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Abstract: Epigenome modifications are established early in development and differentiation and 
generate distinct levels of chromatin complexity. The specific position of chromosomes and the 
compaction state of chromatin are both typical features that make it possible to distinguish between 
repressive and permissive environment for gene expression. In this review we describe the distinct 
levels of epigenome structures, emphasizing the role of nuclear architecture in the control of gene 
expression. Recent novel insights have increasingly demonstrated that the nuclear environment can 
influence nuclear processes such as gene expression and DNA repair. These findings have revealed a 
further important aspect of the chromatin modifications, suggesting that a proper crosstalk between 
chromatin and nuclear components, such as lamins or nuclear pores, is required to ensure the correct 
functioning of the nucleus and that this assumes a crucial role in many pathologies and diseases. 
Knowledge regarding the molecular mechanisms behind most of these developmental and disease-
related defects remains incomplete; the influence of the nuclear architecture on chromatin function 
may provide a new perspective for understanding these phenotypes. 
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PcG proteins Polycomb group of proteins 
PRC1 Polycomb Repressive Complex 1 
PRC2 Polycomb Repressive Complex 2 
Pax7 Paired box protein Pax-7 
3C Chromosome Conformantion Capture 
4C Chromosome Conformantion Capture on Chip 
Hi-C High resolution Capture 
PRE Polycomb Response elements 
TAD Topological Associated Domain 
HOXD Homeobox protein Hox D 
MET-2 Histone-lysine N-methyltransferase met-2 
SET-25 SET-25 
NB Nuclear Body 
FRAP Fluorescence Recovery After Photobleaching 
HOX Homeobox protein Hox 
ESC Embryonic Stem Cell 
LAD Lamina Associated Domain 
ASC Adipose Stem Cell 
Klf4 Kruppel-like factor 4 
Oct4 Octamer-binding transcription factor 4 
NPC Neuronal Precursor Cell 
HGPS Hutchinson-Gilford Progeria Syndrome 
NPC Nuclear Pore Complex 
AF Atrial Fibrillation 
Nup Nucleoporin 
NAD Nucleolar Associated Domain 
LIN28A Protein lin-28 homolog A 
BER Base Excision Repair 
NER Nucleotide Excision Repair 
MMR Mismatch Repair 
DSB Double Strand Break 
NHEJ Non Homologous End Joining 
HR Homologous Recombination 
Ku70 (XRCC6) X-ray repair cross-complementing protein 6 
Ku80 (XRCC5) X-ray repair cross-complementing protein 5 
DNA-PKcs DNA-dependent Protein Kinase 
ATM Ataxia Telangiectasia Mutated 
ATR Ataxia Telangiectasia and Rad3-related protein 
XRCC4 X-ray repair cross-complementing protein 4  
RPA Replication Protein A 
Rad 51 DNA repair protein RAD51 homolog 1 
Rad 52 DNA repair protein RAD52 homolog 
DDR DNA Damage Response 
53BP1 Tumor suppressor p53-binding protein 1 
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MRE11 Meiotic Recombination 11 
NSB1 Nijmegen breakage syndrome protein 1 
ROS Reactive Oxygen Species 
NADPH Nicotinamide Adenine Dinucleotide Phosphate 
Rb Retinoblastoma protein 
p53 Cellular tumor antigen p53 
NF-kB Nuclear factor NF-kappa-B  
FoxO Forkhead box protein O 
HIV-1 Human Immunodeficiency Virus  1 

 

1. The First Level of the Epigenome Complexity: Histone Modifications 

1.1. The histone structure 

In eukaryotic cells, DNA is packaged inside the nucleus through its ordered and repetitive 
aggregation with histones and is bound by several proteins and RNA molecules: the overall complex 
of nucleic acids and their associated proteins is known as “chromatin”. The first level of chromatin 
organization is the nucleosome: four histone proteins; H2A, H2B, H3, H4 surrounded by DNA [1]. 
Each nucleosome is separated from the next one by a DNA linker, variable in length, which is 
associated to histone H1 and or its variants [2,3]. These DNA-histones complexes fold in 30 nm 
fibers. This process is driven in part by the histone H1, which regulates the intranuclear electrostatic 
balance and by nucleosome repeats which ensure the stabilization of chromatin fibers [4,5,6]. In 
interphase the chromatin shows different levels of compaction, clearly visible under electron 
microscopy, that allowed scientists to classify it into euchromatin and heterochromatin, observed for 
the first time by Emil Heizt (1928) [7].The more decondensed euchromatin is generally enriched 
with expressed genes (reviewed in [8,9]). In fact, being more accessible, euchromatin favours the 
binding of transcription factors and RNA polymerase [10] and is correlated to high transcriptional 
activity [11]. On the other hand, heterochromatin is more condensed, gene-poor and is further 
divided into “facultative” and “constitutive”. The constitutive heterochromatin includes pericentric 
and telomeric regions [12,13,14], both critically important for the higher order structure folding and 
the maintenance of intact chromosomes [8]. The facultative heterochromatin is a repressive 
environment able to rapidly shift between activated and repressed state through the crosstalk with 
epigenetic regulators that lead to a chromatin reorganization [8]. 

1.2. Histone signatures 

Histones are characterized by amino and carboxy-protruding tails that are the target of several 
modifications, critically important for regulating the balance between activated or repressed genes. 
These modifications mainly include acetylation, methylation, phosphorylation, ubiquitination and 
sumoylation (reviewed in [15]). Multiple histone modifications can also coexist on the same tail, 
dictating specific biological readouts [16]. Euchromatin and heterochromatin are distinguishable 
biochemically by different covalent histone modifications [17] (Figure 1). Euchromatin is enriched 
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with H3 and H4 acetylation and H3K4 methylation [18,19] while facultative heterochromatin is 
enriched with hypoacetylated histones, H4K20me1, H3K9me2, H3K27me3, H2AK119ub1 
(reviewed in [20]). On the other hand, constitutive heterochromatin is marked with H3K9me3 
catalyzed by Suv39H [21], which in turn stimulates the recruitment of Heterochromatin Protein 
1(HP1) [22], so contributing to form a closed chromatin structure normally associated with a 
repressive transcriptional state. However, despite this classification, histone marks should not be 
considered exclusively restricted to specific chromatin compartments because they were also found 
in other chromatin states. For instance, although H3K9me3 and HP1 are considered key features of 
heterochromatin, they have also been found in euchromatic region in flies [23,24] and in  
mammals [25], thus also suggesting their role in reinforcing gene repression in euchromatin. 

