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(ii) elektronenmikroskopischen Untersuchungen von Myotubezellkernen und (iii) Polymermodellen der Tg 

Transkriptionsschleife, unterstützen unsere Hypothese. 

Zusammenfassend deuten unsere Ergebnisse darauf hin, dass die Bildung von Transkriptionsschleifen ein 

universelles Prinzip der eukarotischen Transkription darstellt. Unsere Arbeit legt die Grundlage für eine 

Neubetrachtung bestehender Annahmen bezüglich der strukturellen Organisation transkribierter 

eukaryotischer Gene. 
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nuclei. For building the conventional chromatin distribution, tethering of heterochromatin to the lamina 

needs to be established, suggesting that without such tether all nuclei would be inverted (Falk et al., 2019). 

 

 

 

 
 
FIGURE 1.1: Hierarchical genome organization. (A) Active euchromatin (light gray) in the nuclear center is spatially separated 
from inactive heterochromatin (medium gray) at the nuclear periphery as well as around nucleoli and chromocenters (dark gray). 
(B) Each chromosome (purple, dark blue, light blue, magenta, and turquoise) occupies a distinct chromosome territory (CT). 
Chromosome folding within their territories leads to gene-rich, active regions residing in the euchromatic A compartment and 
gene-poor, inactive regions residing in the heterochromatic B compartment. Depending on the transcriptional status of a 
chromosomal region, the region shifts to the corresponding compartment. (C) Topologically associating domains (TADs) define 
regions of high long-range interaction frequencies (e.g. promoter enhancer loops) and are confined by boundaries characterized 
by architectural proteins such as cohesin and CTCF. TSS: transcription start site; CTCF: CCCTC-binding factor. 

 

 
 
 
 
 
 







INTRODUCTION 

10 

To stimulate the expression of its target gene, an enhancer region is bound by TFs and co-factors (Calo and 

Wysocka, 2013) and thus increases the activity of a promoter that resides in close proximity. As accumulating 

evidence suggests, the contact between a promoter and an enhancer is achieved by the formation of 

promoter-enhancer loops that are regulated by the Mediator initiation core complex (Nolis et al., 2009; 

Tolhuis et al., 2002; Williamson et al., 2016). Therefore, especially chromosome conformation capture 

techniques (C-techniques) like 4C or capture Hi-C that enable the identification of interactions between one 

locus and many or all other loci, respectively, together with dedicated computational pipelines, have been 

proven useful in locating putative enhancers through identifying promoter loops (Ron et al., 2017).  

Enhancers vastly outnumber protein-coding genes as hundreds of thousands of putative enhancers have been 

mapped in the mouse genome (Andersson et al., 2014; Schoenfelder and Fraser, 2019; Shen et al., 2012). 

Therefore, the promoter of one gene is mostly influenced by more than one enhancer, augmenting the level 

of transcriptional regulation by additive enhancer action. However, the interaction of a promoter with an 

enhancer mainly occurs within TAD boundaries and transcription is correlated with local chromatin 

insulation (Bonev et al., 2017). 

Clusters of enhancers in conjunction with a bulk of bound transcription factors are called super-enhancers 

(SEs) (Pott and Lieb, 2015). These SEs are found throughout the genome and are linked to the rapid 

upregulation of developmental genes to ensure cell identity and the transcriptional control of genes with 

prominent roles in cell-type specific processes (e.g. pluripotency genes Oct4, Sox2, and Nanog in embryonic 

stem cells (ESCs)) (Whyte et al., 2013). Furthermore, SEs are involved in the regulation of oncogenes in 

cancer cells (Hnisz et al., 2013). Although exact mechanisms leading to the attraction between promoters and 

enhancers, as well as to the formation of super-enhancers, are not known, it was suggested that liquid-liquid 

phase separation driven by proteins binding these genomic regions may play a crucial role in these processes 

