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1 Summary 
Every cell in the human body contains the identical hereditary information, encoded in 

the DNA. The sequence of the human genome was deciphered one decade ago as part of 

the Human Genome Project (International Human Genome Sequencing Consortium, 

2001, 2004; Venter et al., 2001). Remarkably, knowledge of the sequence could not ex-

plain the spatial and temporal differences in gene expression, which result in the various 

tissues composing a human body. It becomes more and more evident that several epige-

netic pathways are required to regulate transcription in a time- and context-dependent 

manner. This thesis investigates one particular mechanism in detail, the functional effect 

of chromatin architecture on gene regulation. In eukaryotes, DNA is compacted into 

chromatin, with nucleosomes being the basic packaging unit. In general, chromatin can be 

classified into two major states, the transcriptionally active euchromatin and the repressed 

heterochromatin (Woodcock and Ghosh, 2010). Gene expression is closely linked to the 

structural and spatial arrangement of the chromatin domains in the nucleus, with silent 

genomic loci tethered to the nuclear periphery and active regions located in the center 

(Takizawa et al., 2008). To allow access of DNA-binding proteins involved in transcrip-

tion, replication or repair, the nucleoprotein complex is capable of dynamically changing 

its accessibility upon physiological cues. Chromatin dynamics are modulated by a num-

ber of different factors, e.g. ATP-dependent chromatin remodeling machines, histone 

chaperones and histone-modifying enzymes (Margueron and Reinberg, 2010). 

This study aimed to elucidate the structure-function relation of chromatin in mammalian 

cells on both a global and a local scale. First, chromatin dynamics were analyzed on a 

genome-wide level. Several high-throughput assays were developed, including formalde-

hyde-assisted isolation of regulatory elements (FAIRE)-Seq to monitor the tissue-specific 

usage of regulatory elements in human blood cells. In addition, micrococcal nuclease 

(MNase)-Seq was applied to study global re-positioning of nucleosomes and to identify 

functionally different chromatin domains according to their accessibility. High-

throughput sequencing of mono- and dinucleosomal DNA from HeLa cells reveals a con-

densed chromatin structure at promoters of repressed genes and a defined, open structure 

around the transcription start sites (TSSs) of highly expressed genes. Further characteriza-

tion of the determined chromatin domains uncovers correlation of very accessible, open 
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structures with increased occupancy of RNA polymerase (RNAP) II, CTCF and activat-

ing histone marks. In contrast, less accessible chromatin is associated with low gene den-

sity and expression. Remarkably, the two states differ in nucleosome spacing, directly 

reflecting accessibility and the respective higher-order organization. Furthermore, 

MNase-Seq of primary human cells treated with the proinflammatory cytokine TNFα 

reveals genome-wide re-positioning of nucleosomes. Strikingly, chromatin structures 

around responsive TSSs but also throughout the gene body open up gradually, as moni-

tored at 10 and 30 min after stimulation. In addition, defined nucleosome positioning and 

a distinct histone PTM signature are observed at exon/intron junctions, in particular 

around novel recursive splicing sites. The global opening precedes transcription and is 

most pronounced at ‘hotspots’ carrying binding sites for NF-κB and associated proteins. 

Exposure of the binding sites is probably achieved by TNFα-specific chromatin remodel-

ing and occurs predominantly at promoter regions, exons and Alu repeats. Finally, this 

thesis links altered chromatin structures in Down syndrome patients to upregulated ex-

pression of histone clusters and chromatin-associated proteins. 

In a second chapter, this thesis focuses on the local chromatin architecture of ribosomal 

RNA (rRNA) genes in mouse. Previous studies showed that actively transcribed or poised 

rRNA genes form promoter-terminator chromatin loops (Németh et al., 2008). Here, a 

hamster cell line harboring one repeat of mouse rDNA is introduced as a new model sys-

tem to elucidate functional dynamics in chromatin looping on a single gene scale. Both 

promoter and terminator comprise binding sites for the Transcription Termination Factor 

for RNA polymerase I (TTF-I), therefore, the impact of this protein on chromatin looping 

is investigated in detail. Notably, TTF-I binds cooperatively to the target site cluster at the 

rRNA gene terminator in a chromatin-dependent manner. Furthermore, the cluster en-

hances gene expression directly by increasing the loading of RNAPI and transcription 

factors to the gene. In addition, the results indicate that TTF-I binding is indispensible for 

establishing the chromatin loop by mediating promoter-terminator interactions. According 

to the ribomotor model, the loop structure promotes efficient recycling of polymerases 

and associated proteins, explaining the observed effects in factor occupancy and gene 

expression. In summary, the chromatinized TTF-I binding site cluster at the rRNA gene 

terminator acts as an enhancer element by physically interacting with the promoter, up-

regulating transcription levels by transcription factor recruitment and exhibiting a defined 

chromatin signature linked to active regulatory elements. 
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2 General Introduction 

2.1 Discovery of DNA Structure and Function – 
From Miescher to ENCODE  

In all known organisms, the genetic information is encoded in a large polymer of deoxy-

ribonucleic acid (DNA). It was in 1869 when Friedrich Miescher achieved an enormous 

scientific breakthrough by identifying the source of hereditary information. He was the 

first to isolate and chemically characterize DNA, back then named ‘nuclein’, because it 

resides within the cell nucleus. In addition, he was the first to suggest this substance to be 

the seat of genetic information (Dahm, 2008). However, it took almost another century 

until DNA was finally proven to be the material of inheritance by Oswald Avery and 

coworkers in pneumococcus (Avery et al., 1944) and Alfred Hershey and Martha Chase in 

bacteriophage T2 (Hershey and Chase, 1952). 

Between 1885 and 1901, Albrecht Kossel discovered the coding language of DNA, the 

four nucleotides adenine (A), guanine (G), thymidine (T) and cytosine (C) (Jones, 1953), 

connected through a backbone of alternating pentose sugars and phosphates. A-T and G-C 

are complimentary nucleobases and pair up by forming hydrogen bonds (Figure 2.1 A). 

Thereby, a DNA molecule is usually present in a cell as anti-parallel double strand. This 

conserved structure bears two advantages: improved stability on the one hand and a built-

in duplicate for the encoded genetic information on the other hand. 

The double strand winds into a helix, as depicted in Figure 2.1 B. This structure was orig-

inally proposed by James Watson and Francis Crick and verified by X-ray structures of 

Rosalind Franklin and Maurice Wilkins in 1953 (Crick and Watson, 1953; Franklin and 

Gosling, 1953a, 1953b; Watson and Crick, 1953; Wilkins et al., 1953). As the two strands 

are not symmetrically located to each other, the grooves formed within the double helix 

are of unequal size. The ‘major’ or ‘wide’ groove is 2.2 nm wide while the ‘minor’ or 

‘narrow’ groove comprises 1.2 nm (Wing et al., 1980). 
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Figure 2.1: The double helical structure of DNA 

(modified after Watson and Crick, 1953). 
A: Pairing of complementary nucleotides A-T and G-C. Hydrogen bonds are indicat-
ed by dotted lines. C = carbon, N = nitrogen, O = oxygen. One carbon atom is dis-
played for each sugar. 

B: Two strands of DNA wind into a DNA double helix. Ribbons indicate the sugar-
phosphate backbone, horizontal lines illustrate the paired bases. The vertical line 
marks the fiber axis. 

Within the past 50 years, research in biology was revolutionized by the discovery of the 

structure and function of DNA. The newly emerging field of molecular cloning allowed 

the modification of single genes and the production of genetically engineered organisms. 

Most recent advances include the branch of synthetic biology, which seeks to create the 

first living organism with a genome entirely synthesized and assembled in vitro, proposed 

as Mycoplasma laboratorium (Smith et al., 2003; Glass et al., 2006; Gibson et al., 2010). 

In contrast to this ‘Minimal Genome project’, most other studies these days try to deci-

pher large genomes and their functionality, like the Human Genome Project, which com-

pleted the first draft of the human genome in 2003 (International Human Genome Se-

quencing Consortium, 2001, 2004; Venter et al., 2001). However, decoding the sequence 

could not reveal functionality of the genes or how gene expression in differentiation and 

development is regulated. Although every cell contains the identical genetic information, 

differential gene expression within the human body results in more than 200 different cell 

types. The idea emerged that sequence-independent or ‘epigenetic’ mechanisms control 

the spatial and temporal regulation of gene expression. Therefore, ongoing projects like 

the Encyclopedia of DNA Elements (ENCODE) consortium collect large data sets gener-
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ated by high-throughput sequencing platforms and perform integrative analyses for se-

lected human cell lines to identify gene regulatory networks (The ENCODE Project Con-

sortium, 2004, 2011; Birney et al., 2007; Dunham et al., 2012). Out of many epigenetic 

mechanisms involved in gene regulation, one of particular interest for this study is the 

packaging of DNA into chromatin. 

2.2 Chromatin Architecture: The Principles of 
Packaging DNA 

When spread out, the total length of DNA in a human cell is about 2 m. In contrast, the 

cell nucleus is only about 5 µm in diameter (Purves et al., 2003). Association of DNA 

with mostly histone but also non-histone proteins and RNA achieves the required exten-

sive compaction of DNA. The resulting nucleoprotein complex was termed chromatin. 

The first level of packaging is the nucleosomal core particle, consisting of 145-147 bp of 

DNA wrapped around an octamer of core histones, two copies of each H2A, H2B, H3 and 

H4 (Figure 2.2 A) (Kornberg, 1977; McGhee and Felsenfeld, 1980; Luger et al., 1997). 

The negative charge of the sugar-phosphate backbone is thereby neutralized by the basic 

nature of the histones, being positively charged at physiological pH conditions. The nu-

cleoprotein complex causes a compaction of about five- to tenfold and is highly con-

served in eukaryotes. Individual nucleosome core particles are separated by 10 – 80 bp of 

linker DNA, lining up in a ‘beads-on-a-string’ manner also called ‘10-nm fiber’ (Figure 

2.2) (Kornberg, 1974; McGhee and Felsenfeld, 1980; Felsenfeld and Groudine, 2003). In 

literature, the structure is also referred to as ‘primary chromatin structure’ (Woodcock and 

Dimitrov, 2001; Luger et al., 2012). 

To form higher order structures, the 10-nm fiber folds into a chromatin fiber of 30 nm in 

diameter, thus termed 30-nm fiber or secondary chromatin structure, stabilized by associ-

ation of linker histone H1 (Figure 2.3). This additional histone contains a globular DNA-

binding domain that was shown to interact with the major groove near the nucleosome 

dyad and linker DNA adjacent to the nucleosome core (Brown et al., 2006). In contrast, 

more recent studies applying single base-pair resolution mapping demonstrated H1 con-

tacting rather the minor groove located at the center of the nucleosome (Syed and Goutte-

Gattat, 2010). 
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Figure 2.2: Structure of the nucleosome core particle and the 10 nm fiber 

A: DNA is wrapped around a histone octamer, forming a nucleosome core particle. 
The histone fold domains of H2A, H2B, H3 and H4 are colored in yellow, red, blue 
and green, respectively. Histone tails are illustrated in white and DNA in light blue 
(adapted from Luger, 2003). 

B: Linker DNA separates adjacent nucleosomes in a ‘beads-on-a-string’ manner. 
Electron micrograph of the 10-nm chromatin fiber (modified after Hardin et al., 
2011). 

Two models were proposed for the secondary compaction step; the 10-nm fiber either 

coils into a solenoid (Finch and Klug, 1976) or folds into a zigzag conformation (Worcel 

et al., 1981; Horowitz et al., 1994). Recent studies provided evidence for one or the other 

structure on in vitro assembled chromatin using disulfide cross-linking and electron mi-

croscopy (EM) (Dorigo et al., 2004) or magnetic tweezers and single-molecule force 

spectroscopy (Kruithof et al., 2009). Notably, it is still discussed controversially whether 

the 30-nm fiber exist in vivo or if the 10-nm fiber represents the bulk of the mammalian 

genome in the cell (recent study in mouse: Fussner et al., 2012; reviewed in Maeshima et 

al., 2010; Woodcock and Ghosh, 2010; Luger et al., 2012). While the textbook view illus-

trated in Figure 2.3 could not be proven up to now, an alternative model aroused called 

‘polymer melt’ or ‘molten globule’, which proposes that condensation is accomplished by 

interdigitation of over-crowded nucleosomal arrays rather than defined higher order struc-

tures like the 30-nm fiber (Tremethick, 2007; Eltsov et al., 2008; Fussner et al., 2011). 
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Figure 2.3: Compaction levels of chromatin 

DNA is wrapped around histone octamers forming nucleosomes. Individual nucleo-
somes are separated by free linker DNA and associate with histone H1. The 10-nm 
fiber twists into a large coil, generating the condensed, supercoiled 30-nm fiber. The 
coils form loops (300-nm fiber) and the loops coil further, producing the metaphase 
chromosome as highest condensation level of DNA in eukaryotes (adapted from 
Purves et al., 2003) 

For further compaction, the fiber-fiber interactions form loops, called tertiary chromatin 

structures, resulting ultimately in the metaphase chromosome. This highest level of DNA 

packaging can be observed in mitotic and meiotic cells, reaching a condensation factor of 

10,000- to 20,000-fold. The rod-like structure is stainable, visible in bright-field micros-

copy and characterized by distinct band patterning, defined gene positions and reproduci-

ble length and diameter. Additional proteins like topoisomerases and condensins are in-

volved in the formation of the typical shape (Luger et al., 2012). 

In addition to the afore mentioned proteins, it becomes more and more evident that also 

RNA is a highly abundant, integral component of chromatin (Huang and Bonner, 1965; 

van Heyden and Zachau, 1971; Arnold and Young, 1972; Rodríguez-Campos and Azorín, 

2007). Several functions were proposed for RNA being present in chromatin, including 

the regulation of gene activity, alteration of chromatin higher order structures and the 

maintenance of decondensed chromatin regions (Mondal et al., 2010; Caudron-Herger et 
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al., 2011; Schubert et al., 2012). In addition, RNA was suggested to be involved in the 

spatial arrangement of interphase chromatin in the nucleus, maintaining the so called 

chromatin territories (Ma et al., 1999). 

2.3 Spatial Organization of Chromatin in the 
Nucleus  

Recent studies applying 3D FISH in combination with high-resolution microscopy proved 

the compartmentalized structure of the interphase nucleus. By visualizing all 46 chromo-

somes in a human cell in different colors it was revealed that chromatin is not distributed 

randomly but well organized in chromosome territories (see Figure 2.4) (Bolzer et al., 

2005). Interestingly, the arrangement of the territories is tissue-specific, often correlating 

with chromosome size (Sun et al., 2000; Bolzer et al., 2005) but also reciprocity with 

gene density and activity was observed (Croft et al., 1999; Cremer et al., 2003). In gen-

eral, gene poor chromosomes seem to be targeted to the nuclear periphery while gene rich 

chromosomes are situated towards the center (reviewed in Takizawa et al., 2008; Ferrai et 

al., 2010).  

 

Figure 2.4: Chromosome territories 

All chromosome territories within a human interphase nucleus can be visualized 
simultaneously using 3D FISH (adapted from Speicher and Carter, 2005). 

A: 24-color karyogram (chromosomes 1-22, X and Y) was produced form a z-stack 
projection. The dark regions represent unstained nucleoli. 
B: Each chromosome can be identified because it is stained with an individual set of 
fluorochromes.  
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Furthermore, functionally related genes are arranged in close spatial proximity although 

located on different chromosomes, possibly to coordinate their expression (Spilianakis et 

al., 2005). Recently, the results obtained using imaging techniques were confirmed by 

genome-wide chromosome conformation capture (Hi-C) and computer modeling 

(Lieberman-Aiden et al., 2009). 

In addition to chromosome territories, well-characterized nuclear compartments include 

Cajal bodies, PML bodies, the nuclear lamina, nuclear speckles and the nucleolus. All of 

these nuclear substructures fulfill defined functions (reviewed in Lamond and Spector, 

2003; Gruenbaum et al., 2005; Handwerger and Gall, 2006; Lanctôt et al., 2007; Hernan-

dez-Verdun et al., 2010). As of specific interest for this study, structure and function of 

the nucleolus are described in detail in chapter 5.1.3. 