 

Figure 1. Travelling into the depths of the nucleus: chromatin architecture. The 
scheme represents the epigenome structure. The nuclear membrane, defines the 
border of nucleus. The transcriptionally activated chromatin, euchromatin (green), 
appears decondensed, tightly associated to nuclear pore and enriched by histone 
modifications H3ac, H4ac and H3K4me. The heterochromatin (red) is a repressive 
environment for gene expression and appears at nuclear periphery, often associated 
to nuclear lamina, condensed and enriched of H3K27me3, H3K9me3, H2A119ub. 
Inside the nucleus, euchromatin and heterochromatin give rise to several grades of 
higher order structures: chromosome loops, Topological Associated Domains 
(TADs), Lamin Associated Domains (LADs) and chromosomal territories. Also the 
nucleolus, the “assembly-chain” of ribosomes, associates with specific DNA regions: 
the Nucleolar Associated Domains (NADs), that surround the highly transcribed 
region of nucleolus, giving rise to another grade of chromatin organization. 
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2. The Second Level of the Epigenome Complexity: Chromatin Modifiers 

At the chromatin level, specific epigenetic factors are able to post-translationally modify the 
histone proteins. Then, specific set of histone modifications generate a chromatin environment that is 
recognized by specific binding proteins; these, in turn, influence gene expression and other 
chromatin functions and represent an additional layer of gene regulation complexity. One of the most 
studied families of epigenetic regulators that include both histone modifiers and chromatin binding 
proteins are the Polycomb group of proteins (PcG proteins) which act as a repressor of gene 
expression (reviewed in [26]). PcG proteins aggregate into different complexes. The most studied are 
Polycomb Repressive Complex 1 and 2 (PRC1 and PRC2) that deposit H2AK119ub and H3K27me3 
marks, respectively. The catalytic subunit responsible for the histone signature placement are E3 
ubiquitin-protein ligase RING1 (Ring 1A/B) for PRC1 and Enhancer of zeste 2 (Ezh2) for PRC2 
(reviewed in [27]). A classical, hierarchical model suggests that the PRC2-dependent H3K27me3 
signature recruits the PRC1 complex which, through the ubiquitination of H2AK119, inhibits RNA 
polymerase II-dependent transcriptional elongation [28,29,30]. In recent years, several studies have 
challenged this model (reviewed in [31]) by showing independent functions and recruitment 
mechanisms for PRC1 and PRC2. Thus, it has been demonstrated that PRC1 and PRC2 complexes 
share only a subset of binding sites [28,32,33] and that there are several PRC1 complexes containing 
distinct subunits that differ in genomic binding [34]. Moreover, PRC1 can recruit PRC2 [32,35,36] 
while recruitment of PRC1 and PRC2 can also be mediated by noncoding RNA (reviewed in [37]), 
specific factors or structures [38–41] and by their own histone marks [42,43]. These findings suggest 
that PRC recruitment relies on several alternative mechanisms and that the combination of 
mechanisms tethering PcG to chromatin is probably locus-specific. 

The plasticity of the facultative heterochromatin to switch on or off the gene expression through 
histone modifications is extremely important for lineage commitment, development and cell 
differentiation, when a proper timing of gene expression is needed [28,44,45]. Most of differentiation 
genes in mammals are under the control of Polycomb group of proteins [46]. Upon differentiation 
stimuli, PcG proteins leave lineage specific muscle promoters and bind genes important for stemness 
maintenance [46]. This dynamics has been extensively shown in muscle differentiation: in muscle 
stem cells (satellite cells) muscle specific genes are maintained repressed by PcG proteins; at the 
onset of muscle differentiation PcG proteins are displaced from muscle gene and are relocalized at 
stemness genes, such as Pax7 (marker of satellite cells), ensuring the correct timing of the muscle 
differentiation [47,48–51]. 

3. The Third Level of the Epigenome Complexity: Chromatin Higher Order Structures 

3.1. DNA looping 

In addition to histone modifications, the chromatin can fold in specific higher order structures 
that favour the activation or the repression of genes (reviewed in [52]). In particular, structure-
mediated gene expression control regards genes that are regulated by a large set of enhancers, 
insulators or repressors, which are often located at a considerable distance from the target gene. Thus, 
the establishment of topologically distinct chromatin domains could play a fundamental role in the 
modulation of gene expression (Figure 1). PcG proteins also exert gene repression by mediating 
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chromatin higher order structures (reviewed in [26,53]). The development of Chromosome 
Conformation Capture (3C) technology [54] and its derivative technologies (reviewed in [55]), such 
as Chromosome Conformation Capture on chip (4C) [56] and High resolution Capture (Hi-C) [57] 
shed light on the chromatin contacts occurring in the nucleus allowing the high-through-put mapping 
of the genome conformation. The use of these technologies has allowed important advances in 
understanding PcG functions, demonstrating that the coordinated action of PcG proteins is required 
to mediate the formation of multi-looped structures where all the major PcG targets are gathered 
together, by cis and trans interactions [58–61]. This PcG-mediated DNA conformation is cell cycle 
regulated and fundamental for the maintenance of gene repression [58,59,62,63]. Notably, although 
PcG recruitment is not conserved from fly to mammals, being mediated in Drosophila by specific 
DNA sequences called Polycomb Response Elements (PRE) [64], the higher order structures of PcG-
regulated genes are similarly organized in multi-loops among different species, thus suggesting a 
functional role for DNA higher order structures in the control of PcG mediated transcriptional 
repression. 