(see also section 1.2.4). 
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1.2.2 THE TRANSCRIPTION FACTORY MODEL AND NUCLEAR SPECKLES 
Even though knowledge about transcriptional fine regulation as well as the three-dimensional organization 

of the mammalian genome on a broad scale is largely comprehensive, the intermediate level of transcriptional 

organization is poorly understood. Based on the microscopic visualization of actively transcribed genes, 

elongating polymerases and nascent RNA transcripts, the existence of transcription factories has been 

proposed (Ghamari et al., 2013; Iborra et al., 1996; Jackson et al., 1993; Papantonis and Cook, 2013; Wansink 

et al., 1993). Transcription factories are distinct loci distributed throughout the nucleoplasm, at which 

hyperphosphorylated RNA polymerases are immobilized in groups (presumably by anchoring to a nuclear 

matrix). Upon transcription stimulation, genes approach these factories and are then reeled through the 

polymerases. Therefore, the extruding nascent RNAs are confined to a small volume, a single focus 

(Figure 1.3). 

 

 
FIGURE 1.3: Schematic depiction of a transcription factory. Genes to be transcribed are reeled through immobilized 
polymerases. Thereby, nascent mRNA is produced at small discrete spots. Co-regulated genes approach a transcription factory at 
the same time and are transcribed simultaneously. 

 

Supposedly, 8-30 RNA polymerases accumulate in a single transcription factory (Jackson et al., 1998; Martin 

and Pombo, 2003) with a diameter of about 75 nm on average, as determined by electron microscopy (Iborra 

et al., 1996). However, sizes may range from 40 to 200 nm depending on the associated factors (Eskiw and 

Fraser, 2011; Eskiw et al., 2008), linking the size of a factory to transcriptional activity, with many highly 

transcribed genes recruiting more polymerases (Rieder et al., 2012). The number of transcription foci per cell 

depends on the cell type and its differentiation state and varies between a few hundred and >1500 (Jackson 

et al., 1998; Osborne et al., 2004). Accumulation of genes in transcription factories might facilitate the quick 

and coordinated expression of co-regulated genes during differentiation or in response to cellular stimuli 

(Osborne et al., 2004). 

Foci with RNA Pol II and nascent RNA accumulation have been shown to localize with or in close proximity 

to domains formed by splicing factor SC35 (Jackson et al., 1993; Wansink et al., 1993), a major constituent 

of nuclear speckles, indicating that co-transcriptional splicing occurs directly at these sites. 
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Additionally, TFs can recruit the intrinsically disordered CTD of Pol II and the CTD can also phase separate 

on its own (Boehning et al., 2018; Kwon et al., 2013). Therefore, formation of transient transcription clusters 

is likely dependent on LLPS of proteins with disordered regions (Hnisz et al., 2017).  

The various transcription-coupled phase separating condensates differ in their composition (Cramer, 2019). 

Whereas the transcriptional co-activator Mediator and RNA Pol II are found in condensates on sites of active 

transcription (Cho et al., 2018), condensates found at super enhancers are enriched in Mediator and BRD4 

(Sabari et al., 2018). Two other forms of transient condensates have been determined by microscopy: one at 

promoters and one at gene bodies with RNA Pol II shuttling between them (Cramer, 2019). At promoters, 

Pol II forms condensates with TFs, co-activators, initiation factors, and unphosphorylated Pol II. When the 

CTD of RNA Pol II is phosphorylated via cyclin dependent kinase 7 (CDK7) to promote elongation, it no 

longer forms a phase with TFs but now with a disordered region in the positive transcription elongation 

factor P-TEFb (Lu et al., 2018). At this point, the condensate loses its promoter specificity and forms an 

elongation-dependent gene body condensate containing phosphorylated Pol II, nascent RNA, elongation 

factors, and RNA processing factors (Cramer, 2019). These condensates in turn might correspond to foci 

where Pol II and splicing factors co-localize (Herzel et al., 2017; Misteli and Spector, 1999; Mortillaro et al., 

1996).  

