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Chapter 1. Outline of the thesis

The projects of the laboratory that is joining thstitute of Cellular Biology and
Pathology of the First Faculty of Medicine, Chaldsiversity in Prague and Department
of Cell Biology, Institute of Physiology, Academy 8ciences of the Czech Republic,
v.v.i., are focused on the functional organizatadrthe cell nucleus, particularly on the
dynamic organization of chromatin in relation to RMnd DNA synthesis as well as
MmRNA and rRNA maturation. | have participated irvesal projects concerning the
functional organization of the cell nucleus, theules of which were summarized in
Koberna et al. (2002), Pliss et al. (2005), Fidkéret al. (2005), Koberna et al. (2005).

This thesis is devoted to a specific problem ofleaic organization, namely the
large-scale order of chromosome positioning andeistion to nucleoli and transcription
activity/competence of ribosomal genes. Basic miaiion about cell nucleus, nucleolus
and ribosomal genes with a special emphasis omr-srgle positioning of the Nucleolus
Organizer Regions (NORs) and NOR-bearing chromosoam& maintenance of these
chromosome positions after mitosis, is providedh® Chapter 2. The aims of the thesis
are defined in the next chapter. The basic metlanessurveyed in the Chapter 4. In the
next three chapters, proper results of my PhD shase presented. A study of the
transcription status of NORs during the cell cyiddoth primary LEP and immortalized
HeLa human cells is described in the Chapter 5s Htudy was published in Folia
Biologica (Smirnov et al., 2006). The Chapter 6taors findings that expand the results
of Smirnov et al., 2006 and analyze nuclear passtiof NORs, as well as chromosomes
bearing NORs, with respect to nucleoli in HeLa &idP interphase cells. This work was
published in the Journal of Structural Biology (Kdlrova et al., 2007). In Chapter 7,
a comparison between the two daughter cells is matieregard to the position of the
NOR-bearing chromosomes in relation to nucleolisTtudy is in press in Physiological
Research, n. 3, vol. 57 (Kalmarova et al., 2008) Tinal part of the thesis includes
summary and general discussion (Chapter 8), caodsis(Chapter 9), and list of

references (Chapter 10).



Chapter 2. General introduction

2.1. Cell nucleus

The cell nucleus, discovered by Brown in 1831, cwas to be an object of great
fascination for scientists today. This is becaulmse riucleus is the repository of the vast
majority of hereditary information, and the firsgs of gene expression take place in this

organelle.

The DNA-protein complex occupying much of the naclevolume is termed
“chromatin™. Chromatin has a specific organization accordinthe type of cell, stage of
cell differentiation and current metabolic statdsttee cell. This organization is closely
related to the gene expression. Gene transcripgghication, and repair are influenced by
the underlying chromatin architecture. This arranget in the nucleus presumably
facilitates cellular functions, and exploring thakl between transcription and nuclear
organization will be an exciting area of futureeash (Gilbert et al., 2005).

Microscopic observations of interphase nuclei révero distinct types of
chromatin, heterochromatin and euchromatin, althowg have to bear in mind that the
distinction between the two types of chromatin @ dear cut. It is generally accepted
that euchromatin encompasses transcriptionally vectiparts of chromatin.
Heterochromatin is presumably more condensed thachrematin, and is stained
intensely with DNA-binding dyes such as DAPI. Chaim which remains condensed
throughout the cell cycle is called constitutiveis considered to be genetically inert and
is basically composed of satellite DNA. Facultatineterochromatin is chromatin that will
acquire heterochromatic (or euchromatic) propertresa developmentally controlled
manner. A classic example of this phenomenon isrthetive X chromosomes of female
mammals (Gilbert et al., 2005).

The cell nucleus represents a complex and dynamictsrethat includes, beside
chromatin, many functionally specialized regions on@ins), substructures,

or subcompartments (Fig.1). The most prominentearcubstructures in eucaryotic cells

" This widely used chromatin description may notfliéy correct as various ribonucleoproteins arenals
bound to “chromatin”.



are: nucleoli, Cajal bodies (CB), nuclear specKkdicing factor compartments; SFC),
Gems, PML bodies (reviewed in Dundr and MisteliQ20Spector, 2001; Spector, 2003).
These structures can be directly observed in tleetreh microscope In the light
microscopy, they can be visualized, for instancg,nfeans of immunocytochemistry
and/orin situ hybridization using specific antibodies and/orafie hybridization probes.
Specific macromolecules can be highly enrichedstirttt nuclear domains (Fig. 1).

Heterochromatin PcG body
Cleavage body b /

Nuclear pore
complex

Cajal body (red)
& Gem (green)

OPT domain =57 i c Chromosome
e territory

RNA polymerase Il - : PML body
transcription | & .
factor

Nugcleoli (red)
Peripheral nuclear
lamina (green)

Nuclear speckles

Perinucleolar

SAM68 nuclear
compartment body

Figure 1. Scheme of mammalian cell nucleus showing largebminof various nuclear
domains. In the peripheral ring of this Figure, lslomains are seen as images in the
fluorescence microscope (Spector, 2001).

Much has been learnt about the functional orgalizatf the cell nucleus in the
past 15 years, but we are only beginning to undedsit. Thus, although the structure of
double stranded DNA and core nucleosome are kndwimeaatomic resolution level, and
the nucleosomal arrangement of chromatin in 10 itmmént called “string of pearls” is
described in general terms, the position of linkistones remains unclear. With regard to

the 30 nm filament, we are only at the stage oktigping various models, and the zig-zag

" Some structures such as nucleoli or mitotic chisonwes can be well discerned in phase contrast or
Nomarski microscopy.



model (Bednar et al., 1995; Woodcock and Dimitrd@01) is preferred today. Higher
levels of DNA arrangement are still basically unkmo

Within the frame of this thesis, two nuclear substiires are in the spotlight:

chromosome territories and nucleoli.

2.2. Chromosome territories and their positioningm the interphase nucleus

Chromosomes exist as distinct condensed structdgsng mitosis. Their
organization in the interphase nucleus represersiseaial problem. In the late L@&nd
early 20" century Carl Rabl and Theodor Boveri, based oir tiyt microscopy studies,
suggested that chromosomes in the interphase mu@risted as individual separate
entities (e.g. Cremer and Cremer, 2006). A teratoorganization of the inactive X-
chromosome (later termed the Barr body) in humamafe cells was described by Barr
and Bertram in 1949 and Klinger in 1958 (after tEpsand Bridger, 2005). The first
experimental evidence for existence of interphasemosomes in the form of the
chromosome territories was provided only in 1979€kemer and colleagues by inducing
focal DNA damage with a laser UV microbeam (Creraéral.,, 1974; Lamond and
Sleeman, 2003; Cremer and Cremer, 2006). Furtactstal understanding of these
territories was achieved using isotopic and notejsic in situ hybridization with genomic
DNA probes (Manuelidis, 1985). Following the deymiment of fluorescencen situ
hybridization (FISH) with chromosome-specific DNildrlaries, the territorial organization
of chromosomes became accepted scientific dogma(@r et al., 1988; Lichter et al.,
1988) (Fig.2). More recently, introduction of greftuorescent protein (GFP) (Robinett et
al., 1996; Belmont and Straight, 1998) and incorporation afofescently tagged
nucleotides into DNA, have facilitated the visuation of genome dynamics in living
cells (Visser et al., 1998; Zink et al., 1998; Marglet al., 1999; Visser and Aten, 1999;
Edelmann et al., 2001). It was confirmed that eslutomosome does indeed occupy its
own territory (Foster and Bridger, 2005). Theseittmies seem to have a porous structure,
with numerous channels (Verschure et al., 1999séafiet al., 2000). According to a
speculative model, the interchromatin channels farcompartment distinct from zones of
chromatin (Cremer and Cremer, 2001). This modep@ses that active genes might

reside on the surface of the territory, where ttapion and mRNA processing takes



place; while transcriptionally inactive regions vauend to be situated towards the

interior of the domain (Baxter et al., 2002).

Chromosomal arrangement

Figure 2. Human chromosomes in the metaphase spread (tdpnahe interphase cell
(bottom). Fluorescenin situ hybridization (FISH) with probes for three diffeten
chromosome pairs allows to paint these chromosomneddifferent colors. The
chromosomes appear as highly condensed structurastaphase, and as less condensed
territories in interphase.

Based on statistical evaluation of the chromosoregitdries positioning,
numerous studies have shown that, in vertebralg, teé chromosome territories are non-
randomly arranged in the nuclear space (CremerGaedher, 2001; Parada and Misteli,
2002; Cremer and Cremer, 2006). It has been fobmatdgene-rich chromosomes tend to
be located towards the nuclear interior, whereaseg®or chromosomes tend to be
located towards the periphery (Bridger and Bickmdr@98; Parada and Misteli, 2002;
Gilbert et al., 2005). Chromosomes also may betipogid in a size-dependent manner,
with the larger chromosomes located more periphe(&un et al., 2000; Bolzer et al.,
2005). It should be mentioned, however, that segularities in chromosome positioning
represent the statistically averaged situation, smtividual cells may have different
chromosome arrangement. Moreover, there are somsescwhere the position of
chromosomes varies whereas the gene density ofnmeltiro has not changed, for example
between proliferating and non-proliferating fibrasis (Bridger et al., 2000; Meaburn et
al., 2007a), during differentiation (Kim et al., @0 Kuroda et al., 2004, Foster et al.,

10



2005; Stadler et al., 2004), in cells derived frdiffierent tissues and cell types (Boyle et
al., 2001; Parada et al., 2004a; Mayer et al., R0&¥ad, based on analysis of pericentric
heterochromatin distribution, in early mouse embrgb the onset of gene transcription
(Martin et al., 2006a; Martin et al., 2006b; Meabet al., 2007a). Changes in the spatial
organization of chromosomes and genes have beenvelsin several diseases, including
cancer (Nikiforova et al., 2000; Cremer et al., Z0Ro0ix et al., 2003; Murmann et al.,
2005; Wiech et al., 2005; Zink et al., 2004), gmsle (Borden and Manuelidis, 1988) and
laminopathies, a group of diseases caused by rontati the nuclear protein lamin A/C
(Meaburn et al., 2007b). It is believed that patac chromosome positioning places
genes into special neighborhood favorable for tbe&pression or silencing (Parada and
Misteli, 2002). But the situation is complicated t@gent data indicating that chromosome
territories partially intermingle in human cell heic (Branco and Pombo, 2006).
Moreover, some genes can be found in loops extefatedeyond the area defined as
chromosome territory (Baxter et al., 2002; Mahwglet2002; Chubb and Bickmore, 2003;
Kioussis, 2005; Wegel and Shaw, 2005; Bartova.e2a08).

Thus, the rationales for the large-scale orderhmbmosome positioning, and its

relation to gene activity, remain to a large extamtlear.

2.3. Positioning of chromosomes as compared in thgaughter cells after

mitosis

Non-random territory organization implies the némda mechanism to sucessfully
convey chromosome positional information to daughteiclei (cellular memory)
(Williams and Fisher, 2003). Inheritance of inteapd chromosomal order was considered
by Boveri in 1909, on the basis of his studies @natode chromosomes (e.g. Bickmore
and Chubb, 2003). Boveri proposed that chromosanamgements are similar in the two
daughter nuclei. Early studies on some plant spesigported this view (Heitz, 1932,
after Walter et al., 2003). According to the maexent studies, the chromosome
positioning was found to be largely maintained @amg species (Abranches et al. 1998;
Santos et al., 2002) whereas the results obtainedammalian cells were controversial.
Moreover, FISH experiments suggested a strong latioe of the whole chromosomes

and centromeres positioning within each pair ofsceérived from the same mother cell
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(Sun and Yokota, 1999). In other studies (Gerlichlg 2003; Walter et al., 2003; Essers
et al., 2005), fluorescence live cell imaging taghes were used to investigate whether
chromosome position in mammalian cells can be ramiad from a mother nucleus,

through the events of mitosis, in the two daughigerlei. Some authors claimed that the
chromosome arrangements were similar in daughtex @@erlich et al., 2003 Essers et
al.,, 2005), while others observed that positionscbfomosomes in daughter nuclei
differed significantly from the positions seen itimer cell nucleus (Walter et al., 2003).
Although differences in experimental procedure ddu responsible for these divergent
results (Bickmore and Chubb, 2003), further studiethe chromosome positioning in the

daughter cells are needed to elucidate this prablem

2.4. The nucleolus

Nucleolus, the most prominent of all nuclear subgartments (Fig. 3), is a subject
of intensive studiesThe initial identification of a nucleolus by Fongamn 1781 (e.g.
Olson et al., 2002). The name “nucleolus” was abibg Valentin in 1839 (e.g. Olson et
al., 2002) who noticed that most cells had a semgnducleus or a “nucleus within a
nucleus”. These early observations of the nuclealkis subcellular structure remained
largely descriptive until the early 1960s. It waen established that nucleolus contains
ribosomal genes that are transcribed, and ribosmublnits are generated in this
organelle (Busch and Smetana, 1970; Hadjiolov 1¥8&6ka et al., 1990; Scheer and
Hock, 1999; Olson et al., 2000; Fatica and Tollgna902).

