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Zusammenfassung

Zusammenfassung

Das zentrale Thema der vorliegenden Doktorarbeit war die Untersuchung der Zellkerntopo-
logie im Verlauf zellularer Differenzierung. Zu diesem Zweck wurden mehrere Zellsysteme
der Maus verwendet, die eine Untersuchung von Zelltypen unterschiedlichen Differenzie-
rungsniveaus ermdglichten. Unter anderem wurden zwei in vitro Differenzierungssysteme
benutzt. In dem einen wurden embryonale Stammzellen (ES Zellen) der Maus zu Makropha-
gen differenziert, wahrend im zweiten Modellsystem eine muskelspezifische Differenzierung
von Myoblasten induziert wurde; im Verlauf dieser in vitro ,Myogenese“ fusionieren My-
oblasten miteinander und bilden vielkernige Myotuben. Zusatzlich wurden Maus Fibroblasten
und Lymphozyten untersucht, u.a. um die Ergebnisse mit bereits publizierten Resultaten von
Studien an menschlichen Zellen vergleichen zu kénnen. Zwei Teilaspekte der Zellkernorga-
nisation wurden beleuchtet: i) die radiale Verteilung genreicher und genarmer Chromosomen
und ii) die raumliche Anordnung zentromerischen Heterochromatins.

In humanen Zellen, sowie in Zellen hdherer Primaten und vom Huhn konnte gezeigt werden,
dass Chromosometerritorien (CTs) von genreichen und genarmen Chromosomen eine un-
terschiedliche radiale Anordnung im Interphasekern aufweisen: wahrend genreiche Chromo-
somen eher zentral liegen, sind genarme Chromosomen tendenziell in der Kernperipherie zu
finden. Die im Rahmen dieser Arbeit durchgeflhrte Untersuchung der radialen Anordnung
des genreichen Mauschromosoms #11 und des genarmen #X sollte vor allen Dingen zwei
Fragen beantworten: 1) Finden sich bei Mausen ebenfalls Gendichte-abhangige radiale CT-
Verteilungen? 2.) Andern sich die Verteilungen der untersuchten CTs im Verlauf der Diffe-
renzierung?

CTs in Interphasekernen wurden mittels Fluoreszenz in situ Hybridisierung (FISH) unter
Verwendung chromosomenspezifischer Sonden visualisiert. |hre radiale Verteilung wurde
quantitativ mit Hilfe einer Computer-gestitzten Auswertung bestimmt. Das genreiche Chro-
mosom 11 zeigte eindeutig eine zentralere Lage als das genarme Chromosom X, das weiter
zum Zellkernrand ausgerichtet war. Somit konnten die Ergebnisse bei Mensch, Primaten und
Huhn auch bei der Maus bestatigt werden. Es fanden sich keine Hinweise fir eine Verande-
rung dieser Verteilungen in Abhangigkeit zellularer Differenzierung. Stattdessen schien das
Ausmal}, wie stark die Verteilung von #11 von der von #X abwich mit der Zellkernform in den
jeweiligen Zelltypen zu variieren. Zelltypen mit runderen Zellkernen wie Lymphozyten oder
ES Zellen zeigten einen grofieren Unterschied zwischen den beiden Verteilungen, als My-
oblasten oder Makrophagen, die einen flacheren Zellkern aufwiesen. Eine entsprechende
Beobachtung wurde bereits bei menschlichen Zellen beschrieben. Die Abstande, sowie die
Winkel zwischen den Schwerpunkten homologer und heterologer Chromosomen sprachen
ferner gegen eine Homologenassoziation der Chromosomen 11, als auch gegen jede andere
Form einer deterministischen, nicht-zufalligen Anordnung homologer und heterologer CTs
zueinander.

Es gab mehrere Griinde, die daflur sprachen perizentrisches Heterochromatin als Untersu-
chungsobjekt fir die vorliegende Fragestellung zu verwenden. Zum einen umfasst es mit
~10% einen groBen Teil des Mausgenoms. Ferner wurde des Ofteren und in
unterschiedlichen Spezies gezeigt, dass es als epigenetischer Faktor an transkriptionellen
»silencing“-Phanomenen beteiligt ist. Und schlielllich wurde bereits in einigen Arbeiten ber
ein dynamisches Verhalten von perizentrischem Heterochromatin im Verlauf von
Differenzierungsprozessen berichtet. Perizentrisches Heterochromatin, das aus vielen in
Reihe angeordneten sog. ,Major satellite“-Sequenzen besteht wurde mittels FISH Uber eine
Satelliten-sequenzspezifische Sonde dargestellt. Perizentrisches Heterochromatin einzelner
Chromosomen hat die Tendenz sich im Interphasekern zu grélReren Aggregaten, den so
genannten Chromozentren zusammenzulagern.

