (RNO) (at the left) and Mus musculus (MMU) (at the right). The
constitutive heterochromatin (CH) location is shown (according to Pago et al. 2009) as well the correspondence
between CCR and ancestral Muroidea karyotype (AMK) (Chaves et al. 2012) homologies. The CH black blocks

represent classical C-bands and yellow blocks represent cryptic C-bands. (dist-distal, med-median, prox-proximal).

Comparative Chromosome Painting in Peromyscus eremicus

The number of syntenic segments delineated by M. musculus and R. norvegicus paints in
Peromyscus  eremicus autosomes was 38 and 29 syntenic segments, respectively (fig. 3 and
supplementary table S1). These numbers increase to a total of 65 (for MMU) and 62 (for RNO)
when accounting the intrachromosomal segments (e.g. MMU4 delineated 4 segments in PER2
and RNO1 delineated 6 segments in PER 1). Hybridization of MMUX and RNOX resulted in
eight conserved segments each in P. eremiens X chromosome, seven of which are located at the q
arm and one in the p arm, near the centromeric region. Regarding the Y chromosome, both
index species paint probes highlighted only one small terminal region of PERY.
Mouse comparative results showed that nine MMU chromosomes (MMU3, MMU4, MMUG,
MMU7, MMU9, MMU14, MMU16, MMU18 and MMU19) hybridized in toto in PER
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autosomes. Although, and with exception for MMUI18, that hybridized in a single block, they
were segmented in several syntenic segments, being MMUG the chromosome that promoted the
higher number of syntenic segments, five segments in PER3. Six MMU paints (MMU2, MMUS,
MMU11, MMU12, MMU13 and MMU15) each hybridized in two PER chromosomes. MMU1,
MMU5 and MMU10 produced signals in three PER chromosomes and MMU17 revealed a total
of five conserved segments in four different Peromyscus eremicus chromosomes. The twelve
syntenic associations delineated by Mus musculus chromosome paints were: MMU1/10,
MMU1/17, MMU2/8, MMU2/13, MMU5/6, MMU5/11, MMU7/19, MMU10/17 (twice),
MMU11/17, MMU12/17, MMU13/15 and MMU16/17.

Concerning the RNO paint results, 13 hybridize in toto to only one PER
chromosome/chromosome segment, from which RNO12, RNO17 and RNO18 produced one
continuous segment while the others (RNO3, RNO4, RNO5, RNO8, RNO10, RNO11, RNO13,
RNO14, RNO15 and RNO19) delineated more than one syntenic segment. Six rat paint probes
(RNO2, RNO6, RNO7, RNO9, RNO16 and RNO20) each produced signals in two PER
chromosomes and RNOT1 hybridized in three different PER chromosomes. Rattus norvegicus paint
probes delineated 5 syntenic associations in Peromyscus eremicus genome: RNO1/2, RNO7/20,
RNO9/20, RNO15/16 and RNO17/19.

Evolutionary Breakpoint regions versus Constitutive Heterochromatin

CCR and PER comparative maps allowed the detection of the evolutionary breakpoint
regions (EBf), outlined by MMU, RNO and the putative ancestral Muroidea karyotype in each
species (AMK according to Chaves et al., 2012) (figs. 2 and 3; supplementary table S2). It was
possible to detect 67/57 breakpoint regions in CCR genome and 44/39 in PER genome
displayed by MMU and RNO paint probes, respectively in each species. Additionally is shown, in
figures 2 and 3, the constitutive heterochromatin (CH) regions in each species chromosomes.
Previous studies identified a total of 56 C-bands in CCR and 112 C-bands in PER autosomes
(summarized in Paco et al., 2009). These bands display different locations in both genomes,
namely centromeric, interstitial and telomeric. The putative association between the detected
breakpoint regions and the CH was analyzed, elucidating about the CH dynamic in both genomes

during evolutions. The data is assembled in supplementary table S2.
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Figure 3 - Comparative chromosome map of Peromyscus eremicus (PER). The correspondence with the haploid set of
PER and the homologous segments of Rattus norvegicus (RNO) (at the left) and Mus musculus (MMU) (at the right).
The constitutive heterochromatin (CH) location is shown (according to Paco et al. 2009) as well the correspondence
between PER and ancestral Muroidea karyotype (AMK) (Chaves et al. 2012) homologies. The CH black blocks

represent classical C-bands and yellow blocks represent cryptic C-bands. (dist-distal, med-median, prox-proximal)

DISCUSSION
Comparative analysis of C. cricetus and P. eremicus

Several comparative studies have been performed using Mus muscnlus (IMMU) paint probes
in Cricetidae and Muridae families. On the other hand, paint probes from Rattus norvegicus (RNO)
have only been used for comparative studies in few Muridae species (Chaves et al., 2012;
Romanenko et al.,, 2012). In the present study both paint probes (MMU and RNO) were used in
the construction of the comparative maps for the Cricetidae species Cricetus cricetus and Peromzyscus
eremicus. The use of both index genomes’ has increased the resolution of the C. e¢rucetus (CCR) and
P. eremicus (PER) maps, once they allowed the detection of intrachromosomal rearrangements.
Further resolution was obtained by the use of the available sequence data for MMU and RNO
genomes present in Ensembl genome browser, as shown in previous study (Chaves et al., 2012).

Comparative chromosome painting results (fig. 1) revealed a significant number of
syntenic segments disclosed by the mouse and rat genomes in both species studied. RNO cross-
species painting experiments revealed 29 regions of homology in Peromyscus eremicus and 32 in
Cricetus cricetus autosomes. MMU chromosome-specific painting probes segmented even more
PER and CCR genomes, originating 38 and 44 homologous segments, respectively. These
numbers increase when we take in account that a significative amount of the syntenic blocks are
disrupted by constitutive heterochromatin (CH) (figs. 2 and 3). Therefore, in PER and CCR
autosomes, RNO paint probes revealed 62 (in PER) and 67 (in CCR) regions of homology and
MMU paint probes originated 65 (in PER) and 77 (in CCR) homologous segments
(supplementary tables S1). When comparing these results with analogous studies, it is possible to
denote that they constitute, along with Praomys tullbergi (Chaves et al., 2012), the higher number of
syntenies ever revealed among Muroidea species.

To weave the evolutionary path of the events occurred in the genomes of CCR and PER,
MMU syntenic associations were analyzed. Supplementary tables S3 and S4 summarize all the
MMU syntenic associations found in CCR and PER genomes and its analysis (presence/absence)
in all the other Muroidea species studied so far. It is possible to verify that none is specific of
CCR and PER, being all present in, at least, one more species. Ten MMU syntenic associations

revealed in both CCR and PER genomes - MMU1/17, MMU2/13, MMU5/6, MMU5/11,
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MMU7/19, MMU10/17, MMU11/17, MMU12/17, MMU13/15 and MMU16/17 - ate also
found in most Cricetidae and Muridae species, suggesting that they constitute a
symplesiomorphic character, already present in the ancestral Muroidea karyotype (AMK). These
results support the recently AMK proposed by Chaves et al. (2012), once they consider the
associations MMU11/17 and MMU16/17 as ancestral conditions (like Romanenko et al., 2012)
and not the association MMU11/16, as it is proposed by other authors (Stanyon et al., 2004;
Engelbrecht et al., 2006; Romanenko et al., 2006). Also because Chaves et al. (2012), considers
the association MMU5/6 an ancestral condition, which is not considered by Romanenko et al.
(2012). The other MMU syntenic associations found in CCR (16) and in PER (3) are likely
apomorphic, not present in the AMK, being considered as derivative for these and for other
species (Cricetidae and/or Muridae) (supplementaty tables S3 and S4).

The high number of ancestral conditions of P. eremicus genome revealed the occurrence of a small
number of evolutionary large-scale genome rearrangements, evidencing that this species has a
conserved genome. This fact suggests that the 12 MMU syntenic associations common between
Peromyscus eremicus and  Peromyscus  maniculatus (PMA) (supplementary table S4) are ancestral
conditions for the Peromyscus genus. CCR genome is more derivative than PER, given the greater
number of apomorphic MMU syntenic assotiations. Cricetulus griseus (CGR) showed to be the
closest related species to Cricetus cricetus, once they share 24 MMU syntenic associations
(supplementary table S3). This data is supported by G-banding (Gampetl et al., 1976) and
molecular cytogenetic studies (CCR/CGR/MAU comparative map) (Romanenko et al., 2000,
2007a). Besides CGR, the more related species to CCR belongs to Arvicolinae and Neotominae
(both Cricetidae), however, it is closer to Arvicolinae species, sharing a large number of derivative
MMU associations. This confirms the molecular data, which states that Cricetidae first split into
two main branches, Cricetinae-Arvicolinae and Sigmodontinae-Neotominae at approximately
19.6 Mya, and only afterwards the four presently known subfamilies were originated (Steppan et

al,, 2004).

CCR and PER Evolutionary Rearrangements

One of the main goals of comparative studies is the delineation of chromosomal
rearrangements from an ancestral karyotype. Regarding PER, a minimum of six major
rearrangements occurred since the Muroidea ancestor proposed by Chaves et al. (2012), namely
three fusions, two fissions and one intrachromosomal inversion. It is worth mentioning that
without the RNO paint probes the intrachromosomal rearrangement in AMKY9 (inversion

revealed by RNO15 and RNO16 paint probes, fig. 3) would not be detected, showing the

-03 -



RESULTS AND DISCUSSION | COMPARATIVE CHROMOSOMICS

importance and significance of the use of both index genomes. Besides, pericentric inversion(s),
centromere repositioning and heterochromatin repatterning were events also involved in the
evolution of PER genome. Greenbaum and Baker (1978) proposed the primitive karyotype for
the Peromyscus genus as being composed by chromosomes with heterochromatin restricted to the
centromeric regions, suggesting that the heterochromatic short arms, that characterize several
Peromyscus lineages (including Peromyscus eremicus), have been added afterwards and independently
in the species. Although P. eremicus chromosome short arms are almost entirely heterochromatic,
some MMU syntenic segments were found at this region, e.g. in PER5 (fig. 3). This can be
explained throughout the occurrence of a pericentric inversion along with heterochromatin
additions or centromere repositioning. Other evidence for the occurrence of intrachromosomal
inversions and/or heterochromatin repatterning is the presence of CH between breakpoint
regions detected simultaneously by the two index genomes (e. g. PERG and PER15, fig. 3).

Cricetus cricetus genome evolutionary path was more complex (fig. 2), given the high
number of rearrangements observed since the AMK, at least 28 major rearrangements - twenty
fusions, six fissions, one inversion and one pericentric inversion. Like Romanenko et al. (2007a),
we suggest that fusions, fissons and inversions were the predominant rearrangements occurred
on CCR genome evolution; however, our results showed a higher number of fusions and fissions
than the obtained by the referred authors. Furthermore, the occurrence of heterochromatin
repatterning certainly happens during the CCR genomic evolution. Accordingly, Gamperl et al.
(1976) argued the occurrence of CH additions, mainly in the centromeric regions and our results
suggest also that has occurred CH elimination (see below). Pericentric inversion(s) and/otr
centromere repositioning is likely also to have occurred in the evolution of CCR genome.

Concerning sex chromosomes, both MMUX and RNOX paint probes delineated eight
homologous segments in PERX, being seven of them located in the q arm and only one located
in the p arm (next to the centromere). This suggests the occurrence of a pericentromeric
inversion in PERX, not detected in the related species P. maniculatns (Mlynarski et al. 2008).
MMUY and RNOY revealed only one homologous segment in P. eremicus Y chromosome. In
Cricetus cricetns, RNOX and MMUX paint probes painted three regions in the euchromatic region
of CCRX p arm (the X ancestral chromosome).

This study has shown that CCR and PER genomes are closer to RNO genome than to
the genome of MMU. RNO karyotype can be converted in CCR karyotype by, at least, 31
rearrangements (19 fusions, 9 fissions, 2 inversions and 1 pericentric inversion), but MMU
karyotype requires at least 50/53 rearrangements (27/30 fusions, 18/21 fissions, 4/1 inversion(s)

and 1 pericentric inversion) to be transformed in CCR karyotype. A total of 14 rearrangements (5
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fusions, 8 fissions and 1 inversion) are necessaty to convert RNO in PER karyotype, and 31/32
(12/13 fusions, 16/17 fissions and 3/2 inversions) to transform MMU in PER.

Constitutive heterochromatin and evolutionary breakpoint regions

Several studies discuss the involvement of CH regions in evolutionary chromosomal
rearrangements, suggesting that these regions represent hotspots for chromosomal reshuffling
(e.g. Yunis and Yasmineh, 1971; Peacock et al., 1982; John, 1988; Louzada et al., 2008; Adega et
al. 2009). Taking this into account, a detailed analysis of CH and its colocalization with
evolutionary breakpoint regions (EBr) was accomplished (figs. 2 and 3, supplementary table S2).
Concerning PER genome, the majority of the EBr revealed by the AMK and by RNO and MMU
probes are colocalized with PER C-bands, reinforcing the putative association EBr/CH.
Although, as mentioned, P. eremicus karyotype harbors high amounts of CH (Paco et al., 2009)
detected by the presence of 112 C-bands and from these, only few colocalize with EBrt, fact that
supports the idea that additions of CH seems to be a feature of the karyotypic evolution within
the Peromyscus lineage, as proposed by other authors (Greenbaum and Baker, 1978).

In what respects to CCR genome the majority of CH is located in a breakpoint region,
although not all EBr colocalize with CH. This fact may be explained by the occurrence of
constitutive heterochromatin elimination at the fusion sites during CCR karyotype evolution.
Loss of heterochromatin at the fusion breakpoints have been associated to tandem
translocations, possibly to stabilize the rearrangement and ensure its fixation in the speciation
process (Elder, 1980; Yang et al., 1997). In fact, our results showed that fusions were the most
frequent rearrangements occurred in CCR genome evolution.

Our results also reveal that in the majority of the ancestral Muroidea chromosomes
(AMC) that undergone a fission, at least one of the fissioned parts is located near a centromere in
both CCR and PER genomes. An association between centromeres and EBr reuse has been
found (Murphy et al,, 2005; Longo et al., 2009; Cazaux et al, 2011). It seems that these
evolutionary breakages preferentially occur at sites of ancestral centromeres or neocentromeres in
independent lineages; or, alternatively, reused breakpoint regions are unstable chromosomal sites

that, after breakage, will tend to form a new centromere or telomere (Murphy et al., 2005).

In summary, a detailed overview of the two Cricetidae species genome architectures was
performed. Taking in account that several breakpoint regions have been characterized as rich in
repetitive sequences (Longo et al. 2009), the main constituents of constitutive heterochromatin

(Petrovic and Plohl 2005; Adega et al. 2009), we analyzed the correlation EBr/CH. The high level
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of colocalization revealed in both genomes suggests the involvement of constitutive
heterochromatin regions in these species karyotype restructuring despite the different level of

karyotypic evolution, namely, conserved in Peromyscus eremicus and derivative in Cricetus cricetus.
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SUPLEMENTARY TABLES

Table S1 — Number of syntenic segments revealed by MMU and RNO paint probes.

COMPARATIVE CHROMOSOMICS

MMU CCR PER RNO CCR CCR
paints paints

1 3(5) 3(5) 1 3(9) 3(8)
2 2(5) 2(4) 2 2(6) 2(4)
3 1(5) 1(3) 3 1(4) 1(4)
4 1(3) 1(4) 4 2(4) 1(5)
5 3(5) 3(4) 5 1(3) 1(4)
6 2(4) 1(5) 6 2(6) 2(5)
7 2(6) 1(4) 7 3(4) 2(4)
8 2(5) 2(4) 8 12) 1(3)
9 103) 103) 9 2(3) 2(4)
10 3(4) 303) 10 1(3) 12)
11 202) 202) 11 12) 12)
12 2(5) 2(4) 12 1(1) 12)
13 2(5) 203) 13 12) 12)
14 12) 12) 14 103) 12)
15 2(4) 2(4) 15 1(1) 1(3)
16 2(3) 12) 16 103) 202)
17 4(7) 4(5) 17 1) 1(1)
18 1(3) 1(1) 18 1(3) 1(1)
19 1(1) 1(3) 19 1(3) 13)
20 203) 202)

X 103) 1(8) X 1(3) 1(8)
Y - 1(1) Y _ 1(1)

The number displayed in the columns of the table means the number of chromosome(s) where MMU/RNO paints hybridized and the number in

parentheses means the number of segments that the respective probe outlined.

Table S2 — Colocalization between constitutive heterochromatin and evolutionary breakpoint regions (delineated by

both index species and by the ancestral Muroidea karyotype), in C. cricetus and P. eremicus.

EBr Colocalization Colocalization
EBt/CH(%) CH/EBt(%)

delineated by AMK 57% 34%

C. cricetus delineated by MMU 49% T7%
delineated by RNO 49% 68%

delineated by AMK 67% 2%

P. eremicus delineated by MMU 71% 30%
delineated by RNO 64% 25%

EBr — Evolutionary breakpoint regions; CH- Constitutive heterochromatin. The constitutive heterochromatin was accessed by counting the C-

bands. EBr/CH- Percentage of evolutionary breakpoint regions that are colocalized with C-bands; CH/EBt- Percentage of C-bands that are

colocalized with evolutionary breakpoint regions.
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Table 83 — MMU syntenic associations present in C. ¢ricetns genome and their presence/absence in other Muroidea

genomes.
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Table S4 - MMU syntenic associations present in P. eremicus genome and their presence/absence in other Muroidea
genomes.
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For both presented tables (v) represents Presence and (-) represents Absence of the syntenic association.

PER - Peromyscus eremicus; PMA - Peromyscus manicnlatus; CCR — Cricetus cricetus; CGR - Cricetulus grisens; MAU -
Mesocricetulus auratus; ACU - Akodon cursor, AMO - Akodon montensis; APA - Akodon paranaensis; ASE - Akodon
serrensis; OFL - Ohgoryzomis flavescens; NLA — Necromys lasinrus; TNI — Thaptomys nigritay MOE - Microtus oeconomus,
ELU — Ellobius lutescens; ETA — Ellobius talpinus, ADI — Acomys dimidiatns; MME — Millardia meltada; MMI — Micromys
minutus; PTU - Praomys tullbergi; RNO - Rattus norvegicus; RNA - Rattus rattus; CPA — Coelomys pabari; NMA. -
Nannomys mattheyi; MPL - Mus platythrix; OIR - Otomys irroratus; RPU - Rabdbomys pumilio; TOS - Tokudaia osimensis;
TTO — Tokudaia tokunoshimensis; APE - Apodemus peninsulae; AGU - Apodemus gurkha; ASY - Apodemus sylvaticus;
AAG - Apodemus agrarius; ASE - _Apodenus semotus; ASP - Apodemus speciosus; AAR - Apodemus argentens

* - Ensembl database (http://www.ensembl.org/; release 68 - July 2012)
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2. SATELLITE DNA

The characterization of satellite DNA sequences has shown that these highly repetitive
sequences are responsible for genome plasticity and its dynamics has been correlated with
chromosome restructuring,

With the objective of investigating such interesting characteristics of satDNA and their
involvement in rodent karyotype restructuring, different sequences were isolated from the
genome of rodent species which had few studies in this thematic. This investigation resulted in
two papers. Two repetitive sequences — CCR4/10sat and PMSat - were isolated de novo, using
laser microdissection, from Cricetus cricetus and Peromyscus eremicus genome, respectively.

Several studies in satDNA have shown that these sequences evolve in concerted fashion
and present specific modes of evolution promoted by their ability to change in copy number and
to mobilize through the genome. CCR4/10sat orthologous sequences were identified in P.
eremicus genome assuming different chromosome localization. It is proposed that these sequences
moved throughout the genome by means of intragenomic movements, passing from a
centromeric location, as in C. ericetus, and assuming a scattered pattern in Peromyscus eremicus.

PMSat orthologous sequences were found in C. ericetus, P. sungorus and M. arvalis genomes,
presenting a high interspecies sequence identity but ditfering significantly in copy number. These
characteristics seem to indicate that its evolutionary pathway occurred throughout copy number
variation, culminating in different profiles. An integrated analysis of this satDNA dynamics with
species evolutionary rearrangements was performed.

The major outcomes of these works were: 1) the isolation of repetitive sequences in the
genomes of CCR and PER; 2) the identification of orthologous sequences in related species
which places them in a common ancestor; the analysis of the different characteristics presented in
each species (different location or differences in copy number) revealing a highly dynamic

behavior.
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2.1. Difterent evolutionary trails in the related genomes
Cricetus cricetus and Peromyscus eremicus (Rodentia, Cricetidae)

uncovered by orthologous satellite DNA repositioning
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ARTICLE INFO ABSTRACT

Article history: Constitutive heterochromatin comprises a substantial fraction of the eukaryotic genomes and is mainly
Received 9 April 2008 composed of tandemly arrayed satellite DNAs (satDNA). These repetitive sequences represent a very
Received in revised form 23 May 2008 dynamic and fast evolving component of genomes. In the present work we report the isolation of Cricetus

Accepted 24 May 2008 cricetus (CCR, Cricetidae, Rodentia) centromeric repetitive sequences from chromosome 4 (CCR4/10sat),

using the laser microdissection and laser pressure catapulting procedure, followed by DOP-PCR

Keywords: amplification and labelling. Physical mapping by fluorescent in situ hybridisation of these sequences onto
Satellite DNA . v . . Lo h

Rodentia C. cricetus and another member of Cricetidae, Peromyscus eremicus, displayed quite interesting patterns.
Orthologous sequences Namely, the centromeric sequences showed to be present in another C. cricetus chromosome (CCR10)
Constitutive heterochromatin besides CCR4. Moreover, these almost chromosome-specific sequences revealed to be present in the P.
Genome evolutionary restructuring eremicus genome, and most interestingly, displaying a ubiquitous scattered distribution throughout this

karyotype. Finally and in both species, a co-localisation of CCR4/10sat with constitutive heterochromatin
was found, either by classical C-banding or C-banding sequential to in situ endonuclease restriction.
The presence of these orthologous sequences in both genomes is suggestive of a phylogenetic
proximity. Furthermore, the existence of common repetitive DNA sequences with a different
chromosomal location foresees the occurrence of an extensive process of karyotype restructuring
somehow related with intragenomic movements of these repetitive sequences during the evolutionary
process of C. cricetus and P. eremicus species.
© 2008 Elsevier Ltd. All rights reserved.

