
 
 

 

 

 

Dipartimento di Biologia e Biotecnologie “L. Spallanzani” 

 

 

Cell stress and ageing affect nucleolus and 

heterochromatin organization in mouse 

hepatocytes 

  

 

 

Lorena Zannino 

 

Dottorato di Ricerca in 

Genetica, Biologia Molecolare e Cellulare  

Ciclo XXXIV  – A.A. 2018-2021 

 



 
 

 



TABLE OF CONTENTS 

 
 

TABLE OF CONTENTS 

ABSTRACT ................................................................................................ 1 

ABBREVIATIONS ....................................................................................... 3 

1.     INTRODUCTION .................................................................................. 9 

1.1 The nucleus ............................................................................................ 9 

1.2 Chromatin organization within the nucleus ......................................10 

1.3 Epigenetics and nuclear architecture ...............................................11 

1.4 Heterochromatin and Euchromatin ...................................................15 

1.5 The heterochromatin HPTMs: H3K9me3, H4K20me3 and 

H3K27me3 ............................................................................................16 

1.6 Nuclear crowding and phase separation are driving forces for 

nuclear compartmentalization and 3D nuclear architecture 

organization ..........................................................................................18 

1.7 The rRNA synthesis in eukaryotes ....................................................20 

1.8 The nucleolus roles in nuclear architecture organization, NADs 

and LADs ..............................................................................................23 

1.9 Techniques to discriminate heterochromatin from euchromatin ..27 

1.9.1 Molecular approaches ............................................................27 

1.9.2 Microscopy approaches .........................................................28 

1.10 Techniques to study 3D genome organization ................................30 

1.11 Ageing. ..................................................................................................32 

1.12 Heterochromatin and ageing..............................................................35 

1.13 Nucleolus and ageing .........................................................................36 

1.14 The toxicity of mercury chloride and its effects on liver .................38 

1.15 The epigenetic interplay between nutrition and ageing .................39 

1.16 Dexamethasone ...................................................................................41 

1.17 Senescence ..........................................................................................43 

2.     AIM…………………………………………………………………………...45 

3.     MATERIALS AND METHODS ........................................................... 47 

3.1 Mouse liver tissue ................................................................................47 

3.1.1 Young and old mice liver tissue ............................................47 



 TABLE OF CONTENTS  

 
 

3.1.2 Liver tissue exposure to the toxicant HgCl2 ........................47 

3.2 Cell cultures ..........................................................................................47 

3.2.1 AML12 ......................................................................................47 

3.2.2 AML12 exposure to the toxicant HgCl2 ................................48 

3.2.3 AML12 serum depletion .........................................................48 

3.2.4 AML12 Dexamethasone treatment ......................................48 

3.2.5 AML12 senescence induced hepatocytes ..........................48 

3.3 Sample preparation for transmission electron microscopy ...........48 

3.3.1 Liver tissue sample preparation ............................................48 

3.3.2 AML12 hepatocytes sample preparation.............................49 

3.4 Immunocytochemistry at transmission electron microscopy .........49 

3.5 EDTA regressive technique ...............................................................50 

3.6 HPMTs quantification and statistical analysis .................................50 

3.7 Immunofluorescence ...........................................................................50 

3.8 Nuclear staining with Hoechst 33258 ...............................................51 

3.9 Osmium ammine staining ...................................................................52 

3.10 Nuclear staining with Toluidine Blue .................................................52 

3.11 AgNOR staining ...................................................................................52 

3.12 RT-qPCR ................................................................................................53 

4.     RESULTS .......................................................................................... 56 

4.1 NADs are highly methylated heterochromatin domains ................56 

4.2 Heterochromatin organization changes over time? The effects of 

ageing. ...................................................................................................59 

4.3 Mercury Chloride toxicity on hepatocytes nucleus .........................71 

4.4 Heterochromatin organization under cell stress in murine cell 

culture hepatocytes model .................................................................75 

4.4.1 Mercury chloride toxicity on mouse hepatocytes in cell 

culture .......................................................................................75 

4.4.2 The effects of calorie restriction on heterochromatin ........80 

4.4.3 Dexamethasone induces reduction of the heterochromatin 

domains ....................................................................................84 



 TABLE OF CONTENTS  

 
 

4.4.4 Heterochromatin changes in senescent hepatocytes .......88 

4.5 Nucleolar activity under cell stress ....................................................96 

6.     REFERENCES ................................................................................. 117 

7.     ACKNOWLEDGEMENTS ................................................................ 144 

8.    LIST OF ORIGINAL MANUSCRIPT ................................................. 146 

9.    CONGRESS COMMUNICATIONS ................................................... 147 



ABSTRACT 

1 
 

ABSTRACT 

Ageing is characterized by progressive physiological decline of tissues 

functions and performances, which ultimately lead to death. It is a multi-

factorial process, influenced by various environmental, genetic and epigenetic 

factors, in which the organism continuously adapts the progressive 

accumulation of damages to the system maintenance over time. This 

prompted researchers to find possible strategies to delay ageing in order to 

extend lifespan and improve human’s quality of life. 

Liver, the largest gland in our body, carries out many different metabolic 

processes that are fundamental for our organism and is, therefore, a vitally 

important organ. Liver is a stable tissue; the low rate of cell renewal and the 

high metabolism of hepatocytes probably makes them particularly prone to 

the effects of ageing. Additionally, the involvement in such different metabolic 

processes and the frequent exposure to different exogenous molecules due 

to their prominent role in detoxification, make hepatocyte ageing complex to 

analyze and subjected to great variations depending on individual lifestyle. 

In this study, we investigated the effects of ageing and of various stressful 

conditions that could affect ageing process by accelerating or slowing it down 

in hepatocytes, on the murine model, both on mouse hepatic tissue and the 

mouse hepatocyte cell line AML12. We focused on the nucleus and 

specifically on the changes induced in the heterochromatin organization and 

the nucleolar activity. More in detail, we compared liver tissue from young (3 

months old) and old (24 months old) mice. Moreover, we analyzed the effects 

of exposure to the toxic agent mercury chloride, because of the primary liver 

involvement in xenobiotics detoxification; the depletion of serum to mimic the 

reduction of calorie intake, given the critical role of the liver in sugars and fats 

metabolism and being this a strategy known to slow down ageing. We 

investigated whether the use of a high dose of dexamethasone, a 

corticosteroid with anti-inflammatory properties, could exert a protective effect 

and finally, we analyzed senescent hepatocytes as a model of precocious 

ageing.  

Studying the effect of ageing in liver tissue on mouse model in a controlled 

environment did not highlight major variations in the heterochromatin 

organization and more generally in the nuclear architecture. We only detected 

changes in some histone post-translational modifications associated to 

heterochromatin.  

Concerning the hepatocytes cell model of senescence instead, as generally 

happens, they have larger dimensions, consequently, the nuclei were also 
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enlarged compared to control hepatocytes. Heterochromatin domains 

increased their extension and in many cases occupies the largest part of the 

nucleoplasm. The nucleoli were very large with many fibrillar centers.  

Mercury Chloride treatment induced changes in morphology and activity of 

the nucleoli making them similar to that observed in senescent cells. 

However, this treatment, differently from senescence, causes extensive 

heterochromatin decondensation.  

Serum-depleted cells show a similar degree of chromatin condensation as in 

control cells grown in complete medium, although the total amount of 

heterochromatin resulted higher, while nucleoli have a reduced size and 

activity compared to the control. 

Finally, Dexamethasone treatment seemed to induce changes that are 

different from the other cell stress analyzed and opposite to those observed 

in senescent cells, as chromatin decondensation, but at the same time a 

reduction of the activity and size of the nucleolus.  

Based on these results we could uncover a trend according to which smaller 

and less active nucleoli slow down the ageing process. Conversely, a general 

correlation between the organization of heterochromatin and ageing or the 

effects of cell stress was more difficult to establish, probably because of the 

subtle dynamics that come into play in the different conditions that are hardly 

attributable to a single trend at the level of the total fraction of repressed 

chromatin and not of the specific gene locus. 
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ABBREVIATIONS 

 

1mA: N1-methyladenine 

3C: chromosome conformation capture 

4C: circularized 3C 

5C: 3C carbon copy 

5caC: 5-carboxylcytosine 

5fC: 5-formylcytosine 

5hmC: 5-hydroxymethylcytosine 

5mC: 5-methylcytosine 

6fA: 6-formyladenine 

6hmA: 6-hydroxymethyladenine 

6mA: N6-methyladenine 

ADP: adenosine diphosphate 

AGEs: advanced glycation end products 

ANOVA test: analysis of variance test 

ARF: ADP ribosylation factor 

ATAC-seq: assay for transposase-accessible chromatin using sequencing 

ATP: adenosine triphosphate 

ATSDR: Agency for toxic substance and disease registry 

B2m: beta-2-microglobuline 

BALM: binding  activatable localization microscopy 

BAZ2A: bromodomain adjacent to zinc finger domain 2A 

BCL-2: B cell lymphoma 

BCL-xL: B cell lymphoma extra large 

BER: base excision repair 

C: carboxyl 
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CBX: chromo box protein 

CDKi: cyclin-dependent kinase inhibitor 

cDNA: complementary DNA 

ChIP: chromatin immunoprecipitation 

CLSM: confocal laser scanning microscopy 

CNV: copy-number variation  

COVID-19: coronavirus disease 2019 

CR: calorie restriction 

CRISPR: clustered regularly interspaced short palindromic repeats 

Ct: threshold cycle number 

CTCF: CCC3C-binding factor   

CTRL: control 

DamID: DNA adenine methyltransferase identification 

DAMT-1: DNA N6-adenine methyltransferases 

DDR: DNA damage response 

DEX: dexamethasone 

DFC: dense fibrillar component 

dH2O: distilled water 

DMEM: Dulbecco's modified Eagle's Medium 

DNA: deoxyribonucleic acid 

DNase-seq: DNAseI hypersensitive sites sequencing 

DNMT: DNA methyltransferase 

EDTA: ethylendiaminotetracetyc acid 

EED: embryonic ectoderm development 

ER: endoplasmic reticulum 

ESCs: embryonic stem cells 

EXOSC: Exosome component 
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EZH2: enhancer of zeste homolog 2 

FAIRE-seq: formaldehyde-assisted isolation of regulatory elements 

sequencing 

FBS: fetal bovine serum 

FC: fibrillar center 

FISH: fluorescent in situ hybridization 

GC: granular component 

GSH: glutathione 

GTP: guanosine triphosphate 

H2K119Ub: ubiquitination of lysine 119 on histone H2 

H3K27me2: dimethylation of lysine 27 on histone H3 

H3K27me3: trimethylation of lysine 27 on histone H3 

H3K36me2: dimethylation of lysine 36 on histone H3 

H3K36me3: trimethylation of lysine 36 on histone H3 

H3K4me3: trimethylation of lysine 4 on histone H3  

H3K79: lysine 79 on histone H3 

H3K9me2: dimethylation of lysine 9 on histone H3 

H3K9me3: trimethylation of lysine 9 on histone H3 

H4K20me1: monomethylation of lysine 20 on histone H4 

H4K20me2: dimethylation of lysine 20 on histone H4 

H4K20me3: trimethylation of lysine 20 on histone H4 

HDAC3: histone deacetylase 3 

HGPS: Hutchinson–Gilford progeria syndrome 

HOX: homeobox 

HP1α: heterochromatin protein 1 

HPTM: histone post-translational modification  

Hst: Hybrid sterility 

IDR: intrinsically disordered region 



 ABBREVIATIONS  

6 
 

IGF-1: insulin growth factor 1 

IGS: intergenic sequence 

IIS: insulin-IGF1 signaling 

ITS: insulin transferrin selenium 

KMT5B : lysine methyltransferase 5B (also known as SUV420H1) 

KMT5C : lysine methyltransferase 5C (also known as SUV420H2) 

LADs: lamin associated domains 

LLPS: liquid-liquid phase separation 

MAPK: mitogen-activated protein kinase 

MNase-seq: micrococcal nuclease digestion with deep sequencing 

mRNA: messenger RNA 

mtDNA: mitochondrial DNA 

mTOR: mechanistic target of rapamycin 

N: amino 

NADs: nucleolus associated domains 

ncRNA: non coding RNA 

NF-kB: nuclear factor kappa-B 

NIH: National Institute of Health 

NMR: nuclear magnetic resonance 

NOG: nogging 

NoRC: nucleolar remodelling complex 

NORs: nucleolus organizer regions 

NSUN5: NOP2-Sun RNA methyltransferase 5 

PALM: photoactivated localization microscopy 

PBS: phosphate saline buffer 

PCR: polymerase chain reaction 

PFA: paraformaldehyde 
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PIC: preinitiation complex  

PRC1: polycomb repressive complex 1 

PRC2: polycomb repressive complex 2 

R.T.: room temperature 

rDNA: ribosomal DNA 

RNA pol I: RNA polymerase I 

RNA Pol II: RNA polymerase II 

RNA Pol III: RNA polymerase III  

RNA: ribonucleic acid 

RNAi: RNA interference 

ROS: reactive oxygen species 

RP: ribosomal protein 

rRNA: ribosomal ribonucleic acid 

RRP9: ribosomal RNA processing 9 

RT-qPCR: real time quantitative PCR 

SAM: s-adenosyl methionine  

SD: standard deviation 

SEM: standard error of the mine 

SINEs: short interspersed nuclear elements 

SIRT: sirtuin 

SL1: promoter selectivity factor 

SPRITE: split-pull recognition of interactions by tag extension 

STORM: stochastic optical reconstruction microscopy 

SUV39H1: suppressor of variegation 3-9 histone-lysine N-methyltransferase 

H1 

SUV39H2: suppressor of variegation 3-9 histone-lysine N-methyltransferase 

H2 

TADs: topologically associated domains 
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TAFs: TBP associated factor 

TBP: TATA-box binding protein 

TEM: transmission electron microscopy 

TET: ten-eleven translocation 

TIF: translation initiation factor 

TN5: transposase 5 

TNF-α: tumor necrosis factor α 

tp53: tumor protein 53 

tRNAs: transfer ribonucleic acids 

UBTF: upstream binding transcription factor 

UCE: upstream control element 
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1. INTRODUCTION 

 

1.1 The nucleus 

The nucleus is a rounded cellular organelle delimited by an envelope, the 

nuclear envelope, consisting of flattened cisternae separated by the nuclear 

pores. From an ultrastructural point of view, nuclear pores appear as discoidal 

structures with an outer diameter of 130 nm and an inner pore with an 

effective diameter for diffusion of 9 nm. The nuclear pore complex has an 

octagonal symmetry and is formed by the assembly of more than 50 proteins, 

the nucleoporins. Nuclear pores are freely permeable to small molecules, 

ions and proteins up to 17 kDa (Lin et al., 2016). Molecules and particles of 

higher molecular weight cannot pass through the pores by simple diffusion, 

but must be selectively transported. This occurs thanks to a “signal sequence” 

that is recognized by one or more receptors of the nuclear pore complex. 

Following recognition, transport occurs thanks to energy consumption 

(Peters, 2006). Therefore, nuclear pores allow communication between 

cytoplasm and nucleoplasm and are traversed by many molecules in both 

directions. Mainly the enzymes necessary for the various activities that take 

place in the nucleus are imported. While exports largely concern messenger 

RNAs (mRNAs) and the ribosomal subunits necessary for their translation 

into proteins in the cytoplasm (Peters, 2006). 

The outer surface of the envelope is in continuity with the endoplasmic 

reticulum and, like the latter, is covered with ribosomes that actively 

synthesize proteins. 

The nucleus is configured as a cellular compartment within which the genetic 

information is contained and spatially organized. The need for 

compartmentalization appears mainly in eukaryotes with few exceptions and 

seems to derive as the result of possible selective pressures. In fact, 

according to some hypotheses, the nucleus may be a means of protection for 

DNA from biological agents, since it could reduce opportunities for integration 

of foreign DNA, thus acting as a possible barrier to infection or invasion of 

exogenous genetic elements (Labrie et al., 2010; Koonin et al., 2017). 

Moreover, it has been proposed that nuclear compartmentalization may avoid 

some unintended interactions between molecules. For example, it could be 

relevant to prevent ribosomal readthrough into introns (Lopez-Garcia and 

Moreira, 2006; Martin and Koonin, 2006). According to this model, 

interactions must occur in a specific order, from this comes the necessity of 

physical separation of transcription and translation thus providing a temporal 

means for splicing to complete before translation begins, therefore preventing 
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the formation of aberrant proteins via translational readthrough into unspliced 

introns, which may have toxic effects. 

The compartmentalization generally allows a greater order and protection of 

the genetic material and consequently ensures greater efficiency in carrying 

out molecular processes also thanks to a lower dispersivity and greater 

physical proximity. This last parameter plays a very important role, in addition 

to the chemical affinity between molecules, in determining the probability and 

frequency of occurrence of a specific chemical reaction. For this same 

reason, the DNA and the other nuclear molecules are contained within the 

nucleus in a specific arrangement such that their 3D organization reflects 

specific functional needs. The specific nuclear localization of a genomic 

sequence seems in fact to be important in influencing its access to distinct 

enzymatic complexes with specialized functions such as transcription and 

splicing machinery, allowing the realization of specific transcriptional 

programs (Cremer and Cremer, 2001). 

 

1.2 Chromatin organization within the nucleus 

Several models have been proposed for the spatial organization of DNA in 

the nucleus, sometimes even discordant. However, a universally accepted 

basic point is the association of DNA with various nuclear proteins, that allow 

and influence its spatial organization and function, to form chromatin (Wu et 

al., 2007). 

Human DNA, if arranged linearly, would cover a length of about 2 meters. It 

must therefore be tightly packed and folded to be contained within the cell 

nucleus. This is achieved thanks to the formation of chromatin structures of 

increasing complexity (Cremer and Cremer, 2001). A first degree of 

compaction can be achieved thanks to the wrapping of DNA around the 

nucleosomes: protein complexes formed by eight histone proteins. The DNA 

between one nucleosome and another is called the linker DNA (Wu et al., 

2007). Specific DNA regions at different times may or may not be associated 

with nucleosomes. When these latter are free from nucleosomes, they are 

more accessible to nuclear enzymes and therefore could be actively 

transcribed or involved in replication or recombination. Histones are the most 

abundant proteins associated with eukaryotic DNA. Histone proteins are rich 

in basic amino acids, thanks to which they bind negatively charged DNA. The 

interactions between the histone core and the DNA are mediated by many 

sequence-independent contacts, mainly through hydrogen bonds between 

the proteins and the oxygen atoms of the phosphodiester bonds near the 

minor groove of the DNA (Wu et al., 2007). Once the nucleosomes have 
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formed, a higher level of packing can be achieved thanks to the binding of 

histone H1. Histone H1 binds to both the DNA linker and the median part of 

the DNA sequence associated with the histone core, thus inducing greater 

DNA packaging around the histones. The bond of H1 stabilizes a chromatin 

fiber with a cross-section of 30nm (Wu et al., 2007). Two models have been 

proposed to explain the formation of the 30 nm chromatin fiber: the solenoid 

model in which DNA is organized forming a superhelix containing 

approximately six nucleosomes per revolution; an alternative model in which 

the 30 nm fiber is a compact structure formed by nucleosomes arranged in a 

zig-zag pattern (Wu et al., 2007). The 30nm chromatin fibers existence is not 

certain; some studies suggest the formation of more flexible and dynamic 

chromatin structures (Nishino et al., 2012). However, numerous successive 

levels of folding are then required to explain the arrangement of DNA in the 

nucleus. Commonly accepted models affirm that the 30 nm fiber folds to form 

loops that constitute functionally and topologically defined domains, thanks to 

the interaction with protein complexes. These structures are not static and 

continuously present, but vary in shape and composition according to the cell 

cycle phase and more in general to the cell metabolic state (Cavalli and 

Misteli, 2013). 

The organization of chromatin in complex molecular structures influences the 

gene function, determining the accessibility of specific genomic portions to 

specific molecular processes, without modifying the basic reading code of the 

genetic material, i.e. the nucleotide basic sequence. This is therefore defined 

as epigenetic regulation. 

 

1.3 Epigenetics and nuclear architecture 

Multicellular organisms originate from a single cell, the zygote. During 

development, this cell divides repeatedly to realize the complexity of the 

tissues and structures that characterize the individual. Although all the cells 

of the organism share a genome identical to that of the zygote, humans, for 

example, have about 200 different cell types, each of which performs 

specialized functions that correlate to a specific morphology, to the 

expression of specific sets of genes and to the mediation of specific 

communications and contacts with other cells and with the extracellular 

environment. The realization of this diversity is possible because an identical 

code, represented by the sequence of nucleotide bases, can be interpreted 

in different ways. The definition of Epigenetics includes any phenotypic or 

functional diversity that is not determined by changes in the DNA base 

sequence (Allis et al., 2013). 
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The term "epigenome" was subsequently coined, i.e. the set of epigenetic 

modifications affecting the entire genome. Epigenetic regulation occurs at 

different molecular levels of increasing complexity. A basic level of epigenetic 

regulation is DNA methylation. In mammalian cells, DNA methylation occurs 

mainly as the addition of a methyl group on the carbon 5 of the cytosine of 

the CpG dinucleotides which is catalyzed by a family of enzymes called 

DNMT (DNA-methyl-transferase) (Espada et al., 2010). The methylation of 

CpG sites is involved in important molecular processes, such as the 

regulation of gene expression, the inactivation of the X chromosome, the 

mechanisms of imprinting and the silencing of transposable elements. The 

methylation pattern is preserved during DNA replication, thanks to the 

DNMT1 enzyme, the most abundant DNA methyltransferase in somatic cells, 

which preferentially methylates the hemimethylated DNA (Poetker et al., 

2010). DNMT3a and DNMT3b, on the other hand, are indicated as 

methyltransferases preferentially involved in de novo methylation (Ragoczy 

et al., 2014) However, several publications report that both DNMT1 and 

DNMT3 can perform both de novo and maintenance functions by cooperating 

in the creation of the global methylation pattern (Rhee et al., 2002; Kim et al., 

2002). 