-1-



Zusammenfassung

Im Rahmen der vorliegenden Arbeit konnte gezeigt werden, dass Anzahl und GroRRe der
Chromozentren zelltypspezifische Unterschiede aufweisen und dass im Verlauf terminaler
Differenzierung die Anzahl der Chromozentren signifikant abnimmt, wahrend die Grofie der
Heterochromatin-Cluster entsprechend zunimmt. In Anbetracht der Tatsache, dass eine ahn-
liche Zusammenlagerung zentromerischer Regionen in differenzierenden Zellen der Ratte
und des Menschen beobachtet wurde (Chaly and Munro 1996; Beil et al. 2002), liegt die
Vermutung nahe, dass die Verringerung der Cluster-Anzahl bzw. ihre VergréRerung eine
charakteristische Eigenschaft terminal differenzierter Zellen darstellt. Die Mehrzahl der
Chromozentren stand unmittelbar in Kontakt mit der Zellkernperipherie, wahrend ein kleine-
rer, variabler Anteil Kontakt zu einem oder mehreren Nukleoli hatte. Nur ein sehr kleiner An-
teil befand sich im so genannten ,internen Zellkernkompartiment®, also ohne Verbindung zur
Kernperipherie oder einem Nukleolus. Eine quantitative Auswertung zur Ermittlung der radia-
len Verteilung ergab, dass perizentrisches Heterochromatin in Lymphozyten am periphersten
angeordnet ist, gefolgt von ES Zellen. In den Ubrigen Zelltypen waren die Verteilungen ahn-
lich und mehr zur Zellkernmitte orientiert. Da perizentrisches Heterochromatin charakteristi-
scherweise eine hohe Anzahl an methylierten Cytosinen aufweist (Miller et al. 1974) und be-
schrieben wurde, dass die Konzentration des an methyliertem Cytosin bindenden Proteins
MeCP2 dort erhoht ist (Lewis et al. 1992), bot es sich an zu untersuchen, ob und inwieweit
sich beide Parameter im Verlauf der Differenzierung andern. Beide Parameter wurden mittels
Immunfluoreszenz bestimmt. Wahrend der terminalen Differenzierung von Myoblasten zu
Myotuben konnte sowohl eine verstarkte DNA-Methylierung in der perizentrischen Region als
auch eine verstarkte Expression von MeCP2 beobachtet werden. Mittels transient transfizier-
ter Myoblasten, die eine fluoreszente Version von MeCP2 (MeCP2-YFP) exprimierten, konn-
te ferner gezeigt werden, dass die Aggregation von perizentrischem Heterochromatin artifi-
ziell, also ohne Differenzierung, nur durch Uberexpression von MeCP2 induzierbar ist. Die-
ses Ergebnis legt den Schluss nahe, dass MeCP2 ursachlich am verstarkten Zusammenla-
gern perizentrischen Heterochromatins wahrend der terminalen Differenzierung beteiligt ist.
Eine Lebendzell-Beobachtung MeCP2-YFP exprimierender Myoblasten ergab ferner, dass
das Fusionieren der Heterochromatincluster wahrend der gesamten Interphase stattfindet
(G1, Sund G2).

Im Rahmen der vorliegenden Doktorarbeit konnte somit sowohl Kontinuitat als auch Dynamik
in der Zellkerntopologie wahrend zellularer Differenzierung nachgewiesen werden. Mit der
Gendichte-abhangigen Verteilung der CTs 11 und X, zeigte sich ein stabiles Verteilungsmus-
ter, das trotz Differenzierung erhalten blieb und im Kontext aquivalenter Ergebnisse in ande-
ren Spezies flr ein evolutionar konserviertes Verteilungsmuster spricht. Mit dem Phanomen
der Aggregation perizentrischen Heterochromatins konnte andererseits eine dynamische
Reorganisation von Chromatin nachgewiesen werden, die gerichtet und reproduzierbar mit
terminaler Differenzierung einherging. In Anbetracht des epigenetischen Potentials von peri-
zentrischem Heterochromatin (Fisher and Merkenschlager 2002) erscheint ein funktioneller
Zusammenhang zwischen dessen topologischer Reorganisation und dem Differenzierungs-
prozess wahrscheinlich. Die Identifizierung von MeCP2 als ein Schllsselfaktor bei der Ag-
gregation von perizentrischem Heterochromatin wahrend der Differenzierung bietet zudem
neue experimentelle Ansatzpunkte um nach einem funktionellen Zusammenhang zwischen
Zellkernarchitektur und Differenzierung und Entwicklung zu suchen.
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Summary

