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ABSTRACT 

The thesis explores the dynamic features and functions of chromatin crosstalk in the 3D 

nucleus space, with a focus on the regulation of chromatin transitions. In Paper I we 

employed the circular chromosome conformation capture assay (4C) and Chromatin in situ 

Proximity (ChrISP) technique to uncover an inter-chromosomal chromatin fiber interactome 

comprising both transcriptionally active circadian genes and repressed lamina-associated 

domains (LADs). Moreover, we documented that this interactome was under the control of 

the circadian clock. Synchronization of circadian transcriptional oscillations by external time 

cues thus involved the rhythmic mobility of clock-controlled genes between the 

transcriptionally permissive nuclear interior and the repressive environment of the lamina. 

The transient interactions between LADs and circadian genes were regulated by rhythmic 

complex-formation between the 3D genome organizers PARP1 and CTCF, which not only 

served as molecular ties of the chromatin fiber network, but also regulated chromatin 

mobility to and from the lamina and, as a consequence, circadian gene expression. 

In Paper II, we described a novel principle regulating MYC expression in colon cancer cells. 

Using an innovated method, Nodewalk, and ChrISP, we thus found that the oncogenic 

colorectal super-enhancer (OSE) regulated MYC expression at the post-transcriptional level 

by facilitating "gene-gating". OSE/MYC complexes were dynamically tethered to the nuclear 

pores specifically in cancer cells by interactions between ELYS/AHCTF1 that connects 

chromatin to the NUP107 nuclear pore subcomplex and the ß-catenin-TCF4 complex. 

Tethering to the nuclear pores facilitated the nuclear export of MYC transcripts into the 

cytoplasm where the stability of MYC mRNAs is several-fold higher than in the nucleus, 

resulting in a several-fold increase of cellular MYC mRNA levels in human colon cancer 

cells.  WNT signalling thus regulates pathological MYC mRNA export post-transcriptionally 

through ß-catenin-TCF4-ELYS complex formation. 

In summary, this thesis describes new principles of gene regulation in the 3D nuclear 

architecture, including circadian transcriptional regulation and OSE-facilitated gene gating. 

They open up new avenues for our understanding of the function and dynamics of the 3D 

nuclear architecture and genome organization, and provide new directions for cancer 

treatment. 
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1 INTRODUCTION 

1.1 EPIGENETIC REGULATION 

The sequence of an organism’s genome does not directly determine how the genome is used 

to build the organism. A second, more complex regulatory code is encrypted in the chromatin 

structure and 3D nuclear organization of chromosomes. This epigenetic information, or the 

epigenome, not only provides an essential cue to allow a cell to interpret the genome but can 

also be transmitted through cell division to preserve cellular identity. Epigenetic mechanisms 

thus converge on chromatin features to manifest specific changes in gene expression in 

response to developmental and environmental cues [1]. To effectuate this principle, the 

chromatin structure provides an essential platform for the collaboration between transcription 

factors and specific chromatin modifications [1]. Chromatin modifications are generated by 

the synergism between DNA and histone modifications, three-dimensional (3D) genome 

organizers, as well as non-coding RNAs [2, 3] in response to environmental cues. Once 

established, such features are generally stable to ensure the generation of robust phenotypes 

during development [4, 5]. However, the loss of this robustness to generate metastable and 

hence more plastic epigenetic states is considered a key factor underlying the development of 

complex diseases, such as cancer [5]. The molecular mechanisms underlying epigenetic 

plasticity and its deregulation in diseases remain poorly understood, although they are likely 

reflected by a change in the stability of physical interactions between distant regulatory 

elements, such as promoters and enhancers, crosstalk between different epigenetic marks, 

formation of transcriptional memory as well as compartmentalization of active and inactive 

chromatin domains [3, 6-10].  

1.2 CHROMATIN CROSSTALK IN 3D 

Although dynamically responding to extra-cellular cues, each chromatin is not randomly 

organized in the nucleus and is under development control [6, 11, 12]. The genome is 

packaged in the confines of the nuclear space in a highly dynamic while regulated manner 

and forms higher-order chromatin conformations. The 3D organization of the genome in the 

nucleus space influences and is influenced by genomic functions, including transcription, 

replication and DNA repair [6, 11]. The nuclear architecture and 3D genome organization, 

moreover, influence chromatin crosstalk and modulate the stability of chromatin states[6, 11]. 

Various methods have been evolutionally developed to assess genome-wide chromatin fiber 

interactions and close spatial proximities in the 3D architecture of the nucleus.  
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1.2.1 The innovation of techniques to explore the 3D genome  

During the last two decades, mainly two types of approaches have been innovated to explore 

3D chromatin structures: chromosome conformation capture (3C)-based technologies more 

recently combining with high-throughput sequencing analyses and fluorescence imaging 

techniques, such as fluorescence in situ hybridization (FISH) [13, 14]. Those techniques, 

which have their pros and cons discussed below, have been widely used for the spatial 

visualization of chromatin features and how these features relate to genome functions and 

cellular phenotypes [15-17].  

The 3C technique, which was initially invented by Job Dekker [13], was subsequently 

replaced by improved derivatives,  such as  4C, 5C and Hi-C techniques [15]. The common 

denominator between all these “C” techniques is that chromatin structures are cross-linked in 

the living cell with formaldehyde. Following purification of chromatin DNA, digestion using 

restriction endonucleases and ligation, the proximity between distal chromatin regions could 

be determined by either PCR or high throughput DNA sequencing analyses [13] 

(schematically shown in Fig. 1a). Based on this principle, the circular 3C (4C) technique was 

established, combining high throughput sequencing, to simultaneously capture multiple 

ongoing intra-chromosomal and inter-chromosomal interactions genome wide with high 

resolution from a known locus [18].  Later, 3C- carbon copy (5C) was established by 

introducing ligation-mediated PCR amplification to cover all possible ligation combinations 

from a 3C library within a defined distance, typically around one million base pairs, followed 

by deep sequencing [19-21]. Hi-C was subsequently invented to capture theoretically all to all 

interaction genome wide based on capturing the biotin-labeled ligation sequences bridging 

two different interacting DNA regions [22, 23]. ChIP-loop [24] and ChIA-PET [25] 

techniques represented other versions of 3C-based techniques, which are built on the 3C 

technique integrated with Chromatin Immunoprecipitation (ChIP). These methods are thus 

capable to detect chromatin fiber interactions when binding a particular protein, such as 

transcription factors. The “C” techniques listed above are based on cell populations, usually 

more than 10 million cells. To adapt Hi-C to single-cell analysis, Takashi and colleague 

modified the protocol by involving in-nucleus ligation, which enables the isolation of single 

nuclei carrying Hi-C ligated DNA [15, 26]. This single cell Hi-C approach suffers, however, 

from a limited sequencing coverage like several of the other “C” techniques. Recently, single-

cell combinatorial indexed ATAC-seq (sciATAC-seq) [27] and single-cell combinatorial 

indexed Hi-C (sciHi-C) [28] were invented based on the improved Hi-C protocol. A major 

drawback of all of these techniques is an extensive use of exponential PCR amplifications, 
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which introduce serious biases. To overcome this drawback, a new variant of the 3C 

technique termed Nodewalk was developed (Paper II) [29]. 

Nodewalk is identical to the classical “C” techniques up to the ligation of digested DNA. To 

further fragment the ligated DNA and equip it with suitable primer sequences, transposases 

are used to tagment the ligated DNA. In the next step, primers containing a T7 RNA 

polymerase promoter are used to amplify the ligated DNA within 5-7 cycles, allowing the 

production of large amounts of RNA from small amounts of input material. These chimeric 

RNA sequences are subsequently converted to DNA for high throughput sequencing using 

cDNA primers strategically positioned close to the ligated restriction site. This technique 

allows the reproducible identification of stochastic chromatin interactions in input material 

corresponding to at least 7 cells [29] (schematically shown in Fig. 1b).  

 

Figure 1. Schematic illustration of different types of 3C-based techniques 

 

Although the “C” techniques provide direct evidence of interactions between chromatin 

fibers, they are generally poor in assessing the frequencies of such interactions and their 

positions within the nuclear architecture. These shortcomings are neutralized by confocal 

microscopic analysis, which can then be combined with 3D FISH to provide information 
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about the location of proximities between different chromatin regions in single cells. Image-

based approaches benefit from the preserved natural spatial context of individual loci to 

enable direct analysis of the physical distance between regions of interest. However, the 3D-

DNA FISH approach suffers from the limitation of the light microscope. Moreover, although 

the automation of FISH protocol and advancing of imaging techniques have made it possible 

to map the position and proximity of multiple endogenous loci in single cells [30-32], it still 

suffers from a relatively low output in comparison with the “C” techniques.  

While the resolution of 3C-based methods is determined by the length of fixation reagent 

(5,9Å for monomeric formaldehyde) and thus rather high, these techniques offer only average 

information of chromatin fiber interactions. The resolution of 3D DNA FISH is limited by the 

wavelength of the fluorophores, which is much lower than 3C-based methods, while provides 

a powerful visualization of chromatin organization in single nuclei. To fill this gap between 

3C-based and 3D DNA FISH techniques, an in situ technique termed chromatin in situ 

proximity (ChrISP) was developed and successfully used to quantitatively detect chromatin 

proximity in single cells with a resolution exceeding those of super-resolution microscopes 

[33] (schematically shown in Fig. 2).  

 

Figure 2.  Chromatin in situ proximity 
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Combining the “C” techniques with ChrISP analyses thus provides an unprecedented insight 

into 3D chromatin features and their relationships to hallmarks of the nuclear architecture. 

1.2.2 The genome organizer CTCF and its PARP1 partner 

Using the “C” technologies it was observed that the communication between enhancers and 

promoters could be regulated by so-called insulator elements when placed in between the 

gene and its related enhancer [34]. The H19 imprinting control region (ICR) is so far the only 

well-characterized insulator in the mammalian genome, which regulates the monoallelic 

expression of a pair of imprinted genes, H19 from the maternal allele and Igf2 from the 

paternal allele [7, 35]. This feature is manifested by a cluster of binding sites of CCCTC-

binding factor (CTCF) at the H19 ICR, positioned between a downstream enhancer and 

upstream Igf2, which is methylated on the paternal but not the maternal allele. The maternal-

specific binding of CTCF to the H19 ICR thus ensures the monoallelic expression of Igf2 [35, 

36]. This feature has a critical role in differential regulation of higher order chromatin 

conformations [34, 37, 38].  

CTCF is an eleven-zinc factor that binds to its targets by the combinatorial usage of a subset 

of the zinc fingers [39]. Mutations in the 11 zinc finger domains [40-43] thus inhibit CTCF 

binding to specific target sites [43]. Mutations, disruption in the associated modifications, or 

structural changes in CTCF binding sites adjacent to oncogenes and cancer-related genes 

frequently occurred in cancer resulting in deregulation of cancer associated genes, as well as 

the local and long-range chromatin structure in cancer cells [44-49]. It is not surprising 

therefore that CTCF has been linked with the regulation of cancer cell proliferation and 

clonogenicity [40, 50, 51]. Based on these and other features (see below) CTCF has been 

coined as the master regulator of the genome [52]. 

It is not known how CTCF imparts chromatin insulator functions, although it involves the 

enzymatic activity of PARP1. PARP1 enzymatically poly(ADP-ribosy)lates (PARylates) 

itself and its protein partners, including CTCF, and affects a number of cellular and biologic 

outcomes by mediating the genotoxic stress response, DNA repair, regulating genome 

integrity, chromatin structure and transcription [53, 54]. Inhibition of the PARP1 function 

thus counteracted the insulator function of CTCF to generate biallelic IGF2 expression [55]. 

Of note, we show in Paper I that CTCF can activate PARP1 enzymatically to provide a 

plausible explanation for how PARP1 and CTCF collaborate to manifest the chromatin 

insulator function. It is, moreover, of interest that the potential for interactions between CTCF 

and PARP1 is under circadian control (Paper I) to raise the tantalizing possibility that the 
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function of chromatin insulators oscillates to diversify enhancer-gene communications in 

rhythmic manners. 

1.2.3 Compartmentalization of nuclear functions in 3D 

During interphase, individual chromosomes occupy certain nuclear space, the so-called 

chromosome territory (CT), and display radial orientation [6]. AT-rich sequence elements 

tend to localize to the nuclear periphery while GC-rich and gene-rich domains move towards 

the interior of the nucleus. However, specific regions have the probability to loop out from 

their corresponding territory to intermingle in inter-chromosomal contacts to influence and 

coordinate nuclear functions [6]. Active and inactive chromatin domains are separated 

spatially in the nuclei; this is one of the most striking features of the nuclear architecture [11, 

15]. In the vast majority of differentiated mammalian cells studied, FISH along with 3C-

based analyses thus show that transcriptionally active or poised chromatin has a tendency to 

be located in the nuclear interior, whereas repressed chromatin states containing gene deserts 

as well as genes repressed in a cell type-specific manner tend to tether at the nuclear 

periphery, or cluster around the nucleolus [12, 56, 57]. 

The spatial separation between active and inactive chromatin states likely reflects the 

maintenance of stable cellular memories by reducing transcriptional noise [4]. As chromatin 

modifications are reversible, the nuclear environment is expected to have an influence on the 

dynamics and stability of histone modifications. For example, the re-localization of 

developmentally regulated genes to and away from the nuclear periphery has been linked to 

transcriptional repression or activation, respectively. Similarly, artificial tethering of certain 

loci to the lamina has been shown to induce repression, although there are examples where 

localization does not affect transcription [12]. Paper I demonstrates that circadian genes 

exploit their dynamic juxtaposition to inactive domains at the nuclear periphery to effectuate 

transient repression. 

1.2.4 The active compartments:  nuclear interior 

Chromatin fiber interaction occurs often within active chromatin states in the nuclear interior. 

Using high-throughput assays that are capable to map long-range transient chromatin fiber 

interactions, dynamic physical contacts between regulatory elements that are located far apart 

from each other in linear distance have been captured [58]. Chromatin fiber interactions are 

most frequent within the same chromosome to form chromatin loops in cis.  It can also, 

however, involve large-scale movements and form transient contacts between different 
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chromosomes in trans.  Such enhancer-promoter and gene-gene communications have been 

liked with transcriptional coordination [59].  

1.2.4.1 Topologically associating domains (TADs) 

Hi-C revealed that mammalian genomes are compacted into evolutionary conserved self-

interacting chromatin domains in mega base scale. Such regions, named topologically 

associating domains (TADs) [60], may influence gene expression by constraining chromatin 

movements to involve only neighboring enhancer-promoter contacts [61]. Disruptions of 

TADs lead to de novo enhancer-promoter interactions and mis-expression [62]. Despite the 

underlying mechanisms of TAD formation remain to be obscured, some evidence pointed 

that architectural proteins or genome organizers, such as CTCF, can participate in the 

formation of TAD boundaries [61, 63, 64]. Preventing CTCF binding to a TAD boundary 

thus disrupt TAD integrity and lead to mis-expression of limb developmental associated 

genes causing limb developmental defects [62]. 

1.2.4.2 Enhancer usage in 3D  

Enhancer-promoter interactions are cell type- and differentiation stage-specific to manifest 

developmental decisions. The underlying molecular mechanisms include the stochastic 

chromatin fiber movements and transient stabilization of chromatin fiber interactions, which 

form the basis of transcriptional regulation [65]. Such functional contacts between enhancers 

and promoters, which are constrained by the 3D organization of the chromosome, are thus 

influenced by the binding of transcription factors (TFs) and stabilized by the interaction 

between TFs and chromatin architectural proteins or genome organizers, such as CTCF[62, 

66-71]. Enhancer-promoter contacts could also be influenced by chromatin mobility, which is 

constrained by the 3D organization of the nearby chromatin context[62, 69]. It has been 

shown that intra-TADs CTCF binding sites stabilizes enhancer–promoter interactions and 

maintains robust gene expression, so as to reduce cell-to-cell variation of gene expression 

[71]. The cohesin complex plays an important role in this process is exemplified by the 

observation that OCT4 (octamer-binding transcription factorÊ4) expression was lost when 

one of its members was down regulated [72]. Enhancer RNAs (eRNAs), a class of long 

noncoding RNAs that transcribed by and characterize active enhancers, have also been shown 

to take part in the regulation of enhancer-promoter contacts through promoting the 

recruitment and enhancing the kinase activity of the Mediator complex [73]. Furthermore, 

mutations of the mediator subunit 12 (MED12) abolished the interaction between eRNAs and 

MED12 to cause developmental defects. The frequency of enhancer–promoter interactions 
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might therefore regulate the frequency and/or duration of productive transcription, and 

modulate the variability of gene expression in a cell population.  

Multiply enhancer elements covering tens or hundreds of kilo bases tend to form clusters, so-

called super-enhancers, to ensure robust expression of cell fate–determining genes and to 

maintain cellular phenotypes during development and cancel evolution [74, 75]. However, 

such regions can be formed de novo during cancer development and integrate several 

different signaling pathways, such as the WNT pathway, to form oncogenic super-enhances 

(OSEs). This feature is thought to cause unscheduled activation of cancer genes, such as MYC 

[75, 76]. Transcriptional regulators and genome organizers, such as CTCF [76] and the 

Mediator complex [67], influence the formation and dissolution of super-enhancers. CTCF 

often occupies the promoter of oncogenes and facilitates their docking with essential 

enhancers [76]. The Mediator complex is an essential regulator of transcription by affecting 

enhancer-promoter contact, chromatin remodeling, as well as RNA Pol II activity [38]. 

While 3D genome organization regulate cell type-specific enhancer-promoter interaction [69, 

70], transcription activation in turn influence subnuclear positioning of local chromosome 

[77]. The interplay between gene expression and chromatin conformation is a driving force 

for cell-fate decisions [69]. It is still not clear, however, how the physical constrains of 3D 

genome organization govern cell type- and differentiation stage-specific crosstalk between 

enhancers and promoters. This issue is compounded by the observations that some enhancers 

have restricted access to only a gene in their neighborhood, while other enhances regulate the 

expression of several different genes located far apart [10]. To understand how enhancer-

associated chromatin state transitions could manipulate gene expression during differentiation, 

3D maps of dynamic chromatin fiber interactions between enhancer and promoter, as well as 

between enhancers have been elaborated to uncover a new feature of genome organization. 

1.2.5 The inactive nuclear compartments 

As noted above, the compartmentalization within the nucleus plays a key role in the 

regulation of transcriptional activity [12, 57, 78]. Long-range heritable repressive epigenetic 

modifications contribute to the establishment of stable repressive chromatin domains during 

differentiation [6, 7]. Such repressed domains, which are positioned at the nuclear periphery 

and/or at the nucleolus, are functionally and physically separated from transcriptionally active 

regions by boundary elements.  
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1.2.5.1 Formation of repressive compartment at the nuclear periphery 

The inner nuclear membrane, the nuclear lamina and the lamina-associated proteins constitute 

the nuclear periphery. The repressive environment at the nuclear periphery is based on the 

regulated interaction between the inner nuclear membrane and silenced chromatin [79]. 

Repressive histone modifications [15, 80] and specific genome organizers [57] coordinately 

drive dynamic interactions between genomic loci and the transcriptionally repressive 

environment at the nuclear periphery. 

The genomic regions that directly associated with nuclear lamins are termed LADs. These 

regions are approximately 10 Kb to a few megabases in size, covering around 40 % of the 

genome. LADs contain the AT-rich, repressed portion of the genome and include the so-

called constitutive LADs (cLADs) that are present at lamina in at least two different cell 

types the facultative LADs (fLADs) that cover developmentally silenced genes which are 

recruited to the periphery in a cell type-specific manner. Around 30% of LADs are positioned 

at the periphery at any given time, dynamically contacting with the nuclear lamina [81]. In 

mammalian cells, LADs might correspond to large blocks of peripheral heterochromatin that 

were first observed by electron microscopy [82, 83] and detected by native ChIP [81]. LADs 

thus substantially overlap with large domains that are enriched in repressive histone 

modifications, rich in Histone 3 Lysine 9 di- and tri-methylation (H3K9me2 and me3) [78, 

80], the so-called “Large Organized Chromatin K9-modifications” (LOCKs), which emerge 

during differentiation [12, 78]. 

Lamin proteins, such as Lamin A/C and Lamin B1, have been shown to regulate tethering of 

LADs at the nuclear lamina [84, 85], while the exact role of lamin proteins in chromatin 

organization is not clear. Murine embryonic stem cells (mESCs) with triple knockout of 

lamin proteins are still viable and DamID detected that the organization of LADs remains 

unchanged in these cells [86], suggesting that tethering of LADs to the nuclear lamina does 

not need the presence of lamins in mESCs. Removal of both the Lamin B receptor (LBR) and 

lamin A/C proteins, on the other hand, inverts the architecture of the nucleus and causes 

heterochromatin to accumulate in the center of the nucleus, suggesting that LBR is involved 

in mediating interactions between LADs and the repressive nuclear periphery at least in 

certain cell types [87]. The inner nuclear membrane protein emerin, in complex with histone 

deacetylase 3 (HDAC3) or other nuclear envelope transmembrane proteins (NETs), has also 

been implicated in mediating interactions between LADs and the nuclear periphery. Indeed, 

some of these NETs were shown to control the positioning of individual chromosomes 
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relative to the nuclear periphery [88]. 