Theoretically, each of the DNA bases can be modified, but 5mC is well known 

and the most studied. However, other modifications such as oxidation of 5mC 

to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), 5-

carboxylcytosine (5caC), and the methylation of adenine to N6-

methyladenine (6mA), are being identified as important epigenetic regulators 

so far (Klungland and Robertson, 2017). 

Indeed, specific mechanisms are also needed to maintain specific regions 

free from methylation. Methylation level is dynamically controlled by DNA 

demethylation processes. DNA demethylation takes place by active and/or 

passive methods. During active DNA demethylation, 5mC is oxidized to 5-

hmC, 5fC, and further to 5caC followed by base-excision repair (BER) 

mechanism. This enzymatic removal of 5mC is mediated by the ten-eleven 

translocation (TET) family proteins. These epigenetic marks have been 

reported to play an important role in the regulation of transcription process, 

chromatin remodeling, and recruitment of DNA repair-associated complexes 

in animals (Fong et al., 2013; Yue et al., 2016). 

Adenine is methylated by DNA N6-adenine methyltransferases (DAMT-1) to 

produce N6-methyladenine (6mA) and may also be methylated to N1-

methyladenine (1mA) by the endogenous or environmental alkylating agents 

(Sedgwick et al., 2007). Oxidation of the methyl group of 6mA by AlkB family 

of dioxygenases (e.g., 6mA demethylases) leads to the formation of N6- 
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hydroxymethyladenine (6hmA) and N6-formyladenine (6fA), which can 

restore the original base by releasing formaldehyde (Fu et al., 2013). While 

5mC increases DNA helix stability, 6mA destabilizes the DNA helical 

structure. Therefore, 5mC is considered to be a repressor of transcription 

process when it occurs in the promoter region, while 6mA as an activator. 

A second level of epigenetic regulation concerns histone variants. While the 

wrapping of DNA around the nucleosomes allows for the organization in a 

more compact structure, on the other, it limits access to transcription factors 

and RNA polymerase. Several mechanisms influence the dynamic 

competition between nucleosomes and other DNA-binding proteins: some 

chromatin remodeling enzymes can displace or alter the position of 

nucleosomes and replace canonical histones with other histone variants. 

Histone variants can affect both the properties and the dynamics of 

nucleosomes (Weber and Henikoff, 2014). This appears to be important, for 

example, in the regulation of transcription, where the different histone variants 

can influence the binding of different protein factors to support specific 

transcriptional programs. For example, the histone variants H2AZ and H3.3 

have been found in association with various complexes of transcription 

factors at the level of active transcription initiation sites and enhancers where 

they seem to facilitate transcriptional activity. Other studies indicate a role of 

H3.3 during the development and maintenance of cell pluripotency (Maze et 

al., 2014). Still, other publications associate particular histone variants with 

aberrant transcriptional activity associated with oncogenesis (Vardabasso et 

al., 2014). 

Canonical histones and histone variants possess protruding amino and 

carboxy-terminal domains that can undergo different post-translational 

modifications. In recent years, many histone-modifying enzymes have been 

identified: enzymes for acetylation, methylation, phosphorylation, 

ubiquitination, sumoylation, ADP-ribosylation, citrullination and proline-

isomerization (Kouzarides, 2007). Most of these modifications are dynamic 

and the corresponding enzymes able to remove them have been identified. 

Methyltransferases and kinases are the enzymes that have the higher 

specificity; in other cases, the enzymatic specificity can be determined by the 

type of protein complex to which the enzyme can associate (Kouzarides, 

2007). 

Distinct sets of histone modifications have been associated with states of 

minor or major accessibility to chromatin. Post-translational modifications of 

histones can influence the formation of higher-order chromatin structures due 

to histone contacts in adjacent nucleosomes or long-range interactions. 

These contacts can be favored by proteins that are recruited at specific 
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histone modifications through specific domains. For example, methylation is 

recognized by protein possessing chromo-like domains (Tudor, MBT) and 

PHD domains, acetylation is recognized by bromodomain, while 

phosphorylation by domains owned by proteins 14-3-3 (Kouzarides, 2007). 

Furthermore, certain histone modifications can specifically prevent the 

binding of certain proteins to chromatin (Kouzarides, 2007). Several models 

have been proposed that predict the organization of chromatin in higher-order 

molecular structures, as a result of long-range interactions between distal 

segments of DNA. For example, it is known that enhancers can exert their 

regulatory action also on regions at different kilobases away along the linear 

arrangement of the DNA, thanks to the formation of loops that allow distant 

elements to be brought closer (Pombo and Dillo, 2015). These loops allow 

transcriptional factors associated with enhancers to contact a target promoter 

and influence the composition of the pre-initiation complex (Pombo and Dillo, 

2015). 

A subsequent structural organization level is represented by the so-called 

chromatin hubs, structures that are formed through direct contacts between 

many enhancers and the promoter of their target gene thanks to long-range 

contacts. The formation of a chromatin hub requires the recruitment of 

transcription factors that have specific affinities for each other and for the DNA 

sequence they bind, proximity and specificities determine which sequences 

and which promoters will form the chromatin hub and therefore which gene 

will be specifically expressed. Furthermore, according to some models, 

different transcriptional factors can also cluster to form distinct functional 

nuclear compartments. Examples of this type of organization include foci of 

DNA and RNA polymerase or of chromatin regulatory protein complexes, 

such as the Polycomb complex (Pombo and Dillo, 2015). DNA polymerase 

clusters are referred to as “replication factories”. According to this model, 

RNA polymerase is also organized in discrete domains called "transcription 

factories". 

High-resolution chromatin interaction maps have been produced. This led to 

the formulation of a model of chromatin organization into distinct functional 

modules called physical domains or topologically associated domains 

(TADs). The genomic regions within each TADs form extensive interactions 

between them, while when crossing the boundaries between one TADs and 

the other, the interactions are drastically reduced (Dixon et al., 2012). This 

type of organization is extremely widespread in the organization of different 

cell types and is strongly conserved among the genomes of different species. 

The boundaries of TADs are abundantly bound by the CTCF protein, which 

acts as an insulator element and contains sequences encoding housekeeping 

genes, tRNAs and SINEs elements, indicating that these could play a role in 
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the formation of the topological domain structure of the genome (Dixon et al., 

2012). The DNA folded through various mechanisms is finally organized into 

chromosomes that occupy discrete regions of the nucleus, the so-called 

"chromosomal territories" (Nemeth and Längst, 2011). 

 

Figure 1.1: Epigenetic regulation occurs at different molecular levels of increasing complexity 

and influences chromatin 3D organization inside the nucleus. 

 

1.4 Heterochromatin and Euchromatin 

The name chromatin derives from the fact that this structure resulting from 

the association of DNA with proteins can be intensely stained and visualized 

under microscopy using different contrast techniques that will be discussed 

later. The portions of DNA that show less associated with proteins are less 

intensely stained. Indeed, roughly speaking, there are two different states of 

chromatin in the genome, heterochromatin characterized by a more compact 

structure and less accessible to transcription factors and euchromatin, more 

relaxed and permissive to transcription. The boundaries between the two 

different states are defined by some transcription factors, including CTCF, a 

protein capable of recruiting chromatin remodeling enzymes (Kouzarides, 
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2007). In mammals, heterochromatin is mainly characterized by low levels of 

acetylation and high levels of methylation in specific sites: lysine 9 and 27 on 

histone H3, lysine 20 on histone H4 (H3K9, H3K27, H4K20). Euchromatin, 

typically actively transcribed, shows instead a high rate of acetylation and 

trimethylation at the level of lysine 4, 36, 79 on histone H3 (H3K4, H3K36 and 

H3K79) (Dixon et al., 2012). Bivalent chromatin domains were also 

discovered characterized by both typical modifications of active and 

repressed chromatin. Usually, these domains are found in embryonic stem 

cells (ESCs) cells or in undifferentiated cells and this reflects the low level of 

expression of transcription factors related to differentiation. When these cells 

begin the path of differentiation, usually only one type of modification is 

preserved (Kouzarides, 2007). 

 

1.5 The heterochromatin HPTMs: H3K9me3, H4K20me3 and 

H3K27me3 

The post-translational modifications of histone tails by either histone 

modifying complexes or chromatin remodelling complexes lead to complex, 

combinatorial transcriptional outputs. The carboxyl (C) terminal end of the 

histones contributes to histone-histone interactions, as well as histone-DNA 

interactions, while the amino (N) terminal charged tails are sites of the post-

translational modifications. Heterochromatin represents a major fraction of 

the higher eukaryotic genome and exerts pivotal functions of silencing 

repetitive elements, maintenance of genome stability and control of gene 

expression. Among the different HPTMs associated with heterochromatin, tri-

methylation of H3K9 (H3K9me3) represents a molecular feature of 

constitutive heterochromatin in many eukaryotes. This HPTM is catalyzed by 

the suppressor of variegation 3-9 histone–lysine N-methyltransferase 

SUV39H1 and SUV39H2 in mammals. The H3K9me readers HP1α 

selectively bind methylated H3K9 through its chromodomains. H3K9me3 can 

be coupled with other repressive marks such as DNA 5mC (Allshire and 

Madhani, 2018). Suv39h methyltransferases direct H3K9me3 formation at 

pericentric heterochromatin, which is made up of major satellite repeats and 

accumulates at intergenic major satellite repeats (Bulut-Karslioglu et al., 

2014). H3K9me3, although traditionally associated with the noncoding 

portions of the genome, has also emerged as a key player in repressing 

lineage-inappropriate genes. H3K9me3 can influence cell identity by 

preventing binding by diverse transcription factors, thus constituting a major 

barrier to cell reprogramming. Its deposition provides a restriction on 

developmental potency in the early embryo and promotes the stability of 

specific differentiated cell fates (Becker et al., 2016).  
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Considering the HPTMs on histone H4, in mammalian cells, the majority of 

methylation is detected in the N-terminal tail on lysine 20 (H4K20). This 

methylation mark is evolutionarily conserved from yeast to human (Schotta et 

Al., 2008) and exists as mono-, di- and trimethylation. Each of these states 

results in distinct biological outputs: Mono- (H4K20me1) and dimethylated 

H4K20 (H4K20me2) are involved in DNA replication and DNA damage repair, 

whereas trimethylated H4K20 (H4K20me3) is another hallmark of constitutive 

heterochromatic regions. In mammals, the different H4K20 methylation states 

are established by several methyltransferases of which KMT5B and KMT5C 

mediate the majority of tri-methylation. H4K20me3 is highly enriched at 

pericentric heterochromatin, telomeres, imprinted regions and repetitive 

elements, suggesting that this modification is involved in transcriptional 

silencing. H4K20me3 appears to be important for the silencing of repetitive 

DNA and transposons (Schotta et al., 2008). When it is present at promoters, 

it is associated with the repression of transcription (Wang et al., 2008). 

H3K27me3 is another histone methylation occurring on the amino (N) 

terminal tail of the core histone H3. It is a hallmark of facultative 

heterochromatin in numerous organisms and is associated with the 

downregulation of nearby genes via the formation of heterochromatic regions. 
EZH2, a component of the PRC2 protein complex, catalyzes H3K27 di-

methylation and tri-methylation (H3K27me2/3) in association with EED and 

SUZ12. H3K27me3 can be recognized by a chromodomain protein in the 

canonical Polycomb Repressive Complex 1 (PRC1)  (Fischle et al., 2003; Min 

et al., 2003; Cao et al., 2002). PRC1 will bind to H3K27me3 and contribute to 

the compaction of the nearby chromatin by mediating the ubiquitination of 

histone H2 on lysine 119 (H2K119Ub) (Endoh et al., 2012). PcG proteins 

maintain gene silencing that is established during early development and is 

required for appropriate cell fate specification. The significance of H3K27me 

in maintaining appropriate long-term gene expression patterns is 

demonstrated by the range of mutations in PRC2 complex members, and its 

substrate (H3K27), in cancers. Both loss of function and change of function 

mutations in PRC2 have been reported in cancers, but a common outcome 

is an altered distribution of H3K27me, which perturbs differentiation (Nishino 

et al. 2012).  

Actively transcribed regions of the genome marked by H3K4me3 and 

H3K36me2/3 are generally distinct from those marked by H3K27me3. 

H3K4me3 and H3K27me3 are mutually exclusive at HOX genes in 

Drosophila embryos (Papp and Müller, 2006) and differentiated mammalian 

cells, but these modifications can coexist in “bivalent” domains in ESCs 

(Bernstein et al., 2006). 
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Figure 1.2: Constitutive heterochromatin formation in mammals. SUV39H establish 

H3K9me3, a histone mark recognized by HP1 proteins, which in turn recruits SUV420H and 
DNMTs, leading to H4K20me3 and DNA methylation, respectively. Adapted from Saksouk et 
al., 2015. 

 

1.6 Nuclear crowding and phase separation are driving forces for 

nuclear compartmentalization and 3D nuclear architecture 

organization 

The precise spatial organization of nuclear elements, suggests the existence 

of discrete functional sub-compartments. Among these two most prominent 

are heterochromatin and nucleoli. These functional domains are not delimited 

by lipid membranes as commonly observed for the other cell organelles; while 

it was hypothesized that they rather emerge as separated in the nucleoplasm, 

mainly thanks to two leading forces: macromolecular crowding and phase 

separation (Richter et al., 2007). They can be observed for long at light 

microscopy in living cells, but despite this long-term macroscopic stability, 

nuclear compartments are highly dynamic at the molecular level, as 

suggested by fluorescence redistribution after using photobleach/activation 

techniques (Lippincott-Schwartz et al., 2001; Patterson and Lippincott-

Schwartz, 2002). To explain this, nuclear compartments have been proposed 

to self-organize cooperatively by a multitude of stereospecific short-lived 

interactions of their components (Misteli, 2005). The crowded nuclear 

environment favors biomolecules assembly (Hancock, 2004). In fact, 

crowding induces volume exclusion since the volume occupied by co-solutes 

is inaccessible to others. It also slows down diffusion up to several orders of 

magnitude as co-solutes act as obstacles (Saxton, 1993a; Saxton, 1993b).  

Finally, crowding shifts reactions towards bound states (Minton, 1995, 1998, 

2006) because of the reduction of available volume. Therefore, the formation 

of these compartments is driven by molecular crowding due to an 

enhancement of molecular interactions by a self-governed biophysical 

process that is generic and independent of any specific biological function or 

structure of the interactors. It could therefore promote maintenance of 
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compartments at low cellular energy cost and without the need for 

membranes. 

Crowding, causing volume exclusion, diffusive hindrance and enhanced 

affinity in dense nuclear compartments, dictating the behaviour of nuclear 

proteins, affecting chromatin compaction and several other nuclear 

processes (Hancock, 2004). For instance, transcription kinetics is influenced 

by the surrounding molecules that can deeply affect the thermodynamic 

equilibrium of this process (Richter et al., 2007). In fact, highly crowded 

nucleoplasm decreases nuclear molecules' diffusion rates, thus favouring 

interaction with DNA and promoters (Shim et al., 2020).  

Moreover, recent studies have demonstrated that membrane-less organelles 

exhibit liquid-like properties that are thermodynamically reversible (Shin et al., 

2017). These intracellular membrane-less compartments are formed by a 

liquid-liquid phase separation (LLPS, also known as condensation or 

coacervation) of DNA, RNA and protein mixtures which behave like liquid 

droplets (Nakashima et al., 2019). The liquid phase of molecules can vary 

their condensation resulting in a more dilute or concentrated droplet phase 

under certain conditions (Zhou et al., 2018). 

LLPS could be related to nuclear crowding, since phase-separated 

compartments forms as a consequence of the interaction between nuclear 

molecules (Shin et al., 2017). An important driving force underlying liquid 

droplet formation and stability is multivalent protein-protein and nucleic acid-

protein interactions (Jiang et al., 2015). The formation of the liquid droplet and 

its volume is determined by local changes in key constituents: DNAs, RNAs 

and proteins, due to changes in expression, localization, degradation and 

solubility. There is a molecular concentration required for the formation of a 

liquid droplet that occurs only when this overcomes a threshold (saturation 

concentration) (Banani et al., 2017). Above this threshold, dense liquid 

droplets separate from the diluted nucleoplasm phase through an LLPS 

(Aumiller and Keating, 2017). These compartments are “permeable” or allow 

the association of specific biomolecules while excluding others based on their 

shape and chemical features, hence determining a partition without the need 

for lipid layers (Su et al., 2016).  The strength of interaction, inside each 

compartment, is predicted to be strong enough to allow association, but not 

so much to prevent the internal dynamicity typical of liquid state (Hyman et 

al., 2014). A recent model suggests that heterochromatin domains are 

organized via phase separation driven by specific proteins, such as the HP1α, 

through interactions with different binding partners (Strom et al., 2017). HP1α 

is able to drive LLPS because it possesses oligomerization domains, an 

intrinsically disordered region (IDR) and a substrate-binding domain. These 

features seem to be particularly important to drive the formation of 
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membrane-less domains, de-mixed from the surrounding solutions (Wang et 

al., 2019; Feng et al., 2019).  

Other representative examples of membrane-less compartments are Cajal 

bodies, germline P granules (germ cell granules or nuages), histone locus 

bodies, nuclear speckles, nucleoli, processing bodies, promyelocytic 

leukemia nuclear bodies and stress granules (Uversky, 2017; Gibson et al., 

2019; Shaw et al., 2008; Moser et al., 2010). High-resolution imaging has 

shown similarities in their morphology, conformation and dynamics, despite 

the differences in their composition, location and function (Banani et al., 

2017). In particular, a growing number of studies have revealed that the 

nucleolus and its diverse dynamic functions can be explained assuming a 

liquid droplet-like nucleolus nature (Lafontaine et al., 2021). Nucleolus is 

denser than the surrounding nucleoplasm and provides an example of a liquid 

droplet that is formed from nucleolar RNA-binding proteins which exhibits a 

thermodynamic preference for RNA, ensuring that droplets preferentially 

grow at transcriptionally active rDNA loci accompanied by RNA polymerase I 

(RNA Pol I) (Berry et al., 2015). 

 

1.7 The rRNA synthesis in eukaryotes  

Ribosome synthesis is one of the most energetically demanding and complex 

cell processes (Fromont-Racine et al., 2003; Henras et al., 2008; Kressler et 

al., 2008). The 80S ribosome is a ribonucleoprotein complex that comprises 

a large 60S subunit containing the 28S, 5.8S and 5S rRNA, and 46 RPs and 

a small 40S subunit containing the 18S rRNA and 33 RPs (Fromont-Racine 

et al., 2003; Henras et al., 2008; Kressler et al., 2008). Ribosome biogenesis 

begins in the nucleolus, where the rRNA species 18S, 5.8S and 25S, are co-

transcribed by RNA Pol I as a single polycistronic transcript. 
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Figure 1.3: schematic overview of ribosome biogenesis in eukariotes. Modified from Pelletier 

et al., 2017. 

 

In human cells, rDNA localizes on the p arms of the ten acrocentric 

chromosomes (Henderson et al., 1972) and is organized as clusters of 

repetitive sequences, called nucleolus organizer regions (NORs) (Sylvester 

et al., 1986). Each repeated unit is composed of rRNA genes separated by 

intergenic spacer sequences (IGS). rDNA is transcribed to produce the 47S 

nascent transcripts in human (45S in mouse) (Dundr and Olson, 1998), which 

consist of the 18S, 5.8S, and 28S rRNAs, 5′, 3′ external transcribed spacer 

sequences and of two internal transcribed spacers flanking 5.8S rRNA. 

External and internal transcribed spacer sequences are then excised through 

various steps that start co-transcriptionally by different endo- and 

exonucleases. The three mature rRNAs together with 5S rRNA constitute the 

functional core of the two ribosomal subunits. 5S rRNA is transcribed by Pol 

III outside nucleoli and is, subsequently, imported. The IGS sequences 
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contain enhancers and give rise to RNA molecules that recruit factors 

involved in transcriptional control (Schöfer and Weipoltshammer, 2018). 

The nucleolus is the site of the highest RNA synthesis rate in cell nuclei 

producing more than 60% of the entire RNA pool. RNA pol I catalyzes rDNA 

transcription, binding directly to two regulatory sequences: the CORE, located 

between -45 to +20 and near the transcription start site, and the upstream 

control element (UCE), located between -200 and -107. Transcription 

requires the formation of a preinitiation complex (PIC) that is composed of 

RNA Pol I, UBTF and the promoter selectivity factor (SL1) or TIF-IB in mouse 

(Goodfellow and Zomerdijk, 2013).  UCE and CORE come in contact thanks 

to the dimerization of UBTF that form loops, allowing the formation of the 

enhanceosome with the consequent binding of SL1 and the formation of a 

stable PIC. The two DNA binding regions within UBTF, if phosphorylated, lead 

to the unfold of the enhanceosome that results in transcription repression 

(Stefanovsky et al., 2006). UBTF is also involved in the regulation of 

transcription elongation (Stefanovsky and Moss, 2008). The recruitment of 

RNA Pol I to the rDNA promoter is mediated by TBP-associated factors 

(TAFs) that interact with UBTF and TIF-1A, a component of RNA Polymerase 

I (Goodfellow and Zomerdijk, 2013).  

