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SOUHRN

Savčí chromosomy zaujímají v jádře buňky tzv. 
chromosomální teritoria, jejichž umístění je v rámci buněčného jádra 
nenáhodné. Kontroverzním problémem však zůstává, zda je 
uspořádání chromosomálních teritorií (respektive chromatinu)
zachováno i v dceřinných buňkách. V předkládané práci jsme 
sledovali zachovávání různých oblastí chromatinu s neznámým 
složením a také chromatinu, který asociuje s jadérky a jehož 
významnou část tvoří chromosomy nesoucí ribosomální geny. 
Vybrané oblasti chromatinu v transfekovaných HepG2 buňkách jsme 
značili fotokonverzí proteinu H4-Dendra2 a buňky jsme sledovali do 
následující interfáze. Rozmístění označeného chromatinu v 
dceřinných buňkách vykazovalo nenáhodný charakter. Toto 
rozmístění se nicméně ve většině dceřinných buněk významně
odlišovalo od původně označeného chromatinu. Chromatin 
asociovaný s jadérky byl pak přeskupen do blízkosti různých 
jadérek. Naše výsledky tedy neodpovídají konceptu o zachování 
chromatinového uspořádání. Tento závěr je podložen též faktem, že 
se počet jadérek mezi dceřinnými buňkami významně liší. Naše 
výsledky podporují představu, že zatímco si transfekované dceřinné 
HepG2 buňky udrží určité rysy chromosomálního uspořádání, je zde 
přítomen i náhodný prvek, který způsobuje vzájemné přeuspořádání 
chromosomálních teritorií (respektive chromatinu). 

Protein Pontin plní mnoho funkcí při rozličných buněčných 
pochodech včetně regulace genové exprese. Pro studium 
intracelulární lokalizace tohoto proteinu jsme využili dvě různé 
monoklonální protilátky reagující s  různými epitopy Pontinu. Vůbec 
poprvé jsme Pontin detekovali v jadérkách, kde kolokalizoval s UBF 
(Upstream Binding Factor) a s RNA polymerasou I. Přítomnost 
Pontinu v jadérkách jsme potvrdili jeho detekcí v jadérkových 
extraktech a také pomocí elektronové mikroskopie, která upřesnila 
jeho lokalizaci v jadérkových fibrilárních centrech. Experimenty se 
synchronizovanými buňkami ukázaly, že přítomnost Pontinu v 
jadérkách je dynamická. K akumulaci Pontinu v jadérkách ve formě 
velkých fluoreskujících teček docházelo během S-fáze. Nahromadění 
Pontinu v jadérkách ve formě velkých teček korelovalo se sníženou 
transkripční aktivitou jadérek. Navíc jsme prokázali asociaci Pontinu 
s RNA polymerasou I. V komplexu spolu s c-Myc Pontin interagoval 
s rDNA sekvencí, což poukazuje na skutečnost, že Pontin zjevně 
hraje roli při regulaci rRNA syntézy závislé na c-Myc.  
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SUMMARY

Mammalian chromosomes occupy chromosome territories 
within nuclear space the positions of which are generally accepted as 
non-random. However, it is still controversial whether position of 
chromosome territories is maintained, together with their 
neighborhood, in daughter cells. We addressed this issue and 
investigated maintenance of various chromatin regions of unknown 
composition as well as nucleolus-associated chromatin, a significant 
part of which is composed of ribosomal genes-bearing 
chromosomes. The photoconvertible histone H4-Dendra2 was used 
to label such regions in transfected HepG2 cells, and its position was 
followed up to next interphase. The distribution of labeled chromatin 
in daughter cells exhibited a non-random character. However, its 
distribution in a vast majority of daughter cells extensively differed 
from the original ones and the labeled nucleolus-associated 
chromatin differently located into the vicinity of different nucleoli. 
Therefore, our results were not consistent with a concept of 
preservation chromatin position. This conclusion was supported by 
the finding that the numbers of nucleoli significantly differed 
between the two daughter cells. Our results support a view that while 
the transfected daughter HepG2 cells maintain some features of the 
parental cell chromosome organization, there is also a significant 
stochastic component associated with reassortment of chromosome 
territories/chromatin that result in their positional rearrangements.