1. Introduction concerted evolution, which leads to rapid change between repeat
sequences of different species, throughout sequence modification,

A substantial proportion of the higher eukaryotic genome  amplification of new variants during speciation, and intragenomic
consists of constitutive heterochromatin (CH) preferentially found movements (Ugarkovic and Plohl, 2002; Hamilton et al., 1992). This
in (peri)centromeric regions (see Corradini et al., 2007; Rossi et al., characteristic pattern of occurrence allows that some taxonomic
2007), although telomeric and interstitial positions have also been  groups enclose specific satDNA sequences, these sometimes being
described in different species (see Adega et al., 2007; Meles et al., species-specific (Jobse et al., 1995; Nijman and Lenstra, 2001).
2008). This genomic fraction is mainly composed of highly repetitive Simultaneously, it is also recognized that different satDNA families

sequences of satellite DNA (satDNA) (John, 1988; Chaves et al,  can coexist in the same genome, forming a satDNA library (Salser
2004b), organised into long and uninterrupted tandem arrays of et al., 1976; Fry and Salser, 1977). In some taxa, however, it has
more or less well defined repeat units (Charlesworth et al., 1994), been observed that the evolution of satDNA families proceeds

In a general way, eukaryotic satDNA sequences are charac- slowly (Mravinac et al., 2002; Li and Kirby, 2003; Cafasso et al.,

terised by highly dynamic molecular behaviour, promoted by  2003), meaning that species separated by several million years may

share orthologous repetitive sequences (Robles et al., 2004; Li and

Kirby, 2003; Mravinac et al., 2002; Cafasso et al., 2003; Adega et al.,

* * Corresponding author. Tel.: +351 259 350 841. 2008). These few cases of repetitive sequences conservation
E-mail address: rchaves@utad.pt (R. Chaves). highlight the complex behaviour of this genome fraction.

0968-4328/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.micron.2008.05.008
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The molecular analysis of repetitive sequences and their
physical mapping in chromosomes of different species has shown
its value as evolutionary markers (see Saffery et al., 1999; Lander
et al., 2001; Ugarkovic and Plohl, 2002).

Given the dynamics of the majority of satDNA families, it is
believed that these repetitive sequences play an important role in
mammal genome evolution by promoting chromosomal rearran-
gements (see Wichman et al., 1991; Reig et al., 1992; Schluter et al.,
1997; Slamovits et al., 2001). In accordance, several works discuss
the involvement of constitutive heterochromatin (CH) regions in
the occurrence of chromosomal evolution, suggesting that these
regions act as hotspots that preferentially enable structural
chromosome rearrangements (Yunis and Yasmineh, 1971; Peacock
et al., 1982; John, 1988; Chaves et al., 2004b). Recent studies
focused on molecular characterization of the breakpoint regions
(see Garagna et al., 2001; Li et al., 2000; Locke et al., 2003; Kehrer-
Sawatzki et al., 2005; Ruiz-Herrera et al., 2006) have demonstrated
that the location of evolutionary breakpoint regions is coincident
with the location of regions rich in repetitive sequences.

The C-banding technique is extremely useful in the identifica-
tion of chromosomes’ CH, however the location of CH determined
by this technique, and the distribution of satDNA sequences
ascertained by in situ hybridisation, are often, but not always
coincident (reviewed by John, 1988). In situ restriction endonu-
clease (RE) digestion with sequential C-banding proved to be very
useful in the understanding of the mechanisms involved in CH
evolution in different genomes (see Gosalvez et al., 1997; Leitdo
et al.,2004; Chaves et al., 2004b; Adega et al., 2007). Moreover, this
technique allows the identification of CH bands not always
detected by classical C-banding, the cryptic C-bands (see Chaves
et al., 2004b; Adega et al., 2005, 2007).

Two rodent species, the common hamster Cricetus cricetus
(CCR), and the cactus mouse Peromyscus eremicus (PER) (Rodentia:
Cricetidae), displaying diploid chromosome numbers of 22 and 48
chromosomes, respectively, were studied. C. cricetus enclose a
nearly meta/submetacentric karyotype, whose CH seems to be
mostly found at the (peri)centromeric regions, exhibiting in the
majority of the chromosomes two very large CH blocks (Gamperl
et al,, 1976; unpublished data). P. eremicus exhibits a very distinct
karyotype organisation, this being constituted solely by submeta-
centric chromosomes. This karyotype also displays great amounts
of CH, especially located at the (peri)centromeric regions, the p
arms of the majority of the chromosomes almost being entirely
heterochromatic (Pathak et al, 1973; Deaven et al, 1977;
unpublished data). Several cryptic C-bands were previously
identified in both species chromosomes, by in situ RE digestion
with sequential C-banding (unpublished data).

In the present work we report the isolation of CCR centromeric
repetitive sequences using the laser microdissection and laser
pressure catapulting procedure. The physical mapping of these
sequences onto C. cricetus and P. eremicus chromosomes revealed
very distinct patterns. The existence of common repetitive DNA
sequences displaying different chromosomal locations in these
two related genomes is discussed.

2. Materials and methods
2.1. Chromosome preparations

Metaphase chromosomal spreads were prepared from fibro-
blast cell lines of the rodents’ species C. cricetus and P. eremicus,
both part of the cell and tissue collection housed at the Department
of Systematics and Evolution, Muséum National d'Histoire
Naturelle - MNHN (Paris, France). Standard cell culture from both
species was performed according to the method described by

Chaves et al. (2004a). The nomenclature of C. cricetus (2n = 22) and
P. eremicus (2n = 48) chromosomes is according to Gamperl et al.
(1976) and the Committee for standardization of chromosomes of
Peromyscus (1977), respectively.

2.2. GID-banding

Air-dried slides were aged at 65 °C for 5 h or overnight and then
submitted to standard G-banding procedures with trypsin
(Sumner et al, 1971). As the chromosome slides proceeded
sequentially to C-banding, they were fixed with formaldehyde.
Briefly, dried slides were placed in 1 x PBS solution (2 x 5 min)
followed by fixation in 3% formaldehyde (Sigma)/1x PBS (room
temperature) for 20 min. Afterwards, the slides were dehydrated
for 5 min in 70%, 90% and 100% chilled ethanol and air-dried. DAPI
was used for staining (instead of routine Giemsa) in order to obtain
a better contrast (Chaves et al., 2002). The inversion of DAPI colour
in Adobe Photoshop revealed the chromosome G-banding pattern
(GTD-banding, G-bands by trypsin with DAPI).

2.3. In situ RE digestion

Air-dried slides were aged at 65 °C for 6 h and then submitted to
in situ RE digestion. The four restriction enzymes used (Alul,
BamHI, Pstl and Rsal) were diluted in buffers indicated by the
manufacturer (Invitrogen Life Technologies), and final concentra-
tions of 30 U per 100 wl were obtained. A total of 100 ul were
placed on the slides and covered with coverslips. The slides were
incubated in a moist chamber for 16 h at 37 °C. Control slides were
also prepared according to the aforementioned procedures but
only with buffer. The slides were washed in distilled water and air-
dried. Once these slides proceeded to C-banding, they were fixed in
formaldehyde, as described above for GTD-banding. Finally the
slides were stained with DAPI (the inversion of the DAPI colour
revealed the RE-banding).

2.4. CBP-banding sequential to G-bands or RE-bands

C-banding technique was performed sequentially to G-banding
or RE-banding, being performed after distaining the slides. CBP-
banding [C-bands by Barium Hydroxide using Propidium lodide
(PI)] was done according to the standard procedure of Sumner
(1972) with slight modifications. Briefly, the slides were submitted
to hydrochloric acid (0.1 M) 20 min, barium hydroxide (5%
solution) 7 min and 2x saline solution citrate (2x SSC: 0.3 mol/
NaCl, 0.03 mol/l sodium citrate) at 60 °C for 40 min. The slides
where then counterstained with PI (1.5 pl/ml).

2.5. Microdissection and probe preparation

The PALM MicroLaser system (P.A.LM. GmbH, Bernried,
Germany) was used for chromosome dissection and collection.
The referred system consists of a 337-nm nitrogen laser coupled to
the light path of an inverted microscope (Olympus) and focused
through an oil immersion objective (100x magnification), with
high numerical aperture to yield a spot size of less than 1 um in
diameter. About 10 chromosome centromeres from C. cricetus
chromosome 4 were microdissected and catapulted by a single
laser pulse directly into the cap of a PCR tube, to which 2 1 PCR oil
had been placed. The microdissected material was then dissolved
in 20 wl 10 mmol/l Tris-HCI pH 8.8 in the cap, placed in the
respective tube and submitted to centrifugation. Probes were
generated and labelled with digoxigenin-11-d'UTP (Roche, Mole-
cular Biochemicals) by DOP-PCR, as described by Kubickova et al.
(2002).
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2.6. Fluorescent in situ hybridisation

Chromosome preparations from C. cricetus and P. eremicus were
aged at 65 °C overnight. Afterwards they were fixed using 3%
formaldehyde (Sigma)/1x PBS (room temperature) and dehy-
drated with chilled ethanol, as described previously (before C-
banding procedure). Hybridisation was carried out in a moist
chamber in 2x SSC and 50% formamide at 37 °C (overnight for C.
cricetus slides and during two days for P. eremicus), and the most
stringent post-hybridisation wash was 50% formamide/2 x SSC at
37 °C, allowing sequences with more than 77% similarity to remain
hybridised. Digoxigenin-labelled probes were detected with anti-
digoxigenin-5'TAMRA (Roche, Molecular Biochemicals).

2.7. Chromosome observation

Chromosomes were observed with a Zeiss Axioplan 2 Imaging
microscope, coupled to an Axiocam digital camera with AxioVision
software (version Rel. 4.5 - Zeiss). Digitised photos were prepared
for printing in Adobe Photoshop (version 5.0); contrast and colour
optimization were the functions used and affected the whole of the
image equally.

C

3. Results
3.1. Isolation of CCR4/10sat sequences

A centromeric probe was isolated from C. cricetus chromosome
4, using the laser microdissection and laser pressure catapulting
procedure (Kubickova et al., 2002) which permitted a precise and
efficient cut and collection of ten CCR4 centromeres. The isolated
material was submitted to DOP-PCR, which enabled the amplifica-
tion and labelling of the sequences mixture present in CCR4
centromere,

3.2. Physical analysis in C. cricetus and P. eremicus

Physical mapping of CCR4/10sat in the genomes of the
Cricetidae species, C. cricetus and P. eremicus, was carried out by
fluorescent in situ hybridisation. The hybridisation signals
obtained in both species chromosomes displayed very different
outcomes. In C. cricetus chromosome preparations, a strong
hybridisation signal in the (peri)centromeric region of chromo-
somes CCR4 and CCR10 was observed. As discerned in Fig. 1a, all
the chromosomes, except the two referred to above, apparently

Fig. 1. Representative in situ hybridisation of CCR4/10sat sequences from Cricetus cricetus (CCR) onto C. cricetus chromosomes. CCR4 and CCR10 were DAPI inverted for
chromosome identification (a). The same metaphase after C-banding (b). In situ hybridisation of CCR4/10sat onto Peromyscus eremicus chromosomes (c). The same metaphase
was DAPI inverted for chromosome identification, where some of the most interesting chromosomes are identified (d).
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Fig. 2. Table showing the in situ hybridisation pattern of CCR4/10sat in Peromyscus eremicus chromosomes. G- and C-banding of each P. eremicus chromosomes are shown in
the left column. The letters (a-g) represent the C-bands according to order of appearance in each chromosome. In the other columns it is possible to observe the hybridisation
pattern of the CCR4/10sat probe and the constitutive heterochromatin bands produced by in situ restriction endonuclease digestion followed by C-banding (RE + C-banding).
The black arrowheads indicate classical and cryptic C-bands that co-localize with CCR4/10sat sequences. The white arrowheads evidence the CCR4/10sat signal in P. eremicus

chromosomes.

lack hybridisation signal, suggesting that the isolated sequences
are specific for CCR chromosomes 4 and 10, indicating a certain
chromosome specificity. Moreover, when analysing this species’
constitutive heterochromatin evidenced by classical C-banding
(Fig. 1b), it is possible to verify that the isolated probe co-
localizes with (peri)centromeric CH, suggesting its repetitive
nature.

The chromosomal distribution of the CCR4/10sat probe in P.
eremicus genome revealed interesting results. Although no
hybridisation signal was detected at the chromosomes (peri)cen-
tromeric regions, an interspersed hybridisation pattern was
observed in almost all P. eremicus chromosomes (Fig. 1c), except

for chromosomes PER17, PER20, PER21 and PER22 with an
apparent absence of hybridisation signal (Fig. 2). Moreover, when
karyotypes were built, a banding like pattern was consistently
observed in each of the chromosome pairs.

A detailed comparison between CCR4/10sat hybridisation
signals and P. eremicus chromosome C-banding pattern (unpub-
lished data) was performed. In the aforementioned work, the CH
from the chromosomes of the two species in analysis was
characterised in detail using a panel of four restriction endonu-
cleases (in situ RE digestion) and sequential C-banding. The
identification of cryptic C-bands, in addition to the CH bands
revealed by classical C-banding, allowed the ascertainment of a
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coincident location of the CCR4/10sat probe and P. eremicus
constitutive heterochromatin.

Fig. 2 presents a detailed analysis of CCR4/10sat physical
mapping in P. eremicus chromosomes. In the left column of this
figure, it is possible to observe the G- and C-banding of each
chromosome pair, which are the controls for the subsequent
comparative analysis of the several REs and sequential C-banding
(RE + C-banding). C-bands in this column were identified by letters
(a-g), according to their order of appearance in each chromosome.
In the other columns, CCR4/10sat and REs + C, the hybridisation
pattern of the CCR4/10sat probe (white arrowheads) and the action
of the different REs used (Alul, BamHI, Pstl, Rsal) with sequential C-
banding in P. eremicus chromosomes, are presented respectively.
The C-bands that co-localize with CCR4/10sat sequences are
evidenced by black arrowheads.

As can be observed in Fig. 2, the genomic distribution of the
CCR4/10sat sequences in this species’ chromosomes co-localizes
with the distribution of CH revealed by classical C-banding and/or
C-banding sequential to in situ RE digestion (RE + C-banding). A
more detailed analysis reveals that in chromosomes PERG, PER11,
PER12, PER15 and PERY, these sequences are only co-localized with
CH bands revealed by classical C-banding (black arrowheads in the
control chromosomes column). Nevertheless, in other chromo-
somes (PER1, PER3, PER10, PER14 and PER23), these sequences
only co-localize with cryptic C-bands (black arrowheads in RES + C
column), evidenced by the digestion with one or more RE, from the
panel of enzymes used, namely Alul, BamH], Pstl and Rsal. It should
be mentioned that the hybridisation signals co-localized with
cryptic C-bands, might correspond to the same band revealed by
several REs; however in this figure, only the action of one RE for
each corresponding C-band is shown as an example. For instance,
in PER3 the CCR4/10sat signal closer to the centromere corre-
sponds to a cryptic C-band revealed by more than one RE used,
though only the band revealed by Rsal is presented. Finally,
concerning chromosomes PER2, PER4, PER5, PER7, PER8, PER9,
PER13, PER16, PER18, PER19 and PERX, the disclosed hybridisation
signals correspond simultaneously to C-bands evidenced by
classical C-banding and C-banding after in situ RE digestion. In
some specific chromosomes, PER1, PERX and PERY (bands marked
with an (*)), the CCR4/10sat signal did not correspond to any
cryptic C-band nor to any C-band observed in control chromo-
somes. Besides this, it was also observed that several C-bands,
revealed by classical C-banding or RE+C-banding do not
correspond to CCR4/10sat hybridisation signals. The majority of
these bands are located in the short arms of P. eremicus
chromosomes.

4. Discussion

In the present work the isolation of C. cricetus centromeric
sequences from chromosome 4 is reported, using the laser
microdissection and laser pressure catapulting procedure. The
physical mapping of these sequences was performed in C. cricetus
and in the related species P. eremicus (Rodentia, Cricetidae)
chromosomes, by fluorescent in situ hybridisation. The presence of
these sequences in P. eremicus implies their existence in a common
ancestor, indicating that these sequence variants can be considered
as orthologous. When analyzing the hybridisation signals, it was
observed a high correspondence among the chromosomal location
of CCR4/10sat and the constitutive heterochromatin of both
species chromosomes, suggesting the repetitive nature of these
orthologous sequences.

In C. cricetus it was possible to observe a strong hybridisation
signal in the (peri)centromeric region of CCR4 and CCR10
chromosomes (Fig. 1a). These signals co-localize with (peri)cen-

tromeric heterochromatin, evidenced by classical C-banding
(Fig. 1b). This feature suggests the presence of this satellite family
(or variants of the sequence) in these two chromosomes, since
these sequences were isolated only from CCR4, but also hybridises
in CCR10 centromeric region.

According to the obtained results, CCR4/10sat seems to be
almost chromosome-specific, making this the first report on
chromosome-specific sequences in C. cricetus (as far as we know).
Other chromosome-specific sequences have been described in
different Rodentia species, namely Mus musculus (Boyle and Ward,
1992), Rattus norvegicus (Essers et al., 1995), Cricetulus griseus
(Fatyol et al., 1994) and Mesocricetus auratus (Yamada et al., 2006),
the last two in this list belonging to the same family and subfamily
(Cricetidae, Cricetinae) of C. cricetus.

In P. eremicus chromosomes, no hybridisation signal was
detected at (peri)centromeric regions. However, a scattered
pattern can easily be observed in the great majority of P. eremicus
chromosomes, whose location is mainly coincident with CH bands,
revealed by classical C-banding or RE + C-banding (Fig. 2).

On the other hand, and as noted, not all CH bands revealed by
classical and RE + C-banding in PER chromosomes (mainly at the
short arms) showed correspondence to CCR4/10sat sequences,
implying the occurrence of different repetitive sequences. This is
not surprising, since different satDNA sequences can coexist in the
same genome. Specifically, in P. eremicus, several satDNA families
were already identified in the chromosomes’ short arms (Hazen
et al, 1977; Hamilton et al., 1992).

Although belonging to the same family, C. cricetus and P.
eremicus comprise different subfamilies, Cricetinae and Neotomi-
nae, respectively. The presence of the same repetitive sequences in
the genomes of these related species imply its existence, at least, in
the common ancestor of the two subfamilies. Fossil records and
molecular data suggest the origin of Cricetinae and Neotominae
subfamilies in the middle Miocene (Baskin, 1989; McKenna and
Bell, 1997; Neumann et al., 2006), implying that the sequences
here isolated date, at least, from this epoch (approximately 16-11
million years ago). To determine whether these sequences are
older, or if they are present in other Cricetidae subfamilies, an
extension of this analysis to other related genomes, will certainly
shed light on the evolutionary history of these repetitive sequences
and simultaneously, contribute to the clarification of the phylo-
genetic relationships of the species sharing them.

The CCR4/10sat orthologous sequences present however, a
different chromosome location in the two species. According to
the results obtained and according to parsimony, it is proposed
that these sequences had originally a (peri)centromeric location,
as the observed condition in C. cricetus chromosomes, that later
assumed a scattered pattern, as observed in P. eremicus karyotype.
Recently, Adega et al. (2008) found similar results in Suidae vs.
Tayassuidae families, in cross-species physical mapping of
orthologous satellite DNA sequences that revealed a completely
different chromosomal location, reflecting a high level of
karyotypes divergence after the radiation of each family. Also
in Rodentia, species possessing more primitive karyotypes have
satellite DNA sequences at (peri)centromeric regions, whereas
derived karyotypes also revealed interstitial and full arm
localisations (Hamilton et al., 1990; Rossi et al., 1995). The
CCR4/10sat sequences repositioning and amplification in P.
eremicus chromosomes can be explained by intragenomic move-
ments of the satellite DNA sequences. One of the processes that
can readily explain the expansion of heterochromatin within the
same or different chromosomal fields (e.g. telomeres and
interstitial locations) is “saltatory amplification” that can be
mediated by several mechanisms (e.g. rolling circle amplification,
unequal crossing-over, among others). Amplification events in
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satellite DNA sequences were also found in other Rodentia
genomes (see Hamilton et al., 1990; Rossi et al., 1995).