2.4 Chromatin Dynamics 

Drastic condensation of DNA is achieved by chromatin being an organized, hierarchical 

structure with distinct spatial arrangement. Remarkably, the resulting chromatin and nu-

clear architecture are not static but of high dynamics. By that, chromatin fulfills a second 

requirement in the cell; it ensures that the correct set of genes is active at exact times dur-

ing cell cycle, differentiation and development. In response to e.g. external stimuli, a cell 

has to respond quickly by changing the activity levels of specific genes. As chromatin 

organization influences the expression of underlying genes, altered transcription is pre-

ceded by changes in chromatin structure. Several mechanisms like epigenetic modifica-

tions and the association of specific factors modify local and global chromatin arrange-

ment, as discussed below (Figure 2.5). 
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Figure 2.5: Overview of modifications modulating chromatin architecture 

Chromatin can be modified both on DNA level (e.g. by DNA methylation = Me) and 
histone level. The best-studied histone tail modifications are acetylation (Ac) and 
methylation (Me). In addition, specific chromatin binding proteins and ATP-
dependent remodelers alter chromatin architecture by changing the condensation 
levels (adapted from Tomazou and Meissner, 2010). 

2.4.1 Chromatin Motion 

Live-cell imaging studies indicate that the spatial arrangement of chromatin in the nucle-

us (described in 2.3) shows remarkable mobility. Individual genes or entire chromosome 

territories can change their localization in respect to each other and to nuclear compart-

ments like the nuclear lamina. The alterations are classified according to their operating 

distance in short-range motions, long-range motions and genome rearrangements. Short-

range motions occur rapidly within seconds and locally constrained within a volume of 

0.5 – 0.7 µm (Heun et al., 2001; Vazquez et al., 2001; Chubb et al., 2002). These frequent 

chromatin motions are sensitive to ATP levels in the cell, thus most likely linked to the 

effect of chromatin remodeling machines (see 2.4.2). However, the direction of the 

movement is random (Soutoglou and Misteli, 2007). In contrast, long-range movements 

are not a default property of chromatin but take place in response to physiological cues 
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like the cell cycle. Migration can span several micrometers and happens within minutes in 

a directed manner (Vazquez et al., 2001; Gerlich et al., 2003; Walter et al., 2003). This 

relatively rare chromatin motion is dependent on the actin/myosin system (Chuang et al., 

2006). Lastly, genome rearrangements involve the movement of entire chromosomes over 

several micrometers. Like long-range migrations, they manifest upon physiological cues, 

here involved in differentiation or development. They are the slowest of all chromatin 

movements, taking hours or even days (Misteli, 2007; Soutoglou and Misteli, 2007). 

While short-range motions occur randomly, long-range migrations are directly linked to 

altered gene expression. Thereby, a gene can e.g. be relocated into a transcriptionally 

more favorable environment when activated or tethered to the nuclear lamina for repres-

sion (Lanctôt et al., 2007). 

2.4.2 ATP-dependent Chromatin Remodeling 

The incorporation of nucleosomes condenses and organizes DNA. Although a number of 

DNA-binding proteins involved in transcription, replication or repair can bind to chro-

matinized DNA, most factors are incapable of recognizing their target sequence if it is 

wrapped around a histone octamer. Hence, chromatin remodeling machines account for 

dynamic access to DNA by moving, destabilizing, ejecting or restructuring individual 

nucleosomes (Figure 2.6) (Clapier and Cairns, 2009). Currently, four different families of 

chromatin remodeling enzymes are known: SWI/SNF (switching defective/sucrose non-

fermenting), ISWI (imitation switch), CHD (chromodomain, helicase, DNA binding) and 

INO80 (inositol requiring 80). As a common feature, all of them act in a distinct, ATP-

dependent manner on various target loci and are often part of multicomponent complexes 

comprising additional regulatory proteins. The remodeling of nucleosomes around pro-

moters is directly linked to altered gene expression and thus of specific interest in gene 

regulatory mechanisms (Mellor, 2005; Cairns, 2009).  Functional nucleosome positioning 

is reviewed in detail in chapter 4.1.3. 
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Figure 2.6: Overview of nucleosome remodeling mechanisms 

(adapted from Clapier and Cairns, 2009) 
A: Chromatin remodelers (green) move positioned nucleosomes and deposit addi-
tional ones. 
B: Several different mechanisms are applied to make binding sites (red) accessible 
for DNA-binding proteins (DBP, yellow), including sliding (= repositioning) or evic-
tion (= ejection) of individual nucleosomes or partial unwrapping of the target site. 
C:  Instead of eviction of a complete histone octamer, an H2A-H2B dimer can be 
ejected or replaced by another dimer containing specific histone variants (see 2.4.5). 

2.4.3 Histone Chaperones 

In contrast to ATP-dependent assembly, eviction or exchange of nucleosomes by chroma-

tin remodelers (see 2.4.2), histone chaperones function without energy consumption. In-

stead of ATP hydrolysis, the highly conserved proteins work via complementary surface 

interactions. In general, they protect histones from undesired interactions by shielding 

their positive charge (Hondele and Ladurner, 2011). Furthermore, the chaperones promote 

interactions with DNA, resulting in nucleosome assembly, but also with remodelers or 

histone-modifying enzymes (Liu and Churchill, 2012). Hence, histone chaperones are not 

only important for histone replacement and chromatin formation in replication, transcrip-

tion and DNA repair, but also directly involved in the modulation of chromatin marks and 

transcriptional regulation (Avvakumov et al., 2011). 
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2.4.4 Nucleotide Variants 

In addition to the nucleotides A, G, T and C, modified variants of cytosine were discov-

ered. Best-studied so far is an epigenetic process called DNA methylation (Figures 2.5) 

which is catalyzed by one of the DNA methyltransferases DNMT1, DNMT3A or 

DNMT3B and results in 5-methylcytosine (5mC). While DNMT1 maintains methylation 

and requires a hemi-methylated double strand as substrate, DNMT3A and DNMT3B are 

capable of methylating DNA de novo (Jones and Liang, 2009). Most eukaryotic genes are 

enriched for ‘CG’ dinucleotides, also called ‘CpG’ islands. Although their function was 

primarily investigated in proximity to promoters, they were detected at any given location 

in a gene. The methylation of CpG islands has been extensively studied, demonstrating 

that the presence of 5mC close to a TSS results in repressed gene expression while meth-

ylation within gene bodies correlates positively with transcription and seems to guide 

correct splicing (Jones, 2012). 

DNA methylation changes chromatin structure by generating a new binding platform for 

proteins containing a methyl-CpG binding domain (MBD). These factors in turn recruit 

histone-modifying enzymes, which will create a repressive chromatin structure by adding 

or erasing specific histone tail modifications as discussed below. On the other hand, bind-

ing of transcription factors to their target sequence can be abolished if the motif is meth-

ylated (Wade and Wolffe, 2001).  

Recent studies revealed that TET (ten-eleven translocation) proteins oxidize 5mC to 5-

hydroxymethylcytosine (5hmC), and possibly further to 5-formylcytosine (5fC) and 5-

carboxylcytosine (5caC) (Ito et al., 2011; Nabel and Kohli, 2011). It was speculated that 

these rarely detected nucleotide variants represent intermediates of the iterative demeth-

ylation process, or serve regulatory functions themselves. 5hmC for example is enriched 

at transcription start sites, promoters, enhancers, exons and CTCF binding sites. Moreo-

ver, it was proposed to play a regulatory role in neurodevelopment and aging, although no 

binding protein specific for 5hmC has been reported so far (Song et al., 2012).  
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2.4.5 Histone Variants 

With the exception of H4, several variants exist for all histone proteins, being linked to 

distinct functions in gene expression. In contrast to the canonical histones, the variants are 

not expressed in S-phase only but constitutively throughout the cell cycle and incorpo-

rated independently of replication (Woodcock and Ghosh, 2010). Several variants of H3 

are known, serving cell-type specific roles in gene transcription as incorporation of vari-

ants change the stability of the nucleosome (Santenard and Torres-Padilla, 2009). As the 

variants H3.1, H3.2 and H3.3 are marked by specific post-translational modifications, 

their combination may serve as a ‘H3 barcode’, creating functionally different chromo-

some domains or territories and modulating local gene expression (Hake and Allis, 2006). 

Out of several H2A variants, H2A.Z has been studied in detail. The ‘acidic patch’, a func-

tional domain of the protein, is enlarged compared to the canonical H2A and thus inter-

acts differently with other nucleosomes and remodeling machines. H2A.Z is specifically 

incorporated at promoters of eukaryotic genes, involved in transcriptional regulation, 

genome stability and nucleosome positioning (Suto et al., 2000; Guillemette et al., 2005; 

Luk et al., 2010).   

2.4.6 Post-translational Histone Tail Modifications 

While the protein core of histones and their variants is very well conserved, most differ-

ences in sequence appear within the N-terminal tails. These are the targets of several 

modifying enzymes, subclassified in ‘writers’ such as histone acetyltransferases (HATs) 

and ‘erasers’ like histone deacetylases (HDACs), adding or removing post-translational 

modifications (PTMs). Differentially marked histone tails alter the structure of the sur-

rounding chromatin environment, thereby regulating the activity of underlying genes. In 

addition to the best-studied acetylation and methylation, several other PTMs were de-

scribed including phosphorylation, ubiquitylation, suomylation, ADP ribosylation, deam-

ination, proline isomerization, crotonylation, propionylation, butyrylation, formylation, 

hydroxylation and addition of O-acetyl glucosamine (Dawson and Kouzarides, 2012). 

Three different models were proposed to explain how PTMs regulate gene-expression in 

a context-dependent manner. First, the combination of several marks could contribute to a 

‘histone code’, were the composition at a certain chromatin region regulates gene tran-

scription in a concerted manner (Wolffe and Hayes, 1999; Turner, 2000). Second, it was 
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proposed that mostly acetylation, but also phosphorylation of histones neutralizes the 

charge-dependent interactions of DNA and histones, leading ultimately to a general de-

condensation of the genomic locus (Schreiber and Bernstein, 2002; Kouzarides, 2007). 

Third, the histone marks were thought of being binding platforms for enzymes in chroma-

tin. In this ‘signaling pathway’ model, the combination of PTMs results in bistability, 

robustness, specificity and redundancy (Li et al., 2007; Schones and Zhao, 2008).  

Recent ChIP-Seq studies revealed a distinct PTM chromatin signature of regulatory ele-

ments, such as enhancers, promoters or exon/intron boundaries, correlating with expres-

sion of the respective genes. An overview of characteristic PTMs and their combination 

with additional epigenetic marks is illustrated in Figure 2.7.  

 

Figure 2.7: Overview of PTMs involved in gene regulation  

‘Dashboard’ of epigenetic modifications marking regulatory elements within the 
mammalian genome (adapted from Zhou et al., 2011). DNAme = DNA methylation. 

A: At promoters, histone marks fine-tune gene expression from the active to poised 
and inactive state. 

B: Within gene bodies, distinct PTMs demarcate the active and inactive state. 
H3K36me3 and H3K79me2 coincide with actively transcribed genes, which corre-
late with higher nucleosome occupancy as well. 

C: At enhancers, specific modifications correlate with the activity of the regulated 
genes. 

D: The stability of large-scale repression coincides with nuclear localization and the 
presence of specific PTMs, with stably silenced genes being recruited to nuclear 
lamin-associated domains (LADs) and tissue-specifically repressed genes being pre-
sent in Polycomb (Pc) bodies, nuclear foci consisting of transiently silenced genes. 
LOCKs = large organized chromatin K modifications, genomic regions diffusely 
marked by H3K9me2 and mainly overlapping with LADs.  
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2.4.7 Chromatin Architectural Proteins (CAPs) 

A number of proteins was identified carrying ‘bromodomains’ for binding to chromatin 

bearing a certain PTM, e.g. heterochromatin protein 1 (HP1), which recognizes methylat-

ed H3K9 (Jacobs and Khorasanizadeh, 2002). As most chromatin architectural proteins 

(CAPs), HP1 increases the compaction state of the genomic loci it is associated with. In 

addition, ‘chromodomains’ were characterized which can be found e.g. within compo-

nents of the repressive Polycomb group proteins or remodeling machines. Another class 

of architectural proteins binds specifically to methylated DNA, such as methyl-CpG-

binding domain proteins (MBDs). Despite the diverging binding mechanisms, a common 

feature of chromatin architectural proteins is the promotion of chromatin condensation 

(Luger and Hansen, 2005). Some CAPs contain more than one chromatin interaction 

sites, enabling it to mediate fiber-fiber interactions (Woodcock and Ghosh, 2010). Many 

CAPs and other chromatin-binding components were shown to be of high mobility within 

the nucleus, like the high mobility group protein HMG-17 (Phair and Misteli, 2000). 
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3 Objectives 
Recent studies reveal that regulation of gene expression is rather controlled by epigenetic 

mechanisms than by the underlying sequence. This study focuses on one particular epige-

netic mechanism, the spatial and temporal arrangement of chromatin fibers in the nucleus. 

Investigating the impact of nuclear and chromatin architecture on gene regulation will 

shed light on the structure-function relationship in chromatin. Both local and global (re-) 

arrangements of higher order chromatin structures will be studied. 

3.1 Global Analysis of Chromatin Structure and 
Dynamics of Nucleosome Positioning 

On a global scale, chromatin structure can be categorized as ‘open’ or ‘closed’, in which 

‘open’ typically corresponds to transcriptionally active euchromatin and ‘closed’ to heter-

ochromatic regions. So far, it remained unclear how this structural classification of certain 

genomic loci correlates to gene regulatory functions or epigenetic modifications. To shed 

light on this question, open and closed chromatin domains will be separated and isolated 

by partial digestion of chromatin with micrococcal nuclease (MNase) in varying enzyme 

concentration. Open structures are expected to exhibit increased sensitivity to the endo-

nuclease compared to less accessible, condensed chromatin. This new method will be 

applied in vivo on native chromatin of several human cell lines and coupled to high-

throughput sequencing. MNase-Seq will reveal the exact position of every single nucleo-

some within the human genome. By comparing normal and Down syndrome cells or fol-

lowing structural changes upon treatment of primary human cells with an external stimu-

lus, new insights will be gained into the organization of chromatin architecture. In 

addition, chromatin domains will be identified regarding their accessibility to MNase and 

functionally classified by correlation analysis with genome-wide data sets like transcrip-

tion factor and RNA polymerase occupancy, histone tail modifications and expression 

profiles. FAIRE-Seq will be applied to isolate tissue-specific regulatory elements, and the 

impact of histone expression on higher-order chromatin structures will be addressed. 
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3.2 Ribosomal DNA as a Model Locus for 
Chromatin Dynamics 

As a model system for the local analysis, mouse ribosomal RNA (rRNA) genes will be 

studied. These loci are known to form alternative quasi-stable epigenetic structures de-

pending on the activation status of the gene. The link between chromatin loop formation 

and transcriptional activation and termination will be investigated in vivo and in vitro, 

focusing on a key player of rRNA gene regulation, the transcription termination factor I 

(TTF-I). Binding sites for TTF-I are arranged in clusters, a feature observed for many 

RNA polymerase II related transcription factors as well. By elucidating the details of 

TTF-I regulation in a chromatin context, the impact of chromatin structure in regulating 

rRNA gene activity will be studied. Stable cell lines harboring only one mouse rRNA 

gene will be generated to study the locus independently of ectopic arrays and FISH exper-

iments will unravel the effect of TTF-I clusters on nuclear localization. 
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4 Global Analysis of Chromatin 
Structure and Dynamics of Nu-
cleosome Positioning 

4.1 Introduction 

4.1.1 Chromatin States 

The structure of chromatin is closely related to its function. In general, at least two states 

of chromatin can be defined with a very condensed, transcriptionally silent state, also 

referred to as ‘heterochromatin’ on the one hand, and a more open, transcriptionally ac-

tive or ‘euchromatic’ state on the other hand (Figure 4.1.1). These two states can be dis-

tinguished in electron micrographs as the different compaction levels result in changed 

refractivity. One of the most obvious examples for open chromatin domains are the 

‘puffs’ in Drosophila polytene chromosomes, corresponding to sites of active transcrip-

tion (Cockerill, 2011). Classical constitutive heterochromatic regions include centromeres 

and telomeres (International Human Genome Sequencing Consortium, 2004). 