Pontin is a multifunctional protein having roles in various 
cellular processes including regulation of gene expression. Here we 
addressed Pontin intracellular localization using two different 
monoclonal antibodies directed against different Pontin epitopes. For 
the first time, Pontin was directly visualized in nucleoli where it co-
localizes with Upstream Binding Factor and RNA polymerase I. 
Nucleolar localization of Pontin was confirmed by its detection in 
nucleolar extracts and by electron microscopy, which revealed 
Pontin accumulation specifically in the nucleolar fibrillar centers. 
Pontin localization in the nucleolus was dynamic and Pontin 
accumulated in large nucleolar dots mainly during S-phase. Pontin 
concentration in the large nucleolar dots correlated with reduced 
transcriptional activity of nucleoli. In addition, Pontin was found to 
associate with RNA polymerase I and to interact in a complex with 
c-Myc with rDNA sequences indicating that Pontin is involved in the 
c-Myc-dependent regulation of rRNA synthesis. 
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1. INTRODUCTION

The function of DNA is not entirely determined by its linear 

sequence and is, to a large extent, affected by the higher order 

organization of chromatin fibers and the three-dimensional 

arrangement of chromatin (e.g. Fraser and Bickmore, 2007; Misteli, 

2007). Chromosomes in the interphase nucleus occupy mutually 

exclusive chromosomal territories (CTs; e.g. Cremer and Cremer, 

2001; Lanctot et al., 2007). CTs are non-randomly arranged within 

the nuclear space (e.g. Parada and Misteli, 2002). Several reports 

showed that the CT/chromatin order is, within nuclei, to a large 

extent stably maintained during interphase in cultured mammalian 

cells, except the early G1 phase of the cell cycle during which some 

increased chromatin mobility was observed (Gerlich et al., 2003; 

Thomson et al., 2004; Walter et al., 2003). The non-random 

organization of chromosomes in mammalian nuclei raises a question: 

Is, or is not, the CT/chromatin position, together with its 

neighbourhood,  preserved through mitosis in daughter cells? This 

question has already been addressed with divergent results obtained

(Essers et al., 2005; Gerlich et al., 2003; Thomson et al., 2004; 

Walter et al., 2003; e.g. Bickmore and Chubb, 2003; Gerlich and 

Ellenberg, 2003; Parada et al., 2003; Williams and Fisher, 2003). It 

should be noted that the prototype studies by Gerlich et al. (2003), 

Walter et al. (2003) and Essers et al. (2005) claiming either 

preservation of chromatin position or its significant positional 

changes in daughter cells, were performed on selected nuclear 

chromatin regions - in the form of the nuclear pole, the sector of 
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nucleus and the half of nucleus - of unknown content and function. 

To overcome this limitation, we labeled a ring of chromatin at the 

closest vicinity of nucleoli and the nucleolus-associated chromatin 

(NAC) that corresponds significantly, but not exclusively, to parts of 

NOR-chromosomes with ribosomal genes. In this work, we re-

investigated the behavior of previously described chromatin regions 

of unknown composition and focused on the behavior of NAC 

through mitosis up to the next interphase in daughter cells. We took 

advantage of newly developed green to red photoconvertible protein 

Dendra2 (Gurskaya et al., 2006) that allowed us, via fusion protein 

histone H4-Dendra2, to selectively label different chromatin regions 

in transfected human HepG2 (HepG2H4-Dendra2) cells, monitor by 

time-lapse imaging large number of cells and apply quantitative 

analysis of labeled chromatin distribution in mother and daughter 

cells. 

The Pontin protein was described as a putative mammalian 

DNA-helicase containing Walker A and Walker B motifs and 

belonging to the family of AAA+ ATPases. Pontin was 

independently described by several research groups that studied 

diverse cellular processes in different model organisms, which 

resulted in many Pontin synonyms - Tip49a, Tih2p, rp50, RUVBL1, 

NMP 238, ECP 54, p55. As part of several protein complexes, the 

major role of Pontin is apparently in the regulation of chromatin 

structure and gene expression and in DNA repair and stability. 