Three major substructures can be distinguishedamticleoli at the ultrastructural
level: the fibrillar center, the dense fibrillarmponent, and the granular component (Fig.
4). The fibrillar center (FC) contains ribosomal BNrDNA) and at least some of the
essential components of Pol | transcription madadlyinBense fibrillar component (DFC)
usually forms a rim around the FC and sometimesymies into the FC. DFC contains a
high concentration of ribonucleoproteins, and hgréfore, electron-dense (Raska, 2003).
Transcription of rDNA occurs apparently in this im@ygincluding the boundary between
FC and DFC (Koberna et al., 2002). Also the fitsps in the pre-rRNA processing take
place in this nucleolar subcompartment (e.g., ShagvJordan, 1995). The third nucleolar

subcompartment is granular component (GC), wheee Idter steps of pre-rRNA

12



processing and formation of pre-ribosomal take ealdic addition to these substructures,
chromatin structures and nucleolar interstices lmarseen within nucleoli. Importantly,

nucleoli are surrounded with a mass of heterochtionfgigs. 3, 4). This mass is believed
to be composed to a large extent of DNA sequenoes fhe NOR-bearing chromosomes
(Stahl, 1976; Kaplan et al., 1993), the correspagdibosomal genes apparently being
encompassed within the nucleolus itself. Some cbemmes, besides NOR-bearing

chromosomes, are also known to be regularly agsociith nucleolus (Stahl, 1976;
Ochs and Press, 1992; Kaplan et al., 1993; Sulketat., 2001).

nucleolus (Nu) is surrounded by nucleolus-assatidteterochromatin (large arrows).
Nuclear heterochromatin is indicated by small agofifigure provided by Dr. Raska).

In metabolically active mammalian and plant cells well as in yeast, the
nucleolus contains tens to hundreds of active dbwd genes that are usually
characterized by high levels of transcription aectmg for about a half of the total
cellular RNA production (Raska et al., 2006). Tlisunderstandable since the proteins
perform most of the everyday work in the cell, dhé production of ribosomes, that are

protein “manufactures”, is essential for cell metlagn. Ribosome biogenesis thus
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requires a tremendous commitment of cellular enamy is tightly regulated by cells in
response to various stimuli thanmediately affect rRNAsynthesis, production of

ribosomes, protein synthesis as well as cell gramit proliferation.

Figure 4. Thin section of nucleolus of phytohemagglutinimstiated human lymphocytes
in the electron microscope. Fibrillar center (F§nsde fibrillar component (D) and granular
component (G) are seen. The arrows indicate pdeaalar chromatin (Figure provided by
Dr. Raska).

The metabolically active and cycling mammalian £@foducing a great number
of ribosomes usually contain several large nuclaah numerous tiny fibrillar centers
(Bush and Smetana, 1970; Koberna et al., 2002; KR&&B03). For instance, dormant
human lymphocytes frequently contain a single smadj-shaped nucleolus with only one
FC, and are characterized by a decreased leveRNArsynthesis. But 24-48 h after
phytohemagglutinin stimulation in culture theselxexhibit several large nucleoli with
several FCs and intensively produce rRNA (Busch @ntetana 1970; Smetana et al.,
1967, Smetana et al., 1968; Biberfeld, 1971; Ra$le., 1983a; Raska et al., 1983b; Ochs
and Smetana, 1989). Along these lines, the nucleutarphology has proved to be a
convenient diagnostic marker in human pathologytiqdary in cancer cells (Bush and

Smetana, 1970).
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The functional analysis of nucleolar structureshwrespect to the metabolic
processes has been significantly expanded. The fireings include ultrastructural
identification of nascent molecules of ribosomal REls well as active ribosomal genes
(Koberna et al., 2002). Microscopic approaches lediaio identify, although so far only in

yeast, some key steps in maturation of pre-ribos&N# (Osheim et al., 2004).

The most spectacularogress in our knowledge of nucleolus was providgd
functional proteomic analysis. Less than 200 dd#iférproteins were identified in human
nucleolus at the very beginning of 21st centurythAimplementation of the nucleolar
proteomics, this number increased to 350 in the 2882, and in 2005 to almost 700.
Current studies of the isolated nucleoli from vasidypes of human cells suggest presence
of more than 2000 proteins, although not all theseleolar proteins were identified in

each of the examined cell types (Lam et al., 2007).

Functional proteomic analysis of nucleoli not ohbiped us to answer a number
of “ribosomal” questions, but also confirmed anga&xded our knowledge of the non-
ribosomal nucleolar functions. It seems that mnolcke plays a role in the control of cell
cycle, senescence and regulation of telomeraseitgctoncogene activities and tumor
suppression, cell stress reactions, metabolism RNA molecules, maturation of the
“extranucleolar” RNAs and control of viral infectis. These functions are not well
understood (Olson et al., 2002; Raska et al., 28@6vert et al., 2007). Additionally,
importance of the maternal nucleolus in early dggelent was recently established in
sheep Dolly-like experiments (Ogushi et al., 2008)is yet unknown why nucleolus
participates in so many non-ribosomal activities] how these activities are interrelated.

2.5. Nucleolus Organizer Regions (NORS)

Ribosomal genes coding 5.8S, 18S and 28S rRNA &rays of tandem repeats at
specific chromosomal sites termed nucleolus organiegions (NORS) (Fig. 5). In
humans, NORs are located on the short arms ofdfeeentric chromosomes 13, 14, 15,
21 and 22 (Henderson et al., 1972; Long and Dad80; Puvion-Dutilleul et al., 1991).

" The original definition of NORs was rather a cygital one.
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Tandem rRNA
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Figure 5. General scheme of human rDNA ribosomal genes laeid transcripts. Each
ribosomal gene unit usually consists of a transcriland an external non-transcribed
spacer. The transcription is driven by the nucle&BA-polymerase I, that synthetizes
the long precursor rRNA (pre-rRNA). This precursarlecule contains 18S, 5.8S and 28S
rRNA sequences.

Some NORs can be identified as secondary consmgtion metaphase
chromosomes, or visualized by immunocytochemistrysitver staining, due to the
abudance of specific associated proteins (Goodmastad Bloom, 1975; Weisenberger
and Scheer, 1995; Roussel et al., 1996; Gebraneetet al., 1997). It is generally
accepted, but not proven, that such NORs, termeshstriptionally competent” or
"competent” (Dousset et al., 2000; Savino et 8012, are transcriptionally active during
previous interphase (Weisenberger and Scheer, 1R8&ssel et al., 1996; Gebrane-
Younes et al., 1997). The proteins responsiblethieg unique chromatin structure are
components of the RNA polymerase (pol I) trans@ipimachinery, including Upstream
Binding Factor (UBF), which remain associated WNO®R during mitosis when pol |
transcription is repressed (Weisenberger and Sch@8b; Jordan et al., 1996; Roussel et
al., 1996). UBF binding confers to NORs a uniquehaecture (e.g. McStay, 2006). The
reactivation of pol | transcription starts in laeaphase. Primary nucleoli reform around
the active NORs at the end of mitosis (Ochs etl@B5; Benavente et al., 1987; Jimenez-
Garcia et al., 1994) and fuse into final nuclealieiarly G1. It should be also noted that
short arms of human acrocentric chromosomes cgnggpart from ribosomal genes,

apparently just repetitive sequences (Kaplan.ef1883; Sullivan et al., 2001).
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Transcription activity of rDNA can be regulated tae level of whole NORs,
which is particularly seen in the hybrid cells ascalled “nucleolar dominance” (McStay,
2006, Stefanovsky and Moss, 2006; Lewis et al.,72B0euss and Picaard, 2007). At the
level of individual ribosomal genes within a giv&dOR, despite enormous progress
(Grummt, 2007), a synthetic view on the regulatmintheir transcription is not yet
achieved. The expression of the individual riboslogemes within a given NOR can be
studied at best on DNA spreads (“Christmas treasifig electron microscopy (Fig. 6).
However, this unique approach was successfullyieggdo far only for the yeast, and
insect as well as amphibian oocytes (Miller and tBeal969; Trendelenburg, 1974;
Puvion-Dutilleul et al., 1977; Franke et al., 19%@gheer et al., 1981; Mougey et al., 1993;
Dragon et al., 2002). Only a few pictures docunmenthammalian “Christmas trees” were
published in the literature (e.g. Scheer and Bemiayd.990).

Relationships among the NORs, nucleoli and chromesterritories apparently
play important role in the functioning of nuclewmd all these relationships are not
sufficiently understood. Also, a synthetic view tre regulation of the expression of

ribosomal genes has not been yet elaborated.
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Figure 6. The molecular organization of ribosomal transeript the form of so-called
“Christmas trees” (CTs) (Figure published in Allsegt al., Molecular Biology of the Cell,
Fourth Edition, 2002). Spread active ribosomal gemesociated with RNA polymerase |
and nascent pre-rRNAs was described in amphibiaaytes more than 30 years ago
(Miller and Beatty, 1969). Similar structures weaiso reported later in other species (e.g.,
Trendelenburg, 1974; Puvion-Dutilleul et al., 19Ffanke et al.,, 1979; Scheer et al.,
1981; Mougey et al., 1993; Dragon et al., 2002)wkieer, due to the presence of
interfering chromatin structures, only a very feistpres documenting spread CTs from
mammalian cells were published in the literaturg.(&cheer and Benavente, 1990).
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2.6. Survey of the introduction

The introduction contained brief comments on th# necleus, chromosome
positioning, its maintenance in the daughter cefter mitosis, nucleolus and NORs.
Despite the exciting progress in this field, ourowtedge is only partial and often
controversial.lt is known that ribosomal genes are transcribedthi@ nucleoli, but
rationale behind the existence of nucleoli remalsive. Until recently, it was believed
that nucleolus originates from transcription a¢yivof ribosomal genes exclusively. New
data urge us to reconsider this hypothesis (Gomda.,e2003). Relationships between
spatial organization of NOR-bearing chromosomes andleoli are also not clear,
particularly with respect to chromosomes bearing-competent NORs. Although it is
widely accepted that arrangement of chromosomethencell nucleus is non-random,
there are basically no data on the position maartea of the NOR-bearing chromosomes

in relation to nucleoli in the daughter cells aft@tosis.

Therefore, it has been important for my work tou®o©n chosen specific aspects
of these challenging problems, namely: transcnipstatus of NORs during the cell cycle;
positioning of NORs and NOR-bearing chromosomesh wégard to nucleolus; and
maintenance of the NOR-bearing chromosome positwitis respect to nucleoli after

mitosis.

In our future project we wish also to apply celbblbgical approaches such s
vivo studies of the dynamics of NORs and chromatin aomepts using GFP (and related)

techniques, particularly:

» with respect to maintenance of positioning of chosomes bearing ribosomal genes,
to define to what extent the same chromosomesss@cmted with a given nucleolus
in daughter cells after mitosis;

* To study maintenance of the epigenetic informabonindividual competent NORs

through mitosis using a cell line stably expressiifF-GFP.
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Chapter 3. Specific aims of the thesis

In this thesis, | wished to expand our knowledgehaf large-scale order of the
NOR-chromosome positioning with respect to nucleslile assessing the competence of
their NORs, as well as transcription activity dbasomal genes. Accordingly, we first
characterized the chosen model cell lines with gelspo their NORs and competent
NORs. The obtained data were used in subsequeathéestaf nucleolar associations of the
NOR-bearing chromosomes, and localization of thadcriptionally competent and non-
competent NORs. In the pairs of daughter cellsalse compared nucleolar associations

of chosen NOR-bearing homologues with nucleolivaelt as numbers of nucleoli.
The specific aims of the thesis are:

* To establish the regularities in distribution ofnguetent (active) as well as non-
competent (inactive) NORs among the NOR-chromosaméso human-derived cell

lines, transformed HelLa and primary LEP cells.
* To establish the fate of competent NORs duringctiecycle in the two cell lines.

* To analyze nucleolaassociatiorof the NOR-bearing chromosomes in HelLa and LEP
cells, with respect to the established occurrefi@mpetent/non-competent NORs in

different NOR-bearing chromosomes.

* To investigate nuclear/nucleolar location of compétand non-competent NORs in

the two cell lines.