‘Open’ and ‘closed’ chromatin can be fractionated in sucrose gradients, according to the 

differences in density. In previous studies, the thereby separated DNA was labeled and 

hybridized comparatively to metaphase spreads and tiling microarrays. Remarkably, it 

was demonstrated that open loci correspond to gene density, but not necessarily to high 

gene expression (Gilbert et al., 2004). 

Genome-wide approaches to classify and characterize functionally different chromatin 

domains apply mostly ChIP-Seq or Dam-ID to map various PTMs and transcription fac-

tors and correlate the obtained chromatin signatures with gene expression (Gerstein et al., 

2010; Ernst et al., 2011; Riddle et al., 2011). Interestingly, out of thousands of theoretical-

ly possible combinations only few are present in the cell, thus defining a limited number 

of observed chromatin types. 
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Figure 4.1.1: Open and closed chromatin domains 

Dynamic changes in chromatin condensation levels coincide with distinct epigenetic 
modifications, e.g. histone PTMs, characteristic for ‘open’ or ‘closed’ chromatin do-
mains. Transition between the states is achieved by applying the mechanisms of 
chromatin dynamics as described in chapter 2.4. Ac = acetylation, Me = methylation, 
P = phosphorylation, Ub = ubiquitylation (modified after Sparmann and Van Lo-
huizen, 2006). 

Integrative analyses revealed the presence of five distinct chromatin states in Drosophila 

melanogaster (Figure 4.1.2). Three transcriptionally inactive states were defined, termed 

BLACK, BLUE and GREEN heterochromatin. BLUE and GREEN states have been de-

scribed previously as ‘classical’ heterochromatic regions, with GREEN being marked by 

H3K9me2 and HP1 and BLUE representing chromatin repressed by the Polycomb group 

proteins and enriched for H3K27me3. Hence, GREEN is stably silenced while BLUE 

denotes the transiently repressed state (compare to Figure 2.7). The newly identified het-

erochromatin type BLACK covers about 50% of the genome and contains the majority of 

silenced genes. Like the BLUE state, BLACK chromatin is under developmental control. 

In addition, two types of active chromatin were identified, RED and YELLOW, both be-

ing enriched for H3K4me2 and H3K79me3. These two domains differ in replication tim-

ing and functionality of the genes they harbor. While YELLOW comprises broadly ex-

open closed

Nucleosome
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pressed ‘housekeeping’ genes, genomic loci within the RED chromatin are linked to more 

specific processes (Filion et al., 2010). 

 

Figure 4.1.2: The five chromatin types in Drosophila melanogaster 

In Drosophila, five distinct chromatin types were classified according to unique 
combinations of associated proteins (adapted from Filion et al., 2010). 

Furthermore, studies revealed four distinct chromatin states in Arabidopsis thaliana 

(Roudier et al., 2011) and seven in Homo sapiens (Dunham et al., 2012). However, fur-

ther approaches using different computational methods identified 51 distinct chromatin 

states in human (Ernst and Kellis, 2010) and 8 – 30 types in flies (Kharchenko et al., 

2011). Notably, it was shown in Caenorhabditis elegans that the boundaries of chromatin 

domains align with changes in recombination frequency (Gerstein et al., 2010).  

Although recent studies tried to unravel the functionality of the identified chromatin 

states, the simple observation of a combination of distinct marks is not sufficient to char-

acterize their capacity of e.g. regulating transcription. The challenge for future research is 

focusing on specific genomic regions or combinatorial patterns to identify the mechanis-

tic meaning of individual chromatin domains. 

4.1.2 Chromatin Accessibility 

Open chromatin states are not only characterized by associated epigenetic marks and 

transcription factors as described above, they are in addition enriched for regulatory ele-

ments like enhancers or promoters. These can be identified using techniques like formal-
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dehyde-assisted isolation of regulatory elements (FAIRE) due to their absence of nucleo-

somes (Giresi et al., 2007; Giresi and Lieb, 2009; Simon et al., 2012). Instead of being 

tightly packaged into chromatin, active regulatory regions are usually depleted of nucleo-

somes and bound by transcription factors or regulatory proteins. The FAIRE protocol is 

based on the fact that the lysine residues of histone tails are most abundant and readily 

cross-linkable to DNA compared to the majority of other DNA-binding proteins. Hence, 

subsequent phenol-chloroform extraction recovers nucleosome-free, open regions (Figure 

4.1.3), which can be assayed using qPCR to investigate single loci or coupled to genome-

wide applications like tiling microarrays or high-throughput sequencing. A detailed proto-

col is provided in chapter 6.2.5.2. FAIRE-Seq has been successfully applied to identify 

regulatory elements on a global scale and even for large-scale genotyping (FAIRE-gen) to 

determine allelic effects on chromatin accessibility (Waki et al., 2011; Smith et al., 2012). 

 

Figure 4.1.3: Methods to investigate chromatin accessibility 

The upper panel illustrates the FAIRE assay, where regulatory, nucleosome-free re-
gions (blue) are recovered after formaldehyde fixation and subsequent phenol-
chloroform extraction. In the lower panel, chromatin accessibility is probed with en-
donucleases. Black arrows indicate preferential cleavage sites for DNase I, grey ar-
rows mark the linker regions cut by MNase (modified after Bell et al., 2011). 

An alternative approach to identify regulatory elements is the digestion of chromatin with 

enzymes like DNase I or micrococcal nuclease (MNase), as open and closed chromatin 

domains differ in their sensitivities to endonucleases (see Figure 4.1.3). 



 

 

	  

 4.1 INTRODUCTION  

	  

	   	  

- 39 -  

DNase I was traditionally used to map hypersensitive (DHS) sites on single loci, followed 

up by southern blotting (Weintraub and Groudine, 1976; Axel and Garel, 1977; Stalder et 

al., 1980). The presence of a nucleosome protects DNA from being digested; hence a 

DHS coincides with decondensed, nucleosome-free DNA. A number of studies applied 

DNase I digestion on a genome-wide level, revealing new principles in the structure-

function relationship of chromatin like factor-dependent chromatin dynamics and silenced 

genes residing in open chromatin conformations (Crawford et al., 2004, 2006; Sabo et al., 

2006; Cockerill, 2011; He et al., 2012; Wang et al., 2012). As expected, the combination 

of globally mapping both DHS and FAIRE signals proved to be most effective and robust 

to determine regulatory elements based on chromatin accessibility (Song et al., 2011).  

The endo-exonuclease MNase hydrolyzes chromatin preferentially in the linker region 

between nucleosomes. MNase is currently the best tool available to study the nucleoso-

mal organization of genomes, and its varying accessibility towards different compaction 

levels of chromatin allows investigating higher-order structures of chromatin. The en-

zyme is an inevitable tool for genome-wide studies of chromatin organization and nucleo-

some positions. Like DNase I, digestion of chromatin with MNase has been a long-

standing technique for mapping nucleosome positions and chromatin structure of individ-

ual genes (Noll et al., 1975; Shaw et al., 1976; Louis et al., 1980; Fronk et al., 1990; 

Längst et al., 1997b). By coupling of MNase digestion to new technologies like microar-

rays (MNase-Chip) (Yuan et al., 2005; Dennis et al., 2007; Lee et al., 2007; Ozsolak et 

al., 2007; Mavrich et al., 2008b) and deep sequencing (MNase-Seq) (Schones et al., 2008; 

Valouev et al., 2008, 2011; Li et al., 2011; Gaffney et al., 2012; Teif et al., 2012), the ana-

lyzed regions were expanded from a few kilobases to entire genomes. The global studies 

revealed that nucleosomes appear highly enriched or depleted in functional genomic loci, 

as reviewed below. 

4.1.3 Nucleosome Positioning 

Nucleosomes are not randomly distributed in the genome but positioned in a functional 

context. Best-studied so far is the contribution of nucleosome positioning to transcrip-

tional regulation in yeast (Figure 4.1.4). On actively transcribed genes, nucleosomes are 

positioned (or phased) preferentially up- and downstream of the transcription start site 

(TSS) and transcription termination site (TTS), separated by a nucleosome-free region 
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(NFR). Defined positioning fades out with increasing distance from the functional ele-

ment.  

 

Figure 4.1.4: Nucleosomal landscape of yeast genes 

Grey circles indicate nucleosomes positioned along yeast genes. The green circle in-
dicates the TSS while the red circle denotes the TTS. Nucleosome-free regions 
(NFRs) are located both 5’ and 3’ of the transcribed region. Nucleosomes are excep-
tional well positioned around the TSS, resulting in very defined -1 and +1 nucleo-
somes. Green-blue shading in the plot corresponds to transitions in nucleosome 
compositions. Green regions are enriched for H2A.Z, histone acetylation and H3K4 
methylation (adapted from Jiang and Pugh, 2009). 

However, it was shown in higher eukaryotes that defined chromatin structures are found 

within gene bodies as well, e.g. demarcating exon-intron boundaries. It was suggested 

that the tight positioning slows down RNA polymerase II (RNAPII) and thereby ensures 

the correct association of factors involved in co-transcriptional splicing (Schwartz et al., 

2009). 

Several models were proposed of how nucleosomes are positioned (Figure 4.1.5). Firstly, 

the ‘independent positioning’ model states that individual nucleosomes are deposited 

primarily sequence-based and do not influence adjacent histone octamers within the 10-

nm fiber. Accordingly, it was shown decades ago that nucleosomes preferentially bind 

specific sequence motifs in vitro, which are positively influencing the bendability of 

DNA. In particular, a nucleosome-positioning sequence (NPS) comprising AA/TT dinu-

cleotides repeated every 10 bp enable the DNA to easily wind around the histone core 

(Jansen and Verstrepen, 2011). Based on this simple sequence motif, up to 74% of in vivo 

nucleosome positions were predicted correctly for S. cerevisiae and 60% for C. elegans 

(Kaplan et al., 2008). 
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Figure 4.1.5: Models for nucleosome positioning 

Grey circles indicate nucleosomes positioned along DNA (adapted from Jiang and 
Pugh, 2009). 

A: Independent positioning: Nucleosomes are positioned in a sequence-directed 
manner only. 
B: Statistical positioning: a physical barrier is present at the left end of the nucleo-
somal array, nucleosomes are aligned accordingly, independent of the underlying 
DNA sequence. Above, a probabilistic density trace of where nucleosomes would re-
side in a population is shown. 

C: The true cellular state is most likely a combination of independent and statistical 
positioning.  

Secondly, the tight packaging of DNA into nucleosomal arrays and higher-order structure 

of chromatin restricts the lateral movement of nucleosomes. Hence, the ‘statistical posi-

tioning’ model proposes that the presence of a ‘barrier’, e.g. a well-positioned nucleo-

some or a bound transcription factor, orders the positions of neighboring nucleosomes by 

aligning them towards the barrier (Mavrich et al., 2008a).  

Thirdly, a combination of statistical and independent positioning was proposed, which 

most likely reflects the true cellular state (Jiang and Pugh, 2009). In addition to barriers 

and sequence preferences, nucleosome positions are influenced by ATP-dependent chro-

matin remodelers, elongating RNA polymerases, associated transcription factors and the 

stability of the nucleosome itself, modulated by the incorporation of histone variants and 

PTMs (reviewed in Jansen and Verstrepen, 2011). 
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4.2 Results 

4.2.1 Changes in chromatin accessibility upon differentia-

tion 

This study aimed to investigate global dynamics of chromatin. Hence, chromatin accessi-

bility using FAIRE-Seq was studied in a model system with the ability to differentiate. 

Primary human monocytes were differentiated to macrophages in cell culture. Both types 

of phagocytes are part of the human immune system, but monocytes circulate in the 

bloodstream while macrophages reside in tissues. 

4.2.1.1 Establishing the FAIRE assay in primary human cells 

At the time the study was started, no protocol specific for FAIRE-Seq in mammalian cells 

was available. Hence, a working protocol was established for primary human blood cells. 

As literature stated that already very short incubation times with 1% formaldehyde are 

sufficient to cross-link nucleosomes to DNA, 2, 4, 6 and 8 min of incubation were tested 

in both cell lines. Chromatin was sheared to an average size of 75 – 150 bp and phenol-

chloroform extraction separated nucleosomal from free DNA. The aqueous phase was 

recovered and tested for enrichment of regulatory regions compared to the non-cross-

linked reference using qPCR (Figure 4.2.1). Fold enrichments were calculated relative to 

the inactive OCT4 (octamer binding transcription factor 4) promoter, which showed the 

most robust behavior of all tested control regions for both cell types. 

Remarkably, almost all regions yield increased fold changes of the FAIRE signal even 

after 2 min of cross-linking. Enrichment of any regions in the FAIRE assay denotes that 

they have not been associated with nucleosomes in the cell, but were bound to transcrip-

tion factors or regulatory proteins. Hence, ‘open’, nucleosome-free enhancers and pro-

moters as detected by FAIRE correlate with active transcription of their genes. The pro-

moter regions of CHIT1 (chitinase 1) and CHI3L1 (chitinase-3-like protein 1) were 

tested, both genes being expressed in macrophages only. Strong enrichment of the pro-

moter region can be observed in macrophages for both genes, resulting in an up to 6-fold 

increased signal after two minutes of cross-linking. The enrichment decreases with pro-
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longed incubation time, possibly due to cross-linking of the bound transcription factors at 

later time points.  As expected, the CHI3L1 promoter is not recovered for monocytes after 

4 min, but slight enrichment of CHIT1 is observed at most time points.  

 
Figure 4.2.1: FAIRE analysis of selected regulatory regions 

A: FAIRE assay in monocytes analyzed by qPCR. Several cross-linking times have 
been tested in comparison. The ‘0 min’ time point indicates the non-cross-linked refer-
ence, all other time points correspond to FAIRE samples after 2, 4, 6 and 8 min of 
formaldehyde cross-linking. Fold enrichments were calculated relative to OCT4. 
B: FAIRE assay in macrophages analyzed by qPCR as described in (A). 

Both genes are arranged in a cluster within the human genome and separated by a known 

DNase hypersensitive site, DHS3. In addition, the monocyte-specific DHS4-1 was as-

sayed in qPCR experiments. Interestingly, the DHSs are strongly enriched in both cell 

types. Hence, the overlap of FAIRE and DHS signals can be confirmed. Two negative 

control regions were assayed, an unspecific region (unspec) as well as a heterochromatic 

region upstream of the gene cluster (hcups). None of the regions are enriched in any of 

the cell types, emphasizing the specificity of the FAIRE assay for open chromatin. Fur-

thermore, two positive controls were tested; the promoters of the two constitutively ex-
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pressed genes CD14 (cluster of differentiation 14) and GAPDH (glyceraldehyde 3-

phosphate dehydrogenase), both being enriched in the FAIRE samples. Notably, after 8 

min of cross-linking, a strong signal was obtained for GAPDH in monocytes. As no com-

parable enrichment was obtained for any other tested region in monocytes, this observa-

tion represents most likely an artifact. 

Taken together, the FAIRE assay was successfully established in primary human cells, 

exhibiting specific enrichment of regulatory regions of active genes. However, not all 

previously obtained results were confirmed, with DHS3 being ‘open’ in macrophages as 

well and slight enrichments of CHIT1 and CHI3L1 in monocytes. According to Figure 

4.2.1, the optimal cross-linking times were determined as 4 min for monocytes and 2 min 

for macrophages. To further investigate differential chromatin accessibility of monocytes 

and macrophages on a global scale, these samples were used for FAIRE-Seq.  

4.2.1.2 Genome-wide changes in chromatin accessibility 

FAIRE-Seq on an Illumina GAIIx platform yielded approximately 15 Mio reads per sam-

ple. Paired-end mapping to the reference genome hg19 allowing for one mismatch result-

ed on average in 73% mapped reads (see chapter 6.2.9). An exemplary histogram of the 

CHI3L1 / CHIT1 gene cluster is shown in Figure 4.2.2.  