 

Figure 1.4: the basic composition of the PIC for RNA polymerase I. PIC is assembled on the 

rDNA promoter by synergistic action of UBTF (bound at the UCE), SL1 (bound to the core 

promoter) through TBP, TIF-IA and RNA Pol I. SL1 recruits RNA polymerase I through TIF-IA. 

Once PIC is formed, Pol I is released from the promoter and starts to transcribe pre-rRNA. Pre-

rRNA is processed giving rise to 18S, 5.8S, and 28S rRNAs to construct ribosomes. Adapted 

from Tanaka and Tsuneoka, 2018. 

 

 

http://europepmc.org/search/?scope=fulltext&page=1&query=AUTH:%22Goodfellow%20SJ%22
http://europepmc.org/search/?scope=fulltext&page=1&query=AUTH:%22Zomerdijk%20JC%22
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Silencing of rRNA genes relies on epigenetic factors and is majorly mediated 

by the NoRC complex (Santoro and Grummt, 2002). Epigenetic regulation of 

rRNA transcription adapts the cytoplasmic ribosome availability for protein 

synthesis to different internal and environmental stimuli. Tumor cells, for 

instance, increase rRNA transcription to satisfy the increased demand for 

ribosomes useful to sustain malignant transformation (Drygin et al. 2011; van 

Sluis and McStay 2014).  

The total number of rRNA genes per diploid human genome is approximately 

400 copies (Gibbons et al. 2014; Schmickel 1973). However, the repetitive 

rDNA sequences are genomic hotspots for recombination events, 

determining great variations of the number and the distribution of genes over 

the ten NORs between individuals (Gibbons et al. 2014; Stults et al. 2008). 

The copy-number variation (CNV) of the rDNA arrays seems to be related to 

the copy number of the extra-nucleolar 5S rDNA (Gibbons et al. 2015), which 

range from 50 to 300 repeats (Stults et al. 2008). Only a fraction of rRNA 

genes are actively transcribed in a particular context, so that rRNA synthesis 

is regulated according to a broad range of metabolic demands. Moreover, the 

number of active genes is species- and tissue-specific; human fibroblasts, for 

instance, have about 115 actively transcribed genes per cell (Haaf et al. 

1991). Inversions of arrays, palindromic structures, and the reversal of the 

head-to-tail orientation of ribosomal genes influence the number of potentially 

active rDNA genes (Caburet et al. 2005). rDNA instability is thought to be an 

important contributor of cellular ageing (Kobayashi, 2008).  

In mammalian cells, the number of active genes is constant under stable 

metabolic conditions and during cell cycle (Conconi et al. 1989; Haaf et al. 

1991). Under conditions of changing demand for ribosomes, new rRNA genes 

are recruited for transcription or, conversely, are silenced. They may be 

permanently silenced or converted into a poised state, which is competent of 

transcriptional activation. Differentiated cells have a higher amount of poised 

rRNA genes (Xie et al. 2012). 

 

1.8 The nucleolus roles in nuclear architecture organization, 

NADs and LADs 

The nucleolus is a membrane-less compartment composed of the fibrillar 

center (FC), the dense fibrillar component (DFC), and the granular 

component (GC). Transcription of rRNA is thought to occur at the boundary 

between FC and DFC, whereas processing of the pre-rRNA occurs in the 

DFC region and pre-ribosomal subunit assembly takes place in the GC region 

(Biggiogera et al., 2001). Recent results revealed that these nucleolar 
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subcompartments are organized in distinct liquid phases formed by phase 

separation which induces the formation of multilayered liquids. These 

physical properties seem to facilitate sequential RNA processing reactions in 

a variety of ribonucleoprotein bodies (Zhou et al., 2018).  

 

Figure 1.5: Nucleolus of a HELA cell at TEM. The sub-nucleolar compartments: granular 

component (GC), dense fibrillar component (DFC), fibrillar center (FC) are clearly visible. Bar, 
0.5 μm. Adapted from Sirri et al., 2002.  

 

The cell nucleus may contain many nucleoli. In each cell, the fraction of rRNA 

genes transcriptionally active localize within nucleoli while inactive rDNA 

repeats localized at the periphery of the nucleolus in a perinucleolar inactive 

chromatin compartment (Mathenson and Kaufam, 2016; Jakociunas et al. 

2013, Zhou et al., 2002; Santoro and Grummt, 2005). Silencing of rDNA 

repeats is mediated by NoRC complex that recruits histone-modifying and 

DNA methylating enzymes (Santoro and Grummt, 2002; Guetg et al., 2010) 

The NoRC recruited to the perinucleolar region may also introduce 

heterochromatic marks such as 5mC, H3K9me3 and H4K20me3, into other 

chromatin regions in the vicinity of the nucleolus. For instance, centromeric 

heterochromatin is often located close to the nucleolus, and depletion of 

BAZ2A, a subunit of NoRC compromises both rDNA silencing and assembly 

of centromeric heterochromatin (van Koningsbruggen, 2010). 
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In the last decades, several results indicate that the role of nucleolus might 

go beyond the sole production of ribosomes and that it can play important 

roles in the organization of 3D genome architecture. Heterochromatin 

domains close to nucleoli are observed in all somatic cells.  

Genomic segments located within the perinucleolar compartment are 

commonly referred to as nucleolus-associated chromatin domains (NADs). 

Beyond silenced rDNAs NADs contain sequences located in the short arms 

of acrocentric chromosomes, centromeric and pericentromeric chromatin of 

most chromosomes and subtelomeric regions of some chromosomes. 

Moreover, NADs contain more than 1000 genes. Among these, there are 

those encoding for the T-cell receptors, olfactory receptors and two families 

of immunoglobulin genes. Many NAD-associated genes have similar 

features: they are tissue-specific and form large gene clusters (Guelen et al., 

2008). The inactive X chromosome was also found to contact the 

perinucleolar compartment during the mid/late-S-phase and it was suggested 

that this location could be important for faithful duplication of silent chromatin 

(Zhang et al., 2007). Initial genome-wide studies identified NADs by 

biochemical purification of nucleoli, through sonication of nuclei, adjusting the 

power so that nucleoli remain intact because of their denser nature (Sullivan 

et al., 2001). NADs were found to correspond to regions of low gene densities, 

low transcriptional levels and repressive histone modifications: H4K20me3, 

H3K27me3, and H3K9me3. Interactions of genomic loci with nucleoli have 

also been identified by measuring the contacts between the rRNA genes and 

the rest of the genome using Hi-C (Lieberman-Aiden et al., 2009). These 

assays revealed that in lymphoblastoid (LCL) and erythroleukemia (K562) 

cells rRNA genes contacts segments of repressed, late replicating chromatin 

and CTCF binding sites (Yu et al., 2018; Rao et al., 2014). rRNA transcripts 

that correspond to DNA located around the nucleolus were also identified by 

split-pool recognition of interactions by tag extension (SPRITE) (Quinodoz et 

al., 2018), a method that can measure RNA and DNA interactions, allowed 

the identification of genomic regions contacting. This analysis revealed that 

regions that are linearly close to the centromere are closer to the nucleolus, 

consistently with the previous observations of centromeres co-localization 

with the nucleolar periphery; while actively transcribed regions were excluded 

from the nucleolar compartment even when they reside in linear proximity to 

a centromere. MiCEE, a multicomponent ribonucleoprotein complex 

containing factors of the exosome (C1D, EXOSC10 and EXOSC5), and 

PRC2 were found to tether loci of bidirectionally active genes to the 

perinucleolar region and induce ncRNA degradation and transcriptional 

silencing by heterochromatin formation (Singh et al., 2018). Therefore, 

nucleolus appears to act as an attractive compartment for repressed genomic 

portions and, together with the nuclear lamina, represents a hub for the 
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organization of the inactive heterochromatin (Padeken et al., 2014; Guetg et 

al.,  2012;  Peric-Hupkes et al., 2010). 

The nuclear lamina forms a scaffold on the inner surface of the nuclear 

envelope, towards the nucleoplasm and is formed by a class of intermediate 

filaments called lamines. The lamine filaments cross at right angles to form 

an irregular anastomotic network that provides mechanical support to the 

envelope, determining the shape of the nucleus and providing the binding site 

for a variety of proteins that anchor chromatin (Gruenbaum, 2005). 

In mammalian cells, large portions of the genome associate with the nuclear 

lamina at the periphery of the nucleus and are identified as lamina-associated 

domains (LADs). LADs are essentially composed of regions with silent 

chromatin molecular features (Peric-Hupkes et al., 2010).  

Sequences belonging to LADs are detected in all chromosomes, usually as 

domains ranging from 100 kb to 10 mb. LADs are characterized by low gene 

density and replicate in late S phase (Luperchio et., 2018; Chen et al., 2018). 

Accordingly, LADs, like NADs are rich in di- and trimethylated H3K9 

(H3K9me2 and H3K9me3) (Guelen et al., 2008; Lund et al., 2014). This 

repressed state is reached also through histone deacetylation, as 

demonstrated for instance by the interactions of LAP2β with HDAC3 (Somech 

et al., 2005) and of A-type lamins with the sirtuins SIRT1 and SIRT6 (Ghosh 

et al., 2015). Reporter genes inserted into LADs show lower expression than 

in inter-LAD regions, demonstrating again the role of nuclear lamina 

anchoring in gene silencing (Akhtar et al., 2013). Moreover, changes in gene 

expression depending on their association with the nuclear lamina have been 

observed during cell differentiation (Rønningen et al. 2015; Robson et al., 

2016; Peric-Hupkes et al., 2010, Lund et al., 2013). 

NADs and LADs share many molecular features of heterochromatin. This 

evidence led to the hypothesis that the nucleolus and nuclear lamina could 

serve as interchangeable scaffolds for the localization of heterochromatic 

domains that attracted portions of the genome to be silenced. Accordingly, 

some studies reported that LADs from the mother cell after mitosis division 

can be positioned to the nucleoli of the daughter cells (Kind et al., 2013; 

Ragoczy et al., 2014) and similarly that NADs can relocate from nucleoli 

nearby of the nuclear envelope (van Koningsbruggen et al., 2010).  

However, some studies highlighted the differences between these domains. 

For instance, SPRITE analysis provided an important distinction between 

NADs and LADs by determining the presence of inter-chromosomal contacts 

at the same nucleolus, while lamina-associated interactions generally occur 
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between regions that are linearly close to each other (Quinodoz et al., 2018). 

Vertii and colleagues also found a subset of perinucleolar chromatin which is 

rarely distributed to the lamina. Specifically, through biochemical purification 

of nucleoli followed by deep sequencing, they found distinct classes of loci 

belonging to NADs and they proposed a software to analyze the sequencing 

data called “NADfinder” to individuate sequences specifically associated with 

NADs based on their molecular properties and some bioinformatics 

inferences (Vertii et al., 2019).  

 

Figure 1.6: section of a mouse hepatocyte nucleus at TEM. NADs boundaries are indicated 

by red lines, while LADs boundaries by yellow lines. 

 

1.9 Techniques to discriminate heterochromatin from 

euchromatin 

 

1.9.1 Molecular approaches 

Different molecular and microscopic approaches can be used to distinguish 

the more compact heterochromatin regions from euchromatin. 

Molecular approaches are mainly based on the fact that the euchromatin 

regions show greater sensibility to enzymatic digestion than heterochromatin 
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due to the reduced association with proteins and major exposure of the naked 

DNA strand to enzymes. The first technique developed in this category was 

DNase-seq (DNase I hypersensitive sites sequencing) which is used to 

identify the location of regulatory regions, based on the genome-wide 

sequencing of regions sensitive to cleavage by DNase I (Boyle et al., 2008; 
Madrigal and Krajewski, 2012). A similar technique MNase-seq relies on the 

use of a non-specific endo-exonuclease, the micrococcal nuclease derived 

from Staphylococcus aureus, to bind and cleave protein-unbound regions of 

DNA (Schones et al., 2008, Klein and Hainer, 2019). While FAIRE-seq is 

based on the fact that the formaldehyde cross-linking is more efficient in 

nucleosome-bound DNA than it is in nucleosome-depleted regions of the 

genome. Then the selected non-cross-linked DNA in open chromatin is 

sequenced (Giresi et al., 2007). Later on, ATAC-seq was developed. It 

identifies accessible DNA regions by probing open chromatin with 

hyperactive mutant Tn5 Transposase that inserts sequencing adapters into 

open regions of the genome. In a process called "tagmentation", Tn5 

transposase cleaves and tags double-stranded DNA with sequencing 

adaptors. The tagged DNA fragments are then purified, PCR-amplified, and 

sequenced using next-generation sequencing (Picelli et al., 2014). 

Sequencing reads can then be used to infer regions of euchromatin as well 

as to map regions of transcription factor binding sites and nucleosome 

positions. The number of reads for a region correlates with the degree of 

chromatin accessibility (Buenrostro et al., 2015). 

1.9.2 Microscopy approaches 

Imaging DNA is possible thanks to DNA specific labels such as intercalating 

dyes like SYBR Green, TOTO-1, YOYO-1, SYTO and the minor or major 

groove binding dyes like  Hoechst and PicoGreen (Lakadamyali and Cosma, 

2015). 

Hoechst stains are a family of blue fluorescent dyes. These dyes bind to the 

minor groove of double-stranded DNA with a preference for sequences rich 

in adenine and thymine (AT-rich sequences) (Portugal J and Waring MJ, 

1988). 

DAPI is another fluorescent stain that binds strongly to AT-rich sequences 

and is used extensively in fluorescence microscopy (Kapuscinski, 1995).  

Acridine orange is an organic compound that serves as a nucleic acid-

selective fluorescent dye that interacts with DNA by intercalation and RNA via 

electrostatic attractions (Mirrett, 1982). When bound to DNA, acridine orange 

has a maximum excitation at 502nm and 525 nm (green); while when 

associates with RNA, it has a maximum excitation shift from 525 nm (green) 
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to 460 nm (blue). The shift in maximum excitation also produces a maximum 

emission of 650 nm (red) (Sharma et al., 2020).  

In all these cases, the heterochromatin regions which locally contain a major 

quantity of DNA due to their more compact conformation, tend to be more 

intensely stained. 

A more accurate method for imaging heterochromatin regions in sections of 

nuclei at transmission electron microscopy (TEM) is the EDTA regressive 

staining (Bernhard's technique)  which exploits EDTA as a chelating agent to 

reveal with heavy contrast cell structures containing RNA, while 

deoxyribonucleoproteins and heterochromatin lose most of the stain, so they 

appear as bleached or lighter portion in the nucleoplasm, usually localized 

close to the nucleolus and in the inner part of the nuclear envelope. 

Specifically, this happens because this procedure is based on the proposition 

that after staining ultrathin sections with uranyl, the stain is preferentially 

removed from DNA rather than RNA by the action of the chelating agent 

EDTA (Bernhard, 1969). 

Finally, the Feulgen reaction is a classic cytochemical method suitable to 

reveal DNA. Feulgen-positive sample sections exhibit a magenta (red-purple) 

color when observed at light microscopy or a red color under the fluorescence 

microscope. This technique was proposed by Robert Feulgen and Heinrich 

Rossenbeck in 1924 and nowadays is still used in cytogenetics, cell biology 

and cytopathology (Hardie et al., 2002, Biesterfeld et al., 2011, Nielsen et al., 

2012). During the Feulgen reaction, a Schiff reagent binds to aldehyde groups 

in the DNA molecule, previously engendered by HCl acid hydrolysis and 

resumes a red fuchsia colour. All reagents, which react specifically with 

aldehyde groups in the presence of H2SO3, are defined Schiff-like reagents 
(Biggiogera et al., 1996). At the beginning of the seventies, Gautier et al. 

synthetized an inorganic ammine of osmium and used it in transmission 

electron microscopy for the specific detection of DNA (Olins et al., 1989). This 

staining technique is based on a Feulgen-type reaction, consisting of acid 

hydrolysis to obtain free aldehyde groups on DNA followed by their binding to 

osmium ammine. Since the DNA interaction with the osmium ammine is 

specific, the nuclear domains characterized by high DNA concentration, like 

heterochromatin, appear dark on a lighter background (Biggiogera et al., 

1996). 
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1.10 Techniques to study 3D genome organization 

Genome sequencing has opened the way to a deep knowledge of our 

genome and that of model organisms, allowing a much faster annotation of 

coding sequences and providing information on possible functional aspects 

of non-coding regions. This shed light on many molecular features of genetic 

diseases previously unknown. Furthermore, subsequent assays based on 

sequencing have allowed identifying the position of epigenetic modifications 

in the DNA nucleotide base sequence, such as Whole Genome Bisulfite 

Sequencing, a next-generation sequencing technology used to determine the 

DNA methylation status of single cytosines (Clark, 1994).  

However, as previously described, the complex network of molecular 

processes that take place in the nucleus are profoundly influenced by the 

three-dimensional organization of chromatin. 

We have described how the wrapping of DNA around nucleosomes 

constitutes a first level of regulation of gene expression and how specific 

histone modifications can influence the binding or dissociation of histones 

from DNA and favouring or inhibiting the binding of specific protein 

complexes. Different protein complexes, in turn, can catalyze different 

chemical reactions on specific DNA sequences or build supportive structures 

to bring distal segments of DNA close together. ChIP-seq assay (Johnson et 

al., 2007) or the alternate method DamID (van Steensel et al., 2000), allowing 

to identify the binding sites of specific proteins along the DNA sequence, have 

provided a lot of fundamental information to understand this level of 

epigenetic regulatory mechanisms. Another variant is ChIP-on-Chip which 

combines ChIP with DNA microarray and allow the identification of protein 

biding site on DNA on a genome-wide basis. This technique is usually applied 

to determine binding sites of transcription factors, replication-related proteins, 

histones and their variants (Aparicio, 2004). 

An alternative microscopy approach to obtain information about the structure 

and dynamics of nucleic acids is Nucleic acid NMR spectroscopy. Parameters 

taken from the nucleic acids spectrum can provide information about their 

local structural features such as glycosidic bond angles, dihedral angles and 

sugar pucker conformations. This methodology has been used to probe the 

binding of nucleic acid molecules to other molecules, such as proteins or 

drugs. Moreover, for large-scale structures, NMR is useful for investigating 

bent helices, non-Watson–Crick base-pairing, coaxial stacking and the 3D 

conformation of RNA oligonucleotides (Bloomfield, 2000). 
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Over the years many microscopic and molecular biology techniques have 

been proposed to gain information about the three-dimensional conformation 

of chromatin and its chemical-physical properties in different cell types and 

under different physiological and pathological conditions. 

A molecular technique widely used to investigate the contacts between distal 

sequences of DNA to form topologically defined three-dimensional domains 

is the Chromosome Conformation Capture (3C) and its subsequent 

implementations (4C, 5C and Hi-C). The original 3C methodology allows 

studying the frequency of interaction between two specific genomic regions 

in a cell population (Denker and de Laat, 2016). The cells initially subjected 

to formaldehyde treatment to form stable crosslinks between genomic 

sequences physically close in the 3D conformation are then lysed and the 

chromatin is fragmented through the use of restriction enzymes. Thereafter, 

a ligation reaction is carried out in conditions of strong dilution to favour the 

binding between contiguous sequences. Finally, the ligation product between 

the two interacting sequences is detected by PCR. Thanks to 4C (circularized 

3C) is possible to determine the interactions established by a specific DNA 

sequence with the other genome sequences. While 5C assay (3C Carbon 

copy) revealed the contacts between many selected genomic regions. Finally, 

Hi-C offers the possibility of studying the interactions that occur genome-wide 

(Belton et al., 2012). 

Microscopy studies were carried out in parallel with the molecular 

approaches. In fact, if the latter provides a type of high-throughput data on a 

large cell population, on the other hand, the microscopy techniques allow 

direct visualization of the dynamics of the DNA organization in the nucleus 

and the one can confirm the results obtained with the others and vice versa. 

Concerning the microscopy techniques, the fluorescence in situ hybridization 

(FISH) and chromosome painting, from the 70s onwards, showed the 

localization of specific chromosome portions within the nucleus (Tucker, 

2015). Thanks to implementations in fluorescence microscopy techniques, 

FISH assays have evolved to the 3D visualization of specific DNA regions or 

even RNA molecules within nuclear space. This methodology is called 3D 

FISH and is made possible thanks to a fixation strategy that preserve the 

nuclear structure as much as possible and CLSM (confocal laser scanning 

microscopy) microscopy which allows 3D reconstruction of the nucleus, 

through serial acquisition of optical sections. Moreover, thanks to specific 

adaptations is now possible the visualization of multiple target sequences, 

marked through the use of different fluorescent molecules (Walter et al., 

2006). 
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However, optical microscopy has a resolution limited by the forced use of 

wavelengths in the visible range and by diffraction phenomena, so it is not 

suitable for resolving structures below 200-300nm. Lately, thanks to the 

advent of super-resolution microscopy techniques, the study of chromatin 

organization on a nanometer scale has begun to become possible 

(Lakadamyali and Cosma, 2015). Chromosome organization was observed 

dynamically in vivo thanks to super resolution microscopy techniques, such 

as the combination of PALM (photoactivated localization microscopy) and 

single-nucleosome tracking (Nozaki et al., 2017). In addition, the use of the 

CRISPR / Cas9 system applied to cell imaging allows following the dynamics 

of specific genomic loci with great precision in time-lapse in living cells 

(Bukhari and Müller, 2018). 

 

1.11 Ageing 

Ageing is an inevitable fate of life characterized by a progressive physiological 

decrease of tissues and organs functionality, which increases the risk of 

mortality for the organism. In fact, ageing is associated with higher 

susceptibility to cancer, neurodegeneration, cardiovascular diseases, and 

metabolic disorders (Brunet and Berger, 2014; Kennedy et al., 2014; 

Moskalev et al., 2014). 