Another important feature is that satellite DNA and other
repetitive DNA sequences can be the “active agent” of chromo-
somal evolution in mammals, being the genetic factors responsible
for genomic plasticity and therefore, higher rates of chromosomal
mutation (Slamovits and Rossi, 2002). According to several
authors, satDNA sequences play an important role in mammal
genome evolution by promoting chromosomal rearrangements,
due to the rapid evolution of this repetitive fraction by means of
their intragenomic movements among nonhomologous chromo-
somes and between different chromosomal fields (see Wichman
et al., 1991; Reig et al., 1992; Schluter et al., 1997; Slamovits et al.,
2001). Following this reasoning, it can be proposed that the
chromosomal rearrangements occurred during P. eremicus kar-
yotype restructuring may be the consequence of the presence and
high dynamics of these repetitive sequences. A similar study was
performed in the rodent genus Ctenomys by Rossi et al. (1995)
regarding RPCS (repetitive Pvull Ctenomys sequence). These
authors observed that Ctenomys species possessing karyotypes
closer to the hypothesized ancestral karyotype, exhibit (peri)cen-
tromeric heterochromatin (containing RPCS), whereas the most
derived karyotypes also display interstitial and entire length short
arm heterochromatic blocks. Therefore, concerning the high
dynamic of the CCR4/10sat sequences in P. eremicus genome,
compared with its orthologous variant in C. cricetus, it can be
suggested that P. eremicus karyotype is more derivative, being
characterised by the occurrence of a higher number of complex
chromosomal rearrangements. This idea is also supported by
Comparative Chromosome Painting results (unpublished data)
that indicate this genome as highly restructured by the occurrence
of complex chromosome rearrangements. Furthermore, the con-
struction of comparative maps between these species and other
Cricetidae rodents would certainly elucidate this hypothesis.
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2.2. An ancient satellite DNA in Peromyscus genome that
evolves by copy number fluctuation: does the sequence

matters?
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ABSTRACT| Satellite DNAs (satDNA) are tandemly arrayed repeated sequences present in
eukaryotic genomes, which play an important role in genome evolution, hence, identification and
analysis of satDNA regions are vital to the complete understand of genome structure and function.
Here we describe the isolation of a novel satellite DNA family (PMSat) from the rodent Peromyscus
eremicus (Cricetidae, Rodentia) using laser microdissection. Orthologous PMSat satDNA were isolated
and charactrized in three species belonging to the Cricetidae family, namely, Cricetus cricetus, Phodopus
sungorus and Microtus arvalis. Moreover PMSat was also found in species belonging to different phyla
indicating that this constitutes the oldest satDNA described so far. Despite the taxonomic
distribution, PMSat revealed extremely high interspecies sequence homology and the absence of fixed
species-specific mutation. Different number of copies of this sequence was found in the species
studied indicating the evolution of specific PMSat composition by copy number changes. The
remarkably high evolutionary sequence conservation between the analyzed species along with the
preservation of this sequence in the genome, even in very low copy number in some of the species,

strongly suggests functional significance.
gly sugg g
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INTRODUCTION

Tandemly repeated DNAs, which include satellite DNA (satDNA), constitute a highly
repetitive component and significant fraction of the eukaryotic genomes that can be present in up
to several million of copies (Charlesworth et al. 1994). The long arrays of satDNA form
prominent blocks of constitutive heterochromatin (CH) (John 1988), typically found at
pericentromeric regions, being also reported in interstitial and telomeric positions (Adega et al.
2007; Meles et al. 2008; Pago et al. 2009; Petrovi¢ et al. 2009). Due to their peculiar repeat
structure these sequences remained the final frontier in genome assembly and annotation (Alkan
et al. 2011). For this reason, particular studies reporting the isolation and characterization of the
satellite repeats constitute a way of better understand genomes evolution and function. Some
satDNA sequences exhibit high wvariability affecting monomer size, nucleotide sequence,
chromosome organization and location (reviewed by Plohl et al. 2008). This comes as the result
of satDNA dynamic molecular behavior promoted by concerted evolution, in which different
mechanisms of DNA turnover lead to rapid intraspecific homogenization of occurring changes
(e.g. Dover 1986; Elder and Turner 1995). However, the landscape of satDNAs can be modified
and differ between species without necessarily implying changes in the monomer sequence. In the
last years diverse studies report the existence of satellite DNA sequences preserved between
evolutionary distant species, indicating possible functionality (Li and Kirby 2003; Mravinac et al.
2005; Komissarov et al. 2011). Transcripts from satellite containing regions have been identified
in multiple organisms (Stimpson and Sullivan 2010), and proteins that interact with those
transcripts have been described (reviewed in Hall et al. 2012). Moreover, the functional
significance of satellite DNA sequences have been demonstrated to range from chromosome
organization and pairing, to cell metabolism and speciation (e.g. Martienssen 2003; Wong et 4.
2007; Grewal and Elgin 2007).

Peromyscus eremicus (PER) is a wild rodent species, commonly known as cactus mouse, that
belongs to the Cricetidae family. Species from this genus have received special attention, and have
been used as model organisms (e.g. Glasper and DeVries 2005; Shorter et al. 2012). With a
diploid number of 48 chromosomes, P. eremicus presents a karyotype comprised solely by
submetacentric chromosomes (The Committee for standardization of chromosomes of
Peromyscus, 1977). Constitutive heterochromatin (CH) is present in great amount, and is localized
pericentromerically, being the p-arms of the majority of the chromosomes almost entirely
heterochromatic (see Pathak et al. 1973; Deaven et al. 1977).

In this work we describe the characterization of a novel satellite DNA family (PMSat)

isolated by laser microdissection from the genome of the rodent Peromyscus eremicus. We show that
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PMSat is a highly homogeneous satellite present in other rodent species, but exhibiting striking
differences in genomic abundance between the rodent species analyzed. The occurrence of
PMSat in species belonging to different phyla was also detected and indicates that this constitutes

the oldest satDNA described so far.

MATERIALS AND METHODS

Chromosome preparations and Genomic DNA extraction

Fibroblast cell lines of the species Peromzyscus eremicus (PER), Cricetus cricetus (CCR), Phodopus
sungorns (PSU) and Microtus arvalis (MAR) were used for obtaining metaphase chromosomal
spreads and genomic DNA. Genomic DNA was extracted using the JETQUICK DNA kit
(Genomed), according with manufacturers’ recommendations.

The nomenclature of P. eremicus (2n=48) chromosomes is according to the Committee for

standardization of chromosomes of Peromzyscus (1977).

Microdissection, DOP-PCR amplification, Cloning and Sequencing

Chromosome dissection and collection was carried out using PALM Microlaser system
(P.A.LM. GmbH, Bernried, Germany) coupled to the light path of an inverted microscope
(Olympus). About 10 randomly chosen chromosome centromeres from P. eremicus were
microdissected and catapulted by a single laser pulse directly into the cap of a PCR tube,
containing 2 uL. PCR oil. 20 ul. of 10 mmol/L Ttis-HCI pH 8.8 was added to the cap, and the
sample was spun down by centrifugation. DOP-PCR was performed as described by Kubickova
et al. (2002). Briefly, the reaction mixture contained 60 mM Tris-HCl (pH 8.8), 15 mM
(NH).SO4, 35 mM MgClh, 02 mM each dNTPs, 1.6uM O6MW primer (5° -
CCGACTCGAGNNNNNNATGTG G - 37, Telenius 1992), 0.05% W-1 (Invitrogen Life
Technologies) and 2U Taq polymerase (Invitrogen Life Technologies) in a final volume of 40 uL.

Primary DOP-PCR product was reamplified and afterwards purified using the High Pure
PCR Product Purification kit (Roche Diagnostics). The product was ligated to pDrive vector
(QIAGEN) and transformed into QIAGEN EZ Competent cells following the manufacturers’
guidelines (QIAGEN PCR Cloning P Kit). Recombinant clones screening was performed by
PCR using the vector primers M13.

For dot-blot analysis, amplification products (1.5 uL) were spotted onto two copies of
nylon filters and hybridized with two digoxigenin-11-dUTP probes (Roche Diagnostics): specific
primary DOP-PCR and genomic DNA, both under standard conditions (Maniatis et al. 1982) at
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42°C for 16 h. Anti-digoxigenin-11-dUTP antibody coupled to alkaline phosphatase (Roche
Diagnostics) and BM purple AP substrate (Roche Diagnostics) were used for signal detection.
The presence of specific repeats in each clone was estimated by comparison of the intensity of
the hybridization signals. Positive clones were labeled by PCR and checked by iz situ
hybridization onto P. eremicus chromosome metaphases. The selected clones were then sequenced

in both directions using M13 primers.

Fluorescent in situ Hybridization

Chromosome preparations were aged at 65°C overnight and dehydrated with 100%
chilled ethanol for 10 min. Hybridization was carried out in a moist chamber at 37°C (overnight),
and the most stringent post-hybridization wash was 50% Formamide/2XSSC at 37°C. Biotin-16-
dUTP (Roche Diagnostics) labeled probes were detected with FITC conjugated with avidin
(Vector Laboratories). Chromosomes were observed with a Zeiss Axioplan 2 Imaging
microscope, coupled to an Axiocam digital camera with AxioVision software (version Rel. 4.5 —
Carl Zeiss). Digitised photos were prepared for printing in Adobe Photoshop (version 5.0).
Contrast and colour optimization were the functions used and affected the whole of the image

equally.

CBP-Banding
CBP-banding [C-bands by barium hydroxide using Propidium Iodide(PI)] was done

according to the standard procedure of Sumner (1972) with slight modifications. This technique
was performed sequentially to 7z sitw hybridization, after distaining the slides. Shortly, the slides
were submitted to hydrochloric acid (0.1 M) 20 min, barium hydroxide (5% solution) 7 min and
2Xsaline solution citrate (2XSSC: 0.3 mol/I. NaCl, 0.03 mol/L sodium citrate) at 60°C for 40
min. The slides where then counterstained with PI (1.5 pL./mL).

RE divestion and Southern blot hybridization

Genomic DNA from P. eremicus was digested with the restriction endonucleases (RE)
Apal, Aval, Haelll and Rsal and the resulting fragments were separated in a 1.2% agarose gel
and blotted onto a Nylon membrane Hybond™-N" (Amersham, GE Healthcate) according with
the manufactures” procedures. Membranes were probed with the microdissection isolated
sequence, previously labeled by PCR with digoxigenin-11-dUTP (Roche Diagnostics).
Hybridization was performed overnight in hybridization solution at 68°C. Positive signals were

visualized using chemiluminescent CDP-Star system (Roche Diagnostics).
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PCR amplification

Two sets of PCR primers were designed based in the isolated and sequenced P. eremicus
satellite sequences, using Primer3 web-based interface (primer3.sourceforge.net) (Rozen and
Skaletsky 2000). The two primer combinations were the following: PMSatl forward 5-CGA
CTC GAG TGG GTT ATG TG3’/ PMSatl reverse 5-GTA TGT GGG GTC CGA ACA GT-
3’) and PMSatlforward / PMSat2 reverse 5-CCG ACT CGA GGA AGG TAT GT-3)).
Genomic DNA from P. eremicus, C. cricetus, P. sungorus and M. arvalis was used for PCR
amplification, performed as follows: one denaturation cycle at 94°C (5 min), 35 cycles at 94°C
denaturation (1 min), 58°C annealing (1 min), 72°C extension (45 sec) and one final extension

cycle 72°C (5 min).

Cloning and Seguencing

PCR Amplification products from the species P. eremicus, C. cricetus, P. sungorus and M.
arvalis and Haelll digestion from P. eremicus, were extracted from the agarose gel and purified
using QIAquick PCR Purification Kit (QIAGEN). Afterwards Fast DNA End Repair
(FERMENTAS Life Science) was performed for blunting and phosphorylation of DNA ends,
and subsequently they were linked into the Smal site of plasmid pUC19 vector (FERMENTAS
Life Science) and used to transform DH5a competent cells (Invitrogen Life Technologies).
Clones were screened using the B-galactosidase blue-white colour system, and selected clones
were labeled with digoxigenin-11-d’UTP (Roche Diagnostics), confirmed by 7 situ hybridization
onto P. eremicus chromosome metaphases and then sequenced in both directions using M13

primers.

Sequence Analysis

For sequence characterization of the new satellite in P. eremzcus genome, seven clones were
analyzed, resulting from different approaches. For this reason clone designation contains the
name of the species, the initial letter of the isolation method (or enzyme name) and the clone
number. Two clones were isolated from microdissection PERmM40 and PERm57, three from
PCR amplification, PERp25, PERp45 and PERp62, and two clones were isolated from RE
digestion with HaelIl are PER HaellIA and PER HaellIIB. Clones from all the other species
were isolated from PCR amplification, and their designation includes the species abbreviation,
and isolation method (example CCRpB1). All sequence analysis was performed for the monomer
region of the isolated clones, and incomplete monomers were completed with N letter

representing all possible nucleotides A/C/G/T (according with IUPAC nomenclature).
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Clone chromatograms and sequence alignment analysis were performed throughout BIO
EDIT sequence alignment editor (Hall 1999). A BLAST search of the isolated sequences, against
nucleotide sequences present in Genbank (Release 187.0, December 2011) and ENSEMBLE
(Release 65, December 2011) databases, was accomplished, and the sequences that showed
homology were retrieved from Genbank and analyzed together with the clone sequences isolated
by us. Dotmatcher tool from Emboss (http://emboss.sourceforge.net) was used for Dot plot
analysis with a threshold of 50%.

Phylogenetic and molecular evolutionary analyses were conducted using MEGA version 5
(Tamura, Peterson, Stecher, Nei, and Kumar 2011). Distance tree was built using Neighbour
Joining (NJ), distances were calculated according to Kimura’s two-parameter method, and 1000
bootstraps replicas were performed to access the statistical support of each node.

Sequences have been deposited in genbank under the Accession numbers: G(Q9020306,
K(C351938, KC351939, KC351940, KC351941, KC351942, KC351943, KC351944, KC351945,
KC351946, KC351947, KC351948, KC351949, KC351950, KC351951, KC351952, KC351953,
KC351954 (Table S1).

Satellite DNA copy number quantification (absolute and relative) by TagMan assay

For PMSat quantification we designed a TagMan specific assay mix (ptimers/probe)
using Primer Express® Software v3.0 (Life Technologies Applied Biosystems) based in PMSat
consensus  sequences of all species studied. The PCR primers PMSat F
(53""CATGCAGTTTCTGGTCCTACGAS3) and PMSat R (5"
TGGGAGCGCAAGAGTGACT?3') were located between the positions 196 and 261 of the 66
bp product. The probe [5""(FAM)CAAGAGTTGTTTTCTGGTAAGA3' (NFQ)] had the
fluorescent reporter dye, 6-carboxy-fluorescein (FAM) located at the 5' end of the probe and the
non-fluorescent quencher (NFQ) is located at the 3' end.

For PMSat absolute quantification in Peromyscus eremicus genome the standard curve
method was performed. A 10-fold serial dilution series of the plasmid DNA standard (PERm40),
ranging from 1x10° to 1x10° copies, was used to construct the standard curve (5 points seties
dilutions). The concentration of the plasmid PERm40 was measured using the NanoDrop ND-
1000 (NanoDrop Technologies) equipment and the corresponding plasmid copy number was
calculated using the following equation:

6,023 x 1023 (copy numberimol) x DNA amount (g)

DNA (copy number) =
DNA length (bp) x 660 (g/mol/bp)

Where:

Avogadros number = 6,023 x 10* molecules (copy number) | 1 mol

Average molecular weight of a double-stranded DNA molecule = 660 g/mol/bp
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In the respective formula the recombinant plasmid DNA length is 4315 bp (pDrive
vector 3851 bp and the insert 464 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 PERm40 standard. For
Peromyscus eremicus genomic DNA, the unknown total DNA sample, was obtained by interpolating
its Cr value against the standard curve. We used 0,5 ng of Peromzyscus eremicus genomic DNA in the
PCR reaction. These reactions were performed for a total of 20 pL with 1.25 uL of the
primer/probe assay mixture and 125 pL of TagMan® Genotyping Master Mix (Life
Technologies Applied Biosystems). This experiment was carried out in the 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.

The StepOne software (version 2.2.2, Life Technologies Applied Biosystems) was used to
generate the standard curve and to 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%.

The absolute quantification of PMSat allows determining the copy number of this
sequence in Peromyscus eremicus genome that corresponds to 0,5 ng which, in turn, comprises 152
haploid genomes. The mass of Peromyscus eremicus haploid genome was obtained in Genome Size
database (http://www.genomesize.com/) as being 3,3 pg (3,3 x 107 ng).

For PMSat quantification within the other species genomes (Cricetus cricetus, Phodopus
sungorus and Microtus arvalis) we used a relative quantification real-time PCR approach, being the
Peromyscus eremicns genome the reference sample. We used the same PMSat TagMan assay
described for the absolute quantification and as reference assay the Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, Rn01749022_g1).

For comparative analysis, the PCR reactions were performed with 0,5 ng of genomic
DNA. Mixture reactions and real-time PCR conditions were the same already described. All
reactions were performed in triplicate, and negative controls (without template) were run for each
master mix.

StepOne software version 2.2.2 (Life Technologies Applied Biosystems) was applied for
comparative analysis, and the quantification was normalized with GAPDH gene. The 274"

method (Livak and Schmittgen, 2001) was used to calculate fold changes in the amount of PMSat
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in the different species. Results are shown as the logiy of 274" PMSat copy number in C. cricetus,
M. arvalis and P. sungorus relative to P. eremicus (calibrator sample).

Student’s t-test was used to compare the data obtained. Values were expressed as the
mean * SD, and differences were considered statistically significant at p<0.05, representing the

95% confidence interval.

RESULTS

Isolation of a novel satellite DNA sequence from P. eremicus genome

Using the laser microdissection of P. eresmicus chromosomes and subsequent procedures,
two clones were obtained, with 464 bp (PERm40) and 463 bp (PERm57), sharing 99.8% identical
nucleotide positions. Dot plot allowed the identification of two internal repeats (Figure 1) with 42
bp each, showing to be 100% identical. This feature gave some indication that the isolated
sequence could in fact represent more than one monomer. Besides, another trait was identified in
these sequences; in particular two inverted repeat motifs (31 bp) nearby the two internal repeats

(Figure 1), suggesting a complex arrangement of this sequence in this species genome.

PERm40
A 1 100 200 300 400
Inverted Repeat —

Repeat \

PERmM40

T\

B
p———— PMSat Monomer —————————|

7 7/

131 3678 79-380 381423  433-463
bp bp bp bp bp

@ Inverted Repeat (31bp) Repeat (42bp)

Figure 1 — Sequence internal structural characteristics. Dot plot diagram of the clone PERm40 compared to
itself, showing two internal repeats (42bp length) and two inverted repeats (31bp length) (A). Schematic

representation of the satellite detected features (B) with indication of the monomer.
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Physical mapping in P. eremicus chromosomes

The physical mapping of PERm40 and PERm57 clones in P. eremicus genome was performed
throughout fluorescent /nsitu hybridization. This sequence revealed to be present in all
chromosomes being highly representative in this species genome (Figure 2A). Particularly, this
sequence displays a pericentromeric location in all PER autosomes, being PER1 the only
autosome presenting hybridization only at that region. In the other chromosomes this sequence
is also found at the entire p-arm (see for instance PER2 and PERY) or at the terminal portion
(see PERG) (see Figure 2B for detail). Regarding the sex chromosomes, the clones hybridized to
both chromosomes pericentromeric region, but in the X chromosome it hybridizes also to
distinct bands in the p-arm (see Figure 2B for detail). After performing sequential C-banding
(Figure 2C), it was evidenced a co-localization of the repetitive sequence with P. eremicus
constitutive heterochromatin (CH) (Figure 2C). However not all PER CH is composed by this
sequence as it can be seen by the CH band in the long arm of X chromosome where no

hybridization signal was found (Figure 2D).

PMSat PMSat +

Figure 2 — Physical mapping of PMSsat on Peromyscus eremicus chromosomes. Representative iz situ
hybridization presenting the chromosomal localization of PMSat (clone PERmA40) (A). Same metaphase after
sequential C-banding (B). Overlapping of PMSat hybridization signal with C-banding (C). The arrowhead indicates a
chromosomal region containing CH but no PMSat signal. Haploid karyotype arrangement of P. eremicus

chromosomes showing PMSat hybridization signal (D).
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Restriction enzyme digestion and Southern blot analysis

In order to investigate the genome organization of the isolated sequence, southern blot
analysis was carried out using digested genomic DNA from P. eremicus, separated by conventional
agarose gel electrophoresis and hybridized with the PERm40 clone. The restriction enzymes used
- Apal, Rsal, Aval, and Haelll - have respectively, none, one, two and three recognition sites in
the isolated sequence. After restriction enzyme digestion, bands were observed only for Haelll
and Rsal (Figure 3), with approximately 345 bp and 690 bp. Besides these, for Haelll bands with
about 300 bp and 600 bp were also obtained (Figure 3). After southern hybridization a common
band with approximately 345 bp was obtained for all the used enzymes (monomer), and other
bands can also be seen with 345bp periodicity: 690bp (dimer), 1035bp (trimer) and 1380bp
(tetramer). Besides, in Aval, Haelll and Rsal other bands than the 345bp multiples were
obtained after southern hybridization (Figure 3), suggesting the presence of monomer variants

that present nucleotide changes in the recognition site for those enzymes.

Aval Haelll  Rsal

1725 —
1380 —

1035 —

690 —

345—

Figure 3 — Restriction enzyme Digestion and Southern blot. Electrophoresis separation of P. eremicus genomic
DNA after digestion with Apal, Rsal, Aval, and Haelll having respectively none, one, two and three recognition
sites in the PMSat sequence (shown on the left). The corresponding southern blot obtained after hybridization with

PMSat (clone PERmA40) is shown on the right.

The presence of a ladder hybridization pattern indicates the tandem organization of this novel

sequence, characteristic for satellite sequences. The 345bp band from Haelll was isolated from
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the agarose gel and subsequently cloned and sequenced, and two clones showing similarity with
PER isolated sequence were selected (PER HaellIA and PER HaellIIB).

All the performed analysis showed that the isolated sequence corresponds to a satellite
DNA family highly represented in P. eremicus genome, which was named PMSat - Peromyscus

Major Satellite.

Isolation and sequence analysis of PMSat in other Cricetidae species

In order to verify the existence of PMSat orthologous sequences in the genome of related
species, specific primers were designed and used in PCR amplification experiments. The targeted
species Cricetus cricetus (CCR), Phodopus sungorns (PSU) and Microtus arvalis (MAR), are all from
Cricetidae family, but belong to different subfamilies (Musser and Carleton 2005) than Peromyscus
eremicus. PCR amplification was performed also for P. eremicus. Electrophoresis of the PCR
products showed amplification products for all the species (data not shown), that were
subsequently cloned and sequenced. Clones that contained PMSat satellites were selected for
analysis. The number of clones obtained for each species was: four clones for C. ¢ricetus and P.

sungorus and three clones for P. eremicus and M. auratus (Table S1).

Blast results and in silico analysis

Using the BLAST search algorithm the consensus sequence for PMSat monomer was
compared against different databases. Homology with our sequence was obtained with whole-
genome shotgun contigs from Bombus terrestris (large earth bumblebee) and Lyfechinus variegates
(green sea urchin). BLAST search revealed also a hit with a cDNA sequence from Peromyscus

maniculatus bairdii (prairie deer mouse) (Table S1).

Sequence analysis

In total, seven sequences were isolated from P. eremicus genome: two by microdissection,
two by Haelll endonuclease digestion, and three by PCR (Table S1). Sequences’ sizes range from
343-464bp with an average AT content of 55% (TableS1). A multiple alighment was performed
with all the sequences, however, analysis was restricted to the region corresponding to the
satellite monomer region (345bp), limited by the Haelll restriction sites (highlighted in Figure 4).
Overall, the differences found between sequences are mainly nucleotide substitutions, existing
though two deletion/insertion sites (positions 71 and 131). The consensus sequence presents 47
variable positions between all clones, corresponding 46 out of those to variations in the Haelll
monomers (Figure 4). Besides, PER HaellIA and PER HaellIB sequences share 11 common

nucleotide substitutions. Generally, sequences show high similarity and some clones display
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100% nucleotide identities (see Table 1). PER HaellIA and PER HuaellIB are the ones with less
homology with all the other sequences (Figure 4 and Table 2), and even lower between them than
with the other sequences.