Since the formation of repressive environment at the nuclear periphery involves the 

acquisition of large blocks of repressive histone modifications during cell differentiation, it is 

not surprising that factors depositing repressive histone marks have been shown to promote 

LAD-lamina interactions. For example, the histone methyltransferases (HMTs) MET-2 and 

SET-25 are responsible for regulating the localization of heterochromatin to the nuclear 

periphery in C. elegans [80]. In mammalian cells, the loss of K3K9 mono-methylation 

(H3K9me1) results in the disruption of the nuclear lamina [89]. Furthermore, methylation of 

H3K9 by G9a, a histone methyltransferase, has been shown to regulate the recruitment of 

LADs to the nuclear lamina [81]. Ying Yang 1 (YY1), in collaboration with lamin A/C, 

Histone 3 Lysine 27 tri-methylation (H3K27me3) and H3K9me2/3, has also been observed to 

promote the maintenance of lamina-proximal positioning[90]. CTCF, a major 3D genome 

organizer [91, 92], is enriched at the border between active and inactive domains [36] as well 

as at LAD boundaries [93]. In Drosophila, down regulation of CTCF reduces H3K27me3 

levels within inactive domains, indicating that CTCF is required for the maintenance of 

repression, however its involvement in maintaining LAD-lamina interactions has not been 

examined [94].  

1.2.5.2 The heterochromatic compartment at the nucleolus 

Genomic regions in addition to ribosomal DNA (rDNA) surround the nucleoli are termed 

nucleolus-associated domains (NADs) [95]. NADs have a relatively high density of AT-rich 

regions, low density of gene-rich domains and enriched in transcriptionally repressed genes 

[95]. Moreover, NADs substantially overlap with LADs suggesting that silenced regions can 

be dynamically repositioned between the nuclear periphery and nucleolus [95, 96]. Indeed, 

certain silent chromatin loci are recruited to the nuclear periphery or to the nucleolus in a 

dynamic and stochastic manner after each cell division, suggesting a substantial mobility 

between these two compartments [81]. The silenced compartment seems to be established 

first during differentiation around the nucleolus and then promote the expansion of H3K9me2 

LOCKs at NADs and LADs, raising the question that perhaps chromatin movements between 

these two compartments is necessary for the establishment of differentiated phenotypes [82, 

97, 98]. Nuclear lamina and the nucleolus might thus contribute to the global 3D organization 

of the genome by constituting two alternative locations for repressed genomic domains. 
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1.3 NUCLEOPORINS AND THE GENE GATING PRINCIPLE 

Although the nuclear periphery provided a well-documented transcriptionally repressed 

environment, it was early observed that heterochromatin patches were intermingled with 

euchromatin staining at the nuclear periphery and recruitment of genes to the periphery [99] 

provided the basis of the so-called “gene gating hypothesis”. This fact prompted the 

formulation of the so-called “gene gating” hypothesis by Günter Blobel already in 1985. This 

principle posits that yeast nuclear pore complexes (NPCs) and their components coordinate 

transcription, mRNA processing and nuclear export, serving as gene-gating organelles[100]. 

This hypothesis is supported by studies focusing on nuclear pore complexes and their 

components in yeast and mammalian cells during the last decades. NPCs are large uniform 

transmembrane complexes (approximately 50 MDa) consisting of multiple copies of about 30 

distant conserved proteins called nucleoporins (NUPs) [100-102] (Fig 3. NPC structure and 

molecular composition).  Each fully assembled NPC thus consists of 500 to 1000 nucleoporin 

molecules [101, 103, 104]. NPCs non-randomly span the nuclear envelope with a large 

degree of structural and compositional conservation [101]. In humans, the NPC is structurally 

constituted by cytoplasmic filaments, nuclear basket formed by NUP153 and TPR [105], the 

central pore formed by Nup93/Nup205 and two rings composed of the NUP107/NUP160 

complex flanking the central pore in the vertical plane [106]. 

 

Fig 3. NPC structure and molecular composition 
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NUPs have been involved in the regulation of both transcriptional activation and repression in 

a transport-independent manner, as exemplified by NUP98 in transcriptional activation and 

NUP153 in transcriptional repression [107, 108]. Accumulated evidence indicated that certain 

inducible genes are frequently relocated to the NPCs upon transcriptional activation, while 

maintaining or increasing their transcriptional activity at the nuclear periphery [109-111]. 

NUP133 and NUP155 can moreover mediate the transport of a target plasmid DNA molecule 

from an intra-nucleoplasmic position to the nuclear pores [112]. Studies among yeast and 

mammals have implicated NUPs in the regulation of gene expression through accumulating 

specific factors to form evolutionary conserved protein interaction hubs. Those hubs maintain 

the chromatin-to-pore and nascent mRNA-to-pore interactions to regulate gene expression at 

different stages during development and adaptation to the environment [99].  

The recruitment of nuclear pore sub-complex NUP107-160 to chromatin is regulated by 

interaction between AHCTF1 and chromatin [113]. AHCTF1 interacts with chromatin 

directly via its AT-hook domain and is essential for compartmentalization of chromosomal 

DNA [113]. In line with all the functions listed above, NUPs are essential not only for the 

regulation of pluripotency and differentiation, but also the plasticity of phenotypes during 

adaption to environmental cues [107, 114]. It is not surprising therefore that deregulation of 

NUP expression or mutations of NUPs have been found during aging as well as in variety of 

tissue specific and systemic human diseases [115-117].  

NPCs and NUPs interacting with chromatin have been suggested to form a transcriptional 

memory of previous gene activation processes in yeast [118, 119]. This is a phenomenon 

called epigenetic transcriptional memory that persists through several cell generations [118, 

120]. NUP98 in human and NUP100 in yeast interact with promoters to modulate H3K4me2 

resistance and poised Pol II binding after expose to the prior stimuli [118]. Formation of gene 

loops between the promoter and 3′end of the responsive genes through interaction with the 

nuclear pore complex is also involved in the maintenance of transcriptional memory [121]. 

Such chromatin loops at the nuclear pore complex were suggested to provide a platform for 

the fast of RNA Pol II recruitment the re-initiation of transcription and thereby for facilitating 

the RNA processing [121]. NUP98 was also shown recently to promote enhancer-promoter 

looping of ecdysone-inducible silent genes in Drosophila cells and tissues [119]. Apart from 

their role in nucleocytoplasmic transport, NUPs has also been shown to contribute to the 3D 

genome organization, maintenance of memory gene loops and genome stability [119, 122, 

123].  
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1.4 REGULATION OF CIRCADIAN TRANSCRIPTION IN THE 
COMPARTMENTALIZED NUCLEUS 

Almost all the organisms sensitive to light display behavioral and biochemical oscillations 

with an approximately 24h period, referred to as circadian rhythms [124]. Circadian (Latin; 

circa-, ‘‘approximately’’, -diem, ‘‘day’’) rhythm is a cell-autonomous and evolutionarily 

conserved timing system govern the oscillation of a large variety of physiological and 

behavioral reactions [124]. Consequently, many processes, such as body temperature, blood 

pressure, sleep–wake cycles, glucose and lipid metabolism, and behavior, e.g. food intake, are 

all under circadian control. Such rhythms in phenotype require flexible, rhythmic gene 

expression patterns at a subset of genes, which is governed by circadian chromatin transitions 

within the 3D nuclear architecture. 

Circadian systems are composed of three major components: the input pathways that receive 

environmental cues (mostly known ones are light, temperature and food) and entrain the 

oscillator; the central oscillator that ensures endogenous rhythmicity; and the output pathways 

that drive rhythmic biological processes, such as sleep–wake cycles, body temperature and 

metabolism. This endogenous clock system is a free-running system, which maintains the 

circadian oscillation even when the external cue is absence, while it is entrained or 

synchronized by external time cues to adjust to the geophysical time.  

1.4.1 The central and peripheral clocks 

Mammalian circadian rhythms are controlled by endogenous biological oscillators, that 

include a central pacemaker in the hypothalamic suprachiasmatic nuclei (SCN) [125] and 

other oscillators referred as the peripheral oscillators. Peripheral oscillators reside in other 

tissues in the brain, such as hypothalamic nuclei [126], in peripheral tissues, like liver and 

adipose tissue [127, 128], and even in cell lines maintained in culture [128, 129]. As the 

central clock system, the SCN is responsible for the biological rhythms in peripheral organs 

and is influenced by both internal and external cues[125]. Peripheral tissues contain self-

sustained oscillators with a molecular composition similar to that of SCN neurons [130-133]. 

1.4.2 The entrainment of circadian rhythm by external time cues 

To maintain the synchrony between endogenous clocks and the environment, the clock 

system is readjusted daily by external time cues through inducing alteration in gene 

expression level of clock genes and stability of clock proteins, during the so-called 

entrainment process [134]. External time cues are termed as “Zeitgebers”, which is German 
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for “giving time”.  A Zeitgeber is any exogenous or environmental cue that entrains or 

synchronizes an organism's biological rhythms.  

The most dominant synchronizer or Zeitgeber of the SCN is light: the retina perceives photic 

cues and transmits the signal to SCN through the retino-hypothalamic tract [135], the SCN 

receives external light signals to synchronize all the oscillators and is highly resistant to phase 

perturbations [136]. Other cues, such as food availability, strongly influence the clock system 

of peripheral cells [137, 138]. The phase of peripheral clocks in various tissues is 

synchronized and reset by signaling from the SCN directly, by the cooperation of neural, 

humoral and other signals indirectly, as well as by feeding-fasting cycles and humoral signals 

independent of the central clock [139, 140]. Food intake is the best-documented time cue for 

the periphery clocks for in particular the liver [139, 141, 142]. As the humoral signals, 

transforming growth factor- β (TGF-β) or activin signals induces the resetting of the cellular 

clock through activation of activin receptor-like kinase (ALK) independently of light-input 

signaling pathway in mice [143]. Furthermore, high concentration of horse serum could 

transiently synchronize circadian transcription of various genes in mammalian tissue culture 

cells [129]. 

1.4.3 The clock machinery: driving circadian transcription  

The circadian clock, operating as a cell-autonomous molecular oscillator, is built on 

conserved negative transcriptional and translational feedback loops [144] (Figure 4). CLOCK 

(circadian locomotor output cycles kaput) and BMAL1 (brain and muscle arnt-like 1, also 

known as ARNTL) as core clock proteins belong to the basic HLH (helix-loop-helix)-PAS 

(period-arnt-single-minded) (bHLH-PAS) transcription factor family. CLOCK and BMAL1 

form heterodimers and work as the positive limb of the feedback loop. The heterodimeric 

CLOCK:BMAL1 binds to E-box regulatory elements and drives transcription of clock-

controlled genes (CCGs), such as Period-encoding genes (Per1-3) and Cryptochrome-

encoding genes (Cry1-2) [145, 146]. PER and CRY proteins assemble into one or more 

protein complexes (PER complexes) [147, 148] in the cytoplasm. Upon translocation into the 

nucleus, PER complexes establish the negative limb by interfering with the BMAL1 and 

CLOCK function. The PER complexes thus suppress transcription of their own genes [149-

151]. Once the levels of the PER complexes have been lowered, the BMAL1/CLOCK 

complex will be re-activated to reform the positive limb.  

To further adjust the precision of the central system, other regulatory feedback loops, such as 

transcription factors RORs (retinoic acid receptor-related orphan receptors) and REV-
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ERBα/β (reverse erithroblastosis α and β), have been evolved [152-155]. RORs and REV-

ERBα/β bind to the ROR/ REV-ERB-binding element (RRE) on the Bmal1 promoter to 

promote or inhibit its transcription, respectively [152-156]. Ror and Rev-erbα/β are also 

CCGs transcriptionally regulated by CLOCK:BMAL1 [152-155]. Rhythmic transcription of 

REV-ERBα and RORα drive oscillations in BMAL1 expression while the CLOCK:BMAL1 

heterodimer feeds back on the Ror and Rev-erbα/β genes to form an “accessory” loop.  

This feedback loop also mediates rhythmic expression of several other transcription factors, 

including DBP (D-site binding protein), HLF (hepatic leukemia factor), TEF (thyrotroph 

embryonic factor), E4BP4 (E4 promoter–binding protein 4), as well as the bHLH 

transcription factors, DEC1 (also known as BHLHB2, STRA13, or SHARP2) and DEC2 

(BHLHB3 or SHARP1)) [137]. DBP, HLF, TEF, and E4BP4 bind to D-boxes in the genome 

and function in the circadian output pathways that drive rhythmic biological processes. These 

interconnected feedback loops, together with yet other regulatory factors, drive multiple 

patterns of transcriptional oscillations [157].  

 

Figure 4: The molecular components of the mammalian circadian clock. Adapted from Masri, 

S., Sassone-Corsi, P. The emerging link between cancer, metabolism, and circadian rhythms. 

Nat Med 24, 1795–1803 (2018). Reprinted with permission from publisher. 
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1.5 CIRCADIAN CHROMATIN TRANSITIONS 

As accounted for above, the core clock molecular machinery consists of transcription factors 

and regulators, both activators and repressors, which drive circadian expression of a fraction 

of the genome. Depending on the tissue or cell type, approximately 3–30% of the transcripts 

are under circadian regulation [158-160]. As transcription of a circadian gene, like that of any 

other gene, is influenced by its chromatin environment [65], the chromatin transitions 

enabling plasticity and specificity of circadian transcription are likely controlled by members 

of the positive and negative limbs of the circadian oscillator.  

1.5.1 The establishment of active chromatin states by the positive limb 

To initiate the transcription, the central circadian regulators BMAL1 and CLOCK act in 

combination with histone acetyltransferases (HATs) CREB binding protein (CBP) and p300, 

respectively, to acetylate histones and assist accessible chromatin state at promoters of CCGs 

[161-163]. Most likely, CLOCK itself functions as a HAT on H3K9 and H3K14 [164], both 

chromatin marks are associated with an active chromatin state. CLOCK: BMAL1 

heterodimer has been shown to interact also with other regulatory factors that have been 

associated with transcriptional activation, including histone methyltransferase (HMT) MLL 

[165], Jarid1a [166], Trap150 [167], and P300/CBP-associated factor PCAF [161]. Moreover, 

in the mouse liver, recruitment of RNA polymerase II (Pol II) to promoters was reported to be 

rhythmic and chromatin marks H3K4me3 and H3K36me3 linked with active transcription are 

highly dynamic and globally remodeled during the 24-hour period [168].  

1.5.2 The establishment of repressed chromatin states by the negative limb 

During the transition from the transcriptionally active state to the repressed state, the 

CLOCK: BMAL1 complex interacts with the PER complex at the beginning of the night as 

the levels of PER and CRY accumulate and translocate to the nucleus. The PER complex acts 

as a platform for recruitment of chromatin modifiers that can suppress transcription, e.g., 

acetylation is counterbalanced by a number of histone deacetylases (HDACs).  SIN3A-

HDAC1 [169] rhythmically deacetylates histone H3K9 at the Per1 promoter to contribute to 

the feedback repression of the clock. Moreover, the NAD+ - dependent enzyme SIRT1 

targets and deacetylates histone H3K9 and K14 on the promoter sites of Bmal1 and Per2, 

whereas SIRT6 deacetylates histone H3K9 and is involved in the recruitment of the circadian 

transcriptional machinery (CLOCK and BMAL1) to E-box containing CCG promoters [170-
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172]. 

To further perform the transition from activation to repression, histone methylations are 

recruited to the target promoters of circadian genes. The HMT Hp1γ-Suv39h, which regulates 

circadian di- and tri-methylation of H3K9 at the Per1 promoter, is recruited to the Per1 and 

Per2 promoters approximately 4 hours after recruitment of HDAC1 [173]. Recruitment of 

PER complexes could also repress the transcriptional re-initiation through inhibiting action of 

SETX and other helicases [147]. 

Very little is known about how such circadian chromatin transitions are integrated into the 

compartmentalized 3D architecture of the nucleus. Most of the studies exploring the circadian 

dynamics of higher order chromatin states thus focus on circadian enhancer-promoter 

interactions or interactions between circadian genes transcribed in the same phase [174-178] 

without exploring the role of nuclear hallmarks and compartments in oscillating gene 

expression. 

1.5.3 Crosstalk between the positive and negative limb of the clock 
machinery during chromatin transitions 

As mentioned above, post-translational modifications represent an important level of 

regulation of circadian expression. This is exemplified by the observation that the 

CLOCK:BMAL1 heterodimer recruits the Ddb1–Cul4 ubiquitin ligase to Per, Cry and other 

CCGs. Ddb1 and Cul4 are E3 ubiquitin ligases, which monoubiquitinate H2B and possibly 

other histones on neighboring nucleosomes. This process stabilizes the PER complex with 

DNA-bound CLOCK:BMAL1 at Per genes to reinforce its negative feedback function [179].  

Interestingly, the Mi-2/nucleosome remodeling and deacetylase (NuRD) transcriptional 

corepressor complex interacts with both the CLOCK:BMAL1 and PER complexes [180]. 

Thus, the CLOCK:BMAL1 heterodimer complexes with two NuRD subunits, MTA2 and 

CHD4, the latter of which promotes the transcriptional activity of CLOCK:BMAL1 on 

CCGs. Only when the PER complex carries the remaining complementary NuRD subunits to 

the DNA-bound CLOCK:BMAL1 complex, the NuRD complex could be rebuilt as an active 

corepressor that is important for the negative limb of circadian regulation. Thus, achieving 

the full repressor activity of the PER complex requires its successful targeting of 

CLOCK:BMAL1-occupied genomic loci [180].  

In another example, entrainment of circadian clock by feeding is initiated by binding of 

PARP1 to CLOCK:BMAL1 heterodimers. Poly(ADP-ribosyl)ation (PARylation) of CLOCK 
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at the beginning of the light phase evicts it from chromatin, due to the introduction of 

negative charges provided by Poly(ADP-Ribose)(PAR) chains, to inhibit transcription of 

CCGs. Conversely, induced loss of PARP1 enhances the binding of CLOCK:BMAL1 to 

DNA and leads to a phase-shift of the interaction of CLOCK:BMAL1 with PER and CRY 

repressor proteins. It is not surprising therefore that the entrainment of liver clocks to inverted 

feeding is significantly delayed in the absence of PARP1 [141]. 

PARP1 is a factor with a more general involvement in the regulation of chromatin structure, 

which acts either by direct protein-protein interactions or by the NAD+-dependent 

PARylation process [181, 182]. While it is associated with DNA damage response pathways, 

being activated by damaged DNA ends [183], its activity can be modulated by other factors. 

This is exemplified by CTCF, which is not only a major factor of transcriptional regulation in 

3D [91, 92], but also a main activator of DNA damage-independent PARP1 activity. We 

envisage therefore, that CTCF and PARP1 are dynamic partners of the DNA-bound 

CLOCK:BMAL1 complex to regulate the rhythmic activity of CLOCK. 

1.6 CIRCADIAN CLOCK, CELLULAR METABOLISM AND COMPLEX 
DISEASES 

Although features of clock-resetting factors and how they synchronize peripheral oscillators 

have not yet been fully understood, mounting evidences showed that circadian clocks in 

peripheral tissues are not only frequently linked to cellular metabolism, but also that the 

disruption of circadian rhythms might contribute to complex diseases, such as tumorigenesis, 

via perturbation to metabolic states [184, 185].  

As early as in 1998, Balsalobre and Schibler already demonstrated that horse serum shock 

could entrain circadian gene expression in mammalian tissue culture cells [129]. The 

components of the serum responsible for resetting the rhythm and the underling mechanisms 

remains to be elucidated, although Kon et al has shown that the resetting of cellular clocks 

can be induced by the activation of ALK, triggered by TGF-beta, activin or alkali signals. 

This process occurred independently of PER induction and was mediated by DEC1 [143]. 

Moreover, Yamajuku et al established a real-time monitoring cell culture system and could 

demonstrate that insulin directly regulates the phase entrainment of hepatocyte circadian 

oscillators [186]. 

Although it is known that metabolic processes regulate circadian patterns, while the 

underlying molecular mechanisms are still not yet fully explored. However, cellular 

javascript:void(0);
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NAD+/NADH levels, mirroring metabolic states, appear to regulate the function of the 

circadian oscillator [187]. Meanwhile, loss of circadian function might increase NAD+ levels 

in cancer cells because of higher rate for glycolysis [185, 188]. Moreover, the mammalian 

sirtuins, particularly SIRT1, which forms complex with CLOCK, has been shown to regulate 

circadian transcription through the NAD+-dependent deacetylation of circadian transcription 

factors and chromatin-associated proteins [170, 171]. Similarly, PARP1, a NAD+-dependent 

ADP-ribosyltransferase, plays essential roles in the entrainment of peripheral clocks to food 

intake [141].   

The close association between circadian rhythms and cellular metabolism likely and underlies 

its link with a number of pathologies such as metabolic syndrome, diabetes, obesity, sleep 

disorders, and some tumorigenic processes [171]. Therefore, it is of great importance to 

understand the molecular mechanisms underlying clock function and how these can be 

perturbed pathologically. 

  



 

28 

2  AIMS 

The overall aim of this thesis was to explore the regulation of chromatin transitions in the 3D 

architecture of the nucleus in relationship to biological processes. To this end, two different 

studies were implemented to address the role of the nuclear architecture in transcriptional 

regulation with the following specific questions: 

 How do external time cues reset the phase of circadian transcription in the 

compartmentalized 3D architecture of the nucleus? Specifically, does synchronization 

of circadian chromatin transitions upon entrainment involve communication between 

transcriptionally repressive and permissive sub-nuclear environments? 

 How do enhancer-promoter interactions collaborate with the compartmentalized 3D 

nuclear architecture in the regulation of gene expression? More specifically, does the 

gene gating principle exist in human cells, and if so what is the underlying 

mechanism?  
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3 METHODS AND MATERIALS 

3.1 CELL CULTURES AND TREATMENTS 

Female hESCs (HS181) were maintained on irradiated male feeder fibroblasts, and HEBs 

were generated as described previously [189]. HCT116 cells were maintained in complete 

growth medium (McCoy’s 5A modified medium (Thermo Fisher Scientific, 26600023) 

supplemented with 10 % Fetal Bovine Serum (FBS) (Thermo Fisher Scientific, 16141079) 

and 1% penicillin-streptomycin. HCECs were maintained in Colonic Epithelial Cell Medium 

(HCoEpiC, ScienCell, 2950). Cells were cultured at 37 °C under 5 % CO2 and routinely 

tested mycoplasma contamination using EZ-PCR Mycoplasma Test Kit (Biological 

Industries, 20-700-20). 