* In the pairs of daughter HelLa cells, to compareitjpposng of the NOR-bearing

chromosomes in relation to nucleoli.

* To establish whether the same number of nucleosiesn in the pairs of daughter

HelLa cells after mitosis.
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Chapter 4. Materials and Methods

This chapter surveys the material and methods usebe thesis. The detailed

description is provided in chapters 5.2, 6.2 ard 7.

4.1. Cell culture

Human Hela cells, derived from adenocarcinoma gecells, and diploid human

embryo lung fibroblasts (LEP) were cultivated asalided in chapters 5, 6 and 7.

4.2. DNA probes and antibodies

We used commercial Cy3- and FITC- labeled whol®@riousome painting probes
for human chromosomes 13, 14, 15, 21 and 22 (AppkgOncor, USA), rDNA probes
and antibodies are described in detail in chageésand 7.

4.3. Immunofluorescence

Cells growing on coverslips were washed in phospbatfered saline (PBS),
fixed in methanol at -20°C for 30 min and air-dri€éwllowing three washes in PBS, the
cells were incubated with anti-fibrillarin antibgdwashed in PBS and incubated with

secondary antibodies conjugated with either FITCy3.

4.4. Immuno-FISH and FISH

The combined detection of fibrillarin and situ hybridization (immuno-FISH)
was performed after Pliss et al., 2005 and destiilbehapter 6 and 7.
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The results of all single labeling (fibrillarin immo-labeling and FISH), double
labeling (fibrillarin immuno-labeling combined witRISH and double-FISH) and triple

labeling experiments (fibrillarin immuno-labelingddouble FISH) were compatible.

4.5. Microscopes used

Coverslips were mounted in Mowiol supplemented WitABCO and viewed
using Olympus AX70 Provis microscope equipped it Photometrics CCD camera or

Leica TCS NT confocal microscope.

4.6. Statistical evaluation

All statistical evaluations were obtained by anaslyd 100 HeLa and LEP cells.
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Chapter 5. NORs and their transcription competenceduring the cell

cycle.

5.1. Introduction

Ribosomal genes encoding 5.8S, 18S and 28S rRNArgenized in clusters that
can be identified in mitotic chromosomes and arkedanucleolus organizer regions
(NORs). In normal human cells these regions argeatati on the short arms of the
acrocentric chromosomes 13, 14, 15, 21 and 22 (étend et al., 1972; Long and David,
1980; Puvion-Dutilleul et al., 1991). Several sagdidemonstrated that at least some
subunits of RNA polymerase | (pol 1) along with itsain transcription factors, the
upstream binding factor (UBF) and promoter selégticomplex (SL1), can be detected
on certain NORs even in metaphase, although rDMAsgription is efficiently blocked
from prophase to late anaphase (Babu and Verm&, 188isenberger and Scheer, 1995;
Jordan et al., 1996; Roussel et al., 1996; Gebvaumes et al., 1997; Sirri et al., 1999;
Leung et al., 2004; Prieto and McStay, 20065 believed that such and only such NORs,
termed “transcriptionally competent” or “compete@ousset et al., 2000; Savino et al.,
2001), are transcribed, while the others, “non-cetapt” NORs, remain silent throughout
the interphase (Weisenberger and Scheer, 1995;sRoesal., 1996; Gebrane-Younes et
al., 1997). The rule provides a simple explanatmmthe apparently constant number of
competent NORs in cycling cells. It also agreed weh the supposed mechanisms of the
rDNA silencing during mitosis (Gebrane-Younes ef 4097). However, the hypothesis
claiming identity of active and UBF-loaded NORs hagt been directly proved, since

individual NORs were not observed in the interphaskenucleus.

To address this issue, we chose two cell linesuohdn origin: HelLa, a tumour-
derived line with abnormal karyotype, and diploiR_cells originating from embryo lung
fibroblasts. First, we studied regularities in dimition of the transcriptional competence
among different chromosomes on mitotic spreadst,Nb& distribution of transcriptional
competence was compared with distribution of trapson signals on NORs in telophase
cells, and also in metaphase cells after stimulatiorDNA transcription with roscovitine.

Finally, employing premature chromosome condensa(CC) with calyculin A, we
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analysed the pattern of NOR competence during itexphase. The results obtained in
this work expand our knowledge on the fate of N@Rihe cell cycle, and strongly argue
that the presence of UBF on NORs (or their silvainsbility) in mitosis serves as an

indicator of their transcription activity in theguious interphase.

5.2. Materials and Methods

5.2.1. Cell culture and preparation of the chromosmal spreads

HelLa and primary LEP cells were cultivated in flask on coverslips at 37°C in
Dulbecco modified Eagle's medium (DMEM, Sigma, $aiouis, MO) containing 10%
fetal calf serum, 1% glutamine, 0.1% gentamycirng &B5g/l NaHCQ® in atmosphere
supplemented with 5% GO

To prepare spreads of the mitotic chromosomescélie were cultured with 0.5
ng/ml colcemid (Sigma) for 1 hour, hypotonicallyaign in 0.075 M KCI for 10 minutes,
harvested by mitotic shake-off and pelleted. Théepevas resuspended in fixative
(methanol and acetic acid, 3:1) and centrifugedmiutes at 400g). After threefold
repetition of this procedure, cells were spreadlutied coverslips and dried.

5.2.2. PCC with calyculin A

Calyculin A, a potent and specific inhibitor of pgm phosphatases PP1 and PP2A
causes PCC through phosphorylation of histonesnrdiloa H3 (Bezrookove et al., 2003;
Tosuiji et al., 2003; Bui et al., 2004). Cells wamated with calyculin A (AG Scientific,
Inc., San Diego, CA), which was added into the medio the final concentration 80 nM
for 30, 60, 90 and 120 seconds at 37°C. The periddD seconds was chosen after test
experiments as optimal for further usage. Followthg treatment, cells were either
processed as for the chromosomal spread preparatidimed with methanol (30 minutes
at -20°C) or 2% paraformaldehyde (10 minutes atréemperature). In some cases 20uM
BrdU (Sigma) was introduced 5 minutes before foxatiReplication signal was detected

with monoclonal mouse anti-BrDU antibody (Rochaliémapolis, IN)
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5.2.3. Transcription labelling

Transcription sites were visualized by applying atimd of hypotonic shift as
described earlier by Koberna et al. (Koberna ¢tl®99; Koberna et al., 2000). In short,
cells were washed in KHB (10 mM HEPES, pH 7.4, 3@ KCI), incubated in 20 mM
BrUTP in KHB at 37°C for 5 minutes, then in DMEM 3f°C for 10 minutes, and fixed
in methanol. Transcription signals were visualizgter methanol fixation using mouse

antibody against BrdU (Roche).

5.24. Stimulation of transcription in metaphase dés with roscovitine

Roscovitine, being a highly selective inhibitor ofic2—cyclin B kinase, can
stimulate transcription in mitotic cells apparentlyrough dephosphorylation of the
promotor selectivity factor SL1 (Sirri et al., 199% our work, colcemid-arrested mitotic
HelLa cells were treated with 150uM roscovitine (BIOL Research Laboratories,
Plymouth, PA) for 30 minutes. After that, the tramgtion hypotonic assay was performed

as described above.

5.2.5. In situ hybridization

Cy3- or FITC- labeled DNA probes for human chronmoses 13, 14, 15, 21 and 22
(Oncor, Gaithersburg, MD) were used for visual@atiof these chromosomes. The
chromosomal spreads on coverslips were rinsed 852 pH 7, incubated with 100
png/ml RNAse A (Rochdpr 1 hours at 37°C, gradually dehydrated in icktco0, 80 and
96% ethanol, and air-dried. The denaturatiothefchromosomal DNA was performed in
70% deionized formamide in 2xSS@H 7, at 72°C for 3 minutes. The probe was
denaturated at 70°C for 10 minutes. Hybridizatian overnight at 37°C in moisture
chamber. Spreads were washed 15 minutes in 50%aforde in 2xSSC, pH 7, at 43°C; 8
minutes in 0.1%Tween-20 in 2xSSC at 43°C; and 3xidutes in 0.1% Igepal (ICN
Biomedicals, Inc., Irvine, CA) in 4xSSC.

The biotin-labeled rDNA probe was prepared frampA plasmid construct
(Erickson et al., 1981), kindly donated Bbgmes Sylvester (Nemours Children's Clinic

Research, Orlando, FLJhis construct involved a spanning sequence forrdtrgam 200
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nucleotides of 18 S rRNA, internal transcribed spdc sequender 5.8 S rRNA, internal
transcribed spacer 2 and upstream 4ra@fdeotides of 28 S rRNA. The probe was labeled
by nick translation using BIONICK Labeling Syste@IBCO-BRD, Gaithersburg, MD).
Denaturation of the chromosomal spreads, and wgshifter hybridization, were
performed similarly as for the hybridization withromosomal probes. The prowas
denatured in deionized formamide at 70°C for 8 ri@awandkept at 37°C for 3@ninutes.

6 pl of a hybridization mix containings pg/ml of probe, 0.5 mg/ml sonicated salmon
sperm DNA, 2 mg/miEscherichia coli tRNA, 70% deionized formamide, 2xSSC and 10%
dextran sulfate, was used per each coversliplSHevas performed overnight at 37°C in

moisture chamber.

Karotypes were studied by multicolor fluorescemgesitu hybridization (M-
FISH). It was performed on the metaphase chromosspreads using "24Cyte" probe
kit (MetaSystem¥ GmbH, Altlussheim, Germany) containing combinalyi labeled
painting probes for all autosomes and sex chromesowf the human karyotype.
Hybridization and posthybridization washes followstdndard procedures. Slides were
counterstained using DAPI'(8-Diamidino-2-phenylindole) and mounted in vectakh
(Vector Laboratories, Burlingame, CA). Olympus AR Provis (Olympus, Tokio, Japan)
and thelSIS M-FISH imaging system (MetaSystetisGmbH, Altlussheim, Germany)

were used for image capturing and acquisition.

5.2.6. UBF immunocytochemistry

Fixed cells were rinsed in PBS. Non-specific antibodydioig was blocked with
3% BSA in PBS for 30 minutes at 37°C. Primary amtijp against human UBF (antigen
NOR 90, kindly provided by U. Scheer, Biocentertlo¢ University of Wurzburg) was
applied for lhour. Secondary anti-human antiboddsxckson, West Grove, PA) were
labeled with Cy3 or FITC. Coverslips were mounted Nlowiol and viewed using

Olympus AX70 Provis and Leica TCS NT confocal msaaope.

For the cells fixed in methanol/acetic acid, indidra with UBF antibody was

performed in moisture chamber for 1 hour at 37°C.
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5.2.7. Silver staining of NORs

Chromosomal spreads (prepared as descibed above) washed in deionized
water, air-dried, treated with 2:1 v/v mixture aflgtion | (0.5 g silver nitrate in 1 ml
deionized water) and solution Il (2 g powdered tyelen 10 ml deionized water with 1ml
pure formic acid) in dark wet chamber at room terapee for 45 minutes (after Howell
and Black, 1980). The coverslips were then ringedkeu running deionized water, and air-
dried.

To combine silver impregnation and hybridizatiothvehromosomal probes on
the same chromosomes, the silver-stained and ridedmosomal spreads were
dehydrated in 70%, 80% and 96% ethanols and dextatufor the hybridization as above.

In some cases sequential silver staining and rDMbBYitization were performed.
For that, the chromosomal spreads stained with Agh&de photographed and then silver
was removed with 7.5% potassium hexacyanoferratil4 minutes, followed by 20%
sodium thiosulfate for 5 minutes (Zurita et al., 982 Where upon the spreads were

processed for the hybridization.
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5.3. Results

5.3.1. Around 13 NORs are regularly revealed on mitic spreads of

Hela cells

Karyotype of HelLa cells is abnormal but relativetgble (Chen, 1988). In the cell
line we used, more than 95% of mitotic spreadsainad from 79 to 89 chromosomes,
and only such spreads were selected for the fudtugly. With respect to acrocentric
chromosomes, we have regularly found trisomiedqiefdhromosomes 13, 14, 21, 22 (one
chromosome 22 included also material from chromas8y two to three chromosomes
15 and one metacentric marker containing the langsaof chromosome 15 (Fig. 1), in
agreement with the descriptions provided by oth#hars (see the comparative data in:
Macville et al., 1999). After the hybridization WitDNA probe, around 13 signals (12.7 +
0.5, counted in 100 cells) were observed on theasjs. Combining rDNA and the
specific chromosomal probes, we established thatNWDRs belonged to acrocentric
chromosomes 13, 14, 15, 21, 22 and one metacepéiicted with probe for the
chromosome 15 (Fig. 2A,B,E,G, Table 1). All thekeocnosomes exhibited rDNA signal
close to centromeric region. The metacentric hasnbearlier described as marker
isochromosome composed of the large arms of chromesl5 (Ghosh and Ghosh, 1975;
Macville et al., 1999). However, the presence oNADshows that this marker includes
also some material from the short arms of the clhsmme 15, so this chromosome may

be, for example, dicentric.