 
Figure 4.2.2: Comparative FAIRE-Seq in primary human blood cells 

UCSC genome browser histogram of mapped reads generated by FAIRE-Seq. Scale, 
genome built and genomic localization are denoted on top. Track identities are dis-
played on the left. Numbers within the track names indicate cross-linking times with 
‘0’ marking the non-cross-linked reference. The lowest track displays RefSeq genes. 
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‘Macro0’ and ‘Mono0’ denote the non-cross-linked reference, representing total genomic 

DNA while ‘Mono2’ and Macro4’ correspond to the FAIRE-enriched samples of respec-

tive cross-linking times. Remarkably, clear differences in chromatin accessibility are visi-

ble when comparing monocytes to macrophages. However, the input reference should in 

theory include the whole genome and FAIRE samples are expected to result in defined 

peaks. In contrast to qPCR measurements, FAIRE-Seq samples do not result in an up to 

6-fold enrichment for regulatory elements. The approximate efficiency of FAIRE-Seq 

recovered regions is below 1% of the genomic background, providing evidence that the 

assay should be optimized. In general, efficiencies are around 1 – 20% for well-

established ChIP-Seq protocols and should be even higher for the antibody-independent 

FAIRE-Seq. Recent FAIRE-Seq studies identified about 9% of the genome being covered 

by regulatory elements (Song et al., 2011). Hence, data has to be treated with caution, as 

only a small subset of these regions was obtained here. In addition, to fit the FAIRE-Seq 

data to the quality standards of the ENCODE consortium, at least twice as much mapped 

reads and at least one additional biological replicate would be required.  

Nevertheless, peak calling of FAIRE enriched samples versus reference was performed 

and resulted in only 94 peaks for macrophages and 688 peaks for monocytes. This num-

ber is rather low compared to other studies, again arguing for insufficient read coverage. 

Regardlessly, Gene Ontology (GO) analyses were carried out. Strikingly, FAIRE peaks in 

monocytes are significantly associated to GO terms like “hematopoietic stem cells”, 

“regulation of signaling“ and responses to stimuli like TGFβ (transforming growth factor 

beta). In addition, GO terms such as “positive regulation of transcription from RNA pol-

ymerase II promoter” and “protein domain specific binding” were obtained, confirming 

that the FAIRE assay indeed enriches for regulatory elements in the genome. Although 

the number of peaks in the macrophage dataset was very low, reasonable GO terms were 

significantly enriched, e.g. “DNA-dependent transcription”, “regulation of gene expres-

sion”, “signal transducer activity” and “activating transcription factor binding”. Remark-

ably, most of the peaks coincide with CpG islands or promoters. Like monocytes, the 

FAIRE signals in macrophages overlap frequently with genes involved in inflammatory 

signaling pathways induced by e.g. TGFβ and TNFα (tumor necrosis factor α). 
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4.2.2 Identification and characterization of open and closed 

chromatin domains 

4.2.2.1 Isolation and separation of chromatin domains 

Most published protocols for MNase digestions start with isolation of nuclei or freezing 

of the cells followed by mechanical douncing to release chromatin. However, these pre-

treatments might influence chromatin structures and disrupt the native state. Furthermore, 

to ensure the recovery of all cellular nucleosomes, formaldehyde fixation is often applied, 

followed by an extensive MNase digestion and resulting in the quantitative release of 

mononucleosomal particles (147 bp). In addition to the acquirement of potential cross-

linking artifacts, the information about higher-order chromatin organization is lost when 

analyzing mononucleosomes only.  

 

Figure 4.2.3: Scheme of partial MNase digestion in vivo  

HeLa cells were permeabilized with a mild detergent and digested with low (100 U) 
or high (1000 U) amounts of MNase. After stopping the reactions, cells were lysed 
and both RNA and proteins were digested. The nucleosomal DNA was precipitated 
and resolved on agarose gels. Red structures illustrate chromatin and nucleosomal 
DNA, green pacmen mark MNase molecules (modified after Exler, 2011). 
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To overcome these drawbacks, a new protocol was established applying mild permeabili-

zation of mammalian cells and enabling the direct digestion of chromatin in living cells 

without prior cross-linking (Stewart et al., 1991). Moreover, instead of a quantitative di-

gestion of chromatin to mononucleosomes, two partial digestion conditions using differ-

ent concentrations of MNase were employed (Figure 4.2.3). 

In HeLa cells, one reaction was carried out with 100 U of the enzyme per cell culture 

dish, resulting in 10 – 20% of the genomic DNA being digested to mononucleosomes 

(Figure 4.2.4). The fraction of nucleosomes released with this ‘low’ digestion protocol 

represents in general very accessible chromatin regions, correlating with transcriptionally 

active domains. In parallel, chromatin was digested with 1000 U of MNase, resulting in 

the release of 80 – 90 % of mononucleosomes from the cellular chromatin.  

 
Figure 4.2.4: Isolation and purification of nucleosomal DNA  

Representative 1.3% TBE-agarose gels, post-stained with ethidium bromide. 

Left panel: Comparison of nucleosomal DNA obtained from ‘low’ and ‘high’ partial 
MNase digestion in HeLa cells. 1n, 2n, 3n indicate mono-, di-, tri-, ... nucleosomal 
DNA fragments. Lane 1: 1 kb molecular weight marker, lane 2: 1 µg of isolated 
DNA after ‘low’ MNase digestion, lane 3: 1 µg of isolated DNA after ‘high’ MNase 
digestion. 
Right panel: Isolated mono-, di- and trinucleosomal DNA of ‘low’ and ‘high’ MNase 
digestion after gel elution. Lane 1: 1 kb molecular weight marker lanes 2-4: 10% of 
the isolated nucleosomal DNA obtained from ‘low’ digest, lane 5: empty, lanes 6-8: 
10% of the isolated nucleosomal DNA obtained from ‘high’ digest. 
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4.2.2.2 Single cell analysis of chromatin accessibility 

The new protocol of partial MNase digestion in vivo was established to separate and 

characterize chromatin domains of different enzyme accessibility. To confirm that the 

isolated nucleosomal DNA indeed corresponds to different levels of chromatin compac-

tion, single cell FISH experiments were applied in previous studies (Exler, 2011). Isolated 

trinucleosomal DNA from both ‘low’ and ‘high’ MNase digestion was fluorescently la-

beled and comparatively hybridized to human cells. 

Strikingly, a differential banding pattern of metaphase chromosomes was monitored. The 

chromatin fraction obtained by the ‘high’ digests predominantly stained heterochromatic 

regions like telomeres and centromeres. In contrast, chromosome arms were mostly asso-

ciated with ‘low’ digested probes, corresponding to domains of less condensed, open 

chromatin.  

Furthermore, interphase nuclei showed clear, distinct foci of heterochromatic regions 

while open chromatin seemed to be more spread out in the three-dimensional space. Re-

markably, chromatin domains of different accessibility are brought together in an inter-

phase nucleus, possibly interacting with each other. 

Taken together, single cell analyses verified that partial MNase digestion can be used to 

separate chromatin domains of different compaction states from each other. Hence, the 

two fractions were functionally characterized using high-throughput sequencing and mi-

croarrays. 

4.2.2.3 Chromatin accessibility is linked to gene expression 

HeLa cells were digested according to 4.2.2.1. Libraries for paired-end sequencing were 

prepared for mono- and dinucleosomal DNA of both ‘low’ and ‘high’ MNase digestion 

and sequenced on an Illumina HiSeq 2000. On average, 300 Mio reads were obtained per 

sample, corresponding to approximately 10-fold coverage of all nucleosomes in a human 

cell. Paired-end mapping to the reference genome hg19 allowing for two mismatches 

resulted on average in 89% mapped reads (see chapter 6.2.9). Mapped reads were plotted 

along the genome as histograms (Figure 4.2.5). 
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Figure 4.2.5: MNase-Seq data reveals genome-wide chromatin structures  

A: Histogram of nucleosome occupancy at a transcriptionally repressed locus (no 
polyA+ signal). Genomic location and scale are indicated on top. Track identities are 
displayed on the left. The first four tracks comprise raw read counts from MNase-
Seq experiments. Tracks 5 – 8 originate from publicly available datasets. Black rec-
tangles highlight the chromatin structure around regions of specific interest. 
B: Histogram of nucleosome occupancy at a transcriptionally active locus (polyA+ 
signal). Figure labeling as in (A). 

MNase-Seq of mononucleosomal DNA reveals the position of individual nucleosomes 

while tracks generated by mono- and dinucleosomal fragments contain information about 

higher-order structures and nucleosome spacing. Throughout the genome, many nucleo-

some positions are conserved in both ‘low’ and ‘high’ MNase digestion. However, a sig-
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nificant number of nucleosomes can be detected only in one or the other dataset. As illus-

trated in Figure 4.2.5, these differences are clearly linked to regulatory elements. 

Panel A depicts a transcriptionally silent gene in HeLa cells. Considering both ‘low’ 

tracks, no signal was obtained around the promoter of the gene, particularly at the CpG 

island as highlighted by the black rectangle. In addition, only faint signals appear in the 

mononucleosomal track of the ‘high’ digests. When analyzing MNase-Seq data, similar 

observations could lead to misinterpretations by concluding that the CpG island of this 

repressed gene is not occupied by nucleosomes. In contrast, the dinucleosomal dataset of 

the ‘high’ digests reveals a strong signal, expanding to the left and right of the CpG island 

possibly spanning the whole promoter region. Hence, the chromatin structure at this par-

ticular locus is condensed to an extent that it cannot be cut out with a low amount of 

MNase and even not digested down to mononucleosomes with high levels of the enzyme. 

The lower panel in Figure 4.2.5 illustrates an actively transcribed locus in HeLa cells, as 

indicated by the polyA+ signal and conserved H3K27 acetylation at the promoter. Here, 

the CpG islands overlap with a clear NFR in all four datasets. Moreover, the ‘low’ tracks 

reveal very well positioned -1 and +1 nucleosomes. Another structural feature can be 

observed in this picture, as a well-positioned dinucleosome with high occupancy levels 

coincides with a conserved transcription factor binding site. This site was identified to be 

a target for the insulator protein CTCF. Strikingly, the perfectly positioned dinucleosome 

was detected only in the ‘low’ datasets and to lesser extent in the ‘high’ dinucleosomal 

track. Therefore, it can be concluded that the chromatin structure at this binding site is 

highly accessible and rather loose, facilitating the fast unwrapping of the site to allow for 

CTCF association. Alternatively, CTCF might compete with the nucleosomes for the par-

tially unwrapped binding site. Notably, the ‘high’ digestion fraction does not contain these 

most readily digestible genomic loci, because these nucleosomes have been hydrolyzed to 

nucleotides due to the processivity of the MNase. 

Summarizing, the fraction of the genome recovered with the ‘high’ digest can be referred 

to as closed chromatin while the open chromatin state is captured with ‘low’ MNase di-

gestion. Chromatin domains are classified according to their accessibility to MNase and 

are not only localized distinctly but also comprise different functionalities. The MNase-

Seq datasets were further characterized applying bioinformatic methods. 
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To test whether the observed effect is sustained on a global level, genes were classified 

according to their expression levels in HeLa cells and correlated with MNase-Seq data. 

Expression levels were obtained from CAGE (5’ cap analysis gene expression) polyA+ 

RNA-Seq data of HeLa cells, publicly available as part of the ENCODE/RIKEN Tran-

scriptome Project. Figure 4.2.6 illustrates nucleosome occupancies of all four MNase-Seq 

tracks for the 5% highest (A) and 5% lowest expressed (B) genes in HeLa cells as well as 

transcriptionally repressed genes (C) in a region of  +/- 1.5 kb around the TSS. 

Strikingly, a clear correlation of gene expression and chromatin structure can be ob-

served. All datasets reveal a NFR directly at the TSS of highly expressed genes and more 

or less well-positioned nucleosomes at the +1 and -1 positions. Effects are most drastic 

within the dinucleosomes of the ‘high’ digestion, reflecting the open chromatin structure 

at the TSS and the +1/+2 nucleosome(s) being strongly positioned. Nucleosome phasing 

in both directions was revealed with the mononucleosomal dataset of the ‘low’ digest, 

representing accessible nucleosomes. Similar trends are monitored for the 5% lowest 

expressed genes, but the nucleosome occupancy is in general higher for all tested MNase-

Seq tracks compared to the highly expressed genes. Remarkably, the TSS of repressed 

genes is depleted of nucleosomes regarding all datasets except dinucleosomes of the 

‘high’ digest, indicating very compacted, inaccessible chromatin structures. Taken togeth-

er, global analyses are in well agreement with the results obtained in Figure 4.2.5. 

For comparison, the frequency of CG dinucleotides is depicted in 4.2.6 D. Expression 

correlates with the CG content around the TSS, with high expression being associated to a 

high frequency of CpG islands. Notably, nucleosome occupancy at the TSS seems to anti-

correlate with CpG islands, indicating intrinsic feature preferences of nucleosome posi-

tioning. This holds true for all analyses except the condensed chromatin structure at the 

TSS of repressed genes. Hence, although DNA sequence is involved in nucleosome posi-

tioning, the expression state of a gene defines chromatin structure or vice versa.  
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Figure 4.2.6: Correlation of gene expression, chromatin structure and CpG is-
lands around transcription start sites 

A: Nucleosome occupancy around the TSS of the 5% highest expressed genes in 
HeLa cells. For comparisons, MNase-Seq tags were internally normalized to the 
maximal tag count in each dataset, denoted by a frequency value of 1. Mononucleo-
somal DNA is depicted in red (‘high’ digest) and green (‘low’ digest), dinucleosomal 
DNA in brown (‘high’) and violet (‘low’), according to Figure 4.2.5. 
B: Nucleosome occupancy around the TSS of the 5% lowest expressed genes in 
HeLa cells. Figure labeling as in (A). 
C: Nucleosome occupancy around the TSS of the all non-expressed genes in HeLa 
cells. Figure labeling as in (A). 

D: Frequency of CG dinucleotides around the TSS of the 5% highest expressed 
genes (light grey), the 5% lowest expressed genes (dark grey) and non-expressed 
genes (black). 
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4.2.2.4 Condensed chromatin structures anti-correlate with gene 
density and expression 

The results generated from MNase-Seq data reveals that dinucleosomes of the ‘high’ di-

gestion preferentially cover the TSS of repressed genes. To further characterize this com-

pacted chromatin fraction, a differential peak calling algorithm (getDifferentialPeaks) was 

ran on the ‘high’ and ‘low’ mononucleosomal datasets resulting in 416,574 peaks (out of 

13,790,748 total peaks) present only in the condensed chromatin state. Genome Ontology 

analyses were carried out with this distinct dataset to unravel significantly enriched func-

tional elements (Table 4.2.1). 

Name Log P-value 

Gene Deserts -3734.83 
Gene Rich Regions 0 
5’ UTR 308.43 
CpG Island 397.44 
3’ UTR 1146.83 
Coding 1263.78 
Promoters 1424.91 
Exons 2598.16 
Centromeres 15529.21 
Gaps 53899.68 
Introns 88253.55 

Table 4.2.1: Functional elements significantly associated with closed chromatin 

Genome Ontology analysis of the closed chromatin state as defined by MNase acces-
sibility. Negative log p-values indicate significant association. 

Notably, only gene deserts are overrepresented in the closed chromatin state. Surprisingly, 

centromeres are not significantly associated in the bioinformatics analysis, although sin-

gle-cell experiments clearly indicate a strong correlation of decreased MNase accessibil-

ity with heterochromatic regions (Exler, 2011). One possible explanation could be the 

highly repetitive nature of centromeres and telomeres, which are therefore not entirely 

annotated in the recent human genome built hg19. In addition, mapping of the MNase-

Seq data to the reference genome was restricted to unique hits only. 

Interestingly, bioinformatic algorithms are capable of identifying particular signals within 

repetitive regions and perform Genome Ontology analysis on repeats (Table 4.2.2). 
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Name Log P-value 
Satellite -200369.41 
Satellite|Satellite -117409.60 
HSATII|Satellite|Satellite -83800.24 
ALR_Alpha|Satellite|centr -77837.90 
Satellite|centr -75076.82 
CATTCn|Satellite|Satellite -50992.83 
ACRO1|Satellite|acro -15505.15 
Satellite|acro -15505.15 
GAATGn|Satellite|Satellite -13297.22 
BSR_Beta|Satellite|Satellite -12084.17 

Table 4.2.2: Repeats significantly associated with closed chromatin 

Repeat analysis of the closed chromatin state as defined by MNase accessibility. 
Ranked list of the ten top hits with lowest log p-values. Negative log p-values indicate 
significant association. 