Serum shock treatments were performed as described previously [129]. Briefly, HCT116 

cells were cultured with serum-rich medium (McCoy’s 5A modified medium, supplemented 

with 50% horse serum (Thermo Fisher Scientific, 16050122)) for 2 hours. Cells were 

cultured with complete growth medium subsequently for indicated periods.  

HCT116 cells were transfected with 20 nM of CTCF siRNA (h) (sc-35124) or GFP siRNA 

(sc- 45924); 20nM PARP1 siRNA (h) (sc-29437) or GFP siRNA (sc- 45924); 50 nM of 

ELYS siRNA (h) (sc-77266) or GFP siRNA (sc- 45924) from Santa Cruz Biotechnology 

cells using Lipofectamine RNAiMAX Transfection Reagent (Thermo Fisher Scientific, 

13778150) following the manufacturer’s instructions respectively. Cells were harvested after 

48h incubation. qRT-PCR analysis, immunofluorescence staining and/or western blot were 

performed to detect the efficiencies. 

HCT116 cells were treated with Olaparib (0.3 mM final concentration) for 24 hours, 

Flavopiridol (2 mM final concentration) for 8 hours, or 0.5 µM G9a enzymatic inhibitor BIX 

01294 trihydrochloride hydrate (Sigma-Aldrich, B9311) for 72 hours before harvesting as 

described in paper I.  

HCT-116 cells were treated with 10 μM β-Catenin/TCF Inhibitor V, (BC21) 

(Merckmillipore, 219334), or an equivalent amount of the solvent DMSO for 16 hours in 

paper II. Recombinant human Wnt3a (R&R Systems, 5036-WN) was reconstituted in PBS 

containing 0.1% BSA and added directly to the cell culture medium for indicated lengths of 

time.  
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3.2 RNA/DNA FISH ANALYSES 

H19/IGF2, TLK1, VAT1L, PARD3, TARDBP, LADs and 4C interactors in Paper I and MYC 

probes in Paper II were generated based on bacterial artificial chromosome/clone (BAC). The 

MYC exon/intron probe and enhancer probes was generated from a pool of 4 PCR products 

spanning the MYC promoter and its gene body (chr8:128,746,000-128,756,177 (GRCh37). 

The BACs and PCR products were sonicated to 500-2000 bps range and followed by 

labelling with Biotin-16-dUTP (Roche, 11093070910) using Bioprime Array CGH kit (Life 

technologies, 18095-011).  A mixture of equal amounts of each labelled PCR product was 

used as FISH probe. The single-stranded intron 1 probe was prepared by generating double-

stranded PCR fragments spanning MYC intron1 (chr8:128,749,271-128,750,480).  

RNA FISH was performed on cells cultured on chamber slides (Thermo Fisher Scientific, 

154534) were crosslinked with 3 % formaldehyde for 15 minutes at room temperature (RT). 

The crosslinked slides were stored in 70% Ethanol at -20°C until further use. The 

ribonuclease inhibitor Ribonucleoside Vanadyl Complex (NEB, S1402S) was added to the 

buffers at all steps. Cells were rehydrated in 2 x sodium salt citrate (SSC), and permeabilised 

with 0.5 % Triton X-100 in 2 x SSC for 10 minutes at room temperature. The FISH probe 

was mixed with a 10-fold excess of human Cot-1 DNA (Thermo Fisher Scientific, 15279011) 

and hybridised to the slides in a buffer containing 2 x SSC, 50% formamide and 10 % dextran 

sulphate overnight at 37°C. Cells were washed twice with 2 x SSC/ 50% formamide for 15 

minutes at 40°C and with 2 x SSC for 15 minutes at 40°C, followed by mounting with 

Vectashield mounting medium containing 4,6-diamidino-2-phenylindole (DAPI) (Vector 

Labs, H-1200). 

DNA FISH analyses were performed on cells that were crosslinked and permeabilised as 

described for RNA FISH. After denaturation in 2 x SSC/ 50% formamide for 40 minutes at 

80°C, cells were kept in ice cold 2 x SSC for 5 minutes. The following hybridization and 

washing steps were prepared as described for RNA FISH.  

3.3 IN SITU PROXIMITY LIGATION ASSAY (ISPLA) 

ISPLA was performed on cells that were fixed with 1% formaldehyde to detect proximities 

between different proteins: CTCF-PARP1, CTCF-CTCF, PARP1-PARP1 in Paper I; ß-

catenin-TCF4, ß-catenin-ELYS, TCF4-ELYS in Paper II.  Modified antibodies (termed R+ 

and M-) were added to the slides following incubation with primary antibodies, followed by 

hybridization of backbone and splinter oligo DNAs, ligation and rolling-circle amplification, 
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as described [190]. 

3.4 CHROMATIN IN SITU PROXIMITY (CHRISP) 

ChrISP assay was performed and quantitated as previously described [191]. Briefly, cells 

were crosslinked and permeabilised as described for RNA FISH.  Following hybridization of 

the FISH probes and incubation with primary antibodies, the cells were incubated with 

modified antibodies (termed R+ and M-), hybridized with backbone and green splint, and 

ligated with T4 ligase, as described [191]. 

For the proximity analysis between the Digoxigenin-labelled probes annealing to either the 

MYC promoter/gene body or the OSE and the nuclear pore component NUP133, a Tyramide 

signal amplification step (TSA™ Kit with Biotin-XX Tyramide, Thermo Fisher Scientific, 

T20931) was included to increase the concentration of biotin molecules in the vicinity of the 

NUP133 epitopes. The TSA reaction was performed as described in the manufacturer’s 

protocol. In brief, after hybridization of the FISH probes and incubation with the primary 

antibodies anti-NUP133 (Abcam, ab155990) and anti-Digoxigenin (Roche, 11333062910), 

cells were incubated with anti-HRP antibody, treated with the TSA-working solution and 

then incubated with anti-biotin antibody (Abcam, ab53494).  

3.5 GRID WIDE-FIELD MICROSCOPY 

Cell imaging and generation of optical section in 3D were carried out on Leica DMI 3000B 

fluorescent microscope with OptiGrid device (Grid confocal) using Volocity software 

(Quorum Technologies Inc). Stacks were taken at 0.3 μm intervals in the Z-axis. On average, 

150-300 alleles were counted for distance measurements and/or ChrISP and ISPLA signal 

intensity in each case. RNA FISH signals were determined by subtracting the intensity of the 

background in the immediate surroundings.  

3.6 CHROMATIN NETWORKS AND INTEGRATION ANALYSES 

3.6.1 Circular chromatin conformation capture sequencing (4C-Seq) 

Using the human H19 ICR region as targeting bait, 4C-seq was performed in both HESCs 

and HEBs as previously described [192].  Briefly, formaldehyde crosslinking of hESCs and 

hEBs was performed with/without the presence of Olaparib (0.3 mM final concentration) in 

the presence of 4 mM (final concentration) Ribonucleoside Vanadyl Complex. Upon PARG 

treatment, crosslinked chromatin was treated with recombinant PARG (25 ng/ml final 

concentration) (catalog no. 4680-096-01, Trevigen) in the presence of 2 mM (final 
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concentration) DTT in BglII restriction buffer at 25°C prior to BglII digestion for 24 hours.  

Chromatin was digested with BglII for 2 weeks at 37°C in the presence of 1 U/ml RNasin 

Plus (Promega). RNase A (0.8 mg/ml final concentration) was added during the period of 

BglII digestion for RNase treatment. After digestion, intra-molecular ligation, reversal of 

crosslink and DNA purification were performed.  

3.6.2 Nodewalk 

The identification of chromatin networks impinging on MYC and flanking enhancers was 

done as has been previously described [29]. 

3.7 RNA ANLYSES 

3.7.1 Pulse labeling of RNA 

Newly synthesized RNA samples were generated by incubating the cells with 0.5 mM (final 

concentration) 5-ethynyl uridine (EU, Thermo Fisher Scientific, E10345) for 15 or 30 

minutes. For pulse chase, cells were washed with 5xPBS after the labeling with EU and then 

incubated with pre-warmed normal growing medium for indicated periods.  

3.7.2 The nuclear RNA export assay 

To determine the ratio between exported cytoplasmic and nascent nuclear RNA, EU-labelled 

nuclear and cytoplasmic RNA were fractionated, processed to cDNA and analysed for the 

presence of intronic and exonic regions of MYC by QPCR analysis. The separation of the 

nuclear and cytoplasmic fraction and the RNA isolation was performed by using the 

Ambion® PARIS™ system (Thermo Fisher Scientific, AM1921) according to the 

manufacturer's protocol. Briefly, 300 µl of Fractionation buffer was used to lyse the cells. 

The nuclear and cytoplasmic fractions were separated following centrifugation at 500 g for 5 

minutes. Labelled RNA or total RNA was purified with RNeasy Mini kit (Qiagen, 74014). 

EU-labelled RNAs were captured using Click-iT Nascent RNA capture kit (Thermo Fisher, 

C10365) following the manufacturer’s instruction before their conversion into cDNA using 

SuperScript VILO cDNA Synthesis Kit (Thermo Fisher Scientific, 11754050). 

3.7.3 mRNA decay analyses 

To block elongation of transcription, cells were incubated with 5 µg/ml Actinomycin D 

(Sigma Aldrich, A1410) for 0, 0.5, and 1 hour. Cytoplasmic and nuclear fractions were 

separated and total RNA purified as described above. An additional DNA digestion step was 

included to remove residual DNA (TURBO™ Dnase, Ambion, AM1907). The samples were 
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normalized against the total recovery of the nuclear and cytoplasmic fractions, respectively.  

3.7.4 RT-QPCR analysis of transcription 

The quality of purified RNA samples was assessed before cDNA synthesis (SuperScript 

VILO cDNA Synthesis Kit, Life Technology, 11754050) using Bioanalyzer 2100 (Agilent). 

All the QPCRs were performed using 10-fold diluted cDNA and iTaq Universal SYBR 

Green Supermix (Bio-Rad, 1725125) on RotorGene 6000 (Corbett Research).  
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4 RESULTS 

4.1 PAPER I: PARP1- AND CTCF-MEDIATED INTERACTIONS BETWEEN 
ACTIVE AND REPRESSED CHROMATIN AT THE LAMINA PROMOTE 
OSCILLATING TRANSCRIPTION 

4.1.1 Interactome connecting circadian loci and LADs 

To uncover the dynamic feature and function of chromatin crosstalk in the 3D space of the 

nucleus, we took the advantage of the 4C technique to capture more than two ongoing 

chromatin fiber interactions simultaneously.  Using a well-characterized epigenetically 

regulated imprinting region H19 ICR as the bait, 4C was performed and 518 regions were 

observed that reproducibly interacted with the bait region in Human embryonic stem cells 

(hESCs), as well as in the derived embryoid bodies (hEBs) in a developmentally regulated 

manner.  Approximately two thirds of regions detected by the 4C analyses formed a highly 

modular and approximately scale-free network, which covered both intra- and inter-

chromosomal chromatin fiber interactions. The detected network represents the sum of 

interactions from a cell population, where the individual interactions are dynamic and 

variable at the single cell level. Thus, only regions with more frequent interactions 

reproducibly emerged as central nodes in two or more samples within the network.       

The networks were validated by 3D DNA FISH analysis by measuring the physical distance 

between two loci identified by 4C. Unsurprisingly, it turned out that interactors with high 

read counts in the 4C library were more proximal to the bait than nodes with low read counts. 

The central nodes with higher connectivity were thus proximal to each other much more 

frequently than regions further apart in the topology of the network. To further validate this 

observation, we employed a chromatin hub connected to every module of the H19 ICR 

interactome, i.e. the VAT1L locus (coding for a vesicle amine transport 1 homolog-like 

protein), as a new 4C bait. Apart from reproducing the interaction between VAT1L and H19 

ICR, we also identified regions interacting both with VAT1L and H19 ICR, as well as loci that 

interacted with VAT1L independently of the H19 ICR. These results reinforced the topology 

of the network and that the existence was independent of H19 ICR. 

We further analyzed the feature of the network based on chromatin states. Surprisingly, the 

interactome impinging on H19 ICR covered various chromatin states ranging from 

transcriptionally permissive to transcriptionally repressive without either segregation away 
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from each other, or preferred interactions in between active loci in both hESCs and hEBs. 

This is striking since it did not follow the generally believed hallmark of the nuclear 

architecture that active and inactive chromatin domains are dynamically and spastically 

separated [11, 15]. 

4.1.2 Molecular ties connecting circadian loci to LADs 

The reproducibility of the network suggested that the encounters between the nodes were 

regulated and that there might be dynamic molecular ties connecting different nodes. Since 

long-range insulation by the maternal H19 ICR requires PARylated CTCF and our data 

showed that PARP1 bound to the same, maternal allele as CTCF [35, 36], we predicted that 

PARylation and/or PARP1 together with CTCF contributed to the chromatin crosstalk. This 

hypothesis was confirmed: the depletion of PAR chains from cross-linked chromatin by PAR 

glycohydrolase (PARG) collapsed the chromatin network between H19 ICR and its 

interactors in both hESCs and hEBs. This observation demonstrates that PAR chains were 

present between the interacting nodes at the time of interaction, although it does not explain if 

PARylation was the cause or consequence underlying the network formation.  

PAR chains are generated by the enzymatic activity of PARP1, which could be activated by 

CTCF independently of DNA damage [193]. Reduction of CTCF expression by small 

interfering RNA (siRNA) indeed reduced cellular PAR levels in HCT116 cells, indicating 

that PARylation of chromatin complexes and hence the network might be caused by 

functional CTCF-PARP1 interactions. This deduction was supported by two different 

experiments. First, ChIP-loop assays revealed that PARP1 is part of the H19 ICR-VAT1L 

complex. Second, treating hESCs with Olaparib, an inhibitor of PARP1 enzymatic activity 

[194], for 24 hours not only significantly reduced cellular PAR levels, but also affected 

chromatin movements and disrupted chromatin fiber interactions impinging on the H19 ICR. 

Furthermore, ChIP analyses showed that binding of PARP1 to VAT1L, H19 ICR, and other 

chromatin hubs, as well as indirect binding of CTCF to several interactors of H19 ICR were 

disrupted by a 24-hour Olaparib treatment. Conversely, direct binding of CTCF to the H19 

ICR was insensitive to Olaparib treatment to suggest that the CTCF-PARP interaction was 

directly or indirectly underlying the formation of the chromatin network. Finally, 4C analyses 

illustrated that incubation with Olaparib during a mere 10-min during the formaldehyde 

crosslinking step, could disassemble the majority of interactions in hESCs despite that it did 

not remove already existing PAR chains. Taken together, the results indicated that the 

interaction between CTCF and PARP1 was essential for the connection between H19 ICR 
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and its interacting chromatin hubs in the initial phase. The in situ generated PAR chains could 

then regulate the stability of the CTCF-PARP1 interaction and provide a platform for 

interaction with other proteins to further diversify the network.  

Given that transcriptionally active and repressed genes communicated with each other 

extensively within the network, we next addressed the underlying reason. One clue was 

provided by the findings that PARP1 activity is rhythmic and that PARP1 participates in the 

entrainment of circadian rhythm in response to feeding in the mouse liver [141]. Enrichment 

analysis showed that the network was enriched in potential circadian control genes, 

particularly in the flanking regions located 10-kb or less distal to the site of interaction, 

indicating a cis-acting regulatory role of the interactors. The phenomenon that four chromatin 

hubs were proximal to LADs at the nuclear periphery frequently raised the idea that 

chromatin fiber interactions in the H19 ICR interactome was established at this compartment. 

Indeed, 3D DNA FISH combined with Olaparib treatment confirmed the frequent proximities 

between circadian loci and LADs in untreated control cells, as well as the involvement of 

PARP1 activity or protein interactions in the recruitment of circadian genes to LADs. 

Moreover, nearest neighbor analysis illustrated that the circadian genes that were active in 

hESCs and hEBs interacted with LADs more frequently than with other circadian genes. 

4.1.3 The role of the nuclear periphery in circadian transcriptional 
attenuation 

In contrast to the general dogma that active and repressed domains were segregated to 

different compartments [11, 13, 15], we considered the possibility that there might be an 

oscillating re-positioning of active circadian loci to the repressed compartment at the nuclear 

periphery. This perception was reinforced by the observation that repressive chromatin 

modifiers that contribute to the regulation of the repressive sub-compartment at nuclear 

periphery [195] are also involved in the regulation of circadian transcription by acting in 

company with factors that regulate the negative limb of the circadian feedback loop [173, 

180]. To explore this issue, serum shock was used to synchronize circadian gene expression 

in cultured cells [129]. Using this method, we managed to synchronize or reset the circadian 

rhythm of the human colon cancer cell line HCT116. Strikingly, in situ proximity ligation 

assay (ISPLA) revealed that CTCF and PARP1 were in close physical proximity to each 

other primarily at the nuclear periphery and the interaction displayed a circadian rhythm. 

Similarly, 3D DNA FISH analyses showed that the IGF2/H19, VAT1L, PARD3 and TARDBP 

loci co-localized with the lamina in a rhythmic manner following serum shock. Moreover, the 

phase of recruitment was dependent on transcriptional activity in HCT116 cells, as loci with 
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low transcriptional activity, such as IGF2/H19 and VAT1L, peaked at 0 and 24 hours upon 

serum shock, while active loci, such as PARD3 and TARDBP peaked around 8 hours later. 

This deduction was reinforced by the observation that inhibiting transcriptional elongation by 

Flavopiridol [196] accelerated the recruitment of PARD3 and TARDBP to the lamina by 

about 8 hours upon serum shock. Finally, both Olaparib treatment and knocking down of 

either CTCF or PARP1 not only abolished the rhythmic tethering of circadian loci to the 

lamina, but also the rhythmic transcription of PARD3. Therefore, both protein levels and 

protein interaction of CTCF and PARP1 as well as PARP1 activity were critical for the 

entrainment of circadian transcription and for the rhythmic recruitment of circadian loci to the 

nuclear periphery. 

Interestingly, although transcription level of PARD3 peaked at the time when it was recruited 

to the nuclear periphery in the highest level, its activity dropt notably a few hours later at this 

sub-compartment, documenting that its juxtaposition to the nuclear periphery indeed 

preceded its transcriptional attenuation. Since transcriptional repression is not immediate and 

the periphery is enriched in repressive chromatin modifiers as well as in H3K9me2 LOCKs, 

enrichment of H3K9me2 while not H3K27me3 at PARD3 was documented by ChIP 

sequencing analysis in unsynchronized cell populations. ChrISP analysis was performed to 

further explore the presence of H3K9me2 at PARD3 alleles at the single cell level. 

Oscillating acquisition of the repressive H3K9me2 mark at PARD3 peaked at the time of 

transcriptional attenuation upon serum shock. Moreover, inhibiting the HMT activity of 

G9a/Glp [197-199] to deplete the H3K9me2 mark not only abolished the juxtaposition of 

PARD3 to the nuclear periphery, but also reduced its rhythmic transcription. Overall, the data 

are consistent with the observation that circadian transcriptional attenuation of PARD3 took 

place at the nuclear periphery requiring a time-dependent acquisition of the repressive 

H3K9me2 modification. 

4.1.4 Summary: novel principles in the entrainment of circadian 
transcription 

Taken together, in Paper I we have uncovered a chromatin network regulated by the genome 

organizers PARP1 and CTCF. The network is organized mainly by inter-chromosomal 

interactions connecting transcriptionally active loci enriched in circadian genes to repressed 

LADs at the nuclear periphery. Serum-shock induced entrainment of the circadian rhythm 

involves the rhythmic recruitment of clock controlled genes to the repressive environment at 

the nuclear periphery, followed by the time-dependent acquisition of the repressive 

H3K9me2 mark, leading to circadian transcriptional attenuation. PARP1 and CTCF not only 
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facilitate the recruitment of circadian loci to the lamina in an oscillating manner, but also 

promote rhythmic transcription upon serum shock (Figure 5, Model explaining the oscillating 

recruitment of circadian loci to the nuclear periphery).  

The circadian system uncovered in this paper is likely to interplay with the core clock 

machinery. The NAD+-dependent PARP1 activity has been shown to be rhythmic in mouse 

liver and regulated by feeding [141]. PARP1 has been shown to bind to and PARylate 

CLOCK in a circadian manner, and this PARylation prevents the binding of negative limb 

proteins to CLOCK, as well as evicts CLOCK:BMAL1 from the E-box elements [141]. Thus, 

PARP1 modulates the temporal interactions between CLOCK:BMAL1 and PER complexes 

to potentially regulate transcriptional attenuation. Our findings are in line with the 

observation that PARP1 collaborate with CTCF to modulate the circadian chromatin 

transition from active to repressive chromatin states. PARP1 and CTCF thus interact with 

each other in a circadian manner to regulate and promote the rhythmic recruitment of active 

circadian loci to the repressive nuclear periphery. This in turn ensured the gradual attenuation 

of circadian transcription upon entrainment by serum shock. This finding opens up new 

avenues for our understanding of the complex role of PARP1 in the entrainment of peripheral 

circadian clocks to feeding.     

In summary, Paper I describes a novel principle of the entrainment of circadian transcription 

that involves rhythmic chromatin mobility between active and repressive sub-nuclear 

compartments.  This observation demonstrates the critical role of nuclear architecture in 

circadian regulation. Given the tight link between circadian rhythms, cellular metabolism and 

pathologies such as metabolic syndrome, diabetes, and some tumorigenic processes [170], 

Paper I might have an impact on our understanding of the molecular mechanisms underlying 

complex diseases and how these can be perturbed. Erosion of the repressive domains might 

thus counteract circadian transcription to perturb metabolic states in complex diseases. 