3.2. Topological Associated Domains (TADs) 

At the genome wide level, the combination of all DNA-DNA interactions determines the 
formation of specific macro-domains of active and inactive chromatin, named Topological 
Associated Domains (TADs) observed in human, in mouse and in Drosophila melanogaster  
genomes [65,66,67] (Figure 1). TADs are characterized by a central region of high chromatin 
interactions where reside the tissue-specific genes, surrounded by less-interacting boundary regions 
enriched of housekeeping genes [52]. Although TADs share a common organization in different cell-
types and are partially conserved from human to mouse, suggesting a very stable conformation, they 
can be subjected to important structural rearrangements. During the mouse hind limb development, 
the HOXD genes are expressed following specific timing from early genes to later genes; this 
transition is guided by the reorganization of TADs which allow the switch of HOXD locus 
interactions from one compartment to another one [68]. This dynamics is required for the formation 
of an intermediate area that will develop into the wrist. 

3.3. Chromosome territories 

Another level of chromatin organization is represented by the chromosome position. Several 
studies have shown that chromosomes are not randomly assembled and packaged in the nucleus, but 
occupy specific regions called chromosome territories (reviewed in [69]) (Figure 1). The positioning 
of these “territories” is cell specific and conserved between human and other primates, suggesting a 
functional role of specific chromosome organization inside the nucleus [52,70,71]. In fact, 
chromosome territories have an internal structure thought to modulate the accessibility of proteins 
and consequently regulates the gene expression through its remodeling (reviewed in [72,73]). In 
particular, it has been shown that within the territories the gene-rich regions are separated from 
heterochromatin and generally are positioned at the periphery of chromosome territories while gene-
poor regions are at the interior of chromosome territories [74,75]. How chromosome territories form 
and occupy specific regions inside the nucleus is still unclear, but researchers have suggested two 
different hypothesis. The first suggests that preferential positioning of chromosome territories inside 
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the nucleus is self-organized and guided in part by the interchromatin compartment, which creates 
channels for the interconnection between the chromosome territories and in part by the content of 
gene-rich or gene-poor areas of each specific chromosome [72,76,77]. According to this hypothesis 
chromosome folding within territories should allow that the gene-rich zones (euchromatin) will 
assume a position compatible with expression, whereas not commonly expressed genes, tissue 
specific or developmental regulated genes (heterochromatin) will be buried inside the chromosome 
territories and expressed only after a conformational change [72]. However, some exceptions to this 
role have been described, showing ubiquitously and tissue-specific genes located within the 
chromosome territories after their activation, suggesting that the inner region of chromosome 
territories is not an insurmountable barrier to transcription machinery and transcription  
factors [74,78]. The second emerging hypothesis supports the involvement of nuclear proteins and 
nuclear envelope in the chromosome positioning (reviewed in ([76,79]). This hypothesis does not 
conflict with the first one and could also explain how the chromosome can be oriented in the nuclear 
space. Thus, even though some progress has been made on the functional role of chromosomal 
territories in controlling gene expression, there is still a long way to go before discovering the 
mechanism behind their positioning and assembling inside the nucleus.  

4. The Fourth Level of the Epigenome Complexity: The Nuclear Environment 

4.1. Nuclear periphery 

Inside the nucleus the coexistence of different environments ensure an additional level of gene 
transcription regulation (reviewed in [52]). Indeed, chromatin is non-homogenously distributed 
inside the nucleus, as shown by electron microscopy. In particular, most of the darkly stained 
chromatin (heterochromatin) is found around the nucleoli or at the nuclear periphery interrupted with 
euchromatin at nuclear pores (Figure 1). One of the most studied microenvironments is the nuclear 
periphery directly linked to a repressive transcriptional state (reviewed in [80,81]). Indeed, artificial 
tethering of a reporter gene to the nuclear periphery favours the establishment of silent chromatin, by 
mediating the access to local high concentration of repressors and chromatin modifiers, as observed 
in yeast and human cells (reviewed in [80] and [82,83]). Although endogenous molecular 
mechanisms driving the periphery localization are still under investigation, a genetic screen in worms 
revealed that histone H3 lysine 9 (H3K9) methylation marks target repetitive heterochromatin to the 
nuclear envelope and that the combined elimination of the genes encoding two histone H3K9 methyl 
transferase, MET-2 and SET-25, determines the loss of peripheral localization [84]. Interestingly, 
loss of SET-25 alone de-represses the transgene array, but does not lead to array delocalization, 
suggesting that H3K9me1 or me2, catalyzed by SET-25, are sufficient to anchor chromatin to the 
nuclear envelope and that further modification, generating H3K9me3, is necessary for transcriptional 
repression [84]. In line with and further corroborating these observations, in budding yeast, several 
highly regulated classes of genes were described as translocating to the nuclear periphery concurrent 
with their activation (reviewed in [85]). Interestingly, it has been shown that when an inducible 
active gene is repressed again, its persistent presence at the nuclear periphery allows a rapid 
reactivation upon stimuli. This process has been described as “transcriptional memory,” since it 
allows the cell to “remember” recently activated loci (reviewed in [85]), so suggesting that the 
nuclear periphery environment can establish an epigenetic memory. Thus, in the nuclear periphery 
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there is an alternation on permissive and non-permissive environment that can influence a given 
gene’s transcriptional state.  