The purpose of the present thesis was to investigate nuclear topology during cellular differen-
tiation. Several mouse cell cultures were analyzed including cell types representing distinct
differentiation stages. | utilized two in vitro differentiation systems, one where embryonic
stem (ES) cells were induced to terminally differentiate to macrophages, while in the second,
cultured myoblasts were differentiated to myotubes; during this in vitro myogenesis
myoblasts fuse and generate polynucleated syncitial myotubes. Additionally | investigated
mouse fibroblasts and lymphocytes, in order to compare my results with published data on
human cells. Two aspects of nuclear organization were highlighted: i) the radial distribution of
gene dense and gene poor chromosomes and ii) the organization of pericentric heterochro-
matin.

Chromosome territories (CTs) of gene dense and gene poor chromosomes have been
shown to distribute differentially in interphase nuclei of various species including man (Croft
et al. 1999), higher primates (Tanabe et al. 2002) and chicken (Habermann et al. 2001);
while gene dense chromosomes are found more centrally, gene poor chromosomes have the
tendency to lie more at the nuclear periphery. By analyzing the radial distribution of gene
dense mouse chromosome 11 and gene poor chromosome X | sought to answer two main
question: 1.) Is there the gene density related radial distribution of CTs conserved in mouse?
2.) Does the radial distribution of these CTs change upon differentiation?

These questions were answered using a fluorescence in situ hybridization (FISH) approach
with chromosome-specific probes visualizing complete CTs and a quantitative evaluation
software. Gene dense #11 CTs were found more towards the nuclear center, while gene
poor #X CTs were distributed more at the periphery. Thus, the results in human, primates
and chicken could be confirmed in mouse. Moreover, no indications for a differentiation-
dependent change in the distribution of the analyzed chromosomes were found. Instead, the
degree of difference between the radial distributions of #11 and #X appeared to vary sub-
stantially between cell types according to the nuclear shape. Cell types like lymphocytes or
ES cells where the nucleus had a more spherical shape showed a clearer difference be-
tween both CT distributions than those with a flat shaped nucleus like myoblasts or macro-
phages, which is consistent with observations in human cells. According to interhomolog and
—heterolog distances and angles between CT gravity centers, there was no evidence for a
homologous association of #11 CTs as well as for any other kind of a non-random,
deterministic side-by-side distribution of #11 and #X CTs.

Pericentric heterochromatin appeared as a suited object of investigation for the present the-
sis for several reasons. First, comprising ~10% of the mouse genome it represents a sub-
stantial part of chromatin in the nucleus. Secondly, it has been reported to convey transcrip-
tional silencing as an epigenetic modifier of transcriptional activity in several species and fi-
nally various reports have described a dynamic behavior of pericentric heterochromatin dur-
ing differentiation. Pericentric heterochromatin, which consists of tandem repeats of the so-
called major satellite sequence was visualized by FISH with a satellite specific probe.
Pericentric heterochromatin of individual chromosomes tends to aggregate in the interphase
nucleus building so-called chromocenters. In the present thesis, | could show that the num-
ber and size of chromocenters is cell type specific and that the number of pericentric hetero-
chromatin cluster is significantly reduced during terminal differentiation, concomitantly with
an increase of chromocenter size. Considering data on centromere clustering in differentiat-
ing rat and human cells (Chaly and Munro 1996; Beil et al. 2002) the present findings sug-
gest that the reduction in number and the increase in size of pericentric heterochromatin
cluster is a hallmark of terminally differentiated cells. The analysis of the intranuclear distribu-
tion of chromocenters revealed that the majority of chromocenters is abutting the nuclear pe-
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riphery, with a variable intermediate fraction contacting one or more nucleoli. Only a very
small fraction resided in the so-called interior nuclear compartment, i.e. without contacts to
both the periphery and a nucleolus. A quantitative analysis of the radial distribution of
pericentric heterochromatin in the various cell types revealed a significantly more peripheral
location in lymphocytes, followed by ES cells, while in all other analyzed cell types the distri-
bution was similar and more internal.