Several lines of evidence suggest that Pontin may act in the 

nucleolus: 1) Pontin interacts with c-Myc, which regulates the 
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activity of all three RNA polymerases including RNA polymerase I 

(Pol I; Arabi et al., 2005; Grandori et al., 2005), 2) Pontin is a part of 

the Uri complex that includes Rpb5, a protein associated with Pol I 

(Zaros et al., 2007) and 3) Pontin is involved in the maturation of 

snoRNPs (Watkins et al., 2002; Watkins et al., 2004)  that mostly 

reside in the nucleolus. Indeed, Pontin was detected in nucleoli by 

extensive proteomic analysis (Leung et al., 2006). However, direct 

nucleolar localization of Pontin was never observed. Here, we 

focused on Pontin localization in more detail using 

immunofluorescence and electron microscopy and showed that 

Pontin is localized in the nucleolus, specifically in the nucleolar 

fibrillar centers. Moreover, we observed a dynamic, cell cycle-

specific redistribution of Pontin within the nucleolus and found 

interactions between Pontin and the Pol I transcription machinery.
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2. AIMS OF THE THESIS

The goal of this thesis was to expand our knowledge on the 

structure-function aspects of the nucleolus and chromatin, 

particularly nucleolus-associated chromatin, using modern 

techniques of cell biology, including live cell imaging.

There were two main objectives. In the first, an important 

issue regarding maintenance of chromosome organization during cell 

cycle was addressed. The second one was to analyze the association 

of the protein Pontin with the nucleolus. 

The specific aims are:

 to establish the stable cell line expressing H4-Dendra2 and 

set-up live cell imaging during which the whole cell cycle 

can be monitored

 to label specific areas of chromatin by H4-Dendra2 

photoconversion and follow the cells by time-lapse through 

mitosis to the next generation

 to evaluate chromatin labeled pattern in the mother and the 

daughter cells, with the focus on the nucleolus-associated 

chromatin

 to establish the numbers of nucleoli in the daughter cells

 to settle whether the chromatin position is “inherited” in 

daughter cells

 to establish precisely localization of the protein Pontin 

within the nucleolus

 to expand the knowledge about the functional significance 

of this protein in the nucleolus.
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3. MATERIAL AND METHODS

In the thesis, a spectrum of molecular and cell biological 

approaches was employed. These approaches, that are commented in 

detail in Cvačková et al., J Struct Biol, in press, and Cvačková et al. 

(2008), encompassed mainly DNA cloning, cell culturing and 

synchronization, stable transfected cell line preparation, 

immunofluorescence, immunoprecipitation, Western blot analysis, 

siRNA treatment. In addition, the advanced microscopy methods 

such as photoconversion of fluorescent proteins and live cell imaging 

were implemented.
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4. RESULTS 

4.1 Chromatin position in human HepG2 cells: although being 

non-random, significantly changed in daughter cells

Characterization of HepG2 cell line stably expressing H4-

Dendra2

DNA construct coding fusion protein of histone H4 tagged to 

photoconvertible protein Dendra2 was prepared and the stable cell 

line expressing H4-Dendra2 fusion protein (HepG2H4-Dendra2) was 

established from human hepatocellular carcinoma HepG2 cells. 

Biological features of the stably transfected HepG2 cells were found 

convenient and functionality of H4-Dendra2 was confirmed either by 

expression in HepG2 cells and by detection on immunoblot. The

routine live cell imaging experiments were introduced.

H4-Dendra2 photoconversion and live cell imaging of labeled 

cells

Different regions of chromatin (general and/or nucleolus-associated 

chromatin) in HepG2H4-Dendra2 cells were labeled by Dendra2 

photoconversion with 405nm laser line. Labeled cells were observed 

by time-lapse imaging. This observation revealed that chromatin 

position is rather stable during interphase (except of early G1-phase). 