4.2. The nuclear bodies (NBs) 

Within the nuclear space the non-uniform spatial distribution of macromolecules gives rise to a 
formation of a variety of functionally distinct nuclear bodies (NBs), highly dynamic structures 
formed by protein–protein interactions and having a large impact on gene regulation (reviewed  
in [86,87]). NBs are nuclear niches, in which machineries responsible for specific nuclear functions, 
such as transcription (transcriptional factories), replication (replication foci) or repression (repressive 
bodies) are situated. The presence of NBs implies a non-diffusive transport of factors involved in 
chromatin regulation. This compartmentalization of nuclear processes avoids the stochastic non-
directional transport of nuclear regulators and speeds up the dynamics in the nucleus [87]. The most 
prominent NB in the nucleus is the nucleolus, responsible of ribosomal RNA transcription (Figure 1). 
Interestingly the nucleolus has a specific structural organization in three distinct regions that mirror 
nucleolar functions (reviewed in [86]). An example of epigenetic regulators forming aggregates in 
the nucleus are again the PcG proteins, forming structures called PcG bodies, often localized close to 
pericentric heterochromatin [88] (Figure 2). The formation of PcG bodies is mediated by intrinsic [89] 

 

Figure 2. The Polycomb bodies. The immunofluorescence depicts in green the 
Polycomb bodies, stained with the PRC1 component: Bmi-1 for murine C2C12 
myoblasts and human HeLa cancer cells and PC for Drosophila embryonic 
Schneider cells (S2). PcG proteins aggregate in these distinct domains and create a 
repressive environment for gene expression, clustering the repressed target genes. 

and extrinsic [90] protein-protein interactions. Studies on the kinetics of PcG proteins exchange with 
the body have revealed that these protein aggregates are very stable and that distinct PcG factors 
exhibit large variability in their mobilities [91]. In terms of kinetics, three distinguishable 
components form the foci: fast, slow and an immobile on the time scales of measurements [91]. The 
slow binding component amplitudes directly correlate with the intensities and sizes of PcG foci, this 
suggesting that the PcG bodies contain multiple PcG targets. On the other hand, FRAP analysis has 
revealed that the size and the kinetics inside the foci is mostly slower than PcG complexes localized 
outside the foci [89,91], suggesting a coordinated overlap between genome higher order structures 
and PcG proteic compartments. In fact, previous studies revealed that Drosophila Hox clusters co-
localize in PcG bodies in the tissue where they are repressed, this nuclear localization being required 
for efficient silencing [58]. In line with these findings, PcG bodies are clearly distinguishable at the 
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end of early embryogenesis; they progressively increase in size and number during stages 5–11 of 
late embryogenesis when the transcriptional programs need to be maintained through cell  
division [92]. Similarly, the mobility of PcG bodies increases at the onset of ESC (Embryonic Stem 
Cell) differentiation and decreases as differentiation progresses [93]. Further studies of the 
composition of different PcG foci compartments could shed light on the coordinated functions of 
PcG complexes. 
 

In spite of all classifications of epigenetic signatures, the epigenome is highly dynamic and can 
rapidly respond to the environmental stimuli. The occasional presence of repressive marks on the 
heterochromatin, as in the case of H3K9me3 and HP1 [11], the heterochromatin’s ability to switch 
from a repressive to an active state (or vice-versa) and recent findings showing that epigenetic 
repressors can be bound to active transcribed chromatin [94,95] all underline the thin line separating 
euchromatin from heterochromatin. All these evidence also demonstrate that chromatin cannot be 
considered a static entity rigorously classified in an active or repressive state, but should be 
considered dynamic, and that this plasticity is the key for precise gene expression. 

5. Nuclear Architecture and Gene Expression Regulation: The Nuclear Lamina 

5.1. Lamin proteins 

The nuclear lamina is a proteinaceous layer tightly associated with the inner nuclear membrane. 
The main components of the nuclear lamina are the lamin proteins [96], classified as intermediate 
filament V and further divided in vertebrates into A-type lamins (lamin A and lamin C) and the B-
type lamins (lamin B1 and lamin B2) [97,98]. Whereas B-type lamins are ubiquitously expressed and 
firmly anchored at the nuclear membrane, A-type lamins are mostly absent from early  
embryos [99,100], developmentally regulated, expressed in lineage-committed progenitor cells and 
differentiated cells [101,102]. Moreover, A-type lamins are present in both peri-nuclear and 
nucleoplasmatic compartments [103]. A and B-type lamins, form distinct homopolimers that 
interweave each other at the inner membrane to create an interconnected plot [104]. One of the 
lamina’s roles is to maintain nuclear shape and integrity. Indeed, knocking down lamin B1 results in 
an enlargement of Lamin A and Lamin B2 network and in the formation of nuclear blebs. These 
alterations are accompanied by a perturbation of epigenetic signatures, as a reduction of H3K9me2 
and an increase of H3 acetylation, suggesting that the impairment of the nuclear envelope affects the 
proper organization of chromatin [104]. Other cellular functions are attributed to the lamins such as 
transcription, cell cycle regulation, development and differentiation (reviewed in [105]).  