Since pericentric heterochromatin is characterized by an intense methylation of cytosines
(Miller et al. 1974) and was described to be enriched for the methyl-CpG binding protein
MeCP2 (Lewis et al. 1992), | was interested whether levels of DNA methylation and of en-
dogenous MeCP2 would change during differentiation. Both parameters were determined us-
ing an immunofluorescence approach. In both cases, | found a substantial increase during
terminal differentiation of myoblasts to myotubes. Using a transient transfection strategy with
a fluorescently tagged MeCP2 derivative (MeCP2-YFP), | could moreover show that the in-
creased clustering of pericentric heterochromatin could be artificially induced in myoblast in
the absence of differentiation by overexpression of MeCP2. This result strongly suggests that
MeCP2 is causally involved in the phenomenon of pericentric heterochromatin clustering dur-
ing terminal differentiation. In vivo time-lapse analysis of MeCP2-YFP transfected myoblasts
revealed that fusion of chromocenters occurs during all interphase stages (G1, S and G2).

In conclusion, the present thesis revealed both, continuity and dynamics of nuclear topology
during cellular differentiation. On the one hand, the gene-density-related radial distribution of
#11 and #X CTs represented a stable organizational motif that remained unaffected by cellu-
lar differentiation. In fact, this finding corroborates the idea of an evolutionary conserved dis-
tribution pattern of CTs. On the other hand, the clustering of pericentric heterochromatin dur-
ing terminal differentiation denoted a dynamic and reproducible reorganization that, consider-
ing the epigenetic potential of pericentric heterochromatin, is likely to be of functional impor-
tance for cellular differentiation. The identification of MeCP2 as a key player in the clustering
process of pericentric heterochromatin offers new starting points for investigating the func-
tional relevance of nuclear architecture during differentiation and development.
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‘ Minutes

° Seconds

°C Degree Centigrade

3D-RRD Three dimensional relative radial distance (software for distribution analysis)

BSA Bovine serum albumine

CLSM Confocal laser scanning microscope

cm centimeter

CT Chromosome territory

DNP Dinitrophenyl-group

ES cell Embryonic stem cell

EtOH Ethanol

gARR Global average relative radius = average distance of a segmented fluores-
cence object over a whole set of nuclei

GC Fluorescence intensity gravity center

h hours

HDAC Histone deacetylase

HEBS HEPES Buffered Saline

HMT Histone methyltransferase

iIARR Individual average relative radius = average distance of a segmented fluores-
cence object within an individual nucleus

KS Kolmogoroff Smirnoff

NE Nuclear envelope

PBS Phosphate buffered saline

PEV Position effect variegation

rpm Rounds per minute

RT Room temperature

RTT Rett syndrome

SSC Sodium chloride sodium citrate

WCP Whole chromosome painting (probe)




Introduction

1 Introduction

1.1 Goals of the study

The main purpose of the present thesis was to investigate nuclear architecture in the light of
cellular differentiation. The reason for choosing differentiation as an experimental system
was that one could expect large-scale changes on a transcriptional level responsible for
commitment, cell cycle exit and finally for establishment of the cell type specific function.
Consequently detecting a reorganization of the higher order chromatin arrangement correlat-
ing with these major transcriptional changes during differentiation would be helpful to detect
topological principles that might have functional implications in terms of an epigenetic modifi-
cation of expression profiles. Yet, | was not only interested in a reorganization of chromatin
during differentiation, but also in stable distributional motifs, i.e. in arrangements that would
remain unchanged in spite of extensive modifications of transcriptional programs. Such sta-
ble arrangements of chromatin present in different cell types independent of cellular com-
mitment and specialization could define a basic nuclear order essential for proper nuclear
functions per se.

As objects of investigation, | have chosen several different mouse cell types exhibiting very
distinct cellular functions. Lymphocytes and fibroblasts were used as there was already sub-
stantial data available for human cells with which the obtained results could have been com-
pared in order to address questions concerning the evolutionary conservation of nuclear to-
pology. Moreover, | have employed two different mouse in vitro differentiation systems in-
cluding embryonic stem cells differentiating to macrophages as well as myoblasts to myo-
tubes. A big advantage of such differentiation systems is that that differentiated cells can be
compared with their actual precursors, avoiding possible artifacts that can arise if different
cell lineages are compared with each other that might substantially deviate in important
characteristics such as karyotype, gender, genetic background of the donor animal etc.
Choosing mouse as experimental system offered the advantage that embryonic stem cells
could be analyzed, while concomitantly many different DNA probes and antibodies were
available, including a complete set of whole chromosome painting probes (WCP) for the
mouse chromosome complement, which could be used to visualize specifically entire chro-
mosome territories. Moreover, there is vast amount of database-information available includ-
ing DNA sequences. Finally, many studies on nuclear architecture and chromatin organiza-
tion have been performed in mouse, which provided the opportunity to compare and relate
obtained results with data from the literature.