 

Remarkably, the closed chromatin state is highly enriched for several types of satellite 

repeats, which are known to be located at or next to centromeres (Hayden et al., 2012). 

Table 4.2.2 displays the ten repeats being most significantly associated with compact 

chromatin structures according to the calculated logarithmic p-values. Thus, the genome-

wide analysis is in well agreement with single-cell studies. 

It was demonstrated that closed chromatin is enriched for gene deserts. However, there 

are a number of genes residing within the condensed state. Hence, the expression levels 

of these genes were evaluated using the same RNA-Seq datasets for HeLa cells as in 

4.2.2.4 (Figure 4.2.7). Notably, most of the genes within the closed chromatin domain are 

not expressed as defined by RPKM values of 0 (RPKM = reads per kilobase per million, 

a measure of transcript abundance by normalizing the number of reads for a transcript to 

its length) or only to a relatively low extend with RPKM values being < 500. Interesting-

ly, a small subfraction of genes located in the compact chromatin structure is highly ex-

pressed (RPKM > 4000). 

In summary, the closed chromatin state as defined by low MNase accessibility is depleted 

of genes and linked to low expression levels as well as repressed genes. 
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Figure 4.2.7: Closed chromatin domains are linked to low gene expression levels  

Tag counts distinct for the ‘high’ mononucleosomal MNase-Seq dataset which overlap 
annotated RefSeq genes were plotted against the RPKM values of the respective tran-
scripts. RPKM values denote a measure of transcript abundance. 

4.2.2.5 Chromatin states display characteristic nucleosome spac-
ing 

As the nucleosomal array governs the formation of higher order chromatin structures, 

differences in nucleosome spacing will directly influence the hierarchical packaging on 

all levels. Accordingly, the distance between individual nucleosomes was investigated in 

the open and closed chromatin states. 

Therefore, another peak calling algorithm (Peak Predictor, see chapter 6.2.9) was applied 

to the mononucleosomal datasets as this program calculates exact midpoints of nucleo-

somes. The resulting table was used to calculate the average linker length (Figure 4.2.8 

A). Remarkably, large differences were obtained, with spacing in the open, lowly digested 

chromatin domains being almost twice as long as in the closed, highly digested state 

(Figure 4.2.8 B). This difference resembles the overall conformation of the chromatin 

domains. The obtained values of 46 bp and 83 bp correspond to nucleosome repeat 

lengths of 193 and 230, respectively. Interestingly, published work calculated an average 

spacer size of 47 bp in HeLa cells (Lohr et al., 1977), which correspond almost perfectly 

to the obtained linker length for the closed chromatin. These early studies estimated nu-
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cleosome spacing and repeat lengths from agarose gels of MNase digested chromatin, 

thus taking into account only the visible, evenly spaced bands emerging mostly from het-

erochromatic regions. In addition, another group described nucleosome repeat lengths of 

168 +/- 8 bp for transcriptionally repressed genes and 177 +/- 7 bp for expressed genes in 

HeLa cells (De Ambrosis et al., 1987), confirming the observation of decreased nucleo-

some distances in inactive regions. 

 
Figure 4.2.8: Chromatin domains differ in nucleosome spacing 

A: Calculation scheme of average nucleosome spacing. A histogram of raw read 
counts of MNase-Seq data obtained from mononucleosomal DNA is shown. Peak 
calling was performed and mean distances of the nucleosomes were calculated. 

B: Mean nucleosome spacing in open (‘low’ MNase digestion) and closed (‘high’ 
MNase digestion) chromatin domains. 

In contrast to consistent packaging of transcriptionally silent regions, nucleosomes are not 

uniformly distributed in active loci. Elongating polymerases as well as the binding of 

regulatory factors and active eviction or exchange of nucleosomes by remodeling ma-

chines and histone chaperones cause this irregularity. An alternative explanation of the 

observed increase in nucleosome spacing is the more frequent binding of protein com-

plexes to open chromatin. 
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4.2.2.6 Chromatin accessibility correlates with specific regulatory 
marks 

To further functionally characterize open and closed chromatin domains, trinucleosomal 

DNA of both ‘low’ and ‘high’ MNase digestion was comparatively hybridized to a ge-

nomic tiling array (Exler, 2011). This array contained probes representing 1% of the ge-

nome, comprising both known regulatory regions and random genomic loci as defined by 

the ENCODE consortium. 

Unexpectedly, the differences between ‘high’ and ‘low’ samples were relatively small, 

rarly more than 2-fold. Assaying only 1% of the genome and the presence of many over-

lapping regions, as obtained in MNase-Seq and single-cell experiments, might cause this. 

However, a number of regions were overrepresented in the open chromatin state com-

pared to the closed state and associated to specific functional marks. As shown before, 

MNase accessibility of chromatin is linked to active transcription of genes. These results 

were confirmed using microarrays as depicted in Figure 4.2.9. 

 
Figure 4.2.9: Chromatin accessibility is linked to a distinct chromatin signature 

Trinucleosomal DNA was comparatively hybridized to an ENCODE microarray. 
Bars denote the mean of two arrays and error bars indicate standard deviations. The 
graph illustrates the number of overrepresented regions within the open chromatin 
fraction per array, which overlap with the respective regulatory marks. 
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Regions of open chromatin are specifically enriched for RNAPII and CTCF, in well 

agreement with the obtained high-throughput data. Furthermore, FAIRE signals and DHS 

are preferentially located within the open chromatin state, indicating the robustness of the 

assay. Additionally, open chromatin is enriched for histone PTMs linked to active tran-

scription like H3K4me3 and H3K36me3 and depleted of the repressive mark H3K27me3. 
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4.2.3 TNFα induces genome-wide nucleosome repositioning 

HeLa cells represent a good model system for studying general features of the chromatin 

structure-function relation and higher-order chromatin structures. However, the mixed 

cell population is not optimal for monitoring changes of individual nucleosomes. To in-

vestigate general mechanisms of nucleosome positioning, primary human umbilical vain 

endothelial cells (HUVEC) were studied, representing an almost synchronous population 

and resembling the physiological state of a diploid cell. In order to monitor dynamic 

changes upon induction of a subset of genes, HUVECs were stimulated with tumor ne-

crosis factor alpha (TNFα) for 10, 30 and 85 min to induce the inflammatory pathway. 

4.2.3.1 Global changes in nucleosome positioning upon inflamma-
tion 

HUVECs were digested with MNase in vivo using 800 U of enzyme per cell culture dish 

as described in chapter 4.2.2 for the ‘high’ digest by Dr. Argyrios Papantonis (work group 

of Prof. Dr. Peter Cook, University of Oxford). The resulting mononucleosomal DNA 

was excised and used for high-throughput sequencing on an Illumina HiSeq 2000. On 

average, 200 Mio reads per sample were obtained. Single – end mapped reads were plot-

ted along the genome as depicted in Figure 4.2.10. 

In contrast to MNase-Seq data obtained from HeLa cells, nucleosome positions are very 

well conserved throughout the population in HUVECs. Figure 4.2.10 A depicts the chro-

matin organization around the SAMD4A (sterile alpha motif domain containing 4A) 

gene, a locus induced by TNFα. The promoter depicts a large NFR shortly upstream of 

the TSS decorated by very well positioned nucleosomes. RNAPII is known to be associ-

ated with the TSS of SAMD4A already prior to induction, thus the structure around the 

promoter is only slightly changed and the NFR is present in untreated cells as well. To 

reveal nucleosome re-positioning around the promoter, the datasets were evaluated on  

base pair level (Figure 4.2.10 B). After 30 min of TNFα stimulation, the first nucleosome 

downstream of the NFR was moved approximately 20 bp in direction of the TSS and the 

nucleosomes start to change from being well positioned to more fuzzy distributions. Both 

observations argue for active ATP-dependent chromatin remodeling mechanisms. 
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Figure 4.2.10: Dynamic changes in nucleosome positioning upon induction with 
TNFα  

A: Histogram of nucleosome occupancy upstream of the SAMD4A gene. Genomic 
location and scale are indicated on top. Track identities are displayed on the left. The 
histogram tracks comprise MNase-Seq tracks, raw read counts were plotted. Black 
boxes indicate peak position of the respective datasets. 
B: 20x magnification of (A). 

Interestingly, although the 85 min dataset contains more reads than the other datasets, 

nucleosome positioning appears to be very fuzzy and positioning is almost completely 

lost. Additionally, a nucleosome is deposited directly on top of the SAMD4A TSS, pro-

posing a rather repressive chromatin structure. In the course of the analysis, more and 

more results indicated that cells already undergo apoptosis after 85 min of TNFα treat-

ment. The complex signaling pathways induced by TNFα result in both inflammation and 

apoptosis (Baud and Karin, 2001). Therefore, the 85 min time point was excluded from 

this study. 
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4.2.3.2 The chromatin structure around an inducible TSS opens up 

For improved visualization of the changes in nucleosome positions, peak calling algo-

rithms were applied. The program Peak Predictor (see chapter 6.2.9) results in exact map-

ping of the statistical nucleosome dyad. In contrast to data obtained for HeLa cells in 

chapter 4.2.2, the nucleosomes are phased very well (compare Figure 4.2.10 and 4.2.5), 

probably because HUVECs are quite synchronized with about 75% of the cells being in 

the same cell cycle state. Thus, the conversion to statistical nucleosome midpoints is most 

likely not accompanied by loss of positioning information. 

Figure 4.2.11 illustrates the results obtained from peak calling around the promoter region 

of SAMD4A. Notably, a drastic opening of the chromatin structure at the TSS coincides 

with the time course of TNFα stimulation. While a small NFR is present in the untreated 

cells, indicated by the arrow, nucleosomes seem to vanish or being re-positioned to the 

left and right of the TSS, resulting in an enlarged NFR after 30 min. This process contin-

ues with time. 

  
Figure 4.2.11: Local opening of chromatin structure around the SAMD4A TSS 

Histograms produced by Peak Predictor and the GeneTrack package. Vertical lines 
indicate nucleosome midpoints, distributions represent a Gaussian kernel applied on 
the nucleosome centers, assuming a DNA length of 147 bp per nucleosome. Hori-
zontal magenta lines denote individual nucleosome positions above the set threshold 
of 1.0. The arrow illustrates the TSS of the SAMD4A gene. 
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4.2.3.3 Distinct histone modifications mark the TSS of responsive 
genes 

To further elucidate changes in chromatin structure around the TSS of inducible genes, 

the global nucleosome occupancy around TSS and the presence of specific histone PTMs 

was investigated. First of all, genes were classified according to their changes in expres-

sion levels, determined by ultra deep RNA-Seq of total RNA isolated after 0 and 30 min 

of TNFα treatment. Dr. Steven Kelly at the University of Oxford performed RNA-Seq. 

‘All expressed genes’ denotes the collectivity of expressed genes after 30 min of stimula-

tion. ‘Induced promoters’ indicate the subset of regions repressed in the untreated case 

and transcribed in response to stimulation. In contrast, the group of ‘repressed promoters’ 

corresponds to genes silenced in the course of the treatment. The occupancy of histone 

variant H2A.Z and the insulator protein CTCF was tested in addition to various histone 

tail modifications in a region of +/- 1 kb around the TSS (Figure 4.2.12). ChIP-Seq da-

tasets were obtained from the ENCODE/Broad repository and represent the untreated 

cells. 

Like in HeLa cells, expressed genes show a defined chromatin structure. The mononucle-

osomal MNase-Seq data cannot reveal differences in higher order structures of chromatin 

(see Figure 4.2.6), hence no overall difference in nucleosome occupancy is observed. A 

NFR is visible directly at the TSS and flanked by well positioned -1/+1 nucleosomes. The 

position of the +1 nucleosomes differs in induced compared to repressed genes in about 

20 bp. This demarcates a possible remodeling event mediated by an ATP-dependent 

chromatin remodeling machine. 

Notably, promoter regions of genes getting repressed upon TNFα stimulation are en-

riched for H2A.Z and H3K9me1, both marking poised promoters. An additional peak can 

be observed at about +500 bp for H3K36me3, indicating that this gene was transcribed 

prior to addition of TNFα. At the TSS of genes induced by TNFα, enrichment of 

H3K4me3 and H3K27me3 can be detected, indicating the previously repressed state of 

the promoters. 

Therefore, genes activated or repressed by TNFα stimulation exhibit a defined combina-

tion of histone PTMs around the TSS prior to treatment onset. The combination of marks 

around responsive gene promoters is in many, but not all cases distinct from the active 
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promoter entity in the cell. It remains elusive whether distinct histone modifications are 

cause or consequence of altered gene expression. 
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Figure 4.2.12: Nucleosome occupancy and histone modifications around the TSS 
of TNFα  responsive genes 

Occupancy of the respective marks were plotted in a region of +/- 1kb around the 
TSS of responsive (‘repressed’, blue and ‘induced’, magenta) genes in comparison to 
all expressed genes (black) after 30 min of TNFα stimulation. Values were averaged 
over a window size of 10 bp. For comparisons, MNase-Seq tags were internally 
normalized to the maximal tag count in each dataset, denoted by a frequency value 
of 1. ChIP-Seq tags were plotted without normalization. 

 

4.2.3.4 Nucleosome positioning and histone modifications around 
recursive splice sites 

Another genic element known to own a distinct chromatin structure are exon/intron 

boundaries. The extensive RNA-Seq analysis of TNFα treated HUVECs uncovered a 
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possible new motif for ‘recursive’ splice sites. As some introns, especially in very long 

genes like SAMD4A comprise hundreds of kilobases, it is unlikely that these introns are 

spliced out of the pre-mRNA in one piece. Instead, recursive splicing was proposed and 

confirmed in Drosophila melanogaster previously (Hatton et al., 1998; Burnette et al., 

2005). This multi-step process involves conserved hybrid elements that function first as 3′ 

splice sites, pairing with an upstream exon and subsequently in the course of transcription 

regenerate 5′ splice sites. Strikingly, this model seems to be valid for the human system as 

well. The putative recursive splice sites are not comparable to classical donor (5’ ends of 

introns) and acceptor sites (3’ ends of introns) regarding their sequence. 

In addition to the 2,139 newly identified sites, 5,000 of each known acceptor sites, known 

donor sites and random intronic regions were selected from expressed genes in HUVECs. 

The occupancy of nucleosomes, the histone variant H2A.Z, the insulator protein CTCF 

and various histone tail modifications were plotted in a region of +/- 1 kb around the (pu-

tative) splice junctions (Figure 4.2.13). 

Remarkably, nucleosome positioning around known acceptor and donor sites reflects 

previously described results (Andersson et al., 2009; Schwartz et al., 2009; Chen et al., 

2010), with a well positioned nucleosome slightly upstream of splice junctions in donor 

sites and downstream in acceptor sites. Interestingly, the novel recursive splicing sites 

show a distinct nucleosome positioning pattern as well, similar to acceptor sites but by far 

more pronounced.  

In addition, the recursive splicing sites were marked by enrichment of CTCF, H3K9ac, 

H3K9me1, H3K27ac, H3K79me2 and H4K20me1. All PTMs are associated with active 

transcription. Notably, H3K79me2 demonstrates strong phasing around the splice junc-

tion, anti-correlating with phased H3K9me1. No enrichment can be detected for repres-

sive modifications like H3K27me3 and H3K9me3. Classical donor and acceptor sites are 

characterized by enrichment of H3K36me3, which appears at recursive splice sites as 

well, although less pronounced. 

Taken together, recursive splice sites in human exhibit a defined chromatin signature. 
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Figure 4.2.13: Nucleosome occupancy and histone modifications around splice 
junctions 

Occupancy of the respective marks were plotted in a region of +/- 1kb around known 
classical splice sites (‘acceptor’, blue and ‘donor’, green), novel putative recursive 
splice sites (‘new’, magenta) or random intronic regions (‘random’, black). For com-
parisons, MNase-Seq tags were internally normalized to the minimum tag count in 
each dataset, denoted by a frequency value of 0. ChIP-Seq tags were plotted without 
normalization 
 

4.2.3.5 Induced genes are overall depleted of nucleosomes 

So far, the analyses were restricted to promoter regions and splice junctions, as previous 

studies identified changes in nucleosome positioning and occupancies linked to gene ex-

pression primarily at these regions. The striking results obtained at the TSS of SAMD4A 

raised the question of how far the changes in nucleosome positioning spread into the gene 

body and if they appear co-transcriptionally. A second inducible gene was investigated, 

EXT1 (exostosin 1).  