In more than 90% cells, NORs were found on all ghceromosomes 14, three
chromosomes 15, as well as the metacentric matkee chromosomes 22, but only one
chromosome 13 and two chromosomes 21. The hybitidizasignals exhibited
considerable chromosome-specific variation in irdegntensity (data not shown). Two
chromosomes 22 usually carried by far the mosnsite signals on the spread (Fig. 2
E,G). Since the intensity of rDNA hybridization s& correlates with the number of
rDNA repeats (Leitch et al., 1992; Mellink et &994; Suzuki et al., 1996), this result
argues for the presence of numerous gene coptas INORs of two chromosomes 22.

Thus the rDNA clusters show a stable pattern oftridigion among the

chromosomes of Hela cells.
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5.3.2. Around 9 competent NORs regularly appear orspecific mitotic

chromosomes in HelLa cells

We used immunocytochemical fluorescence detectibriUBF to define the
transcriptionally competent NORs on the mitoticesats. The UBF mapping disclosed 6-
12 signals per spread, with average value 8.6 + M@nted in 100 cells. The signals
varied distinctly in shape, size and intensity.&éhtypes were typically seen. The majority
of signals (around 90 per cent) belonged to dodbls corresponding to the couples of
sister chromatids. Elongated, "stick-like" signél4eliot et al., 2000) appeared in all
spreads, though in small numbers. Single dotsipertato one of the chromatids were the

rarest and were absent in some spreads.

Results of several studies showed that silver teitsalution specifically stains pol
| and UBF (Roussel and Hernandez-Verdun, 1994; st al., 1996; Sirri et al., 2000).
Thus the silver impregnation became the most fretipy@sed method for the labelling of
the competent NORs on chromosomal spreads (Goantpamtd Bloom, 1975; Rufas et
al., 1982; Ferraro and Prantera, 1988; Zurita.etl@B9). We accordingly used the silver
staining as alternative method for revealing compeNORs. This procedure afforded in
all cases statistically identical results (consmgthe number of signals and incidence of
the morphological patterns) as UBF immunostainiagd could be more efficiently
coupled with DNA hybridization than UBF labelinghdrefore we employed the method

of silver impregnation for the following study of®Rs on individual chromosomes.

In the hybridization assays with chromosomal prolsesnbined with silver
staining (at least 100 cells were studied for ezade), the silver signals usually appeared
on one chromosome 13, one chromosome 14, all clvomes 15 (3 acrocentrics +
metacentric marker), two chromosomes 21, and twoncbsomes 22 (Fig. 2C,D,F,G).
Interestingly, Sirri et al. (1999) observed, as barassessed from their published figures,
6 competent NORs in Hela cells, localized exclugiva the acrocentric chromosomes.
In contrast to these data, the HelLa cell line usedur experiments possessed around 9

silver or UBF positive NORSs, one of them belongiaghe metacentric marker.

To combine silver staining and rDNA hybridizatioigreals on the same spreads,
we first carried out silver staining and took prest Then silver was dissolved and
hybridization was performed, according to Zuritaakbt(1999). In these assays the silver
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signals always pertained to the regions of ribodayeaes, which rules out possibility of
"false” NORs (Dobigny et al., 2002). To define tt@mpetence status of two enlarged
NORs in the chromosomes 22, painting of this chmone was performed
simultaneously with rDNA after silver staining. Wieund that the smaller NOR of the
chromosome 22 was usually silver-negative (Fig-@)EThis chromosome also displayed
shorter arms after hybridization with chromosome sfi&cific probe. The karyotype
analysis suggested that the telomeric parts @-&sms were replaced by the fragments of

the chromosome 8 (Fig. 1).

The results obtained on mitotic chromosomal spreadssummarized in Tablel
and Fig. 4. These data show a high regularity imler and intensity of the UBF/silver
signals on specific chromosomes in HelLa cells. @leea significant discrepancy between
the pattern of rDNA distribution and the patternN®DR competence: even when rDNA
and UBF/silver signals coincide on the same chrames their intensities do not

correlate.

5.3.3. The competent NORs are regularly distributed among the
chromosomes of the diploid LEP cells

The data obtained on the transformed aneuploidioeliwere complemented by a
similar study on the diploid LEP cells (Table 2)ftek multicolour painting of the
chromosomes in the LEP cells we confirmed thatealoedls had normal diploid karyotype

(data not shown).

Using rDNA hybridization we observed NORs on aliathosomes 13, 14, 15, 21
and 22 (Fig. 3 A,B). In contrast to HeLa cells, staking difference in intensity of the
hybridization signals was observed. Six to tenhese NORs (most frequently 8, average
value 7.8 + 0.1; counted in 100 cells) were silver- UBF-positive. At least one
chromosome in each pair usually carried Ag-positi@R. In 95-97% of the spreads,
both copies of the chromosome 15 were silver-pasitand one of the chromosomes 13
was negative (Fig. 3C,D). Chromosomes 14 were hmikitive on 85% spreads.
Chromosomes 21 and 22 carried competent NORs orootheth chromosome copies

with similar frequencies (Table 2, Fig. 4).
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These data indicate that the LEP cells also shoue qu regular pattern in
distribution of the NOR transcriptional competeaceong the different chromosomes.

5.3.4. Transcription activity of the NORs correlats with their
transcription competence in metaphase after roscotine stimulation and
in telophase

Using confocal microscopy, we counted the numbefs boomo-uridine
transcription signals in telophase cells and alsmetaphase cells following stimulation
of rDNA transcription with roscovitine (not showrnh both cases, the average number of
BrU incorporating NORs per cell (calculated in 1€$lls) corresponded to the average
number of competent NORs labelled with antibodyireggadJBF, i.e. 9 in HeLa and 8 in
LEP cells. In colocalization experiments, in mdnart 95 per cent of cells, the intensities
of UBF and bromo-uridine signals obviously correth{Fig. 5 A-C,D-F). These results
strengthen the view that transcriptional competerfddORs identified in mitosis through
UBF immunofluorescence serves as a reliable inolicat their transcription activity in

interphase.

5.3.5. In the interphase, the same number of compait NORs can be

observed as in the mitosis

In the following experiments we asked whether tlaene pattern of NOR
competence may be present during the interphaseanbwer this, we employed the
premature chromosomal condensation (PCC) inducedabyculin A. This drug, being
efficient inhibitor of protein phosphatases, induahromosome condensation through

phosphorylation of the histones (Tosuiji et al.,20Bui et al., 2004).

After calyculin A treatment the cells still had heicand some fibrillarin-positive
remnants of nucleoli (data not shown). The celts$ their regular shape, developed bulky
pseudopodia and lost their capacity to incorpobamteano-uridine. These changes could
not be thoroughly reversed after cultivation insfranedium. On the spread preparations
(Fig. 6), complete PCC was observed in G2 phasg @F). Only a weak condensation
was perceived in G1 (Fig. 6,B). In S-phase the mlwsomes were "pulverized”, i.e. fully
condensed segments alternated with non-condengged(B); the latter included BrdU if
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it had been introduced for 5 minutes before thgatdin treatment in normal medium
(data not shown). Such pattern can also be observ&CC produced by other agents
(Hameister and Sperling, 1984) and apparently tedudm a different organization of

chromatin in the replicating regions of chromosomes

In the cells treated with calyculin, NORs appeaasdeparate units at all stages of
interphase, even when the chromosome condensasisrpwor (Fig. 6,A-F). At least 100
cells were studied for each assay. As in the chgsatotic spreads, we revealed in G1 and
G2 phases most frequently 9 UBF signals for the dletlls, 8 for the LEP cells. In S-
phase the average number of the UBF signals wasatine as in the other phases, i.e. the
difference never exceeded statistical error, bdewn cells (no more than 5%) this number
decreased to less than 6. In G1 all the signale si@gle. In G2 most of them (around 90
per cent) became doublets, like in mitosis. To d@ranf the highly specific and regular
pattern of competence found for HelLa cells in m&tgsersists also in interphase, we
combined the UBF immunocytochemistry with the chosomal probes after calyculin
treatment. In the case of G1 and S phases, dueetintomplete condensation, it was
impossible to decide which NOR belonged to a gigkromosome. But in G2 phase we
observed the same number of competent NORs fohedimosomes 13, 14, 15, 21 and 22
as in mitosis (Fig. 6 G,H). Also in agreement witite data obtained on metaphase
chromosomes, the most intensive signals belongedet chromosomes 15 (not shown),

and chromosomes 22 usually carried signals of taenisity (Fig. 6G, H).

We thus demonstrated that that the pattern of ¢rgrinal competence revealed
in G2 phase is conserved also in mitosis. We itifat a uniform pattern of transcription
competence persists throughout the whole cellegywith only rare loss of competent
NORs in S phase.
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5.4. Discussion

54.1. NORs in mitosis: regular distribution of the competence signal

among the mitotic chromosomes.

No data are available in literature on the distidou of NORs among the
chromosomes of the HelLa cell line. We found in ¢healls an abnormal but stable pattern
of rDNA distribution (Fig. 4): not all acrocentrchromosomes carried ribosomal genes;
one NOR was always present on a metacentric; twB$©onfined to the chromosomes
22, displayed a particularly high intensity of thgbridization signal. In LEP cells 10

acrocentric chromosomes were rDNA positive as immab human diploid cells. .

Around 70 or 80% of the NORs, in HeLa and LEP ce#ispectively, were
transcriptionally competent. In both HeLa and LE#s; the transcription competence
was non-randomly distributed among the NOR-beadohgpmosomes (Tables 1 and 2,
Fig. 4). A regular pattern of the NOR competenbeugh quite different from what we
found in the LEP cells, was observed previoushhuman lymphocytes (Heliot et al.,
2000). Thus the presence of such regular pattey meaa common feature of human-

derived cells, though it varies depending on tHetgge.

Remarkably, in the transformed HeLa cells, we foeamen a more distinct pattern
of competence than in diploid cells; in the formech type of the acrocentric
chromosome had a specific individual characteristic NORs. Accordingly, the
chromosomes 15, including the metacentric markes, tae major providers of the
competent NORs, since all four of these chromosaembgit the silver/UBF signals that
also are the most intensive; the only NOR of theicitosomes 13, as well as both NORs
of the chromosomes 21, are usually competent; cbsomes 14 and 22, in contrast to the

rest, regularly bear non-competent NORs.

In both HeLa and LEP cells, specific NOR chromosemary in regularity with
which they follow a certain pattern of the NOR catgmce. This variability is especially
striking in LEP cells where chromosomes 13 and @& lay far more "regular" than
chromosomes 21 and 22 (asterisks in Fig. 4). lukhbe mentioned that we did not
follow each individual chromosome, so we cannoe raut a posibility of exchanging

competence among the homologous chromosomes.
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According to some data obtained on the cells ofreectivora (Warburton and
Henderson, 1979) and of human patients (Wachtlal.,e1986, Zurita et al., 1998; Zurita
et al.,, 1999), the level of Ag impregnation of thempetent NORs correlates with
intensity of their rDNA signal, and thus rDNA conts. In our study of the HelLa cells,
such correlation could be traced at least in ose:dhe smaller NOR of the chromosomes
22 was inactive. On the other hand, comparing w@iffe types of chromosomes, we
observed that the huge rDNA signals on two copfefi® chromosome 22 had relatively
small counterparts in AQNORSs, whereas quite a wegdididization signals corresponded
to the prominent silver staining of the chromosorhggFig. 2,A-G). So the correlation
between the gene number, as judged from the hyltidn signal, and the competence is
breached in HelLa cells. These data agree withidve that the activity of the NORs is not
proportional to their size (de Capoa et al., 1988nch et al., 2003).

We conclude that both studied cell lines exhibitclaaracteristic pattern of

transcription competence which remains stable bisequent cell divisions.