PMSat orthologous sequences isolated in the other Cricetidae species displayed sizes
ranging from 387-446bp with an average AT content of 54% in C. cricetus and M. arvalis and 55%
in P. sungorus (Table S1). All the monomers were aligned with P. eremicus consensus sequences and
sequence variability analysis was performed (Figure 5). Nucleotide substitutions were the main
type of changes found, with only two insertion/deletion sites (positions 9 and 40, Figure 5).
When comparing all sequences to PER consensus sequence, it is possible to identify 36 variable
positions, corresponding 19 to PSU monomers and 14 to CCR monomers (Figure 5). This
corresponds to a similarity of 95% with CCR, 94% with PSU and 100% with MAR. The most
divergent monomers are PSUpR1 and CCRpB1. The interspecies similarity found was very high,
demonstrating a high conservation of monomer sequence between species. Regarding the
orthologous PMSat sequences retrieved from Genbank, belonging to Bombus terrestris and
Lytechinus variegates, they represent a part of the monomer sequence respectively 91% and 90%.

These sequences present a homology of 76% and 78% with PMSat monomer (Table S1).

PERm40 .....aiiil aiceaas ce saas
PERnS57 cmesaacaaa aa e . cessssasa ssssscases sssesssaas S
PERp25

PERP4S oo oLl .
PERP&2

PERHaeIIA

PERHaeIIIRB e - .
Consensus GGARACAGCC CGACTCGAGT GGGTTATGTG @ GTTCTGAGCA AGCTCACTGT TCTGGCCCTA TAGGAAACAC

PERm40
PERm57
PERP45 | ........ .. ciiiaiaaa. ey g
PERHaeIIA eeeenGoL Ll L WAL il ieieiieie. ......AC.. L...AL.... C........ iiieiee.. Tl CLLALL...
PERHaeIIIB e Y oS W S T L AL
Consensus AGTAGAATAG AAGAGTGCTC TTTTCTCAAA AGCAGAGTGT GTTTCTTGTA AGGCGAGCTA GGGTTTGTTT CCCAGTCCTA AACGGAGTTG AATCCCATGC

PERnS57
PERp25
PERP45
PERP&2
PERHaeIIA
PERHaeIIIE
Consensus

PERm40
PERm57
PERp25
PERP45
PERP62
PERHaelIIA
PERHaeIIIB
Consensus

CCCG TGTGTGTAGG AAGCACAGTT

PERm40
PERm57
PERP45 cessassse cesssssess sssssssess sssssssses cessssss .

PERP62

PERHaeIIA

PERHaeIIIB

Consensus CTTTTGTTCT GAGCAAGCTC ACTGTTCGGA CCCCACATAC CTTCCTCGAG TCGGGCTGTT TCCA
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Figure 4 — Alignment of P. eremicus PMSat isolated clones. The sequence in the box corresponds to PMSat
monomer. Only differences in sequences are indicated, while the positions of sequence identity are represented by a
dot. Part of the PERp25 clone sequence was completed using the letter N (according to IUPAC). Enzyme restriction
sites are indicated.

T S S S S
PERconsensus CCCATGTGTG TAGGAAGCAC AGTTCTTTTG TTCTGAGCAA GCTCACTGTT CTGGCCCTAT AGGAAACACA GTAGAATAGA AGAGTGCTCT TTTCTCAAAA
CCRpA1L ..

CCRpB1
CCRpC1
CCRpR1
PSUpA11
PSUpA25
PSUpEL
PSUpR1
MARpA1
MARpA1S
MARpB1

Primer Fw

eleemel samefonan] meanloneal anealoans] sanefonmeal snealonne] samefosan] soanloneal anealoane] sanefonan]
PERconsensua GCAGAGTGTG TTTCTTGTAA GGCGAGCTAG GGTTTGTTTC CCAGTCCTAA ACGGAGTTGA ATCCCATGCA GTTTCTGGTC CTACGAGCAA GAGTTGTTTT

Primer Rev

ceealemma] wamefeaan] meeafanea] weaafeana] wanefanaa] amealaana] saaaleean] weanfaneal anealoana] seeafennn]
PERconsensus CTGGTAAGAA GAGTCACTCT TGCGCTCCCA TTGCCATACA CAGTGCAAAT AGCACTCGCG TCTGTTCCCA GCAAGTACAG TGTATTGGAC TGAAGAGAAG

PERconsensus CTACTGTTCT TGTCAGTTTC CTAAGCAGAG TTGAACTAGA TATGG

Figure 5 - Alignment of PMSat monomer sequence. The image shows the alignment between PMSat monomer
consensus sequence of PER with other species PMSat clones. Only differences in sequences are indicated, while the
positions of sequence identity are represented by a dot. Part of the PSUpA25 clone sequence was completed using

the letter N (according to IUPAC). The primer/probe used in quantification experiments is indicated.
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Table 1- Matrix of sequence identity of PMSat isolated monomer region in P. eremicus based in the alignment of
Figure 4.

PERm40 PERm57 PERp45 PERp62 PERp25 PER HaelllA  PER HaelllC

PERm40 1,000 1,000 0,997 0,997 0,910 0,921
PERm57 1,000 1,000 0,997 0,997 0,910 0,921
PERp45 1,000 1,000 0,997 0,997 0,910 0,921
PERp62 0,997 0,997 0,997 0,997 0,907 0,918
PERp25 0,997 0,997 0,997 0,997 0,912 0,922
PER HaellIA 0,910 0,910 0,910 0,907 0,912 0,895
PER HaellIC 0,921 0,921 0,921 0,918 0,922 0,895

Results presented for the clone PERp25 refer to the nucleotide identities from positions 58-376.

Table 2- List of species and number of clones analysed, weight haploid genome, percentage of A-T and

quantification of PMSat satellite family in the genome.

Species Clones Similarity (%0) PMSat copy number analysis

> 1,73x10° copies/genome

P. eremicus 7
Relative quantification
C. cricetus 4 95% - 1x1068 fold
P. sungorus 4 94% - 6x10° fold
M. arvalis 3 100% - 4x10¢ fold

Homology percentage refers to the number of identical nucleotide positions compared with PER consensus sequence (Figure 5). The amount of
PMSat in CCR, MAR and PSU is presented as fold change relative to the amount determined for PER.

In order to highlight this conservation, a phylogenetic tree was constructed based in the
multiple alignments of the different species monomers (either isolated by us and sequences
retrieved in Genbank), using Neighbor-Joining method. This analysis is based in the calculation
of evolutionary distances as number of base substitutions per site. As it can be seen in Figure 6,
two main branches can be observed dividing the rodent species from the arthropod B. ferrestris
and echinoderm L. variegates species. These were placed in a separate branch meaning that their
sequences show more homology between them than with the other species monomers. Among
the rodent species analyzed there is no species based branch separation or cluster, what is in
agreement with the interspecies high similarity found for PMSat orthologs. P. eremicus Haelll
monomers were positioned in a separate branch meaning that these are closely related between
them than with the other monomers. This is in accordance with previous sequence analysis

showing that they share common nucleotide substitutions (Figure 4). Besides, the monomers
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CCRpR1 and PSUpR1 were clustered together and separated from the other species, once they

share a nucleotide position (position 331, Figure 5).

PERm57 A
CCRpA1 A
PERp25 A
CCRpC14
PERm40 A
PERp62 A
PSUpA25 A
MARpA1.4A
56 CCRpR1A
—ul s
PERp45 A
PSUpA11.4
PSUpE1 A
MARpA15 A
MARpB1.4
CCRpB1.4A

48

62

100 BTE contig7657
LVA contig37486

A P.eremicus M C. cricetus
A M. arvalis A\ P. sungorus
B. terrestris L. variegates

Figure 6 - Evolutionary tree based in PMSat monomer sequences. Evolutionary relationships were inferred
using the Neighbor-Joining method. Bootstrap values (calculated for 1000 replicates) are shown next to the
branches. The evolutionary distances were computed using the Kimura two-parameter method and are in the units
of the number of base substitutions per site. Branch lengths represent the evolutionary distances used to infer the

phylogenetic tree.

PMSat satellite DNA copy number analysis

Although also found in other Cricetidae genomes, physical mapping of PMSat and
southern blot hybridization was only accomplished in PER (Figure 2). For the other 3 species,
CCR, PSU or MAR, this was not observed (data not shown), what could be due to differences in
the copy number of this satDNA in the different genomes. Satellite DNA quantification was thus
performed using a new methodology based in real-time quantitative PCR allied to TaqMan
chemistry. A specific assay, made by two primers and a probe, was designed based in PMSat
consensus sequence in a conserved region (shown in Figure 5). Both absolute and relative

quantification experiments were performed. Despite the high similarity between monomers
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found, PMSat family may include other divergent monomers that escaped our detection. For this
reason, the number of copies estimated is considered the minimal number of copies existing in P.

eremicus genome.
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Figure 7- PMSat quantification. Standard calibration curve (A) used in the absolute quantification of PmSat copy
number in P. eremicns genome. In blue are represented the standard dilutions and in red the PmSat samples. Relative
quantification (represented as logig) of PmSat in CCR, PSU and MAR (B), using PER as control sample, showing

lower copy number in those species.

Absolute quantification revealed that at least 20% of P. eremicus genome is comprised by PMSat
(Figure 7A), corresponding to at least 8.7x10° copies per genome. Relative quantification showed
that the amount of this satellite family in the other species genome is much lower than in P.
eremicus, specifically about 10°fold lower in copy number (Figure 7B, Table 2), being all the

presented results statistically significant values (p<0.05).
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DISCUSSION

Since the early beginnings of understanding the genome structure, satellite DNA has
always revealed to be enigmatic and controversial. The initial idea that these sequences
represented a useless part of the genomes (“junk”) has been contested by new evidences that
lluminated the significant role that these repeats play in genomes. For this reason the discovery
and characterization of newly satDNAs are necessary and revealed to contribute for a better

understanding of genomes evolution and function.

Novel satellite DNA family in Peromyscus eremicus

Here we report for the first time the isolation and characterization (nucleotide sequence and
genome organization) of a satellite DNA family from the rodent Peromyscus eremicus, named
PMSat, using the laser microdissection procedure (Kubickova et al. 2002). This methodology
revealed to be effective in isolating centromeric repetitive sequences in previous studies (Li et al.
2005, Pauciullo et al. 20006), including rodents (L.ouzada et al. 2008).

Our results show that PMSat represents a novel satellite DNA family present in the
constitutive heterochromatin of P. eremicus genome, particularly in large pericentromeric blocks,
and also present in the entire p-arm of the majority of the autosomes (Figure 2A, 2D). Regarding
the sex chromosomes, this sequence is located at the pericentromeric region and, in the X
chromosome, PMSat is also located in intersticial bands. Southern blot hybridization revealed a
ladder like pattern with a periodicity of about 345bp for all the enzymes (Figure 3), indicating that
this repeated sequence is arrayed in tandem with a monomer of 345bp, confirmed after sequence
analysis. Studies regarding the rodent Peromyscus eremicus repetitive genome fraction are scarce.
Previous works rely in cytogenetic analysis and describe the presence of satellite DNA in the
pericentromeric region and in some chromosome short arms of P. eremicus (Hazen 1977,
Hamilton et al 1992), as well as in interspersed locations (Louzada et al. 2008), although no
sequence is available. This work provides information of the first satellite DNA in this species for

which sequence data is available.

Orthologous PMSat are present in other species and suggests functional constraints

In the present work we isolated orthologous PMSat sequences in the genomes of species
belonging to Cricetidae family (phylum Craniata), C. cricetus (CCR), P. sungorus (PSU) and M. arvalis
(PSU). Besides, a BLAST search against available data from genome sequencing projects allowed
to find PMSat orthologous sequences also in phylogenetically distant species such as Bombus

terrestris (BTE, phylum arthropoda) and Lytechinus variegates (LVA, phylum echinodermata). This
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suggests that this satDNA family may also be present in further species. The existence of this
sequence in species belonging to three different phyla (Arthropoda, Craniata and
Ecnhinodermata) shows that PMSat dates back to the Pre-cambrian period and to the Bilateria
ancestral, indicating that this satellite originated at about 635 million years ago (Edgecombe et al.
2011). This makes PMSat the oldest satellite DNA family described so far, that along with the
bivalves BIV 160 with 540 million years (Plohl et al 2010a) and the sturgeon Pstl with 100 million
years (Robles et al. 2004), constitute ancient satellites.

It has been predicted that rapid evolution of satellite DNA sequences occurs by means of
concerted evolution, where monomers evolve in a non-independent manner with
homogenization of the accumulated mutations throughout members of the repetitive family,
followed by its fixation within a group (Dover 1982; Dover 1986). This would result in the
accumulation of divergences among satellite sequences in isolated groups of organisms in short
evolutionary periods (reviewed by Plohl 2008). On the contrary, the data presented here shows a
remarkably high homology of the PMSat sequence isolated in the different rodentia species when
compared with P. eremicus (PER), ranging from 94% in PSU to 100% in MAR (Figure 5, Table 2).
Lower homology (76% to 78%) was obtained when compared with the arthropod and
echinoderm partial sequences. Phylogenetic tree construction revealed the division of two main
branches, one harbouring the rodent species and other with BTE and LVA. For the rodent’s no
specific clustering pattern of the studied satellite was observed; the monomers were not grouped
into distinct clusters and couldn’t be separated into species-specific branches (Figure 6). This
shows the absence of complete fixation of any nucleotide variant since the probable presence of
this satDNA in the genome of a hypothetical ancestor of the rodent species. The variability
existing between these and the remaining analyzed species indicates that PMSat accumulated
some variation since the Bilateria ancestral till the rodentia ancestral, but from that point (about
19 million years ago according with Steppan et al. 2004) this sequence seems to be kept highly
conserved. The inexistence of species-specific mutations, and very high homology of the majority
of the PMSat monomers from the rodents analyzed can be explained by the occurrence of non-
concerted evolution, as observed for other satellite DNAs (e.g. Plohl et al. 2010a).

The comparison of sequence conservation between species, have been extensively used in
the identification of functional elements within large complex genomes (Pennachio et al. 2001,
20006). The protein-coding regions of the mouse and human genomes are about 85% identical,
and they shared a common ancestral approximately 80 million years ago (Jegga and Aronow,
20006). The same level of conservation is found for the PMSat orthologs in rodents, and slightly

lower conservation is obtained when we analyse the orthologs present in species that shared a
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common ancestral at 635 million years ago with PER (Edgecombe et al. 2011). Inside the
monomeric unit of a satellite family, short sequence segments can act as motifs involved in
putative functional interactions, meaning that the information is not necessarily contained in the
whole monomer sequence. For this reason, parts of the monomer sequence or particular
nucleotide positions evolve under different mutation rates (reviewed in Plohl 2010). Uneven
distribution of variability was observed in satellites from different organisms (e.g. Romanova et
al. 1996, Petrovic and Plohl 2005). In the light of these facts our results strongly suggest that
PMSat is under evolutionary constraints in the species studied and probably constitutes a
functional element in their genomes. To support our hypothesis about the putative functionality
of this satellite DNA family, we found a cDNA sequence highly similar to the PMSat in the
rodent species Peromyscus maniculatus biirdi (Table S1), showing that this sequence is also present in
a sister species of Peromyscus eremicus and proving that its transcribed, at least in this species.
Transcripts of satellite DNAs have been identified and involved in diverse genomic functions
(Chiodi et al. 2004; Grewal and Elgin 2007). In resume, in the future it will be mandatory to
depict the satellite transcripts of PMSat once this data strongly suggest that this satellite DNA is
effectively transcribed.

Using a new methodology based in real-time quantification, PMSat number of copies was
determined in P. eremicus genome, and relative quantification was performed to the other rodent
studied species. Real-time PCR has been previously used to access repetitive sequences copy
number, combining the use of standard primers with SYBR Green I chemistry (e.g. Navajas-
Perez et al. 2009). In the present work we applied, an innovative methodology using specific
TagMan probe/primers. Some drawbacks can be anticipated for this method once is PCR based,
and for this reason some variation can remain hidden, or some bias that distort the observed
representation of the satDNA variability can be introduced by the primer specificity. To
overcome this scenario the primer/probe were designed for the highest conserved region
(between all species) within PMSat. Absolute quantification showed that this satellite comprises at
least 20% of P. eremicus genome (Figure 7, Table 2), and relative quantification revealed a much
lower copy number of PMSat in the other species genomes (about 10°-fold fewer copies) when
compared with P. eremicus (Figure 7, Table 2). This explains why PMSat was not detected in all the
other species using hybridization methods such as FISH and southern blot. Once this satellite
DNA presents a high interspecies sequence identity and a wide range in number of copies, it can
be hypothesized that its evolutionary pathway occurred throughout copy number fluctuation and
that a prominent amplification of this satellite occurred in Peromyscus eremicus. The mechanisms

proposed to be responsible for amplification of repeated DNA are unequal crossing over,
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replication slippage and rolling circle amplification (Walsh 1987). The variation in copy number
of PMSat in PER may be associated with this species karyotype evolution. A high degree of
karyotypic conservation within Peromyscus genus has been observed, being the species karyotype
variations attributable to heterochromatin additions and pericentric inversions (Robbins and
Baker, 1981; Rogers et al., 1984). PMSat satellite DNA, as part of P. eremicus constitutive
heterochromatin, surely contributed to the CH repatterning in this species. This satellite DNA
dynamics by means of amplification events may have lead to the CH additions, resulting in the
present large CH blocks enriched by PMSat.

In summary, this work presents the molecular and cytogenetic characterization of a novel
satellite DNA family, PMSat, highly represented in the rodent P. eremicus genome. Orthologous
sequences were isolated from related Cricetidae species, and found to be present in one
arthropod and one echinoderm species, revealing high sequence homology, and making it the
oldest satellite DNA sequence described so far. We have found evidences that this high sequence
conservation is related with a possible functional activity in the genome. This satellite seems to
have been amplified in P. eremicus, representing a significant part of its genome. This work
constitutes an important starting point as further and deeper study of this interesting sequence

will certainly shed some light into the enigmatic nature of satellite DNA.
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SUPLEMENTARY TABLE

Table S1 — Summary of the analysis in all PMSat isolated clones and Genbank sequences.

Clones Monomer

Phylum Species “eHomalogy Designation Isolation ]";I:]f;h %% AT Access. number

Cramata P. eremicus PERm40 Microdissection 464 54 GQO02036

PERm37 Microdissection 463 4 KC351938

PERp23 PCR 396 55 KC351941

PERp45 PCR 443 54 KC351942

PERp62 PCR 386 55 KC351943

PERHaellIA RE Haelll 346 36 KC351939

PERHaellIB RE Haelll 343 57 KC331940

C. cricetus 95 CCRpAl PCR 446 54 KC351944

CCRpB1 PCR 399 34 KC331945

CCRpC1 PCR 442 54 KC351946

CCRpR1 PCR 411 34 KC351947

M. arvalis 94 MARpA1 PCR 430 54 KC351948

MARApIS PCR 431 34 KC351949

MARpB1 PCR 430 54 KC351950

P. sungorus 100 PSUpA1l PCR 387 54 KC3519351

PSUpA25 PCR 392 34 KC351952

PSUpE1 PCR 443 34 KC351953

PSUpRI1 PCR 425 57 KC351954

Genbank Retrieved Sequences

P. mani bairdii 83 PMA _ 310 - GH487254.1
Arthropoda B. terresiris 76 BTE _ 315 53 AELGO01007655.1
Echrinodermata L. variegates 78 LVA 311 33 AGCV01272891.1
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3. CANCER CHROMOSOMES AND CELL LINE MODELLING

Cancer chromosomes, present a high level of dynamics and the ability to constantly evolve.
Understanding the dynamic nature of the cancer genome is important to comprehend the mechanisms of
genetic heterogeneity and population diversity, which is the genetic basis for cancer formation. For this
purpose it was performed, the genetic/cytogenetic characterization of two DMBA-induced rat mammary
tumor cell lines, being this work described in the following paper.

Breast cancer cell lines have shown to be valuable tools in the investigation of the role of genomic
alterations in cancer progression and as important resources for the discovery of new breast cancer genes.
In particular DMBA-induced rat tumor models proved to be useful models for studying hormone-
dependent breast cancer. The characterization of the rat mammary tumor sister cell lines HH-16 ¢l.2/1
and HH-16.cl.4 was performed using a combination of multiple techniques, such as, G-banding,
chromosome painting, BAC FISH, real-time reverse transcription quantitative PCR (RT-qPCR) and
RNA FISH. The cytogentic analysis showed distinct karyotypic changes for both cell lines,
namely very different levels of ploidy. Chromosome rearrangements in these cell lines lead to an
increase in copy number of two oncogenes Myen and Erbb2. These genes expression was assessed
showing Erbb2 overexpression in HH-16.cl.4, but not in the sister cell line HH-16 cl.2/1.
Moreover this gene expression appears to be affected by global genome demethylation, after cells
treatment with 5-Aza-2’-Deoxicitidine. This work illustrates: 1) the karyotype restructuring effect
in cancer progression by affecting cancer-related genes; 2) besides, despite having the same initial
genetic background the studied cell lines culminated in different outcomes, suggesting different
mechanisms involved in tumor progression; 3) the development of suitable iz vitro models of
human breast cancer is of crucial importance in the study of cancer and, consequently, in the
development of new therapeutics; 4) the obtained results provide a platform for future studies on
tumor progression and encourage the use of these cell lines as a model. We are confident that this

work will contribute to the validation of this cellular model and to its use in future studies.
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3.1. Defining the Sister Rat Mammary Tumor Cell Lines
HH-16 cl.2/1 and HH-16.cl.4 as an In 1Vitro Cell Model
for Erbb2
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Abstract

Cancer cell lines have been shown to be reliable tools in genetic studies of breast cancer, and the characterization of these
lines indicates that they are good models for studying the biological mechanisms underlying this disease. Here, we describe
the molecular cytogenetic/genetic characterization of two sister rat mammary tumor cell lines, HH-16 cl.2/1 and HH-16.cl.4,
for the first time. Molecular cytogenetic analysis using rat and mouse chromosome paint probes and BAC/PAC clones
allowed the characterization of clonal chromosome rearrangements; moreover, this strategy assisted in revealing detected
breakpoint regions and complex chromosome rearrangements. This comprehensive cytogenetic analysis revealed an
increase in the number of copies of the Mycn and Erbb2 genes in the investigated cell lines. To analyze its possible
correlation with expression changes, relative RNA expression was assessed by real-time reverse transcription quantitative
PCR and RNA FISH. Erbb2 was found to be overexpressed in HH-16.cl.4, but not in the sister cell line HH-16 cl.2/1, even
though these lines share the same initial genetic environment. Moreover, the relative expression of Erbb2 decreased after
global genome demethylation in the HH-16.cl.4 cell line. As these cell lines are commercially available and have been used
in previous studies, the present detailed characterization improves their value as an in vitro cell model. We believe that the
development of appropriate in vitro cell models for breast cancer is of crucial importance for revealing the genetic and
cellular pathways underlying this neoplasy and for employing them as experimental tools to assist in the generation of new
biotherapies.
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Introduction

Breast cancer is one the most commonly occurring cancers
among women and has been described as a molecularly
heterogeneous disease. Genetic studies of breast cancer rely on
the use of primary tumors, paraffin-embedded samples or cell
lines. Breast cancer cell lines present the great advantage of being
readily available, and the full characterization of cell line models
has been shown to provide valuable insights regarding the degree
of complexity of the polygenetic etiology of breast cancer and the
biological mechanisms that characterize this disease [1]. Chem-
ically induced carcinogenesis of the rat mammary gland has been
used extensively to investigate breast cancer. In rat models,
the carcinogenic compound 7,12-dimethylbenz[a]anthrazene
(DMBA) is frequently used to induce tumors, and DMBA-
induced rat mammary tumors and sarcomas are useful cancer
models [2,3,4]. Using the evolutionary conservation of gene
segments as a guide, animal models, such as the rat, constitute
powerful tools to decipher pathways and genes involved in
tumorigenesis [4]. Moreover, researchers now have access to
powerful web servers and databases in which syntenic regions can

be easily identified and associated with a great amount of

information regarding human and rat genetics. The available
animal tumor cell lines are often poorly characterized from a

@ PLoS ONE | www.plosone.org

cytogenetic/genetic point of view, reducing their usefulness as cell
models.