Questions not addressed here include how the circadian loci are released from the repressive 

periphery and how PARP1- and CTCF-regulated circadian oscillations collaborate with the 

core clock machinery. Since CTCF-PARP1 interaction is essential for the recruitment of 

circadian genes to the lamina, we predict that dissociation of this complex probably 

contribute to the release process. Factors under circadian control might influence the PARP1 

activity [200] to rhythmically destabilize the CTCF-PARP1 complexes. The interplay with 

the central clock machinery needs to be further analyzed using other model systems. Finally, 

the observation that circadian genes remain active at the lamina for several hours after their 
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initial recruitment suggests that they might land in an environment that is transcriptionally 

permissive. Such an environment might be represented by the nuclear pores, raising the 

possibility that rhythmic chromatin mobility to the lamina is coordinated with the rhythmic 

nuclear export of circadian gene products. 

 

 

Figure 5, Model explaining the oscillating recruitment of circadian loci to the nuclear 

periphery. Adapted from H.Zhao et al. PARP1- and CTCF-Mediated Interactions between 

Active and Repressed Chromatin at the Lamina Promote Oscillating Transcription. Mol 

Cell. 17;59(6):984-97 (2015). Reprinted with permission from publisher. 
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4.2 PAPER II: WNT SIGNALING AND AHCTF1 PROMOTE ONCOGENIC MYC 
EXPRESSION THROUGH SUPER-ENHANCER-MEDIATED GENE GATING 

Enhancers and super-enhancers stabilize the expression of cell fate-determining genes during 

normal development. In some instances, abnormal super-enhancers can be formed during 

neoplasia to drive pathologically high levels of expression of oncogenes, such as MYC [68, 

74]. As MYC plays key roles in cell cycle progression and apoptosis [201], the emergence of 

an oncogenic super-enhancer (OSE) promotes uncontrolled cell proliferation.  

4.2.1 Regulation of MYC transcription in 3D 

To identify the enhancer network impinging on MYC gene in HCT116 cells, we have 

performed earlier a novel 3C-based technique named Nodewalk [29], which could 

comprehensively detect stochastic and dynamic interactions with high resolution and ultra-

sensitivity using small input material. Using several enhancer regions as baits in HCT116 

cells and human colon epithelial cells (HCECs), we have uncovered an extensive network 

covering active regions enriched in H3K27ac marks and inactive regions represented by 

cLADs located primarily at the nuclear periphery [81]. Although the nuclear periphery 

provides a well documented transcriptionally repressed environment [81, 85] and recruitment 

of genes to the periphery could promote silencing, peripheral localization leads not only to 

silencing [103]. Recruitment of genes to the NPCs can be associated to both transcription 

activation and repression [107, 108].  Some nucleoporins could bind to enhancers to form 

clusters and could also interact with lamins directly [202, 203] to provide a potential link 

between active genes and cLADs. We could show that NUP153-binding enhancer regions 

cluster with high connectivity impinging on MYC (within two TADs flanking MYC), which is 

in line with the notion that NUP153 generally associates with enhancer domains 

preferentially localized at NPCs [203].  

In contrast to NUP153, another nucleoporin, NUP133, showed little or no binding to the 

MYC promoter in either HCT116 or primary cultures of normal human colon epithelial 

(HCEC) cells.  However, ChIP analyses showed a broad occupancy of NUP133 within both 

the hematopoietic super-enhancer region and the colorectal super-enhancer region, the OSEs 

of HCT116 cells, with markedly less binding to the region corresponding to the OSE in 

HCECs. Taken together, the OSE has both NUP153 and NUP133 occupancy, while MYC is 

occupied primarily by NUP153. Given that NUP153 and NUP133 contribute to the formation 

of nuclear basket/cage and ring structure respectively, there might be a division of labor 
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between the OSE and the MYC gene at the nuclear pore.  

We next determined the sub-nuclear location of NUP133 and OSE interaction by using the 

ChrISP technique [33].  This technique allows the detection of the NUP133 epitope in the 

proximity of the OSE with a resolution less than 16.2 nm. Compared with the negative 

control, lacking one of the secondary antibodies, we could document specific ChrISP signals 

between NUP133 and the OSE in HCT116 cells, while rarely in HCECs. Importantly, 73% of 

the OSE alleles juxtaposed to the nuclear periphery are proximal to the NUP133 epitope. 

There is also a fraction of OSE-NUP133 ChrISP signals within the nucleus, which is in line 

with the presence of NUP133 in the intra-nuclear space [112]. Conversely, MYC itself was 

rarely in direct physical contact with NUP133, thus independently validating the low 

NUP133 occupancy at MYC promoter detected by the ChIP assay. 

To explore the relationship between NUP133 occupancy and OSE-MYC interaction, we first 

measured the physical distance between MYC or OSE and the nuclear periphery by 3D DNA 

FISH analysis in both HCT116 cells and HCECs. The OSE was observed to be generally 

closer to the nuclear periphery than MYC in HCT116 cells. Intriguingly, the MYC and OSE 

regions appeared more proximal to each other only when the OSE region was within 1 μm 

from the periphery. A similar tendency was observed in HCECs.  To independently validate 

this observation, we scored for ChrISP signals between MYC and OSE in relation to the 

nuclear periphery. The results confirmed that the proximity between the OSE and MYC 

directly correlated with their proximity to the nuclear periphery. To rule in or out that this 

pattern was specific to the OSE region, we compared this data using another enhancer region 

(EnhD) more proximal to MYC and not binding NUP153, as identified by Nodewalk and 

ChIP analyses. Indeed, although its proximity to MYC was generally prominent, these two 

regions were rarely proximal to each other at the nuclear periphery. The results therefore 

suggest that the EnhD region loops out when OSE-MYC approach the nuclear periphery.  

By analogy to the ability of the nuclear pore to coordinate transcription, mRNA processing 

and nuclear exports in lower model systems [100], we considered the possibility that the 

nuclear pore provides a platform for MYC expression by recruiting the OSE when interacting 

with MYC. First, the presence of transcriptionally active MYC at the nuclear periphery was 

assessed through 3D RNA FISH analysis using both probes targeting intron 1 and probes 

covering both exons and introns. In order to identify the MYC mRNA signal, the RNA FISH 

analyses were followed by denaturation and DNA FISH using a large BAC probe to identify 

the corresponding genomic location of MYC. The results showed that most of the MYC alleles 
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juxtaposed to the nuclear periphery/pore were transcriptionally active. However, those MYC 

transcripts were largely devoid of intron 1 sequences, suggesting that mRNA processing is 

being completed when MYC approaches the periphery. 

When we compared the ratio of the MYC mRNA FISH signals generated by the intron 1 and 

intron/exon probes, it turned out that the transcriptionally active alleles could be discerned 

into two different populations: one more proximal to the nuclear periphery (within 0.3-0.7 

μm) and the other more distal (within distance bin 1.1-1.3 μm). This biphasic pattern is 

strikingly similar to the distribution of the OSE-MYC or EnhD-MYC ChrISP signals. Thus, 

the distribution of EnhD-MYC proximities was similar to the intron 1 RNA FISH signals 

while the distribution of the OSE-MYC proximities showed an emphasis on the intron/exon 

RNA FISH signals. Furthermore, there were frequently more than one OSE and MYC alleles 

in each cell that were within 0.7μm from the nuclear periphery, indicating that there is a 

dynamic repositioning of MYC alleles to the nuclear periphery. 

4.2.2 Contribution of gene gating to MYC mRNA accumulation 

In a next step we compared the expression levels of both nascent and total MYC mRNA 

levels in HCT116 cells and HCECs by RT-QPCR analysis. Although cytoplasmic mRNA 

levels in HCT116 cells were 3-fold higher than in HCECs; the nascent transcripts in the 

nucleus were paradoxically lower in HCT116 cells than in HCECs. To explain this 

discrepancy, we considered the scenario that the proximity of MYC to the nuclear pore would 

facilitate nuclear export of processed mRNA. We therefore developed a 5-ethynyl uridine (5-

EU) pulse-chase analysis technique in HCT116 cells and HCECs. Total RNA was extracted 

from the nuclear and cytoplasmic fractions followed by purification of newly synthesized 

RNA by immunopurification. Levels of newly exported versus newly transcribed MYC RNA 

were determined by RT-QPCR. Visualizing the efficiency of nuclear export by cytoplasmic/ 

nuclear ratios showed that the nuclear export of MYC mRNA is on average 5-fold more 

efficient in HCT116 cells than in HCECs. This result is in line with our observation that the 

OSE region or corresponding region is juxtaposed to the nuclear pore in HCT116 cells, but 

not in HCECs.  

However, this process would contribute to higher total MYC mRNA levels only if the 

stability of the MYC transcripts is lower in the nucleus than in the cytoplasm. We addressed 

this issue by inhibiting transcriptional elongation using Actinomycin D, followed by RT-

QPCR analyses of the levels of nuclear and cytoplasmic MYC transcripts during a time 

course. While there was no difference in overall MYC mRNA stability between HCT116 and 
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HCEC cells, there was in both cell types a several-fold difference in the decay rates between 

the nuclear and cytoplasmic MYC transcripts. The main difference in cytoplasmic MYC 

mRNA levels between HCT116 and HCEC cells therefore likely reflects the more than 3-fold 

difference in decay rates between the nuclear and cytoplasmic compartments in combination 

with the facilitated export in HCT116 cells.  

Considering that the assembly of NUP107/160 nuclear pore sub-complex on chromatin 

requires the transcription factor AHCTF1 [112, 113], we analyzed the effects of knock down 

of AHCTF1 expression on the binding of NUP133 to MYC and the OSEs and the export ratio 

of MYC transcripts. Indeed, ChrISP analyses showed that knockdown of AHCTF1 expression 

reduced the binding of NUP133 to the OSE at, or close to the nuclear pores. Conversely, it 

did not interfere with the polarized anchoring of the OSE-MYC complex to the nuclear pores. 

These results document that AHCTF1 controls the anchoring of the OSE to nuclear pores but 

is not involved in the migration of OSE/MYC to the nuclear periphery/pore. Importantly, as 

the attenuation of AHCTF1 expression reduced the nuclear export of MYC transcripts, we 

argue that AHCTF1 is essential for both the anchoring of super-enhancer to the nuclear pores 

and the facilitated nuclear export of MYC transcripts. 

4.2.3 The role of WNT in the super-enhancer mediated gene gating of MYC 

Tumorigenesis has been associated with hyperactivity of the WNT/β-catenin pathway [204]. 

WNT/β-catenin pathway frequently target to MYC expression in the majority of colorectal 

cancers [205, 206].  As the DNA binding protein TCF7L2/transcription factor TCF4, which 

forms a complex with β-catenin in the nucleus of cells with an activated canonical WNT 

signaling pathway, binds to the OSE at the MYC locus in HCT116 cells [75], we 

hypothesized that the WNT/β-catenin pathway might be the upstream regulator of OSE-

mediated MYC gene gating. To address this possibility, we treated HCT116 cells with BC21, 

which specifically interferes with the complex formation between TCF4 and β-catenin [207]. 

Both ISPLA and, in particular co-immunoprecipitation (co-IP) assays showed that AHCTF1 

and ß-catenin bound to each other in a BC21-independent manner, while AHCTF1 binding to 

TCF4 was BC21-dependent. TCF4-ß-catenin complex formation is therefore likely needed 

for AHCTF1 to be able to interact with the OSE at the MYC locus in HCT116 cells, which 

was subsequently confirmed by ChIP analyses.  

To further examine whether the interaction between AHCTF1 and TCF4 is linked to the 

regulation of the anchoring of the OSE to the nuclear periphery/pore, we performed ChrISP 

analyses between the OSE, which has TCF4 occupancy, and NUP133, which is recruited to 
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chromatin via AHCTF1. The results confirmed that BC21 treatment indeed suppressed both 

the binding of NUP133 to the OSE and the recruitment of OSE to the nuclear periphery/pore. 

Given that MYC is a WNT/β-catenin target gene and AHCTF1 physically interacts with ß-

catenin, we further analyzed the presence of AHCTF1 at one prominent MYC WNT-

responsive DNA element (WRE) WRE-520 [208] by ChIP. The results showed that AHCTF1 

binding to this site was attenuated in BC21-treated HCT116 cells. Of note, the conditions we 

used for the BC21 treatment reduced cytoplasmic MYC mRNA without any significant effect 

on the levels of MYC transcription. Taken together, our results are consistent with that WNT 

signaling regulates pathological MYC mRNA export post-transcriptionally by tethering the 

OSE-MYC complex to the nuclear pores mediated by AHCTF1/ß-catenin.  

While the gene gating principle has been documented in yeast and Drosophila systems, it was 

not well understood in mammals [209]. Although the results in Paper II agree with the basic 

features of this principle and extend its validity to humans, they have also uncovered novel 

features. In particular, the OSE-mediated, post-transcriptional increase of cytoplasmic levels 

of MYC mRNA in response to extra-cellular cues is novel. Given that MYC is a key regulator 

of diverse biological processes particularly in cancer, targeting WNT-regulated gating of 

MYC may provide an alternative way for cancer therapy.  
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5 DISCUSSIONS 

5.1 THE ROLE OF NUCLEAR PERIPHERY IN THE REGULATION OF GENE 
EXPRESSION 

The nuclear periphery provides environments for both transcriptional activation and 

repression. LADs and LOCKs form the repressive components at the periphery. Repressive 

histone modifications [15, 210] and specific genome organizers [34] thus coordinately drive 

dynamic interactions between genomic loci and the transcriptionally repressive environment 

at the nuclear periphery. While the nuclear pores supply a platform for both transcription 

activation and repression in various organisms, nuclear pore complexes (NPCs) and their 

components (NUPs) coordinate transcription, mRNA processing and nuclear export in lower 

eukaryotes [100].  

Paper I described a novel principle of circadian transcriptional regulation involving the 

rhythmic recruitment of active clock controlled genes to the nuclear periphery and following 

a time-dependent transcriptional attenuation. This observation not only demonstrated a 

critical role of the nuclear architecture, the nuclear periphery in particular, in circadian 

regulation, but also suggested that transcriptional attenuation from activation was not 

immediate, and involved a delayed acquisition of the repressive H3K9me2 modification at 

the lamina during the circadian cycle. Circadian genes thus maintained their activity for 

several hours after their recruitment to the nuclear periphery. Taken together with the results 

of Paper II, showing that the colorectal super-enhancer facilitates the accumulation of MYC 

transcripts in the cytoplasm by anchoring MYC to the nuclear pore in colon cancer cells, we 

speculate that CTCF and PARP1 recruit active genes to the nuclear pore prior to reaching the 

repressive environment at the periphery. 

5.2 MYC AND THE CIRCADIAN CLOCK 

MYC and perturbed circadian rhythm are frequently linked to tumorigenesis [211].  While 

whether altered MYC expression in cancer could be mechanistically related to deregulated 

circadian rhythm either directly or indirectly remains to be established. While E-box elements 

exist in MYC gene itself [212], MYC and MYC-target genes have been demonstrated to be 

regulated by CLOCK-BMAL1 at both transcriptional and posttranscriptional levels in 

mammals [213, 214]. Of note, the circadian repressor CRY2 promotes ubiquitylation and 

degradation of the MYC protein, suggesting that circadian disruption might promote 

tumorigenesis in part through MYC protein stabilization [215].  
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Alternatively, given the master role of MYC in cell proliferation and metabolism, a hyper-

activated MYC could interfere with the clock system and thus change circadian oscillation of 

metabolism in cancer cells. Altman and colleagues have documented that an overexpressed 

MYC could alter the expression of the negative limb members of the core clock machinery, 

e.g. PER2 and CRY1, via direct binding to E-boxes [216]. Moreover, direct activation of 

REV-ERBs repressed BMAL1 expression thus suspend the molecular clock in vitro [216]. 

Shostak et al further identified that MYC mediated circadian repression requires interaction 

with MIZ1 and suggested that MYC/MIZ1complex-dependent gene repression inversely 

coordinates the circadian clock [217]. The observation that MYC overexpression profoundly 

disrupted oscillation of glucose metabolism [216] suggests that pathological expression of 

MYC promotes tumor growth by disrupting circadian gene expression and cell metabolism. 

Given these observations it is conceivable that a too efficient gating of MYC might provide a 

negative feed-back to the clock machinery, a deduction in line with our observation that only 

a subpopulation of MYC alleles are subjected to gene gating (Paper II).    

The observations that factors involved in oncogenic pathways, such as MYC, are strongly 

regulated by the circadian machinery suggest there is an interdependent relationship between 

MYC and circadian rhythms. Both oncogenic alterations and circadian rhythms are involved 

in the regulation of many cellular processes, including metabolism, and metabolism itself 

could also regulate circadian patterns.  The close association between circadian rhythms and 

oncogenic alterations might be changed during tumorigenesis, while the underlining 

mechanism has not been explored. Combining the findings from Paper I and II, one new 

opening is that PARP1 and CTCF complexes formation facilitates the recruitment of 

circadian genes, such as MYC, first by anchoring them to the nuclear pore followed by a 

lateral transition to repressive LADs.  

5.3 ADAPTATION TO THE ENVIRONMENT 

5.3.1 WNT signaling 

The WNT signaling cascade is a critical and highly evolutionally conserved regulatory 

pathway that has been implicated in a wide range of processes such as embryonic 

development, tissue regeneration and carcinogenesis. It mediates metabolic reprogramming 

of both normal and tumor cells by directly regulating downstream signaling pathways such as 

TCF/LEF, MYC [218] and negative regulation of tumor repressor proteins, such as p53 

[219]. In addition, WNT can regulate the expression and activity of enzymes involved in 

metabolic pathways and oncogenes to promote metabolic changes.  
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WNT signaling is, moreover, involved in mechanisms sensing and translating environmental 

cues into complex cellular programs during both normal and pathological proliferative states. 

The expression level of β-catenin is thus sensitive to changes in glucose levels in macrophage 

cell lines in a hexosamine-dependent manner conceivably linking the canonical WNT/β-

catenin pathway to glucose availability [220]. Moreover, the WNT modulator 

Dapper1/Frodo1 (Dact1) coordinated expression of WNT ligands WNT10b, WNT3a and 

WNT antagonists in response to in vivo adipogenesis, and nutritional cues, as well as during 

the development of dietary and genetic obesity [221].  

5.3.2 Circadian entrainment 

Circadian entrainment is a necessary adaptation of organisms to a changing environment. To 

maintain the synchrony between endogenous clocks and the environment, the clock system 

has to be readjusted by external time cues or “Zeitgebers” by inducing alterations both in the 

expression levels of clock genes and in the stability of clock proteins, this is what entrainment 

stand for [134]. In the presence of an external time cue or a Zeitgeber, an organism's 

biological clock readjusts its amplitude, phase and period every day to the geophysical time 

cycle.  

The most dominant synchronizer or Zeitgeber of the SCN is light, SCN receives external 

light signals to synchronize all the oscillators and is highly resistant to phase perturbations 

[136].  The clock system of peripheral cells in various tissues are synchronized and reset by 

signaling from the SCN directly or indirectly by the cooperation of neural, humoral, and other 

signals.  The clock system of peripheral clocks can also, however, be strongly influenced by 

other cues, such as food availability [137, 138]. The phase of peripheral clocks can therefore 

be entrained or reset by feeding-fasting cycles and humoral signals independent of the central 

clock [139, 140]. Food intake is thus the most documented time cue for the periphery clocks 

for in particular the liver [141, 142]. Moreover, humoral TGF-β or activin signals can induce 

the resetting of the cellular clock through activation of ALK independent of light-input 

signaling pathway in mice [143]. Given the central role of CTCF and PARP1 in mediating 

circadian transcriptional oscillation, we speculate that several external cues regulate circadian 

transcription by targeting the formation of this complex. 

5.3.3 Nucleoporins and the transcriptional memory 

The transcriptional memory, maintained by epigenetic/chromatin marks, endows cells to 
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quickly respond to environmental cues to change the transcription repertoire. The 

juxtaposition of chromatin regions to the NPC provides one of such memory to increase the 

rate of responses to external signals by accelerating RNA Pol II recruitment in yeast and 

Drosophila [121]. For example, Nup98 binds to ecdysone-inducible genes and mediates their 

enhancer-promoter looping upon activation in Drosophila cells and tissues [119].  Such a 

transcriptional memory could be regulated by modulating NUP98 levels without affecting 

ongoing transcription [119]. Paper II uncovered another principle that how NUPs can confer 

transcriptional memory by showing that the OSE promotes the anchoring of MYC to the 

nuclear pore to facilitate the nuclear export of MYC mRNA in colon cancer cells.  

5.4 CTCF AND PARP1 IN COMPLEX DISEASES 

5.4.1 CTCF in disease 

CTCF is a versatile factor linked to inhibition of cancer cell proliferation and clonogenicity 

[40, 50, 51]. Mutations in the 11 zinc finger domains [40-43] inhibit CTCF binding to 

specific target sites [43]. Deletion of CTCF or mutations in the 11 zinc finger domains [40-

43] to inhibit CTCF binding to specific target sites [43], has been observed in leukaemia [42, 

222], Wilms’ tumour [43], as well as breast [47, 51, 223] and prostate cancers [47]. 

Mutations, disruption in the associated modifications, or structural changes in CTCF binding 

sites adjacent to oncogenes and cancer-related genes result in the deregulation of cancer 

associated genes, as well as in the changes of the local and long-range chromatin structures in 

cancer cells [44-49]. For example, epimutations of CTCF binding sites within the H19 ICR in 

patients suffering from the Beckwith–Wiedemann syndrome, predispose to paediatric cancer 

development [224, 225]. Mutation in the isocitrate dehydrogenase (IDH) gene resulted in 

loss of CTCF binding and the disruption of TAD organization in human gliomas [226]. 