General and/or nucleolus-associated chromatin in mother and 

daughter cells

Labeled cells were also observed through mitosis and position of 

labeled regions of chromatin was compared in the mother and the 
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daughter cells. Quantification of distribution of general labeled 

chromatin in the daughter cells (the nuclear pole, the sector and the 

half of the nucleus) was shown to largely differ as compared to the 

mother cells but herewith non-random. As expected, experiments 

with the nucleolus-associated chromatin revealed that much of 

labeled chromatin in the mother cells was associated with the 

vicinity of nucleoli in the daughter cells, but 30% of originally 

labeled chromatin was lost from the vicinity of the nucleoli in the 

daughter cells. However, the signal was scattered and the pattern of 

the labeled chromatin largely differed from that seen in the mother 

cells. In addition, the nucleolus-associated chromatin associated with 

different nucleoli in mother cell nuclei differently associated with 

various nucleoli in daughter cells. Importantly, most pairs of the 

daughter cells exhibited different numbers of nucleoli. 

4.2 Pontin is localized in nucleolar fibrillar centers

Characterization of anti-Pontin monoclonal antibodies and 

intracellular localization of Pontin

Monoclonal antibodies (5G3-11 and 3A4-1) were raised against the 

whole Pontin protein. The specificity of these two monoclonal 

antibodies was verified by siRNA against Pontin and by GST-Pontin 

fusion protein preincubation prior to immunofluorescence labeling.

Immunofluorescence labeling of HeLa cells with both antibodies 

revealed the similar labeling pattern and Pontin was detected in the 

nucleoplasm. At the same time, significant number of cells exhibited 

also signal in the form of bright fluorescent dots in nucleoli.
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Immunobloting revealed that both antibodies recognized a protein 

band with an apparent molecular weight of ~ 50kDa corresponding

to Pontin.

Nucleolar localization of Pontin 

Double-labeling with anti-Pontin antibodies (5G3-11 or 3A4-1) and 

antibodies against nucleolar proteins showed a colocalization of the 

Pontin dots with UBF and Polymerase I and only partial 

colocalization with fibrillarin that often formed rim around the 

Pontin dots. These experiments also showed that the Pontin dots 

appeared only in the subset of nucleoli. Pontin nucleolar localization 

was further confirmed by nucleoplasmic and nucleolar fractions 

preparation followed by immunoblotting with the anti-Pontin 

antibody. By means of electron microscopy, it was shown that Pontin 

was specifically enriched in nucleolar fibrillar centers.

Nucleolar localization of Pontin during S-phase 

By immunofluorescence using synchronized cells, we showed that 

the number of cells with the Pontin dots significantly increases 

during S-phase, although the amount of Pontin protein did not 

change (revealed by immunoblotting). These data indicated that the 

accumulation of Pontin in big dots was rather due to its 

relocalization within the nucleus than to a higher expression during 

S-phase.
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Pontin interacts with the nucleolar transcription machinery

Polymerase I was specifically immunoprecipitated with 3A4-1 anti-

Pontin antibody. Chromatin immunoprecipitation with anti-Pontin 

and anti-c-Myc antibodies at rDNA loci confirmed earlier findings 

that c-Myc binds to rDNA gene cluster (Grandori et al., 2005) and,

in addition, showed that Pontin also associated with these rDNA loci.

The relationship between nucleolar Pontin and transcription activity, 

as detected by 5-fluorouridine labeling, was tested. Quantification of 

the transcriptional signal revealed that the accumulation of Pontin in 

large nucleolar dots correlate with ~20% reduction of transcriptional 

activity.
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5. DISCUSSION

The results presented in this thesis have settled, at least in 

HepG2 cells, the problem of the maintenance of the chromosome 

organization during the cell cycle and provided new clues 

concerning the role of the protein Pontin in the nucleolus. 