The nucleus consists of many structural and/or functional subcompartments, which define
“nuclear architecture” by their relative and/or absolute spatial arrangement. Because nuclear
architecture as a whole, with all its facets can certainly not be analyzed within the limited
time-frame of a PhD thesis | focused on the topology of two important subcompartments: (1)
chromosome territories and (2) pericentric heterochromatin. (1) Chromosome territories
(CTs) are the coherent spatial entities made up by chromatin belonging to one specific chro-
mosome. In humans (Croft et al. 1999), chicken (Habermann et al. 2001) and higher pri-
mates (Tanabe et al. 2002) it has been shown that CTs are distributed radially in a non-
random fashion with gene dense chromosomes located in the interior, and gene poor at the
periphery. One goal of this study was to test whether this differential radial distribution is
conserved in mouse, and whether the distribution is affected during differentiation. (2)
Pericentric heterochromatin has long been known to convey transcriptional silencing, as
originally revealed by eye-color variegating phenotypes in the fruit fly Drosophila
melanogaster, a phenomenon known as position effect variegation (PEV) (reviewed in e.g.
(Schotta et al. 2003)). Since its involvement in epigenetic silencing was also shown for
mammalian cells (reviewed in e.g. (Fisher and Merkenschlager 2002)), it appeared conceiv-
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able that its topology might play a role in resetting transcriptional programs during differentia-
tion, which was decisive to include it as object of investigation in the present thesis.

In the following three chapters, | want to introduce the three main topics that were central for
this work. (1) | will try to outline some relevant aspects of cellular differentiation and present
the differentiation systems that have been utilized. (2) Next, | will summarize some current
opinions concerning the topology of CTs, and finally (3) | will try to sketch the current view
concerning the characterization of chromatin according to modifications of its DNA and pro-
tein constituents.

1.2 Differentiation

1.2.1 A brief overview

The term differentiation is used on the one hand to describe the diversification of pathways
during embryonic development, whereas on a single-cell level it is used describing the proc-
ess of cell “maturation” (Muller 1999). In any case, it defines the process that leads to cellular
specialization. During evolution, differentiation has proven as a successful strategy of multi-
cellular organisms to develop specialized functions, be it on a cellular level as producing
gametes or on a multicellular scale building tissues and organs. Differentiation in multicellular
organisms can be very simple comprising only two different cell types, as in some green al-
gae and slime molds (citations in (Schlichting 2003)) but can reach up to 200 different cell
types as in vertebrates (Slack 2001). Although differentiation is thought to be intimately cor-
related with the evolution of multicellularity, important driving mechanisms as plasticity of
gene expression are already present in unicellular organisms (Schlichting 2003). Yeasts and
bacteria for example are able to react to changing environmental conditions by altering their
transcriptional programs, which represents a mode of adaptation that can even be accompa-
nied by morphological changes; the fungus Candida albicans for instance has two modes of
growths a round budding growth and hyphal one depending on environmental conditions
(Schlichting 2003). The fixation of originally plastic/dynamic transcription programs within a
group of cell of a multicellular organism could have been a driving force in the evolution of
organisms with differentiated cell types (Schlichting 2003). However, the reason(s) and the
exact mode for the evolution of differentiation are still obscure. In any case the utilization of
differentiation as a basic principle in the construction plan of multicellular organisms must
have represented a decisive selective advantage, considering that so many extant organisms
are making use of it.

The first step for an omnipotent cell on its track to differentiation is developmental commit-
ment. This only vaguely defined term is usually used to describe cells or embryonic tissue
that becomes restricted in its developmental fate. A comprehensive description of this topic
can be found in “Essential Developmental Biology” by Jonathan Slack: Commitment to a
specific differentiation pathway is defined by the expression of a certain combination of de-
velopmentally relevant genes. Historically commitment was explained by two operational
definitions: specification and determination. Embryonic cells or tissues were termed to be
“specified” to a specific structure if they were able to autonomously develop into that struc-
ture if explanted from the embryo, i.e. lacking their positional context. Cells or tissues were
defined as irreversibly committed or determined if they differentiated to preset structures
even if they were artificially placed in a completely different context within the developing
embryo. Experimentally this was demonstrated in grafting experiments where embryonic tis-
sue with a known and predictable fate was transplanted from its “normal” position within the
embryo, to another, where it still developed into the determined structure irrespective of the
altered cellular surrounding ((Slack 2001) p.63-64). Due to the lack of a stringently defined
terminology, the term “commitment” is sometimes also used to describe a state of “terminal
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determination”, i.e. a “...final, irreversible programming of a particular cell type. ...” (Muller
1999).