Furthermore, disruption of CTCF-associated TAD boundary domains rewired long-range 

enhancer-promoter interactions, and the ensuing mis-expression resulted in malformation 

syndromes [62]. These diverse observations indicate that deregulation of CTCF or its DNA 

occupancy play important roles in cancer development. 

5.4.2 PARP1 in disease 

PARP1 mediates the genotoxic stress response, DNA repair, gene integrity, chromatin 

structure and transcription by PARylating itself and its protein partners to affect a number of 

cellular and biologic outcomes [53, 54]. PARP1 participates in transcriptional regulation in 

diverse manners, including physical and functional interactions with genomic DNA and 

chromatin, with chromatin modifying proteins and transcription factors [227, 228] partly 
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through the synthesis of PAR at its targets. These processes underlie pathological conditions, 

including cancer, inflammation-related diseases, and metabolic dysregulation [229].  

At a low level of DNA damage, PARP1 acts as a survival factor and initiates repair through 

recruiting factors involved in DNA repair pathways. Conversely, when DNA damage is high, 

PARP1 promotes cell necrosis [230], suggesting that the available levels of its NAD+ 

substrate influences the decision between cell survival and cell death [231]. Inhibition of 

PARP1 activity or genetic deletion of PARP1 thus prevents animals from aberrant cell death 

caused by DNA damage [232, 233].  

PARP1 has also been shown to interact with TCF-4/β-catenin complex and works as a co-

activator of their transactivation [234-237]. Inhibition of PARP1 activity thus represses β-

catenin signaling to reduce the expression of β-catenin, Myc, cyclin D1 and matrix 

metalloproteinase (MMP)-7. The PARP1 activity playing a role in colorectal [234, 237] ad 

cervical carcinogenesis [235]. Accordingly, silencing PARG function suppressed cancer 

development induced Benzo(a)pyrene by in mice [238]. Auto-PARylation of the PARP-1 

protein induced by DNA damage inhibited the functional interaction of PARP-1 with TCF-4 

[237]. The interplay between PARP1, the DNA damage response and WNT signaling may 

thus constitute a new option for the diagnosis and treatment of cancer. 

It will be of importance to explore whether the consequences of altered CTCF or PARP1 

function in the above mentioned diseases involve a perturbation of the circadian clock and/or 

the gene gating process. 
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6 SUMMARY 

This thesis focuses on exploring the interplay between epigenetic regulation, enhancer-

promoter interaction, 3D genome organization and circadian homeostasis in the 3D 

architecture of the nucleus. 

In Paper I, we uncovered a novel principle of circadian transcriptional regulation: 

coordination of circadian transcriptional oscillations by external time cues involves the 

rhythmic mobility of circadian genes between transcriptionally permissive and repressive 

sub-nuclear compartments. The transient localization of clock-controlled genes to the lamina 

promoted the formation of dynamic inter-chromosomal chromatin fiber interactions between 

circadian genes and LADs, prior to the gradual attenuation of their transcriptional activity and 

the subsequent release of clock-controlled genes from the lamina to the nuclear interior. 

These LAD-circadian gene interactions were regulated by rhythmic complex-formation 

between the 3D genome organizers PARP1 and CTCF, which not only served as molecular 

ties of the chromatin fiber network, but also regulated chromatin mobility to and from the 

lamina. 

In Paper II, we described the discovery that the OSE regulates MYC expression post-

transcriptionally by facilitating its gating to the nuclear pore in colon cancer cells. This cancer 

cell-specific tethering of OSE/MYC complexes to the nuclear pores was regulated by 

AHCTF1, resulting in several-fold increase of cytoplasmic MYC mRNA levels in human 

colon cancer cells, but not in normal cell counterparts. Finally, we showed that WNT 

signaling regulates this process by promoting the binding of AHCTF1 to the OSE, as 

mediated by ß-catenin-TCF4-AHCTF1 complex formation. 

These findings provide new perspectives to understand not only the function of the dynamic 

3D nuclear architecture and genome organization, but also how to antagonize cancer cells in 

therapeutic strategies.  

  



 

52 

7 ACKNOWLEDGEMENTS 

Time flies, but it worth! It indeed takes quit a while to get here, this long journey has been 

exciting and challenging. It is fulfilled with millions of great advice, encouragement， 

accompanies and helps from fantastic people. Here, I would like to take the great opportunity 

to express my deepest gratitude to all of you, especially:  

My supervisor Anita Göndör, your passion and broad interests in science have inspired me a 

lot. I really appreciate your great supervision and all kinds of encouragement.  I came to the 

lab with little background in molecular biology research; it is your enormous patience helped 

me grow up. Thanks a lot for introducing me to the “3D chromatin” and “Circadian” world 

and thanks for always kindly explaining related knowledge to me. You created a comfortable 

and open environment for my whole PhD training. It is my great pleasure to work in your 

group and indeed I enjoyed a lot.  

Professor Rolf Ohlsson, it is my great pleasure to have collaboration with you. The great 

platform offered me opportunities to learn new knowledge and experimental skills. Thank 

you for the brilliant suggestions. 

My Co-supervisors Sören Lehmann and Andreas Lennartsson, thank you for sharing your 

profound knowledge of AML and great ideas.  

Professor Mats Wahlgren, my honor to have such a nice person and excellent scientist as my 

mentor! It is always helpful to talk with you, thank you for all your great advice and 

encouragement!  

Barbara Scholz, it was great fun to “live” beside you in the office and in the wet-lab, we 

have shared so much during the past years. You are my super advisor in both research and 

life. I really enjoyed all types of discussions with you and really wish you would do well on 

your way of pursuing science.  

I would like to give a big hug to Marta Imreh, the person who guided me to know the lab, 

the department, the institute, as well as helped me for different documents at the first day 



 

 53 

when I came. You are so kind and helpful to everyone, made our life much easier. 

Anna, you did quite good job both in the lab and in private life. Not everyone could manage 

to combine hard work with renovating a house, and, enjoying lifelong events at the same 

time. I love your company; Uffe is so friendly, Daniel and David are so cute! Good luck for 

your future! My colleague Carolina, I really enjoyed working with you, you are always nice 

and warm to everyone.  Mirco, you are always so helpful and patience both in life and in 

science, you are a good organizer and being a great scientist too. Ilias, it is always fun to 

discuss with you, keep your motivation and you will be there.  Johanna, thank you for being 

so patience for all my scientist and non-scientist questions. Deeksha, thanks for sharing your 

experience with me. Jia Pei, I really enjoyed working and doing troubleshooting with you. 

Ilyas, Andrej, Rashid and Hao, good luck for your future! 

And many thanks to the former members: Noriyuki Sumida, I really appreciate all the help 

and encouragement in the last years. I definitely learnt a lot from you. Thank you for being so 

kind and patient to me. I wish all the best for your career and life in Japan.  Xingqi, you are 

like the brother helped me going through the hardships in the beginning of my study, good 

luck for your research! Chengxi, Samer, Moumita, and Feri, thanks for showing me 

different techniques and being so kind and patient to me. Alex, Gozde, Maria and Li-

Sophie, it is really my luck to share some time with you.  Lluis, it is my pleasure to working 

partially on the same project with you; I wish you best luck in your career. Manos, thank you 

for the explanation of complicated mathematical formula and bioinformatics analysis; I did 

learn a lot form you. 

Professor Ingemar Ernberg, thanks for the cancer book examination! I really enjoyed the 

discussion and I really admire your broad knowledge!  

Professor Lars Holmgren, thank you for all the consideration and encouragement. 

Yuanyuan and Vicky, I feel like old friends at the first meeting. Evelyn, thank you for 

helping us to take confocal images. Pedro, you are always so helpful. Yuming, good luck for 

your study. 



 

54 

All the collaborators and coauthors I have had the privilege to work with!  

My old friend Zhiqiang Huang, we followed your step to Sweden, it is really my lucky to be 

friend with you, thanks for all your support in the last 9 years. With Shujing and with Jorge 

of course, you three are more like relatives of Gao and me here. All my best wishes to all 

three of you!  Xuan Li, millions of great memories with you for all trips we had enjoyed and 

it is my great pleasure to be friend with you! I appreciate all the comfort you have given. I 

wish and I am pretty sure you are already living in your dreaming life. Shan Jiang, we 

shared a lot and thank you for all the comfort and support, your family is always so kind and 

warm, Enya is so pretty and smart. Dear Lili and Jun, it is great fun to spend time with you. 

Thanks for the great advice in both career and life! Fan Zhang, we used to call each other a 

quite Chinese way, “Darling” by translation. Thank you for all the encouragement, as well as 

thanks for always being there whenever I come to you and spending time with me.  Shixing 

Zheng, I used to call you Doctor Zheng, thank you for all the advice you gave and you will 

give for all us three. Thanks for the help of all other Chinese friends: Ruining Liu, Chenfei 

He, Qing Cheng, Lifeng Liu, Fengyang Li, Yafeng Zhu, Xiaogang Feng and Lei Li, Zijian Qi 

and Lianhe Chu, Xiaolei Zhou, Ying Xu and Jianhuang Lin. It is my pleasure to be friends 

with all of you, all the time we have spent together would become sweet memories. With you 

surround, I am not feeling homesickness.  

亲爱的爸爸妈妈，谨以此文，感谢你们多年来的悉心照顾和付出，感谢你们一直以来

对我的支持与尊重。虽然你们对我的研究知之甚少, 但是你们总是无条件地支持我走

得更高更远。亲爱的姐姐，感谢你从小到大从未减少的包容与支持。我最亲爱的家人

们， 你们一直以来最无私的爱与支持成就了今天的我!  

高哥， 相识十年，一路风风雨雨走过，感谢你的支持与理解，希望我们的小家庭越

来越好。 高瑾瑜，第一次这么称呼你，my baby， 感谢你选择了我们成为你的爸爸妈

妈，给我们带来更多的温馨与欢乐，未来，我们一起成长！



 

 55 

8 REFERENCES 

 

1. Flavahan, W.A., E. Gaskell, and B.E. Bernstein, Epigenetic plasticity and the 
hallmarks of cancer. Science, 2017. 357(6348). 

2. Burton, A. and M.E. Torres-Padilla, Chromatin dynamics in the regulation of cell 
fate allocation during early embryogenesis. Nat Rev Mol Cell Biol, 2014. 15(11): 
p. 723-34. 

3. Göndör, A., Chromatin regulation and dynamics. 2017, London [etc]: Elsevier, 
Academic Press. 

4. Pujadas, E. and A.P. Feinberg, Regulated noise in the epigenetic landscape of 
development and disease. Cell, 2012. 148(6): p. 1123-31. 

5. Raj, A. and A. van Oudenaarden, Nature, nurture, or chance: stochastic gene 
expression and its consequences. Cell, 2008. 135(2): p. 216-26. 

6. Gondor, A. and R. Ohlsson, Chromosome crosstalk in three dimensions. Nature, 
2009. 461(7261): p. 212-217. 

7. Sandhu, K.S., C. Shi, M. Sjolinder, Z. Zhao, A. Gondor, L. Liu, V.K. Tiwari, S. 
Guibert, L. Emilsson, M.P. Imreh, and R. Ohlsson, Nonallelic transvection of 
multiple imprinted loci is organized by the H19 imprinting control region during 
germline development. Genes Dev, 2009. 23(22): p. 2598-603. 

8. Spilianakis, C.G., M.D. Lalioti, T. Town, G.R. Lee, and R.A. Flavell, 
Interchromosomal associations between alternatively expressed loci. Nature, 
2005. 435(7042): p. 637-645. 

9. Thanos, D. and T. Maniatis, Virus induction of human IFN beta gene expression 
requires the assembly of an enhanceosome. Cell, 1995. 83(7): p. 1091-1100. 

10. Li, G., X. Ruan, R.K. Auerbach, K.S. Sandhu, M. Zheng, P. Wang, H.M. Poh, Y. Goh, J. 
Lim, J. Zhang, H.S. Sim, S.Q. Peh, F.H. Mulawadi, C.T. Ong, Y.L. Orlov, S. Hong, Z. 
Zhang, S. Landt, D. Raha, G. Euskirchen, C.L. Wei, W. Ge, H. Wang, C. Davis, K.I. 
Fisher-Aylor, A. Mortazavi, M. Gerstein, T. Gingeras, B. Wold, Y. Sun, M.J. 
Fullwood, E. Cheung, E. Liu, W.K. Sung, M. Snyder, and Y. Ruan, Extensive 
promoter-centered chromatin interactions provide a topological basis for 
transcription regulation. Cell, 2012. 148(1-2): p. 84-98. 

11. Bickmore, W.A. and B. van Steensel, Genome Architecture: Domain Organization 
of Interphase Chromosomes. Cell, 2013. 152(6): p. 1270-1284. 

12. Reddy, K.L. and A.P. Feinberg, Higher order chromatin organization in cancer. 
Semin Cancer Biol, 2013. 23(2): p. 109-15. 

13. Dekker, J., M.A. Marti-Renom, and L.A. Mirny, Exploring the three-dimensional 
organization of genomes: interpreting chromatin interaction data. Nat Rev 
Genet, 2013. 14(6): p. 390-403. 

14. Bickmore, W.A., The spatial organization of the human genome. Annu Rev 
Genomics Hum Genet, 2013. 14: p. 67-84. 

15. Nagano, T., Y. Lubling, T.J. Stevens, S. Schoenfelder, E. Yaffe, W. Dean, E.D. Laue, 
A. Tanay, and P. Fraser, Single-cell Hi-C reveals cell-to-cell variability in 
chromosome structure. Nature, 2013. 502(7469): p. 59-+. 

16. Zhao, Z., G. Tavoosidana, M. Sjolinder, A. Gondor, P. Mariano, S. Wang, C. 
Kanduri, M. Lezcano, K.S. Sandhu, U. Singh, V. Pant, V. Tiwari, S. Kurukuti, and R. 
Ohlsson, Circular chromosome conformation capture (4C) uncovers extensive 
networks of epigenetically regulated intra- and interchromosomal interactions. 
Nature Genetics, 2006. 38(11): p. 1341-1347. 



 

56 

17. Kalhor, R., H. Tjong, N. Jayathilaka, F. Alber, and L. Chen, Genome architectures 
revealed by tethered chromosome conformation capture and population-based 
modeling. Nature Biotechnology, 2012. 30(1): p. 90-U139. 

18. Gondor, A., C. Rougier, and R. Ohlsson, High-resolution circular chromosome 
conformation capture assay. Nat Protoc, 2008. 3(2): p. 303-13. 

19. Belton, J.M. and J. Dekker, Chromosome Conformation Capture Carbon Copy (5C) 
in Budding Yeast. Cold Spring Harb Protoc, 2015. 2015(6): p. 593-8. 

20. Dostie, J., T.A. Richmond, R.A. Arnaout, R.R. Selzer, W.L. Lee, T.A. Honan, E.D. 
Rubio, A. Krumm, J. Lamb, C. Nusbaum, R.D. Green, and J. Dekker, Chromosome 
Conformation Capture Carbon Copy (5C): a massively parallel solution for 
mapping interactions between genomic elements. Genome Res, 2006. 16(10): p. 
1299-309. 

21. Dostie, J., Y. Zhan, and J. Dekker, Chromosome conformation capture carbon copy 
technology. Curr Protoc Mol Biol, 2007. Chapter 21: p. Unit 21 14. 

22. Belton, J.M., R.P. McCord, J.H. Gibcus, N. Naumova, Y. Zhan, and J. Dekker, Hi-C: a 
comprehensive technique to capture the conformation of genomes. Methods, 
2012. 58(3): p. 268-76. 

23. van Berkum, N.L., E. Lieberman-Aiden, L. Williams, M. Imakaev, A. Gnirke, L.A. 
Mirny, J. Dekker, and E.S. Lander, Hi-C: a method to study the three-dimensional 
architecture of genomes. J Vis Exp, 2010(39). 

24. Cai, S., C.C. Lee, and T. Kohwi-Shigematsu, SATB1 packages densely looped, 
transcriptionally active chromatin for coordinated expression of cytokine genes. 
Nat Genet, 2006. 38(11): p. 1278-88. 

25. Fullwood, M.J., M.H. Liu, Y.F. Pan, J. Liu, H. Xu, Y.B. Mohamed, Y.L. Orlov, S. 
Velkov, A. Ho, P.H. Mei, E.G. Chew, P.Y. Huang, W.J. Welboren, Y. Han, H.S. Ooi, 
P.N. Ariyaratne, V.B. Vega, Y. Luo, P.Y. Tan, P.Y. Choy, K.D. Wansa, B. Zhao, K.S. 
Lim, S.C. Leow, J.S. Yow, R. Joseph, H. Li, K.V. Desai, J.S. Thomsen, Y.K. Lee, R.K. 
Karuturi, T. Herve, G. Bourque, H.G. Stunnenberg, X. Ruan, V. Cacheux-Rataboul, 
W.K. Sung, E.T. Liu, C.L. Wei, E. Cheung, and Y. Ruan, An oestrogen-receptor-
alpha-bound human chromatin interactome. Nature, 2009. 462(7269): p. 58-64. 

26. Gavrilov, A.A., E.S. Gushchanskaya, O. Strelkova, O. Zhironkina, Kireev, II, O.V. 
Iarovaia, and S.V. Razin, Disclosure of a structural milieu for the proximity 
ligation reveals the elusive nature of an active chromatin hub. Nucleic Acids Res, 
2013. 41(6): p. 3563-75. 

27. Vitak, S.A., K.A. Torkenczy, J.L. Rosenkrantz, A.J. Fields, L. Christiansen, M.H. 
Wong, L. Carbone, F.J. Steemers, and A. Adey, Sequencing thousands of single-
cell genomes with combinatorial indexing. Nat Methods, 2017. 14(3): p. 302-
308. 

28. Ramani, V., X. Deng, R. Qiu, K.L. Gunderson, F.J. Steemers, C.M. Disteche, W.S. 
Noble, Z. Duan, and J. Shendure, Massively multiplex single-cell Hi-C. Nat 
Methods, 2017. 14(3): p. 263-266. 

29. Noriyuki Sumida, E.G.S., Barbara A Scholz, Alejandro Fernandez 
Woodbridge, Narsis A Kiani, David Gomez-Cabrero, J Peter Svensson, Jesper 
Tegner, Anita Göndör and Rolf Ohlsson, The ultra-sensitive Nodewalk 
technique identifies stochastic from virtual, population-based enhancer hubs 
regulating MYC in 3D: Implications for the fitness of cancer cells. BioRxiv, 2018. 
doi:https://doi.org/10.1101/286583  

30. Moffitt, J.R., J. Hao, G. Wang, K.H. Chen, H.P. Babcock, and X. Zhuang, High-
throughput single-cell gene-expression profiling with multiplexed error-robust 
fluorescence in situ hybridization. Proc Natl Acad Sci U S A, 2016. 113(39): p. 
11046-51. 

https://doi.org/10.1101/286583


 

 57 

31. Shachar, S., T.C. Voss, G. Pegoraro, N. Sciascia, and T. Misteli, Identification of 
Gene Positioning Factors Using High-Throughput Imaging Mapping. Cell, 2015. 
162(4): p. 911-23. 

32. Linhoff, M.W., S.K. Garg, and G. Mandel, A high-resolution imaging approach to 
investigate chromatin architecture in complex tissues. Cell, 2015. 163(1): p. 246-
55. 

33. Chen, X., C. Shi, S. Yammine, A. Gondor, D. Ronnlund, A. Fernandez-Woodbridge, 
N. Sumida, J. Widengren, and R. Ohlsson, Chromatin in situ proximity (ChrISP): 
single-cell analysis of chromatin proximities at a high resolution. Biotechniques, 
2014. 56(3): p. 117-8, 120-4. 

34. Kurukuti, S., V.K. Tiwari, G. Tavoosidana, E. Pugacheva, A. Murrell, Z.H. Zhao, V. 
Lobanenkov, W. Reik, and R. Ohlsson, CTCF binding at the H19 imprinting 
control region mediates maternally inherited higher-order chromatin 
conformation to restrict enhancer access to Igf2. Proceedings of the National 
Academy of Sciences of the United States of America, 2006. 103(28): p. 10684-
10689. 

35. Hark, A.T., C.J. Schoenherr, D.J. Katz, R.S. Ingram, J.M. Levorse, and S.M. 
Tilghman, CTCF mediates methylation-sensitive enhancer-blocking activity at the 
H19/Igf2 locus. Nature, 2000. 405(6785): p. 486-489. 

36. Cuddapah, S., R. Jothi, D.E. Schones, T.Y. Roh, K. Cui, and K. Zhao, Global analysis 
of the insulator binding protein CTCF in chromatin barrier regions reveals 
demarcation of active and repressive domains. Genome Res, 2009. 19(1): p. 24-
32. 

37. Guibert, S., Z.H. Zhao, M. Sjolinder, A. Gondor, A. Fernandez, V. Pant, and R. 
Ohlsson, CTCF-binding sites within the H19 ICR differentially regulate local 
chromatin structures and cis-acting functions. Epigenetics, 2012. 7(4): p. 361-
369. 

38. Pant, V., S. Kurukuti, E. Pugacheva, S. Shamsuddin, P. Mariano, R. Renkawitz, E. 
Klenova, V. Lobanenkov, and R. Ohlsson, Mutation of a single CTCF target site 
within the H19 imprinting control region leads to loss of Igf2 imprinting and 
complex patterns of de novo methylation upon maternal inheritance. Molecular 
and Cellular Biology, 2004. 24(8): p. 3497-3504. 