The ageing process is influenced by various environmental, genetic and 

epigenetic factors. For instance, in 1935, calorie restriction was found to 

greatly extend lifespan in rats (McCay et al., 1935) then many studies in 

different animal models confirm this trend (Fontana et al., 2010; Piper et al., 

2011; Vermeij et al., 2016); while it is known that rare human mutations can 

cause accelerated ageing diseases (Coppedè, 2021). This evidence has 

drawn attention to investigating possible strategies to delay ageing and 

improve human quality of life.  

Individuals of the same age may age at different rates. Quantitative 

biomarkers of aging can be a way to measure physiological age and 

potentially predict individual health span and life span (Kooman et al., 2019). 

Establishing biological features of ageing is challenging. Criteria based on 

phenotype and some biomarkers have been proposed. Phenotypically ageing 

is characterized by frailty, reduced physical function, and cognitive 

dysfunction, but these are not definite criteria and given the complex nature 

of the ageing process, the biomarkers of ageing are multilayered and 

multifaceted (Kooman et al., 2019). 
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A decrease in telomere length is considered a marker of ageing. In particular, 

the length of telomeres in leukocytes has been associated with life span 

duration and age-related diseases, such as cardiovascular diseases 

(Rehkopf et al., 2016; Hammadah et al., 2017) cancer (Blackburn et al., 2015) 

and neurological disorders (Eitan et al., 2014). DNA damage and repair have 

also been implicated in ageing since cells accumulate genomic 

rearrangements over time. This was directly probed by the controlled 

induction of DNA double-strand breaks in mouse liver which caused the onset 

of ageing pathologies (White et al., 2015).  

Ageing have been related to many changes in epigenetics features and 

patterns, among which variation in methylation profile have drawn the 

attention of many researchers and will be discussed more in details in the 

next section. 

RNA sequencing (RNA-seq) has been very useful in determining changes in 

transcriptome during ageing and in defining molecular biomarkers of ageing. 

In particular, cell-to-cell expression variations have been highlighted by 

single-cell RNA-seq in blood cells and was associated with ageing and 

disease susceptibility (Lu et al., 2016). 

It is quite likely that ageing process is related to changing in cellular and 

organism metabolism. In fact, as mentioned previously, dietary restriction is 

one of the most accepted strategy to extend life span and health span from 

yeast to mammals and different metabolic factors have been indicated as 

possible ageing biomarkers. The insulin/insulin-like growth factor 1 (IGF-1) 

signaling (IIS) pathway, which participates in glucose sensing, is the most 

known pathway to influence longevity. IGF-1 declines in mouse models of 

premature ageing, whereas decreasing IIS activity extends life span 

(Schumacher et al., 2008, Corpas et al., 1993, Crimmins et al., 2008). Another 

example is the target of rapamycin (mTOR) protein and its downstream 

target: the phosphorylated S6 ribosomal protein (p-S6RP Inhibition of 

mTOR). Their expression increases with age and therefore their inhibition 

was demonstrated to increase lifespan (Johnson et al., 2013; Dieterlen et al., 

2012; Bajwa et al., 2016). 

Oxidative stress has long been regarded as an ageing biomarker. It occurs 

due to an imbalance between the production and the accumulation of oxygen 

reactive species (ROS) in cells and tissues and the ability of a biological 

system to detoxify these reactive products. ROS include Superoxide radicals 

(O2•−), hydrogen peroxide (H2O2), hydroxyl radicals (•OH), and singlet 

oxygen (1O2); they are generated as metabolic by-products by biological 

systems (Sato et al., 2013; Navarro-Yepes et al., 2014). Processes, like 
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protein phosphorylation, activation of several transcriptional factors, 

apoptosis, immunity, and differentiation, generate ROS and their presence 

inside cells need to be kept at a low level (Kumar Rajendran et al., 2019). 

Increased ROS production has harmful effects on different cell components, 

affecting proteins, lipids and nucleic acids structures (Wu et al., 2013). The 

concentration of these biomarkers in body fluids can be detected via high-

performance liquid chromatography and mass spectrometry. Oxidative stress 

can be responsible for the onset and/or progression of several diseases, such 

as cancer, diabetes, metabolic disorders, atherosclerosis, and cardiovascular 

diseases (Taniyama and Griendling, 2003). 

One important source of oxidative stress are mitochondria. However, 

mitochondria dysfuctions have been implied in ageing process even 

independently of reactive oxygen species production. Mitochondrial 

dysfunction has an important role in the ageing process (Piko et al., 1988). 

Increasing age in mammals correlates with accumulation of somatic 

mitochondrial DNA (mtDNA) mutations and decline in respiratory chain 

function (Soong et al., 1992; Corral-Debrinski 1992). Tissues particularly 

subjected to this decline are heart, skeletal muscle, colonic crypts and 

neurons. Moreover, Respiratory-chain-deficient cells are prone to apoptosis 

and increased cell loss is likely a relevant consequence of age-associated 

mitochondrial dysfunction (Trifunovic and Larsson, 2008). 

An oxidative independent protein alteration is for example protein 

carbamylation, a post-translational modification that occur throughout the 

whole life span, leading to accumulation of carbamylated proteins (Gorisse et 

al., 2016) which is considered a hallmark of molecular ageing and  ageing-

related diseases (Verbrugge et al., 2015). Another ageing biomarker in this 

category is the accumulation of the Advanced glycation end products (AGEs), 

a heterogeneous group of bioactive molecules formed by non-enzymatic 

glycation of proteins, lipids, and nucleic acids (Semba et al., 2010), that leads 

to inflammation (Thorpe et al., 1996), apoptosis (Hanssen et al., 2014), 

obesity (Savej et al., 2016) and other age-related disorders (Brownlee et al., 

1995).  

More in general, a hallmark of many age-related diseases is the dysfunction 

in protein homeostasis (proteostasis), leading to the accumulation of protein 

aggregates. In healthy cells, proteostasis is provided by molecular 

chaperones, proteolytic machineries and their regulators. These factors 

coordinate protein synthesis assisting polypeptide folding, the conservation 

of protein conformation and proper protein degradation. However, sustaining 

proteome balance is a challenging task influenced by various external and 

endogenous stresses that accumulate during ageing. These stresses lead to 
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the decline of proteostasis network capacity and proteome integrity. The 

resulting accumulation of misfolded and aggregated proteins affects, in 

particular, postmitotic cell types such as neurons, leading to disease (Hipp et 

al., 2019). A prominent role in the regulation of proteostasis and in other 

processes that influence ageing such as cell proliferation, senescence and 

apoptosis is the nucleolus as discussed in paragraph 1.13. 

 

 

Figure 1.7: The hallmarks of ageing. Adapted from Lopez-Otin et al., 2013. 

 

1.12 Heterochromatin and ageing 

As described in the previous section ageing can be affected by a variety of 

external and internal factors, including diet, metabolic dysfunction, genome 
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instability. These ageing factors shape transcriptome changes related to the 

aging process through chromatin remodeling. Many epigenetic regulators, 

such as histone modification, histone variants, and ATP-dependent chromatin 

remodeling factors, play roles in chromatin reorganization during ageing (Lee 

et al., 2020).  

Generally, a gradual loss of heterochromatin was proposed as a major factor 

in generating alterations in gene expression with ageing, mainly because of 

the consequences of aberrant de-repression of specific genes or genomic 

portions that should be kept silenced in a specific differentiated cell type 

(Villeponteau,1997). Moreover, different studies suggested that the aged cell 

nucleus show a general loss and disorganization of histones. This is assumed 

to lead to the dysregulation of the underlying genes. In fact, it seems that 

overexpression of the histones could dramatically extend lifespan in yeast 

(Feser et al. 2010). Concerning humans, it was demonstrated, for instance, 

that in individuals affected by Hutchinson-Gilford progeria syndrome (HGPS), 

a disease which determines precocious and abnormal aged phenotype, the 

altered Progerin expression leads to rapid and widespread loss of 

heterochromatin (Chojnowski et al. 2020). More in detail, nuclei from HGPS 

patients show a loss of peripheral heterochromatin and of the relative histone 

modifications H3K9me3, H3K27me3, while an opposite behavior was 

observed for H4K20me3, which was found upregulated (Arancio et al. 2014). 

On the contrary, it was also reported, a progressive “heterochromatinization” 

of the nucleus over time, which would have however detrimental effects, 

leading to a decrease in the repair processes and increase in the frequency 

of chromosomal aberrations. In fact, it was proposed that the higher degree 

of chromatin condensation in aged cells would act as a sort of obstructive 

barrier to the access of the repairing enzymes to DNA (Lezhava 1984; 

Lezhava et al. 2012). Moreover, age-related DNA hypermethylation was 

observed at specific genomic regions, while hypomethylation at others and, 

for instance, global H3K27me3 level increases with age in mice skeletal 

muscle stem cells (Liu et al. 2013), while it decreases with age in C. elegans 

(Ni et al. 2012). Therefore, the changes in the heterochromatin organization 

seem to be influenced by the locus- and cell-type-specific dynamics. 

 

1.13 Nucleolus and ageing 

Ageing research has recently been focused on the identification of genes that 

alter the ageing rate when mutated. The highly repeated structure of the 

ribosomal DNA (rDNA) and its high rates of transcription make it particularly 

vulnerable to genome instability and damage. Multiple studies have reported 

a link between rDNA stability and cellular ageing, as well as the association 
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of proteins involved in genome integrity transiting the nucleolus. Several 

nucleolar localized proteins including tumor suppressor ARF and 

Nucleophosmin, which assist ribosomal protein assembly, regulate cellular 

senescence by modulating the stability of p53 (Ko et al., 2016) (Colombo et 

al., 2002). Aged cells show alterations in nucleolar morphology. In particular, 

pre-senescent cells exhibit multiple small-sized nucleoli, while senescent 

cells show a single enlarged nucleolus (Bemiller and Lee, 1978). It was 

observed that ageing in yeast is accompanied by nucleolar enlargement and 

fragmentation. Concordantly, the premature ageing disorder HGPS leads to 

nucleolar expansion and increased ribosome biogenesis. Ribosome 

biogenesis is one of the most energy demanding processes in the cell. It 

requires about 80% of cellular energy reserves. Major perturbations in the cell 

have repercussions at the level of ribosome biogenesis and conversely, 

factors involved in ribosome biogenesis can regulate other processes. Due to 

its crucial role in ribosome biogenesis, the nucleolus actively determines the 

metabolic state of a cell (Tiku and Antebi, 2018). Recent literature highlights 

the crosstalk of different nucleolar functions with some well-established 

hallmarks of ageing such as genomic instability, telomere attrition, epigenetic 

modifications, and perturbations in proteostasis (Lopez-Otin et al., 2013). 

Lemos and Wang using whole-genome sequencing and reduced-

representation bisulfite sequencing methods search for methylation profiles 

comparing samples from different organisms. From the mouse datasets, they 

identified CpG sites in the rDNA that showed increased methylation with age. 

This led to propose a model in which rDNA CpG methylation could be used 

as age molecular clock. This molecular clock was subsequently tested in 

human and roughly correspond with age of human samples (Wang and 

Lemos, 2019). A modest reduction in protein synthesis is known to extend 

lifespan (Tiku and Antebi, 2018). Downregulation of genes encoding multiple 

ribosomal proteins has been also connected to a longer lifespan in yeast and 

C. elegans (Hansen et al., 2007; Syntichaki et al., 2007). Multiple factors 

involved in ribosome biogenesis have been implicated in ageing. A study 

reported the role of nucleolar GTPase NOG-1 in regulating lifespan in C. 

elegans. Nog-1 is critical for the maturation of the 60S ribosomal subunit. 

RNAi against Nog-1 significantly increased the lifespan of worms while 

overexpression of this gene led to a reduction in lifespan (Kim et al., 2014). 

Also, the nucleolar methyltransferase Fibrillarin, which is required for rRNA 

maturation, was found to be downregulated in different longevity models of 

C. elegans, Drosophila, and mouse, as well as humans undergoing modest 

dietary restriction and exercise (Tiku et al., 2017). Additionally, the reduction 

in the levels of the rRNA methyltransferase NSUN5 was associated with 

increased stress tolerance and lifespan in yeast, worms, and flies 

(Schosserer et al., 2015). More in general, trends of reduction in nucleolar 

size, rRNA levels, and ribosomal proteins have been reported in different 
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long-lived organisms like worms and flies, suggesting that smaller nucleoli 

and reduced ribosome biogenesis can be considered as cellular hallmarks of 

longevity (Tiku and Antebi, 2018). 

Several scientific studies mentioned in this dissertation show how the 

molecular dynamics of the nucleolus and chromatin influence and are 

profoundly influenced by cell stress and ageing. For this reason, in this study, 

we wanted to investigate some aspects of these nuclear processes by 

analyzing specific cell stress conditions that can contribute positively or 

negatively to ageing and which will be introduced in the following sections. 

 

Figure 1.8: Different environmental stimuli can accelerate or slow down ageing progression affecting 
epigenetics and genome organization. Modified from Pennington et al., 2015. 

 

1.14 The toxicity of mercury chloride and its effects on liver 

Mercury is a highly toxic element, which represents one of the main agents 

responsible for environmental pollution and it is the third most dangerous 

heavy metal, after arsenic and lead, according to the Agency for Toxic 

Substance and Disease Registry (ATSDR) (Zhang et al. 2017).  

Mercury toxicity and its exposure is a global concern because it is widespread 

in the environment and induces severe alterations and a broad range of 

adverse effects on health. Its industrial, domestic, agricultural, medical and 

technological applications have led to its wide distribution (Altunkaynak et al. 

2015). Both humans and animals in fact are exposed to various chemical 

forms of mercury, mainly as elemental mercury (Hg0), organic mercury 
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(mainly methylmercury), and inorganic mercury mainly mercury chloride 

(HgCl2) (Aleo et al., 2002).  

It is toxic and corrosive, once absorbed into the bloodstream it can bind to the 

plasma proteins or enters the erythrocytes. Moreover, it crosses biological 

membranes and easily forms organo-mercury complexes with proteins 

(Uzunhisarcikli et al. 2016).  

HgCl2 is metabolized primarily in the liver and accumulates in the kidneys; 

consequently, these are considered the main target organs for mercury 

damage (Abdel Moneim, 2015).  

Since mercury has a strong affinity for endogenous biomolecules associated 

with –SH group, it combines with thiol-containing proteins, peptides and 

amino acids, leading to a profound deterioration of fundamental metabolic 

processes (Wiggers et al., 2008). In fact, HgCl2 liver accumulation induces 

oxidative stress, depletion of glutathione, and mitochondrial depolarization, 

due to interference of intracellular mercury with enzyme functions, disturbing 

ATP production and protein synthesis (Joshi et al., 2017; Agarwal et al., 

2007). Cell physiology and integrity are altered due to decreased GSH and 

GSH depending enzyme activity, leading to an increase in ROS, which 

provokes lipid, protein, and DNA oxidation (Abarikwu et al., 2018). In addition, 

HgCl2 is a potent apoptosis inducer, through cytochrome c release, activation 

of p38 mitogen-activated protein kinases (MAPK) and increase in nuclear 

factor kappa-B (NF-κB) level (Yang et al., 2016).  

In the clinic, chelating agents are used for medical treatment of mercury 

toxicity, because they form chelation compounds with toxic metal ions, thus 

eliminating them from the body easily by the excretory system. However, 

these treatments show some toxicity and are ineffective in repairing tissue 

damage (Moneim, 2015; Yang et al., 2016; Joshi et al., 2017).  

 

1.15 The epigenetic interplay between nutrition and ageing  

Ageing is often associated with oxidative stress and a decreased 

effectiveness of metabolic pathways. However, different studies have 

suggested that calorie restriction (CR) could reduce these aberrations (Sohal 

and Weindruch, 1996; Li et al., 2011). Epigenetic mechanisms have also 

been determined to be major contributors to nutrition-related longevity (Li and 

Tollefsbol, 2011; Mercken et al., 2013). The food intake quantity plays a 

pivotal role in the prolonging of life-span and influencing the development of 

various diseases, but also the quality of diet has a great impact on these 
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processes. Moreover, the environmental factors can have marked effects on 

the epigenome and they can be modulated partly by diet. Because diet can 

influence epigenetic changes, utilizing dietary compounds to target, treat and 

even prevent certain diseases has become an area of great interest (Dzau et 

al., 2019).  

Nutrition affects global DNA methylation status throughout lifespan with 

different effects in different tissues. Changes in the global DNA methylation 

status may represent an epigenetic mechanism by which age and nutrition 

influence each other and cell plasticity. In mammals, nutrient availability has 

been shown to induce epigenetic modifications at both global and locus-

specific levels through a variety of molecular mechanisms. For instance, the 

bioavailability of S-adenosylmethionine (SAM), the substrate for the 

methyltransferase reactions, is regulated by the dietary intake of vitamin B2, 

B6, and B12 (Kim et al., 2009; Feil and Fraga, 2012). Moreover, some studies 

reveal that rodents subjected to a diet deficient or supplemented with methyl 

donors show a global DNA hypo-methylation and hyper-methylation profile, 

respectively (Waterland et al., 2008; Pogribny et al., 2009; Li et al., 2015; 

Farias et al., 2015). More in general, CR leads to alterations in DNA 

methylation patterns likely by modulating DNMT activities (Li et al., 2011; 

Maegawa et al., 2017).  

Some organisms show rapid ribosomal DNA amplification at specific times or 

under specific nutrient conditions. For example, TOR signaling was reported 

to stimulate ribosomal DNA (rDNA) amplification in budding yeast, linking 

external nutrient availability to rDNA copy number. This amplification is 

regulated by Sirt1, Hst3, and Hst4 histone deacetylases, which control 

homologous recombination- dependent and non homologous recombination-

dependent amplification pathways, to mediate rapid ribosomal DNA copy 

number change (Jacka et al., 2015).  

Ageing, CR and fat source are all factors that influence apoptotic signaling in 

liver, an organ that plays a central metabolic role in the organism. Apoptotic 

index (DNA fragmentation) and mean nuclear area increase in aged animals 

except for calorie-restricted mice. This suggests possible protective changes 

in hepatic homeostasis with ageing in the calorie-restricted animal (López-

Domínguez et al. 2014). 
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1.16 Dexamethasone 

Glucocorticoids are a class of Corticosteroids. They are synthesized in the 

adrenal cortex and their name derives from their role in the regulation of 

glucose metabolism and their steroidal structure. 

Glucocorticoids show anti-inflammatory properties. Therefore, they are used 

in medicine to treat a variety of autoimmune disorders, allergies, asthma, and 

sepsis. They have many diverse (pleiotropic) effects, including the potentially 

harmful side effect (Rhen and Cidlowski, 2005).  

When bind to their receptor, glucocorticoids activated glucocorticoid receptor-

glucocorticoid complex that up-regulates the expression of anti-inflammatory 

proteins in the nucleus and represses the expression of proinflammatory 

proteins in the cytosol (Cain and Cidlowski, 2017). 

Glucocorticoid effects may be classified into two major categories: 

immunological and metabolic. Additionally, they play important roles in fetal 

development and body fluid homeostasis. 

Glucocorticoids affect especially glucose metabolism. Cortisol in the fasted 

state stimulates several processes that collectively increase glucose in the 

blood (Kuo et al., 2015). Their metabolic effects include stimulation of 

gluconeogenesis, especially in the liver, by activating the synthesis of glucose 

from non-hexose substrates, such as amino acids and glycerol and by 

increasing the expression of the enzymes involved in this process (Kuo et al., 

2015). Additionally, Glucocorticoids mobilize amino acids from extrahepatic 

tissues which are used as substrates for gluconeogenesis (Kuo et al., 2015). 

Glucocorticoids inhibit glucose uptake in muscle and adipose tissue and 

stimulate fat breakdown in adipose tissue used for the production of energy 

in tissues like muscle (Kuo et al., 2015).  
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Figure 1.9: Cortisol effects on glucose homeostasis in peripheral tissues. Adapted from Kuo 

et al., 2015. 

Dexamethasone (DEX) is a synthetic glucocorticoid. It is on the World Health 

Organization's List of Essential Medicines. Dexamethasone has been used 

as a potent immunosuppressive therapeutic agent for several inflammatory 

diseases, as it suppresses the expression of inflammatory genes including 

TNF-α, cyclooxygenase-2, and inducible nitric oxide synthase via the 

inhibition of NF-kB activation (Jobe et al., 2020). Furthermore, DEX has been 

shown to inhibit apoptosis in human and rat hepatocytes (Bailly-Maitre et al. 

2001) or induce apoptosis in other cells including thymocytes (Marchetti et al. 

2003) and lymphocytes (Ruiz-Santana et al., 2001). The antiapoptotic effect 

by DEX is regulated by several sets of genes, the best characterized of which 

are the Bcl-2 family such as Bcl-2 and Bcl-xL, which prevent spontaneous 

apoptosis of cultured primary hepatocytes (Bailly-Maitre et al. 2001). It is also 

known that DEX abolishes TNF-α-induced cytoxicity of several tumor cell 

lines via inhibition of phospholipase A2 activity (Messmer et al., 2001). People 

with cancer undergoing chemotherapy are often given dexamethasone to 

counteract certain side effects of their antitumor treatments. In brain tumors 

(primary or metastatic), dexamethasone is used to counteract the 

development of edema, which could eventually compress other brain 

structures. (Jessurun et al., 2019). Dexamethasone is also used as a direct 

chemotherapeutic agent in certain hematological malignancies, especially in 

the treatment of multiple myeloma, in which dexamethasone is given alone 

or in combination with other chemotherapeutic drugs. 