 

1.2.5 LIGHT MICROSCOPY RESOLUTION AS A LIMITING FACTOR 
Even though the development of C-techniques vastly improved our understanding of transcription-

dependent genome organization, microscopic visualization of the structure of transcribed genes in cell nuclei 

is still elusive. The main constraint in this regard is the resolution limit of light microscopy (Schermelleh et 

al., 2010). Indeed, a gene with the size of 10 kb would measure approx. 0.5 µm if the chromatin fiber were 

stretched.  However, genes as parts of chromosomal regions are rather coiled in the nucleus and therefore 

should be even smaller. These considerations tentatively explain why visualizations of genes by FISH result 

in dot-like signals with irresolvable 3D structure. 
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2.2 TISSUE PREPARATION 
2.2.1 ISOLATION AND FIXATION OF MOUSE TISSUES  

CD1 exbreeder mice (Charles River Laboratories) were sacrificed by cervical dislocation after anesthetizing 

with IsoFlo (Isofluran, Abbott) by Dr. Irina Solovei.  

For isolation of the thyroid gland, a vertical anterior neck incision was made. After removing the parotid 

glands and surrounding muscle tissue, the thyroid lobes were visible below the thyroid cartilage on each side 

of the trachea. A piece of trachea (5 to 7 mm) with the attached thyroid lobes was excised and placed into 

PBS in a small plastic dish. Under a binocular, the thyroid tissue was carefully cleaned from connective and 

fat tissue, muscles as well as the parathyroid glands (dense, slightly whitish tissue) using fine forceps and fine 

scissors (both Fine Science Tools).  

For isolation of colon, a vertical incision in the lower abdomen was made and extended horizontally in both 

directions. The abdominal musculature was carefully removed, a part of the distal colon was excised and 

placed into PBS in a small plastic dish.  

For isolation of bladder, mice were injected with Narcoren (Boehringer Ingelheim, conc. 5 µl/g body weight) 

by Hilde Wohlfrom (Biocenter, LMU München, Munich, Germany) in order to relax smooth muscles before 

sacrificing. The abdominal musculature was carefully removed, the bladder was excised and placed into PBS 

in a small plastic dish.  

All tissues were washed once with PBS and then fixed in 4 % paraformaldehyde (Carl Roth) solution in PBS 

overnight.  

Sections of in vitro grown thyroid follicles as well as grafted thyroid tissue were kindly provided by Dr. Andrea 

Schiavo and Dr. Sabine Costagliola (Université libre de bruxelles, Brussels, Belgium) (Antonica et al., 2012).  

Fixed thyroids of hypo- and hyperthyroid mice and of mice in different developmental stages were kindly 

provided by Prof. Dr. Heike Heuer (Universitätsklinikum Essen, Klinik für Endokrinologie und 

Stoffwechselerkrankungen, Essen, Germany). Hypo- and hyperthyroid mice were obtained as previously 

described (Groba et al., 2013; Shibusawa et al., 2003; Trajkovic-Arsic et al., 2010) (see also Results section 

3.7.4). 
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excess liquid using a tissue paper and sections were covered by special glass chambers made from coverslips 

in order to prevent tissue squeezing (Solovei et al., 2007).  

For DNA FISH, a probe was loaded under the chamber, the edges of the chamber were sealed with rubber 

cement and the slides were put into darkness until the rubber cement had fully dried out. Slides were then 

placed into a metal chamber in the water bath at 37 °C in order to equilibrate the section in the hybridization 

mixture and to ensure probe penetration. Denaturation of both probe and sample DNA was carried out 

simultaneously on a hot block at 80 °C for 3 min.  

For RNA FISH, only the probe DNA, but not the sample DNA was denatured, so that the then single 

stranded probe only hybridizes to single stranded sample RNA and not to double stranded sample DNA. 

Therefore, the probe DNA was denatured in the water bath at 95 °C for 5 min, before it was loaded under 

the glass chamber and sample DNA denaturation was omitted.  

Hybridization was carried out in the water bath at 37 °C for 2 days. Post hybridization washings were carried 

out using 2 x SSC at 37 °C (3 x 30 min) and 0.1 x SSC at 60 °C (1 x 7 min). For some experiments, depending 

on the probe label, detection was necessary. Antibodies used were the same as described for 2D FISH. 