Figure 4.2.14 illustrates the first 10 kb of the gene. Untreated cells display a relatively 

densely packed gene body correlating to a more compact chromatin structure. In response 

to TNFα, changes in nucleosome positioning occur not only around the TSS but also 

throughout the entire monitored region. Remarkably, the total number of nucleosomes is 

reduced after 10 min and even more after 30 min. 
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Figure 4.2.14: EXT1 is depleted of nucleosomes upon TNFα  stimulation  

Histograms produced by Peak Predictor and the GeneTrack package. Vertical lines 
indicate nucleosome midpoints, distributions represent a Gaussian kernel applied on 
the nucleosome centers, assuming a DNA length of 147 bp per nucleosome. Hori-
zontal magenta lines underneath the histogram denote individual nucleosome posi-
tions above the set threshold of 1.0. Displayed are the first 10 kb of the gene. 

 

Similar results were obtained for the whole EXT1 gene, the SAMD4A gene and a third 

locus, ZFMP2 (zinc finger protein, FOG family member 2). All three genes are inducible 

by TNFα and exceptionally long, spanning several hundred kilobases, therefore suited 

well for studying the general loss of nucleosomes upon induction of transcription. On 

average, the genes loose about 7 – 12 % of nucleosomes (Figure 4.2.15). In contrast, the 

non-responsive gene DCTN6 (dynactin 6) is not depleted of nucleosomes but even seems 

to gain about 5%. The changed positions and overall depletion of nucleosomes in respon-

sive genes reveals an altered, less condensed chromatin structure upon gene activation. 
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Figure 4.2.15: TNFα  stimulation is linked to an overall loss of nucleosomes in 
responsive genes 

Nucleosome peaks (generated by Peak Predictor) per gene were counted and normal-
ized to the length of the gene. Time points of TNFα stimulation were normalized to 
the number of nucleosomes obtained for untreated cells. Red shaded lines indicate 
TNFα responsive genes and the black lines denote a non-responsive gene. 

 

4.2.3.6 Global nucleosome repositioning occurs around TNFα-
specific sequence motifs 

The overall loss of nucleosomes in TNFα responsive genes could arise from even deple-

tion throughout the gene body, or preferential deposition of individual nucleosomes at 

defined regions. To further elucidate this question, normalized nucleosome peaks were 

averaged in 1 kb windows and plotted along the gene from TSS to TTS (Figure 4.2.16 A). 

Strikingly, TNFα stimulation does not result in a consistent nucleosome loss. Instead, 

‘hotspots’ of chromatin structure rearrangements can be detected as clear peaks while the 

regions in between remain essentially unchanged.  

In order to test for potential regulatory elements within these ‘hotspots’, the sequences 

underlying all peaks with a normalized peak count / kb > 1.8 were extracted. No obvious 

sequence preference like GC-rich nucleosome positioning sequences could be identified 

at first, until screening for certain transcription factor binding motifs was performed (Fig-

ure 4.2.16 B). 
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Figure 4.2.16: Nucleosome depletion and repositioning appears at ‘hotspots’ en-
riched for distinct transcription factor binding sites. 

A: Nucleosome peaks (generated by Peak Predictor) were counted and normalized to 
the length of the gene and the non-responsive control gene SEL1L. Counts were av-
eraged in 10 kb windows and plotted along the SAMD4A gene from TSS to TTS. 

B: The chromatin structure ‘hotspots’ of SAMD4A identified in (A) contain binding 
sites for specific transcription factors. The diagram illustrates the presence of con-
sensus motifs wrapped around nucleosomes in the respective datasets. The motifs 
were identified using the database Jaspar. 
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Strikingly, The hotspots in SAMD4A contain binding sites for NF-κB (nuclear factor 

‘kappa-light-chain-enhancer’ of activated B-cells) in untreated cells and after 10 min of 

stimulation, but these sites disappear in the 30 min datasets. Hence, specific transcription 

factor target sites are first occupied by nucleosomes and unwrapped after 30 min of in-

duction. This phenomenon is directly linked to TNFα signaling, as NF-κB is one of the 

direct downstream targets activated by TNFα. 

A similar effect is obtained for ELK1, another target of the inflammatory pathway in-

duced by TNFα. The general transcription factors SP1 and YY1 are secondary targets as 

their promoter region contains binding sites for primary TNFα effectors. STAT1 and SRY 

are not known to be related to TNFα signaling. However, all binding sites changed signif-

icantly upon cell stimulation, being either unwrapped and exposed or covered up by nu-

cleosomes. Interestingly, the effect on transcription factor binding sites is detected pri-

marily after 30 min. Thus, the global opening of chromatin structures might be 

represented by a two-step mechanism, involving overall decompaction after 10 min and 

specific chromatin remodeling of target sites after 30 min. 

To test this hypothesis on a global scale, motif analyses were performed for all nucleo-

somes located on chromosome 14. This chromosome was chosen as SAMD4A is located 

there and the relative small size results in reasonable computing times. Another peak 

calling algorithm, findPeaks (HOMER suite) was applied, as motif analyses (see chapter 

6.2.9) requires a positioning file of the total 147 bp wrapped around the histone octamer 

instead of exact nucleosomes dyads. The algorithm performs well in detecting most nu-

cleosomes, as depicted in Figure 4.2.10. To reveal different sequence preferences, distinct 

peaks were defined for each dataset using the program mergePeaks. 

Both de novo and known motif finding was carried out for chromosome 14, applying the 

algorithm findMotifsGenome.pl (see chapter 6.2.9). Strikingly, de novo analysis revealed 

that nucleosomes preferentially occupy different consensus motifs in untreated cells com-

pared to TNFα stimulated HUVECs (Figure 4.2.17). 
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Figure 4.2.17: Significantly enriched de novo motifs 

Comparison of consensus motifs enriched in distinct peaks of nucleosomal DNA in 
untreated cells (left) and after 30 min of TNFα stimulation (right). Top five most sig-
nificantly enriched motifs are displayed according to log p-values. 

These sequences could represent yet unknown binding sites for proteins involved in the 

inflammatory pathway. Interestingly, the second most significantly enriched motif in both 

datasets looks similar, as if the motif was shifted to the right by four base pairs. This 

might indicate sequence-specific nucleosome re-positioning by remodeling machines. 

Furthermore, sequence preferences for known transcription factor binding sites were un-

covered (Table 4.2.3). Strikingly, one of the most enriched distinct motifs in untreated 

cells, NF-κB, was not identified by the motif finding algorithm after 30 min of TNFα 

stimulation. Hence, binding sites, which were occupied by nucleosomes before, are un-

wrapped and exposed in response to TNFα treatment. Nanog, the top hit in untreated 

cells, binds to NF-κB proteins, thereby inhibiting their transcriptional activity and reduc-

ing the inflammatory response. The binding motifs for the transcriptional coactivator 

p300, known to bind to active NF-κB proteins, was overrepresented in untreated cell but 

not detected after treatment. In addition, the consensus motif for nuclear factor 1 (NF1) 

was shown to overlap with NF-κB binding sites. Moreover, NF-κB is known to enhance 

androgen receptor (AR) and c-Myb expression and down-regulates the MafA gene; thus 
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these proteins all are secondary targets of TNFα signaling (Zhong et al., 1998; Krohn et 

al., 1999; Suhasini and Pilz, 1999; Torres and Watt, 2008; Zhang et al., 2009; Amyot et 

al., 2012).  

Untreated cells 30 min TNFα   

Nanog ZFX 
NF1 (half site) SCL 

Homeobox/limb-p300 ZBTB33 
SCL CCAAT (promoter) 
AR RUNX1 

Lhx3/Forebrain-p300 MafA 
NF1 Nanog 

Tlx/H3K4me1 Oct2 
MYB ETS (promoter) 
MafA NF1 

TFAP2gamma GRX (promoter) 
NF-κB (p65) Tbx20 

Sox3 Oct4 
PPARgamma REST-NRSF 

GFX (promoter) RUNX-AML 

Table 4.2.3: Significantly enriched known motifs 

Comparison of consensus motifs enriched in distinct peaks of nucleosomal DNA in 
untreated cells (left) and after 30 min of TNFα stimulation (right). Top fifteen most 
significantly motifs are displayed, ranked according to log p-values. 

To verify nucleosome remodeling of target sites, flanking regions of 50 bp next to 

changed nucleosome positions were extracted and motif analyses were carried out. Re-

markably, these newly exposed sites were indeed enriched for NF-κB and secondary tar-

get sites of TNFα. The analysis was repeated with different thresholds for detecting dif-

ferential peaks and on flanking regions of only 20 bp. The obtained results are essentially 

the same. Therefore, nucleosome re-positioning upon TNFα stimulation occurs in a de-

fined, sequence specific manner around transcription factor binding sites related to the 

inflammatory pathway. 
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4.2.3.7 TNFα related changes in nucleosome positioning are linked 
to promoter elements and Alu repeats 

To further address the correlation of distinctly changed nucleosome positions with func-

tional elements, Genome Ontology analyses were performed. In this case, distinct peaks 

in the 30 min dataset were analyzed genome-wide and not restricted to chromosome 14. 

Notably, CpG-islands, promoters, TTS and 5’ UTRs are significantly enriched (Table 

4.2.4). 

Name Log P-value 

CpG Island -18894.51 

Coding -2508.62 

Protein-coding -2202.58 

Exons -2175.36 

Promoters -1637.23 

5’ UTR -1573.72 

rRNA -90.65 

miscRNA -57.59 

TTS -30.33 

miRNA -2.29 

Gene Rich Regions 0 

ncRNA 0.03 

snoRNA 0.98 

snRNA 2.25 

Pseudogenes 6.79 

3’ UTR 63.79 

Introns 30993.1 

Centromeres 32568.88 

Gene Deserts 57061.53 

Gaps 113523.63 

Table 4.2.4: Functional elements linked to TNFα  - specific chromatin changes  

Genome Ontology analysis of distinct MNase-Seq peaks after 30 min of TNFα stimu-
lation. Negative log p-values indicate significant association. 
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This finding is in well agreement to the previously detected correlation of changed nucle-

osome positions around promoters and GC rich regions (see 4.2.3.6). In addition, coding 

regions, exons and miRNAs are significantly associated. Interestingly, gene deserts, long 

non-coding RNAs and 3’ UTRs are not preferentially targeted by TNFα related chromatin 

rearrangements. Furthermore, repeat analysis revealed the predominant association of Alu 

repeats with TNFα - specific changes in nucleosome positions (Table 4.2.5). This at first 

surprising result can be explained by the fact that specific Alu repeats are used as ‘stor-

age’ for NF-κB in the nucleus (Antonaki et al., 2011).  

Name Log P-value 

SINE|Alu -127523.68 

SINE -91282.69 

AluY|SINE|Alu -25477.11 

AluJb|SINE|Alu -13157.35 

AluSx|SINE|Alu -10162.57 

AluSx1|SINE|Alu -9723.10 

AluSz|SINE|Alu -7150.87 

AluJr|SINE|Alu -6259.07 

AluJo|SINE|Alu -5837.83 

AluSz6|SINE|Alu -3989.91 

Table 4.2.5: Repeats linked to TNFα  - specific chromatin changes  

Repeat analysis of distinct MNase-Seq peaks after 30 min of TNFα stimulation. 
Ranked list of the ten top hits with lowest log p-values. Negative log p-values indicate 
significant association. SINE = short interspersed–repeat transposable element. 

 

Hence, the functional analysis confirms that global changes in nucleosome positioning 

can be observed upon stimulation with TNFα and that these changes are clearly linked to 

gene activation and the TNFα signaling pathway. 
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4.2.4 Altered chromatin structure in trisomy 21 is related to 

changes in histone expression 

Chromatin structure can be altered due to many different factors, including changes in 

chromatin accessibility and nucleosome positioning as discussed in previous chapters. As 

demonstrated in 4.2.2, spacing of nucleosomes influences higher-order chromatin com-

pactions and is directly related to changes in gene expression.  

The chromosomal aberration trisomy 21, also known as Down syndrome, serves as a 

model system for altered nucleosome spacing. It represents the most common genetic 

cause of mental retardation and is characterized by more than 80 clinical features. How-

ever, the molecular mechanisms remain poorly understood.  

A study in the 1990s revealed that chromatin of leukocytes of Down syndrome patients 

results in a different nucleosomal ladder after MNase digestion compared to healthy pa-

tients (Kahmann and Rake, 1993), as shown in Figure 4.2.18 A. The authors calculated a 

mean of 173 bp per nucleosome for Down syndrome populations and 185 bp per nucleo-

some for normal populations. Hence, a difference in spacing of 12 bp was obtained. 

However, MNase digestion and calculations based on agarose gel pictures are likely to be 

error-prone. 

To shed light on the possible molecular mechanisms influencing chromatin structure in 

trisomy 21, our lab purchased B-lymphocyte cell lines of two brothers, one suffering from 

Down syndrome and the other one exhibiting a normal karyotype. In order to perform 

gene expression arrays, Elisabeth Silberhorn extracted RNA from the two brothers’ cell 

lines in four biological replicates. Each of them was used for two technical replicates 

including a dye-swap, generating in total eight datasets. Labeling, cDNA synthesis, array 

hybridization and scanning was carried out by Dr. Bernhard Polzer (work group of Prof. 

Christoph Klein, University Hospital Regensburg). 

Primary and secondary analysis of the array was carried out using Babelomics 4.3 (see 

chapter 6.2.7). Functional analysis revealed several striking features. According to the 

Jaspar database, the differentially regulated genes are enriched for only two consensus 

binding sites, the factors Klf4 and Arnt::Ahr, respectively. In total, 386 miRNAs were 

differentially expressed in Down syndrome lymphocytes. Reactome identified 20 path-
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ways significantly altered, e.g. ‘3’-UTR-mediated translational regulation’, ‘telomere 

maintenance’ and ‘apoptosis’.  

 

Figure 4.2.18: Altered chromatin spacing is related to gene expression  

A: Agarose gel of MNase digested chromatin of normal (N) and Down syndrome tis-
sue (D) (modified after Kahmann and Rake, 1993). 
B: Exemplarily, a detail of the GO hierarchical tree ’biological process’ is shown. 
Upregulated GO terms are indicated by red rectangles. 

Three different gene ontology groups were assayed: molecular function, cellular compo-

nent and biological process. The outcome of the analysis reflected overall changes in gene 

expression by up-regulation of genes related to the GO term ‘specific DNA binding’. Pro-

apoptotic terms were up-regulated and anti-apoptotic ones down-regulated. Genes related 

to the sensory system and olfactory response were upregulated in trisomy 21. In addition, 

the clinical features of the disease were reflected e.g. by down-regulation of ‘angiotensin 

receptor’. Indeed, trisomy 21 is associated with low blood pressure, congenital heart dis-

ease and renal tubular dysgenesis (Wells et al., 1994; Morrison et al., 1995; Lo et al., 

1998). 

Most informative was the biological process analysis, revealing remarkable upregulation 

of genes related to chromatin and nucleosome assembly (Figure 4.2.18 B). Interestingly, 

the chromatin remodeling machine SMARCB1 (SWI/SNF-related, matrix associated, 

actin dependent regulator of chromatin, subfamily b, member 1) was upregulated. The 
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protein is known to be involved in neuronal development, defects are related to mental 

retardation (Tsurusaki et al., 2012). A closer look at the term ‘nucleosome assembly’ re-

veals the genes in this term that are over-expressed in trisomy 21 (Table 4.2.6). 