Recently, Dexamethasone has been recommended by the National Health 

Service in the UK and the National Institutes of Health (NIH) in the US for 



 INTRODUCTION  

43 
 

patients with COVID-19 who need either mechanical ventilation or 

supplemental oxygen, otherwise, it is not recommended. (Horby et al., 2021; 

Theoharides and Conti, 2020; Vecchiè et al., 2021). 

Finally, it may be given to women at risk of delivering prematurely to promote 

maturation of the fetus' lungs. This administration, given from one day to one 

week before delivery, has been associated with low birth weight, although not 

with increased rates of neonatal death (Bloom et al., 2001).  The long-term 

use of dexamethasone may result in thrush, bone loss, cataracts, delayed 

wound healing, or muscle weakness and increased risk of infection (medically 

reviewed, 2021, https://www.drugs.com/sfx/dexamethasone-side-effects). 

 

1.17 Senescence 

Senescence is the gradual deterioration of functional characteristics in living 

organisms. Senescence refers to cellular senescence or to whole organism 

senescence. Organismal senescence involves an increase in death rates 

and/or a decrease in fecundity with increasing age, at least in the latter part 

of an organism's life cycle. Cellular senescence is a stable cell cycle arrest 

that can be triggered in normal cells in response to various intrinsic and 

extrinsic stimuli, as well as developmental signals (Di Micco et al., 2006; 

Kuilman et al., 2010; Passos et al., 2010; García-Prat et al., 2016; Mikula-

Pietrasik et al., 2020). Senescence is a highly dynamic, multi-step process, 

during which the properties of senescent cells continuously evolve depending 

on the context (Van Deursen, 2014; Boisvert et al., 2018). Senescent cells 

remain viable, but have dramatic alterations in metabolic activity and in gene 

expression and develop a complex senescence-associated secretory 

phenotype (Kumari and Jat, 2021). Cellular senescence can compromise 

tissue repair and regeneration, contributing to ageing (Campisi et al., 2011). 

The senescence phenotype is often characterized by the activation of a 

chronic DNA damage response (DDR), the engagement of various cyclin-

dependent kinase inhibitors (CDKi), enhanced secretion of proinflammatory 

and tissue-remodeling factors, induction of antiapoptotic genes, altered 

metabolic rates and ER stress. The alterations in these pathways lead to 

structural aberrations, such as enlarged and more flattened morphology, 

altered composition of the plasma membrane, accumulation of lysosomes 

and mitochondria and nuclear changes (Hernandez-Segura et al., 2018). 
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Figure 1.10: Causes and consequences of senescence. Adapted from López-Otín et al., 

2013.
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2. AIM 

Ageing is a multi-factorial process in which the organism continuously adapts 

the progressive accumulation of damages to the system maintenance over 

time.  

The purpose of my PhD project was to study the effects of ageing and of 

various stressful conditions that could affect this process by accelerating or 

slowing it down in hepatocytes. This study was conducted on the murine 

model, both on mouse hepatic tissue and on the mouse hepatocyte cell line 

AML12. 

We investigated the effects of cell stress and ageing on the nucleus with a 

specific focus on the changes induced in the heterochromatin organization 

and the nucleolar activity.  

Many studies have described the effects of stressful cues and liver exposure 

to toxicants at the level of the entire tissue or focusing on cytoplasmic 

metabolic processes, while, often, little information is found about the effects 

on the nucleus. 

Although investigating tissue macro-alterations and changes in metabolic 

pathways is important, it should be considered that variations in the quantity 

or activity of the enzymes involved in these pathways or changings in tissue 

features are only secondary to alterations of molecular processes that occur 

in the nucleus, the primary center of control of cell metabolism. 

For some cell stress conditions examined in this study, there are wider 

amount of data in the scientific literature even focused on nuclear features 

and molecular processes; however, most of these are obtained through 

molecular biology approaches, while there are still poor direct observations 

of nuclear dynamics at the ultrastructural level. For this reason, this study was 

mainly carried out by microscopy methodologies and especially through 

electron microscopy. 

Finally, it seemed important to us to focus on the dynamics of 

heterochromatin domains because this provides information on the general 

gene expression rate in a given condition. On the other hand, investigating 

the nucleolar activity provides indications on the next step of protein 

synthesis, since the nucleolus is primarily involved in the production of 

ribosomes that are necessary for mRNA translation into proteins. 

Furthermore, as described in the introduction, given the profound influence of 

nucleolar activity on cell metabolism and vice versa, obtaining information on 
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this parameter is an important element in understanding the effects of ageing 

and cell stress. 
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3. MATERIALS AND METHODS 

 

3.1 Mouse liver tissue 

 

3.1.1 Young and old mice liver tissue 

Liver was isolated from 3 months old (young) and 24 months old (old) male 

and female mice, strain B6D2F1. Liver tissue samples were quickly collected 

in the fixation solution of 4% PFA in Sörensen phosphate buffer at pH 7.2 for 

2 hours at 4°C. Then, after PBS washes and NH4Cl incubation for 30 minutes, 

samples were directly dehydrated in graded ethanol to be embedded in 

LRWhite resin. Finally, the embedded samples were polymerized at 60° for 

24h and thin sections were collected on formvar-carbon-coated nickel grids 

(300 Mesh) for transmission electron microscopy. However, the described 

procedure was not directly carried out since these embedded samples were 

present in the material archive of Prof. M. Biggiogera from the University of 

Pavia and Lausanne. 

3.1.2 Liver tissue exposure to the toxicant HgCl2 

Four 5-week-old female and 6-month-old male B6C3F1 mice were purchased 

from Charles River (Como, Italy). Animals were maintained under controlled 

room conditions (22 °C, with 60% air moisture, and 12L:12D photoperiod). 

Liver was isolated from a 3 months old mouse of the resulting F1 offspring. 

Liver was cut into small pieces and immersed in DMEM F12 culturing medium 

added with 10µM HgCl2 (treated tissue) or without HgCl2 as untreated control 

for 1h at 37°C with 5% CO2. Time and doses of HgCl2 treatments were chosen 

on the basis of previous studies (Niemen et al., 1990; Palmeira and Madeira, 

1997). 

 

3.2 Cell cultures 

 

3.2.1 AML12  

AML12 mouse hepatocytes were grown in 25 cm2 flasks according to the 

manufacturer's instructions: in DMEM F12, supplemented with 10% fetal 

bovine serum (FBS), 10 µg/ml insulin, 5.5 µg/ml transferrin, 1X Penicillin / 

Streptomycin, 5 ng/ml selenium and 40 ng/ml (0,1µM) Dexamethasone in a 
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5% CO2 humidified atmosphere at 37°C. When 90% of confluence was 

reached cells were detached through mild trypsinization. 

3.2.2 AML12 exposure to the toxicant HgCl2 

We exposed AML12 hepatocytes to increasing dosages of HgCl2: 1µM, 5µM 

and 10µM by adding it in the complete cell culture medium for 1h and 

maintaining the cell according to their growth protocol at 37°C with 5% CO2 

in air atmosphere. 

3.2.3 AML12 serum depletion 

To mimic a condition of nutriment deprivation, we cultured AML12 cells with 

0.1% FBS for 5 days, instead of 10% FBS as for the AML12 control cell line 

(CTRL). Then cells were harvested and collected. 

3.2.4 AML12 Dexamethasone treatment 

We exposed AML 12 hepatocytes to 1µM Dexamethasone (10 fold more than 

the recommended dose used for the AML12 CTRL cells) by adding it in the 

cell culture media for 2h. Then cells were harvested for the downstream 

experimental procedures. Times and concentrations of Dexamethasone for 

this treatment were chosen on the basis of previous studies (Oh et al., 2006; 

Kimura et al., 2011). 

3.2.5 AML12 senescence induced hepatocytes 

AML12 cells were grown according to Singh et al. protocol to induce 

senescence in this cell line (Singh et al., 2020). When 50% confluency was 

reached, hepatocytes were treated with 1 mM H2O2 on day 1 and 750 µM 

H2O2 for the subsequent 5 days in serum-free DMEM:F12 medium, for 1 h 

each day. After treatment, serum-free DMEM:F12 medium containing H2O2 

was replaced with complete DMEM:F12 medium (containing 10% FBS, 1x 

ITS, 0.1µM Dexamethasone, and 1x penicillin and streptomycin) for a 23 h 

period of recovery each day. This cycle was repeated 6 times. 

 

3.3 Sample preparation for transmission electron microscopy 

 

3.3.1 Liver tissue sample preparation 

Tissue samples were fixed with 4% paraformaldehyde in PBS 1X pH 7.2-7.4 

at 4°C for 2h, incubated 30 minutes in NH4Cl 0,5 M at 4°C to block free 

aldehyde groups and rinsed 3 times using PBS 1X pH 7.2-7.4. 
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In all the experimental procedures in this study we used PBS 1X at pH 7.2-

7.4, indicated in the following parts as PBS. 

Physical dehydration with a graded ethanol series was performed prior the 

embedding in LR White acrylic resin, tissue samples were then incubated 30 

minutes in 50% ethanol and 50 % LR White; an overnight infiltration with LR 

White at 4°C follows. Tissue samples were finally embedded in gelatine 

capsules and resin polymerization was carried out at a temperature of 60 °C 

for 24 hours. 

Thin sections of 70–80 nm were cut with an ultramicrotome and collected on 

formvar-carbon-coated nickel grids (300 Mesh) for transmission electron 

microscopy. 

3.3.2 AML12 hepatocytes sample preparation 

Cells were harvested, centrifuged at 800 rpm for 10 minutes and fixed in 4% 

paraformaldehyde for 30 minutes at room temperature and 1 hours and 30 

minutes at 4 °C and then rinsed with PBS. Cells were centrifuged again at 

1200 rpm for 10 minutes. Pellets were stored at -80°C for RNA extraction and 

RT-qPCR analysis or pre-embedded in agar for immunocytochemistry at 

TEM.  Pre-embedding in agar is necessary to avoid sample loss in the 

following steps of sample preparation, which were the same reported for 

mouse liver tissue (paragraph 3.3.1). 

 

3.4 Immunocytochemistry at transmission electron microscopy 

The grids carrying samples ultrathin sections were floated on a drop of normal 

goat serum diluted 1 : 50 in PBS for 5 min at R.T. and then incubated 

overnight at 4 °C with the primary antibody diluted in Tween20 0,05% / PBS. 

The following day, after two rinses in tween20 0,05% / PBS and two rinses in 

in PBS, the incubation in NGS was repeated as in the first step, following by 

incubation with secondary antibody conjugated with 12nm colloidal gold 

grain, diluted in PBS, for 30 min at R.T. Finally, sections were rinsed two times 

in PBS and two in distilled water (dH2O) and allowed to dry. As negative 

control, the same experimental procedure was performed using an equal 

volume of Tween20 0,05% / PBS without the primary antibody. A 

counterstaining to increase the contrast of cells and tissue structure is 

required. For immunocytochemistry sections were counterstained by EDTA 

regressive technique described below. 

The primary antibodies used in this study were: GTX128960 Histone 

H4K20me3 (trimethyl Lys20), GTX121184 Histone H3K27me3 (Tri-methyl 
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Lys27) and GTX121677 Histone H3K9me3 (Tri-methyl Lys9) from GeneTex, 

Inc. Biotechnology Irvine, California. All the primary antibodies were diluted 

in tween20 0,05% / PBS. The dilution rate was 1:50 for H3K27me3, 1:100 for 

H4K20me3 and 1:10 for H3K9me3. The secondary antibody was 12 nm 

Colloidal Gold AffiniPure Goat Anti-Rabbit IgG (H+L) (EM Grade) from 

Jackson Immunoresearch Biotechnology West Grove, Pennsylvania. The 

secondary antibody was diluted 1:20 in PBS 1X pH 7.2-7.4. 

 

3.5 EDTA regressive technique  

Regressive staining is a technique used to counterstain sections in 

transmission electron microscopy which exploits EDTA as a chelating agent 

to reveal with heavy contrast cell structures containing RNA, while 

deoxyribonucleoproteins and heterochromatin lose most of the stain 

(Bernhard, 1969). In detail, after a pre-staining with uranyl acetate 4% 

aqueous solution, the thin sections were briefly floated on EDTA 0.2 M and 

finally were post-stained with lead citrate. Then sections were allowed to dry 

and finally visualized on JEM-1400 Flash JEOL electron microscope 

operating at 80 kV.  

 

3.6 HPMTs quantification and statistical analysis 

The quantification of H3K9me3, H4K20me3 and H3K27me3 immunolabeling 

interest was calculated as follows: 100 squares (each one with an area of 100 

nm2 for hepatocytes from cell culture and 200nm2 for hepatic tissue) were 

identified and the number of HPMT label, marked by gold grain and appearing 

as dark spots, per single area was counted. The measurement was 

performed considering 10 cells for each sample and 10 squares per single 

cell. Statistical significance was estimated by two-tailed unpaired Student's t-

test. P<0.05 was considered statistically significant. 

 

3.7 Immunofluorescence 

Semi-thin sections about 500nm in thickness from samples embedded in 

acrylic LR white resin, as described in details for TEM samples preparation, 

were cut using an ultramicrotome and deposited on a microscope slide. 

For γH2AX immunolabelling, AML 12 hepatocytes were cells were seeded on 

glass coverslips and left growing until 70-80% confluence. At this confluency, 
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cells were fixed in Methanol 100% for 20 minutes at -20°, followed by 30s in 

acetone and air-dried. 

In both cases, after rehydration with short washes in PBS, the slides were 

incubated with the primary antibody overnight at 4°C. Antibody excess was 

removed by rinsing samples with PBS. Specimens were then incubated with 

the specific secondary antibody coupled with Alexa Fluor 594 for 45 minutes 

at R.T. The secondary antibody was diluted 1:200 in PBS. The samples were 

washed with PBS. Finally, after some washes, the coverslips were mounted 

in 90% Glycerol/PBS to be observed at the fluorescence microscope 

Olympus BX51 with a mercury lamp of 100 W.  

The primary antibodies were the same listed in paragraph 3.4 for the EM 

immunocytochemistry and were used at the same dilution rate in PBS. γH2AX 

antibody (PA5-28778 from Thermo Fisher Scientific, Milan, Italy) dilution rate 

was 1:50. Secondary antibody used was F(ab')2-Goat anti-Rabbit IgG (H+L) 

Cross-Adsorbed Secondary Antibody conjugated with Alexa Fluor 594 (A-

11072) from Thermo Fisher Scientific, dilution rate of the secondary antibody 

was: 1:200 in PBS. 

Images were submitted to morphometric analyses using the software ImageJ 

(https://imagej.net/software/fiji/). The quantification of H3K9me3, H4K20me3 

and H3K27me3 immunolabeling was calculated as follows: we calculated the 

sum of fluorescent areas (integrated density) in each nucleus, scoring 50 

cells. Statistical significance was estimated by two-tailed unpaired Student's 

t-test. P<0.05 was considered statistically significant. 

 

3.8 Nuclear staining with Hoechst 33258  

For Hoechst staining, we used semi-thin sections prepared as for the 

immunofluorescence (paragraph 3.7). Sections were initially hydrated by 4 

washes in PBS, 2 minutes each and incubated 5 minutes in Hoechst 33258 

(1ug/mL in PBS) in the dark. 4 washes, 2 minutes each, followed by 1 wash 

for 5 minutes in PBS were then performed. Glass slide were finally mounted 

using 90% glycerol in PBS. Hepatic tissue and cells sections were imaged 

using an Olympus BX51 microscope. Images were submitted to 

morphometric analyses using the software ImageJ 

(https://imagej.net/software/fiji/). The quantification of the Hoechst signal was 

calculated as follows: we calculated the sum of fluorescent areas (integrated 

density) in each nucleus, scoring 50 cells per sample. Statistical significance 

was evaluated by two-tailed unpaired Student's t-test. P<0.05 was considered 

statistically significant. 

https://imagej.net/software/fiji/
https://imagej.net/software/fiji/


 MATERIAL AND METHODS 

52 
 

 

3.9 Osmium ammine staining   

The osmium ammine staining is used in transmission electron microscopy for 

the specific detection of DNA. It is based on a Feulgen-type reaction, 

consisting of acid hydrolysis to obtain free aldehyde groups on DNA followed 

by their binding to osmium ammine. Since the DNA interaction with the 

osmium ammine is specific, the nuclear domains characterized by high DNA 

concentration, like heterochromatin, appear dark on a lighter background 

(Biggiogera et al. 1996). The grids were laid on HCl 5N solution for 30 minutes 

in a well. Then, 7 quick rinses in dH2O followed by 3 rinses of 2 minutes each 

in dH2O were performed. Afterward, the grids were laid on osmium amine 

solution for 60 minutes and finally rinsed in dH2O in order to reduce 

precipitates formation as follows: 7 quick rinses, 3 rinses of 2 minutes each, 

3 rinses of 5 minutes each, 1 rinse of 20 minutes. At the end of each rinse, 

the grids were blotted on absorbent paper dish. As negative control, the 

reaction was also carried out by staining with osmium ammine, but avoiding 

the hydrolysis step with HCl 5N. 

For morphometric analysis, all specimens were observed with a Jeol JEM-

1200EXIII electron microscope equipped with a 30 mm objective aperture and 

operating at 80 kV. Images were analyzed using the software ImageJ 

(https://imagej.net/software/fiji/). The heterochromatin density was estimated 

by measuring the mean grey value of 50 heterochromatin areas for each 

condition. Statistical significance was evaluated by two-tailed unpaired 

Student's t-test. P<0.05 was considered statistically significant. 

 

3.10 Nuclear staining with Toluidine Blue  

Toluidine blue staining was performed by covering the tissue sections 

(prepared as previously described in paragraph 3.7), with a drop of the die 

and incubating for 5 min at 100°C. Sections were then washed thoroughly 

with dH2O to remove die excess, airdried, mounted in Mowiol (Sigma Aldrich) 

and finally imaged using Zeiss Axioskop 2 plus microscope. 

 

3.11 AgNOR staining  

AML 12 hepatocytes were cells were seeded on glass coverslips and left 
growing until 70-80% confluence. At this confluency, cells were fixed in 95% 
ethanol / 5% glacial acetic acid and post-fixed in Carnoy’s solution (absolute 

https://imagej.net/software/fiji/
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ethanol: Glacial acetic acid 3:1 (vol/vol)) for 30 min. Subsequently, cells were 
hydrated through graded alcohols to dH2O. A solution of 0.66% gelatin in 
dH2O was prepared, to which formic acid was added at a final 0.33% 
concentration. This solution was pre-warmed at 37°C and silver nitrate was 
dissolved in the gelatin–formic acid solution at a final 33% concentration. The 
slides covered with the fixed hepatocytes were immersed in the silver nitrate- 
formic acid-gelatin solution and put in an incubator at 37°C for 25 minutes. 
Afterward, the solution was poured off and the slides were washed in several 
baths of dH2O. Cells were then treated with 5% sodium thiosulfate solution, 
prepared extemporaneously, for 7 minutes and rinsed twice in dH2O. 
Coverslips were finally mounted using 90% glycerol in PBS and imaged using 
an Olympus BX51 microscope. Images were submitted to morphometric 
analyses using the software ImageJ (https://imagej.net/software/fiji/). We 
measured the NORs area of 50 nuclei per sample. Statistical significance was 
evaluated by two-tailed unpaired Student's t-test for the comparison of two 
groups or ANOVA test when comparing multiple conditions. P<0.05 was 
considered statistically significant. 

 

3.12 RT-qPCR 

5 million AML12 cell for each condition were cultured and collected as 

previously described. RNA was extracted from cell pellet using TriZol Ultra 

Pure Invitrogen kit and then subjected to DNase treatment using DNase I, 

RNase-free (Thermo Fisher Scientific, Milan, Italy), (1500 ng per sample were 

treated). 800 ng per sample were retrotranscribed using the RevertAid First 

Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Milan, Italy) according 

to the manufacturer's suggestions. Quantitative real‐time polymerase chain 

reaction (qRT‐PCR) was carried out with the Maxima SYBR Green qPCR 

Master Mix (2X; Thermo Fisher Scientific) according to supplier's indications, 

using a Rotor‐Gene 6000 PCR apparatus (Corbett Robotics Pty Ltd, 

Brisbane, Queensland Australia). Amplification conditions were as follows: 

denaturation at 95 °C for 10 min, 45 cycles of 95 °C for 15s and 60 °C for 30s, 

final extension at 72 °C for 30 s. Oligonucleotide primers are listed in Table 

3.1 below. Primers were designed using Primer3 

(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi/) and 

further verified with Oligo Analyzer (https://eu.idtdna.com/calc/analyzer). 

B2m and Tbp were used as reference genes to normalize gene target 

quantification, as they were validated by Gong and colleagues (Gong et al., 

2016).  