Antibody incubation times were prolonged to 12 h to ensure proper antibody penetration into the tissue. 

Washings were performed using 4 x SSCT (3 x 30 min).  

DNA was counterstained with 2 µg/ml DAPI (Sigma-Aldrich) for 1 h at 37 °C in the water bath. Sections 

were washed once in PBS, a drop of Vectashield (Vector Laboratories) was placed directly on the section and 

the area was mounted under a coverslip. Excess Vectashield was carefully removed in order to keep fragile 

sections intact and the edges of the coverslip were sealed with nail polish.  

 

2.4.8 3D FISH ON ADHERENTLY GROWING CELLS 
FISH on adherently growing cells was conduced as previously described (Solovei and Cremer, 2010) with 

modifications. Washing as well as incubation steps for cells were carried out in 6 well or 12 well plates 

depending on the coverslip size used.  

Cells were grown on coverslips (R. Langenbrinck or Carl Roth) pre-coated with 1 µg/ml poly-L-lysine (Sigma-

Aldrich). Coverslips were washed twice with pre-warmed (37 °C) cell culture grade PBS (Sigma-Aldrich) and 

fixed in 4 % PFA (Merck) for 10 min at RT. During the last minute of fixation, a drop of PBS/0.5 % Triton 

X-100 was added to prevent cell drying in subsequent steps. Cells were washed 3x in PBS/0.01 % Triton X-

100 for 5 min, permeabilized with PBS/0.5 % Triton X-100 for 10 min and then equilibrated in 20 % 

glycerol/PBS for 60 min. Cells were frozen by submerging the coverslip directly into liquid nitrogen for 

approx. 20 sec, then, coverslips were gradually thawed at RT, before they were frozen again. This 

freezing/thawing cycle was repeated four times. Then, cells were washed three times with PBS/0.01 % Triton 

X-100 for 10 min. For DNA FISH, cells were first treated with 0.1 N HCl for 5 min sharp in order to 
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depurinate DNA and remove proteins, improving access of the probe to the DNA. Then, cells were treated 

with RNase to ensure hybridization only to DNA. Therefore, coverslips were briefly washed in PBS, and 

placed on drops of 50 µg/ml RNase on a piece of parafilm with attached cells facing downwards. Incubation 

was carried out in a metal chamber in the water bath at 37°C for 1h followed by washing in PBS (3 x 10 min). 

For both DNA and RNA FISH, cells were rinsed in 2 x SSC and equilibrated in 50 % FA/2 x SSC.  

For DNA FISH, a probe was loaded on a microscopic slide, the coverslip with the cells facing the slide was 

carefully placed on top to avoid bubble formation and the edges of the coverslip were sealed with rubber 

cement (Fixogum). The slides were put into darkness until the rubber cement had fully dried out. 

Denaturation of both probe and sample DNA was carried out simultaneously by placing the slide on a hot 

block at 78 °C for 3 min.  

For RNA FISH, only the probe DNA, but not the sample DNA was denatured, as described for FISH on 

sections, before it was loaded on the microscopic slide and the coverslip with cells was placed on top. Sample 

DNA denaturation was omitted.  

Hybridization was carried out in the water bath at 37 °C for 2 days. Post hybridization washings were carried 

out using 2 x SSC at 37 °C (3 x 30 min) and 0.1 x SSC at 60 °C (1 x 7 min). For some experiments, depending 

on the probe label, detection was necessary. Antibodies used were the same as described for 2D FISH. 

Washings were performed using 4 x SSCT (3 x 10 min).  

DNA was counterstained with 2 µg/ml DAPI (Sigma-Aldrich) for 10 min in a dark chamber. Coverslips were 

washed once in PBS, a drop of Vectashield (Vector Laboratories) was placed on a microscopic slide and the 

coverslip was carefully mounted on top avoiding bubble formation. Excess Vectashield was very carefully 

removed from the edges of the coverslip in order to not move the coverslip and the edges of the coverslip 

were sealed with nail polish.  