Gene Name Gene Bank Accession Description chr 

TSPYL5 NM_033512  TSPY-like 5 chr8 

HIST1H2BK NM_080593  Histone cluster 1, H2bk chr6 

HIST2H2AA4 NM_001040874  Histone cluster 2, H2aa4 chr1 

HIST1H1B NM_005322  Histone cluster 1, H1b chr6 

HIST1H1C NM_005319  Histone cluster 1, H1c chr6 

HIST1H2AD NM_021065  Histone cluster 1, H2ad chr6 

FLJ31818 NM_152556  Hypothetical protein FLJ31818 chr7 

HIST1H2AC ENST00000314088  Histone cluster 1 H2ac chr6 

HIST1H2BI NM_003525  Histone cluster 1, H2bi chr6 

BASP1 NM_006317  Brain abundant, membrane at-
tached signal protein 1 chr5 

Table 4.2.6: Upregulated genes in Trisomy 21 related to ‘nucleosome assembly’ 

Ten of the genes within the upregulated term ‘nucleosome assembly’. 
 

Remarkably, the histone clusters are significantly upregulated in trisomy 21. This interest-

ing finding might be the missing link to altered nucleosome spacing. Higher expression of 

histones could lead to the formation of a higher amount of nucleosomes deposited at 

DNA genome-wide.  
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4.3 Discussion 

4.3.1 Functional elements are depleted of nucleosomes in a 

cell type-specific manner 

FAIRE-Seq is an easy and quick assay to isolate regulatory elements such as promoters 

and enhancers of active genes on a global scale. By applying the method to different cell 

types, it is in principle possible to identify tissue-specific regulatory elements, most likely 

associated with differential expression of the corresponding genes. 

The results obtained from GO analyses affirm that FAIRE-Seq captures regulatory se-

quences globally. With the generated data, it was possible to identify functional elements 

specific for cells of the immune system, although the discrimination between monocytes 

and macrophages regarding chromatin accessibility was not successful, possibly due to 

insufficient sequencing depth. 

Future approaches will need to optimize this promising assay with regard to fold enrich-

ments and amount of mappable reads. Performing at least two biological replicates of 

FAIRE in both monocytes and macrophages and sequencing all four generated libraries 

on one lane of a HiSeq 2000 sequencer will result in up to 100 Mio reads per dataset, 

massively covering the regulatory elements in a cell. Integrative analysis in combination 

with ChIP-Seq datasets of known regulatory and basal transcription factors and RNA-Seq 

of total nuclear RNA could identify active chromatin regions such as previously unknown 

enhancers and promoters and allow to make assumptions about cell-type specific usage. 

Thereby, new insights could be gained into chromatin dynamics in differentiation. 
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4.3.2 Chromatin accessibility is correlated with function 

This study introduced a new definition of chromatin domains. Here, domains were classi-

fied according to their accessibility to MNase digestion. Partial endonuclease digestion 

was performed in vivo and chromatin domains were isolated as mono-, di- and trinucleo-

somal particles. The physical separation of chromatin domains allows a detailed, less 

biased downstream analysis. The new method is superior compared to previously pub-

lished work because four sequencing tracks are taken into account instead of analyzing 

only one extensively digested mononucleosomal dataset. In addition to mapping genome-

wide nucleosome positions, the comparison of ‘low’ and ’high’ digested mononucleo-

somes allows quantifying the stability of octamers on the underlying DNA or the accessi-

bility of specific genomic regions. Nucleosomes detected exclusively in the ‘low’ dataset 

indicate reduced stability or increased MNase accessibility, e.g. due to a physiological cue 

of fast remodeling at this particular position. Likewise, the dinucleosomal datasets gener-

ate information about nucleosome spacing and higher-order structures of chromatin.  

Sequencing of dinucleosomes of the ‘high’ digestion, corresponding to less accessible, 

condensed chromatin structures, revealed a defined, open arrangement of nucleosomes 

around the TSS of highly expressed genes, and densely packed structures at the TSS of 

repressed genes. No comparable observation was obtained with any of the other tested 

datasets, emphasizing the importance of sequencing both mono- and dinucleosomal 

DNA. In addition, a recent study of the Rippe group showed similar correlations of nu-

cleosome occupancy and gene expression in mouse. However, as they used only one con-

centration of MNase, the remarkable differences in ‘high’ and ‘low’ digested dinucleo-

somes could not be detected (Teif et al., 2012). Therefore, performing partial MNase 

digestion and comparing different digestion levels is crucial for analyzing chromatin 

structure. 

Interestingly, an anti-correlation of nucleosome positioning and CpG islands was ob-

served around TSSs. Concluding, gene regulation is the driving force for nucleosome 

positioning and formation of higher-order structures, thereby overriding intrinsic DNA 

sequence preferences. ATP-dependent chromatin remodelers could overcome the energy 

barrier for moving a nucleosome to a less favorable sequence or winding less bendable 

DNA around the histone core. In addition, a correlation of gene expression and CpG is-
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lands at the promoter was detected. This effect was assayed in detail at TSS, TTS and in 

the middle of expressed genes in three different cell lines (see 8.2.5 Submitted Manu-

scripts). 

The identified chromatin domains were further characterized, detecting functional diver-

gence as summarized in Table 4.3.1. The closed chromatin state is depleted of genes, 

linked to repressed genes, low expression levels and enriched for constitutive hetero-

chromatic regions while the open chromatin structures correspond to RNAPII and tran-

scription factor occupancy, activating histone tail modifications and gene expression. In 

addition, striking differences in nucleosome spacing were obtained, directly affecting 

higher-order chromatin folding of the respective domains. The open, transcriptionally 

active state exhibits long linker lengths and is most likely not incorporated into restrictive 

higher order structures such as the 30-nm fiber. In contrast, the on average short linker 

length in the closed chromatin domains might reflect densely compacted structures. Taken 

together, the protocol described here can be used to gain detailed information about ge-

nome-wide chromatin structures in mammalian cells and their functional relevance. 

 

 Open chromatin Closed chromatin 

Gene density ++ - 

Heterochromatin - +++ 

Gene expression ++ - 

RNAPII +++ - 

CTCF +++ - 

H3K36me3 + - 

H3K4me3 ++ - 

H3K27me3 - ++ 

Nucleosome spacing ++ - 

Table 4.3.1: Functional characterization of chromatin domains 

The table summarizes preferences of open and closed chromatin domains for certain 
marks. + indicates enriched, - depleted. 
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So far, only few correlations could be detected between specific histone PTMs and chro-

matin domains (Table 4.3.1). However, significant associations might be revealed when 

testing combinations rather then individual modifications. Clustering approaches could 

elucidate this question bioinformatically. Furthermore, a new software approach will be 

developed in the future which comparatively scans mono- and dinucleosomal tracks of 

the ‘high’ and ‘low’ digestion, accounting for both nucleosome depletion and reposition-

ing. Differences in nucleosomes occupancy will be averaged over several window sizes, 

resulting in fast identification of open and closed chromatin domains. 

4.3.3 Stimulation with cytokines induce genome-wide, di-

rected changes in nucleosome positions 

Primary HUVECs are naturally synchronized, making them a suitable system to study 

global nucleosome positioning. Nucleosomes appear perfectly phased around functional 

elements like transcription start sites and promoters and are marked by specific histone 

tail modifications corresponding to the activity state of the gene. Stimulation of the cells 

with the proinflammatory cytokine TNFα resulted in distinct changes of nucleosome 

positions around functional elements and nucleosome depletion in inducible genes. 

The observation of chromatin dynamics predominantly occurring at promoter regions and 

exons is in well agreement with a recently published study investigating nucleosome re-

modeling upon embryonic stem cell differentiation (Li, 2012). Li et al. also detected tran-

scriptional activation being accompanied by nucleosome depletion, mainly at the TSS and 

about 1 kb downstream. Here, depletion of SAMD4A was monitored in intragenic ‘re-

modeling hotspots’ rather then limited within the first 1 kb only. Even on a genome-wide 

scale, no comparable depletion within 1 kb downstream of the TSS was revealed. The 

difference could emerge from the characteristic binding of NF-κB within the gene body 

as well, while many known activating transcription factors bind to the promoter region 

only. In addition, Li et al. described enrichment of H2A.Z around the TSS, which was 

revealed here as well, although more pronounced for actively transcribed genes, which 

are getting repressed upon cytokine stimulation. Furthermore, promoters show a specific 

combination of histone tail modifications linked to the expression levels of the respective 

genes. 
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Putative recursive splice sites were characterized; resulting in the detection of distinctly 

positioned nucleosomes and a defined chromatin signature. Interestingly, CTCF was 

found to be associated with the novel splice sites, pointing to a possible splicing mecha-

nism. Among many other functions, CTCF is known to mediate long-range interactions 

between genomic loci and to form cytokine-induced chromatin loops (reviewed in 

Phillips and Corces, 2009). Hence, the CTCF bound recursive splice sites could possibly 

interact with each other or a protein complex, such as a transcription factory, forming 

sub-gene loops. Previous studies proposed the fixed nucleosome positions at classical 

donor and acceptor sites to act as ‘speed bumps’ for polymerases (Schwartz et al., 2009). 

Accordingly, the elongating polymerase might be slowed down at the novel recursive 

splice sites by CTCF and the well positioned nucleosomes to ensure correct splicing prior 

to further transcription of the gene. Both nucleosome positioning and CTCF association 

in combination with the defined chromatin signature could be used to predict recursive 

splicing sites in other cell lines. 

Remarkably, binding sites for NF-κB and associated factors open up globally upon TNFα 

treatment. This reflects the clustering of related functional sites at regulatory elements 

and co-binding of e.g. NF-κB and p300. Further analyses will reveal which of these bind-

ing sites are preferentially clustered and how they are linked to gene expression. Active 

chromatin remodeling takes place at specific Alu repeats as well. In general, Alu repeats 

comprise a high sequence bias towards CG dinucleotides, spaced by either 31 or 62 bp. 

As nucleosomes are known to preferentially position at CG dinucleotides in a period of 

10.4 bp, it was proposed that nucleosomes bind exceptionally well to Alu repeats 

(Bettecken et al., 2011), possibly representing a ‘barrier’ according to the statistical posi-

tioning model, reviewed in 4.1.3. Hence, changes within Alu repeats might affect the 

nucleosomal array within the distance of several hundred base pairs or even kilobases. 

Notably, 11% of the genomic NF-κB target sites reside within specific Alu repeats. There-

fore, nucleosome re-positioning in this class of short interspersed-repeat transposable 

elements (SINEs) could expose the Alu-κB sites. Several models were proposed for the 

function of these binding sites, including i) storage of transcriptionally inert NF-κB com-

plexes, ii) prevention from super activation of promoters by sequestering active NF-κB 

subunits and iii) co-binding with additional transcription factors to form an enhancer ele-

ment (Antonaki et al., 2011). However, Antonaki et al. detected Alu-κB sites only in 
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AluSX, AluSG and AluY elements, while the analysis presented here observed nucleo-

some re-positioning in additional Alu subfamilies. Possibly, the previous study did not 

capture all NF-κB binding events, as they performed ChIP assays with antibodies target-

ing p65, p52 and RelB, but not c-Rel or p50, which represent additional members of the 

mammalian NF-κB family (Oeckinghaus and Ghosh, 2009). Alternatively, remodeling at 

Alu repeats might occur in a NF-κB dependent and an additional NF-κB independent 

pathway. 

For the first time it was shown that stimulation of a human cell system with a cytokine 

like TNFα results in global nucleosome re-positioning. In addition, responsive genes 

seem to be depleted of nucleosomes in the course of activation. This is of specific interest 

as previous studies revealed the speed of RNAPII elongation at the SAMD4A locus. After 

30 min of stimulation, the polymerase tracks along the first intron of SAMD4A and it 

takes about one hour until the entire locus is transcribed (Papantonis et al., 2010). How-

ever, the chromatin structure of the whole gene is remodeled already after 30 min. Hence, 

the data indicates that nucleosome depletion precedes polymerase elongation, suggesting 

that depletion is not due to co-transcriptional histone eviction.  

The results might indicate a new two-step mechanism of transcriptional activation: First, 

chromatin structures of genes or entire chromatin domains open up. Accordingly, nucleo-

somes are gradually reduced from ‘hotspots’, which can span up to 5 kb. These changes 

start already after 10 min. Second, TNFα specific binding sites, e.g. for NF-κB and asso-

ciated factors are unwrapped in a concerted manner after 30 min, as indicated by motif 

analyses. Thus, global chromatin decondensation around functional sites might precede 

defined remodeling at the target motif or clusters of distinct binding sites. A previous 

study proposed a two-step mechanism of NF-κB activated genes by sequential binding of 

early- and late-binding transcription factors, accompanied by a stepwise opening of 

chromatin (Ishihara and Schwartz, 2011). 

Alternatively, a time-resolved one-step mechanism is observed, with gradual changes 

occurring after 10 min and full remodeling of all target sites after 30 min. In high-

throughput analyses, only about 8% of nucleosomes at chromosome 14 changed their 

positions already after 10 min, while 20% of nucleosomes were re-positioned after 30 

min. Therefore, the effect after 10 min might not be drastic enough to reveal site-specific 
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remodeling. On the other hand, none of the tested binding sites within SAMD4A changed 

its chromatin structure after 10 min, but all of them after 30 min, arguing for the two-step 

model rather then the gradual depletion. A more detailed time course, e.g. treating the 

cells for 10, 15, 20, 25, 30, 45 and 60 min could possibly reveal the mechanism behind 

nucleosome loss and site-specific remodeling.  

The observed TNFα induced nucleosome sliding might involve a specific ATP-dependent 

chromatin remodeling machine, activated by stimulation of the cells with the cytokine. 

Figure 4.3.1 depicts the proposed remodeling mechanism. 

 

 
Figure 4.3.1: TNFα-specific chromatin remodeling 

Prior to TNFα stimulation of the cells, respective target sites are covered by nucleo-
somes. The cytokine treatment induces a specific remodeling machine, exposing 
TNFα target sites to facilitate factor binding (modified after Hartl, 2005). 

 

To identify the remodeler involved in this specific signaling pathway, known remodeling 

machines have to be knocked out sequentially. ChIP-Seq data of remodeling machines 

and the de novo motif analysis might contribute to identifying a candidate complex. 

Another intriguing question is how far the general opening of chromatin spreads, how it 

occurs and what demarcates the boundaries. A popular idea would be the opening of en-

tire chromatin loops, which are formed at transcription factories upon gene induction 

(Larkin et al., 2012). Within a loop, regulatory regions like enhancers, promoters and 

terminators can interact physically with each other, providing a possible basis for ‘com-

munication’ although separated by hundreds of kilobases. Therefore, chromatin loop for-

mation upon TNFα stimulation, e.g. between transcription start and termination site of a 

regulated gene or a cluster of genes could trigger nucleosome eviction and remodeling 

within the looped genomic region. In addition, the loss of nucleosomes throughout the 

locus might increase the flexibility of the chromatin fiber, thereby facilitating loop for-

mation (Stehr et al., 2008). To verify whether the loop model is correct, correlations of 
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nucleosome positioning maps with Hi-C datasets of high resolution would be needed. 

Since these are not yet available, 4C data of the SAMD4A locus can proof the hypothesis 

at least on single gene scale. Furthermore, it will be interesting to study the boundaries of 

regions opening up and unchanged genomic loci. Defined nucleosome positions, a dis-

tinct chromatin signature, and/or the binding of factors like CTCF could mark these bor-

ders. 

In order to investigate how long the remodeled state persists, mononucleosomal DNA was 

isolated and sequenced after 85 min of cytokine stimulation. However, the nucleosome 

phasing was almost completely lost and Genome Ontology analysis reveals enrichment of 

gene deserts rather than promoters or CpG islands. As the TNFα signaling pathway in-

duces both inflammation and apoptosis (Baud and Karin, 2001), the results could indicate 

that the cells started to undergo apoptosis. Hence, the data cannot be analyzed regarding 

nucleosome positioning in a transcription-dependent manner. 

In summary, this study presents the first proof of signaling to chromatin, i.e. a cytokine 

bound to a membrane receptor induces global changes of nucleosome positions specific 

for the respective stimulus.  

Ongoing work includes the treatment of HUVECs with another proinflammatory cyto-

kine, the transforming growth factor beta (TGF-β), to determine whether the changes 

observed upon stimulation with different cytokines varies. Furthermore, NF-κB ChIP-Seq 

will be carried out to verify that remodeling of target sites is actually linked to binding of 

the protein. 