The raw, background-subtracted, fluorescence data provided by the Rotor-

Gene 6000 Series Software 1.7 (Corbett Robotics) was used to estimate PCR 

efficiency and threshold cycle number (Ct) for each transcript quantification. 

https://imagej.net/software/fiji/
https://eu.idtdna.com/calc/analyzer
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The REST2009 Software V2.0.13 (Qiagen GmbH, Hilden, Germany) and the 

Pfaffl method (Pfaffl et al., 2002) were used for relative quantification of the 

transcripts expression. Statistical significance was evaluated by two-tailed 

unpaired Student's t-test for the comparison of two groups or ANOVA test 

when comparing multiple conditions. P<0.05 was considered statistically 

significant 
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Table 3.1 

Gene  Primer sequence 

Ezh2 Fw TGGAGTTGGTAAATGCTCTTGG 

Ezh2 Rev CGGTGCCCTTATCTGGAAAC 

Kmt5B Fw CTGGAAGAACTGGCTCCTG 

Kmt5B Rev GGATGAGACCCTGGCAAATC 

Suv39h1 Fw AGGGGAGGAAGAAGTGGAAC 

Suv39h1 Rev CCAAGGGCAGGACAAGAAAG 

18S FW CGTTGATTAAGTCCCTGCCC 

18S R1 GGTTCACCTACGGAAACCTTG 

18S R2 CGCTCCTCCACAGTCTCC 

5.8S F1 CGCTCACACCCGAAATACCGA 

5.8S F2 GGTGGATCACTCGGCTCGTG 

5.8S Rev CAACCGACGCTCAGACAGGC 

28S F1 CGTGTCCCCCCTTTCTGAC 

28S F2 CGACCTCAGATCAGACGTG 

28S Rev GTCTTCCGTACGCCACATTT 

Ubtf Fw TGAGTCCAGCAGTGAAGATGA 

Ubtf Rev AGAATCCGAAGAGTCCCCTG 

Baz2a Fw GAGGAGGAGAGAGAGGTGG 

Baz2a Rev TGGGAAGGCGGGAATAAAC 

Rrp9 GTGAGTTCTTCGGGGTAGC 

Rrp9 CTCTTCATTCATTTTGCCGCC 

Rps18 Fw CGGAAAATAGCCTTCGCCAT 

Rps18 Rev ATCACTCGCTCCACCTCATC 

Rpl19 Fw AGACCAAGGAAGCACGAAAG 

Rpl19 Rev AAGAGGGCAACAGACAAAGG 

p16INK4a Fw GATGGTGTCTTGGGGGC 

p16INK4a Rev GGATGTTTGGGGCTGGAG 

Tp53 Fw GCTTTGAGGTTCGTGTTTGTGC 

Tp53 Rev CTTTTGCGGGGGAGAGGC 

Map1lc3b Fw AACCTTGACAGCCACGAATG 

Map1lc3b Rev CGAACTCAGAAATCCGCCTG 
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4. RESULTS 

 

4.1 NADs are highly methylated heterochromatin domains  

In most interphase eukaryotic cells, heterochromatin is distributed mainly 

close to the nucleolus forming the NADs and to the nuclear lamina forming 

the LADs (Németh et al. 2010; Kind et al. 2013; Ragoczy et al. 2014). More 

than one nucleolus can be observed in the cell nucleus, depending on the cell 

type and activity. Moreover, is unknown the mechanism that regulates the 

localization of nucleoli after mitosis; so they could be located in a central 

position in the nucleoplasm or more peripherally. Sometimes they are so 

close to nuclear envelope, that NADs and LADs are partially overlapping. Due 

to this partial overlapping and because they share some molecular features, 

many scientific studies consider these domains as the same and assume 

them to be randomly distributed at each mitosis (van Koningsbruggen et al. 

2010; Kind et al. 2013). 

Investigations on NADs and LADs molecular properties are usually carried 

out with the support of bioinformatics tools which predict, based on a series 

of biological inferences, that a particular sequence belongs to NADs or LADs 

(Vertii et al. 2019) or by immunofluorescence. Instead, although in a smaller 

number of nuclei, TEM allows one to visualize directly NADs and LADs in 

finer details than fluorescence microscopy and there is no need to make 

inferences to gain information. Considering the advantages of this technique, 

we decided to compare NADs and LADs for the distribution and density of 

three epigenetic modifications:H3K9me3, H3K27me3, H4K20me3. We chose 

these latter since NADs and LADs are heterochromatin domains and being 

these HPTMs for long established to have important roles in the 

heterochromatin formation and gene silencing. To localize their positions in 

the nucleoplasm we ran immunocytochemistry at TEM on mouse liver 

sections. Hepatocytes were stained by the EDTA regressive technique which 

allows appreciating and clearly distinguish a pretty continuous 

heterochromatin domain above the nuclear lamina, the LADs, and large 

patches of heterochromatin surrounding each nucleolus, the NADs. We 

carried out this study on 3 months old mice, both male and female. 
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Figure 4.1.1: HPTMs distribution and quantification in male mouse hepatocyte nuclei. 
The micrographs show the localizations of the HPTMs H3K9me3, H4K20me3 and H3K27me3 labelled 
by gold grains appearing as black spots in immunocytochemistry at TEM. On the left HPTMs 
localizations are highlighted by big black dots, the line stands for the nuclear envelope; the original 
image for comparison is on the right. Bar: 1µm.  
The histograms show the mean ± SEM of the number of the HPTMs in heterochromatin areas of 
200nm2 in NADs (white) and LADs (black). Two-tailed  unpaired Student’s t-test was used to evaluate 
the difference between the two groups, which was considered statistically significant for p-value<0.05. 
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Figure 4.1.2: HPTMs quantification in female mouse hepatocyte nuclei. The histograms 

show the results of the same analysis conducted in figure 4.1.1 in a female mouse. 

 

Our analysis shows that NADs are highly methylated domains when 

compared to LADs. They are significantly enriched in H3K9me3 and 

H4K20me3, which are markers of constitutive heterochromatin; while 

H3K27me3, associated to facultative heterochromatin, is more evenly 

distributed in all heterochromatin domains. In fact, even if this latter seems to 

be fairly more present in NADs, no statistically significant difference between 

NADs and LADs was detected. Results were comparable in males and 

females.  

We further investigated the features of these heterochromatin domains by 

staining with Hoechst semi-thin sections of liver tissue from the same samples 

prepared for TEM analysis. Hoechst staining highlights mainly the 

heterochromatin because when bound to DNA its fluorescence increases 

many times (Latt et al. 1976). Since the nuclear areas where chromatin is 

tightly packaged, the heterochromatin, contain locally a major density of DNA, 

they result in brighter Hoechst signals. NADs can be recognized in these 

sections because they appear as a ring or patches surrounding an unstained 

round-shape area, which corresponds to the nucleolar components 

composed of unstained rRNA and ribosomal proteins. Looking at the images 

in figure 1.2 is quite evident that NADs are usually brighter than LADs, so 

they are probably organized in a more condensed conformation. We made a 

quantitative estimation of this difference by measuring the mean fluorescence 

intensity of selected areas of heterochromatin of NADs and LADs domains in 

10 different cells. These measurements confirmed that on average NADs are 

more intensely stained by Hoechst than LADs, likely due to a higher degree 

of chromatin packaging. 
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Figure 4.1.3: Hoechst staining confirms that NADs adopt tightly compact 

heterochromatin conformation 

A: Representative image of liver tissue semi-thin sections stained by Hoechst 333258 which 

highlights the heterochromatin domains inside the nuclei. NADs are pointed out by the yellow 

arrows. Bar: 10µm. B: The graph shows the mean ± SEM of the mean fluorescent intensities 

measured for fluorescent dots falling into NADs or LADs. Two-tailed unpaired Student’s t-test 

was used to evaluate the difference between the two groups. p-value<0,05 was considered 

statistically significant. C: Examples of areas selected to measure the mean fluorescent 

intensity of NADs and LADs. 

 

 

4.2 Heterochromatin organization changes over time? The 

effects of ageing. 

The results described so far concern 3-month-old mice. We, therefore, 

wondered whether the NADs in the nuclei of the hepatocytes kept this 

methylation profile unchanged even during ageing and more generally 

whether the organization of the heterochromatin domains would undergo 

evident changes over time. To answer these questions we performed the 

same TEM immunocytochemistry analyses, comparing liver samples from 3-

month-old mice with liver samples from 24-month-old mice. 
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Figure 4.2.1: H3K9me3 distribution and quantification in young and old mice. A: The 

micrographs are representative of the distribution of H3K9me3 in young (upper) and old 

(bottom) female mice, labelled by gold grains at TEM. On the left HPTMs localizations are 

highlighted by big black dots, the line stands for the nuclear envelope. The original image for 

comparison is on the right. Bar: 1µm. B: The histograms show the mean ± SEM of the number 

of the HPTMs in heterochromatin areas of 200nm2 in NADs (solid bars) and LADs (scattered 

bars) for young (white) and old (grey) male mice. Two-tailed unpaired Student’s t-test was used 

to evaluate the difference between the two groups, which was considered statistically 

significant for p-value<0.05. C: the same as in B, on female mice. 
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Figure 4.2.2: H4K20me3 distribution and quantification in young and old mice. Same 

analysis as in figure 4.2.1. 
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Figure 4.2.3: H3K27me3 distribution and quantification in young and old mice. Same 

analysis as in figure 4.2.1. 

 

Overall the comparison between young and old mice showed more or less 

comparable changes of the levels of these histone modifications in male and 

female individuals studied, during ageing. At least similar trends can be 

individuated with few differences in LADs and NADs domains. Specifically, 

this analysis highlights an increase in H3K9me3 level and opposite trends for 

H4K20me3 and H3K27me3, whose levels tend to go down in hepatocytes 

from old mice compared to the young mice. 
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Since these HPTMs are all markers of heterochromatin, there seem to be no 

unique direction of changing of the chromatin conformation and activity during 

ageing.  We could say in terms of heterochromatin condensation that the 

increase in the repressive marker H3K9me3 is counterbalanced by the 

decreases in H4K20me3 and H3K27me3.  

To further confirm these changes on a larger number of cells, we run also 

immunofluorescence on liver semi-thin sections for each HPTM. 

 

Figure 4.2.4: Immunofluorescence labelling of H3K9me3 in liver tissue sections. Images 

show H3K9me3 distribution in hepatocytes nuclei labelled by fluorescent signals, in young (top) 

and old (bottom) mice. Bar: 10µm. The graph plots the area of the total fluorescent signal per 

nucleus, as the sum of the fluorescent dots detected in each nucleus. Statistical significance 

was evaluated using two-tailed unpaired Student’s t-test. Bar: mean ± SEM. 
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Figure 4.2.5: Immunofluorescence labelling of H4K20me3 in liver tissue sections. 

Images show H4K20me3 distribution in hepatocytes nuclei labelled by fluorescent signals, in 

young (top) and old (bottom) mice. Bar: 10µm. Graph: same analysis as in figure 4.2.4. 
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4.2.6: Immunofluorescence labelling of H3K27me3 in liver tissue sections. Images show 

H3K27me3 distribution in hepatocytes nuclei labelled by fluorescent signals, in young (top) 

and old (bottom) mice. Bar: 10µm. Graph: same analysis as in figure 4.2.4. 

 

Immunofluorescence analysis upholds the trends observed by 

immunocytochemistry at TEM, demonstrating an increase in the histone 

marker H3K9me3 and a decrease in H4K20me3. 

As in the immunocytochemistry analysis on the female mice, the decrease in 

the level of H3K27me3 is not statistically significant. However, unfortunately, 

we had run this analysis in a smaller number of cells (30 cells) due to the 

minor efficiency of the antibody against H3K27me3 in immunofluorescence. 

Considering these results, which indicate divergent trends for the different 

heterochromatin markers, we decided to evaluate if there was an evident 

change in the total heterochromatin amount and density during ageing, by 

using Hoechst and osmium ammine staining, respectively. 
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Figure 4.2.7: Hoechst staining to estimate the relative heterochromatin amount. Images 

show Hoechst fluorescence in hepatocytes nuclei, in young (top) and old (bottom) mouse liver 

tissue. Bar: 10µm. In the graph is plotted the heterochromatin area per nucleus estimated as 

the sum of the areas of the fluorescent dots inside each nucleus. Statistical significance was 

evaluated using two-tailed unpaired Student’s t-test. Bar: mean ± SEM. 

This analysis shows no significant differences between hepatocytes from 

young and old mice (Figure 4.2.7). Concordantly, immunocytochemistry 

suggested an increase of H3K9me3, but at the same time a decrease of the 

marker H4K20me3, both considered important epigenetic modifications for 

the formation of constitutive heterochromatin. Furthermore, even by simply 

observing the liver tissue sections, contrasted with EDTA regressive staining, 

no obvious morphological changes or difference in other features of the 

nucleoplasm organization were noticed and neither when observing larger 

portion of tissue sections at lower magnification stained by Toluidine blue 

(Figures 4.2.8 and 4.2.9). 
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Figure 4.2.8: Sections of liver tissue from young and old mice at TEM stained by EDTA 

regressive technique. Bar: 2µm 
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4.2.9: Semi-thin sections (500nm) of liver tissue from young and old mice stained by 

Toluidine blue 
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However, we finally decided to evaluate if any differences in the 

heterochromatin density can be detected through the osmium ammine 

staining. This technique allows the specific detection of DNA in the cell 

nucleus, therefore, heterochromatin appears highly contrasted on a lighter 

background, due to its high degree of condensation. (This analysis and each 

osmium ammine staining experiment presented in this study were carried out 

on thin sections having the same thickness of 70 nm). 

 

4.2.10 Osmium ammine staining of mouse liver sections: young (top) and old (bottom). 

Bar: 2µm. The graph shows the heterochromatin mean grey value ± SEM. Statistical 

significance was evaluated using two-tailed unpaired Student’s t-test. 

The osmium ammine staining further confirms that there were no important 

differences in the heterochromatin organization between young and old mice. 

Accordingly, the measurements of the heterochromatin mean grey value, 

reveal that heterochromatin domains have more or less the same density in 

all mice analyzed (Figure 4.2.10). 

In conclusion, the lack of strong evidence of heterochromatin changes in 

these very old mice was quite surprising for us. It must be considered that 
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unfortunately, we were unable to carry out our analyses on a large number of 

individuals and that these mice were grown in a controlled and aseptic 

environment protected from many environmental damaging stimuli. Actually, 

being in such a controlled environment, mice are very useful although 

“artificial” model. A better solution would be to use wild mice, in this case the 

variability due to “lifestyle” would play a major role.  

We next wanted to investigate whether the exposure of liver tissue to stressful 

conditions, which may have a contribution to ageing processes, would cause 

changes in the heterochromatin domains. We treated hepatocytes with 

mercury chloride since liver is the organ of our body primarily involved in 

detoxification processes from xenobiotics and given the widespread 

environmental diffusion and high toxicity of this chemical compound. 
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4.3 Mercury Chloride toxicity on hepatocytes nucleus 

We ran the same analysis described above to compare liver tissue from a 3 

months old mouse, subjected to HgCl2 10µM exposure for 1h to the control 

samples placed in the same culture medium but without the toxic agent. 

Tissue samples were collected and fixed just after the treatment, without a 

recovery period. 

 

Figure 4.3.1: Hoechst staining to estimate the relative heterochromatin amount in liver 

tissue. Images show Hoechst fluorescence in mouse hepatocytes nuclei, in control (top) and 

after HgCl2 treatment (bottom). Bar: 10µm. In the graph: the heterochromatin area per nucleus 

estimated as the sum of the areas of the fluorescent dots inside each nucleus. Statistical 

significance was evaluated using two-tailed unpaired Student’s t-test. Bar: mean ± SEM. 

 

Hoechst staining reveals in this case a significant decrease in the amount of 

heterochromatin in the hepatocytes exposed to HgCl2 damages (Figure 

4.3.1). 

Next, liver sections were stained with osmium ammine to evaluate if the 

decrease of the Hoechst signal was determined by a decrease in the degree 

of heterochromatin condensation in HgCl2 treated cells. 
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Figure 4.3.2: Osmium ammine staining of mouse liver sections: control (top) and after 

HgCl2 treatment (bottom). Bar: 1µm. The graph shows the heterochromatin mean grey value. 

Statistical significance was evaluated using two-tailed unpaired Student’s t-test. Bar: mean ± 

SEM. 

 

The analysis of liver sections stained with osmium ammine suggests there 

was no significant difference in the heterochromatin density between the two 

conditions. In fact, the measurements of the mean grey intensity of the areas 

of heterochromatin in HgCl2 treated cells suggest they are only fairly lighter 

compared to the control. However, it can be noticed in this representative 

micrographs that heterochromatin seems to adopt more granular and less 

compact conformation in HgCl2 treated cells (Figure 4.3.2). This feature 

becomes actually more evident and statistically significant in cell culture 

hepatocytes subjected to mercury chloride treatment that will be presented 

later in this dissertation. 

Finally, we analyzed, as previously, possible HgCl2 effects on the epigenetics 

markers H3K27me3, H4K20me3 and H3K9me3 in NADs and LADs. 
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Figure 4.3.3: Immunocytochemistry at TEM of H3K27me3, H4K20me3 and H3K9me3. The 

micrographs show the localizations of H3K27me3 (A), H4K20me3 (B) and H3K9me3 (C) in 

mouse hepatocytes nuclei in liver tissue, which are highlighted by black dots, the line stands 

for nuclear envelope (left). The corresponding original images are shown on the right. 

Histograms show the mean ± SEM of the HPTM quantity per heterochromatin area (200nm2) 

in NADs and in LADs for control and HgCl2 treated cells. Statistical significance was evaluated 

using two-tailed unpaired Student’s t-test. 
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Immunocytochemistry at TEM revealed that HgCl2 treatment induces an 

important decrease of these three HPTMs compared to the control in all 

heterochromatin areas (Figure 4.3.3). Again this effect was more pronounced 

on hepatocytes in cell culture (shown below), even if also present when 

treating liver tissue. The histone marker which was subjected to less variation 

was H3K9me3. This could be quite expected, being H3K9me3 an epigenetic 

modification assumed to be more stable. The highly significant decrease in 

H327me3 and H4K20me3 after HgCl2 treatment suggests activation of gene 

expression, maybe to produce those proteins and factors necessary for the 

detoxification. 
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4.4 Heterochromatin organization under cell stress in murine cell 

culture hepatocytes model 

We began our analysis in liver tissue and then we moved to murine 

hepatocytes in cell culture. Tissue represents a more physiological 

environment compared to cell culture. In fact, some differences can be 

noticed in the heterochromatin organization and more in general in nuclear 

morphology between the hepatocytes in the liver tissue and the cell culture 

hepatocytes. This probably occurs because cell culture can reproduce only 

partially the organism environment both from a chemical and physical point 

of view. On the other hand animal maintenance to retrieve tissue samples is 

very costly and there is less possibility to see directly and in a short time the 

effects of the hepatocytes exposure to toxicants or other cell stress 

conditions. Specifically, we were interested in analyzing the effects of 

stressful stimuli which may contribute to liver ageing processes. Therefore, in 

line with the previous investigation in liver tissue, we treated hepatocytes with 

increasing doses of mercury chloride, to gain further evidence in a condition 

that exposes directly the cells to the toxicant. Afterward, considering the 

fundamental role of the hepatocytes in glucose and fat metabolism, we 

analyzed the consequences of calorie restriction, mimicked by serum 

starvation. Moreover, we investigated if a high dose of the corticosteroid 

Dexamethasone, a synthetic drug that shows anti-inflammatory properties, 

could have a beneficial role in slowing down ageing. Finally, a condition that 

mimics ageing was also analyzed: hepatocytes were induced to senescence 

following the protocol published by Singh and colleagues (Sing et al., 2020).  

 

4.4.1 Mercury chloride toxicity on mouse hepatocytes in 

cell culture 

As shown in the previous chapter, mercury chloride exposure induces a 

conspicuous decrease in the epigenetic modifications H3K27me3, 

H4K20me3 and to a lesser extent in H3K9me3, which are all HPTMs that 

exert an important role in chromatin condensation (Figure 4.3.3). The analysis 

by Hoechst staining revealed a decrease in the amount of the tightly 

condensed heterochromatin areas in HgCl2 treated cells, even though the 

osmium ammine staining to evaluate heterochromatin density showed no 

clear difference compared to the control (Figures 4.3.1 and 4.3.2).  

As discussed above cell culture experiments allow one to see more directly 

the effects of a particular stimulus on the cell.  
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Indeed, by exposing hepatocytes in cell culture to increasing doses of 

mercury chloride, we saw important rearrangement of the heterochromatin 

organization, which undergoes an extensive decondensation. Hoechst 

staining reveals a significant decrease of the heterochromatin domains in 

hepatocytes treated with 10µM HgCl2 for 1h (Figure 4.4.1). The statistical 

analysis on the Osmium ammine staining also confirm, in this case, the 

Hoechst trend and allows one to clearly appreciate at ultrastructural level the 

changing in heterochromatin organization, which is evidently less dense and 

less compact compared to the control (Figure 4.4.2).  

 

4.4.1: Hoechst staining to estimate the relative heterochromatin amount. Images show 

Hoechst fluorescence in AML12 hepatocytes nuclei, in control (top) and after HgCl2 treatment 

(bottom). Bar: 10µm. In the graph: the heterochromatin area per nucleus estimated as the sum 

of the areas of the fluorescent dots inside each nucleus. Statistical significance was evaluated 

using two-tailed unpaired Student’s t-test. Bar: mean ± SEM. 
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Figure 4.4.2: Osmium ammine staining reveals different degrees of heterochromatin density 

in mouse hepatocytes nuclei, in control (top) and after HgCl2 treatment (bottom). Bar: 2µm. 

The graph shows the heterochromatin mean grey value ± SEM. Statistical significance was 

evaluated using two-tailed unpaired Student’s t-test. Bar: 2µm. HgCl2 treated hepatocytes has 

lighter heterochromatin domains which reflect less packaged hetero-chromatin conformation. 

 

Just as the effects on the degree of chromatin condensation were much more 

evident on hepatocytes in cell culture, so too were the effects on the 

heterochromatin epigenetic markers. In fact, we detected a major decrease 

of H3K27me3 and H4K20me3 (Figure 4.3 A and B) and an evident, albeit 

minor, decrease in H3K9me3 (4.4.3 C).  
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Figure 4.4.3: Immunocytochemistry at TEM of H3K27me3, H4K20me3 and H3K9me3. The 

micrographs show the localizations of H3K27me3, H4K20me3 and H3K9me3 in mouse 

hepatocytes in culture, highlighted by black dots, the line stands for nuclear envelope (left). 