5.4.2. NORs during interphase

In the human interphase cells, individual NORs dbaorrespond to the nucleoli,
fibrillar centers or nucleolar silver-stained grlesu(Busch and Smetana, 1970) and so
have never been visualized as separate entittbe icell nuclei. For this reason, the status
of individual interphase NORs was not uncoverednewvethein vivo experiments with
UBF-GFP constructddere we employed PCC to assess persistence ofahsctiption
competence on the different NORs during the cellleyUpon a short treatment of
interphase cells with calyculin A, which enabled tosvisualize individual interphase
NORs in the non-transfected cells, we have obsetlvedsame average numbers (8 for
LEP and 9 for HelLa cells) of dot-like UBF signatsall stages of interphase. In G1 all the
NORs are represented as single dots. In the cooirs® phase the NORs become
duplicated, and so do most of the competent NORsmaAll proportion of S phase cells
contain a decreased number of UBF signals. Thissaenal disappearance of signal
seems to be a result of NOR reorganization in these of rDNA replication (Pliss et al.,
2005). We can suppose that the competence statesmaf chromatid is established
following the replication and does not change umtie next S phase. In G2, the
distribution of UBF signals on the specific chromwes exactly corresponds to the
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pattern revealed on the mitotic spreads, regartoty the number and intensity of the
signals. These data strongly indicate that theepatif transcription competence observed
on mitotic chromosomal spreads persists througlioeitinterphase, except for a short

period in S phase.

Additionally, our results contribute to understarglithe role of Upstream Binding
Factor in rDNA transcription. UBF is described asaachitectural element maintaining a
chromatin structure accessible for the pol I, doigtd ability of binding to the rDNA
promoter, bending DNA and sequestering the pandcription machinery (Jantzen et al.,
1990; Bazett-Jones et al.,, 1994; Mais et al.,, 200hjs seems to provide a crucial
argument in favour of the conception claiming ttie#¢ competent and only competent
NORs are transcriptionally active. But the idedJ&F as an indispensable factor in the
initiation of rDNA transcription (Stefanovsky et.,aP001) has been recently questioned,

since:

* UBF binds to rDNA indiscriminately, i.e. not onlythe upstream control element and

core element of the promoter (Copenhaver et aB418Blu et al., 1994; O'Sullivan et al.,

2002);

 UBF does not bind stably to rDNA, perhaps eventlom promoter, but rapidly
associates and dissociates (Dundr et al., 2002n @heal., 2005; Friedrich et al.,
2005);

* Somein vitro experiments indicate that the selectivity fac®k1, rather than UBF,
nucleates the pol | activity. UBF is not necesdarythe formation of pre-initiation
complex, and SL1 can interact with rDNA indepentle(iriedrich et al., 2005);

 SL1/TIF-1B complex, but not UBF, is responsible fbe promoter selectivity and
species specificity of pol | transcription (Learretdhl., 1985; Sullivan et al., 2001).

Thus, UBF may be only an activator of the rDNA semption. If so, can UBF be
a marker of the transcribed NORs? Qualitative dataolocalization of transcription and
UBF signals at the telophase have served as the exgerimental evidence for this
hypothesis (Roussel et al., 1996; Gebrane-Younak,et997; Sirri et al., 1999). Here we
applied a quantitative approach. Using confocalgesa we found equal numbers of the
transcription and competence signals in telophskgeover, the intensities of UBF and

bromo-uridine signals on the same NOR positivelyralated (Fig. 5A-C). Similar
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correlation of UBF and transcription signals waseased also on metaphase cells after
stimulation with roscovitine (Fig. 5D-F). Thus, wemonstrate that the incipient or
stimulated transcription activity of the NORs eXadbllows the pattern of transcription
competence, which persists over the whole cellesyetcept probably for a short period in
S phase. This result strengthens the conceptiomiol@ one to one correspondence
between the mitotic transcription competence ardrphase transcription activity of
NORs in the stable physiological state.

The results of the present study, performed on sdiferent objects as
transformed Hela cells and the diploid LEP celtglicate that the essential components
of the pol | transcription machinery, such as UB#nain associated with the same NORs
throughout the cell cycle. Our data strongly arthe the presence of UBF on NORs (or
their silver stainability) in mitosis serves as arker of their transcription activity in the

previous interphase.
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5.5. Tables and figures

Table 1. NORs and AgNORs on individual chromosomes of the Ha cells. Mean

values and standard errors are indicated for thessared number of chromosomes, NORs

and AgNORs. In each measurement, 100 cells welgzata

Chromosome Number of Number of Mode number| Number of
chromosomes NORs of NORs AgNORs

13 29+01 1.1+01 1 09+0.1

14 3.0+0.0 3.0+0.0 3 09+0.1

15 38+0.1 3.8+0.1 4 40+0.1

21 27+01 1.9+0.2 2 1.8+0.1
22 29+01 29+04 3 2.0+0.2

total 15.3+0.4 12.7+0.5 13 95+0.4

! Two of these NORs exhibited the most intensive rDdigals in the cell.

2 The silver signals were calculated only in the agsewith the mode number of
chromosomes, so the sum of the partial mean vatieseds the observed average

number of the silver signals per cell.
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Table 2. NORs and AgNORs on individual chromosomesf the LEP cells Mean
values and standard errors are indicated for tihebeo of AQNORSs. In each measurement,
100 cells were analyzed.

Chromosome Number of Number of Number of
chromosomes NORs AgNORs

13 2 2 1.0+0.1

14 2 2 1.7+0.1

15 2 2 19+0.1

21 2 2 1.6+0.1

22 2 2 1.6+0.1
total 10 10 78+05
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Fig. 1. Karyotype of the HelLa cells assessed by multicdlaorescencein situ
hybridization (M-FISH). There are trisomies of amatric chromosomes 13, 14, 15, 21,
22. One marker chromosome M13 appears as isochoom®osl5; p-arms of the
chromosome 13 are included into the marker M14 ttege with g-arms of the
chromosome 19. One of the chromosomes 22 is defisedarker M16 since it includes
some material from the chromosome 8.
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Fig. 2. Localization ofNORs and competent NORs on the spread mitotic ocbsomes of
Hela cells.

A, B: simultaneousDNA (A, red inB) and chromosome 15 detection (greel)n13
rDNA signals are clearly recognized in A. Three ogentrics and one metacentric
chromosome are labeled with chromosome 15 spqumidice B).

C, D: silver staining C, red inB) combined with the probe for chromosome 15 (giaen
D). Large silver signals (arrows) are seen on giahted chromosomes. Compare with
the low intensity rDNA signals iA andB.

E, F, G detection of rDNA E; red in G) , silver staining ) and chromosome 22
(green inG). Two very large rDNA signals (arrows iy G) correspond to relatively small
silver signals(arrows inF, G). The third rDNA signal belonging to a smalleringad
chromosome (arrowheads EB,G) is less intensive and corresponds to silver-negat
NOR (arrowhead i, G). Bar: 2Qum.
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Fig. 3. Localization ofNORs and competent NORs on the spread mitotic absomes of
LEP cells.

A, B: Simultaneous detection of rDNAA( red in B), chromosome 13B( large
acrocentrics painted in green) and chromosome 22l[(sacrocentrics in green); rDNA
signals (arrows) are seen on all four painted clismmes. Ten NORs can be easily
recognized irA.

C, D: silver staining (red) combined with the probes éhromosomes 150 large
acrocentrics painted in green) and 21 (small aertoics in green). Silver signals (arrows)
are seen on all the painted chromosomes. Seva silynals are visible in C.
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Competent and non-competent NORs

AR KR AAA AAA
KA R R [R]
RE KR N WK

@ Ag/UBF staining
® rDNA

Fig. 4. Distribution ofthe NORs (green) and competent NORs (red) amongditfezent
chromosomes in HeLa and LEP cells. One of the chsames 15 of the HelLa cells is
taken in parenthesis to show the variability of theomosome number. Asterisks indicate
two chromosomes of LERells which may be competent or non-competent with
comparable frequencies. For simplicity the compeMd@Rs are shown always on both
chromatids. The different size of the red and gréets illustrates the different intensities
of the rDNA and UBF/Ag signals.
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Fig. 5. Colocalization otranscriptionallyactiveand competeiORs in telophaseX(- C)
and metaphase after roscovitine treatmént- (F). A, D: transcription signal (bromo-
uridine); B, E: UBF. C, F colocalization of transcription (green) and UBE&dY signals.
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Fig. 6. A-F. UBF-positive NORs A-E, red inB-F) in the interphase HelLa cells after
calyculin A treatment.

A, B: G1 phaseC, D: S phaseg, F. G2 phase. DAPI counterstaining is in blue. 9
competent NORs appear as single in G1, mostly @oublG2. Condensation of the
chromosomes is complete only in G2 phase.

G, H: Simultaneous detection of UBEB(red inH) and chromosome 22 (green in H) in
G2 cells. Two chromosomes 22 carry UBF signaloyges); the third chromosome is UBF
negative (compare with the Fig. 3 F,G).
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Chapter 6. Positioning of NORs and NOR-bearing chrmosomes in

relation to nucleoli

6.1. Introduction

During interphase, chromosomes exist in the formwefl discernible, though
highly porous, territories (Cremer et al., 1993r36hure et al., 1999; Visser et al., 2000;
Cremer and Cremer, 2001; Parada and Misteli, 2B8&8grson, 2004; Foster and Bridger,
2005; Cremer and Cremr, 2006). It is widely acogdteat these chromosome domains
occupy more or less fixed positions in the mammairderphase nucleus, depending on
the gene density, replication timing and the sizelwomosome territory (Zink et al.,
1998; Manders et al., 1999; Sun et al., 2000; Vazet al., 2001; Parada et al., 2003;
Walter et al., 2003). Results of several studiegate that the location of chromosomes is
related to the activity of their genes (Mahy et 2D02; Gilbert and Ramsahoye, 2005).
The gene-rich chromosomes are preferentially lacatethe nuclear center, though the
preference disappeared after inhibition of tramdimn, suggesting that the chromosome
positioning may depend on the transcription agtividther data argue that particular
chromosome positioning places genes into specialhberhood favorable for their
expression or silencing (Parada and Misteli, 2008g situation is complicated by recent
data indicating that chromosome territories pdytiahtermingle in human cell nuclei
(Branco and Pombo, 2007) and some genes can bd faumeyond the area defined as
chromosome territory (Baxter et al., 2002; Mahwlet2002; Chubb and Bickmore, 2003;
Kioussis, 2005; Wegel and Shaw, 2005; Morey et248lQ7; Bartova et al., 2008). Thus,
the large-scale order of chromosome positioning isdelation to gene activity remain

unclear.

Human ribosomal genes represent a convenient modeddress specific aspects
of this problem. These genes form clusters, nametealus organizer regions or NORs,
in each of theacrocentric chromosomes 13, 14, 15, 21 and 22 (éfend et al., 1972;
Long and Dawid, 1980; Puvion-Dutilleul et al., 199Essential components of the RNA
polymerase | transcription machinery, including tsgam Binding Factor (UBF), can be

detected by immunocytochemistry or silver stainimgpp some NORs, termed
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“transcriptionally competent” or “competent”, uwting mitosis. It is generally accepted
that competent NORs are transcriptionally activerimdu previous interphase

(Weisenberger and Scheer, 1995; Roussel et al§;188brane-Younes et al., 1997).
Nucleoli reform after mitosis around transcriptitpaactive, and therefore necessarily
competent, NORs (Ochs et al., 1985; Benavente ,€t@87; Jimenez-Garcia et al., 1994),
and the integrity of nucleoli depends on expressibnbosomal genes (Melese and Xue,
1995; Scheer and Hock, 1999; Dousset et al., 20@@\ever, the position of the non-
competent NORs that exhibit a condensed chrométirctare (O’Sullivan et al., 2002),

and chromosomes carrying the non-competent NORW$, r@spect to nucleoli remains

unclear.

Importantly, we have already shown regularitiedistribution of competent as
well as non-competent NORs among the specific coemmes in two human-derived cell
lines, transformed HelLa and primary LEP cells ($ianret al., 2006), and established that
all HeLa cells, and more than 95% LEP cells, contdileast one non-competent NOR
(Smirnov, unpublished observations). More spedificave showed that in the aneuploid
HelLa cells the NORs belong to acrocentric chromesorh3, 14, 15, 21, 22 and a
metacentric one painted with probe for chromosorde The signals of transcriptional
competence (silver or UBF signals) were usuallysené on one chromosome 13, one
chromosome 14, all chromosomes 15 (three acrocenand one metacentric), two
chromosomes 21, and two chromosomes 22. In LER,c&él NORs were regularly
observed on mitotic chromosome spreads. In thetse beth copies of the chromosome
15, but only one of the chromosomes 13, regulastytained transcriptionally competent
NORs. Both chromosomes 14 contained competent N@R®85% cases. Small
acrocentrics 21 and 22 displayed less regularitye @r both homologues carried

competent NORs with comparable frequencies (Smigtal., 2006).