39. Ohlsson, R., R. Renkawitz, and V. Lobanenkov, CTCF is a uniquely versatile 
transcription regulator linked to epigenetics and disease. Trends in Genetics, 
2001. 17(9): p. 520-527. 

40. Tiffen, J.C., C.G. Bailey, A.D. Marshall, C. Metierre, Y. Feng, Q. Wang, S.L. Watson, J. 
Holst, and J.E. Rasko, The cancer-testis antigen BORIS phenocopies the tumor 
suppressor CTCF in normal and neoplastic cells. Int J Cancer, 2013. 133(7): p. 
1603-13. 

41. Getz, G., Integrated genomic characterization of endometrial carcinoma (vol 497, 
pg 67, 2013). Nature, 2013. 500(7461). 

42. Mullighan, C.G., J. Zhang, L.H. Kasper, S. Lerach, D. Payne-Turner, L.A. Phillips, 
S.L. Heatley, L. Holmfeldt, J.R. Collins-Underwood, J. Ma, K.H. Buetow, C.H. Pui, 
S.D. Baker, P.K. Brindle, and J.R. Downing, CREBBP mutations in relapsed acute 
lymphoblastic leukaemia. Nature, 2011. 471(7337): p. 235-9. 

43. Filippova, G.N., C.F. Qi, J.E. Ulmer, J.M. Moore, M.D. Ward, Y.J. Hu, D.I. Loukinov, 
E.M. Pugacheva, E.M. Klenova, P.E. Grundy, A.P. Feinberg, A.M. Cleton-Jansen, 
E.W. Moerland, C.J. Cornelisse, H. Suzuki, A. Komiya, A. Lindblom, F. Dorion-
Bonnet, P.E. Neiman, H.C. Morse, S.J. Collins, and V.V. Lobanenkov, Tumor-
associated zinc finger mutations in the CTCF transcription factor selectively alter 
its DNA-binding specificity. Cancer Research, 2002. 62(1): p. 48-52. 



 

58 

44. Wang, H., M.T. Maurano, H.Z. Qu, K.E. Varley, J. Gertz, F. Pauli, K. Lee, T. Canfield, 
M. Weaver, R. Sandstrom, R.E. Thurman, R. Kaul, R.M. Myers, and J.A. 
Stamatoyannopoulos, Widespread plasticity in CTCF occupancy linked to DNA 
methylation. Genome Research, 2012. 22(9): p. 1680-1688. 

45. Smits, B.M.G., B.D. Traun, T.L. Devries, A. Tran, D. Samuelson, J.D. Haag, and M. 
Gould, An insulator loop resides between the synthetically interacting elements of 
the human/rat conserved breast cancer susceptibility locus MCS5A/Mcs5a. 
Nucleic Acids Research, 2012. 40(1): p. 132-147. 

46. Watanabe, T., K. Ishihara, A. Hirosue, S. Watanabe, S. Hino, H. Ojima, Y. Kanai, Y. 
Sasaki, and M. Nakao, Higher-Order Chromatin Regulation and Differential Gene 
Expression in the Human Tumor Necrosis Factor/Lymphotoxin Locus in 
Hepatocellular Carcinoma Cells. Molecular and Cellular Biology, 2012. 32(8): p. 
1529-1541. 

47. Mendez-Catala, C.F., S. Gretton, A. Vostrov, E. Pugacheva, D. Farrar, Y. Ito, F. 
Docquier, G.X. Kita, A. Murrell, V. Lobanenkov, and E. Klenova, A novel 
mechanism for CTCF in the epigenetic regulation of Bax in breast cancer cells. 
Neoplasia, 2013. 15(8): p. 898-912. 

48. Landan, G., N.M. Cohen, Z. Mukamel, A. Bar, A. Molchadsky, R. Brosh, S. Horn-
Saban, D.A. Zalcenstein, N. Goldfinger, A. Zundelevich, E.N. Gal-Yam, V. Rotter, 
and A. Tanay, Epigenetic polymorphism and the stochastic formation of 
differentially methylated regions in normal and cancerous tissues. Nat Genet, 
2012. 44(11): p. 1207-14. 

49. Moseley, S.C., R. Rizkallah, D.C. Tremblay, B.R. Anderson, M.M. Hurt, and B.P. 
Chadwick, YY1 associates with the macrosatellite DXZ4 on the inactive X 
chromosome and binds with CTCF to a hypomethylated form in some male 
carcinomas. Nucleic Acids Research, 2012. 40(4): p. 1596-1608. 

50. Rasko, J.E., E.M. Klenova, J. Leon, G.N. Filippova, D.I. Loukinov, S. Vatolin, A.F. 
Robinson, Y.J. Hu, J. Ulmer, M.D. Ward, E.M. Pugacheva, P.E. Neiman, H.C. Morse, 
3rd, S.J. Collins, and V.V. Lobanenkov, Cell growth inhibition by the 
multifunctional multivalent zinc-finger factor CTCF. Cancer Res, 2001. 61(16): p. 
6002-7. 

51. Wu, J., P.C. Li, J.Y. Pang, G.Y. Liu, X.M. Xie, J.Y. Li, Y.C. Yin, J.H. Han, X.Z. Guo, and L. 
Qiu, CCCTC-binding factor inhibits breast cancer cell proliferation and metastasis 
via inactivation of the nuclear factor-kappaB pathway. Oncotarget, 2017. 8(55): 
p. 93516-93529. 

52. Phillips, J.E. and V.G. Corces, CTCF: Master Weaver of the Genome. Cell, 2009. 
137(7): p. 1194-1211. 

53. Ray Chaudhuri, A. and A. Nussenzweig, The multifaceted roles of PARP1 in DNA 
repair and chromatin remodelling. Nat Rev Mol Cell Biol, 2017. 18(10): p. 610-
621. 

54. Schiewer, M.J. and K.E. Knudsen, Transcriptional roles of PARP1 in cancer. Mol 
Cancer Res, 2014. 12(8): p. 1069-80. 

55. Yu, W., V. Ginjala, V. Pant, I. Chernukhin, J. Whitehead, F. Docquier, D. Farrar, G. 
Tavoosidana, R. Mukhopadhyay, C. Kanduri, M. Oshimura, A.P. Feinberg, V. 
Lobanenkov, E. Klenova, and R. Ohlsson, Poly(ADP-ribosyl)ation regulates CTCF-
dependent chromatin insulation. Nat Genet, 2004. 36(10): p. 1105-10. 

56. Wen, B., H. Wu, Y. Shinkai, R.A. Irizarry, and A.P. Feinberg, Large histone H3 
lysine 9 dimethylated chromatin blocks distinguish differentiated from embryonic 
stem cells. Nat Genet, 2009. 41(2): p. 246-50. 

57. Zullo, J.M., I.A. Demarco, R. Pique-Regi, D.J. Gaffney, C.B. Epstein, C.J. Spooner, 
T.R. Luperchio, B.E. Bernstein, J.K. Pritchard, K.L. Reddy, and H. Singh, DNA 



 

 59 

Sequence-Dependent Compartmentalization and Silencing of Chromatin at the 
Nuclear Lamina. Cell, 2012. 149(7): p. 1474-1487. 

58. Borland, G., R.J. Bird, T.M. Palmer, and S.J. Yarwood, Activation of protein kinase 
Calpha by EPAC1 is required for the ERK- and CCAAT/enhancer-binding protein 
beta-dependent induction of the SOCS-3 gene by cyclic AMP in COS1 cells. J Biol 
Chem, 2009. 284(26): p. 17391-403. 

59. Wang, R., P. Cherukuri, and J. Luo, Activation of Stat3 sequence-specific DNA 
binding and transcription by p300/CREB-binding protein-mediated acetylation. J 
Biol Chem, 2005. 280(12): p. 11528-34. 

60. Sexton, T., E. Yaffe, E. Kenigsberg, F. Bantignies, B. Leblanc, M. Hoichman, H. 
Parrinello, A. Tanay, and G. Cavalli, Three-dimensional folding and functional 
organization principles of the Drosophila genome. Cell, 2012. 148(3): p. 458-72. 

61. Gomez-Diaz, E. and V.G. Corces, Architectural proteins: regulators of 3D genome 
organization in cell fate. Trends Cell Biol, 2014. 24(11): p. 703-11. 

62. Lupianez, D.G., K. Kraft, V. Heinrich, P. Krawitz, F. Brancati, E. Klopocki, D. Hom, 
H. Kayserili, J.M. Opitz, R. Laxova, F. Santos-Simarro, B. Gilbert-Dussardier, L. 
Wittler, M. Borschiwer, S.A. Haas, M. Osterwalder, M. Franke, B. Timmermann, J. 
Hecht, M. Spielmann, A. Visel, and S. Mundlos, Disruptions of Topological 
Chromatin Domains Cause Pathogenic Rewiring of Gene-Enhancer Interactions. 
Cell, 2015. 161(5): p. 1012-1025. 

63. Gondor, A., Dynamic chromatin loops bridge health and disease in the nuclear 
landscape. Semin Cancer Biol, 2013. 23(2): p. 90-8. 

64. Tang, Z., O.J. Luo, X. Li, M. Zheng, J.J. Zhu, P. Szalaj, P. Trzaskoma, A. Magalska, J. 
Wlodarczyk, B. Ruszczycki, P. Michalski, E. Piecuch, P. Wang, D. Wang, S.Z. Tian, 
M. Penrad-Mobayed, L.M. Sachs, X. Ruan, C.L. Wei, E.T. Liu, G.M. Wilczynski, D. 
Plewczynski, G. Li, and Y. Ruan, CTCF-Mediated Human 3D Genome Architecture 
Reveals Chromatin Topology for Transcription. Cell, 2015. 163(7): p. 1611-27. 

65. Voss, T.C. and G.L. Hager, Dynamic regulation of transcriptional states by 
chromatin and transcription factors. Nat Rev Genet, 2014. 15(2): p. 69-81. 

66. Allen, B.L. and D.J. Taatjes, The Mediator complex: a central integrator of 
transcription. Nature Reviews Molecular Cell Biology, 2015. 16(3): p. 155-166. 

67. Clark, A.D., M. Oldenbroek, and T.G. Boyer, Mediator kinase module and human 
tumorigenesis. Critical Reviews in Biochemistry and Molecular Biology, 2015. 
50(5): p. 393-426. 

68. Ong, C.T. and V.G. Corces, Enhancers: emerging roles in cell fate specification. 
EMBO Rep, 2012. 13(5): p. 423-30. 

69. Stadhouders, R., G.J. Filion, and T. Graf, Transcription factors and 3D genome 
conformation in cell-fate decisions. Nature, 2019. 569(7756): p. 345-354. 

70. Ren, G., W.F. Jin, K.R. Cui, J. Rodrigez, G.Q. Hu, Z.Y. Zhang, D.R. Larson, and K.J. 
Zhao, CTCF-Mediated Enhancer-Promoter Interaction Is a Critical Regulator of 
Cell-to-Cell Variation of Gene Expression. Molecular Cell, 2017. 67(6): p. 1049-+. 

71. Barrington, C., D. Georgopoulou, D. Pezic, W. Varsally, J. Herrero, and S. Hadjur, 
Enhancer accessibility and CTCF occupancy underlie asymmetric TAD 
architecture and cell type specific genome topology. Nature Communications, 
2019. 10. 

72. Zhang, H., W. Jiao, L. Sun, J. Fan, M. Chen, H. Wang, X. Xu, A. Shen, T. Li, B. Niu, S. 
Ge, W. Li, J. Cui, G. Wang, J. Sun, X. Fan, X. Hu, R.J. Mrsny, A.R. Hoffman, and J.F. 
Hu, Intrachromosomal looping is required for activation of endogenous 
pluripotency genes during reprogramming. Cell Stem Cell, 2013. 13(1): p. 30-5. 



 

60 

73. Lai, F., U.A. Orom, M. Cesaroni, M. Beringer, D.J. Taatjes, G.A. Blobel, and R. 
Shiekhattar, Activating RNAs associate with Mediator to enhance chromatin 
architecture and transcription. Nature, 2013. 494(7438): p. 497-501. 

74. Hnisz, D., B.J. Abraham, T.I. Lee, A. Lau, V. Saint-Andre, A.A. Sigova, H.A. Hoke, 
and R.A. Young, Super-enhancers in the control of cell identity and disease. Cell, 
2013. 155(4): p. 934-47. 

75. Hnisz, D., J. Schuijers, C.Y. Lin, A.S. Weintraub, B.J. Abraham, T.I. Lee, J.E. 
Bradner, and R.A. Young, Convergence of Developmental and Oncogenic 
Signaling Pathways at Transcriptional Super-Enhancers. Molecular Cell, 2015. 
58(2): p. 362-370. 

76. Schuijers, J., J.C. Manteiga, A.S. Weintraub, D.S. Day, A.V. Zamudio, D. Hnisz, T.I. 
Lee, and R.A. Young, Transcriptional Dysregulation of MYC Reveals Common 
Enhancer-Docking Mechanism. Cell Reports, 2018. 23(2): p. 349-360. 

77. Vermunt, M.W., D. Zhang, and G.A. Blobel, The interdependence of gene-
regulatory elements and the 3D genome. Journal of Cell Biology, 2019. 218(1): p. 
12-26. 

78. Wen, B., H. Wu, Y. Shinkai, R.A. Irizarry, and A.P. Feinberg, Large histone H3 
lysine 9 dimethylated chromatin blocks distinguish differentiated from embryonic 
stem cells. Nature Genetics, 2009. 41(2): p. 246-250. 

79. Gordon, M.R., B.D. Pope, J. Sima, and D.M. Gilbert, Many paths lead chromatin to 
the nuclear periphery. Bioessays, 2015. 37(8): p. 862-6. 

80. Towbin, B.D., C. Gonzalez-Aguilera, R. Sack, D. Gaidatzis, V. Kalck, P. Meister, P. 
Askjaer, and S.M. Gasser, Step-wise methylation of histone H3K9 positions 
heterochromatin at the nuclear periphery. Cell, 2012. 150(5): p. 934-47. 

81. Kind, J., L. Pagie, H. Ortabozkoyun, S. Boyle, S.S. de Vries, H. Janssen, M. 
Amendola, L.D. Nolen, W.A. Bickmore, and B. van Steensel, Single-cell dynamics 
of genome-nuclear lamina interactions. Cell, 2013. 153(1): p. 178-92. 

82. Verstraeten, V.L., J.L. Broers, F.C. Ramaekers, and M.A. van Steensel, The nuclear 
envelope, a key structure in cellular integrity and gene expression. Curr Med 
Chem, 2007. 14(11): p. 1231-48. 

83. Belmont, A.S., Y. Zhai, and A. Thilenius, Lamin B distribution and association 
with peripheral chromatin revealed by optical sectioning and electron 
microscopy tomography. J Cell Biol, 1993. 123(6 Pt 2): p. 1671-85. 

84. McCord, R.P., A. Nazario-Toole, H. Zhang, P.S. Chines, Y. Zhan, M.R. Erdos, F.S. 
Collins, J. Dekker, and K. Cao, Correlated alterations in genome organization, 
histone methylation, and DNA-lamin A/C interactions in Hutchinson-Gilford 
progeria syndrome. Genome Res, 2013. 23(2): p. 260-9. 

85. Shimi, T., K. Pfleghaar, S.I. Kojima, C.G. Pack, I. Solovei, A.E. Goldman, S.A. Adam, 
D.K. Shumaker, M. Kinjo, T. Cremer, and R.D. Goldman, The A- and B-type 
nuclear lamin networks: microdomains involved in chromatin organization and 
transcription. Genes & Development, 2008. 22(24): p. 3409-3421. 

86. Mario Amendola, B.v.S., Nuclear lamins are not required for lamina‐associated 

domain organization in mouse embryonic stem cells. EMBO Rep, 2015. 16(5): p. 
8. 

87. Solovei, I., A.S. Wang, K. Thanisch, C.S. Schmidt, S. Krebs, M. Zwerger, T.V. Cohen, 
D. Devys, R. Foisner, L. Peichl, H. Herrmann, H. Blum, D. Engelkamp, C.L. 
Stewart, H. Leonhardt, and B. Joffe, LBR and lamin A/C sequentially tether 
peripheral heterochromatin and inversely regulate differentiation. Cell, 2013. 
152(3): p. 584-98. 

88. Zuleger, N., S. Boyle, D.A. Kelly, J.I. de las Heras, V. Lazou, N. Korfali, D.G. 
Batrakou, K.N. Randles, G.E. Morris, D.J. Harrison, W.A. Bickmore, and E.C. 



 

 61 

Schirmer, Specific nuclear envelope transmembrane proteins can promote the 
location of chromosomes to and from the nuclear periphery. Genome Biology, 
2013. 14(2). 

89. Pinheiro, I., R. Margueron, N. Shukeir, M. Eisold, C. Fritzsch, F.M. Richter, G. 
Mittler, C. Genoud, S. Goyama, M. Kurokawa, J. Son, D. Reinberg, M. Lachner, and 
T. Jenuwein, Prdm3 and Prdm16 are H3K9me1 methyltransferases required for 
mammalian heterochromatin integrity. Cell, 2012. 150(5): p. 948-60. 

90. Harr, J.C., T.R. Luperchio, X.R. Wong, E. Cohen, S.J. Wheelan, and K.L. Reddy, 
Directed targeting of chromatin to the nuclear lamina is mediated by chromatin 
state and A-type lamins. Journal of Cell Biology, 2015. 208(1): p. 33-52. 

91. Ohlsson, R., V. Lobanenkov, and E. Klenova, Does CTCF mediate between nuclear 
organization and gene expression? Bioessays, 2010. 32(1): p. 37-50. 

92. Ong, C.T. and V.G. Corces, CTCF: an architectural protein bridging genome 
topology and function. Nature Reviews Genetics, 2014. 15(4): p. 234-246. 

93. Guelen, L., L. Pagie, E. Brasset, W. Meuleman, M.B. Faza, W. Talhout, B.H. Eussen, 
A. de Klein, L. Wessels, W. de Laat, and B. van Steensel, Domain organization of 
human chromosomes revealed by mapping of nuclear lamina interactions. 
Nature, 2008. 453(7197): p. 948-U83. 

94. Van Bortle, K., E. Ramos, N. Takenaka, J.P. Yang, J.E. Wahi, and V.G. Corces, 
Drosophila CTCF tandemly aligns with other insulator proteins at the borders of 
H3K27me3 domains. Genome Research, 2012. 22(11): p. 2176-2187. 

95. van Koningsbruggen, S., M. Gierlinski, P. Schofield, D. Martin, G.J. Barton, Y. 
Ariyurek, J.T. den Dunnen, and A.I. Lamond, High-Resolution Whole-Genome 
Sequencing Reveals That Specific Chromatin Domains from Most Human 
Chromosomes Associate with Nucleoli. Molecular Biology of the Cell, 2010. 
21(21): p. 3735-3748. 

96. Nemeth, A., A. Conesa, J. Santoyo-Lopez, I. Medina, D. Montaner, B. Peterfia, I. 
Solovei, T. Cremer, J. Dopazo, and G. Langst, Initial Genomics of the Human 
Nucleolus. Plos Genetics, 2010. 6(3). 

97. Cremer, M., J. von Hase, T. Volm, A. Brero, G. Kreth, J. Walter, C. Fischer, I. 
Solovei, C. Cremer, and T. Cremer, Non-random radial higher-order chromatin 
arrangements in nuclei of diploid human cells. Chromosome Res, 2001. 9(7): p. 
541-67. 

98. Simon, D.N. and K.L. Wilson, The nucleoskeleton as a genome-associated 
dynamic 'network of networks'. Nature Reviews Molecular Cell Biology, 2011. 
12(11): p. 695-708. 

99. Dieppois, G. and F. Stutz, Connecting the transcription site to the nuclear pore: a 
multi-tether process that regulates gene expression. Journal of Cell Science, 2010. 
123(12): p. 1989-1999. 

100. Blobel, G., Gene gating: a hypothesis. Proc Natl Acad Sci U S A, 1985. 82(24): p. 
8527-9. 

101. Alber, F., S. Dokudovskaya, L.M. Veenhoff, W. Zhang, J. Kipper, D. Devos, A. 
Suprapto, O. Karni-Schmidt, R. Williams, B.T. Chait, A. Sali, and M.P. Rout, The 
molecular architecture of the nuclear pore complex. Nature, 2007. 450(7170): p. 
695-701. 

102. Tran, E.J. and S.R. Wente, Dynamic nuclear pore complexes: life on the edge. Cell, 
2006. 125(6): p. 1041-53. 

103. Lemaitre, C. and W.A. Bickmore, Chromatin at the nuclear periphery and the 
regulation of genome functions. Histochemistry and Cell Biology, 2015. 144(2): 
p. 111-122. 



 

62 

104. Cronshaw, J.M., A.N. Krutchinsky, W. Zhang, B.T. Chait, and M.J. Matunis, 
Proteomic analysis of the mammalian nuclear pore complex. J Cell Biol, 2002. 
158(5): p. 915-27. 

105. Walther, T.C., M. Fornerod, H. Pickersgill, M. Goldberg, T. Allen, and I.W. Mattaj, 
The nucleoporin Nup153 is required for nuclear pore basket formation, Nuclear 
Pore Complex anchoring and import of a subset of nuclear proteins. Molecular 
Biology of the Cell, 2001. 12: p. 232a-232a. 

106. Ibarra, A. and M.W. Hetzer, Nuclear pore proteins and the control of genome 
functions. Genes Dev, 2015. 29(4): p. 337-49. 

107. Jacinto, F.V., C. Benner, and M.W. Hetzer, The nucleoporin Nup153 regulates 
embryonic stem cell pluripotency through gene silencing. Genes & Development, 
2015. 29(12): p. 1224-1238. 

108. Liang, Y., T.M. Franks, M.C. Marchetto, F.H. Gage, and M.W. Hetzer, Dynamic 
association of NUP98 with the human genome. PLoS Genet, 2013. 9(2): p. 
e1003308. 