 

2.4.9 IMMUNOFISH 

ImmunoFISH on cryosections 

To visualize the co-localization of RNA Pol II or nuclear speckles (SC35) and the Tg transcription loop, 

immunostaining combined with 3D FISH was conducted on mouse (for RNA Pol II) or human (for SC35) 

thyroid cryosections. The general 3D FISH protocol on cryosections (see Material and Methods section 2.4.7) 

was followed, instead of DAPI staining directly after the post-hybridization washings, slides were briefly 

equilibrated in PBS. Permeabilization was done in 0.1 % Triton X-100/PBS for 30 min. The sections were 

then incubated with primary and secondary antibodies diluted in blocking solution (1 % BSA/0.1 % Triton 

X-100/0.1 % saponin) each overnight at RT under a glass chamber in a humidified chamber in the dark. 

DAPI (2 µg/ml) was added directly to the secondary antibody. 
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2.8 MICROSCOPY 

2.8.1 LIGHT MICROSCOPY 

Epifluorescent microscopy 

To examine chromosomal location of BACs on 2D FISH preparations and to assess the quality of FISH and 

immunostaining, an epifluorescent microscope (Axiophot 2, Zeiss) was used. The system was equipped with 

a CCD camera (Coolview CCD Camera System) and the MetaVue software (Zeiss).  

Confocal laser scanning microscopy 

Image stack series were acquired using a TCS SP5 confocal microscope (Leica) using a Plan Apo 63/1.4 NA 

oil immersion objective and the Leica Application Suite Advanced Fluorescence (LAS AF) Software (Leica). 

Z step size was typically set to 300 nm. XY pixel size varied from 20 to 60 nm, depending on the final 

magnification. Used laser lines are depicted in Table 2.9. 

 
TABLE 2.9: Equipped laser lines on Leica SP5 

Fluorophore Excitation Emission Laser line 

DAPI  358 nm 461 nm 405 nm (Diode) 

FITC,  Alexa488 490 nm 525 nm 488 nm (Argon) 

Cy3 554 nm 568 nm 
561 nm (DPSS) 

TAMRA, Alexa555 555 nm 580 nm 

TexasRed 596 nm 615 nm 594 nm (HeNe) 

Cy5 649 nm 666 nm 633 nm (HeNe) 
 

 

 
Processing of image stacks 

Confocal stacks were processed using the ImageJ software (https://imagej.nih.gov/ij/). Before analysis, 

stacks were corrected for chromatic shift in z direction using the StackGroom/z-shift corrector plugin. This 

plugin re-aligns the images of an acquired z-stack according to the axial chromatic shift  measured using 

TetraSpeck beads (Molecular Probes). 

RGB image stacks with all desirable combinations of channels were generated using the 

StackGroom/3channels plugin. 

Images in this study are maximum intensity projections of several shift corrected optical planes of a z-stack 

(typically covering 1 to 1.5 µm) unless stated otherwise. 
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2.9.3     COMPUTATIONAL CHROMATIN MODELING 
Computational modeling was conducted by Dr. Johannes Nübler (Institute for Medical Engineering and 

Science, Massachusetts Institute of Technology, Cambridge, USA). Chromatin was modeled as a polymer 

with a monomer size of 1 kb roughly corresponding to 5 nucleosomes packed in a 20 nm globule and included 

6 chromosomes, each 50 Mb in length. Territorial chromosomes were generated by initiating them in a 

mitotic-like conformation and letting them expand. In a dense environment, polymer dynamics is exceedingly 

slow, therefore, chromosomes mixed only moderately and retained their territoriality. For completeness, 

subdivision of chromatin into A- and B-compartments with attraction of B-compartments to the nuclear 

periphery were included. On each chromosome, a small region was assigned as our gene of interest, and it 

was explored how TL formation is reproduced by changing different parameters. 
Simulations were based on polymer simulation code developed in the laboratory of Prof. Dr. Leonid Mirny 

(Institute for Medical Engineering and Science, Massachusetts Institute of Technology, Cambridge, 