An end point of differentiation is reached when a certain profile of expressed genes convey-
ing a cell's specific function is no longer subdued to large-scale changes, which is also often
correlated with a characteristic morphological shape. Often, yet not always such a terminal
differentiation state is accompanied by a loss of proliferation capacity, a state that is termed
postmitotic. This “end point” is referred to as terminal differentiation and it implies that the
cell fate is irreversibly fixed, i.e. the cellular function cannot be changed any more. However,
the absoluteness of the term “terminal” is actually misleading, as there are many examples
for a de-differentiation and/or trans-differentiation of cells, where “terminally” differentiated
cells can actually loose characteristic features of the differentiated state and switch to a dis-
tinct cell type with its according expression profile. A well-known “naturally” occurring exam-
ple is the regeneration capacity of urodele amphibians, which upon injury are able to re-build
limb structures. After amputation cells at the cut extremity actively dedifferentiate, proliferate
building the so-called regeneration blastema, which includes pluripotent precursor cells,
which finally redifferentiate again, thereby rebuilding a completely functional new limb. In an
in vitro approach, McGann et al. have recently shown a similar potential for mammalian myo-
tubes as a reaction to incubation with newt regeneration extracts (McGann et al. 2001). Simi-
lar to the situation in newts myotube nuclei showed cell cycle reentry as revealed by BrdU in-
corporation, a nucleotide analog that is incorporated into the DNA of cells in S-phase. Cell
cycle reentry had previously been shown to be inducible in mammalian myotubes by expres-
sion of the large T antigen from the SV40 virus (lujvidin et al. 1990) and by myoseverin, a
microtubule binding protein (Rosania et al. 2000). Both treatments of myotubes with newt re-
generation extract and with myoseverin caused fission of polynucleated mouse myotubes,
generating mononucleated single cells that were capable to proliferate. These experiments
clearly showed that even in mammals terminal differentiation does not necessarily mean that
the cells are ultimately incapable to react to cues that might deeply affect its fate and make it
change its function. Moreover, there is an ongoing discussion concerning trans-differentiation
of adult stem cells in mammals, although the existence of such adult stem cell plasticity is
still heavily debated (reviewed e.g. in (Camargo et al. 2004)).

Finally it should be noted that plant cells behave differently as compared to animal cells as
somatic differentiated cells apparently retain their totipotency as under favorable conditions
even a single explanted cell is able to rebuild a complete new organism ((Wolpert et al. 1999),
p 243-244).

Developmental potency and the mechanism of differentiation in animal cells has been a fo-
cus of embryology from the late 19" century onwards (reviewed e.g. in (Wilmut et al. 2000)).
An initial hypothesis was brought up by Roux and Weismann, who proposed that upon cellu-
lar differentiation the genome of cells would be changed in such a way that only those por-
tions would be retained that were essential for the respective cell function, i.e. that substan-
tial parts that were not needed for a specific cell type would be physically lost’. Consequently,
any differentiation would be inevitably connected with a loss of totipotency. By destroying
one of two cells of an early frog embryo with a hot needle Roux showed that totipotency was
indeed lost from the two cell stage onwards, as his manipulated embryo developed only to
one half. It were the groundbreaking experiments of Driesch on sea urchin and Spemann us-
ing salamander that contradicted Roux’s results, as they showed that individualized cells of 4