Here, we present the molecular cytogenetic/gene expression
characterization of two DMBA-induced rat mammary tumor cell
lines: the HH-16 c.2/1 fibrosarcoma cell line and the HH-16.cl.4
adenocarcinoma cell line. The choice of these cell lines was based
on two factors: first, the reliability of both cell lines as models has
been demonstrated in investigations of the effects of glucocorticoid
hormones on cell morphology and proliferation and the stability of
cultured rat cells after infection with Moloney murine sarcoma
virus [5,6,7]; second, these cell lines are commercially available to
the entire scientific community, and when they are properly
characterized, they may constitute reliable cell models for breast
cancer research.

Performing a chromosome count constitutes a mandatory step
in the cytogenetic characterization of cell lines, allowing an
overview of their genetic variability and stability. Of the two
investigated cell lines, only HH-16 ¢l.2/1 presents low polyploidy
levels, indicating a certain degree of stability, and for this reason,
detailed cytogenetic characterization was restricted to this cell line.
The methodology used in this study included fluorescent i situ
hybridization with rat and mouse chromosome paint probes to
identify chromosomal rearrangements, complemented with BAC/
PAC clones that assisted in the accurate detection of the

January 2012 | Volume 7 | Issue 1 | €29923
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breakpoint regions of the rearrangements as well as complex
chromosome abnormalities. The increase in the number of copies
(determined with specific BAC clones) of the Myen and Erbb2 genes
detected in this analysis was of particular note. The development
and progression of cancer are characterized by a variety of genetic
modifications in mechanisms that control genome stability,
including alterations in oncogenes [8]. ERBBZ oncogene ampli-
fication constitutes one of the most important genetic alterations
associated with human breast cancer and was found to be
correlated with poor patient prognosis by Slamon and colleagues
[9]. MYCN oncogene amplification is characteristic of human
neuroblastomas, being found in 20% of these childhood cancers,
and has been observed to be involved in breast tumorigenesis, with
up-regulation being detected in inflammatory breast cancer [10].
In the present study, the amplification status of the rat counterpart
Erbb2 and Myen genes was analyzed in the HH-16 ¢1.2/1 and HH-
16.cl.4 rat cell lines by fluorescent in situ hybridization, and the
expression of these genes was assessed by real-time reverse
transcription quantitative PCR (RT-qPCR) complemented and
validated with an RNA fluorescent in site hybridization (RNA
FISH) analysis.

Abnormal patterns of DNA methylation have been found in
several types of human cancer. DNA hypermethylation may result
in gene expression silencing and loss of protein function as well as
being associated with cancer progression [11]. Currently,
epigenetic therapies aim to restore hypomethylation and to reverse
gene silencing induced by hypermethylation [12]. A cytosine
analogue established as a potent inhibitor of DNA methylation, 3-
Aza-2"-Deoxicitidine (decitabine), [13] has been used in both
preclinical models and in cancer patients [14]. However, global
demethylation effects in tumor cells treated with this agent remain
poorly understood. Early studies suggest that the loss of DNA
methylation is a common event in tumorigenesis [15,16]. To
evaluate global genome demethylation effects on gene expression
in the studied rat tumor cell lines, cells were treated with 5-Aza-2'-
Deoxicitidine, and Myen and £rbh2 expression was subsequently
determined.

The cytogenetic and genetic characterization of the HH-16 cl.
2/1 and HH-16.cl.4 rat mammary cell lines, complemented with
expression profiling analysis of the Myen and Erbb2 oncogenes and
verification of the influence of global demethylation on the
expression of these genes validates the use of these cell lines as
models for breast cancer research.

Materials and Methods

Cell culture and chromosome preparation

The HH-16 ¢1.2/1 and HH-16.cL.4 cell lines were obtained
from the German Collection of Microorganisms and Cell Cultures
(DSMZ). Both cell lines were established from ascitic fluid of the
same female Sprague-Dawley rat with a mammary tumor
produced by injection of cultured cells from a DMBA-induced
mammary tumor. When injected into rats, HH-16.cL.2/1 cells
have been found to produce fibrocarcinomas while HH-16.cl.4
cells generate adenocarcinomas. Both cell lines were grown in
RPMI 1640 supplemented with 10% FCS, 1% 200 mM L-
Glutamine and 1% of a Penincilin-Streptomycin antibiotic
mixture (all from Gibco, Life Technologies). The HH-16.cl.4 ecll
medium was also supplemented with 1% 100 mM  Sodium
Pyruvate MEM (Gibeo, Life Technologies). Both cultures were
passaged at confluence using 0.25% trypsin (1 x) with EDTA in
Hanks’ balanced salt solution (Gibco, Life Technologies). For both
cell lines, metaphase chromosomes were obtained by treatment
with colcemide (10 pg/ml, Invitrogen, Life Technologies) for
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45 minutes followed by hypotonic solution (0,05 M KCI, 30 min-
utes, 37°C) and fixation with methanol:acetic acid (3:1), and the
samples were then dropped onto microscope slides.

GTD-banding

Air-dried slides from the HH-16 ¢.2/1 cell line were aged at
65°C overnight and then subjected to standard G-banding
procedures with trypsin [17]. DAPI was used for staining (instead
of routine Giemsa staining) to obtain a hetter contrast [18].
Inversion of the DAPI color in Adobe Photoshop (version 7.0)
revealed the chromosome G-banding pattern (GTD-banding, G-
bands revealed by trypsin with DAPI).

Chromosome painting

Chromosome paint probes from Rattus norvegicus (RNO) and Mus
musculus (MMU) were kindly provided by Dr. Johannes Wienberg
and Dra. Andrea Kofler from Chrombios GmbH, Germany.
Chromosome-specific probes were labeled by DOP-PCR using the
universal primers 6MW (for RNO paints) and F/S (for MMU
paints) together with incorporation of digoxigenin-11-dUTP
(Roche) or biotin-16-dUTP (Roche).

Fluorescent i sifu hybridization experiments were performed
according to [19]. RNO paint probes were hybridized to
chromosomes from both the HH-16 ¢.2/1 and HH-16.cl.4 cell
lines while MMU paint probes were only hybridized to HH-16
cl.2/1 chromosomes. The most stringent post-hybridization wash
was 0% formamide/2xSSC at 37°C, and probe detection was
performed using antidigoxigenin-3"TAMRA (Roche) and FITC
conjugated with avidin (Vector Laboratories).

Probe construction from BAC/PAC clones and FISH

BAC and PAC clones were obtained from the BACPAC
Resources Center from Children’s Hospital Oakland Research
Institute (http://bacpac.chori.org/). The acquired clones were
RP31-262B4, CH230-208E5, RP31-20205, RP31-039D3,
CH230-10B5 (for rat chromosome 6); CH230-174M18, CH230-
9A5, CH230-215E5, CH230-27013, CH230-165C24, CH230-
117H20 (for rat chromosome 13); and CH230-162116, CH230-
276G18 and CH230-305021 (rat Erbb2 predicted clones). DNA
from the clones was purified using QUIAGEN Plasmid Purifica-
tion Kit as recommended by the manufacture (QIAGEN) and
labeled with tetramethyl-rhodamine-5-dUTP (Roche) by Nick
Translation (Abbott) for 2 hours at 15°C. Labeled probes were
precipitated with an excess of sonicated normal rat genomic DNA
and dissolved in hybridization solution. FISH procedures were
performed as described in the Chromosome Painting section using
chromosome preparations of the HH-16 ¢1.2/1 and HH-16.cl.4
cell lines.

For rat Erbb2, three BAC clones were selected in silico using the
NCBI Map Viewer online resource (http://www.nchinlm.nih.
gov/mapview/) and then tested for the presence of Erbb2 and
mapped by FISH (see Figure S1). Briefly, a rat Erbb2 genomic
sequence obtained from the Ensembl database (http://www,
ensembl.org/) was used to design specific primers for the
amplification of this gene in the three BAC clones. PCR was
performed with purified plasmid DNA from rat BAC clones (as
described above), and PCR products with the predicted sizes were
excised from 1.2% agarose gels, purified and sequenced. FISH
procedures were performed as described above.

FISH image capture, processing and analysis

Chromosomes were observed using a Zeiss Axiolmager Z1
microscope, and images were captured using an Axiocam MRm
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digital camera with LSM 510 software (version 4.0 SP2). Digitized
photos were prepared in Adobe Photoshop (version 7.0); image
optimization included contrast and color adjustments that affected
the whole image equally. Karyotypes were constructed following
the nomenclature for rat chromosomes described by Levan [20],
and chromosome rearrangements were described according to
ISCN (2009) [21].

Gene amplification criteria

Gene amplification was calculated based on the ratio between
the number of gene signals and the number of chromosomes
harboring that gene. Myen amplification was defined for Myen/
RNO6=2 and Erbb2 amplification by Erbb2/RNO10=2, with 2
being the cut-off value for both. Rat PAC clone RP31-202035 was
used to identify the Myen gene, rat BAC clone CH230-162116
allowed detection of Erbb2, and rat paint probes were used to
identify chromosomes 6 and 10. Additional copies of each gene,
detected by FISH at levels equal to or no more than 4-fold higher
(when compared with normal gene number) were considered to be
a Myen or Erbb2 gain.

RNA isolation and reverse transcription quantitative real-
time PCR

Total RNA from rat cell lines was isolated using the mirVana
Isolation Kit (Ambion) following the manufacturer’s recommen-
dations. Expression experiments were performed using the
TagMan® RNA-to-CT™ 1-Step Kit (Applied Biosystems). The
TagMan Gene Expression Assay Mixes (primer/probe sets) used
were beta-actin (Rn00667869_ml) and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH, Rn01749022_gl) as reference
genes and Myen (Rn01473333) and Erbb2 (Rn00566561_m]l) as
targets (all assays were from Applied Biosystems). The 20 pl
reactions included 2 pl of RNA sample (50 ng/pl), 1 pl of the
primer/probe assay mixture, 10 pl of PCR Master Mix, 0.5 pl of
RT enzyme mix (Applied Biosystems) and 6.5 pl of DEPC-treated
water. The reactions were carried out in a 96-well optical plate at
48°C for 15 min and 95°C for 10 min, followed by 40 cycles of
95°C for 15 s and 60°C for 1 min. PCR was carried out in the
ABI 7500 Tast Real Time PCR system (Applied Biosystems). All
reactions were performed in triplicate, and negative controls
(without template) were run for each master mix. SDS software
version 1.4 (Applied Biosystems) was applied for comparative
analysis, and the relative expression level was normalized with
multiple reference genes. The 24T method [22] was used to
calculate fold changes in the expression levels of the genes of
interest using a control RNO sample as a calibrator. Expression
fold changes=3 were considered relevant.

Statistical analysis

Student’s t-test was used to compare the data obtained. Values
were expressed as the mean = SD, and differences were
considered statistically significant at p<0.03, representing the
95% confidence interval of the mean expression level,

RNA fluorescent in situ hybridization

RNA FISH was performed using the QuantiGene ViewRNA
plate-based assay kit (Panomics) following the manufacturer’s
recommendations with some modifications. Briefly, HH-16 c1.2/
1 and HH-16.cl.4 cells were grown on polysine coated glass slides,
fixed using 8% formaldchyde, dehydrated in ethanol (50%-70%—
100%) and held at 4°C overnight. Then, cells were rehydrated,
permeabilized and hybridized as recommended, except that
protease digestion was optimized for each cell line. The RNA
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target was human ERBB? (Panomics), and the reference RNA
was human/rat/mouse 185 RNA (Panomics). Confocal fluores-
cence images were captured on an LSM 510 META with a Zeiss
Axio Imager Z1 microscope and LSM 510 software (version 4.0
SP2). For each scan, the same microscope settings were employed
for all images to normalize the results. The lasers used were as
follows: 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 um (1.02 airy units) for argon laser, 102 pm (0.98 airy units)
for helium-neon laser and 112 pm for the Diode laser using a
63% objective. Tmages were captured at a scan speed of 5
(3.30 ps) with 1 pm thick Z sections and processed using the “3D
Viewer” plug-in for ImageJ. Twenty slide fields were randomly
selected and analyzed by counting the number of signals in each
cell.

5-Aza-2'-Deoxicitidine demethylation

For global genome demethylation, the media for the HH-16
cl.2/1 and HH-16.cl.4 rat cell lines were supplemented with
different concentrations of 5-Aza-2'-Deoxicitidine (Sigma) (3 uM,
10 uM and 30 pM) for 72 hours. Every 24 hours, the medium was
changed, followed by the addition of 5-Aza-2"-Deoxicitidine. After
the 72 h period, a sample of the cells was collected for RNA
extraction, and remaining cells were allowed to grow without drug
treatment for another 72 hours, after which they were also
subjected to RNA extraction. Additionally, the HH-16 ¢l.2/1 and
HH-16.cl.4 cell lines were grown without 5-Aza-2'-Deoxicitidine
as controls.

Results

HH-16 ¢l.2/1 and HH-16.cl.4 morphological features and
ploidy

Phase contrast microscopy analysis of the HH-16 cl.2/1 cell line
revealed a fibroblastoid cell morphology, with the cells growing in
a criss-cross pattern (Figure 1A). The HH-16.cl.4 line presented
distinet cell morphology, with epitheloid-shaped cells growing in
monolayer (Figure 1B).

Chromosome number analysis of the HH-16 ¢l2/1 rat
mammary fibrosarcoma cell line was carried out throughout the
examination of 75 cells. The results show that this cell line presents
a near diploid karyotype (Figure 1C), with 2n=42 being the
normal chromosome number for this species. The HH-16 cl.2/1
modal chromosome number is 40-41 (2n=239-43 is the ploidy
referenced in the available cell line description in the DSMZ
database), and the polyploidy levels of this line are reduced (less
than 3%), with only two cells being observed with a nearly
tetraploid karyotype, containing 79 and 82 chromosomes.
Chromosome number analysis was also performed for the HH-
16.cl.4 rat mammary tumor cell line based on examination of 75
cells. This cell line presents a nearly tetraploid karyotype
(Figure 1D) with a modal number of 79-80 (4n=79-84 is the
ploidy referenced in the available cell line description in the
DSMZ database). When compared with the sister cell line, HH-
16.cl.4 shows a wider range of cells with different chromosome
numbers, with approximately 9% of cells being observed to have a
nearly triploid karyotype (60-68 chromosomes) and 2% of cells
exhibiting a nearly heptaploid karyotype (151-155 chromosomes).
This variability in ploidy might be reflected in significant levels of
karyotypic heterogeneity within this cell line, which are indicative
of a higher order of complexity and instability when compared
with the HH-16 ¢1.2/1 cell line. This observation restricted large-
scale cytogenetic characterization to only the HH-16 cl.2/1 cell
line, which apparently presents a more “stable” karyotype.
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Figure 1. Morphology (x10) and ploidy of HH-16 cl.2/1 and HH-16.cl.4 cells. HH-16 cl.2/1 cell line presenting a fibroblastoid cell
morphology with the cells growing in a criss-cross pattern (A), and HH-16.cl.4 cells morphology showing epitheloid shaped cells (B). Chromosome
count analysis revealed a near-diploid karyotype with low level of polyploidy in HH-16 cl.2/1 (C) while a wide range of different chromosome numbers
were observed in HH-16.cl.4, being the most representative the near-tetraploid karyotype (D).

doi:10.1371/journal.pone.0029923.g001

Cytogenetic Characterization

Identification of clonal chromosome rearrangements. A
combination of G-banding and fluorescent in situ hybridization
was used in the cytogenetic characterization of clonal
rearrangements for HH-16 ¢l.2/1. Paint probes for each rat
chromosome (RNOI-20, X) and from mice (MMUI9) were
successfully hybridized to HH-16 ¢l.2/1 cell line chromosomes
(Figure 2A-E), revealing a total of 13 rearrangements, both
numeric and structural in character, involving chromosomes
RNOI, RNO3, RNO4, RNO6, RNO7, RNOII, RNOI3,
RNOI5, RNOI18, RNOI9 and RNOX. Three numerical
changes were observed, involving a whole chromosome gain (+1)
and two losses (—X, —18), with X chromosome monosomy being
one of the most representative rearrangements. The rat
chromosomes ~ associated ~ with  greater ~ numbers  of
rearrangements were RNOI1, RNO6, RNOI15 and RNOI9.
More structural than numerical aberrations were observed, and
derivative chromosomes resulting from translocations were the
predominant  structural abnormalities. The most frequent
structural chromosome rearrangements identified using this
approach were as follows: t(3;11)(p12;pl2), der(4;15)(ql0;p10),
der(7)t(1:;7)(q51:q36), del(13)(p13) and der(19)t(6;19). Almost all
rearrangements were unbalanced, involving gains and losses of
chromosome  segments. G-banding analysis allowed us to
determine that the region of chromosome 1 involved in the
rearrangement der(7)t(1;7)(q51;q36) was the terminal region. To
confirm this analysis, the MMU19 paint probe was used because it
is syntenic to this region in the rat. This approach confirmed that
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the region presented by the derivative chromosome is 1qter—1q51
(Figure 2E).

High-resolution chr rearrangement
characterization and identification of breakpoint
regions. To refine the cytogenetic characterization, a total of
8 BAC and 3 PAC clones were hybridized to HH-16 ¢1.2/1 cell
line chromosomes. The selected clones contained regions of rat
chromosomes 6 (RP31-262B4, CH230-208E5, RP31- 20203,
RP31-039D3, CH230-10B5) and 15 (CH230-174M18, CH230-
9A5, CH230-215E5, CH230-27013, CH230-165C24, CH230-
117H20), which were physically mapped in a previous study [23].
The BAC/PAC results allowed the identification of the breakpoint
regions of the derivative chromosomes involving RNO6 to
der(19)t(6;19)(q14;q12), der(19)t(4;19)(q31;p11)t(6;19)(ql4:q12) and
der(18;19)t(18;19)(p10,q10)t(6;19)(q14:q12), assigning the location
of the breakpoint in all of these chromosomes to band 6q14, above
the region included within clone RP31-262B4 (Figure 3).
Concerning the analysis of RNO15, BAC mapping allowed the
identification of these breakpoint chromosome regions involved
in the der(4;15)(ql10;p10) and der(15)del(15)(p11)t(1;15)(q12:q24)
(Figure 4). Regarding the first derivative chromosome, it was
possible to verify that it involved the entire chromosome 15p arm in
a whole-arm translocation with chromosome 4 (Figure 4A). Con-
cerning der(15)del(15)(p11)t(1:15)(q12:q24), BAC clones assisted
in the identfication of chromosome regions 15pll and
1524, which were involved in the formation of the derivative
chromosome (Figure 4B-D). Moreover, the BAC analysis allowed

the detection of a complex rearrangement in chromosome 15
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Figure 2. Molecular cytogenetic characterization of HH-16 cl.2/1 clonal chromosome rearrangements. Representative images of in situ
hybridization with RNO and MMU paint probes onto HH-16 cl.2/1 metaphases (A-D), highlighting the derivative chromosomes. Derivative

chromosomes are shown in detail (FISH and GTD) (E).
doi:10.1371/journal.pone.0029923.g002

that was not detectable using chromosome painting alone. After
physical mapping of all of the BAC clones, two of them (CH230-
117H20 and CH230-9A5) were found to have assumed different

cytogenetic positions than expected (Figure 4E). The type of

structural rearrangement that would most likely explain these
results is a pericentric inversion. However, the remaining BAC
clones used in this chromosome analysis were shown to assume
the expected locations, meaning that the region between CH230-
117H20 and CH230-9A5 maintained its expected order,
suggesting a more complex rearrangement. We suggest the
occurrence of a second pericentric inversion event involving two
other breakpoints. Nevertheless, we cannot discard other possible
events leading to the observed derivative chromosome. An
interesting characteristic was that both RNOI15 homologs,
der(4;15)(q10;p10) and der(15)del(15)(p1 1)t(1;15)(q12;q24), present
this configuration.