Our research shed a new, entirely consistent light on a very 

important and at the same time controversial question of whether the 

chromatin (chromosome) position, together with its neighborhood, 

seen in the mother cell is maintained in the daughter cells. We used a 

novel labeling technique, which represents one of the first uses of the 

photoconvertible Dendra2 protein. Even though just HepG2 cells

were investigated, we are confident that similar results are to be 

obtained with other human transformed cells. Still it would be 

worthwhile that analogous experiments with cultured human primary 

cells are performed. However it may be a hardly solvable problem as 

it is difficult to generate stably transfected cell lines with such cells 

because of their short live-span.    

Recently, numerous claims appeared stating that genes 

located remote from each other on the same chromosome or even on 

different chromosomes show congression in the nuclear space and 

transient interactions as a new type of gene regulation ("gene 

kissing"). To better understand the implications of claims of transient 

or permanent "gene kisses" it is important to know to which extent 

certain CT neighborhoods may be probabilistic or deterministic in 

different cell types.   
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The approach of in vivo chromatin labeling via 

photoconvertible fluorescent proteins fused to core histones and 

time-lapse using the optimal conditions for cultured living cells is 

nowadays the top one. In my opinion, this technique is still too rough 

to distinguish finesses between labeled and unlabeled signal. It is 

extremely difficult to label very small regions of chromatin (few 

kilobases of DNA) that do not enable to detect positive signal in 

daughter cells. This limits our approach to study only larger 

chromatin areas. Nevertheless, the results of our study are important 

as several most influential cell biology groups claimed the 

"inheritance" of chromosome position in daughter cells (Essers et al., 

2005; Gerlich et al., 2003). We have univocally established that such 

a strong claim of "inheritance" does not apply. It may be that these 

cell biology groups, using large labeled chromatin domains 

(particularly the half of the nucleus) just overlooked the non-

maintenance of chromatin position necessarily due to "small" 

changes in the distribution of chromatin in daughter cells as 

compared to the mother cells.      

Next, we described in detail the intranuclear localization of 

Pontin, which has been so far an enigmatic multifunctional protein 

playing roles in many basic nuclear processes. Functional 

subcompartments of the nucleoli are not yet entirely characterized 

and much controversy remains with assigning nucleolar 

subcompartments to multiple specific functions. It is important to 

elucidate the molecular composition of nucleolar subcompartments 

and to learn the role of individual proteins and complexes in 
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nucleolar functions. This study provides the initial characterization 

of Pontin subnucleolar localization, which is an important step to 

achieve this goal. Generation of new specific antibodies greatly 

assisted efforts towards understanding the function of Pontin. 

Importantly in this respect, the two new anti-Pontin antibodies 

worked well by immunofluorescence as well as Western blot and 

that they could be also used for immunoprecipitation.

Recently, it was shown that nucleolus has many functions 

beyond the ribosomes generation. The identification of over 3000 

proteins that are stably co-purified with isolated nucleoli might be 

the clue for unraveling the important processes that take place in this 

nucleolar organelle. The bioinformatics analysis of putative 

functions of these proteins complemented by localization and 

functional studies will help in a more detailed structure-function 

understanding of this important nuclear organelle.
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6. CONCLUSIONS

Results of presented thesis can be concluded in following points:

DNA construct coding the fusion protein histone H4 and 

photoconvertible protein Dendra2 (H4-Dendra2) was prepared.

The stable cell line expressing H4-Dendra2 fusion protein 

was established from human hepatocellular carcinoma HepG2 cells.

Functionality of H4-Dendra2 construct was confirmed in 

transfected HepG2 cells through a series of biological experiments 

and protein band corresponding to H4-Dendra2 was detected with 

anti-H4 and anti-Dendra2 antibodies in immunoblots.

The live cell imaging experiments were standardized to 

enable HepG2H4-Dendra2 cells observation including their passage 

through mitosis. 

Protein Dendra2 in H4-Dendra2 fusion was photoconverted 

with 405nm laser line within the nuclear region of interest. 

Subsequent time-lapse experiment revealed that chromatin labeled 

pattern remained largely unchanged during interphase. 