In the present study, we expand the results of iBmiet al. (2006) and analyze
nuclear positions of competent and non-competenR$§/Cas well as chromosomes

bearing NORs, with respect to nucleoli in HeLa &P interphase cells.
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6.2. Material and Methods

6.2.1. Cell culture

HelLa, aneuploid cell line, that have stable kargetyithout considerable variations
(Macville et al., 1999; Smirnov et al., 2006), gmmary LEP cells were cultivated in flasks
or on coverslips at 37°C in Dulbecco modified Eaglmedium (DMEM, Sigma, USA)
containing 10% fetal calf serum, 1% glutamine, 0.@éttamycin, and 0.85g/ NaHG@N
atmosphere supplemented with 5%4CO

6.3. Antibodies and DNA probes

Commercial Cy3- and FITC- labeled whole chromosgramting probes for human
chromosomes 13, 14, 15, 21 and 22, supplied readyse in hybridization mixture
(Appligene Oncor, USA), and pA and pB rDNA probeepared frona pA and pB plasmid
constructs (Erickson et al., 1981), kindly donabgdlJames Sylvester (Nemours Children's
Clinic Research, Orlando, FL) were usédhe pA probe contains the 3" end of 18S rDNA, the
5.8S rDNA, both internal transcribed spacers, amustnof the 28S rDNA. The pB probe
contains the promoter, the external transcribedespand the 5° end of the 18S subfragment.
The probes were labeled by biotin using nick-tratish kit BIONICK Labeling System
(GIBCO-BRL, Invitrogen) according to the manufaetus instructions. The rDNA probes
were stored in hybridization mixture containing r&%p of probe, 0.5 mg/ml sonicated salmon
sperm DNA, 50% deionized formamide, 2x SSC and Ii¥&tran sulfate at -20°C. Both
rDNA probes exhibited the same pattern of FISHdiage Therefore, only the results

obtained with pB probe were used for statisticalysis.

Primary monoclonal antibody against mouse fibiitigiclone 17C12), kindly donated
by Kenneth M. Pollard (Scripps Research Instituke Jolla, CA), was used for
immunovisualization of nucleoli. Biotinylated rDNArobe was labeled after FISH with
monoclonal rabbit anti-biotin antibodies (Enzo, Re Secondary anti-mouse and anti-rabbit

antibodies (Jackson ImmunoResearch Laboratorie® eanjugated with Cy3 or FITC.
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6.3.1. Immunofluorescence

Cells growing on coverslips were washed in phospbaffered saline (PBS), fixed in
methanol at -20°C for 30 min and air-dried. Follogithree washes in PBS, the cells were
incubated with anti-fibrillarin antibody, washed BBS and incubated with secondary

antibodies conjugated with either FITC or Cy3.

6.3.2. Immuno-FISH and FISH

The combined detection of fibrillarin and situ hybridization (immuno-FISH) was
performed after Pliss et al., 2005. After fibrillaimunolabeling, as described above, the cells
were postfixed with methanol/acetic acid (3:1) owgint at -20°C, then the regular FISH
procedure followed (Pliss et al., 2005), except pihet hybridization washing. Namely, the
cells were washed in 50% formamide in 2xSSC, pf#715 min at 43°C, in 0.1% Tween-20
[2xSSC for 8 min at 43°C; in 0.1% Igepal (ICN Biatrels, Inc) / 4xSSC for 3 x 4 min at
37°C, in PBS 3 x 3 min at RT (Hatarova et al., 2006). After FISH, biotinylated rDNA

probes were detected using respective primary eoohslary antibodies.

For the combined detection of fibrillarin and doedslISH (i.e. triple-labeling), the
fibrillarin immunolabeled cells were first photogteed and their position on the slide marked
before methanol-acetic acid postfixation. ThenRHeH with rDNA and chromosome probes
was performed, and the same cells were photograplgath. This method was used to

achieve the best visualization of nucleoli.

To ensure the detection of all extranucleolar rDfg8i, we employed an alternative
approach avoiding fibrillarin labeling. Accordinglthe cells were fixed in methanol/acetic
acid (3:1) for 30 min at -20°C. After air-dryingetlrells were processed for FISH as described
above, and nucleoli were visualized by phase cehtlad as DAPI negative areas. Although
the nucleolar areas could not be identified asipegcas after fibrillarin immuno-labeling, the
numbers of the extranucleolar rDNA foci matched Iweith the results obtained by the
immuno-FISH. Thus we observed in HeLa cells noaxicleolar foci in 68% cells, one focus
in 20% cells, two foci in 5% cells, three foci ifodcells and four foci in 1% cells (compare
with Fig. 4B).
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The results of all single labeling (fibrillarin immo-labeling and FISH), double
labeling (fibrillarin immuno-labeling combined witkISH and double-FISH) and triple

labeling experiments (fibrillarin immuno-labelingddouble FISH) were compatible.

Coverslips were mounted in Mowiol supplemented Vil daBCO and viewed using
Olympus AX70 Provis equipped with the Photomet@€D camera or Leica TCS NT

confocal microscope.

All statistical evaluations were obtained by analys 100 HeLa and LEP cells.

6.4. Mathematical 2D random model system

We chose 2D analysis, because it allows statis@icaluation ofarge numbers of
images. 2D-analysis has been used for the studyuafear positioning of DNA loci and
chromosome territories in cells that are grown tasg surface and have flattened nuclei
(see e.g. Volpi et al., 2000; Mahy et al., 2002aBa et al., 2004b; Taslerova et al., 2006),
and similar results with respect to the mutualrdagon of these objects were obtained by
2D and 3D-analysis (Mahy et al., 2002; Morey et2007).

We used a model in which polygonal chromosomes wanelomly positioned
within elliptic nucleus containing randomly posiied round nucleoli. The parameters:
area of the nucleus, its major axis length, tote@aaoccupied by nucleoli and
chromosomes, the number of nucleoli and chromosavees obtained as mean values of
measurements and counts on the cells after hyhatidiz The geometric parameters were

measured by means of the Soft Imaging System (Arsaprogram).
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6.5. Results

6.5.1. Nucleolar association of the interphase NOBearing chromosomes
correlates with transcriptional competence of theirNORs in HeLa and
LEP cells

We analyzed nucleolaassociationof the NOR-bearing chromosomes in HelLa
(containing in average 4.03 + 0.12 nucleoli; mealue and standard error are indicated)
and LEP cells (containing in average 2.04 + 0.1€lewli), bearing in mind the established
occurrence of competent and non-competent NORs amologous NOR-bearing
chromosomes (Smirnov et al., 2006). Fluoreséarditu hybridization with probes for
chromosomes 13, 14, 15, 21 and 22 was performadterphase cells (Fig. 1). Some of
the studied chromosomes had no significant contébt nucleolus revealed by fibrillarin
immunolabeling that is commonly used for the vigaion of nucleoli. Such
“extranucleolar” chromosomes were frequently diséghfrom nucleoli by more than one
micrometer. On the other hand, the majority of N@d&ring chromosome territories were
associated with nucleoli. Different forms of theclaolar association were observed for
different chromosome homologues (Fig. 1). In theeaaf chromosomes 13 and 14 in both
HelLa and LEP cells, the painted part of chromoseras typically straight, more or less
elongated and entering nucleolus at one point. ilBedorm is represented by the
chromosomes 15 which, in both HeLa and LEP celignopenetrated to the centre of
nucleolus or even traversed its area. Other chromes (especially the chromosomes 21
and 22 in Hela cells) appeared as semilunar strestambracing nucleolus. All these
cases were considered here as an associationahcsome with nucleolus. Sometimes,
we observed long thin filaments connecting theaxcleolar chromosome territory with
nucleolus (Fig. 2). These cases were not consideseulicleolar associations

The percentage of the chromosomes associated wileoli in HeLa and LEP
cells is shown in Fig. 3. In this Figure we alsonpared the experimental data with the
results provided by a mathematical 2D random megsiem in which chromosomes and
nucleoli were randomly scattered within an elliptiecleus (see Material and methods). In
this model nucleolar association depends on thenchsomal size which was determined
by hybridization signal. Thus, the difference betwethe observed data and those

predicted by the model reflected the affinity ofcartain chromosome type towards
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nucleoli and thisaffinity was not influenced by the size of chromass. In all studied
cases this difference significantly exceeded theslle@f measurement error, and was
proportional to the value (percentage) of the mlale association for each type of
chromosome. It should be emphasized that the niyajofi NOR-bearing chromosomes
were asscociated with nucleoli and the number aflenli-associated chromosomes
generally exceeded the number of competent NORs 8A; Smirnov et al., 2006).

In HelLa cells, chromosome 15, being the main cbuator of competent NORs
(Smirnov et al., 2006), was at the same time thetrfrequently associated with nucleoli
(Fig. 3). Chromosomes 13 and 14, regularly comagimespectively one and three NORs,
but only one competent NOR (Smirnov et al., 20Gf)ntacted nucleoli with a low
frequency. Chromosomes 21 and 22 possessing amgdeate number of competent

NORs (Smirnov et al., 2006) showed also an interatedevel of nucleolar association.

To assess correlation between the number of trigtiscrally competent NORs in
particular chromosomes and their association witbleolus in LEP cells, we chose to
compare chromosome 15 and 13, because they shdwedhdst regular pattern and
represented correspondingly the maximum and mininmumber of competent NORs
(Smirnov et al., 2006). We found that chromosom&sadsociated with nucleoli by far
more frequently than chromosomes 13 (Fig. 3). Tidgcated that in the nuclei of diploid
LEP cells, chromosomes carrying competent NORsahthdency to be associated with

nucleoli similarly as in the transformed HeLa cells

We thus conclude that the tendency of rDNA-beadmgpmosome homologues to
associate with nucleoli correlates with the nunddfd@ranscriptionally competent NORs in

these homologues.

6.5.2. The majority of the transcriptionally non-canpetent NORs in

HelLa and LEP cells are situated within the nucleoli

A simple explanation of the observed regularityhia nucleolar associations of the
NOR-bearing chromosomes can be provided by supgasiat only transcriptionally
active or competent NORs participate in the fororatiof nucleoli. To check this
hypothesis, we combinedn situ hybridization with rDNA probe and fibrillarin
immunolabeling (Fig. 4A). Although for obvious reas we could not count individual
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NORs within the nucleoli, this procedure enabledausount rDNA foci localized outside

the fibrillarin-positive nucleoli (Fig. 4B). Of ceose, such extranucleolar foci could
include two or more coalesced rDNA clusters. Despibis, we found that the

extranucleolar rDNA foci were absent in about 73#tleLa cells and about 87% of LEP
cells (Fig. 4B). We can, therefore, conclude thastrNORs, both competent and non-
competent, should be situated in nucleoli.

Since some chromosomes are quite frequently noteded with nucleoli (Figs. 1
and 3A), and most of non-competent NORs are foanauicleoli, our results also imply
that some NORs may be distanced from the respedtinenosome territories. To confirm
this, we used the fact that all three homologuesiI4elLa cells carry NORs (Smirnov et
al., 2006), and not all of these chromosomes aradan association with nucleoli (Figs.
2, 3A). Performing FISH experiment with probes éwromosome 14 and for rDNA, in
combination with fibrillarin immunolabeling, we relgrly found that some extranucleolar
chromosome territories were not co-localized witly aDNA (Fig. 5). Therefore, some
NORs, or at least their parts containing rDNA cgdiegions, should be located within
nucleoli, and connected to the respective chromesterritories via thin filamentous
protrusions. Indeed, we sometimes identified a wé&dgH signal connecting the
chromosome 14 territory with the nucleolus (Fig. 2ince the nucleolar association of
NOR-bearing homologues correlates with the numbetranscriptionally competent
NORs in these homologues, we speculate that thed\didRanced from their chromosome

territories are non-competent.

We thus conclude that most of the transcriptionabn-competent NORs are
situated in the nucleoli, and some NOR-bearing mimsomes are positioned in such
manner that their NORs are located in the nuclealdsle the bulk of the chromosome

territory is distanced from the nucleolus.
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6.6. Discussion

Results of the present work expand our knowledgethef intricate spatial
relationship among nucleoli, NOR-bearing chromosoraed both competent and non-

competent NORs in the interphase nucleus of hunesinetl Hela and LEP cells.

We found that the higher is the number of compeM@Rs in the given NOR-
bearing homologues, the higher is the frequencglade nucleolar associations of these
homologues (Fig. 3). It should be mentioned, howetmat the given human homologues
may carry predominantly either competent or nonetent NORs depending on the cell
type. For instance, chromosomes 15 carry maximaiban of competent NORs in both
HeLa and LEP cells (Smirnov et al., 2006), whergashuman lymphocytes these
chromosomes carry lower number of competent NORs tthe other type of NOR-

bearing homologues (Heliot et al., 2000).