PLoS ONE | www.plosone.org

Integration of all of the FISH data allowed the construction of
an HH-16 ¢l.2/1 composite karyotype based on the analysis of 64
cells:

30~42.X-X, +1 t(3;11)(p12;p12),der(4;15)(q10;p10),der(7)t(1;7)
(q51;936),del(13)(p13), der(15)del(15)(p11)t(1;15)(q12;q24,der(15)-
inv(15)(p14~pl6g23~q25)inv(15)(p12~pl4q22~q23)x2, —18,
der(18)(1;18)(q1 1;q12.3), der(18;19)t(18;19)(p10,q10)t(6;19)(q14:q12),
der(19)t(6:19)(q145q12), der(19)t(4;19)(q31;p1 1)t(6;19)(q14:q12)[cp64]

Reconstruction of HH-16 cl.2/1 cell line clonal evolution
The chromosomal structural abnormalities t(3;11)(p12;pl2),
del(13)(

q23) x2 as well as the numeric change —X were observed in all

)13), and der(15)inv(15)(p14~p16¢23~q25)(p12~pl4q22~

of the cells analyzed (64 cells), suggesting a monoclonal origin of
the tumor cell line. The other most frequent chromosomal
abnormalities were der(19)t(6;19)(q14;q12), found in 45 cells;
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Figure 3. Molecular characterization of the rearrangements involving RNO6 using BAC/PAC clones. Representative images of in situ
hybridization with BAC/PAC clones onto HH-16 cl.2/1 metaphases (A-C). Chromosome map of the region from bands 6q14 to 6q16, showing the
relative positions of the clones used in this study (not to scale) (D). GTD and RP31-262B4 hybridization on the two normal RNO6 and one derivative

chromosome of a rearranged cell (E).
doi:10.1371/journal.pone.0029923.g003

der(4;15)(q10;p10), found in 23 cells; and der(7)t(1;7)(q51;q36)
observed in 20 of the 64 cells analyzed. This analysis permitted

the identification of different cell subclones (Table 1), and
comparison of these subclones allowed inferring ancestral
rearrangements as well as a tentative reconstruction of the

clonal evolution that occurred during tumor progression. The

rearrangements present in all cells were considered to be part of

the ancestral clone (as shown in Figure 5), from which several
branches diverged during tumor progression (karyotype formulas
presented in Table 1).

In silico analysis of breast cancer-related genes present in
breakpoint regions

All of the identified breakpoint regions resulting from clonal
chromosome rearrangements in the HH-16 cl.2/1 cell line are
summarized in Figure S2. An in silico analysis using data from the
Rat Genome Database (http://rgd.mew.edu; assembly RGSC 3.4)
and Ensembl (http://www.ensembl.org/; assembly RGSC 3.4)
permitted screening of the breakpoint regions of the ancestral

PLoS ONE | www.plosone.org

structural rearrangements for the presence of breast cancer-related
genes (summarized in Table S1). With the exception of breakpoint
bands 11pl12, 15q22, 15q23, 15q24 and 15q25, all of the other
breakpoints contain genes in the rat genome with human

homologs that have been associated with breast cancer in humans.

Mycn and Erbb2 analysis

Gene amplification. Unlike most gene amplification studies
using FISH, the present analysis was performed in metaphase
chromosomes instead of interphase nuclei. This approach was
advantageous, as it allowed a clear view of aneuploidies and
chromosome rearrangements involving regions harboring the
studied genes to be obtained. RNO6 painting and the rat PAC
clone RP31- 20205 were used to access the amplification status of
Myen. RP31-20205 was earlier confirmed to contain Myen gene
and mapped to RNO 6q15.3-16 [23] and was also used in this
work for the accurate identification of HH-16 cl.2/1 breakpoint
regions. During HH-16 c.2/1 cytogenetic characterization, it was
possible to verify that this gene was present in three copies
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Figure 4. Molecular characterization of the rearrangements involving RNO15 using BAC clones. Representative images of in situ
hybridization with the BAC clones onto HH-16 cl.2/1 metaphases (A-D). Chromosome map of RNO15 showing the relative positions of the clones
used in this study, and the respective clone positions in the rearranged chromosome (not to scale) (E). GTD and CH230-9A5 and CH230-117H20

hybridization on the derivative chromosomes of a rearranged cell (F).
doi:10.1371/journal.pone.0029923.9004

distributed among two intact RNO6 chromosomes and in the
derivative chromosomes der(19)t(6;19)(q14;q12), der(18;19)t(18;
19)(p10,q10)t(6;19)(q14;q12),der(19)t(6;19)(q14;q12) and der(19)t(4;

19)(q31;p1 1)t(6;19)(q14;q12), indicating that a partial trisomy of

RNOG6  was

chromosomes were not considered in the estimation of RNOG6 for

involved in a translocation. The derivative
the Myecn/RNOG calculation. As can be seen in Table 2, the most
representative ratio was 1.5 (84.6%), corresponding to three Mycn

PLoS ONE | www.plosone.org

signals distributed among two normal RNOG6 chromosomes and
one derivative chromosome (Figures 6A and 6B). Myen was not
considered to be amplified in this cell line, while a Myen gain was
considered to have occurred. The derivative chromosome
der(19)t(6;19)(q14;q12) presenting Myen was found in the majority
of cells analyzed and, thus, was considered to represent an ancestral
rearrangement (Figure 5). This finding raised the question of its

importance in tumor initiation and progression, as this extra copy of
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Table 1. Karyotypic formulas of the subclones (A to H) presently found in HH-16 ¢l.2/1 cell line.

Subclone Karyotypic formulas

A 38~42,X,-Xt(3;11)(p12;p12),der(7)t(1;7)(q51;936),del(13)(p13),der(15)inv(15)(p14~p16q23~q25)inv(15)(p12~p14q22~q23) x2,
der(19)t(4;19)(q31;p11)t(6;19)(q14:q12) [6]

B 35~42,X-Xt(3:11)(p12;p12),der(7)t(1;7)(q5 1;936),del(13)(p13) der(15)inv(15)(p14~p16q23~q25)inv(15)(p12~p14q22~q23) x2, der(19)t(6;19)(q14;q12)
[14]

C 30~41, X,-Xt(3;11)(p12;p12),der(4;15)(q10;p10),del(13)(p13),der(15)del(15)(p11)t(1;15)(q12;,q24),
der(15)inv(15)(p14~p16g23~q25)inv(15)(p12~p14q22~q23) x2,der(19)t(6;19)(q14;q12) [9]

D 30~41,X-X,t(3;11)(p12;p12),der(4;15)(q10;p10),del(13)(p13),der(15)inv(15)(p14~p16q23~q25)inv(15)(p12~p14q22~q23) x 2, der(19)t(6;19)(q14;,912) [14]

E 30~42,%,-X,t(3:11)(p12;p12),del(13)(p13),der(15)inv(15)(p14~p16g23~q25)inv(15)(p12~p14q22~q23) x2, der(19)t(6;19)(q14;q12) [11]

F 39~41,X,-X,t(3;11)(p12;p12),del(13)(p13), der{15)inv(15)(p14~p16¢23~q25}inv(15)(p12~p14q22~423) x2,
der(18)t(1;18)(q11;q12.3),der(19)t(6;19)(q14;q12) 3]

G 38~42,X,-X.t(3;11)(p12;p12),del(13)(p13)der(15)inv(15)(p14~p16g23~q25)inv(15)(p12~p14q22 ~q23) x2, der(18;19)t(18;19)(p10,q10)t(6;19)(q14;912),— 18
[4]

H 42,X,-X4(3:11)(p12:p12),del(13)(p13),der(15)inv(15)(p14~p16q23~q25)inv(15)(p12~p14q22~q23) 2, der(19)t(6;19)(q14;q12),+1 [3]

and to deduce the hypothetic clonal evolution shown in Figure 5.
doi:10.1371/journal.pone.0029923.t001

Myen was present in the ancestral clone. Regarding the HH-16.cl.4
cell line, all of the cells analyzed were characterized by a ratio of 1,
presenting four Myen signals distributed among four RNOG
chromosomes (data not shown). My was also not amplified in
the HH-16.cl.4 cell line.

To mvestigate Eybb? gene amplification, the RNOI10 paint
probe and CH230-162116 rat BAC clone were used for FISH
experiments with HH-16 ¢1.2/1 and HH-16.cl.4 chromosomes.
This BAC clone was selected from a total of three clones acquired
that were validated by PCR isolation followed by sequencing, with
this clone being the only found to contain the £rbb2 gene (Figure
S1). CH230-162116 was mapped by FISH for the first time in this
study, and it was assigned to RNO 10g32.1, which is the
cytogenetic position of rat Erbb2 determined by Koelsch in 1998
[24]. According to the criteria used, no Erbb2 amplification was
detected in the HH-16 ¢l.2/1 cell line. The analysis revealed an
Erbb2/RNO10 ratio of 1 in all analyzed cells (Table 2),
corresponding to the presence of two Erbb2 signals distributed
among two RNO10 chromosomes (data not shown). Among the
HH-16.cl.4 cells analyzed (Table 2), the most representative
Erbb2/RNO10 ratio was 1.7 (88.6% of cells), which is near the cut-
off value. In these cells, five Erbb2 signals can be seen to be
distributed among one intact RNO10 (one Erbb2 signal) and two
derivative RNO10 chromosomes with a duplication involving
Erbb2 loci (two Erbb2 signals) (Figures 6C and 6D). As five Erbb2
signals were ohserved, an Erbb2 gain was considered to have
occurred. An RNO10 polysomy was verified.

RNA expression analysis. 'The levels of expression of the
Myen and Erbb2 genes in HH-16 cl.2/1 and HH-16.cl.4 were
determined by one-step real-time RT quantitative PCR (RT-
qPCR), complemented and validated by RNA FISH (for £rbb2).
Figure 7 shows the relative RT-qPCR quantification in terms of
the fold change in Erbb2 and Myen RNA expression for both cell
lines, which was normalized using multiple reference genes and is
given relative to a calibrator (control RNO sample). All of the
expression values presented in the graph were considered
statistically significant following analysis using Student’s #-test
with a p value<0.05. Regarding Myen, despite the statistical
significance of the results, the fold changes in gene expression were
low. For the HH-16.cl.4 cell line, a gain of 1.6 was verified, while
for HH-16 cl.2/1, the expression value was helow control sample

@ PLoS ONE | www.plosone.org

The karyotype formulas correspond to the different subclones identified in HH-16 cl.2/1 cell line allowing the identification of ancestral chromosome rearrangements

expression (0.7 SD=0.06), corresponding to 1.4 times less
expression than the control sample (Table 2). Only the results
for Erbb2 showed significant expression level changes, especially in
HH-16.cl.4. The increase in Erbb2 expression in HH-16 cl.2/1
was 2.6 fold (close to the cut-off value), and in HH-16.cl.4, Erbb2
was expressed at a level 10.7 times higher than in the control
sample (Table 2). HH-16 ¢l2/1 FErbb2 expression  was
approximately 4 times lower than in the sister cell line HH-
16.cl.4, with significant expression only being found in the HH-
16.cl.4 rat mammary cell line.

Evaluation of £rbb2 expression was also performed using RNA
fluorescent in situ hybridization in HH-16 ¢L.2/1 and HH-16.cl.4,
validating the RT-qPCR analysis. This procedure allowed the
visualization of Erbb2 mRNA in individual cells of both cell lines
(Figures 8A and 8B). The number of signals per cell was counted in
20 slide fields for each rat cell line, resulting in a total of 483 cells
being analyzed for HH-16 ¢.2/1 and 321 cells being analyzed for
HH-16.cl.4. The results are displayed as the percentages of cells
with total Frbb2 signals falling between four numerical intervals:
[1-3], [6-10], [11-30] and [+30]. Figure 8C shows that 84.5% of
the HH-16 ¢l.2/1 cells present 1-5 Erbb2 signals, and 60.4% of
HH-16.cl.4 cells present 11-30 Erbb2 signals, with these intervals
being the most representative for each cell line. The mean number
of signals per cell was 3.3 for HH-16 cl.2/1 and 15.2 for HH-
16.cL.4 (Figure 8D and Table 2). These results show that there was
higher expression of £rbb2 in HH-16.cl.4 than in HH-16.c1.2/1,
with 4.6 times higher expression being observed in the former cell
line than in that latter, with is in accordance with the RT-gPCR
data. The advantage of this methodology is the use of single cell
analysis, which showed a wide range of expression in the cells of
both cell lines. In addition to the expression analysis, RNA FISH
permitted us to examine the sub-cellular localization of Erbb2
mRNA. In both rat cell lines, Erbb2 displayed cytoplasmic
localization.

Influence of 5-Aza-2'-Deoxicitidine global demethylation
on Mycn and Erbb2 RNA expression

Both cell lines were treated with 5-Aza-2'-Deoxicitidine for a
period of 72 h, after which RNA was extracted and used to
evaluate £rbb2 and Myen expression levels by means of RT-qPCR.
These experiments were normalized with multiple reference genes
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Figure 5. Chromosome reconstruction of the clonal evolution in HH-16 cl.2/1 tumor cell line. Diagram showing the hypothetic clonal
evolution of HH-16 cl.2/1 chromosomes. In the diagram are shown numerical and structural clonal rearrangements. Ideograms represent all structural
clonal rearrangements. Each rat chromosome is represented by a different color according to the legend. Subclones A-H are presently found in the

cell line (respective karyotype formulas are shown in Table 1).
doi:10.1371/journal.pone.0029923.g005

(beta-actin and GAPDH) using RNA from cell lines that were not
treated with 5-Aza-2'-Deoxicitidine as a control for calculating
relative expression. No significant changes in Myen expression were
registered for either cell line. Statistically significant results based
on Student’s ttest (p value<<0.05) were only obtained for Erbb2
expression in HH-16.cL.4. Erbb2 expression decreased after
treatment  with 5-Aza-2'-Deoxicitidine at a concentration of
3 uM in HH-16.cl.4 cells (Figure 9). This expression decrease,
although significant (p<<0.05), was not high when compared with
the untreated cells. Moreover, Erbb2 expression continued to
decrease, even after the removal of the drug. These results show
that global genomic demethylation only affects the expression of
the Erbb2 gene in the HH-16.cl.4 cell line, whereas it appears to
have no effect on Myen expression in either cell line.

@ PLoS ONE | www.plosone.org

Discussion

A major opportunity to increase our knowledge regarding the
biology of breast cancer is associated with the availability of
experimental model systems that recapitulate the many forms of
this disease. Recent studies have described the genetic character-
ization of breast cancer cell lines, showing their value in the
investigation of the role of genomic alterations in cancer
progression and as a resource for the discovery of new breast
cancer genes [25,26]. Rat cancer models, such as DMBA-induced
rat tumors, have been found to be useful models for studying
hormone-dependent breast cancer [1].

Here we present, for the first time, the genetic/cytogenetic
characterization of two DMBA-induced rat mammary tumor cell
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Table 2. Mycn and Erbb2 amplification and expression results for HH-16 cl.2/1 and HH-16.cl.4.

Mycn Erbb2
Expression Fold Change Expression Fold RNA in situ signal Mean
Cell line Mycn/[RNO6 (+SD) Erbb2/RNO10 Change (+SD) (+SD)
HH-16 cl.2/1 1.5 (84.6%) —1.4 (+£0.06) 1 (100%) 42,6 (+0,1) 3.3 (*+0.9)
1.0 (15.4%)
HH-16.cl.4 1.0 (100%) +1.6 (+0.2) 1.7 (88.6%) +10.7(£1,2) 15.2 (3.6
1.5 (5.6%)
1.3 (2.9%)
1.0 (2.9%)

doi:10.1371/journal.pone.0029923.t002

lines, HH-16 cl.2/1 and HH-16.cl.4, which share the same genetic
origin. These cell lines exhibit very distinct cytogenetic character-
istics, beginning with different levels of ploidy. While HH-16.cl.4
cell line presents a nearly tetraploid karyotype, showing a wide
range of cells with different chromosome numbers and levels of
ploidy (Figure 1D), a nearly diploid karyotype with low levels of

. der(19)t(6;19)(q14;q12)

=
~
o

3}
©
i

1

L
L

HH-16.cl.4

Mycn and Erbb2 amplification results were calculated as the Mycn/RNO6 and Erbb2/RNO 10 ratios, respectively (values between brackets represent the percentage of
analyzed cells showing that result). Expression levels were accessed by RT-gPCR and RNA FISH (values between brackets represent the standard deviation).

polyploidy can be found in HH-16 cl.2/1 (Figure 1C). This finding
might be indicative of a higher order of complexity and
chromosomal instability (CIN) of HH-16.cl.4, which is described
as the presence of ploidy changes as well as high levels of
ancuploidy [27]; these phenomena have been shown to have a
direct causal role in tumorigenesis [28]. Additionally, heterogene-

der(19)t(6;19)(q14;q12)
N

Figure 6. FISH results for Mycnand Erbb2 amplification analysis in HH-16 cl.2/1 and HH-16.cl.4cell lines. Images show Mycn hybridizes in
three chromosomes (A) two RNO6 and a derivative chromosome, der(19)t(6;19)(q14;q12) (B). Two Erbb2 signals are present in chromosome 10 (C)

identified with RNO10 paint probe hybridization (D).
doi:10.1371/journal.pone.0029923.g006
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Figure 7. Relative expression of Erbb2 and Mycn in the HH-16
cl.2/1 and HH-16.cl.4 cell lines. Expression results were obtained by
reverse transcription quantitative real time PCR, normalized with the
reference genes beta-actin and GAPDH and compared with a control
sample. Data is presented as mean corresponding to fold change
relative to the control sample (p<<0.05). Error bars represent =SD.
doi:10.1371/journal.pone.0029923.g007

ity reflects the existence of different tumor clones as well as a large
number of apparently random chromosome changes, or so-called
“cytogenetic noise”. For this reason, performing genome-wide
cytogenetic characterization did not appear to be promising, and
cytogenetic analysis was limited to the identification of relevant
chromosome rearrangements associated with specific gene expres-
sion changes.

For the cytogenetic characterization of the HH-16 ¢l.2/1 cell
line a multi approach was used which included G-banding,
chromosome painting using rat and mouse probes and BAC/PAC
clones hybridization. Clonal chromosome rearrangements were
characterized (Figure 2) and specific breakpoint regions were
identified (Figure 3 and 4). Few studies on the cytogenetic
characterization of rat cell lines have been performed, particularly
using rat or mouse paint probes. However, there have been some
reports addressing rat tumor cell lines indicating RNO1 [3,29,50],
RNO3 [29], RNOG [31] and RNO15 [32,33] as recurrent and/or
relevant chromosomes related to the tumorigenesis/tumor pro-
gression in mammary fibrosarcomas, endometrial adenocarcino-
mas and lung cancer. Also in our study rearrangements in those
chromosomes have been identified, as it is the case of the complex
rearrangement involving RNO15 (Figure 4), only detected using
the combination of varied cytogenetic tools. For this derivative
chromosome we propose the occurrence of a double inversion as
previously found in Acute Myeloid Leukemia karvotypes (e.g.,
[34,35,36]), and its presence in both RNO15 homologues can be
explained by the loss of the normal chromosome, followed by the
duplication of the abnormal homolog [37,38,39]. An interesting
finding was the loss of an entire X chromosome which was present
in all subclones identified. X chromosome loss has been described

@ PLoS ONE | www.plosone.org
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in numerous human cancer cases corresponding to the inactive X
copy (e.g., [40,41]) identified by a detectable Barr body (classic
characteristic of X chromosome inactivation) [42,43]. During our
analysis of HH-16 c.2/1 cells interphase nuclei, no Barr bodies
were found in the X chromosome territory identified with the rat
X paint probe (data not shown). This finding provides evidence
that the X chromosome present in this cell line is the active X
chromosome.

Assembly of the obtained data allowed us to deduce the clonal
evolution of this tumor, which is illustrated in Figure 5. This
diagram allows casy visualization of the ancestral and recent
rearrangements, as well as providing an overview of the
microevolutionary processes that have occurred in the progression
of this tumor cell line. Analyses of karyotype clonal evolution have
heen performed previously in rats [32,44], showing its relevance in
the investigation of tumor progression. Moreover, the existence of
ancestral structural chromosome abnormalities suggests a relevant
role for these rearrangements in providing a selective advantage to
this tumor cell line. An in sifico analysis was performed focused on
the breakpoint regions of the ancestral structural chromosome
rearrangements and demonstrated that almost all of the break-
point regions contain genes in the rat genome for which the
human homolog has been associated with breast cancer (Table
S1). This finding is relevant once translocations can lead to altered
gene activity either through the formation of a chimeric gene
product with cell transforming properties, or by juxtaposition of an
oncogene with a foreign activator element [45].

In the cytogenetic characterization of HH-16 ¢.2/1, the Myen
extra copy number was of particular note, especially because this
characteristic was present in all of the cells analyzed and was
considered to represent an ancestral condition. This observation
raised the possibility of relevance of the Myen gene in mammary
tumor initiation and progression for both cell lines (once they are
related). MYCN is part of a large family of oncogenes found to be
amplified in human neuroblastomas and is correlated with
aggressiveness and a negative prognosis in this type of pediatric
cancer (reviewed by [46]). Myen amplification has also been
observed in rat tumors, specifically in uterine endometrial
carcinomas [31,47], however, the available literature does not
include any investigation of MYCN amplification status in breast
cancer. Overall, Mycn amplification was not detected in the HH-
16 ¢1.2/1 or in HH-16.cl.4 cell lines, but an Myen gain was found
in HH-16 cl.2/1 (Figure 6 and Table 2). Additional copies of
MYCN equal or less than 4-fold detected by FISH were considered
as an MYCN gain, following a study on neuroblastoma [48].

The other gene analyzed in the present study was Erbb2. In
humans, ERBB2 gene amplification constitutes one of the most
important genetic alterations associated with human breast cancer
and was first correlated with poor patient prognosis by Slamon
and colleagues [9]. Hence, no Erbb2 amplification was found in the
HH-16 cl.2/1 cell line, while for HH-16.cl.4 a low level of
amplification was detected (Table 2). Chromosome painting data
showed that Erbb2 gain resulted from a chromosome alteration
involving Erbb2 gene locus resulting in its duplication (Figure 6C).
Amplified DNA can be observed in various forms, including
double minutes or amplified regions on a chromosome or
distributed across the genome [49]. This gene gain may act as a
precursor to further Erbb2 amplification, or it may represent an
alternative pathway for activating the oncogenic potential of this
gene.