5.2. Lamina Associated Domains (LADs) 

The importance of lamins and nuclear lamina as epigenetic regulators is reinforced by the fact 
that the nuclear lamina interacts with the genome at specific DNA sequences called Lamina 
Associated Domains (LADs) (Figure 1). These domains show variable lengths from 0.1 to 10 Mb 
and generally create an environment that maintains genes repressed [106,107] and marked by 
H3K9me2, H3K9me3 or H3K27me3 [108–111]. Interestingly, the borders of LADs include 
promoters that often contain transcription-associated histone modification indicating the 
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transcriptional start site of the activated genes [112]. This characteristic may suggest that LADs 
define genomic regions in which genes are repressed, neighboured by activated genes. Some LADs 
are cell-specific, suggesting a possible role in cell identity and differentiation [106,113]. Recently, it 
has been shown in worms that in a lamin-defective background muscle promoters do not re-localize 
from the nuclear periphery to a more internal location in differentiating muscle cells [114]; this 
further indicates that the genome architecture dynamics mediated by Lamin A are necessary for a 
correct differentiation. This was confirmed by studies in mammals, showing that during the 
differentiation of adipose stem cells (ASCs) into adipocytes, genes that regulate a specific cell 
lineage, are released from the lamina while genes that maintain the cell undifferentiated are retained 
near the nuclear lamina [110]. Similarly, during the differentiation of Embryonic stem cells (ESCs) 
into neural precursor cells (NPCs), the so named “stemness genes” such as Nanog, Klf4 and Oct4, 
exhibit significantly increased interactions with the nuclear lamina in NPCs compared to ESCs [115]. 
In parallel, other LADs, seem to be constitutively associated to the lamina and conserved between 
species, suggesting a role in the organization of chromosome architecture [106,107]. One possibility 
is that the presence of these constitutive LADs could help the correct DNA organization (and gene 
expression) in daughter cells after mitosis, acting as a “bookmarks” of the genome architecture [116]. 
However, in contrast with this hypothesis, recent evidence has shown that LADs-nuclear lamina 
interactions are not rigid and fixed domains, but on the contrary, are dynamic and organized in a 
random manner after cell division; this stochastic organization is related to H3K9me2 and guided in 
part by Lamin A [108,117]. Moreover, in spite of all the efforts until now to characterize the LADs 
and the intriguing hypothesis concerning the role of LADs during genome organization, a recent 
work has questioned some aspects of LADs, asserting that nuclear lamins are not essential for the 
formation of LADs [118]. Thus it is clear that the research is still far from clearly defining the role of 
these domains in genome organization and regulation of gene expression.  

5.3. Lamins and mechanotrasduction 

A-type Lamin proteins, being situated in a strategic position at the interface between the nuclear 
membrane and chromatin, cover an important role also in mechanotrasduction, the process by which 
the external mechanical stimuli are converted into biochemical signals inside cells (reviewed  
in [119]). An intriguing hypothesis suggests that mechanical signals from the extracellular 
environment can be transmitted physically by the contractile cytoskeleton to the nucleus through the 
nuclear membrane and the nuclear lamina [120] and then translated into gene expression response 
through Lamin-mediated distortion of chromatin higher order structure and changes in transcription 
factor accessibility [121]. Recent findings support this hypothesis, showing that stress, matrix 
stiffness and the environment act on gene expression by perturbing the Lamin A expression and 
consequently the lamin A:B ratio. The altered Lamin A content, in turn, influences specific cell 
lineage determination and differentiation [122].  

5.4. The laminopathies 

Mutations in lamin proteins can cause a wide set of diseases, named laminopathies, affecting 
specific tissues or acting upon multiple types of tissue creating overlapping or systemic phenotypes. 
Only few mutations in Lamin B have been described as being compatible with life [123,124] so 
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confirming its fundamental role in sustaining the nuclear structure [125,126]. On the other hand, 
pathology with mutations related to Lamin A are more frequent and give rise to muscular dystrophy, 
lipodystrophy, neuropathy, cardiomyopathy and HGPS syndrome (Hutchinson-Gilford progeria 
syndrome) (reviewed in [126]). Many of the laminopathies are characterized by nuclear 
abnormalities [127,128]. Thus it is reasonable to assume that in these diseases, mutations in lamins 
or alteration of lamin A:B ratio act on gene expression in different ways: on the one hand by 
increasing nuclear stress sensitive and improper signalling with an aberrant mechanotrasduction [129] 
and on the other hand by altering the chromatin organization and modulating gene expression 
epigenetically. Both these aspects could be involved in the pathogenesis and disease  
progression [122,129]. Hutchinson-Gilford Progeria Syndrome (HGPS) is one of the most known 
and studied diseases belonging to laminopathies and is characterized by a premature aging. In 90% 
of cases, the disease is caused by a point mutation 1824C > T that activates a cryptic site of splicing 
creating an immature form of Lamin A/C (called progerin) that accumulates at the nuclear membrane, 
giving rise to abnormal nuclear shapes (reviewed in [130]). Several epigenetic marks have been 
found altered in HGPS, such as a reduction of H3K27me3, H3K9me3 and lamina-heterochromatin 
associations [131,132]. Although it is not clear if these alterations precede the senescent phenotype, 
it has been proposed that epigenetic dysfunctions and aberrant chromatin higher order structures 
could play a role in HGPS pathogenesis and progression [131]. This suggests a direct interplay 
between the alteration of the nuclear membrane and epigenome misregulation. 

Further confirming the idea that Lamin A/C plays a key role in epigenome regulation, studies on 
laminopathies have revealed that distinct mutations in Lamin A gene can give rise to the same 
clinical condition while a single mutation can result in different phenotypes and disease  
severity [133,134,135], suggesting an involvement of the individual epigenetic background to lamin 
dependent diseases. In line with this hypothesis, recently we found that Lamin A/C maintains 
transcriptional repression at muscle-specific genes by sustaining the intranuclear positioning of PcG 
bodies and the activity of PcG proteins [136]. Lamin A/C depletion does indeed lead to an earlier 
muscle differentiation onset due to a premature PcG displacement from their targets. 