The correlation between the close nucleolar assoog| of the NOR-bearing
chromosomes and the transcription competence of hl@Rs, as observed in this study,
can be explained straightforwardly by the effectr&f rDNA transcription activity on the
chromosome positioning. We have to mention in thgpect that the total number of the
competent NORs does not change significantly duthmg cell cycle (Smirnov et al.,
2006), and rDNA transcription starts at the endnofosis, when NORs still exist as
individual entitities.Both nucleoli and chromosome territories are forrtegdr on in G1
phase (Weisenberger and Scheer, 1995; Roussel £#896; Gebrane-Younes et al., 1997,
Raska et al., 2006; Smirnov et al., 2006). On tteerohand, we observe in the present
study that the number of chromosomes closely aatsativith nucleoli generally exceeds
the number of competent NORs (Fig. 3A, Smirnovlgt2®06). For instance, in the case
of HeLa chromosomes 14, only one of three NORsiglly competent, while in average
more than one chromosome were found in close adsmtiwith nucleoli (Figs. 2 and 5).
Thus, nucleolar association of the NOR-bearing mlnsome is not sufficient for the
activity of its NOR. These data, therefore, suggest transcription competence of NORs
represent one factor that can cause the respechx@mosome association with the
nucleoli, but other players are apparently involvesl well. Beside the role of the
transcribed sequences of ribosomal genes, of cotagether with associated protein and

nucleoprotein complexes (Raska et al., 20@@&) cannot exclude a role of other sequences
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including also the non-transcribed spacers andkiihgn sequences that can be found
within, or at the periphery, of nucleoli (Kaplanadt, 1993; Santoro, 2005).

Our data enable us to draw an interesting conatusimut the localization of non-
competent NORs. On the one hand, most of the HaldaL&P cells do not possess any
extranucleolar rDNA. On the other hand, all HeL4scand more than 95% of LEP cells
contain at least one non-competent NOR during msitg$Smirnov, unpublished
observations). Moreover, after treatment with caliyc A, that allows visualization and
guantification of individual NORs in interphase, Viied the same number of non-
competent NORs as in mitosis (Smirnov et al., 2006grefore we conclude that a vast
majority of NORs must be localized in nucleoli

Nucleolar location of the non-competent or trarmanally silent NORs has been
reported in several other studies. For instance mouse/human hybrid system, where
mouse cells contained one human acrocentric chromegSullivan et al., 2001), the
NOR belonging to this chromosome was localized iacleolus, but remained
transcriptionally silent. Clusters of inactive, imgated rDNA repeats were found in the
nucleoli of normal mouse neurons (Akhmanova et 2000), although it was not
demonstrated that these clusters consisted oft SN&@Rs. Importantly, here we present
the first focused documentation testifying for strommodation of the majority of non-
competent, and so presumably silddORs in the nucleoli of human cells. It is not yet
clear why non-competent NORs are situated in tlotenlus, andve are unable to further
discuss the causes for this phenomenon on the bhsesults of the present study. Our
data, however, indicate that the localization of RGN the nucleolus is to some extent

independent from their transcription activity.

Using triple labelings of the nucleoli,  DNA andromosome 14 territory (Fig. 5),
we have shown that some NORs (supposedly non-cemipetre situated as far as several
micrometers away from the areas occupied by theesponding chromosome territory. In
such cases we sometimes observe extended prosusibnchromatin connecting
extranucleolar chromosome territories with the aaltl An analogous situation has been
also described for a number of non-ribosomal gehasare found to be located on the
long loops extending from the chromosome terri(Baxter et al., 2002; Mahy et al.,
2002; Chubb and Bickmore, 2003; Kioussis, 2005; éyoet al., 2007; Bartova et al.,
2008).

53



In summary, the large-scale positioning of the NK¥&+ing chromosomes,
through their associations with nucleoli, is clgskhked to the transcription activity of
rDNA. The tendency of rDNA-bearing chromosomesgsogiate with nucleoli correlates
with the number of transcriptionally competent NORsthe respective chromosome
homologues. Importantly, not only competent, babahost of non-competent NORs, are
included in the nucleoli. Some intranucleolar NORs situated on elongated chromatin
protrusions connecting nucleoli with respectiveochosome territories distanced from
nucleoli.
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6.7. Tables and figures

A Hel.a

chromosomes fibrillarin merge

B LEP

chromosomes fibrillarin merge

Fig. 1 . Association of the chromosomes 13 and 15 wittlewli in interphase HelLa (A) and
LEP (B) cells. FISH signal with the specific chrasome probes (in red) was observed in
interphase cells. Immunocytochemistry with fibrille was used to visualize nucleoli (in
green). The transformed Hela cells contain thremdiogues of the chromosomes 13 and
four homologues of the chromosome 15. The primd&# Icells have normal karyotype with
two chromosomes 13 and 15. In both HeLa and LER,déle chromosome homologues 15
appeared usually in close association with nuglediile one of the homologues 13 was often

distanced from the nucleoli (arrow). Bar: L&
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Fig. 2. A thin protrusion between the extranucleolar amwsome territory and nucleolus.
Two chromosome homologues 14 (in red; arrows) enHleLa cell are closely associated
with fibrillarin-positive nucleoli (in green). Thiaird chromosome homolog 14 (in red) is
distanced from nucleolus and connected to it viang chromatin protrusion that ends
with a thickening at the contact point with the lewtus. Since the corresponding
chromatin signal is weak in the merge image, tiigrpsion is shown in the one channel

grey scale insert. Bar: 30n
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I Proportion of Observed Proportion of Difference
@ g chromosomes | proportion of associated between
% é carrying chromosomes | chromosomes observed
o E competent [associated with predicted by  |and predicted
O NORs (%) nucleoli (%) [random model (%)| values (%)
Hela| 13 302 602 50 10
14 302 592 47 12
15 99 +1 98 +1 37 61
21 63+3 782 35 43
22 675 69+2 35 34
LEP 13 505 582 43 15
15 97 +4 881 38 50
B HeLa cells LEP cells
100 > 5z
90
80 M Proportion of
70 67 63 61 chromosomes
80 50 50 ;:\Jaggl;t_gj 0/z;:;mpetent
50 43
40 30 30 34 @ Difference between
30 observed and
20 I2| IE| 15 predicted values (%)
10
0
13 14 22 21 15 13 15
chromosomes chromosomes

Fig. 3. Transcription competence of the NORs belongindifierent chromosomes correlates

with nucleolar associations of these chromosonfsTke percentage of the nucleoli closely

associated chromosomes was counted in HeLa andcel® Respective numbers of the

competent NORs in different NOR-bearing chromosomethese cells have been obtained
from colocalization experiments (Smirnov et al.,@00'he results are compared with the data
provided by mathematical random 2D model whereptreentage of the association depends
on the size of chromosomes detected by chromos@made. In all studied cases the

differences between the observed data and thoskécta@ by the model significantly exceed

the level of measurement error and reflect theniyfiof certain NOR-bearing chromosome

homologues towards nucleoli. Mean values and stdretaors are indicated. (B) The relevant

bar diagrams are shown to clearly document therebdepositive correlation between the

proportion of chromosomes carrying competent NORack bars corresponding to the third

column in Fig. 3A) and the close nucleolar assamiaibf the chromosomes (gray bars

corresponding to the last column in Fig. 3A). Aatingly, the chromosomes in HelLa cells

are, in contrast to Fig. 3A, arranged upon thedasing value of their nucleolar association.
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A rDNA fibrillarin

HeLa
foci per cell occurrence (%)
0 73
1 14
2 6
3 6
4 1
LEP
foci per cell occurrence (%)
0 87
1 8
merge 2 5

Fig. 4. Most HeLa and LEP cells contain no extranucleal2NA. (A) rDNA (red),
fibrillarin (green) and merged image in a HelLa .cHlb rDNA signals are present outside the
fibrillarin-positive nucleoli. The arrows indica@ajal bodies. Bar: 1Am. (B) The percentage
of extranucleolar rDNA foci in HeLa and LEP cellhe extranucleolar rDNA foci are absent
in about 73% of HeLa cells and in about 87% of LdeRs.
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rDNA fibrillarin

chromosomes merge

Fig. 5. Triple labeling of chromosomes 14, fibrillarin am®NA in a HelLa cell. The
chromosomes are shown in blue, fibrillarin in greand rDNA in red. Two chromosome
territories are closely associated with nucleotrqaheads). The third chromosome territory
(arrow) is distanced from the nucleolus and is cwbcalized with rDNA signal. Since no
rDNA signals were found outside the nucleoli, theRIbelonging to this chromosome should

be in the nucleolus. Bar: 10n
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Chapter 7. Positioning of the NOR-bearing chromosoes in relation to

nucleoli in daughter cells after mitosis

7.1. Introduction

Chromosomes are not randomly arranged in the vateleell nucleus (Cremer
and Cremer 2001; Parada and Misteli 2002; Pede®a0v}; Foster and Bridger 2005;
Cremer and Cremer, 2006). But it is not clear taatvéxtent their nuclear positions,
together with their neighbourhoods, are consermethughter cells (Bickmore and Chubb,
2003). Using similar experimental approaches, dsellts of recent studies argued that the
chromosomes were arranged similarly in maternal dawghter cells (Gerlich et al.,
2003; Essers et al.,, 2005), or that positions gbrmiosomes in daughter nuclei were
conserved only partly and in most cases largelgidil from the positions seen in mother
cell nuclei (Walter et al., 2003).

To address specific aspects of this problem, wed uge model of the
chromosomes carrying ribosomal genes. These geresrganized in clusters termed
Nucleolus Organizer Regions (NORs) (McClintock, 49Bush and Smetana, 1970).
Nucleoli disintegrate during mitosis, and at theibeing of the next G1 phase NORs
from more than one chromosome cluster and parteijpa the formation of a given
nucleolus (RaSka, 2003; RasSka et al., 2004). Inniddle of G1 phase the position of
chromosomes and the number of nucleoli in the msckre already stable and do not
change significantly until the end of the interph@Barada and Misteli, 2002; Walter et
al., 2003; Foster and Bridger, 2005; Cremer andn@re2006). We therefore selected for
our study pairs of daughter cells in this periodtioé cell cycle, and compared the
association of chosen NOR-bearing chromosomes (R@Bnosomes) with nucleoli in
the pairs of daughter cells from the human deritAsda cell line. We thus did not
investigate the maternal cell with regard to thegider cells, but focused on the similarity

between the two daughter cells.

The aim of our study was to establish how freqyetié daughter cells had equal
numbers of the homologues of certain NOR-chromosoassociated with individual

nucleoli. Since the inheritance of the chromosormositning in relation to nucleol
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depends on the number of nucleoli per nucleus,lse@mpared the numbers of nucleoli
in the two daughter cells. It should be mentiorteat the approach used here did not allow
us discriminate between the individual homologukethe chromosomes associated with

each nucleolus.

7.2. Material and Methods

HeLa cells were cultivated in flasks at 37°C in Brdco modified Eagle's medium
(DMEM, Sigma, USA) containing 10% fetal calf serub¥ glutamine, 0.1% gentamycin,
and 0.85¢g/l NaHC®in atmosphere supplemented with 5% ,CThe preparations of the
couples of postmitotic cells were obtained by shgkand seeding mitotic cells on the
glass coverslips. In such procedure we could gdficant numbers of clearly
distinguished pairs of the postmitotic daughteriscdin vivo time-lapse observations
encompassing a period from mitosis to mid G1 shotatithe cells of different pairs did

not mix during this period (data not shown).

Commercial Cy3- and FITC- labeled whole chromosgpanting probes for
human chromosomes 13, 14, 15, 21 and 22, sup@aat/ito use in hybridization mixture
(Appligene Oncor, USA). Primary monoclonal antibaatyainst mouse fibrillarin (clone
17C12), kindly donated by Kenneth M. Pollard (SpsifResearch Institute, La Jolla, CA),
was used for immunovisualization of nucleoli. Setamy anti-mouse antibodies (Jackson
ImmunoResearch Laboratories) were conjugated wythdz FITC.

The combined detection of fibrillarin and situ hybridization (immuno-FISH)
was performed after Pliss et al. (2005). After ifiarin imunolabeling the cells were
postfixed with methanol/acetic acid (3:1) overnigitt -20°C, then the regular FISH
procedure followed (Pliss et al., 2005), exceptpgbst hybridization washing. Namely, the
cells were washed in 50% formamide in 2xSSC, pHor7,15 min at 43°C, in 0.1%
Tween-20 /2xSSC for 8 min at 43°C; in 0.1% Igep@N Biomedicals, Inc) / 4xSSC for
3 x4 min at 37°C, in PBS 3 x 3 min at RT (H&embva et al., 2006). Coverslips were
mounted in Mowiol supplemented with DABCO and viewesing Olympus AX70 Provis
equipped with the Photometrics CCD camera.