109. Menon, B.B., N.J. Sarma, S. Pasula, S.J. Deminoff, K.A. Willis, K.E. Barbara, B. 
Andrews, and G.M. Santangelo, Reverse recruitment: the Nup84 nuclear pore 
subcomplex mediates Rap1/Gcr1/Gcr2 transcriptional activation. Proc Natl Acad 
Sci U S A, 2005. 102(16): p. 5749-54. 

110. Schmid, M., G. Arib, C. Laemmli, J. Nishikawa, T. Durussel, and U.K. Laemmli, 
Nup-PI: the nucleopore-promoter interaction of genes in yeast. Mol Cell, 2006. 
21(3): p. 379-91. 

111. Cabal, G.G., A. Genovesio, S. Rodriguez-Navarro, C. Zimmer, O. Gadal, A. Lesne, H. 
Buc, F. Feuerbach-Fournier, J.C. Olivo-Marin, E.C. Hurt, and U. Nehrbass, SAGA 
interacting factors confine sub-diffusion of transcribed genes to the nuclear 
envelope. Nature, 2006. 441(7094): p. 770-3. 

112. Schwartz, M., A. Travesa, S.W. Martell, and D.J. Forbes, Analysis of the initiation 
of nuclear pore assembly by ectopically targeting nucleoporins to chromatin. 
Nucleus, 2015. 6(1): p. 40-54. 

113. Gillespie, P.J., G.A. Khoudoli, G. Stewart, J.R. Swedlow, and J.J. Blow, ELYS/MEL-
28 chromatin association coordinates nuclear pore complex assembly and 
replication licensing. Curr Biol, 2007. 17(19): p. 1657-62. 

114. D'Angelo, M.A., J.S. Gomez-Cavazos, A. Mei, D.H. Lackner, and M.W. Hetzer, A 
change in nuclear pore complex composition regulates cell differentiation. Dev 
Cell, 2012. 22(2): p. 446-58. 

115. Capelson, M. and M.W. Hetzer, The role of nuclear pores in gene regulation, 
development and disease. EMBO Rep, 2009. 10(7): p. 697-705. 

116. Cronshaw, J.M. and M.J. Matunis, The nuclear pore complex: disease associations 
and functional correlations. Trends Endocrinol Metab, 2004. 15(1): p. 34-9. 

117. Raices, M. and M.A. D'Angelo, Nuclear pore complex composition: a new 
regulator of tissue-specific and developmental functions. Nat Rev Mol Cell Biol, 
2012. 13(11): p. 687-99. 

118. Light, W.H., J. Freaney, V. Sood, A. Thompson, A. D'Urso, C.M. Horvath, and J.H. 
Brickner, A conserved role for human Nup98 in altering chromatin structure and 
promoting epigenetic transcriptional memory. PLoS Biol, 2013. 11(3): p. 
e1001524. 

119. Pascual-Garcia, P., B. Debo, J.R. Aleman, J.A. Talamas, Y. Lan, N.H. Nguyen, K.J. 
Won, and M. Capelson, Metazoan Nuclear Pores Provide a Scaffold for Poised 
Genes and Mediate Induced Enhancer-Promoter Contacts. Mol Cell, 2017. 66(1): 
p. 63-76 e6. 



 

 63 

120. Light, W.H. and J.H. Brickner, Nuclear pore proteins regulate chromatin 
structure and transcriptional memory by a conserved mechanism. Nucleus-
Austin, 2013. 4(5): p. 357-360. 

121. Tan-Wong, S.M., H.D. Wijayatilake, and N.J. Proudfoot, Gene loops function to 
maintain transcriptional memory through interaction with the nuclear pore 
complex. Genes & Development, 2009. 23(22): p. 2610-2624. 

122. Ptak, C., J.D. Aitchison, and R.W. Wozniak, The multifunctional nuclear pore 
complex: a platform for controlling gene expression. Curr Opin Cell Biol, 2014. 
28: p. 46-53. 

123. Ptak, C. and R.W. Wozniak, Nucleoporins and chromatin metabolism. Curr Opin 
Cell Biol, 2016. 40: p. 153-160. 

124. Robinson, I. and A.B. Reddy, Molecular mechanisms of the circadian clockwork in 
mammals. FEBS Lett, 2014. 588(15): p. 2477-83. 

125. Reppert, S.M. and D.R. Weaver, Coordination of circadian timing in mammals. 
Nature, 2002. 418(6901): p. 935-941. 

126. Abe, M., E.D. Herzog, S. Yamazaki, M. Straume, H. Tei, Y. Sakaki, M. Menaker, and 
G.D. Block, Circadian rhythms in isolated brain regions. J Neurosci, 2002. 22(1): 
p. 350-6. 

127. Zvonic, S., A.A. Ptitsyn, S.A. Conrad, L.K. Scott, Z.E. Floyd, G. Kilroy, X. Wu, B.C. 
Goh, R.L. Mynatt, and J.M. Gimble, Characterization of peripheral circadian 
clocks in adipose tissues. Diabetes, 2006. 55(4): p. 962-70. 

128. Yamazaki, S., R. Numano, M. Abe, A. Hida, R. Takahashi, M. Ueda, G.D. Block, Y. 
Sakaki, M. Menaker, and H. Tei, Resetting central and peripheral circadian 
oscillators in transgenic rats. Science, 2000. 288(5466): p. 682-5. 

129. Balsalobre, A., F. Damiola, and U. Schibler, A serum shock induces circadian gene 
expression in mammalian tissue culture cells. Cell, 1998. 93(6): p. 929-37. 

130. Welsh, D.K., S.H. Yoo, A.C. Liu, J.S. Takahashi, and S.A. Kay, Bioluminescence 
imaging of individual fibroblasts reveals persistent, independently phased 
circadian rhythms of clock gene expression. Curr Biol, 2004. 14(24): p. 2289-95. 

131. Nagoshi, E., C. Saini, C. Bauer, T. Laroche, F. Naef, and U. Schibler, Circadian gene 
expression in individual fibroblasts: cell-autonomous and self-sustained 
oscillators pass time to daughter cells. Cell, 2004. 119(5): p. 693-705. 

132. Yagita, K., F. Tamanini, G.T. van Der Horst, and H. Okamura, Molecular 
mechanisms of the biological clock in cultured fibroblasts. Science, 2001. 
292(5515): p. 278-81. 

133. Yoo, S.H., S. Yamazaki, P.L. Lowrey, K. Shimomura, C.H. Ko, E.D. Buhr, S.M. 
Siepka, H.K. Hong, W.J. Oh, O.J. Yoo, M. Menaker, and J.S. Takahashi, 
PERIOD2::LUCIFERASE real-time reporting of circadian dynamics reveals 
persistent circadian oscillations in mouse peripheral tissues. Proc Natl Acad Sci U 
S A, 2004. 101(15): p. 5339-46. 

134. Toh, K.L., Basic science review on circadian rhythm biology and circadian sleep 
disorders. Ann Acad Med Singapore, 2008. 37(8): p. 662-8. 

135. Damiola, F., N. Le Minh, N. Preitner, B. Kornmann, F. Fleury-Olela, and U. 
Schibler, Restricted feeding uncouples circadian oscillators in peripheral tissues 
from the central pacemaker in the suprachiasmatic nucleus. Genes Dev, 2000. 
14(23): p. 2950-61. 

136. Welsh, D.K., J.S. Takahashi, and S.A. Kay, Suprachiasmatic Nucleus: Cell 
Autonomy and Network Properties. Annual Review of Physiology, 2010. 72: p. 
551-577. 



 

64 

137. Aguilar-Arnal, L. and P. Sassone-Corsi, Chromatin landscape and circadian 
dynamics: Spatial and temporal organization of clock transcription. Proc Natl 
Acad Sci U S A, 2015. 112(22): p. 6863-70. 

138. Lowrey, P.L. and J.S. Takahashi, Mammalian circadian biology: elucidating 
genome-wide levels of temporal organization. Annu Rev Genomics Hum Genet, 
2004. 5: p. 407-41. 

139. Hirota, T. and Y. Fukada, Resetting mechanism of central and peripheral 
circadian clocks in mammals. Zoolog Sci, 2004. 21(4): p. 359-68. 

140. Schibler, U. and P. Sassone-Corsi, A web of circadian pacemakers. Cell, 2002. 
111(7): p. 919-22. 

141. Asher, G., H. Reinke, M. Altmeyer, M. Gutierrez-Arcelus, M.O. Hottiger, and U. 
Schibler, Poly(ADP-ribose) polymerase 1 participates in the phase entrainment of 
circadian clocks to feeding. Cell, 2010. 142(6): p. 943-53. 

142. Challet, E., Circadian clocks, food intake, and metabolism. Prog Mol Biol Transl 
Sci, 2013. 119: p. 105-35. 

143. Kon, N., T. Hirota, T. Kawamoto, Y. Kato, T. Tsubota, and Y. Fukada, Activation of 
TGF-beta/activin signalling resets the circadian clock through rapid induction of 
Dec1 transcripts. Nature Cell Biology, 2008. 10(12): p. 1463-U197. 

144. Dibner, C., U. Schibler, and U. Albrecht, The mammalian circadian timing system: 
organization and coordination of central and peripheral clocks. Annu Rev 
Physiol, 2010. 72: p. 517-49. 

145. Gekakis, N., D. Staknis, H.B. Nguyen, F.C. Davis, L.D. Wilsbacher, D.P. King, J.S. 
Takahashi, and C.J. Weitz, Role of the CLOCK protein in the mammalian circadian 
mechanism. Science, 1998. 280(5369): p. 1564-9. 

146. Hogenesch, J.B., Y.Z. Gu, S. Jain, and C.A. Bradfield, The basic-helix-loop-helix-PAS 
orphan MOP3 forms transcriptionally active complexes with circadian and 
hypoxia factors. Proc Natl Acad Sci U S A, 1998. 95(10): p. 5474-9. 

147. Padmanabhan, K., M.S. Robles, T. Westerling, and C.J. Weitz, Feedback 
regulation of transcriptional termination by the mammalian circadian clock 
PERIOD complex. Science, 2012. 337(6094): p. 599-602. 

148. Kim, J.Y., P.B. Kwak, and C.J. Weitz, Specificity in circadian clock feedback from 
targeted reconstitution of the NuRD corepressor. Mol Cell, 2014. 56(6): p. 738-
48. 

149. van der Horst, G.T., M. Muijtjens, K. Kobayashi, R. Takano, S. Kanno, M. Takao, J. 
de Wit, A. Verkerk, A.P. Eker, D. van Leenen, R. Buijs, D. Bootsma, J.H. 
Hoeijmakers, and A. Yasui, Mammalian Cry1 and Cry2 are essential for 
maintenance of circadian rhythms. Nature, 1999. 398(6728): p. 627-30. 

150. Yu, W.J., M. Nomura, and M. Ikeda, Interactivating feedback loops within the 
mammalian clock: BMAL1 is negatively autoregulated and upregulated by CRY1, 
CRY2, and PER2. Biochemical and Biophysical Research Communications, 2002. 
290(3): p. 933-941. 

151. Zheng, B.H., U. Albrecht, K. Kaasik, M. Sage, W.Q. Lu, S. Vaishnav, Q. Li, Z.S. Sun, 
G. Eichele, A. Bradley, and C.C. Lee, Nonredundant roles of the mPer1 and mPer2 
genes in the mammalian circadian clock. Cell, 2001. 105(5): p. 683-694. 

152. Preitner, N., F. Damiola, L.L. Molina, J. Zakany, D. Duboule, U. Albrecht, and U. 
Schibler, The orphan nuclear receptor REV-ERB alpha controls circadian 
transcription within the positive limb of the mammalian circadian oscillator. Cell, 
2002. 110(2): p. 251-260. 

153. Horard, B., B. Rayet, G. Triqueneaux, V. Laudet, F. Delaunay, and J.M. Vanacker, 
Expression of the orphan nuclear receptor ERRalpha is under circadian 



 

 65 

regulation in estrogen-responsive tissues. J Mol Endocrinol, 2004. 33(1): p. 87-
97. 

154. Triqueneaux, G., S. Thenot, T. Kakizawa, M.P. Antoch, R. Safi, J.S. Takahashi, F. 
Delaunay, and V. Laudet, The orphan receptor Rev-erbalpha gene is a target of 
the circadian clock pacemaker. J Mol Endocrinol, 2004. 33(3): p. 585-608. 

155. Akashi, M. and T. Takumi, The orphan nuclear receptor RORalpha regulates 
circadian transcription of the mammalian core-clock Bmal1. Nat Struct Mol Biol, 
2005. 12(5): p. 441-8. 

156. Guillaumond, F., H. Dardente, V. Giguere, and N. Cermakian, Differential control 
of Bmal1 circadian transcription by REV-ERB and ROR nuclear receptors. J Biol 
Rhythms, 2005. 20(5): p. 391-403. 

157. Patel, V.R., K. Eckel-Mahan, P. Sassone-Corsi, and P. Baldi, How pervasive are 
circadian oscillations? Trends in Cell Biology, 2014. 24(6): p. 329-331. 

158. Duffield, G.E., J.D. Best, B.H. Meurers, A. Bittner, J.J. Loros, and J.C. Dunlap, 
Circadian programs of transcriptional activation, signaling, and protein turnover 
revealed by microarray analysis of mammalian cells. Curr Biol, 2002. 12(7): p. 
551-7. 

159. Panda, S., M.P. Antoch, B.H. Miller, A.I. Su, A.B. Schook, M. Straume, P.G. Schultz, 
S.A. Kay, J.S. Takahashi, and J.B. Hogenesch, Coordinated transcription of key 
pathways in the mouse by the circadian clock. Cell, 2002. 109(3): p. 307-20. 

160. Ueda, H.R., W. Chen, A. Adachi, H. Wakamatsu, S. Hayashi, T. Takasugi, M. 
Nagano, K. Nakahama, Y. Suzuki, S. Sugano, M. Iino, Y. Shigeyoshi, and S. 
Hashimoto, A transcription factor response element for gene expression during 
circadian night. Nature, 2002. 418(6897): p. 534-9. 

161. Etchegaray, J.P., C. Lee, P.A. Wade, and S.M. Reppert, Rhythmic histone 
acetylation underlies transcription in the mammalian circadian clock. Nature, 
2003. 421(6919): p. 177-182. 

162. Curtis, A.M., S.B. Seo, E.J. Westgate, R.D. Rudic, E.M. Smyth, D. Chakravarti, G.A. 
FitzGerald, and P. McNamara, Histone acetyltransferase-dependent chromatin 
remodeling and the vascular clock. J Biol Chem, 2004. 279(8): p. 7091-7. 

163. Takahashi, J.S., Transcriptional architecture of the mammalian circadian clock. 
Nat Rev Genet, 2017. 18(3): p. 164-179. 

164. Doi, M., J. Hirayama, and P. Sassone-Corsi, Circadian regulator CLOCK is a 
histone acetyltransferase. Cell, 2006. 125(3): p. 497-508. 

165. Katada, S. and P. Sassone-Corsi, The histone methyltransferase MLL1 permits the 
oscillation of circadian gene expression. Nature Structural & Molecular Biology, 
2010. 17(12): p. 1414-U39. 

166. DiTacchio, L., H.D. Le, C. Vollmers, M. Hatori, M. Witcher, J. Secombe, and S. 
Panda, Histone lysine demethylase JARID1a activates CLOCK-BMAL1 and 
influences the circadian clock. Science, 2011. 333(6051): p. 1881-5. 

167. Lande-Diner, L., C. Boyault, J.Y. Kim, and C.J. Weitz, A positive feedback loop links 
circadian clock factor CLOCK-BMAL1 to the basic transcriptional machinery. 
Proc Natl Acad Sci U S A, 2013. 110(40): p. 16021-6. 

168. Le Martelot, G., D. Canella, L. Symul, E. Migliavacca, F. Gilardi, R. Liechti, O. 
Martin, K. Harshman, M. Delorenzi, B. Desvergne, W. Herr, B. Deplancke, U. 
Schibler, J. Rougemont, N. Guex, N. Hernandez, F. Naef, and X.C. Cycli, Genome-
wide RNA polymerase II profiles and RNA accumulation reveal kinetics of 
transcription and associated epigenetic changes during diurnal cycles. PLoS Biol, 
2012. 10(11): p. e1001442. 

169. Duong, H.A., M.S. Robles, D. Knutti, and C.J. Weitz, A molecular mechanism for 
circadian clock negative feedback. Science, 2011. 332(6036): p. 1436-9. 



 

66 

170. Asher, G., D. Gatfield, M. Stratmann, H. Reinke, C. Dibner, F. Kreppel, R. 
Mostoslavsky, F.W. Alt, and U. Schibler, SIRT1 regulates circadian clock gene 
expression through PER2 deacetylation. Cell, 2008. 134(2): p. 317-328. 

171. Nakahata, Y., M. Kaluzova, B. Grimaldi, S. Sahar, J. Hirayama, D. Chen, L.P. 
Guarente, and P. Sassone-Corsi, The NAD+-dependent deacetylase SIRT1 
modulates CLOCK-mediated chromatin remodeling and circadian control. Cell, 
2008. 134(2): p. 329-40. 

172. Masri, S., P. Rigor, M. Cervantes, N. Ceglia, C. Sebastian, C. Xiao, M. Roqueta-
Rivera, C. Deng, T.F. Osborne, R. Mostoslavsky, P. Baldi, and P. Sassone-Corsi, 
Partitioning circadian transcription by SIRT6 leads to segregated control of 
cellular metabolism. Cell, 2014. 158(3): p. 659-72. 

173. Duong, H.A. and C.J. Weitz, Temporal orchestration of repressive chromatin 
modifiers by circadian clock Period complexes. Nature Structural & Molecular 
Biology, 2014. 21(2): p. 126-+. 

174. Mermet, J., J. Yeung, C. Hurni, D. Mauvoisin, K. Gustafson, C. Jouffe, D. Nicolas, Y. 
Emmenegger, C. Gobet, P. Franken, F. Gachon, and F. Naef, Clock-dependent 
chromatin topology modulates circadian transcription and behavior. Genes Dev, 
2018. 32(5-6): p. 347-358. 

175. Yeung, J., J. Mermet, C. Jouffe, J. Marquis, A. Charpagne, F. Gachon, and F. Naef, 
Transcription factor activity rhythms and tissue-specific chromatin interactions 
explain circadian gene expression across organs. Genome Research, 2018. 28(2): 
p. 182-191. 

176. Aguilar-Arnal, L., O. Hakim, V.R. Patel, P. Baldi, G.L. Hager, and P. Sassone-Corsi, 
Cycles in spatial and temporal chromosomal organization driven by the circadian 
clock. Nature Structural & Molecular Biology, 2013. 20(10): p. 1206-+. 

177. Xu, Y.C., W.M. Guo, P. Li, Y. Zhang, M. Zhao, Z.H. Fan, Z.H. Zhao, and J. Yan, Long-
Range Chromosome Interactions Mediated by Cohesin Shape Circadian Gene 
Expression. Plos Genetics, 2016. 12(5). 

178. Kim, Y.H., S.A. Marhon, Y. Zhang, D.J. Steger, K.J. Won, and M.A. Lazar, Rev-
erbalpha dynamically modulates chromatin looping to control circadian gene 
transcription. Science, 2018. 359(6381): p. 1274-1277. 

179. Tamayo, A.G., H.A. Duong, M.S. Robles, M. Mann, and C.J. Weitz, Histone 
monoubiquitination by Clock-Bmal1 complex marks Per1 and Per2 genes for 
circadian feedback. Nat Struct Mol Biol, 2015. 22(10): p. 759-66. 

180. Kim, J.Y., P.B. Kwak, and C.J. Weitz, Specificity in Circadian Clock Feedback from 
Targeted Reconstitution of the NuRD Corepressor. Molecular Cell, 2014. 56(6): p. 
738-748. 

181. Hassa, P.O., S.S. Haenni, M. Elser, and M.O. Hottiger, Nuclear ADP-ribosylation 
reactions in mammalian cells: Where are we today and where are we going? 
Microbiology and Molecular Biology Reviews, 2006. 70(3): p. 789-+. 

182. Petesch, S.J. and J.T. Lis, Rapid, transcription-independent loss of nucleosomes 
over a large chromatin domain at Hsp70 loci. Cell, 2008. 134(1): p. 74-84. 

183. Dantzer, F., J.C. Ame, V. Schreiber, J. Nakamura, J. Menissier-de Murcia, and G. 
de Murcia, Poly(ADP-ribose) polymerase-1 activation during DNA damage and 
repair. Methods Enzymol, 2006. 409: p. 493-510. 

184. Stevens, R.G., Circadian disruption and breast cancer: from melatonin to clock 
genes. Epidemiology, 2005. 16(2): p. 254-8. 

185. Masri, S. and P. Sassone-Corsi, The emerging link between cancer, metabolism, 
and circadian rhythms. Nature Medicine, 2018. 24(12): p. 1795-1803. 

186. Yamajuku, D., T. Inagaki, T. Haruma, S. Okubo, Y. Kataoka, S. Kobayashi, K. 
Ikegami, T. Laurent, T. Kojima, K. Noutomi, S. Hashimoto, and H. Oda, Real-time 



 

 67 

monitoring in three-dimensional hepatocytes reveals that insulin acts as a 
synchronizer for liver clock. Scientific Reports, 2012. 2. 

187. Stein, L.R. and S. Imai, The dynamic regulation of NAD metabolism in 
mitochondria. Trends in Endocrinology and Metabolism, 2012. 23(9): p. 420-
428. 