Different regions of chromatin as in previously published 

studies were labeled by Dendra2 photoconversion: the nuclear pole, 

the sector and the half of the nucleus. Position of such labeled 

general regions of chromatin was compared in mother and daughter 

cells. Acquired images were thresholded and the distribution of 

photoconverted signal of Dendra2 evaluated. Quantification of 

distribution of labeled chromatin in daughter cells was shown to be 

significantly different with respect to mother cells. Thus, while being 
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still non-random, the positioning of chromatin was not "inherited" in 

daughter cells. 

Looking at nucleoli we found that most pairs of daughter 

cells exhibit different numbers of nucleoli. This important common 

sense finding is not in harmony with the concept of "inheritance" of 

the chromatin positioning. 

The focus was put on the behavior of the nucleolus-

associated chromatin (NAC) and its preservation through mitosis. 

NAC was labeled by Dendra2 photoconversion in the closest vicinity 

of nucleoli and time-lapse experiment followed. Quantification of 

acquired images of mother and daughter cells revealed that 

approximately 70% of labeled chromatin in mother cells returned to 

the vicinity of nucleoli in daughter cells, but the signal was scattered 

and the pattern of the labeled chromatin largely differed from that 

seen in the mother cells. Thus, these findings are not in agreement 

with the "inheritance" of chromatin positioning.

Monoclonal antibodies (5G3-11 and 3A4-1) were raised 

against the whole Pontin protein to obtain tools for studying Pontin 

intracellular localization and function.

Using whole-cell lysates and immunoblotting, both 

antibodies recognized a protein band with an apparent molecular 

weight of ~ 50 kDa that corresponds to Pontin.

The specificity of these two monoclonal antibodies was 

verified by siRNA against Pontin as a significant decrease of signal 

on immunoblot was observed in cells treated with specific siRNA 

but not with negative control siRNA. In addition, GST-Pontin fusion 
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protein preincubation prior to immunofluorescence labeling led to 

the disaperance of the label (labeling disappeared after antibody pre-

incubation with GST-Pontin but not with GST alone).

Immunofluorescence labeling of HeLa cells with the two 

kinds of the mouse anti-Pontin antibodies revealed the compatible 

staining pattern and detected Pontin in the nucleoplasm. At the same 

time, cells exhibited also signal in nucleoli in the form of numerous 

bright dots.

Double-labeling with anti-Pontin antibodies (either 5G3-11 

or 3A4-1) and antibodies against nucleolar proteins showed a 

colocalization of Pontin dots with UBF and Polymerase I. In 

contrast, Pontin revealed only partial colocalization with fibrillarin 

that often formed rim around Pontin dots. These experiments (as 

well as experiments mentioned above) also showed that Pontin dots 

appear only in the subset of nucleoli. 

Pontin nucleolar localization was further confirmed by 

nucleoplasmic and nucleolar fractions preparation followed by 

immunoblotting with anti-Pontin antibodies.

By means of electron microscopy, Pontin was shown to be 

specifically enriched in nucleolar fibrillar centers.

Using immunofluorescence performed on synchronized 

cells, it was shown that the number of cells with Pontin dots 

significantly increases during S-phase. At the same time, the amount 

of Pontin protein, as shown by Western blotting, did not change. 

These data indicated that accumulation of Pontin in big dots is rather 
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due to its relocalization within the nucleus than to its higher 

expression during S-phase.

Immunoprecipitation of Pontin with anti-Pontin 3A4-1 

antibody followed by detection of nuclear protein by immunoblotting 

revealed that Polymerase I was specifically immunoprecipitated with 

anti-Pontin antibody but not with a control antibody. 

Chromatin immunoprecipitation with anti-Pontin and anti-c-

Myc antibodies at rDNA loci confirmed earlier findings that c-Myc 

binds to rDNA gene cluster and in addition showed that Pontin also 

associate with these rDNA loci.

The relationship between nucleolar Pontin and transcription 

activity (detected by 5-fluorouridine labeling) was investigated. 

Quantification of the transcriptional signal revealed that the 

accumulation of Pontin in large nucleolar dots correlates with ~20% 

reduction of transcriptional activity.
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