Generally, gene amplification has been associated with
overexpression of the amplified gene(s) [49], although this
correlation is not absolute. Both genes expression (Myen and
Erbb2) was accessed by RT-qPCR in the present work. Myen RNA
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Figure 8. Expression analysis of £rbb2by RNA fluorescent in situ hybridization. RNA fluorescent in situ hybridization of Erbb2 mRNA (green)
and ribosomal 18S (red) used as reference, in HH-16 ¢1.2/1 (A) and HH-16.cl.4 (B) cell lines. The number of signals distributed by 4 intervals (C) and the
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being considerably higher in the HH-16.cl.4 cell line.
doi:10.1371/journal.pone.0029923.9008

expression status showed no evidence for considerable expression
changes which is in accord with the absence of gene amplification
detected (Figure 7 and Table 2). These results also show that the
Myen gain corresponding to the three loci presented in the HH-16
cl.2/1 cell line was not reflected in an RNA expression change.
With respect to ERBBZ, the most frequently used method to

determine its expression in breast cancer is immunohistochemistry
(protein quantification) [50]. In human invasive duct carcinomas
of the breast, erbB-2 protein overexpression is particularly
frequent, and in most cases, this overexpression is caused by
ERBB2 gene amplification and associated with an unfavorable
prognosis [9,51]. Trastuzumab (Herceptin) 15 a humanized
monoclonal antibody directed against the extracellular domain
of the erbB-2 protein [52] that have been found to be effective
when in presence of high levels of this protein [53,54]. The £ZRBBE2
gene and erbB-2 protein status (gene amplification/protein
overexpression) are considered useful markers for predicting the

response to a specific cancer therapy, and analysis of these markers
is mandatory for the identification of breast cancer patients that
are amenable to trastuzumab treatment. In addition to immuno-
histochemistry, other methods have proven reliable in determining
FRBB2 expression status, such as real-time reverse transcription
quantitative PCR [53,56]. In the present study, a 3-fold increase in
expression was considered to represent a significant expression

PLoS ONE | www.plosone.org

change [57]. Relevant RNA expression changes for Frbb2 were
detected only for HH-16.cl.4 (10.7-fold increase) (Figure 7 and
Table 2). This result correlates with the Erbb? gene gain,
suggesting that the amplification, while low, may have played a
role in the overexpression of ErbbZ2 RNA in this cell line, although
it may not be the only mechanism involved. The involvement of
human chromosome 17 (harbors ERBBZ) polysomy in erbB-2
protein expression has been discussed with some controversy [38];
however, some authors point to it as the cause of ERBB?
overexpression [59,60]. This cell line presents different levels of
ploidy, and most of the cells analyzed present three copies of
RNO10 (Figure 6D), suggesting the possible correlation of this
chromosome copy number with the observed Erbb2 expression
levels. Another possible explanation is transcriptional regulation,
which could have promoted the accumulation of £rbb2 mRNA in
the absence of high levels of amplification. Moreover, both older
and more recent studies show that ZRBB2 RNA overexpression
does not always correspond to erbB-2 protein overexpression,
suggesting the existence of post-transcriptional regulation of
ERBB? [61,62], which shows the relevance of using RT-gPCR
in routine assessment of ERBBZ overexpression in human breast
cancer in the clinical laboratory setting.

RNA FISH was used to measure Erbb2 expression, comple-
menting and validating the results of the RT-qPCR analysis, RNA
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Figure 9. Relative expression analysis of Frbb2 in HH-16.cl.4
cells after treatment with 5-Aza-2-Deoxicitidine. Relative expres-
sion analysis of Erbb2 in HH-16.cl4 cells treated with 5-Aza-2'-
Deoxicitidine (HH-16.cl.4 5-AZA) and in HH-16.cl.4 cells after stopping
the treatment with 5-Aza-2-Deoxicitidine (HH-16.cl.4 5-AZA-STOP). HH-
16.cl.4 cells that were not treated with 5-Aza-2'-Deoxicitidine served as
control (HH-16.cl.4 control). Data is presented as mean corresponding
to fold change relative to control sample (p<<0.05). Error bars represent
*+5D,

doi:10.1371/journal.pone.0029923.g009

fluorescent i sifu hybridization is advantageous because it allows
analysis of spatial gene expression patterns at a single-cell
resolution [63,64,63]. This approach allowed clear visualization
and semi-quantification of mRNA molecules in the cytoplasm,
allowing quantification of the expression of Erbb2 in both cell lines.
The RNA FISH data strongly supported the RT-qPCR expression
results, showing higher expression of Eibb2 in HH-16.cl.4 (4.6
times greater) compared with the sister cell line HH-16 cl.2/1
(Figure 8 and Table 2), demonstrating to be an excellent
technology when applied either alone or together with other
technique.

Interestingly, the expression of Erbb2 in the HH-16.cl.4 rat cell
line appears to be affected by global genome demethylation. In the
present study, HH-16 ¢1.2/1 and HH-16.cL.4 cells were treated
with 5-Aza-2'-Deoxicitidine, promoting global genome demethyl-
ation. Statistically significant results were obtained for the £ibb2
gene in the HH-16.cL.4 cell line, although the variation was not
especially large (Figure 9). It has been demonstrated that £ERBB?
gene is overexpressed and unmethylated (in its promoter) in
tumors and tumor cell lines, such as ovarian tumoral tissues and
MCEF-7 cell line [66,67]. A similar study to ours was performed in
a rat chondrosarcoma cell line, in which an increase in Erbb2
expression was found after global genome demethylation [68].
Intriguingly, our data shows a decrease in Erbb2 expression after 5-
Aza-2"-Deoxicitidine treatment. While in the rat chondrosarcoma
cell line, Erbb2 promoter unmethylation seems to be the main
cause for Erbb2 overexpression, our data suggests a different
pivotal epigenetic mechanism underlying the expression of this
gene. Candidate negative regulators of Erbb2 might be non-coding
RNAs that for instance promote the degradation of transeripts
[69]; or even other less understood epigenetic mechanisms such as
splicing regulation [70] can explain our results, Our findings
emphasize that future studics are mandatory to reveal the exact
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epigenetic events involved in the regulation of Erbb2 expression,
and that HH-16.cl.4cell line is an excellent tool to complete this
task.

The cell lines used in the present work were generated
simultaneously from the DMBA-induced rat mammary tumor
[5], but despite having the same initial genetic background,
fibroblastoid H-16 cl.2/1 cell line apparently reflect mesenchymal
cells of the stromal part of the tumor, while the epitheloid HH-
16.cL.4 cell line display epithelial origin. The cell lines different
lineage, associated with the higher chromosomal instability
revealed by HH-16.cl.4 (explaining the Erbb2 overexpression here
observed), suggests different mechanisms involved in tumor
progression of both cell lines. In fact, HH-16.cL4 exhibits a
mainly tetraploid number of chromosomes. Tetraploidy can arise
through a number of mechanisms, including cell fusion, mitotic
slippage and cytokinesis failure [71]. In addition, tetraploid cells
typically contain twice the normal complement of centrosomes
that promote aberrant mitotic divisions and chromosome
missegregation at a high frequency. Moreover, tetraploidy has
been shown to initiate chromosomal instability and has been found
to precede the development of CIN and aneuploidy in several
cancers (e.g. [72,73]). On the other hand, in the fibroblastoid H-16
cl.2/1 cell line, chromosome structure instability (CSI) seems to be
the distinguishing feature, whose mechanisms are now starting to
be disclosed [74]. Nevertheless, it seems that CSI can be the result
of errors in the DNA damage checkpoints, DNA repair pathways,
and/or mitotic segregation errors. However, mutations in proteins
that permit cell cycle progression in the presence of double
stranded breaks (e.g. p33, BRCAL, BRCA2, ATM and ATR) may
also facihitate CSI [75].

In conclusion, molecular cytogenetics, gene expression profiling
and examination of the influence of global demethylation on gene
expression were used to characterize two rat mammary cell lines,
H-16 ¢.2/1 and HH-16.cl.4. All the presented results provide a
platform for future studies on tumor progression and encourage
the use of these cell lines as a model. In particular this study
highlights H-16 ¢1.2/1 and HH-16.cl.4 potential as models for
studying £rbh2 associated mechanisms and as experimental tools to
assist in the generation of new biotherapies.

We believe that the development of capable @ vitro models of
human breast cancer is of crucial importance in the study of
cancer and, consequently, in the development of new therapeutics.
We are confident that his work has contributed to the validation of
this cellular model and to its use in future studies.

Supporting Information

Figure 81 Representative images of the in situ hybrid-
ization of putative Erbb2 BAC clones onto RNO meta-
phases. Both CH230-276G18 (A) and CH230-305021 (B)
hybridize in different locations than the Erbb2 position determined
by [24]. Only CH230-162I16 hybridizes at the cytogenetic
posiion of FErbb2 in  Rattus norvegicus (10g32.1) (C). PCR
amplification of Erbb2 in the three clones (D). Only for CH230-
162116 BAC clone the expected 350 bp band is observed.

(PDF)

Figure $2 Chromosomal location of the clonal rear-
rangements breakpoint regions in HH-16 cl.2/1 cell
line. Clonal rearrangements breakpoint regions in HH-16 cl.2/
Icell line are displayed in the rat ideogram [20]. Each type of
rearrangement originated by the breakpoints is identified by a
specific color.

(PDF)
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Table S$1 In silico analysis of breast cancer related
genes present in the most representative rat breakpoint
regions, and its correspondent human homolog.
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Figure S1- Representative images of the in situ hybridization of putative Erbb2 BAC clones onto RNO
metaphases. Both CH230-276G18 (A) and CH230-305021 (B) hybridize in different locations than the Erbb2
position determined by [24]. Only CH230-162116 hybridizes at the cytogenetic position of Etbb2 in Rattus norvegicus

10g32.1 (C). PCR amplification of Erbb2 in the three clones (D). Only for CH230-162116 BAC clone the expected
350 bp band is observed.
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Figute S2- Chromosomal location of the clonal breakpoint regions in HH-16 cl.2/1 cell line. Clonal breakpoint
regions in HH-16 cl.2/1cell line are displayed in the rat ideogram [20]. Each type of rearrangement otiginated by the
breakpoints is identified by a specific color.
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Table S1: In silico analysis of breast cancer related genes present in the most representative rat breakpoint bands, and
its correspondent human

homolog.
RNO Human
Break.pomt Gene Homolog Cytog'c.netlc Gene Definition
region gene position
3pl2 Rxra RXRA 9g34.2  retinoid X receptor, alpha
Ptges PTGES 9q34.11  prostaglandin E synthase
6ql4 Rhob RHOB 2p24.1 ras homolog gene family, member B
Ncoal NCOA 2p23.3 nuclear receptor coactivator |
Cad CAD 2p23.3 carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase
13p13 Bel2 BCL2 18921.33  B-cell CLL/lymphoma 2
15p12 Ctsb CTSB 8p23.1 cathepsin B
Gnrhl GNRHI1 8p21.2 gonadotropin-releasing hormone 1 (luteinizing-releasing hormone)
Ptk2b PTK2B 8p21.2 PTK2B protein tyrosine kinase 2 beta
15pl13 Mmpl4 MMP14 14q11.2  matrix metallopeptidase 14 (membrane-inserted)
15p14 Bmp4 BMP4 14922.2  bone morphogenetic protein 4
Apex APEX 14q11.2  APEX nuclease (multifunctional DNA repair enzyme) |
Angl ANG1 14q11.2  angiogenin, ribonuclease, RNase A family, 5
15pl6 Anxa7 ANXA7 10g22.2  annexin A7
Thrb THRB 3p24.2 thyroid hormone receptor, beta
19912 Cdhl CDHI 16q22.1  Cadherin 1, type 1, E-cadherin (epithelial)
Zthx3 ZFHX3 16¢22.2  Zinc finger homeobox 3
Bearl BCARI 16g23.1 Breast cancer anti-estrogen resistance 1
Cdhl3 CDHI3 16g23.3  Cadherin 13, H-cadherin (heart)
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(SENERAL DISCUSSION AND

FUTURE PERSPECTIVES

1. GENERAL DISCUSSION

Genomes are constantly changing, evolving either by point changes in the nucleotide
sequence or by chromosome rearrangements marking major evolutionary steps. The main
objective of this thesis was the study of karyotype restructuring in rodent species, both during
species evolution and cancer. Specifically and regarding species evolution it was performed the
analysis in two different perspectives: single copy architecture through the construction of
comparative maps, and analysis of the repetitive fraction with the characterization of satellite
DNA sequences. Concerning cancer it was made the characterization of clonal chromosome
rearrangements and their influence in gene changes (amplification, expression and methylation
status) in two rat tumor commercial cell lines.

In this thesis section it will be performed an integrated discussion of all the results
presented, divided in five parts: 1.1) Comparative chromosome study in Rodentia, 1.2)
Characterization and evolution of satellite DNA in Cricetidae; 1.3) The role of CH and satDNA
in Muroids karyotype restructuring; 1.4) Cancer chromosomes and cell lines as model and 1.5)

Concluding remarks.

1.1 COMPARATIVE CHROMOSOME STUDY IN RODENTIA
Rodents constitute a very karyotypically diverse order, with muroids presenting record
high rates of karyotype evolution (Romanenko e a/. 2006). To understand the dynamics of

chromosomal evolution it is fundamental to know how genomes are organized and which types
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of chromosomal rearrangements are implicated in macroevolutionary events and speciation.
Great advances were achieved throughout molecular cytogenetic data and availability of partially
or fully sequenced genomes, leading to the identification of conserved chromosomal syntenies,
syntenic associations and ultimately to hypothesized ancestral karyotypes (Graphodatsky e# a.
2011, Ruiz-Herrera e al. 2012). Plus, such studies have permitted reliable phylogenetic
reconstructions using genomic data. The present thesis describes the construction of high
resolution chromosome maps of three Rodentia species, specifically one Muridae: Praomys tullberg:
(PTU), and two Cricetidae: Cricetus cricetus (CCR) and Peromyscus eremicns (PER). The assembling of
these comparative maps permitted the disclosure of their genome architectures, as well as the

delineation of the chromosome evolutionary history since the common Muroidea ancestor.

Ldentification of the chromosomal rearrangements that shaped the genomes of PTU, CCR and PER

Painting probes from Mus musculns (MMU) were used in the comparative chromosome
painting experiments allowing to identify syntenic associations, and the further integration and
comparison of our data with the available from all the species studied so far, elucidating the most
probable sister clades. Besides, the complementation of this map with the use of Rattus norvegicus
(RNO) paint probes and the integration of sequencing data from both index genomes available in
Ensembl database (http://www.ensembl.org/; release 66 - Feb 2012) permitted to further refine
this investigation by disclosing intrachromosomal rearrangements (inversion events) that would
escape detection by chromosome painting and using only one genome. The number of syntenic
segments disclosed in the performed studies (Table 1) revealed to be high (when we consider the
intrachromosomal segments) comparing with previous works (e.g. Romanenko ez 2/ 2006). A
number close to these could only be observed for the comparison of MMU and RNO in a
blastZ-Net Analysis available in Ensemble database.

The analysis of the shared syntenic associations allowed determining the closest clade to
each of the studied species. Regarding Praomys tullbergi, Rattus group (R. norvegicus and R. rattus)
seems to be the closest Muridae genomes to that species, and Microtus oeconomus (Arvicolinae) the
closer Cricetidae species. Remarkably, Lee and Martin (1988) suggested also a close phylogenetic
relationship between the related species Praomys natalensis and Rattus norvegicus, using conventional
G- and C-banding and Ag-NOR'’s analysis. Concerning C. cricetus, the higher number of syntenic
associations is shared with Cricetulus griseus, CGR (Cricetinae). These results support G-banding
data (Gampetl ¢t al 1976) and molecular cytogenetic studies (Cricetus cricetus/ Cricetulns

grisens| Mesocricetus anratus comparative map) (Romanenko ez al. 2006, 2007).
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Table 1| Summary of the results obtained with painting experiments and constitutive heterochromatin analysis.

Syntenic Segments Colocalization EBr/CH (%) Colocalization CH/EBr (%)
RNO MMU RNO MMU AMK RNO MMU AMK
P. tullbergi 33 (61) 44(66) 70% 74% 94% - - -
C. cricetus 32(67) 44(77) 49% 49% 57% 68% 77% 34%
P. eremicus 29(62) 38(65) 64% 1% 67% 25% 30% 2%

MMU- Mus  musculns; RNO-  Rattus  norvegicus; AMK-  Ancestral Muroid Karyotype; EBr- Evolutionary breakpoint; CH- constitutive
heterochromatin. The numbers between brackets indicate the number of syntenic segments when accounting for the intrachromsomal segments.
The constitutive heterochromatin was accessed by counting the C-bands. EBr/CH- Percentage of evolutionary breakpoint regions that are

colocalized with C-bands; CH/EBt- Percentage of C-bands that are colocalized with evolutionary breakpoint regions.

Finally, P. eremicus seems to be closely related with Peromzyscus maniculatus and C. cricetus, both
Cricetidae species. The similarity with Peromyscus maniculatus is not surprising, once all the
Peromyscus species have similar karyotypes (Greenbaum e a/. 1994). Most interesting seems to be
the highest similarity with CCR (Cricetinae) than with Sigmodontinae subfamily species, what is
not in accordance with molecular data, which suggests the highest phylogenetic proximity
between Neotominae (Peromyscus family) and Sigmodontinae among the Cricetidae subfamilies
(Steppan e al. 2004). Once few studies have been performed in Sigmodontinae species and those
results were not clear, one have to be cautious when withdrawing conclusion regarding
phylogenetic relationships involving this group.

One important outcome presented in this thesis was the delineation of a putative
Ancestral Muroidea Karyotype (AMK), based in the analysis of the MMU syntenic associations
outlined by several works and supported by the results of the species studied. Besides, it was also
used the Ensembl database assisting in the reconstruction of a high precision AMK by the
identification of the proximal, medium and distal regions of chromosomes, allowed by the
combined use of MMU and RNO index genomes. The AMK proposed here has a diploid
number 2n=50, and was suggested based in the comparison of shared syntenic MMU
associations in 31 species (20 Muridae and 11 Cricetidae), using a cladistic analysis. This
karyotype has four chromosomes less than the one proposed by Stanyon e7 a/. in 2004 (2n=54),
two chromosomes less than the one suggested by Engelbrecht ez 2/ (2006) (2n=52) and two more
chromosomes than proposed by Romanenko ez /. (2006) (2n=48). In the proposed AMK the
segment homologous to 16dist of MMU would be a single chromosome. The association (with
an inversion) 13dist/15prox/13med is an ancestral state and is a unique chromosome in the
Muroidea ancestor, in accordance with Veyrunes ez a/ 2006. Moreover, the proposed ancestral

karyotype differs from that very recently suggested by Romanenko e a/. (2012) which has 2n=>52
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chromosomes, not presenting the composition 8/2/13 and 5/14, once these were found only in
Cricetidae and therefore should be considered derived traits for this group. Moreover the
ancestral chromosome originated by the inversion 1/17/1 is not considered ancestral since this
chromosome form is observed mainly in Muridae species.

One of the main goals of comparative studies is the delineation of chromosomal changes
from an ancestral karyotype, determining the type of chromosomal rearrangements that modelled
the karyotype of the studied species. From the presented study, P. eremicus revealed a high number
of ancestral syntenic associations, revealing the occurrence of a small number of evolutionary
large-scale rearrangements (fusion/fission), evidencing that this species has a conserved genome.
C. cricetus and P. tullbergi revealed the occurrence of a high number of rearrangements, mainly
translocation events. In all the studied species, inversion events were identified. Similar results
were obtained for PER and CCR using different painting probes in a study by Romanenko ez a/.
(2007). Finally in PER and CCR, constitutive heterochromatin repatterning was also evident and

corroborated by earlier studies (Pathak ez a/. 1973, Gamperl ez al. 1976).

1.2 CHARACTERIZATION AND EVOLUTION OF SATELLITE DNA IN CRICETIDAE

Genomes can be considered a mosaic comprising regions of fragility that are prone to
reorganization and regions that do not exhibit the same levels of plasticity. Particularly,
constitutive heterochromatin regions are thought to be “hotspots” for structural chromosome
rearrangements (John 1988, Chaves ¢f a/. 2004) and its constituents, satellite DNAs, are most
likely the responsible for promoting genomic plasticity and consequently high rates of
chromosome rearrangements (Slamovits and Rossi 2002). This occurs, most probably, due to the
fact that tandem repeats promote non-homologous chromosomal recombination, thereby
promoting chromosomal reorganization (Froenicke and Lyons 2008). Furthermore tandem
repeats have been shown to be translated into noncoding RNAs, which revealed to facilitate
chromosome changes, creating novel karyotypes and thus affecting chromosome evolution
(Brown et al. 2010).

With the objective of investigating such interesting characteristics of satDNA and their
involvement in karyotype restructuring, different sequences were isolated from the genome of
some rodent species and were analyzed along the presented thesis. Moreover, after this analysis
the gathered information could be integrated with the performed comparative maps providing a

global picture of these genomes’ evolution.
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Cricetidae species share orthologous satellite DINAs with different modes of evolution

In the present thesis, two examples of repetitive DNA dynamics and their implication in
karyotype architecture in rodents (Cricetidae) were observed. Both sequences were isolated e
novo, using laser microdissection from the genomes of C. cricetus (CCR4/10sat) and P. eremicus
(PMSat). This approach revealed to be effective in the isolation of repetitive sequences as
previously described by other authors (Li ef a/ 2005, Pauciullo ez a/. 2006). The fact that these
sequences are shared by different species, which places them in a common ancestor, conciliated
with the fact that they present different locations (CCR4/10sat) or copy number vatiations
(PMSat) in the analyzed species, indicates a highly dynamic behavior. The estimated age for
CCR4710sat is, at least, 19 million years old, according with the estimated time of divergence of
the different Cricetidae subfamilies (Steppan e a/. 2004). On the other hand, PMSat was detected
not only in Rodentia, but also in species belonging to distant groups (Artropoda and
Echinodermata), indicating that this constitutes the oldest satDNA described so far, with at least
635 million of years according to Edgecombe ef a/. (2011). Despite being present in the same
species (CCR and PER) both sequences disclose very different modes of evolution. In the case of
CCR4/10sat, the most parsimonious scenatrio seems to be its presence at (peti)centrometic
regions in the ancestral karyotype of Cricetidae, as the observed condition in Cricetus cricetus
chromosomes, being afterwards these sequences moved throughout the genome by means of
intragenomic movements, assuming a scattered pattern in Peromyscus eremicus. Similar results were
obtained by Adega e a/. (2008) in Suidae vs. Tayassuidae families, with orthologous satellite DNA
sequences that revealed a completely different chromosomal location, reflecting a high level of
karyotypes divergence after the radiation of each family. The dissimilar patchwork of the
CCR4/10sat satellite in the two species (CCR and PER) could have been established by
mechanisms involved in the sequence homogenization during concerted evolution. Good
candidates are the saltatory amplification mechanisms consisting in excision, rolling circle
replication, and reinsertion of extrachromosomal circular DNA, known for participating in the
turnover of tandem repeats (Navratilova ef al. 2008, Cohen and Segal 2009), and that can
promote the relocation of satDNA sequences. Other mechanism likely to promote tandem repeat
dynamics in different organisms is transposon-mediated exchange (Palomeque e 2/ 2006, Macas
et al. 2009) which can contribute to the plasticity and also to the scattering of repetitive DNAs.