' It should be noted that at that time the chemical basis of genes was still not known. In fact, the chro-
mosome theory of heredity had still not been established; this theory proposed and propagated mainly
by Boveri and Sutton finally linked phenotypes and the factors described by Mendel with chromo-
somes.
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and 2 cell stages respectively retained the potential to develop into complete organisms. Ap-
parently the remnants of the destroyed blastomere in Roux’s embryo had handicapped the
actually totipotent sister cell to develop the second half of the organism. In following studies
Loeb and Spemann showed that totipotency in sea urchins and salamander was actually re-
tained until the 16 cell stage (Wilmut et al. 2000). In the light of these early embryologic stud-
ies, the first nuclear transfer experiments came into play in order to enlighten the question on
the totipotency of differentiated nuclei. This sort of experiments, that was already proposed
by Spemann himself finally culminated in the end of the 20" century in the generation of
mammalian clones obtained from transferring nuclei of terminally differentiated cells into
enucleated oocytes. Briggs and King in the 50s of the 20™ century were the first who gener-
ated living tadpoles from enucleated Rana pipiens oocytes in which they had transferred nu-
clei from a blastula stage (8 000-16 000 cells) by micromanipulation (Briggs and King 1952).
Using cells from the intestinal epithelium of Xenopus tadpoles Gurdon and Uehlinger went
even a step further in respect to the differentiation state of the donor cell used for the nuclear
transfer (Gurdon and Uehlinger 1966). They could show that such transferred nuclei were
able to sustain the development of adult frogs. In sheep Wilmut and Campbell finally could
prove that actually nuclei of even terminally differentiated cells, as mammary gland cells
were able to govern embryonic development to term, i.e. to a viable organism (Wilmut et al.
1997). Moreover, their results showed that the principle of nuclear totipotency was also valid
for mammals. Recently it has been shown that nuclei of neurons as the prime example of a
terminally differentiated cell type are likewise capable to support embryonic development af-
ter NT (Eggan et al. 2004). Although this progression of experiments convincingly shows that
nuclei do not lose their totipotent capacity during differentiation, the usually very low success
rate of nuclear transfer experiments to create viable offspring indicates that the modification
of the donor nucleus via cytoplasmic factors of the oocyte is a complex and difficult process.
Indeed once a nucleus is transferred, the complete set of genes that was previously used to
define the donor’s cell fate and function has to be reset, expressing a repertoire of genes
necessary for embryonic development. Establishing, maintaining and eventually changing
complete expression profiles of cells is thought to be governed by so-called epigenetic
mechanisms. Such mechanisms are thought to be responsible for the distinct heritable identi-
ties of cells belonging to different lineages in one organism although they actually posses the
same material on the genetic/sequence level, hence the term epi-(=above/outside) genetic.
Epigenetic mechanisms have been described to act by very different means, and an exhaus-
tive definition of the phenomenon has still to be reached. Some of these mechanisms have
been shown to act on the chromatin level by methylation of DNA or of chromatin constituents
like the core histones or even by the composition of histone variants and non-histone pro-
teins (described in detail in 1.4). Other epigenetic mechanisms have been proposed to act on
a more global, topological scale as through the specific position of genes within the nucleus
relative to functional nuclear subcompartment as nucleoli, heterochromatin, splicing com-
partments etc. (reviewed e.g. in (Cremer and Cremer 2001; Fisher and Merkenschlager
2002; Spector 2003)). It is exactly this resetting or reprogramming of the epigenetic state of
a differentiated donor cell that appears to be one of the major difficulties of cloning by nuclear
transfer. An “erasure” of epigenetic marks, which might conflict with the correct spatio-
temporal expression of developmentally relevant genes, should happen before the embry-
onic genome is activated, i.e. before embryonic gene expression has to take over the coordi-
nation of further development. In different species, this happens at different stages (Shi et al.
2003). The difference in time available for reprogramming could be one reason for the vary-
ing success rates in cloning of different animals. In bovine for example, where genome acti-
vation happens at the 8-16 cell stage, the generation of viable offspring is much higher than
in mouse cells, where embryonic transcriptions starts already at the 2 cell stage (Shi et al.
2003), where consequently the time for a successful reprogramming is substantially less.
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The increasing commitment of a cell by epigenetic means might also explain the generally
reduced developmental potential of differentiated cells if used as nuclear donors as com-
pared to less committed cells like embryonic stem cells or blastomeres.

In terms of evolution of differentiation epigenetic mechanisms are hypothesized to have
played a role in the “fixation” of a given transcriptional program by which the primarily plastic
or reversible response of cells engaged in an early multicellular organisms might have been
restricted or canalized, thereby giving rise to a constitutive and therefore differentiated cell
type (Schlichting 2003).