6. Nuclear Architecture and Gene Expression Regulation: The Nuclear Pore 

The nuclear pore complexes (NPCs) are multi-component protein complexes that form 
selectively permeable channels through the nuclear envelope, mediating nucleo-cytoplasmic 
transport of molecules between the nucleus and the cytoplasm (reviewed in [137]). The NPC is 
composed of multiple copies of nucleoporins. The overall structure of the NPC is highly conserved 
and displays nucleoporins organized into an eightfold symmetrical ring structures lining the 
circumference of the pore where they interact with the membrane. Various studies have implicated 
the NPCs as the binding platform for several highly transcribed housekeeping genes and genes 
strongly induced by changes in environmental conditions [137] (Figure 1). The presence of several 
expressed loci in the close proximity of the nuclear pore inspired the gene gating hypothesis, in 
which active genes are found near nuclear pore complexes to facilitate efficient export of mRNAs 
from the nucleus [138,139,140]. 3C analysis confirmed this hypothesis showing that some inducible 
genes are arranged in chromatin loops the ends of which are anchored at the NPC [141]. However, 
NPCs have also been associated with transcriptional repression [142–145], suggesting distinctive 
roles for individual components of the NPC in facilitating both gene activation and repression 
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through its crosstalk with the epigenome. The NPC control of gene transcription is further confirmed 
by their central role during cell differentiation [38,146–151]. Intriguingly, NPC have been also found 
to be involved in the maintenance of the pluripotency via controlling levels of the pluripotency 
factors in the nucleus [152,153], underlying functional roles of the NPC in regulating developmental 
states and transitions. As described above for lamins, also mutations in key components of the NPC 
have been described to be associated with specific diseases. Thus, inherited cases of a cardiac 
disorder, the atrial fibrillation (AF), have been mapped to a missense mutation in the human 
nucleoporin Nup155 [154]. Studies in mice and human have shown that the impairment of Nup155 
nuclear localization affects mRNA and protein transport leading to cardiovascular disease. Other 
studies have shown that mutations in the nucleoporin Nup62 are responsible for the familial form of 
infantile bilateral striatal necrosis, determining the degeneration of the basal ganglia in humans [155]. 

7. Nuclear Architecture and Gene Expression Regulation: The Nucleolus 

Although heterochromatic satellite regions were described near the nucleolus in the 1930s the 
role of the nucleolus as chromatin organizer is a recent hypothesis. Two independent high-
throughput sequencing studies have isolated and sequenced the genomic DNA associated with 
purified nucleoli [156,157], finding the nucleolar-associated domains (NADs) (Figure 1). These 
genomic regions are gene poor and enriched for satellite DNA repeats. Interestingly, NAD peaks 
overlap with previously published LADs [156] and live imaging-based experiments have revealed an 
exchange between nuclear lamin and nucleolus border after mitosis. These data were confirmed by 
an independent study done by tracking LADs during the cell cycle [108]. Intriguingly, while Lamin 
B tends to interact only with LADs at the nuclear periphery, the subfraction of Lamin A that localize 
in the nucleoplasm preferentially accumulates around the nucleoli [117]. This suggests an interplay 
between the nucleolus and the nuclear membrane. Taken together these findings suggest that the 
nucleolus, as well as the nuclear envelope, could be involved in various nuclear functions, including 
gene transcription and the maintenance of chromatin structure. In line with this hypothesis, two 
seminal papers have provided insights into independent nucleolar mechanisms regulating 
pluripotency in embryonic stem cells (ESCs) [158,159]. In the first paper the authors found that the 
long noncoding RNA, pRNA, determines the progressive condensation of euchromatin into 
heterochromatin at nucleolus reducing epigenetic plasticity during differentiation [159]. In the 
second work authors showed that the methylation of the key pluripotency factor LIN28A leads to 
nucleolar localization and sequestration, preventing LIN28A processing and maintaining stemness 
programs [158]. These studies support the view that nuclear components are an important scaffold 
for spatial genome organization, which bears direct relevance to the establishment of cell type 
specific gene expression programs. Further studies are necessary to elucidate how the nuclear 
structures work together in a coordinated manner. 

8. When the Nuclear Architecture Works Badly 

In recent years, what is emerging is that, besides the plasticity of the chromatin fundamental for 
fine-regulated process, the nuclear architecture can also influence important cellular processes and is 
a hallmark of the healthy cell. Indeed an increasing number of tissue-specific pathologies in humans 
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and tissue-specific phenotypes in model organisms have been described for mutations in a variety of 
the nuclear architecture components  (reviewed in [160]) (Table 1).  

Table 1. Diseases associated with mutations in nuclear architecture components. 
The table reports some of the most important pathologies related to mutations in 
lamins and nuclear pore complex (NPC), two main component of the nuclear 
envelope. 

NUCLEAR 
ARCHITECTURE 

COMPONENTS 
MUTATIONS ASSOCIATED DISEASE REFERENCE

Lamin A/C 

1824 C<T  
Cryptic splice variant at LMNA gene 

Hutchinson-Gilford Progeria 
Syndrome (HGPS) 

[130] 

Q6X, R25G/P, R50S/P,R133P, S143F, 
H222P, R249Q, Y267C, M371K, 

R377H/L, R453W, W498R, R527P/H, 
L530P, R644C 

Emery Dreifuss Muscular 
dystrophy (EDMD) 

[134] 

S143P, E161K, R190W/Q, N195K, 
R377H/L, R644C 

Dilated Cardiomyopathy (DCM) [134] 

R482W/Q, K486N, R60G,G62G, R133L
Familial Partial Lipodystrophy 2 

(FPLD2) 
[134] 

Lamin B1 Partial duplication of LMNB1 gene 
Leukodystrophy  

(ADLD) 
[123] 

Lamin B2 R215Q, A407T 
Acquired Partial Lipodystrophy 

 (APL) 
[124] 

Nup155 R391H 
Atrial fibrillation  

(AF) 
[154] 

Nup62 Q391P Infatile bilateral striatal necrosis [155] 

During cancerogenesis the nuclear shape is used as parameter to identify the grade of 
malignancy (reviewed in [161,162]); in spite of all molecular mechanisms found to be involved in 
cancer, cyto-pathologists still make their official diagnosis by basing it on nuclear morphological 
features. Thus, it is possible that a number of different mechanisms involved in cancer progression 
finally determine the same nuclear abnormalities which in turn have functional consequence. The 
other view is that the nuclear architecture can drive the chromosomal instability and the aberrant 
gene expression underlying cancer pathogenesis and progression. In line with this hypothesis, 
proteomics screening methods for the identification of diagnostic and prognostic biomarkers in 
prostate cancer showed an increased expression of Lamin A in higher risk tumours and indicated a 
link to the progression of the disease and tumor aggressiveness [163]. Moreover, expression of 
Lamin A in pre-metastatic colon adenocarcinoma cell line determines an increase of spindle-like 
morphology and motility, two parameters normally associated with metastatic behaviour [164]. Live-
imaging studies on a prostatic cancer cell line have confirmed these results, showing unexpected 



598 

AIMS Biophysics                                                      Volume 2, Issue 4, 585-612. 

dynamics of the nuclear envelope, with cells showing irregular nuclei and cells showing dynamic 
interphase deflections of the lamina [165,166]. Intriguingly, these nuclear alterations were not 
dependent on actin microfilaments or microtubules. Thus the authors suggest that an intranuclear 
force, possibly chromatin-based, actively deforms the interphase nuclear envelope in a subset of 
chromosomally unstable cells. 