Regarding PMSat, orthologous sequences were isolated in different Cricetidae species and
were also detected in the genome of phylogenetic distant species following a BLAST search
against available data from genome sequencing projects. High interspecies sequence identity was

observed and a wide variation in number of copies among the analyzed rodent species (P. eremicus,
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C. cricetus, Phodopus sungorus and Microtus arvalis). These characteristics seem to indicate that its
evolutionary pathway occurred throughout copy number fluctuation, culminating in different
profiles (Fry and Salser 1977). Mechanisms such unequal crossing over, replication slippage and
rolling circle amplification are proposed to be responsible for the amplifications/deletions of
repeated DNA (Walsh 1987). The amplification and contraction events may not be accompanied
by changes in the satDNA nucleotide sequences, as it has been demonstrated in other studies
(Bruvo et al. 2003, Ellingsen ez a/. 2007), what is in accordance with the interspecific sequence
homology found. The inexistence of species-specific mutations, and very high homology for the
majority of the PMSat monomers from the rodents analyzed can be explained by the occurrence
of non-concerted evolution, as observed for other satellite DNAs (e.g. Plohl ¢z a/. 2010a). Our
results strongly suggest that PMSat is under evolutionary constraints in the species studied and
probably constitutes a functional element in their genomes. Supporting this theory, transcripts
from a similar sequence were found in Peromyscus sister species, Peromyscus maniculatus biirdi. This
work constitutes an important starting point as it will be very interesting to perform transcription

studies in this satellite.

1.3 THE ROLE OF CH AND SATDNA IN MUROIDS KARYOTYPE RESTRUCTURING

When comparing constitutive heterochromatin, satellite DNA and the comparative
chromosome painting data, a clear association stands out (Table 2). The integration analyses of
the obtained results permitted to identify different evolutionary patterns of the rodents’ genomes

in analysis, particularly in the Cricetidae subfamilies.

Karyotype restructuring in muroids can be related with CH

Comparative maps permit the identification of the chromosomal homologous segments
between species, and also the identification of the regions where genome synteny has been
disrupted by chromosomal rearrangements, i.c., the breakpoint regions. The demonstration of
breakpoints reuse during chromosome evolution (Murphy e a/. 2005), revealed a predisposition
of certain genomic regions to instability (hotspots) that leaded to the formalization of the fragile
breakage model (Pevzner and Tesler 2003). The presence of repetitive sequences at evolutionary
breakpoint regions has been shown by whole genome alignhment studies (Murphy ez a/. 2004,
Ruiz-Herrera ez al. 2006), besides as already was referred CH has been considered a hotspot for
structural chromosome rearrangements (Yunis and Yasmineh, 1971, John, 1988, Chaves ef /.

2004).
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Table 2| Summary table showing the 7 sitn hybtidization pattern of CCR4/10sat and PMSat in Peromyscus
eremicns chromosomes.

CCR4/10sat CCP PMsSat CCR4/10sat CCP PMSat

In the centre column are shown the comparative results (syntenic segments identified), CH mapping and
localization of the satellites in PER chromosomes. The white arrowheads evidence the CCR4/10sat signal
in P. eremicus chromosomes.
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During the present work an analysis of the co-localization of CH and the identified evolutionary
breakpoint regions for Praomys tullbergi, Cricetus cricetus and Peromyscus eremicus was performed. In
order to elucidate about the CH dynamic in these genomes during evolution, it was analyzed the
percentage of EBr that are colocalized with CH, and also the percentage of C-bands that are
located at breakpoint regions. The values are summarized in Table 1, and as it can be seen,
substantial values were obtained for all the analyzed species. These results suggest that the CH
and specifically, the repetitive sequences under analysis could, in fact, be somehow involved
(maybe as drivers) in the chromosome rearrangements occurred during karyotype evolution of
these Rodentia species. The localization of the isolated satellites CCR4/10sat and PMSat in P.
eremicus and C. cricetus chromosomes are summarized in Figure 1. An integrated discussion

regarding this correlation will be carried in the next paragraphs.

Cricetidae evolutionary trails are related with satellite DIN.A dynamics

Rapid variation of satellite DNAs have been hypothesized as important source of
chromosomal instability and consequently karyotype evolution (Slamovits ez /. 2001). In the light
of these assertions, it seems that CCR4/10 sat and PMSat were implicated in the genome
restructuring of the species studied. Repetitive sequences with shared patterns in all the analyzed
species are classified as conservative, while those present only in some species and absent or in
low copy number in others, are classified as rapidly evolving (Wichman ez 2/ 1991).

According to Volobouev ez a/. (20006), an important source of karyotype variability in
rodents is related to the heterochromatin amount and distribution pattern. Within Peromzyscus
genus, the interspecies differences in heterochromatin amount expressed by the quantity of
nuclear DNA reaches 36% (Deaven e al. 1977). Also, the karyotype of the genus is notable once
it comprises a constant diploid chromosome number of 2n=48 for the more than 50 species
comprising it (Committee for standardization of chromosomes of Peromyscus 1977).

The species of the genus Peromyscus constitute a striking example of karyotype evolution
by heterochromatic arm additions/deletions (Pathak ef a/. 1973), along with peticentric inversions
and centromere repositioning (Robbins and Baker 1981, Rogers ef a/. 1984). The comparative
studies results presented along in this thesis corroborate such suggestions, with P. eremicus
presenting a very similar karyotype to the AMK, with few restructurings, among them some
inversions and CH additions. It must be referred that the technique used has the drawback of not
revealing intrachromosomal rearrangements, preventing the identification of other possibly

existing inversion events.
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Figure 1| Schematic diagram summarizing the different topics studied, the species involved in each topic and some
of the main outcomes.

Attending to the mechanisms enumerated above (saltatory amplification and transposon-
mediated exchange), it seems feasible to propose that the rearrangements occurred in Peromzyscus
lineage (mainly inversions) could have been facilitated by the presence of repetitive sequences
(regions of “fragility”’) (Ruiz Herrera ez al. 2006), namely CCR4/10 sa. As already referred, rapidly
evolving satDNA families promote chromosomal rearrangements by means of their intragenomic
movements among nonhomologous chromosomes and between different chromosomal fields, as
centromeres, arms and telomeres Wichman e# a/. (1991).

PMSat satellite DNA also seems to be involved in P. eremicus karyotype evolution,

particularly regarding CH repatterning in this species. As part of PER constitutive
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heterochromatin, this satellite DNA dynamics by means of amplification events seem to have led
to the CH additions, resulting in the present large CH blocks, which extend to the entire short
arms of the majority of PER chromosomes. The selective amplification of this satellite over other
possibly existing ones might be related with functional constraints, or heterochromatic
environment imposed constraints (Plohl ez a/. 2008). Previous studies in this genus suggest that
heterochromatin additions seem to have been favoured along species evolution, and for that
reason it was assumed that it confers some selective advantage to the organisms (Greenbaum and
Baker 1978). Table 2 shows an integrated view of the comparative results, along with CH and the
satDNAs (CCR4/10sat and PMSat) mapping. In this table it can be seen that some of the
breakpoints identified co-localize with CH (as referred) and simultaneously with satellite DNA,
illustrating the possible role of these sequences in PER karyotype restructuring.

Regarding the other species studied in this thesis, Cricetus cricetus (our results) and Phodopus
sungorus, their chromosome evolution is characterized by the occurrence of fusion events (centric
and/or tandem fusions), while robertsonian translocations (centric fusion translocation) were the
predominant rearrangement in the karyotype evolution of Microtus arvalis (studied elsewhere,
Romanenko ¢# al. 2007, Romanenko e al. 2012). Li et al. (2000) demonstrated the involvement of
two satDNAs of the muntjac deer genome in tandem fusions of chromosomes. Also the
correlation between fusion evolutionary events and satellite DNA has been well documented (e.g.
Garagna e al. 2001, and reviewed in Adega 7 al. 2009). Moreover, Chaves e al. (2003) highlighted
the organization of different satDNA families in the t(1;29) translocation in cattle. Following
these examples it can be proposed that CCR4/10sat (located in the centromeres of CCR4 and
CCR10) can be implicated in the fusion events occurred during C. ¢ricetus evolutionary pathway.
Fusions have been also associated to the loss of centromeric and telomeric constitutive
heterochromatin at the fusion breakpoints, possibly to stabilize those rearrangements and ensure
its fixation in during the speciation process (Shi ez a/. 1980, lannuzzi et al. 1987). The presented
work in PMSat shows evidences of contraction events occurred during PMSat evolution in C.
cricetus, P. sungorus and M. arvalis, once this sequence exists in the genome of these species, but in a
much lower amount than in PER. Such satellite mode of evolution may have contributed to the
occurrence of chromosome fusions in C. ericetus, P. sungorus and M. arvalis species, as has been
shown for the rodent Crenomys (Slamovits et al. 2001). Such elimination could have resulted in the
decrease of copy number of this satellite in the mentioned species to a residual amount, enough
to be detected by molecular techniques but undetectable by hybridization ones (southern blot and
FISH). Regarding C. ¢ricetus a question arises: Why the selection against PMSat in striking contrast

with CCR4/10sat that still highly represented in CCR chromosomes? The elimination of satellite
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copies can be attributed, for example, to selective pressure on the maintenance of the size of the
genome as proposed by Nijman and Lenstra (2001). So, the loss of PMSat from CCR
chromosomes has been probably balanced by amplification of other repeated DNA sequences, as
CCR4/10sat, thus maintaining the heterochromatic features of these regions.

The organizational and structural properties of repetitive sequences, and the general
features of its dynamics (copy number variations and intragenomic movements) analyzed and
correlated with the chromosome architecture in the Rodentia genomes analyzed, allowed to
support the idea proposed in previous works, that constitutive heterochromatin and satDNA
play an important role in chromosome evolution. Moreover, this role seems to rely (at least) on

the ability of the satellites to change its copy number and to mobilize through the genome.

1.4 CANCER CHROMOSOMES AND CELL LINES AS MODEL

The last part of this thesis was dedicated to the genetic/cytogenetic characterization of
two related DMBA-induced rat mammary tumor cell lines: HH-16 cl.2/1 and HH-16.cl.4. This

analysis allowed major outcomes that will be succinctly described.

Rat tumor cell lines are characterized by distinct karyotypic changes and instability in the chromosomes

As mentioned before, tumor progression is characterized by the successive accumulation
of genetic changes in cells, which gives them the ability to proliferate without restrictions.
Genomic instability was considered to contribute to the tumor stepwise progression, occurring as
small changes at the nucleotide level affecting cancer-related genes, as gene amplification or as
gross chromosomal alterations (reviewed in Martin ez 2/ 2010). The cytogenetic analysis of both
cell lines revealed significant changes in their karyotypes, suggesting the presence of
chromosomal instability (CIN) and chromosome structure instability (CSI). Ploidy changes were
the major feature of HH-16.cl.4 cell line presenting a nearly tetraploid karyotype, with a wide
range of cells showing different chromosome numbers. In contrast, a nearly diploid karyotype
with low levels of polyploidy was found in HH-16 cl.2/1, what allowed a detailed charactetization
of the structural rearrangements in this cell line.

It is proposed that most tumors arise from a single cell of origin, and tumor progression
results from acquired genetic variability within the original clone, allowing sequential selection of
the more aggressive subclones (teviewed in Tysnes 2010). HH-16 cl.2/1 clonal rearrangements
were identified and allowed tracing a putative clonal evolution for this tumor. A diagram was

constructed which permitted the visualization of the ancestral and recent rearrangements, as well
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as providing an overview of the microevolutionary processes that have occurred in the

progression of this tumor cell line (Figure 5 of Paper V).

The instability in the chromosomes influenced cancer-related genes, specifically their expression

It has been demonstrated that chromosome structure instability can influence
tumorigenesis by deregulating expression of specific target genes or by promoting gene fusion
(reviewed in Thompson and Compton 2011). An 7 silico analysis was performed focused on the
breakpoint regions of the ancestral structural chromosome rearrangements identified in HH-16
cl.2/1, demonstrating that almost all of the breakpoint regions contain genes in the rat genome
for which the human homolog has been associated with breast cancer. This information can
direct future studies, when using this available and now characterized cell line.

Moreover, the cytogenetic characterization of HH-16 ¢.2/1 and HH-16.cl.4 revealed an
increased number of copies of two oncogenes, Mym and Erbb2. According with the defined
criteria for gene amplification, neither of the genes is considered amplified, but a My gain was
considered to have occutred in HH-16 cl.2/1 and an Erbb2 gain was considered to have occurred
in HH-16.cl4. In the present case it was clear the association of chromosome
rearrangements/karyotype restructuring in tumor progression, specifically by causing changes in
oncogene copy number. As shown previously in this thesis, gene amplification has been
associated with overexpression of the amplified gene(s) (Albertson 2006), although this
correlation is not absolute. Relative RNA expression was assessed by real-time reverse
transcription quantitative PCR (RT-qPCR) and RNA FISH. Our results show that the My gain
in the HH-16 cl.2/1 cell line was not reflected in an RNA expression change. Alternatively, Erbb2
was found to be overexpressed in HH-16.cl.4, in particular a 10.7-fold increase was determined
by RT-qPCR. RNA FISH also revealed to be a reliable and advantageous way of access gene
expression, corroborating the results from RT-qPCR and showing a higher expression in HH-
16.cl.4 than in the sister cell line HH-16 cl.2/1. Several hypothesis were outlined to explain Erbb2
overexpression in HH-16.cl.4, some of them related with the observed chromosome changes: 1)
the referred Erbb2 gain, while low, may have played a role in the overexpression of Erbb2 RNA in
this cell line, although it may have not been the only mechanism involved; 2) the polysomy of
RNO10, once some authors point polysomy (in HSA17, chromosome location of ERBB2 in
Human) as the cause of ERBB2 overexpression in humans (Wang ez a/. 2002, Ma ez al. 2005); 3)
epigenetic regulation, namely transcriptional regulation which could have promoted the

accumulation of Erbb2 mRNA in the absence of high levels of amplification.
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Erbb2 exipression is influenced by methylation in HH-16.cl4 cell line

The influence of DNA methylation in cancer has become the topic of intense
investigation, once cancer cells have been shown to have major changes in their DNA
methylation patterns, when compared with normal cells (Das and Singal 2004).

In the presented work it was verified that the expression of Erbb2 in the HH-16.cl.4 rat
cell line appears to be affected by global genome demethylation, after cells treatment with 5-aza-
2’-deoxicitidine. Interestingly, in a similar study to ours performed in a rat chondrosarcoma cell
line, an increase in Erbb2 expression was found after global genome demethylation (Hamm e a/.
2009), while our data shows a decrease in Erbb2 expression after 5-Aza-2’-deoxicitidine
treatment. Different epigenetic mechanisms underlying the expression of this gene seem to be
pivotal in each of these cell lines. While in the rat chondrosarcoma cell line, Erbb2 promoter
unmethylation seems to be the main cause for Erbb2 overexpression, our data suggests the action
of negative regulators of Erbb2 expression. Our findings emphasize that future studies are
mandatory to reveal the exact epigenetic events involved in the regulation of Erbb2 expression,

and that HH-16.cl.4 cell line is an excellent tool to complete this task.

Same origin but different outcomes suggest different mechanisms involved in tumor progression of HH-16 ¢/.2/1

and HH-16.c/.4

The cell lines used in this work were generated simultaneously from the DMBA-induced
rat mammary tumor (Steffen e# a/. 1998), but despite having the same initial genetic background,
they display quite different cell lineages: HH-16 cl.2/1 reflect mesenchymal cells of the stromal
part of the tumor, and HH-16.cl.4 cell line display an epithelial origin. This fact along with the
higher chromosomal instability revealed by HH-16.cl.4 (explaining the Erbb2 overexpression
observed), suggests different mechanisms involved in tumor progression of each of the cell lines.
In HH-16.cl4, tetraploidy associated mechanisms seem to be responsible for the observed
karyotypic features by promoting the initiation of chromosomal instability (CIN) as it has been
found in several cancers (e.g. Olaharski e# a/. 2006). On the other hand, in the fibroblastoid H-16
cl.2/1 cell line, chromosome structure instability (CSI) seems to be the distinguishing feature,

whose mechanisms are now starting to be disclosed (Thompson and Compton 2011).

HH-16 ¢/.2/1 and HH-16.cl.4 as cellular models

We believe that the performed characterization of these two rat mammary cell lines,
throughout molecular cytogenetics, gene expression profiling and examination of the influence of

global demethylation on gene expression, provides a platform for future studies on tumor
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progression and encourage the use of these two cell lines as a model. In particular, this study
highlichts HH-16 ¢l.2/1 and HH-16.cl.4 potential as models for studying Erbb2 associated
mechanisms and as experimental tools to assist in the generation of new biotherapies. We are
confident that his work will contribute to the validation of this cellular model and to its use in

future studies.

1.5 CONCLUDING REMARKS

Following the analogy by Peng ez a/. (2000), if a genome is compared to a continental
landform, genome rearrangements would comprise the evolutionary “earthquakes” that
dramatically change the landscape. In the present thesis the comparative maps of three rodent
species, Praomys tullbergi, Cricetus cricetus and Peromyscus eremicus, were constructed based in the
comparative chromosome painting results using mouse and rat probes and refined using
Ensembl available data. Based on the obtained results, the main evolutionary rearrangements
occurred in each species karyotype were identified, and P. eremicus genome stand out as possessing
the most conserved genome, while P. #ullbergi and C. cricetus revealed to be more derivative. One
major outcome was the proposal of an Ancestral Muroidea Karyotype presenting a diploid
number 2n=50. Going back to the starting analogy, a fundamental question in studies of
chromosome evolution is whether the evolutionary “earthquakes” are happening along
evolutionary “faults” (hotspots of rearrangements). A significant correlation between the
identified evolutionary breakpoint regions in the studied species and the constitutive
heterochromatin location in the chromosomes was observed. This is in accordance with other
studies that propose that constitutive heterochromatin regions constitute hotspots for
chromosomal rearrangements.

The major constituent of constitutive heterochromatin is satellite DNA. Two satellite
DNA families (CCR4/10sat and PMSat) were isolated de novo by microdissection in C. ericetus and
P. remicus, trevealing distinct evolutionary trails. While CCR4/10sat dynamics seems to be
throughout intragenomic movements (displaying different chromosome locations in the different
species), PMSat seems to have changed by copy number variations (striking dissimilarity in
abundance in the different species). PMSat constitutes the oldest satDNA family described so far,
existing in the genome of distantly related species. Despite that, high sequence conservation was
observed, what strongly suggests a possible functional activity of this sequence in the genome.
These works constitute a good example of satellite DNA duality, once they seem to influence the
karyotypes restructuring by its dynamic behavior (location and copy number change) but also its

sequence can be evolutionarily conserved, suggesting a functional role.
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The karyotype restructuring is also a feature of tumor progression. The
genetic/cytogenetic characterization of two telated DMBA-induced rat mammaty tumor
commercial cell lines (HH-16 cl.2/1 and HH-16.cl.4) was accomplished. The cytogenetic
characterization of HH-16 cl.2/1 allowed the identification of clonal rearrangements, the
reconstruction of tumor clonal progression and the 7 silico assignment of homologous human
genes associated with breast cancer to the rearrangement breakpoint regions.

The analysis of the gene amplification and expression levels revealed Erbb2
overexpression in HH-16 cl.4, 715 but not in its sister cell line HH-16 cl.2/1. This result,
associated with the fact that these cell lines shared a similar initial genetic environment, highlights
their potential as models for studying Erbb2-associated mechanisms and as experimental tools to
assist in the generation of new biotherapies.

All the described work highlights the karyotype restructuring occurred in Rodentia
species, showing that genomes evolution involves multifactor events that are parallel between

species evolution and tumor progression.
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2. FUTURE PERSPECTIVES

Despite all the studies focusing in the evolutionary events that shaped genomes during
evolution, all the mechanisms involved and sequences implicated are far from being discovered.
Rodents revealed to be excellent models for studies involving this subject. In order to pursuit the
knowledge regarding the effect of karyotypic changes in species evolution, different research lines
can be suggested:

- Considering that Rodentia order is the largest group within mammals, there are still
many more species that need to be studied by comparative chromosomics. The many more
comparative studies, the more unveiled will be the events that took place during the rapid
rodents’ evolution, the more accurate will be the ancestral karyotypes delineated and the better
understood will be the dynamics of genomes evolution;

- Chromosome rearrangements shape the genomes not only during species evolution but
also during tumor progression. Understanding the dynamic nature of the tumor genome will be
the key to understand the mechanism of genetic heterogeneity and population diversity, which is
the genetic basis for tumor formation.

- Once constitutive heterochromatin and its constituents, the repetitive sequences, have
proven to play a significant role in genomes’ architecture, it will be important to continue
isolating and characterizing more sequences. Particularly satDNAs have revealed diverse
evolution patterns showing that many relevant features are yet to be fully comprehended.
Moreover the satDNa family isolated, PMSat, reveals to be promising in future functional studies
(e.g. at the transcription level). These will allow to better understanding the evolution and
dynamics of repetitive sequences and their implication in karyotype restructuring during
evolution and cancer;

- There were found regions in the species and cancer genomes analysed more prone to
the occurrence of rearrangements. These fragile sites need to be identified and the nature of the
underlying sequences studied to better understand their fragility and their specific location in the
genome.

- The development of capable 7 vitro models is of crucial importance to the study of
cancer and, consequently, to the development of new therapeutics. This can be achieved by the
full cytogenetic/genetic characterization of tumor cell lines already available commercially.

Taking this work as departure point, this and other interesting research lines can be
followed. After all, science is a systematic enterprise that builds and organizes knowledge in the

form of testable explanations and predictions.
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