The corresponding original images are shown on the right. Histograms show the mean ± SEM 

of the HPTM quantity per heterochromatin area (100nm2) in NADs and in LADs for control and 

HgCl2 treated cells. Statistical significance was evaluated using two-tailed unpaired Student’s 

t-test. 

 



 RESULTS 

79 
 

 

In order to confirm these trends, we decided to quantify the expression of the 

methyltransferases majorly implicated in the establishment of the three 

HPMTs analyzed. Kmt5b is the histone methyltransferase responsible for the 

mono-, di- and tri-methylation of H4K20 to produce respectively H4K20me1, 

H4K20me2 and H4K20me3 which regulate transcription and maintenance of 

genome integrity. This methyltransferase mainly functions in pericentric 

heterochromatin regions, thereby playing a central role in the establishment 

of constitutive heterochromatin (Bromberg et al. 2017). Suv39h1 is the 

Histone methyltransferase that specifically trimethylates H3K9, using 

H3K9me1 as substrate. H3 'Lys-9' trimethylation represents a specific tag for 

epigenetic transcriptional repression by recruiting HP1 (CBX1, CBX3 and/or 

CBX5) proteins to methylated histones (Lehnertz B. et al. 2003). EZH2 is a 

Polycomb group protein, the catalytic subunit of the PRC2 complex, which 

methylates 'Lys-27' of histone H3 (H3K27me), leading to transcriptional 

repression of the affected target gene. It is able to mono-, di- and trimethylate 

H3K27 to form H3K27me1, H3K27me2 and H3K27me3 respectively, but 

plays a major role in forming H3K27me3, which is required for embryonic 

stem cell identity and proper differentiation. The PRC2 complex may also 

serve as a recruiting platform for DNA methyltransferases, thereby linking two 

epigenetic repression systems (Lanzuolo and Orlando, 2012).   

 

Figure 4.4.4: RT-qPCR analysis to quantify the expression of histone 

methyltransferases ezh2, kmt5b and suv39h1. Histograms show the relative expression of 

the gene coding for ezh2, kmt5b and suv39h1 which are involved in the establishment of 

H3K27me3, H4K20me3 and H3K9me3 respectively, in control versus HgCl2 treated 

hepatocytes. Bar: mean ± SD. 
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The RT-qPCR analysis revealed that both Kmt5b and Ezh2 expression 

decrease in hepatocytes exposed to HgCl2 10µM (Figure 4.4.4). This is in 

agreement with the results obtained at immunocytochemistry, which 

suggested a decrease in both products of these methyltransferases. Suv39h1 

expression was not significantly distinct between treated and control cells, 

concordantly immunocytochemistry showed less degree of variation of 

H3K9me3 both in hepatocytes from cell culture (Figure 4.3.3) and liver tissue 

(Figure 4.4.3). 

4.4.2 The effects of calorie restriction on heterochromatin  

Many studies in various model organisms show how the reduction of calorie 

intake, without malnutrition, can lead to an improvement in health and a 

consequent increase in life span (Weindruch and Sohal 1997; Fontana and 

Klein 2007; Longo et al. 2021). However, many molecular mechanisms 

through which the beneficial effects of calorie restriction are realized have not 

been elucidated. In particular, in our opinion, it remains of fundamental 

importance to study caloric restriction influence on the nucleus. In fact, 

understanding changes at the systemic level is important, but these only 

follow the changes that occur at the cellular level. Likewise, although the 

enzymes involved in the various biochemical processes of metabolism play a 

key role in the final effects of caloric restriction, the variations in their activity 

or expression are necessarily secondary to variations that occur at the level 

of the nucleus, the primary control center of cell metabolism. Therefore, we 

studied if calorie restriction was able to induce variations in the degree of 

chromatin condensation and, as shown later, on the nucleolus, which plays a 

key role in regulating the rate and extent of protein synthesis. 

We therefore carried out the same analyses performed previously. 

Hepatocytes nuclei stained with Hoechst revealed that serum depletion for 5 

days (serum 0.1%) causes an increase of the amount of condensed 

heterochromatin compared to the control cells, grown in a complete medium 

(serum 10%) (Figure 4.5). However, the osmium amine staining did not show 

a significant difference in the density of the heterochromatin domains (Figure 

4.4.6).  
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Figure 4.4.5: Hoechst staining to estimate the relative heterochromatin amount. Images 

show Hoechst fluorescence in mouse hepatocytes nuclei, in control (top) and after five days 

of serum depletion (bottom). Bar: 10µm. Graph: same analysis as in figure 4.4.1. 
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Figure 4.4.6: Osmium ammine staining of mouse hepatocytes sections: control (top) and 

serum depleted (bottom). Bar: 2µm. The graph shows the heterochromatin mean grey value. 

Statistical significance was evaluated using two-tailed unpaired Student’s t-test. Bar: mean ± 

SEM. 

 

Following the latter result, immunocytochemistry at TEM to evaluate 

variations of the quantity of HPTMs associated with heterochromatin did not 

demonstrate significant differences between the two conditions, except for a 

decrease in H4K20me3 in LADs (Figure 4.4.7). 
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Figure 4.4.7: Immunocytochemistry at TEM of H3K27me3, H4K20me3 and H3K9me3. The 

micrographs show the localizations of H3K27me3, H4K20me3 and H3K9me3 in mouse 

hepatocytes, which are highlighted by black dots, the line stands for nuclear envelope (left). 

The corresponding original images are shown on the right. Histograms report the same 

analysis as in figure 4.4.3 comparing control versus serum depleted hepatocytes. 

 

Moreover, this small trend of decrease was discordant with the increased 

expression of the methyltransferase kmt5b that we detected by RT-qPCR in 

serum depleted compared to the control hepatocytes (Figure 4.8). It should 
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be noted however that by immunocytochemistry we measured on average a 

small although not significant increase in H4K20me3 in NADs domains in 

serum depleted cells and that the increased expression of the 

methyltransferase precedes temporally the establishment of the 

corresponding HPTM. This could partly explain the discrepancy observed. 

 

Figure 4.8 

 

Figure 4.4.8: RT-qPCR analysis to quantify the expression of histone 

methyltransferases ezh2, kmt5b and suv39h1. Same analysis as in figure 4.4.4 comparing 

control versus serum depleted hepatocytes. 

 

4.4.3 Dexamethasone induces reduction of the 

heterochromatin domains  

Dexamethasone is a synthetic corticosteroid known for its anti-inflammatory 

properties. Our analyses revealed that treatment with a high concentration of 

dexamethasone (10-fold more than the concentration applied to the control 

hepatocytes) for 2 hours is sufficient to significantly reduce the extension of 

the heterochromatin domains as demonstrated by the staining of the nuclei 

with Hoechst (Figure 4.4.9). However, osmium amine staining did not reveal 

a significant change in heterochromatin density in the two conditions (Figure 

4.4.10). 
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Figure 4.4.9: Hoechst staining to estimate the relative heterochromatin amount. Images 

show Hoechst fluorescence in mouse hepatocytes nuclei, in control (top) and after 

Dexamethasone treatment (bottom). Bar: 10µm. Graph: same analysis as in figure 4.4.1. 
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Figure 4.4.10: Osmium ammine staining of mouse hepatocytes sections: control (top) 

and after Dexamethasone treatment (bottom). Bar: 2µm. The graph shows the 

heterochromatin mean grey value. Statistical significance was evaluated using two-tailed 

unpaired Student’s t-test. Bar: mean ± SEM. 

 

Nevertheless, the subsequent immunocytochemistry analyses in agreement 

with Hoechst staining revealed an evident decrease of the markers 

H3K27me3 and H4K20me3 after 2h Dexamethasone treatment. Whereas, no 

significant variation of H3K9me3 quantity was detected compared to the 

control hepatocytes (Figure 4.4.11). Moreover, RT-qPCR to evaluate the 

expression of the methyltransferases involved in the deposition of these 

HPTMs confirms these trends (Figure 4.4.12). 
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Figure 4.4.11: Immunocytochemistry at TEM of H3K27me3, H4K20me3 and H3K9me3. 

The micrographs show the localizations of H3K27me3, H4K20me3 and H3K9me3 in mouse 

hepatocytes, which are highlighted by black dots, the line stands for nuclear envelope (left). 

The corresponding original images are shown on the right. Histograms report the same 

analysis as in figure 4.4.3 comparing control versus Dexamethasone treated hepatocytes. 
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Figure 4.4.12: RT-qPCR analysis to quantify the expression of histone 

methyltransferases ezh2, kmt5b and suv39h1. Same analysis as in figure 4.4.4 comparing 

control versus Dexamethasone treated hepatocytes.  

These results overall may suggest that Dexamethasone treatment induces a 

reduction of the heterochromatin areas as indicated by the Hoechst staining 

and by decreases in the quantity of the HPTMs associated to the 

heterochromatin, but without altering significantly the degree of 

heterochromatin compaction as suggested by the osmium ammine staining.  

 

4.4.4 Heterochromatin changes in senescent hepatocytes 

The condition of senescence mimics premature ageing achieved, in this case, 

through exposure to repeated damaging stimuli. So it can somehow be used 

as a term of comparison for those changes that occur in the hepatocyte in 

case of “unhealthy” ageing. The morphological changes observed in the 

general organization of the nucleus of hepatocytes induced to senescence 

are much more evident than in the other conditions, as showed in the figure 

below (Figure 4.4.13) and in the summary figure shown at the end of these 

last two sections (Figure 4.5.11). An increase in cell size and extension of 

heterochromatin domains, as well as in size of nucleoli can be immediately 

noted. 
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Figure 4.4.13: Sections of AML12 mouse hepatocytes at TEM stained by EDTA 

regressive technique. Control (top) and senescent hepatocyte (bottom). 
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We performed some experiments to further confirm that the cells had 

achieved the senescence phenotype. 

We ran immunofluorescence analysis of histone γH2AX, a marker of DNA 

damage and senescence. γH2AX should be present in major quantity due to 

higher activation of DDR response typical of senescent cells and in this case 

also revoked by the repeated exposure to oxidative stress as reported by 

Singh and colleagues (Singh et al., 2020). 

In the image below (figure 4.4.14) it is possible to see a higher number of 

positive senescent hepatocytes for  γH2AX, while control hepatocytes are 

essentially negative. Furthermore, also in these images is possible to 

appreciate the increase in cell size typical of senescent cells compared to the 

control. 

 

Figure 4.4.14: Immunofluorescence labelling of γH2AX in AML12 heaptocytes. γH2AX 

labelling is shown on the left, Hoechst staining in the middle, merge is on right, in CTRL (top) 

and Senescent (bottom) hepatocytes. Bar: 10µm.  

Another marker of senescence is p16INK4a, whose transcriptional activation 

has been used extensively to report the presence of senescent cells in vivo 

(Burd et al., 2013; Baker et al., 2011). p16INK4a is an inhibitor of cyclin-

dependent kinases 4 and 6 and a potent mediator of cell cycle arrest in 
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transient assays (Koh et al., 1995; Medema et al., 1995; Serrano et al., 1995). 

Singh and colleagues measured also an increase in the expression of p53, 

considered as a marker of senescence (Singh et al., 2020). Therefore we 

quantify the expression of these markers by RT-qPCR comparing untreated 

control hepatocytes to those induced to senescence. We detected an 

increase in the expression of both Tp53 and p16INK4a in senescence 

induced cells (Figure 4.4.15). Moreover, as reported in the same study (Singh 

et al., 2020), we also measured an increased expression of the autophagy-

related protein  Map1lc3b compared to the control (Figure 4.4.15). In a recent 

review is confirmed that autophagy is currently thought to have a direct effect 

on triggering senescence, although autophagy and senescence relation still 

need to be clarified (Rajendran et al., 2019). 

 

Figure 4.4.15: RT-qPCR analysis to quantify the expression of p16INK4a Tp53 and 

Maplc3b used as markers of senescence. Same analysis as in figure 4.4.4 comparing 

control versus senescent hepatocytes.  

 

 

 

 

 

 

 



 RESULTS 

92 
 

The analysis by Hoechst staining was carried out as for the other cell stress 

and showed a significant increase of the heterochromatin areas, although not 

as extreme, as it would appear from electron microscopy images. 

 

 

Figure 4.4.16: Hoechst staining to estimate the relative heterochromatin amount. Images 

show Hoechst fluorescence in mouse hepatocytes nuclei, in control (top) and senescent 

hepatocytes (bottom). Bar: 10µm. Graph: same analysis as in figure 4.4.1 comparing control 

versus senescent hepatocytes. 

 

It may be that a general increase in the heterochromatin extension is 

observed through EDTA regressive staining, but this is not accompanied by 

an increase in the degree of heterochromatin density. This would result in a 

non-particularly intense Hoechst staining, which may account for the not so 

extreme difference observed compared to the control cells. 
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Moreover, immunocytochemistry analysis revealed a significant reduction in 

the amount of the HPTM H3K9me3 and no significant increase of H3K27me3 

per area of heterochromatin in senescent cells. These data may suggest that 

the enlargement of the heterochromatin domains observed in senescent cells 

is not due to an important contribution from these HPTMs, but that a major 

role may be played by the increase of H4K20me3 or by other epigenetic 

mechanisms involved in the formation of heterochromatin as for example: the 

methylation of DNA, the reduction of the degree of acetylation, or the increase 

/ decrease of other HPTMs. 

Furthermore, beyond the consideration that the greater extension of 

heterochromatin areas observed by EDTA staining in senescent cells may 

not necessarily be related to a greater condensation compared to the control 

hepatocytes which show much smaller domains, it has also to be taken into 

account that the comparison between these two conditions was the most 

complex to analyze due to the large variation in the dimensions of the entire 

nucleus. A senescent cell nucleus can be more than double in size compared 

to a control cell and this critically influences the organization of the 

heterochromatin domains and the spatial relationships between nucleolus, 

heterochromatin and the other nuclear elements. When we analyzed the data 

and derived our conclusions, the effects that the dimensional differences may 

have on the measurements were taken into account. 
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Figure 4.4.17: Immunocytochemistry at TEM of H3K27me3, H4K20me3 and H3K9me3. 

The micrographs show the localizations of H3K27me3, H4K20me3 and H3K9me3 in mouse 

hepatocytes, which are highlighted by black dots, the line stands for nuclear envelope (left). 

The corresponding original images are shown on the right. Histograms report the same 

analysis as in figure 4.4.3 comparing control versus senescent hepatocytes. 
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Figure 4.4.18: RT-qPCR analysis to quantify the expression of histone 

methyltransferases ezh2, kmt5b and suv39h1. Same analysis as in figure 4.4.4 comparing 

control versus senescent hepatocytes. 

 

Even the analysis of the expression of the methyltransferases does not 

always seem to agree with the trends observed through 

immunocytochemistry. In fact, we detected a concordant increase of kmt5b 

expression and H4K20me3 quantity in senescent cells, but a marked 

decrease in the expression of ezh2, while the immunocytochemical analysis 

did not show significant differences for this epigenetic marker between the 

two conditions. Finally, we measured an increase of suv39h1 expression, 

while immunocytochemistry revealed a clear decline compared to the control. 

In this last case, it is possible to explain this difference considering that 

although the quantity of H3K9me3 per area of heterochromatin is lower in 

senescent hepatocytes, since the nucleus is much larger and a considerable 

amount of heterochromatin is present, there is still the need for an increased 

expression of the corresponding methyltransferase, because in the entire 

nuclear volume of senescent cells the quantity of the H3K9me3 modification 

could be higher than in control. More difficult to interpret is the decline in the 

expression of ezh2 which does not correspond to an evident decline in 

H3K27me3. However, once again, it must be taken into account the gap in 

time between the decrease of the enzyme expression and the amount of the 

corresponding HPTM, which may have been previously deposited and not 

removed by the other competent “eraser” enzymes. In fact, the quantification 

of the methyltransferases responsible for the deposition of these HPTMs 

provide only indirect information, then many factors can influence the quantity 

and density per heterochromatin area of a specific HPTM. 
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4.5 Nucleolar activity under cell stress 

Finally, as a further step in the investigation of the effects of the ageing 

process and cell stress on the hepatocyte nucleus, we studied the changes 

in the morphology and activity of the nucleolus. In fact, being the nucleolus 

the nuclear domain where ribosome biogenesis and other important 

molecular processes take place (such as pathways that regulate cell 

proliferation and apoptosis and telomere formation), its size and activity are 

subjected to important changes upon different cell stress (Yang et al. 2018).  

We carried out some experiments that can give us some general indications 

on the state of activity of the nucleolus. First of all, we investigated these 

features through the silver staining of the nucleolar organizer regions (NORs). 

These nucleolar components contain a set of argyrophilic proteins, which are 

selectively stained by silver methods. After staining, they are visualized as 

black dots localized throughout the nucleolar area, called "AgNORs" (Trerè, 

2000). We measured the extension of the NORs by comparing control 

hepatocytes with those subjected to different stressful conditions. 

Senescent hepatocytes showed a strong increase in the NORs size 

compared to the control. (From these images, it is possible to note, on 

average, also an increase of the nuclear size of senescent cells, as previously 

observed) (figure 4.5.1).  
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Figure 4.5.1: Silver staining of the NORs. AgNOR staining of control and senescent 

hepatocytes. Histograms show the size of the NORs. Bars indicate the mean ± SEM. Statistical 

significance was evaluated using two-tailed unpaired Student’s t-test. 

 

Considering this, we evaluated whether the other treatments induced a 

change of this feature in the same or in the opposite direction of that observed 

in the senescent hepatocytes. 

The toxicity of mercury chloride seems to bring the nucleolus closer to a state 

similar to senescence. In fact, exposure to increasing doses causes evident 

extensions of the NOR size compared to the control. Surprisingly, the major 

increase was detected upon 1µM HgCl2 exposure, the lowest dose (Figure 

4.5.2). Maybe HgCl2 exerts a highly toxic effect on the nucleus, so that 1µM 

is sufficient to evoke strong nucleolar changing, then increasing dose may 

determine a degree of damage which overcomes further nucleolar response. 
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Figure 4.5.2: Silver staining of the NORs. AgNOR staining for control and hepatocytes 

treated with increasing doses of HgCl2. Histograms show the size of the NORs. Bars indicate 

the mean size ± SEM. Statistical significance was evaluated using One Way ANOVA test. 
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Serum depletion, as well as treatment with Dexamethasone, on the other 

hand, induce an opposite change. In fact, in these two conditions, the 

hepatocytes showed smaller nucleoli than the control (Figures 4.5.3 and 

4.5.4). 

 

 

Figure 4.5.3: Silver staining of the NORs. AgNOR staining for control hepatocytes (top) and 

those subjected to five days of serum depletion (bottom). Histograms show the size of the 

NORs. Bars indicate the mean ± SEM. Statistical significance was evaluated using two-tailed 

unpaired Student’s t-test. 
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Figure 4.5.4: Silver staining of the NORs. AgNOR staining for control hepatocytes (top) and 

those treated with Dexamethasone 1µM (bottom). Bar: 10µm. Histograms show the size of the 

NORs. Bars indicate the mean ± SEM. Statistical significance was evaluated using two-tailed 

unpaired Student’s t-test. 

 

We could expect that lower calorie intake induces a slowdown in cell 

metabolism, which is reflected in a lower nucleolar activity because of less 

need for enzymes synthesis. 

The reduction in the nucleolar size observed after Dexamethasone treatment 

finds a less immediate interpretation. We could hypothesize that 

Dexamethasone exerts its anti-inflammatory action, slowing down cell 

metabolism and cell activation in response to external stimuli, by limiting 

ribosomes production. 

To obtain complementary evidence on the nucleolar activity under cell stress, 

we measured the rRNA synthesis evaluating the quantity of the mature and 

some precursor transcripts in control hepatocytes compared to the other 

different stressful conditions, through relative RT-qPCR. The image below 

schematizes the design of the primer used in this study for the detection of 
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the rRNAs quantity and their relative position along the full-length 45S 

transcript (Figure 4.5.5). All primer sequences are reported in table 3.1, 

chapter 3 Material and Methods. 

 

 

Figure 4.5.5: Schematic representation of primers design for rRNAs quantification by 

RT-qPCR. 

 

The RT-qPCR to compare control hepatocytes to those treated with 

increasing doses of mercury chloride revealed, in agreement with the 

morphological analysis after agNOR staining, that ribogenesis increases after 

HgCl2 treatment more or less in a dose-dependent manner, with some 

difference considering each transcript (Figure 4.5.6). This is interesting 

because it could reflect an impact on different moments of ribogenesis. 

Specifically, we detected an increase in the precursors for all three transcripts 

upon mercury treatment. On the contrary, for the 28S we saw an increase in 

the precursor, but not in the final transcript product. 18S, the first processed 

transcript, is evidently increased in both (Figure 4.5.6). This trend suggests 

an attempt of the cell to counteract HgCl2 harmful stimulus by activating 

nucleolus, maybe to translates the enzymes necessary for detoxification and 

to restore the previous equilibrium. However, this initial increase seems to be 

not so efficient: the ribogenesis initially speeded up, but then in the final part 

the rate of production of the 28S is not increased. Therefore, the cells may try 

to trig a response against mercury chloride-induced damage, but at certain 

steps, this response may not be so effective. 
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Figure 4.5.6: RT-qPCR analysis to quantify the expression of rRNAs mature and 

precursor transcripts. In the histograms are plotted the mean ± SD of the relative gene 

expression. Statistical significance was evaluated using One Way ANOVA test. 