61



7.3. Results

Nuclei of HeLa cells contained usually 2-5 nucleulith average number 4.03 +
0.12 (Kalmérové et al., 2007). The number of ndckeere most frequently different in
the daughter cells (Fig. 1). Specifically, in 77%ses, the daughter cells contained
different numbers of nucleoli. We additionally coan@d our data with a random model.
In this model the appearance of the pairs of daurgbells withi andj nucleoli was
calculated as product of the experimentally fouretjdiencies of the cells withand|
nucleoli. Comparing the incidence of the nucleoliLDO pairs of daughter cells, we found

a close correspondence with the random model {fig.

Next we visualized chromosomes 14 and 15, perfagrhybridization with Cy3-
and FITC- labeled probes, in combination with immulabeling of nucleoli using
antibody against fibrillarin. The HelLa cells typiga possess four homologues of
chromosome 15 and three homologues of chromosom®ifférent numbers of these
chromosomes can be associated with each nucledlaémérova et al., 2007).
Accordingly, different cells may have different chimations of the nucleolar association.
In case of the chromosome 15, all four homologueshacleoli-associated (Kalmarova et
al., 2007; Smirnov et al., 2006). For instancee foombinations are possible in cells with
four nucleoli (Fig. 2). In one extreme situatiofl,faur chromosomes are associated with
one nucleolus. In the other extreme sitiuationrghe one chromosome associated with
each of the nucleoli (Fig. 3, A-C). In case of thwomosome 14, not all homologues are
associated with nucleoli (Fig. 3, D-F) (Kalmarovidat, 2007; Smirnov et al., 2006),
which increases the number of possible combinatiosgven (Fig. 2).

Comparing these combinations in the daughter csissurprisingly found that in
50% of cell pairs, for both chromosome 14 and closome 15, the combinations were
identical (Table). To evaluate these data, we use@dndom pairing model in which
appearance of the pairs of daughter cells with ¢oationsi andj was calculated as
product of the experimentally found frequencieshef cells with the combinatiomsand;.
The pairs with identical combinations appeared witnificantly higher frequency in the
experiment (50%) than in the random model (32% dioromosome 15 and 25% for

chromosome 14) (Table).
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Additionally, in the case of chromosome 14 we obseéra significant symmetry in
the distribution of the non-associated chromosomi#sr mitosis: in 62% cases the
daughter cells had equal number of such chromosontele the random model predicted
only 44%.

7.4. Discussion

In this study we observed that the daughter cglically had different numbers of
nucleoli (Fig. 1). Such an asymmetry, observed blg@ther authors (see e.g. Leung et
al., 2004), is not entirely compatible with theiglahat global chromosome positions are
basically heritable through mitosis (Gerlich et 2D03). In this respect, our results are in
harmony with the work of Walter et al. (2003), acting to which there is only a limited
similarity in chromosome positioning between thegtaer cells. However, we found that
chromosomes 14 and 15, showed a similar pattermuaieolar associations more
frequently than predicted by the random pairing etdé&ig. 3, Table). Surprisingly, this
result was obtained even for such cases (chromoddmEig. 2) where the total number

of chromosomes associated with nucleoli was vagiabl

Taken together, our data indicate that the distiobu of the NOR-bearing
chromosomes among the nucleoli is partly consetiwenigh mitosis.
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7.5. Tables and figures

Inheritance of the nucleoli number in 100 pairs of HeLa cells
40
35 @ experiment
30 M random model _
25 |
20 | ||
15 1 |
10

‘ A

O T T - T : T . T — T

0 1 2 3 4 5 6 7
Difference in the number of nucleoli between the daughter cells

Fig. 1. Differences in the nucleoli number between thegtiéer HelLa cells. The number

of nucleoli in the daughter cells most frequentiffeded by one (grey bars). Only in 23%

of cell pairs, the number of nucleoli was identic@abserved differences in the number of
nucleoli between the daughter cells closely comrdpd to those in the random model
(black bars).
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5 possible combinations of nucleoli-associated chromosomes 15 7 possible combinations of nucleoli-associated
and non-associated chromosomes 14

0 1,0 1,1

4,0 2,2
31 1,111 21,1 2,0 1,11 2,1 3,0
Possible combinations: 4,0 2,2 31 1111 211 Possible combinations: 0 10 11 20 1,11 21 3,0
Appearance: 0,01 0,26 0,47 0,27 0,48 Appearance: 0,01 0,08 040 0,12 0,13 0,23 0,03

Fig. 2. Scheme depicting relations between nucleoli (red) ehromosomes 14 and 15
(green) in the cell nucleus (blue): all possiblenbanations of the nucleolar associations
for the case of cells with four nucleoli are showt.chromosomes 15 are associated with
nucleoli, but some chromosomes 14 are not nuctsslociated.
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Fig. 3. Combinations of positions of chromosomes 14 andnléelation to nucleoli as
compared in daughter HelLa cells. FISH signal whid $pecific probes for chromosomes
14 and 15 (B, E; green in C, F) in a couple of notase daughter cells.
Immunocytochemistry with fibrillarin was used tsualize nucleoli (A, D; red in C, F). In
the chosen example of chromosome 15 (A, B, CYpall homologues are associated with
nucleoli, deeply penetrating into them, which ipital for the chromosome 15
(Kalmarova et al. 2007). This case corresponded¢abmbination (1, 1, 1, 1) in Fig. &
the chosen example of chromosome 14 (D, E, F), ¢ctmmmosome homologues are
nucleoli associated (arrows in F), and one is s#pdrfrom the nucleoli. This case
corresponds to the combination (1, 1) in Fig. 2: B@um.
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Table. Similarity of the position of the NOR-bearing chrosomes with respect to
nucleoli in the daughter cells. In 50% of the ¢&irs the combinations are identical for

both chromosome 14 and chromosome 15, which sogmifiy exceeds the values
predicted by the random model

Chromosomes Frequency of symmetrical distribution
Experiment Random model n
15 0.50 0.32 160
14 0.50 0.25 100
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Chapter 8. General discussion and summary

In human cells ribosomal genes are organized astechi called Nucleolus
Organizer Regions (NORs) that are situated on thertsarms of acrocentric
chromosomes. It was found that essential componehtshe RNA polymerase |
transcription machinery, including Upstream BindiRgctor (UBF), can be detected on
some NORs, termed "competent” NORs, during mito$ise competent NORs are
believed to be transcriptionally active during mptease. But since individual NORs
cannot be observed in the cell nucleus, their phtese status remained unclear. To
address this problem, we detected the competentsN§YRwo commonly used methods,
UBF immunofluorescence and silver staining, and lwoed them with FISH for
visualization of rDNA and/or specific chromosomé&¥e found that the numbers of
competent NORs on specific chromosomes were largaigerved in the subsequent cell
cycles, with certain NOR-bearing homologues displgaya very stable pattern of
competence. Importantly, those and only those NQRsch were loaded with UBF,
incorporated bromo-uridine in metaphase after datan with roscovitine and in
telophase, suggesting that competent and only cempBlORs contain ribosomal genes
transcriptionally active during interphase. Applyipremature chromosome condensation
with calyculin A, we visualized individual NORs interphase cells, and found the same
pattern of competence as observed in the mitoticrabsomes.

Our results thus suggest that the competence dofiduil NORs is maintained
throughout the cell cycle, since the average numimér competent NORs does not
significantly change. However, we have to emphatfiaé the maintenance of the average
number does not exclude minor changes of the campet Such as a change of the
competence status of just one NOR (among all N@Bs)d be namely hidden within the
statistical error of the experimental procedureisTdhange, however, could be detected

using transfected cell lines expressing the recoartiprotein UBF-GFP.

It is widely accepted that chromosomes occupy nwréess fixed positions in
mammalian interphase nucleus. However, relationwéen large-scale order of
chromosome positioning and gene activity remainedaar. We approached this problem

by studying the model of the human ribosomal genEsploying FISH and
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immunocytochemistry, we found that, in HeLa and Ldgfls, the large-scale positioning
of the NOR-bearing chromosomes (NOR-chromosomet) rggard to nucleoli is linked

to the transcription activity of rDNA. Namely, tbendency of rDNA-bearing

chromosomes to associate with nucleoli correlatés the number of transcriptionally
competent NORs in the respective chromosome hometogRegarding the position of
NORs, we found that not only competent but alsotrbshe non-competent NORs are
included in the nucleoli. Some intranucleolar NOg@spposedly non-competent) are
situated on elongated chromatin protrusions coimmgcinucleoli with respective

chromosome territories spatially distanced from lemic The cause of such an
arrangement of the apparently non-competent NORaires to be elucidated.

It is not clear to what extent nuclear positionslmfomosomes, together with their
neighbourhood, are conserved in daughter cells.sWeied this problem by comparing
the association of chosen NOR-chromosomes withewoliclas well as the numbers of
nucleoli, in the pairs of daughter cells, and d&thbd how frequently the daughter cells
had equal numbers of the homologues of certain M@#@mosomes associated with
individual nucleoli. The daughter cells typicallyad different numbers of nucleoli. As
NOR-chromosomes associate with nucleoli, nuclealiehto play a crucial role in the
arrangement of chromosomes in the cell nucleus,datia show that the position of
chromosomes cannot be precisely maintained througisis. But at the same time, using
immuno-FISH with probes for chromosomes 14 andnlBleLa cells, we found that the
cell pairs with identical combinations of nucleolassociations of NOR-bearing
homologues appeared significantly more frequertintpredicted by the random model.
Thus, although the total number of chromosomesceateal with nucleoli is variable, our
data indicate that the position of the NOR-beadhgpmosomes in relation to nucleoli is

partly maintained through mitosis.

Our data on position of NOR-bearing chromosomesrahnarmony with the model
of nuclear self-organization (Misteli, 2007). Itentral idea is that the sum of all
functional properties of a chromosome (i.e. thejdency and linear distribution of its
active and inactive regions) determines its pasjtend chromosomes with functionally
equivalent regions cluster in the nucleus. Impdlyarthis model does not exclude that
position of the NOR-chromosome is conserved in onesven both daughter cells.

However, this situation should occur not frequersttywe observed large differences in
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the numbers of nucleoli between the daughter célideed, as nucleoli are in nuclei
usually separated by several micrometers, our trdabus means that different sets of
NOR-bearing chromosomes necessarily associateamjiven nucleolus in the daughter
cells. Nucleoli disintegrate during mitosis and ahosomes, including NOR-
chromosomes, are inherited. Importantly, our resaitthe same time showed that the
distribution of the NOR-bearing chromosomes amdmgriucleoli is partly conserved in
the daughter cells. Although the number of nucleolinother and daughter, as well as in
pairs of the two daughter cells, may differ, thadiionally equivalent NOR regions from
several NOR-bearing chromosomes, in agreement thiéh self-organization model,
cluster within the nucleus and give rise to nucdledken together, our results obtained on
NOR-chromosomes and nucleoli indicate that the tpposiof NOR-chromosomes is
largely affected by the interaction of functionalBguivalent regions on different

chromosomes and is conserved only partly.
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Chapter 9. Conclusions

Concerning the behaviour of NORs during the cetleyseveral conclusions were
reached:

HeLa cells show an abnormal but stable patterDdfA distribution, however, not
all acrocentric chromosomes carry ribosomal geled.EP cells all 10 acrocentric
chromosomes are rDNA positive.

. Around 70 or 80% of the NORs, in HeLa and LEP celspectively, are
transcriptionally competent. In both HeLa and LERs; the transcription competence
is non-randomly distributed among the NOR-bearimgpmosomes.

. Stimulated transcription activity of the NORs ehacfollows the pattern of
transcription competence, which persists over thelavcell cycle, except probably for
a short period in S phase.

. Employing premature chromosomal condensation tesaspersistence of the

transcription competence on the different NORsmduthe cell cycle, the pattern of

transcription competence observed on mitotic chsonwl spreads persists
throughout the interphase, except for a short dand& phase.

Study analysing nuclear positions of NORs, and NsBRy¥mosomes with respect
to nucleoli, showed that in HeLa and LEP interphaedks:

. There is a positive correlation between the clasdeolar associations of the NOR-
bearing chromosomes and the transcription competehiheir NORSs.

. Most of the non-competent NORs are located in mlicle

. Some intranucleolar NORs are situated on elongaiematin protrusions
connecting nucleoli with respective chromosomeitteres that are distanced from
nucleoli.

The study correlating position of NOR-bearing chosimmes and nucleoli in the
two daughter cells showed that:

. The two daughter cells typically have different raers of nucleoli.
. The distribution of the NOR-bearing chromosomes rgnthe nucleoli is partly
conserved in daughter cells.
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