USA). Polymer simulations were performed using a Mirny laboratory written wrapper (available 

at https://github.com/mirnylab/openmm-polymer-legacy) around the open source GPU-assisted molecular 

dynamics package OpenMM (Eastman et al., 2017). Polymers are represented as a chain of monomers with 

harmonic bonds, a repulsive excluded volume potential, and an additional small attraction for the interaction 

of two monomers of type B. To obtain Hi-C maps from simulated data, polymer conformations were first 

coarse grained by a factor fo 10 (i.e. only every 10th monomer is considered) in order to reduce the size of 

the computed Hi-C matrix. Then, a cutoff radius was defined, mimicking the crosslinking radius in an actual 

Hi-C experiment. The cutoff radius was 10 monomer diameters (we verified that results are insensitive to the 

cutoff).  
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3 RESULTS 
 

3.1 LONG MAMMALIAN GENES ARE RARELY HIGHLY EXPRESSED 
 
Due to the resolution limit of light microscopy that prevents structural resolution of short lowly expressed 

genes, we first aimed at finding genes that are both long and highly expressed and thus allow their microscopic 

visualization.  

 

3.1.1 THE MAJORITY OF MAMMALIAN GENES IS SHORT 
To estimate the amount of possible candidate genes for our subsequent studies, we analyzed the length of 

GENCODE annotated protein coding genes in human and mouse. In human, 43 % of the genes span below 

20 kb and only 18 % of the genes span more than 100 kb (Figure 3.1 A). Mouse genes are on average smaller: 

46 % of the genes measure below 20 kb and 14 % of the genes measure above 100 kb (Figure 3.1 B).  

 

 

 
 
FIGURE 3.1: The majority of human and mouse genes is short. Histograms depicting the distribution of gene lengths in 
human and mouse. Genes were annotated according to GENCODE. (A) 43 % of human protein coding genes measure below 
20 kb, 18 % measure more than 100 kb. (B) 46 % of mouse protein coding genes measure below 20 kb, 14 % measure more than 
100 kb. Only genes with a length below 500 kb are depicted. Bins represent 20 kb. 
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3.1.2 LONG HUMAN GENES ARE RARELY HIGHLY EXPRESSED 
In order to select candidate genes that are both long and highly expressed, we consulted a comprehensive 

published RNA-seq dataset from the Genotype Tissue Expression Portal (GTEx) for a variety of human 

tissues. In the dataset comprising 51 tissues, only ten protein coding genes exceeded both a gene length of 

100 kb and a transcription level of 1000 transcripts per million (TPM) (Table 3.1) indicating that long genes 

are not only rare but also generally not highly expressed. 

 

 
TABL E 3.1: Ten genes > 100 kb and > 1000 TPM found in the GTEx dataset.  

Tissue Gene(s) 

Artery: Aorta MYH11, MYH9, RGS5, CALD1  

Artery: Coronary MYH11 

Artery: Tibial MYH11, RGS5, CALD1, MYH9 

Bladder MYH11 

Brain: Hippocampus MBP 

Brain: Spinal cord cervical MBP 

Brain: Substantia nigra MBP 

Ectocervix MYH11 

Colon sigmoid MYH11, CALD1 

Colon transverse MYH11 

Esophagus: Gastroesophageal junction MYH11 

Esophagus: Mucosa SPINK5, JUP 

Esophagus: Muscularis MYH11, CALD1 

Fallopian Tube MYH11 

Skeletal Muscle MYBPC1 

Prostate MYH11 

Skin: not sun exposed JUP 

Skin: sun exposed JUP 

Thyroid TG, TPO 

Uterus MYH11 
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FIGURE 3.3: Five genes are long and highly expressed in both human and mouse tissues. Scatterplots showing the gene 
length (x-axis) and the transcription level (in TPM, y-axis) of all genes below 500 kb detected by RNA-seq in the respective tissue 
in (A) human and (B) mouse. Selected genes (red) stick out in terms of gene length and transcription level in both species and 
show substantially higher expression rates than examplary housekeeping genes (green). Human RNA-seq data taken from GTEx.  
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