Besides having a fundamental impact for basic research, a detailed understanding of cellular
differentiation represents an important prerequisite for many clinical applications like cell re-
placement therapies. Such approaches, as far away they might yet appear, imply the possi-
bility to alleviate degenerative diseases like muscular dystrophies or such that are caused by
loss of neuronal cells like Parkinson’s Disease. Important questions en route to such applica-
tions are: (1) How can embryonic stem cells effectively be brought to differentiate along
specific pathways? (2) How big is the risk of tumor formation, once stem cells are grafted into
a recipient? (3) Which kind of adult stem cells are suited for cell transplantations? (4) Are
there possibilities of retrodifferentiation and/or transdifferentiation of endogenous cells that
could replace such that were lost in the course of a disease? Increasing the knowledge on
cellular differentiation will hopefully open new opportunities to bring this clinical potential for-
ward but will also help to discriminate between realistic and legitimate chances and
unrealistic “salvation promises”.

1.2.2 Differentiation and nuclear topology

An important question of developmental biology is how cell identity is maintained. The con-
stancy of transcriptional programs is crucial for terminally differentiated cells to keep up their
specific functionality, as well as for committed cells in order to perpetuate the information
concerning their terminal fate during proliferation. The latter is known as cell heredity and is
as the former thought to be based on a cellular property designated as “epigenetic cellular
memory” (Muller 1999). Polycomb group and trithorax group proteins are thought to play a
crucial role in an evolutionary conserved mechanism conveying epigenetic memory by estab-
lishing, maintaining and dynamically regulating transcriptional programs (reviewed e.g. in
(Orlando 2003)). An increasing body of evidence argues that chromatin modifications like
DNA methylation, utilization of histone variants, modification of core histones, especially at
N-terminal tail domains, as well as the composition of chromatin constituents in general is in-
volved in setting transcriptional programs, thus determining cellular memory. Besides
mechanisms that work on the chromatin level, more and more findings point at nuclear topol-
ogy as an additional epigenetic constituent of cellular memory. Both transcriptional activation
and gene silencing have been shown to correlate with specific topographic motifs of nuclear
architecture, although a definite proof for a causal involvement is yet still missing.

Several studies arguing for an implication of nuclear architecture on gene activation report a
looping of actively transcribed regions from the main body of the chromosome, where it actu-
ally belongs. In human fibroblasts, for example Volpi et al. showed an increased protrusion of
chromatin loops harboring the MHC |l gene cluster upon transcriptional activation induced by
interferon-y (Volpi et al. 2000). Another cluster of developmentally co-regulated genes that
was shown to be arranged according to its transcriptional activation state is the epidermal dif-
ferentiation complex (EDC). Williams et al. showed that in human keratinocytes, where these
genes are actively transcribed, the cluster could be found significantly more often outside of
the corresponding chromosome 1 territories than in lymphoblasts, which do not show ex-
pression of EDC genes (Williams et al. 2002). In both studies, the regions under investigation
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were quite large and contained a number of genes with an identical temporal regulation.
Whether such large-scale looping might also affect single transcribed genes has still to be
elucidated. Another kind of spatial nuclear reorganization was described during erythroid dif-
ferentiation of murine erythroleukemia (MEL) cells. Here Francastel et al. (Francastel et al.
2001) showed first of all that the small subunit of the transcriptional activator NF-E2, which is
important for globin gene expression, relocates from pericentric heterochromatin to an eu-
chromatic compartment, where the larger subunit is localized so that a functional transcrip-
tion factor is reconstituted. Secondly they observed a relocation of the B-globin gene (-
cluster) from heterochromatin' to a non-heterochromatic region. Since both redistributions
occurred prior to transcriptional activation, their results suggest a causal involvement of tran-
scription factor and gene topology in gene regulation. Martou and colleagues observed that
the gene PIcB3, which is up-regulated during mouse Purkinje development was relocated to-
wards the nuclear interior upon activation, while a constitutively transcribed gene in this cell
type retained its radial position (Martou et al. 2002).

Many studies focusing on nuclear topology and gene silencing during differentiation found a
crucial involvement of heterochromatic regions especially at centromeric and pericentric sites.
One of the first studies arguing for an effect of nuclear topology on gene silencing was deal-
ing with the expression of an eye color gene during compound eye development in Droso-
phila. Similar to the classical form of position effect variegation (PEV), which is caused by
heterochromatic silencing of a gene in cis, i.e. by adjacent heterochromatin on the same
chromosome, Dernburg et al. described a trans-silencing effect (Dernburg et al. 1996)
caused by a heterochromatin block inserted in one copy of the brown eye pigment gene of
Drosophila. They could show that through homologous association of the mutated gene car-
rying the insertion with the intact copy and due to a stochastic association of the inserted
heterochromatic region with centromeric he