To gain further information, we also measured the variation in the expression 

of genes encoding proteins involved in ribosome biosynthesis. We analysed 

the expression of ubtf, and rrp9, as proteins that positively regulate the 

ribogenesis. The role of ubtf is well known and was detailed in the 
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introduction. While Rrp9 protein is a component of a nucleolar small nuclear 

ribonucleoprotein particle (snoRNP), thought to participate in the processing 

and modification of pre-ribosomal RNA (pre-rRNA) (Chen et al. 2016). We 

also evaluated the expression of the baz2a protein as a repressor of the rRNA 

transcription. This protein is of particular interest because it mediates the 

silencing of rDNA genes by promoting the deposition of H3K9me3 and 

H4K20me3 on these sequences (Santoro and Grummt, 2002). 

Finally, as further supporting evidence of increase in ribosome production, we 

analyzed the expression of genes coding for one component of the small 

ribosomal subunit the rps18 and one protein of the large ribosomal subunit 

the rpl19. 

 

Figure 4.5.7: RT-qPCR analysis to quantify the expression of some proteins involved in 

the ribogenesis. In the histograms are plotted the mean ± SD of the relative gene expression. 

Statistical significance was evaluated using One Way ANOVA test. 

 

We detected an increase in the expression of both Ubtf (although not for the 

highest dosage) and Rrp9 genes and a decrease in Baz2a expression. These 
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results suggest again nucleolar activation upon HgCl2 treatment.  The 

decrease of Baz2a expression is also in agreement with the results of 

immunocytochemistry at transmission electron microscopy, where we 

detected a decrease in these HPMTs and especially of H4K20me3 in NADs. 

Concerning the component of the small and large ribosome subunits, we 

detected an increase in Rps18 but not in Rpl19. Small ribosomal subunits are 

known to be processed and exported from the nucleus before the large 

ribosomal subunits (Henras et al., 2015). Once again our results suggest an 

increase in the speed of the first part of the ribogenesis process, while the 

final events, such as the 28S mature transcripts production, seemed not 

evidently increased. 

The same RT-qPCR analyses were also carried out for the other cell stress 

conditions, focusing however only on some transcripts. In particular, we have 

chosen to monitor the 5.8S rRNA and its precursor, being the central 

transcript and the one present in smaller quantities and therefore less subject 

to normalization problems. We then decided to focus on the two transcription 

factors ubtf and baz2A which should exert opposite regulatory roles in 

promoting and limiting the transcription of rRNAs, respectively. 

RT-qPCR analysis of serum depleted cells revealed decreased synthesis rate 

of mature 5.8s and its precursor transcript, concordantly with the reduced 

mean NORs size (Figure 4.5.8). In the same direction of reduction of the 

rRNA synthesis, we observed a decrease, albeit not significant, of the 

expression of ubtf and an increase of baz2a. 
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Figure 4.5.8: RT-qPCR analysis to quantify the expression of 5.8S precursor and mature 

transcripts (A) and the transcription factors ubtf and baz2a (B). In the histograms are 

plotted the mean ± SD of the relative gene expression. Statistical significance was evaluated 

using  two-tailed unpaired Student’s t-test. 

 

For Dexamethasone treated hepatocytes we measured a decrease in the 

amount of the 5.8S precursor, which however did not turn out into a significant 

reduction of the mature 5.8S transcript compared to the control. Accordingly, 

the expression of ubtf also decreases, while we detected a slight but not 

significant increase of baz2a (Figure 4.5.9). These results suggest induction 

of nucleolar activity to slow down by Dexamethasone. Not having observed a 

consistent reduction in the mature 5.8S transcript may be because the cells 

were analyzed immediately after the 2h of treatment, so just after the possible 
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induction of rRNA transcription slowing down and therefore probably more 

time is needed before measuring a decrease in the final product of the 

process. 

 

Figure 4.5.9: RT-qPCR analysis to quantify the expression of 5.8S precursor and mature 

transcripts (A) and the transcription factors ubtf and baz2a (B). In the histograms are 

plotted the mean ± SD of the relative gene expression. Statistical significance was evaluated 

using two-tailed unpaired Student’s t-test. 

 

The results emerged from the real-time analyses that compare senescent to 

control cells offers only a few suggestions. Morphological analysis at optical 

and electron microscopy showed extremely enlarged nucleoli with numerous 

fibrillar centers. In agreement we can note an evident increase in mature 5.8S 
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transcript and in the transcription factor ubtf. However, the precursor was not 

significantly increased compared to the control. Furthermore, we also 

observe an increase of baz2a expression (Figure 4.5.10). 

 

Figure 5.5.10: RT-qPCR analysis to quantify the expression of 5.8S mature and 

precursor transcripts (A) and the transcription factors ubtf and baz2a (B). In the 

histograms are plotted the mean ± SD of the relative gene expression. Statistical significance 

was evaluated using two-tailed unpaired Student’s t-test. 

 

We could hypothesize the increase in the 5.8S transcript is due to an 

accumulation of this transcript because of dysregulations and misfunctioning 

at some points of the ribogenesis process in senescent cells. We also 

observe both an increase in ubtf and baz2a. The interpretations could be 
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many. The great increase in cell size itself would suggest the need for higher 

protein synthesis. Following the measured increase in the amount of mature 

5.8S rRNA, some micrographs obtained at electron microscopy showed large 

portions of the nucleoplasm occupied by granules that are probably ribosomal 

subunits, as particularly evident in Figure 4.5.11 E on the right. Additionally, 

in accordance with the large increase in heterochromatin observed, we could 

expect the observed increase in baz2a expression. However, as indicated in 

the introduction to this section, the morphological and qPCR analyses were 

intended to obtain some general information on the state of activity of the 

nucleolus. Since the nucleolus is the seat of many fundamental molecular 

processes, to draw more specific conclusions it would be necessary to adopt 

different approaches that go beyond the general purpose of this study. 

To conclude, we show below representative images of hepatocyte nuclei in 

their entirety for each different cell stress condition analyzed, visualized at 

TEM, staining the sections by EDTA regressive technique, to better show the 

morphological changes in the organization of the nucleoplasm in the different 

conditions. In particular, senescent cells, which should mimic precocious 

ageing reveal a conspicuous extension of the heterochromatin domains and 

a strong increase in the size of the nucleoli, with the presence of numerous 

fibrillar centers. Evident morphological changes already highlighted in the 

previous sections can also be seen in the nucleus of the hepatocytes treated 

with mercury chloride. Note the strong reduction of the areas bleached by 

EDTA and the increase in the size of the nucleoli which reminds the nucleoli 

of senescent cells. Although in this case, we do not observe an increase in 

the nuclear and cell size. The morphological changes induced by serum 

depletion and Dexamethasone treatment are instead much less evident, 

maybe because these types of stress could be considered less extreme. 
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Figure 4.5.11:Sections of AML12 mouse hepatocytes at TEM stained by EDTA 

regressive technique. Control (A); HgCl2 10µm treated hepatocyte (B); Serum depleted 

hepatocyte (C); Dexamethasone treated hepatocyte (D); senescent hepatocyte (E). Bar: 2µm. 
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To conclude, the tables shown below summarize the average trends of 

change observed in the various conditions analyzed. 

 

Liver tissue 
samples 

Heterochromatin 
amount 

Heterochromatin 
density 

Histone 
H3K27me3  

Histone 
H4K20me3 

Histone 
H3K9me3 

YOUNG vs :             

 OLD = = ↓ ↓ ↑ 

 HgCl2 ↓ = ↓ ↓ = 

Table 4.1: Summary table of the observed changes in heterochromatin domains 

comparing liver tissue from young mice (3 months) with samples from old mice (24 

months) and liver tissue samples exposed to 10µM HgCl2. 

 

Cell culture hepatocytes 
Heterochr. 
amount 

Heterochr. 
density 

Histone 
H3K27me3  

Histone 
H4K20me3 

Histone 
H3K9me3 

CTRL 
vs:             

 HgCl2  ↓ ↓ ↓ ↓ ↓ 

 Serum depletion ↑ = = = = 

 Dexamethasone ↓ = ↓ ↓ = 

 Senescence ↑  = ↑ ↓ 

Table 4.2: Summary table of the changes observed in heterochromatin domains 

comparing AML12 mouse hepatocytes grown according to manufacturer instructions 

(CTRL) and cultured AML12 mouse hepatocytes subjected to the different conditions of 

cell stress. 

 

Cell culture hepatocytes AgNOR size rRNA synthesis 

CTRL vs:       

 HgCl2  ↑ ↑ 

 Serum depletion ↓ ↓ 

 Dexamethasone ↓ ↓ 

 Senescence ↑ ↑ 

Table 4.3: Summary table of the observed changes in the nucleolar activity comparing 

AML12 mouse hepatocytes grown according to manufacturer instructions (CTRL) and 

AML12 cultured mouse hepatocytes subjected to the different conditions of cell stress. 
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5. DISCUSSION 

One of the main goals of this study was to analyze the changes in the 

heterochromatin organization and epigenetics in hepatocytes nuclei under 

different cell stress conditions.  

First of all, we evaluated if there were any differences between the 

heterochromatin domains mainly recognized and evident in interphase 

eukaryotic cell nucleus: the NADs and the LADs. These domains are 

sometimes overlapping and both are characterized by epigenetic features 

associated to a low level of transcription and late replicating loci (Kind et al., 

2013; Ragoczy et al., 2014). However, some studies found specific genomic 

sequences preferentially associated to NADs and distinct from LADs 

(Quinodoz et al., 2018, Vertii et al. 2019). Our immunocytochemical analysis 

at TEM revealed that NADs are enriched in H3K9me3 and H4K20me3 

compared to LADs, and provides the imaging confirmation of some evidence 

obtained in other studies. In accord with this latter, H3K9me3 and H4K20me3, 

mainly established by the NoRC complex, were shown to play an important 

role in silencing the fraction of inactive rDNA genes and the minor and major 

satellite DNA repeats, that are sequences constituting NADs (Guetg et al. 

2010; Santoro et al., 2002; Zhou et al., 2002). These HPTMs are associated 

to constitutive heterochromatin, confirming the role of the nucleolus as an 

attractive hub to organize portions of the genome that should be permanently 

silenced (O’Sullivan et al., 2013). Accordingly, our data suggested that NADs 

adopt more condensed heterochromatin organization than LADs, likely 

occurring thanks to the enrichment in H3K9me3 and H4K20me3. 

As discussed in the introduction, by Hi-C analysis it was demonstrated that 
NADs play important role in genome organization. Dillinger and colleagues 

demonstrated that interphase NADs topological organization is maintained 

for the most part upon senescence, with only few changes, concerning mainly 

the large centromeric and pericentromeric satellite repeat clusters. These 

clusters were found to dissociate from nucleoli in senescent cells and 

accordingly, H3K9me3-marked heterochromatin decreased in NADs 

(Dillinger et al., 2017). We utilized microscopy approaches to see what ageing 

entails in the organization of heterochromatin in mouse hepatocytes. Hoechst 

and osmium ammine staining did not reveal major changes in 

heterochromatin organization between the young and old mouse liver nuclei. 

Immunocytochemistry at TEM instead reveals only small, but significant 

variations of the quantity of some epigenetics markers associated to the 

heterochromatin formation. Specifically, a decrease of H3K27me3 and 

H4K20me3, particularly evident in female mice for the latter. Contrary to what 

was detected in the senescence cell model in the study by Dillinger et al. we 
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noticed a certain increase of H3K9me3 in NADs and LADs of the old mice. 

Of course, it must be taken into account that discrepancies between the data 

presented in this study compared to those of other studies can be due to the 

use of different cell types in different conditions. Generally, a gradual loss of 

heterochromatin was proposed as a major factor in generating alterations in 

gene expression during ageing (Villeponteau, 1997; Feser et al., 2010), but It 

was also reported a progressive “heterochromatinization” and an age-related 

DNA hypermethylation of specific DNA region (Lezhava 1984; Lezhava et al. 

2012; Liu et al. 2013). Therefore, likely locus and cell-type dynamics are 

critical in influencing heterochromatin organization during ageing (Morris et 

al., 2019). However, the few changes we observed in the heterochromatin of 

hepatocytes from old mice were quite surprising and prompted us to evaluate 

whether different stimuli which may contribute to ageing, would cause evident 

variations or maybe the appearance of some aged associated nuclear 

features.  

We found that HgCl2 toxic effects determine a decrease in the amount and 

the density of heterochromatin and, concordantly, immunocytochemistry at 

TEM revealed a significant reduction in the epigenetic heterochromatin 

markers. An important contribution to reach the HgCl2 induced 

heterochromatin changing probably derives from the significant decrease 

detected in H3K27me3, H4K20me3 and H3K9me3. More in detail, H3K9me3 

decrease was less than those of the other two markers; but we exposed 

hepatocytes to the toxicant for only one hour. In such a short time probably 

extensive changes in heterochromatin markers assumed to constitute the 

core of tightly close heterochromatin domains, such as H3K9m3, are difficult 

to imagine. However, the toxic effects of mercury on the nucleus seem to be 

so powerful to induce an important decrease of H4K20me3, also associated 

to constitutive heterochromatin. These results, in general, suggested that 

even very short exposure to HgCl2 is able to deeply modify nuclear 

architecture and gene activity. 

We then analyzed the effects of calorie restriction, a condition known to slow 

down the effects of ageing (Weindruch and Sohal, 1997; Fontana and Klein, 

2007; Longo et al., 2021). Our analyses, in this case, did not reveal marked 

changes in cells subjected to calorie restriction by serum depletion for 5 days: 

we measured an extension of the heterochromatin areas, but the analysis 

with osmium ammine did not reveal a significant increase in the degree of 

condensation and in agreement the immunocytochemistry revealed 

comparable quantity of histone markers associated with gene repression per 

heterochromatin area between control and serum depleted cells. The 

reduction of calorie intake would imply a decrease in cell metabolism to adapt 

to the new availability of nutrients (Vettor et al., 2020). Cells subjected to 
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caloric restriction are expected to proliferate slower (Hsieh et al.2005). It is 

possible that 5 days of calorie restriction were too short a period to observe 

major changes in these nuclear features. Alternatively, we could hypothesize 

that cell metabolism slows down, but, at the same time, in the first days of 

serum depletion, hepatocytes need to activate mechanisms to cope with this 

stressful condition. Therefore, we see a sort of balance between the activation 

of genes necessary to trigger specific molecular processes, for example, 

autophagy (Bagherniya et al., 2018; Peeters et al., 2019, Chung and Chung, 

2019), and the decrease of metabolic rate reached through the inhibition of 

other categories of genes. Wang and colleagues reported that in Hela cells 

even only 36h of serum depletion are sufficient to induce chromatin 

condensation, measured using Binding Activatable Localization Microscopy 

(BALM), as an increase in the chromatin fibers diameter of about 70 nm. 

Moreover, they detected, by chromatin spreading visualized by STORM, a 

decrease in the number of RNA Pol II proteins on the chromatin fibers in 

serum-depleted cells (Wang et al., 2014). An increase of H4K20me3 was also 

reported in C127 mouse mammary tumor cells subjected to serum depletion 

for 36-48h, even though with some variability from cell to cell (Kourmouli et 

al., 2004). However, an increase of epigenetic markers associated 

heterochromatin decondensation were also reported, under serum depletion, 

at specific set of genes, like those coding for protein involved in autophagy 

process. (Peeters et al., 2019). 

Finally, we analysed the effects of the anti-inflammatory drug 

Dexamethasone. 1 µM Dexamethasone, ten-fold more than the 

recommended concentration, induced a reduction of the heterochromatin 

areas and a substantial decrease of all histone modifications associated to 

gene repression considered in this study. This change was not so evident at 

morphological level as that induced by mercury chloride, maybe because it 

was not clearly accompanied by a decrease of heterochromatin 

condensation, as revealed by osmium ammine staining.  

We also carried out experiments to investigate nucleolar activity under the 

different stressful conditions. In fact, the study of the organization of 

heterochromatin domains can give a general idea of gene activity at the 

transcriptional level, while analyzing nucleolar activity provides information on 

the next step: the biogenesis of ribosomes, which are necessary for the 

translation of mRNAs into proteins. Additionally, given this essential role, the 

nucleolus also influence other fundamental cellular processes as reported in 

the introduction, so it seemed to us an important feature to consider in the 

study of nuclear changes induced by ageing. 
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Silver staining showed a strong increase in the size of the NORs of 

senescence-induced hepatocytes. This experiment revealed a change in the 

same direction in hepatocytes exposed to mercury chloride, while those 

subjected to serum depletion or treated with 1µM Dexamethasone showed a 

reduced NOR size compared to the control. These results are in agreement 

with the transcription rate of rRNA detected by RT-qPCR which demonstrated 

an increasing trend for hepatocytes exposed to mercury chloride and a 

decrease for cells subjected to serum depletion and treatment with 

Dexamethasone. The changes in the expression of proteins involved in 

ribogenesis analyzed were also consistent with these trends.  

To summarize, the study of the effect of ageing in liver tissue on mouse model 

in a controlled environment did not highlight major changes in the 

heterochromatin organization and more generally in the nuclear architecture, 

judging from the numerous images of nuclei obtained at different levels of 

resolution.  

The cell model that should mimic ageing, the senescent AML12 hepatocytes, 

(see Singh et al., 2020 and chapter 3 Material and Methods for protocol) 

obtained through exposure to repeated oxidative stress, showed instead 

strong morphological changes of the nucleus compared to the control 

hepatocytes. Senescent cells, as it generally happens, have larger 

dimensions and, consequently, the nuclei were also enlarged. 

Heterochromatin domains increased their extension and in many cases 

occupies the largest part of the nucleoplasm. The nucleoli were very large 

with many fibrillar centers, it was also possible to notice several portions of 

the nucleoplasm full of granules that look like ribosomes. Probably such a 

great discrepancy between the two models: hepatocytes of elderly mice and 

hepatocytes induced to senescence, is due to the fact that, as previously 

mentioned, the laboratory mouse models, grown in a cage, are devoid of the 

stimuli that in wild type living conditions have an important effect on ageing. 

On the contrary, this mimicked ageing in senescent cells is reached in a short 

time, by repeatedly subjecting the cells to intense damage. In fact, if in the 

first case the exposure to injuries may be strongly underestimated, while in 

the second case, is higher and more frequent than what we might expect in 

normal wild life. Therefore, laboratory mouse models may represent a good 

model for individuals who have preserved well their state of health. 

Conversely, the senescent cell model may better show the effects of 

“unhealthy” ageing to which harmful agents have contributed. 

Concerning the effects of the cell stress analyzed, the damage induced by 

mercury chloride seems to bring the cell to a state more similar to senescence 

as regards the morphology and activity of the nucleoli. However, unlike 
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senescent cells, those exposed to mercury chloride show extensive 

heterochromatin decondensation. A possible interpretation of this divergence 

is that hepatocytes treated with mercury chloride are subjected to higher toxic 

damage for a short time, while in senescent hepatocytes we observed the 

effect of repeated insults over time of less intensity. Mercury chloride induced 

changes increase the synthesis of the enzymes necessary to counteract the 

damages and try to reach new homeostasis. Different mechanisms may 

occur in senescent cells; maybe the gradual accumulation of damages could 

cause the cell to gradually shut down by compacting the chromatin and 

minimizing its activities that would be otherwise carry on in an inefficiently 

aberrant way.  

Serum-depleted cells show a similar degree of chromatin condensation as 

the control cells grown in complete medium, although the total amount of 

heterochromatin resulted higher. This could make it appear that these cells 

undergo a change that brings them closer to senescent cells. However, the 

two conditions are notably different, because the increase in heterochromatin 

of serum depleted cells is clearly lower than that observed in senescent cells. 

Furthermore, the morphology of the nucleus and the organization of the 

heterochromatin domains still show a greater similarity to the control 

hepatocytes than to the senescent ones. It should also be noted that the 

nucleoli, on the other hand, have a reduced size and activity compared to the 

control and therefore the metabolic dynamics in the conditions of serum 

depletion and senescence must be different. 

Finally, treatment with Dexamethasone seemed to induce changes that are 

different from other cell stress and in particular opposite to those observed in 

senescent cells, as chromatin decondensation, but at the same time a 

reduction in the activity and size of the nucleolus. Dexamethasone may 

provide some beneficial or protective effects on ageing process by preserving 

the hepatocytes in a condition that is more distant to the senescence. 

Clinically, high dose of Dexamethasone for short time seem to have no major 

side-effects, but unfortunately its long-term use as a possible strategy to 

reduce some ageing effects would not be applicable yet, due to the many 

undesirable consequences of today's Dexamethasone drug formulations, 

when assumed for long periods (Poetker and Reh, 2010). 

To conclude, this study attempted to evaluate whether general trends of 

change could be identified regarding the quantity and the degree of 

condensation of heterochromatin and the size and the activity of the nucleolus 

during hepatocyte ageing or under specific stressful conditions. 
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Considered the nature and purpose of this approach, we conclude by saying 

that basically a trend can be identified as smaller and less active nucleoli slow 

down the ageing process. This is perfectly logical, being the nucleolus the 

site where ribosomes production occurs and thus being necessary for the 

synthesis of enzymes that catalyze cell metabolic reactions; any machine 

working more and more frequently wears out faster. Moreover, several 

studies also demonstrated that the size of the nucleoli is inversely related to 

the life span in different organisms and that, by inhibiting the activity of 

different nucleolar proteins, it is possible to extend the average life span of 

different animal models (Tiku and Antebi, 2018). 

Conversely, it is more difficult to establish a general correlation between the 

organization of heterochromatin and ageing or the effects of cell stress. In 

this case, in fact, the subtle dynamics that come into play in the different 

conditions induce changes that seem to be hardly attributable to a single trend 

at the level of the total fraction of repressed chromatin and not of the specific 

gene locus. On the other hand, as discussed above, previous studies have 

also reported divergent conclusions on the variation of the heterochromatin 

features during ageing, which were strongly dependent on the specific 

context.
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