On the other hand, it is now well known that cancer cells are strongly influenced by their 
biomechanical environment (reviewed in [167]). Correspondingly, the nuclear envelope, in particular 
Lamin A, can influence nuclear mechanical properties [168,169], being at the crossroad between 
nucleoskeleton and cytoskeleton. Taken together such evidence leads to the hypothesis that the 
nuclear envelope can directly mediate the crosstalk between the tumor environment and the 
epigenome. Further studies will elucidate if the unique microenvironment of a tumor can influence 
the epigenome through remodeling of the nuclear architecture and if is possible to counteract tumor 
progression by reverting nuclear structure abnormalities. 

9. The Role of the Nuclear Architecture in DNA Repair 

9.1. An overview on DNA repair 

When DNA damage happens, distinct pathways are activated to repair depending on the type of 
damage [170]. DNA damage involving only one strand is repaired through Base Excision Repair 
(BER) or Nucleotide excision repair (NER), using undamaged strand as a template for repair [170]. 
Alternatively, cells activate Mismatch Repair (MMR) that repairs mismatch, deletion or insertion 
which all occur during recombination or replication [170]. The DNA could also be subjected to the 
formation of adducts such as alkylation that is toxic for the cell. These lesions are repaired “directly” 
through DNA repair by reversal of DNA damage [171]. The double strand break (DSB), in 
mammalian cells are repaired with non-homologous end-joining (NHEJ) and homologous 
recombination (HR) (reviewed in [172]) (Figure 3). NHEJ does not require a homologous template 
and performing the religation of the DNA ends can be error prone,  making errors caused by the end 
processing [172]. Indeed, during NHEJ, the ends of damaged DNA are recognized and bound by the 
heterodimer Ku70/Ku80, which in turn recruits DNA-PKcs, stimulating its kinase activity. DNA-
PKcs autophosporylates, so phosphorylating histone H2AX(γH2AX). This can be also 
phosphorylated directly by ATM and or ATR [173], two key sensors for DNA damage, which can 
activate the checkpoint of DSB repair in distinct manner and timing [174]. These events stimulate the 
recruitment of other downstream components of the NHEJ pathway including DNA ligase IV that 
religate the ends with the help of XRCC4 [175].  

On the other hand, the homologous recombination (HR) is more accurate than NHEJ and 
requires a sister chromatid used as a template [170,172] (Figure 3). During homologous 
recombination, one filament of DNA is processed by several proteins to produce a 3’ overhang that is 
recognized and bound by RPA. Subsequently, Rad51 and Rad52 bind the single strand of DNA and 
search the homologous sequence. Then, the DNA/protein complex invades the duplex template and 
starts the branch migration, forming a displacement loop (D-loop) between the invading 3' overhang 
strand and the homologous chromosome. A DNA polymerase extends the 3’ end of the invading 
strand; this changes the D-loop to a Holliday junction. Finally a DNA-Ligase and Resolvase 
complete the process [176]. 
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Figure 3. DNA repair mechanisms. Schematic representation of the two main 
double strand break pathways: non-homologous end-joining (NHEJ) and the 
homologous recombination (HR). During NHEJ, the ends of damaged DNA are 
recognized and bound by the heterodimer Ku70/Ku80 that in turn recruits DNA-
PKcs, that phosphorylates histone H2AX. DNA ends are finally joined by DNA 
ligase IV. During the HR, 3’ DNA overhangs are produced at DSB. ssDNA is 
recognized by RPA that recruits several factors such as Rad51 and Rad52. The 
DNA/proteins complex invades the duplex template and starts the branch migration, 
forming a displacement loop (D-loop) between the invading 3' overhang strand and 
the homologous chromosome. A DNA polymerase extends the 3’ end of the invading 
strand forming a Holliday junction and finally a DNA-Ligase with a Resolvase 
complete the process. 

9.2. DNA repair and the nuclear environment 

Emerging findings have revealed that the DNA repair is another cellular process that can be 
influenced by the nuclear position. Tethering a DNA sequence containing a double strand break 
(DSB) at nuclear lamina determines a delay in DNA Damage Response (DDR) and a repression of 
the homologous recombination (HR) repair pathway, whereas the non-homologous end-joining 
(NHEJ) is not influenced [177]. On the other hand, the forced localization of the same DNA 
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sequence at nuclear pores did not give the same results, confirming again the difference between the 
two peripheral compartments. At the genome wide level, gene-rich regions and euchromatin marked 
by H3K36me3 are preferentially repaired by HR [177,178] while, when damaged, the 
heterochromatin associated with LADs, characterized by enrichment in A/T repeats undergoes the 
NHEJ rather than HR [107]. This choice probably is to avoid the genomic instability caused by the 
recombination of A/T repeats mediated by HR. These observations suggest that the grade of 
organization, and the state of chromatin in term of condensation and transcribed gene content, could 
partly regulate the choice of repair pathway after DSB. Parallel studies in yeast have confirmed these 
findings, further showing that different perinuclear anchorage sites define distinct outcomes on repair, 
arguing that the spatial segregation of damage at the nuclear envelope participates selectively in the 
choice of survival pathways [179]. The mobility of the chromatin after the DSB could be an 
important determinant of different DNA repair choice (reviewed in [180]). In fact through single-
particle tracking it has been shown that DSBs move within a larger radius than does its undamaged 
counterpart [181]. This depends on chromatin remodelers [181,182] and proteins involved in HR 
pathway [181,183]. However, the chromatin conformational changes and epigenetic signatures 
involved in these processes need to be elucidated. Intriguingly, Lamin A seems to limit the DSB 
movement in mammalian cells [184]. This confirms that nuclear lamina, closely associated to 
heterochromatin, favours the NHEJ and further suggesting that Lamin A and the nuclear lamina can 
influence the DNA repair choice through regulation of chromatin dynamics and structure. 