188. Puram, R.V., M.S. Kowalczyk, C.G. de Boer, R.K. Schneider, P.G. Miller, M. 
McConkey, Z. Tothova, H. Tejero, D. Heckl, M. Jaras, M.C. Chen, H.B. Li, A. 
Tamayo, G.S. Cowley, O. Rozenblatt-Rosen, F. Al-Shahrour, A. Regev, and B.L. 
Ebert, Core Circadian Clock Genes Regulate Leukemia Stem Cells in AML. Cell, 
2016. 165(2): p. 303-316. 

189. Imreh, M.P., S. Wolbank, C. Unger, K. Gertow, A. Aints, A. Szeles, S. Imreh, O. 
Hovatta, G. Fried, S. Dilber, and L. Ahrlund-Richter, Culture and expansion of the 
human embryonic stem cell line HS181, evaluated in a double-color system. Stem 
Cells and Development, 2004. 13(4): p. 337-343. 

190. Soderberg, O., M. Gullberg, M. Jarvius, K. Ridderstrale, K.J. Leuchowius, J. Jarvius, 
K. Wester, P. Hydbring, F. Bahram, L.G. Larsson, and U. Landegren, Direct 
observation of individual endogenous protein complexes in situ by proximity 
ligation. Nature Methods, 2006. 3(12): p. 995-1000. 

191. Chen, X.Q., C.X. Shi, S. Yammine, A. Gondor, D. Ronnlund, A. Fernandez-
Woodbridge, N. Sumida, J. Widengren, and R. Ohlsson, Chromatin in situ 
proximity (ChrISP): Single-cell analysis of chromatin proximities at a high 
resolution. Biotechniques, 2014. 56(3): p. 117-+. 

192. Gondor, A., C. Rougier, and R. Ohlsson, High-resolution circular chromosome 
conformation capture assay. Nature Protocols, 2008. 3(2): p. 303-313. 

193. Guastafierro, T., B. Cecchinelli, M. Zampieri, A. Reale, G. Riggio, O. Sthandier, G. 
Zupi, L. Calabrese, and P. Caiafa, CCCTC-binding factor activates PARP-1 
affecting DNA methylation machinery. J Biol Chem, 2008. 283(32): p. 21873-80. 

194. Pettitt, S.J., F.L. Rehman, I. Bajrami, R. Brough, F. Wallberg, I. Kozarewa, K. 
Fenwick, I. Assiotis, L.N. Chen, J. Campbell, C.J. Lord, and A. Ashworth, A Genetic 
Screen Using the PiggyBac Transposon in Haploid Cells Identifies Parp1 as a 
Mediator of Olaparib Toxicity. Plos One, 2013. 8(4). 

195. Luperchio, T.R., X.R. Wong, and K.L. Reddy, Genome regulation at the peripheral 
zone: lamina associated domains in development and disease. Current Opinion in 
Genetics & Development, 2014. 25: p. 50-61. 

196. Senderowicz, A.M., Flavopiridol: the first cyclin-dependent kinase inhibitor in 
human clinical trials. Invest New Drugs, 1999. 17(3): p. 313-20. 

197. Boyer, L.A., K. Plath, J. Zeitlinger, T. Brambrink, L.A. Medeiros, T.I. Lee, S.S. 
Levine, M. Wernig, A. Tajonar, M.K. Ray, G.W. Bell, A.P. Otte, M. Vidal, D.K. 
Gifford, R.A. Young, and R. Jaenisch, Polycomb complexes repress developmental 
regulators in murine embryonic stem cells. Nature, 2006. 441(7091): p. 349-53. 

198. Lee, T.I., R.G. Jenner, L.A. Boyer, M.G. Guenther, S.S. Levine, R.M. Kumar, B. 
Chevalier, S.E. Johnstone, M.F. Cole, K. Isono, H. Koseki, T. Fuchikami, K. Abe, 
H.L. Murray, J.P. Zucker, B. Yuan, G.W. Bell, E. Herbolsheimer, N.M. Hannett, K. 
Sun, D.T. Odom, A.P. Otte, T.L. Volkert, D.P. Bartel, D.A. Melton, D.K. Gifford, R. 
Jaenisch, and R.A. Young, Control of developmental regulators by Polycomb in 
human embryonic stem cells. Cell, 2006. 125(2): p. 301-13. 

199. Simon, J.A. and R.E. Kingston, Mechanisms of polycomb gene silencing: knowns 
and unknowns. Nat Rev Mol Cell Biol, 2009. 10(10): p. 697-708. 

200. Bellet, M.M., R. Orozco-Solis, S. Sahar, K. Eckel-Mahan, and P. Sassone-Corsi, The 
time of metabolism: NAD+, SIRT1, and the circadian clock. Cold Spring Harb 
Symp Quant Biol, 2011. 76: p. 31-8. 



 

68 

201. Nilsson, J.A. and J.L. Cleveland, Myc pathways provoking cell suicide and cancer. 
Oncogene, 2003. 22(56): p. 9007-21. 

202. Al-Haboubi, T., D.K. Shumaker, J. Koser, M. Wehnert, and B. Fahrenkrog, Distinct 
association of the nuclear pore protein Nup153 with A- and B-type lamins. 
Nucleus-Austin, 2011. 2(5): p. 500-509. 

203. Ibarra, A., C. Benner, S. Tyagi, J. Cool, and M.W. Hetzer, Nucleoporin-mediated 
regulation of cell identity genes. Genes Dev, 2016. 30(20): p. 2253-2258. 

204. Wood, L.D., D.W. Parsons, S. Jones, J. Lin, T. Sjoblom, R.J. Leary, D. Shen, S.M. 
Boca, T. Barber, J. Ptak, N. Silliman, S. Szabo, Z. Dezso, V. Ustyanksky, T. 
Nikolskaya, Y. Nikolsky, R. Karchin, P.A. Wilson, J.S. Kaminker, Z.M. Zhang, R. 
Croshaw, J. Willis, D. Dawson, M. Shipitsin, J.K.V. Willson, S. Sukumar, K. Polyak, 
B.H. Park, C.L. Pethiyagoda, P.V.K. Pant, D.G. Ballinger, A.B. Sparks, J. Hartigan, 
D.R. Smith, E. Suh, N. Papadopoulos, P. Buckhaults, S.D. Markowitz, G. 
Parmigiani, K.W. Kinzler, V.E. Velculescu, and B. Vogelstein, The genomic 
landscapes of human breast and colorectal cancers. Science, 2007. 318(5853): p. 
1108-1113. 

205. He, T.C., A.B. Sparks, C. Rago, H. Hermeking, L. Zawel, L.T. da Costa, P.J. Morin, B. 
Vogelstein, and K.W. Kinzler, Identification of c-MYC as a target of the APC 
pathway. Science, 1998. 281(5382): p. 1509-1512. 

206. Togel, L., R. Nightingale, A.C. Chueh, A. Jayachandran, H. Tran, T. Phesse, R. Wu, 
O.M. Sieber, D. Arango, A.S. Dhillon, M.A. Dawson, B. Diez-Dacal, T.C. Gahman, P. 
Filippakopoulos, A.K. Shiau, and J.M. Mariadason, Dual Targeting of 
Bromodomain and Extraterminal Domain Proteins, and WNT or MAPK Signaling, 
Inhibits c-MYC Expression and Proliferation of Colorectal Cancer Cells. Molecular 
Cancer Therapeutics, 2016. 15(6): p. 1217-1226. 

207. Kahn, M., Can we safely target the WNT pathway? Nature Reviews Drug 
Discovery, 2014. 13(7): p. 513-532. 

208. Rennoll, S. and G. Yochum, Regulation of MYC gene expression by aberrant 
Wnt/beta-catenin signaling in colorectal cancer. World J Biol Chem, 2015. 6(4): 
p. 290-300. 

209. Burns, L.T. and S.R. Wente, From Hypothesis to Mechanism: Uncovering Nuclear 
Pore Complex Links to Gene Expression. Molecular and Cellular Biology, 2014. 
34(12): p. 2114-2120. 

210. Towbin, B.D., C. Gonzalez-Aguilera, R. Sack, D. Gaidatzis, V. Kalck, P. Meister, P. 
Askjaer, and S.M. Gasser, Step-Wise Methylation of Histone H3K9 Positions 
Heterochromatin at the Nuclear Periphery. Cell, 2012. 150(5): p. 934-947. 

211. Sahar, S. and P. Sassone-Corsi, Metabolism and cancer: the circadian clock 
connection. Nat Rev Cancer, 2009. 9(12): p. 886-96. 

212. Battey, J., C. Moulding, R. Taub, W. Murphy, T. Stewart, H. Potter, G. Lenoir, and 
P. Leder, The human c-myc oncogene: structural consequences of translocation 
into the IgH locus in Burkitt lymphoma. Cell, 1983. 34(3): p. 779-87. 

213. Fu, L., H. Pelicano, J. Liu, P. Huang, and C. Lee, The circadian gene Period2 plays 
an important role in tumor suppression and DNA damage response in vivo. Cell, 
2002. 111(1): p. 41-50. 

214. Repouskou, A. and A. Prombona, c-MYC targets the central oscillator gene Per1 
and is regulated by the circadian clock at the post-transcriptional level. 
Biochimica Et Biophysica Acta-Gene Regulatory Mechanisms, 2016. 1859(4): p. 
541-552. 

215. Huber, A.L., S.J. Papp, A.B. Chan, E. Henriksson, S.D. Jordan, A. Kriebs, M. Nguyen, 
M. Wallace, Z. Li, C.M. Metallo, and K.A. Lamia, CRY2 and FBXL3 Cooperatively 
Degrade c-MYC. Mol Cell, 2016. 64(4): p. 774-789. 



 

 69 

216. Altman, B.J., A.L. Hsieh, A. Sengupta, S.Y. Krishnanaiah, Z.E. Stine, Z.E. Walton, 
A.M. Gouw, A. Venkataraman, B. Li, P. Goraksha-Hicks, S.J. Diskin, D.I. Bellovin, 
M.C. Simon, J.C. Rathmell, M.A. Lazar, J.M. Maris, D.W. Felsher, J.B. Hogenesch, 
A.M. Weljie, and C.V. Dang, MYC Disrupts the Circadian Clock and Metabolism in 
Cancer Cells. Cell Metab, 2015. 22(6): p. 1009-19. 

217. Shostak, A., B. Ruppert, N. Ha, P. Bruns, U.H. Toprak, I.M.-S. Project, R. Eils, M. 
Schlesner, A. Diernfellner, and M. Brunner, MYC/MIZ1-dependent gene 
repression inversely coordinates the circadian clock with cell cycle and 
proliferation. Nat Commun, 2016. 7: p. 11807. 

218. Sethi, J.K. and A. Vidal-Puig, Wnt signalling and the control of cellular 
metabolism. Biochemical Journal, 2010. 427: p. 1-17. 

219. Rui, Y.N., Z. Xu, S.Y. Lin, Q.X. Li, H.L. Rui, W. Luo, H.M. Zhou, P.Y. Cheung, Z.G. Wu, 
Z.Y. Ye, P. Li, J.H. Han, and S.C. Lin, Axin stimulates p53 functions by activation of 
HIPK2 kinase through multimeric complex formation. Embo Journal, 2004. 
23(23): p. 4583-4594. 

220. Anagnostou, S.H. and P.R. Shepherd, Glucose induces an autocrine activation of 
the Wnt/beta-catenin pathway in macrophage cell lines. Biochemical Journal, 
2008. 416: p. 211-218. 

221. Lagathu, C., C. Christodoulides, S. Virtue, W.P. Cawthorn, C. Franzin, W.A. 
Kimber, E.D. Nora, M. Campbell, G. Medina-Gomez, B.N.R. Cheyette, A.J. Vidal-
Puig, and J.K. Sethi, Dact1, a Nutritionally Regulated Preadipocyte Gene, Controls 
Adipogenesis by Coordinating the Wnt/beta-Catenin Signaling Network. Diabetes, 
2009. 58(3): p. 609-619. 

222. Yoshida, K., T. Toki, Y. Okuno, R. Kanezaki, Y. Shiraishi, A. Sato-Otsubo, M. 
Sanada, M.J. Park, K. Terui, H. Suzuki, A. Kon, Y. Nagata, Y. Sato, R.N. Wang, N. 
Shiba, K. Chiba, H. Tanaka, A. Hama, H. Muramatsu, D. Hasegawa, K. Nakamura, 
H. Kanegane, K. Tsukamoto, S. Adachi, K. Kawakami, K. Kato, R. Nishimura, S. 
Izraeli, Y. Hayashi, S. Miyano, S. Kojima, E. Ito, and S. Ogawa, The landscape of 
somatic mutations in Down syndrome-related myeloid disorders (vol 45, pg 1293, 
2013). Nature Genetics, 2013. 45(12): p. 1516-1516. 

223. Aulmann, S., H. Blaker, R. Penzel, R.J. Rieker, H.F. Otto, and H.P. Sinn, CTCF gene 
mutations in invasive ductal breast cancer. Breast Cancer Research and 
Treatment, 2003. 80(3): p. 347-352. 

224. Sparago, A., S. Russo, F. Cerrato, S. Ferraiuolo, P. Castorina, A. Selicorni, C. 
Schwienbacher, M. Negrini, G.B. Ferrero, M.C. Silengo, C. Anichini, L. Larizza, 
and A. Riccio, Mechanisms causing imprinting defects in familial Beckwith-
Wiedemann syndrome with Wilms' tumour. Human Molecular Genetics, 2007. 
16(3): p. 254-264. 

225. Prawitt, D., T. Enklaar, B. Gartner-Rupprecht, C. Spangenberg, M. Oswald, E. 
Lausch, P. Schmidtke, D. Reutzel, S. Fees, R. Lucito, M. Korzon, L. Brozek, J. 
Limon, D.E. Housman, J. Pelletier, and B. Zabel, Microdeletion of target sites for 
insulator protein CTCF in a chromosome 11p15 imprinting center in Beckwith-
Wiedemann syndrome and Wilms' tumor. Proceedings of the National Academy 
of Sciences of the United States of America, 2005. 102(11): p. 4085-4090. 

226. Flavahan, W.A., Y. Drier, B.B. Liau, S.M. Gillespie, A.S. Venteicher, A.O. Stemmer-
Rachamimov, M.L. Suva, and B.E. Bernstein, Insulator dysfunction and oncogene 
activation in IDH mutant gliomas. Nature, 2016. 529(7584): p. 110-+. 

227. Kraus, W.L., Transcriptional control by PARP-1: chromatin modulation, 
enhancer-binding, coregulation, and insulation. Curr Opin Cell Biol, 2008. 20(3): 
p. 294-302. 



 

70 

228. Krishnakumar, R. and W.L. Kraus, The PARP side of the nucleus: molecular 
actions, physiological outcomes, and clinical targets. Mol Cell, 2010. 39(1): p. 8-
24. 

229. Luo, X. and W.L. Kraus, On PAR with PARP: cellular stress signaling through 
poly(ADP-ribose) and PARP-1. Genes Dev, 2012. 26(5): p. 417-32. 

230. Kim, M.Y., T. Zhang, and W.L. Kraus, Poly(ADP-ribosyl)ation by PARP-1: 'PAR-
laying' NAD(+) into a nuclear signal. Genes & Development, 2005. 19(17): p. 
1951-1967. 

231. Alano, C.C., P. Garnier, W. Ying, Y. Higashi, T.M. Kauppinen, and R.A. Swanson, 
NAD+ depletion is necessary and sufficient for poly(ADP-ribose) polymerase-1-
mediated neuronal death. J Neurosci, 2010. 30(8): p. 2967-78. 

232. Shall, S. and G. de Murcia, Poly(ADP-ribose) polymerase-1: what have we learned 
from the deficient mouse model? Mutation Research-DNA Repair, 2000. 460(1): 
p. 1-15. 

233. Szabo, C. and V.L. Dawson, Role of poly(ADP-ribose) synthetase in inflammation 
and ischaemia-reperfusion. Trends in Pharmacological Sciences, 1998. 19(7): p. 
287-298. 

234. Nosho, K., H. Yamamoto, M. Mikami, H. Taniguchi, T. Takahashi, Y. Adachi, A. 
Imamura, K. Imai, and Y. Shinomura, Overexpression of poly(ADP-ribose) 
polymerase-1 (PARP-1) in the early stage of colorectal carcinogenesis. European 
Journal of Cancer, 2006. 42(14): p. 2374-2381. 

235. Mann, M., S. Kumar, S.S. Chauhan, N. Bhatla, S. Kumar, S. Bakhshi, R. Gupta, A. 
Sharma, and L. Kumar, Correction: PARP-1 inhibitor modulate beta-catenin 
signaling to enhance cisplatin sensitivity in cancer cervix. Oncotarget, 2019. 
10(46): p. 4802. 

236. Idogawa, M., M. Masutani, M. Shitashige, K. Honda, T. Tokino, Y. Shinomura, K. 
Imai, S. Hirohashi, and T. Yamada, Ku70 and poly(ADP-ribose) polymerase-1 
competitively regulate beta-catenin and T-cell factor-4-mediated gene 
transactivation: Possible linkage of DNA damage recognition and Wnt signaling. 
Cancer Research, 2007. 67(3): p. 911-918. 

237. Idogawa, M., T. Yamada, K. Honda, S. Sato, K. Imai, and S. Hirohashi, Poly(ADP-
ribose) polymerase-1 is a component of the oncogenic T-cell factor-4/beta-
catenin complex. Gastroenterology, 2005. 128(7): p. 1919-1936. 

238. Dai, W.J., Y.B. Fun, Y.X. Deng, Z.Y. Zeng, P. Gu, H.L. Liu, J.J. Liu, X.Y. Xu, D.S. Wu, 
X.R. Luo, L.Q. Yang, J.Z. Zhang, K. Lin, G.H. Hu, and H.Y. Huang, Regulation of Wnt 
Singaling Pathway by Poly (ADP-Ribose) Glycohydrolase (PARG) Silencing 
Suppresses Lung Cancer in Mice Induced by Benzo(a)pyrene Inhalation Exposure. 
Frontiers in Pharmacology, 2019. 10. 

 


	1 INTRODUCTION
	1.1 EPIGENETIC REGULATION
	1.2 CHROMATIN CROSSTALK IN 3D
	1.2.1 The innovation of techniques to explore the 3D genome
	1.2.2 The genome organizer CTCF and its PARP1 partner
	1.2.3 Compartmentalization of nuclear functions in 3D
	1.2.4 The active compartments:  nuclear interior
	1.2.4.1 Topologically associating domains (TADs)
	1.2.4.2 Enhancer usage in 3D

	1.2.5 The inactive nuclear compartments
	1.2.5.1 Formation of repressive compartment at the nuclear periphery
	1.2.5.2 The heterochromatic compartment at the nucleolus


	1.3 NUCLEOPORINS AND THE GENE GATING PRINCIPLE
	1.4 REGULATION OF CIRCADIAN TRANSCRIPTION IN THE COMPARTMENTALIZED NUCLEUS
	1.4.1 The central and peripheral clocks
	1.4.2 The entrainment of circadian rhythm by external time cues
	1.4.3 The clock machinery: driving circadian transcription

	1.5 CIRCADIAN CHROMATIN TRANSITIONS
	1.5.1 The establishment of active chromatin states by the positive limb
	1.5.2 The establishment of repressed chromatin states by the negative limb
	1.5.3 Crosstalk between the positive and negative limb of the clock machinery during chromatin transitions

	1.6 CIRCADIAN CLOCK, CELLULAR METABOLISM AND COMPLEX DISEASES

	2  AIMS
	3 METHODS AND MATERIALS
	3.1 CELL CULTURES AND TREATMENTS
	3.2 RNA/DNA FISH ANALYSES
	3.3 IN SITU PROXIMITY LIGATION ASSAY (ISPLA)
	3.4 CHROMATIN IN SITU PROXIMITY (CHRISP)
	3.5 GRID WIDE-FIELD MICROSCOPY
	3.6 CHROMATIN NETWORKS AND INTEGRATION ANALYSES
	3.6.1 Circular chromatin conformation capture sequencing (4C-Seq)
	3.6.2 Nodewalk

	3.7 RNA ANLYSES
	3.7.1 Pulse labeling of RNA
	3.7.2 The nuclear RNA export assay
	3.7.3 mRNA decay analyses
	3.7.4 RT-QPCR analysis of transcription


	4 RESULTS
	4.1 PAPER I: PARP1- AND CTCF-MEDIATED INTERACTIONS BETWEEN ACTIVE AND REPRESSED CHROMATIN AT THE LAMINA PROMOTE OSCILLATING TRANSCRIPTION
	4.1.1 Interactome connecting circadian loci and LADs
	4.1.2 Molecular ties connecting circadian loci to LADs
	4.1.3 The role of the nuclear periphery in circadian transcriptional attenuation
	4.1.4 Summary: novel principles in the entrainment of circadian transcription

	4.2 PAPER II: WNT SIGNALING AND AHCTF1 PROMOTE ONCOGENIC MYC EXPRESSION THROUGH SUPER-ENHANCER-MEDIATED GENE GATING
	4.2.1 Regulation of MYC transcription in 3D
	4.2.2 Contribution of gene gating to MYC mRNA accumulation
	4.2.3 The role of WNT in the super-enhancer mediated gene gating of MYC


	5 DISCUSSIONS
	5.1 THE ROLE OF NUCLEAR PERIPHERY IN THE REGULATION OF GENE EXPRESSION
	5.2 MYC AND THE CIRCADIAN CLOCK
	5.3 ADAPTATION TO THE ENVIRONMENT
	5.3.1 WNT signaling
	5.3.2 Circadian entrainment
	5.3.3 Nucleoporins and the transcriptional memory

	5.4 CTCF AND PARP1 IN COMPLEX DISEASES
	5.4.1 CTCF in disease
	5.4.2 PARP1 in disease


	6 SUMMARY
	7 ACKNOWLEDGEMENTS
	8 REFERENCES