Recently, a role for chromatin structure in DSB repair has been described also at the nucleolus 
level [185]. When DSB occurs at ribosomal gene (rDNA) buried inside nucleolus a nucleolar re-
organization was observed, this allowing the damaged DNA to be relocated at the nucleolar 
periphery. Reorganization renders rDNA accessible to repair factors normally excluded from 
nucleoli. Importantly, this chromatin re-organization is thought to predominantly allow the HR repair 
rather than NHEJ. The exact factors driving this choice remain unknown. One possibility is that the 
suppression of NHEJ in nucleolar damage is dependent on the acetylation of histone H4 on K16 
which inhibits the recognition of H4K20me2 by 53BP1, an important protein that promotes  
NHEJ [186,187]. These findings further support the view that the “chromatin remodelers” acting on 
histone modifications and chromatin organization are able to dictate the DNA repair choice, 
enlarging the roles of chromatin modifiers also in this field [188]. On the other hand, the nuclear 
components, such as lamins or nucleoporins, probably through their influence on the epigenome, can 
also determine the DNA repair choice. In line with this idea, Hutchinson-Gilford Progeria Syndrome 
(HGPS) patient-derived cells with nuclear shape abnormalities as described above, show DNA repair 
defects. In particular, HGPS fibroblasts accumulate DNA damage, showing increased levels of the 
marker of DNA damage such as the phosphorylated histone variant γH2AX and an impaired 
recruitment on DNA damage of 53BP1, Rad51 [172,173,174], MRE11 and phospho NBS1 [189], 
key components of HR repair pathway (Figure 4). These findings suggest that both the HR and the 
NHEJ pathway could be affected in HGPS. It has been proposed that the accumulation of DNA 
damage in progeria could depend on the accumulation of reactive oxygen species (ROS), produced 
by mitochondria and NADPH oxidases. This leads to oxidative stress possibly due to chromatin 
alterations [190]. In line with this hypothesis it has been shown that while DNA damage induced by 
the etoposide could be repaired in progeroid fibroblasts, ROS-induced DSB are unrepairable; this 
suggests that the accumulation of DNA damage could be mainly due to higher ROS levels in 
progeroid fibroblasts [191]. In response to oxidative stress, the gene expression is physiologically 



601 

AIMS Biophysics                                                      Volume 2, Issue 4, 585-612. 

modulated in order to activate various redox-transcription factors, such as Rb, p53, NF-kB and FoxO 
(reviewed in [192]), fundamental for the resistance to oxidative stress. Accumulation of farnesylated 
prelamin A in progeric laminopathies results in increased production of ROS, leading respectively to 
senescence and apoptosis and to a reduction of antioxidant enzymes [193,194,195] (Figure 4); this 
indicates that, under normal condition, lamins could act as recruiters and/or stabilizers also for 
antioxidant enzyme [190]. In line with this hypothesis, in Atypical Werner Syndrome, another 
diseases associated with Lamin A/C mutations [196,197] the level of the antioxidant enzymes is 
lower than normal [198]. Such evidence underlines the role of lamins as a shield against the ROS and 
shows that aberrant lamins lead to a lowering of this defence so adding another possible cause to the 
aging phenotype of laminopathies. 

 

Figure 4. DNA repair in Hutchinson-Gilford progeria syndrome. The figure 
compares DNA damage response in normal (A) and progeria fibroblasts (B). A 
typical marker of DNA damage, γH2AX (yellow dots) is indicated. In wt cells double 
strand breaks (DSB) are preferentially processed by NHEJ in the nuclear periphery 
or by HR in the nuclear interior (A). In progeric fibroblasts the accumulation of 
progerin determines an altered nuclear envelope leading to an increase of genome 
instability. This determines an accumulation of DNA damage and γH2AX due to the 
displacement of NHEJ and HR pathway components. On the other hand, the 
accumulation of prelamin A in progeric cells also determines an increase in reactive 
oxygen species (ROS) and a decrease in antioxidant enzymes, so favouring the 
formation of additional DSBs. 
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10. Conclusions 

As summarized in this review, the organization of the nucleus and the compartmentalization of 
chromatin are fundamental for gene expression regulation and, as recent studies show, can both 
influence specific cellular processes such as DNA repair. Recently, DNA integration has been 
indicated as another mechanism that could be dependent on the nuclear architecture. Previous studies 
on Human immunodeficiency virus 1 (HIV-1) have already suggested a preference for an integration 
within actively expressed chromosomal locations [199]. However it was unclear whether 
transcription directly or indirectly helps integration (reviewed in [200]). Recently, it has been shown 
that HIV-1 preferentially integrates in genes localized at the periphery, close to the nuclear pores and 
characterized by active transcription chromatin marks before viral infection [201]. After integration, 
the viral DNA needs the activity of the nucleoporin Nup 153 for transcriptional activation while, for 
replication purposes, it needs the activity of Tpr, also located at the nuclear basket site [201,202]. 
Overall such evidence promotes a new concept supporting the role of nuclear architecture in HIV 
integration. Thus it is tempting to speculate that other cellular processes (such as DNA replication, 
cellular migration or the stress response) can also be dependent on the nuclear architecture and on its 
influence on epigenome regulation.  
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