4.3.4 Alterations in global chromatin structure are linked to 

histone expression levels 

Global analyses in trisomy 21 reveal a genome-wide alteration in nucleosome spacing, 

with Down syndrome chromatin being more tightly packed. As the 10-nm fiber arrange-

ment governs higher order chromatin structures, this change in global chromatin structure 

might cause the dysregulation of thousands of genes, resulting in the numerous clinical 

features associated with Down syndrome. Previous studies revealed decreased nucleo-
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some spacing (Kahmann and Rake, 1993) and a more condensed chromatin surface in 

blood cells of Down syndrome patients (Demirtas et al., 2001). 

Notably, the present study links altered chromatin structure to increased expression of 

histone clusters. Hence, it could be speculated that the simple presence of additional his-

tone octamers results in increased formation of nucleosomes. In addition, expression is 

upregulated for several proteins being involved in organizing chromatin structure, such as 

SMARCB1 and histone chaperones.  

However, it remains elusive how the presence of an additional chromosome stimulates 

expression of all histone clusters in a concerted manner. One explanation includes a dos-

age effect, where the cell senses the existence of an additional chromosome, conceiving 

more DNA needs to be condensed. Therefore, a signaling mechanism could be triggered 

resulting in upregulation of histone expression. Too dense packaging might thus result 

from an over-compensation. 

On the other hand, a yet unknown key factor could be located on chromosome 21, which 

positively regulates histone expression. The additional copy of the chromosome might 

cause a 1.5-fold upregulation in expression of this putative factor and, accordingly, en-

hance transcription of its targets, such as the histone genes. This factor could be a protein, 

e.g. a transcription factor as well as a non-coding RNA. Although chromosome 21 is one 

of the smallest human chromosomes, it contains a relatively high density of genes and 

SINEs (Antonarakis et al., 2004). So far, five miRNAs were identified on chromosome 

21, but their influence on Down syndrome remains elusive (Wiseman et al., 2009). In 

addition, one of the ribosomal DNA (rDNA) clusters is located on the short arm of chro-

mosome 21. As rDNA clusters are brought together in the nucleus forming nucleoli, more 

or bigger nucleoli could be formed in Down syndrome and alter the spatial organization 

of the nucleus, thereby changing gene expression. 

Interestingly, a recent study investigated the transcriptome of trisomic tissue in compari-

son to healthy EPCs (endothelial progenitor cells) by RNA-Seq, detecting novel non-

coding transcripts, in particular snoRNAs. Some of these transcripts were located on 

chromosome 21 and overexpressed in Down syndrome (Costa et al., 2011). This finding 

might be linked to the organization of chromatin structure, as our lab identified snoRNAs 
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to be involved in maintaining accessible higher-order chromatin structures (see chapter 

8.1.2 Published Manuscripts). The expression data obtained in this study is in well 

agreement with Costa et al., identifying differential expression in genes linked to ‘in-

flammation’, ‘angiogenesis’, ‘apoptosis’ and several signaling pathways. Therefore, the 

clinical phenotype of Down syndrome is closely related to altered gene expression. 

Contradictory results were obtained in a mouse model for trisomy 21, where transcrip-

tome analysis revealed down-regulation of histone clusters (Lepagnol-Bestel et al., 2009). 

This discrepancy could be explained by the fact that different tissues were assayed, with 

Lepagnol-Bestel et al. studying microdissected brain regions and our lab analyzing lym-

phocytes. The altered chromatin structure observed by Kahman and Rake in leukocytes is 

not necessarily similar for all tissues. Nethertheless, Lepagnol-Bestel et al. noted that 

altered gene regulation appears in clusters and changes in chromatin structure are linked 

to the Down syndrome phenotype. A model was proposed where gene-dosage imbalance 

leads to increased expression of DYRK1A (Dual specificity tyrosine-phosphorylation 

kinase 1A), located within the critical chromosomal region 21q22.2, which was identified 

to cause learning defects in Down syndrome patients (Smith et al., 1997). Dyrk1a was 

shown to interact with the transcriptional repressor REST/NRSF-SWI/SNF chromatin 

remodeling complex, which was suggested to control the dysregulated gene clusters. 

Ongoing studies in our lab include high-throughput sequencing of mono- and dinucleo-

somal DNA generated by ‘low’ and ‘high’ MNase digestion of the as well as comparative 

hybridization of trinucleosomal DNA to genome-wide tiling arrays. Global analysis of 

chromatin structure will reveal whether nucleosome spacing is indeed altered in Down 

syndrome in a genome-wide manner. Open and closed chromatin domains will be identi-

fied and characterized as described for HeLa cells in chapter 4.2.2, and the comparison of 

functional domains in healthy and trisomic cells will elucidate chromatin structure chang-

es on a global level. Lastly, patient samples will be used for future studies, as cell culture 

experiments are based on a pair of brothers, corresponding to one biological replicate 

only. In addition, differential gene expression in this model system could emerge at least 

in part from natural variation in individuals. Thus, it is important to perform the analyses 

on a population-level. 
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5 Ribosomal DNA as a Model Lo-
cus for Chromatin Dynamics 

5.1 Introduction 

5.1.1 Chromatin Looping 

On its lowest condensation level, chromatin is organized in a plain, one-dimensional 

‘beads-on-a-string’ model. Nucleosomal arrays form higher-order structures with differ-

ent levels of compaction, as reviewed in chapter 2.2. One particularly interesting chroma-

tin structure is chromatin looping, representing one possible mechanism of how long-

range interactions between regulatory elements, e.g. enhancers and promoters, are estab-

lished. In contrast to the ‘looping’ model, the ‘tracking’ or ‘scanning’ model proposes that 

protein complexes are assembled on distal enhancer elements and track along the inter-

vening DNA until they reach the promoter or scan their target site. A third hypothesis, 

called ‘linking’ model states that facilitator proteins between a regulatory region and a 

promoter are responsible for the interaction. Finally, the ‘facilitated tracking’ model com-

bines several of these hypotheses, proposing that pre-assembled protein complexes re-

main partially bound to the enhancer element while tracking along the DNA until the 

promoter is reached. Thereby, protein-protein interactions bridge the two functional re-

gions and the intervening DNA loops out (Blackwood, 1998; Hatzis and Talianidis, 2002; 

Li et al., 2006; Kadauke and Blobel, 2009).  

The hypothesis of distal genomic regions communicating via looping was originally 

based on studies on bacterial and phage repressor genes like AraC, Gal and λ repressor 

proteins, which function when multimerized and bound to separate operator sites (Irani et 

al., 1983; Dunn et al., 1984; Majumdar and Adhya, 1984; Griffith et al., 1986; Hahn et al., 

1986; Martin et al., 1986). Today, the best studied case of dynamic chromatin looping is 

the cis interaction between the β-globin locus control region (LCR) and the β-globin gene 

cluster (Kiefer et al., 2008; Noordermeer and de Laat, 2008; Kim and Dean, 2012). By 
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connecting upstream regulatory elements with the promoter, called an active chromatin 

hub, transcription was activated (see Figure 5.1.1). Several groups proved the phenome-

non of physical contacts between distal elements independently using different techniques 

like RNA TRAP (RNA tagging and recovery of associated proteins, Carter et al., 2002), 

Chromosome Confirmation Capture (3C) (Dekker et al., 2002; Tolhuis et al., 2002; Pal-

stra et al., 2003) and 3D FISH in combination with super-resolution imaging (Corput and 

Boer, 2012). However, it was shown that the introduction of a lac operator/repressor sys-

tem in between the LCR and the gene promoter interrupts enhancer function, arguing for 

the tracking model or a combination of looping and tracking (Ling et al., 2004). 

 

Figure 5.1.1: The active chromatin hub of the β-globin locus 

Blue boxes represent the β-globin genes; the red box indicates the locus control re-
gion (LCR) and green ovals mark DNase hypersensitive sites (modified after Wil-
liams et al., 2010). 

A: In fetal brain, no interactions of known elements are detected and the locus is 
not expressed.  

B: In mature erythroid cells, the locus is actively transcribed and forms chromatin 
loops that bring the LCR and distal hypersensitive sites into close spatial proximity 
with the globin genes to form an active chromatin hub. Intervening sequences are 
looped out. 

Looping in cis or trans was shown for a number of additional genomic loci in several 

organisms, and the changes in 3D chromatin structures were in all cases functionally 

linked to altered gene expression (reviewed in Li et al., 2006; de Wit and van Steensel, 

2009; Deng and Blobel, 2010). Despite the numerous examples studied, it still remains 

elusive how enhancer-promoter interactions activate gene expression. Possible modes of 

action include increasing the local concentration of factors recruiting RNA polymerase 

(RNAP), transferring RNAP or associated factors from an enhancer to a promoter region 
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or changing the nuclear localization of the promoter by targeting it to a transcriptionally 

more favorable domain (Krivega and Dean, 2012). 

Chromatin looping does not exclusively connect enhancer elements to promoters. Physi-

cal contacts were observed between promoters and insulators, among insulators (reviewed 

in Wallace and Felsenfeld, 2007) or between promoters and transcription termination sites 

(O’Sullivan et al., 2004; O’Reilly and Greaves, 2007; Perkins et al., 2008; Tan-Wong et 

al., 2008). Remarkably, 5’-3’ looping was in many of the studied cases shown to be dis-

pensable for transcription initiation (Singh and Hampsey, 2007), but stimulated expres-

sion by rapid re-activation of transcription (Martin et al., 2005; Lainé et al., 2009; Tan-

Wong et al., 2009). Promoter-terminator looping was proposed already in 1985 for yeast 

ribosomal DNA (rDNA) and termed the ‘ribomotor’ model, as depicted in Figure 5.1.2.  

 

Figure 5.1.2: The ribomotor model 
Looping of the yeast rDNA gene brings the transcription initiation (I) and termina-
tion (T) sites into close spatial proximity (adopted from Kempers-Veenstra et al., 
1986). 

Interestingly, the termination and transcript release elements in yeast are located within a 

previously characterized downstream enhancer element (Elion and Warner, 1984; McStay 

and Reeder, 1990). Nevertheless, the ribomotor model depicts looping of actively tran-

scribed ribosomal RNA (rRNA) genes, an effect which was observed in electron micro-

graphs of the silkworm and fly as well (Hamkalo, 1985). More recently, promoter-

terminator looping of the rRNA genes was shown for the mouse, rat and human system 

using 3C (Martin et al., 2005; Németh et al., 2008; Shiue et al., 2009; Denissov et al., 

2011). It was proposed that this conserved chromatin loop ensures efficient transfer of 
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elongating RNAPI from the terminator back to the transcription start site, without enter-

ing the free pool of polymerases. As a consequence, the local concentration of RNAPI 

molecules was increased at the promoter, enabling high re-initiation rates. Notably, an 

actively proliferating cell requires large amounts of rRNA for the biogenesis of ribo-

somes, representing most of the total cellular transcriptome. Hence, it seems very likely 

that promoter-terminator looping represents an evolutionary conserved mechanism to 

ensure high transcriptional efficiency. 

5.1.2 Ribosomal DNA 

In addition to forming chromatin loops, there are several other cellular pathways to en-

sure high transcription rates of rRNA genes. Most importantly, the rDNA is not a single 

copy locus. About 400 copies exist in a diploid mammalian genome (Haaf et al., 1991), 

spread out in clusters on the short arms of the acrocentric chromosomes (13, 14, 15, 21 

and 22 in human, as depicted in Figure 5.1.3).  

 

Figure 5.1.3: Localization of rRNA genes on human metaphase chromosomes 
2D FISH on metaphase chromosomes of human lymphocytes. DNA was stained 
with DAPI (blue), rDNA is visualized with probes complementary to 18 S and 28 S 
rDNA (green) (modified after Kühl et al., 2001). 

In mouse, the rDNA clusters are distributed on chromosomes 12, 15, 16, 18 and 19 (Mil-

ler et al., 1976). Each of these repeat units encodes for one 47S pre-rRNA molecule tran-

scribed by RNAPI and further processed into 5.8S, 18S and 28S rRNA (Figure 5.1.4). In 

conjunction with the 5S rRNA, which is transcribed by RNAPIII elsewhere in the ge-

nome (reviewed in Ciganda and Williams, 2011), and about 200 proteins, the processed 
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transcripts assemble into a ribosome. Within the clusters, rRNA genes are arranged in 

tandem arrays and separated by intergenic spacers (IGS) accounting for transcriptional 

regulation (Carmo-Fonseca et al., 2000). 

 
Figure 5.1.4: Scheme of the mouse rDNA transcription unit 
Green boxes indicate the regions generating rRNA, the yellow box marks the en-
hancer region. Arrows denote gene and spacer promoter and red lollipops depict 
Sal-box elements.  

Strikingly, both the terminator region downstream of the coding area and upstream ele-

ments close to the enhancer and promoter contain the ‘Sal-box’ motif (depicted as red 

lollipops in Figure 5.1.4). The core element of this 18 bp motif (11 bp in human) com-

prises the sequence GTCGAC, a restriction site recognized by the endonuclease SalI 

(Bartsch et al., 1987). The two upstream sites T0 and Tsp flank the enhancer region and are 

in close proximity, 170 bp and 93 bp, to gene and spacer promoter (Figure 5.1.4). This 

spacer promoter was shown to be a ‘collection site’ for RNAPI molecules and factors 

involved in transcription initiation (Längst et al., 1997b). Transfer of the pre-assembled 

protein complexes to the gene promoter could occur according to all models described in 

5.1.1, however the highly repetitive nature of the enhancer regions forms a binding plat-

form for UBF, (Pikaard et al., 1989) hence favoring the looping or facilitated tracking 

model. While T0 is essential for transcriptional activation in chromatin (Längst et al., 

1997b), Tsp further enhances transcription (Kuhn and Grummt, 1987). Ten additional Sal-

box elements (T1-T10) are located within the 3’ IGS of the mouse rDNA repeat unit, gen-

erating the terminator region (Figure 5.1.4). They are regularly spaced and evenly distrib-

uted over a total length of only 654 bp. T1-T10 are responsible for termination of RNAPI 

elongation and release of the rDNA transcript (Grummt et al., 1986a). The 5’ and 3’ IGS 

of mammalian rRNA genes were shown to interact with each other in vivo by chromatin 

looping (Németh et al., 2008; Shiue et al., 2009; Denissov et al., 2011), according to the 

previously described ribomotor model (Figure 5.1.2).  

RNAPI transcription initiation requires at least four basal factors: the upstream binding 

factor (UBF), the promoter selectivity factor (TIF-IB in mouse or SL1 in human), TIF-IA 
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and TIF-IC. UBF is an HMG-box protein binding to the minor groove of DNA not only at 

the rDNA promoter but throughout the gene (Jantzen et al., 1990; Bazett-Jones et al., 

1994; Sanij et al., 2008). It recruits RNAPI via interaction with the subunit PAF53 (Sei-

ther et al., 1997), competes for binding with other DNA-binding factors and stabilizes the 

association of the promoter selectivity factor. The latter one represents a protein complex 

comprising the TATA-binding protein (TBP) and three TBP-associated factors specific for 

RNAPI, TAFI48, TAFI68 and TAFI95/110 (Comai et al., 1992; Eberhard et al., 1993; Heix 

et al., 1997). TIF-IA is bound to initiation-competent RNAPI molecules and interacts with 

the promoter selectivity factor. Finally, TIF-IC is required for formation of the first inter-

nucleotide bonds as well as for RNAPI elongation (Schnapp et al., 1994). 

Remarkably, not all of the hundreds of rDNA copies are actively transcribed. This was 

observed firstly on ‘Miller spreads’, a method where chromatin is dispersed in a basic 

solution and visualized using electron microscopy (Miller, 1981). The typical ‘Christmas 

tree’ structure was detected only for actively transcribed rDNA copies (see Figure 5.1.5). 

Furthermore, this method shows dense loading with RNAPI molecules elongationg along 

the same rRNA gene synchronously, with about 50 polymerases per active gene in yeast 

(French and Osheim, 2003).  

 

Figure 5.1.5: Miller spread of active and inactive rDNA repeats 
Miller spreads of active and inactive rDNA repeats in Saccharomyces cerevisiae. 
Actively transcribed copies show the Christmas tree structure and are indicated by 
a black arrow. Grey arrows mark inactive copies, identified as non-transcribed re-
gions immediately up- or downstream of transcribed rRNA genes. Arrowheads 
point into the direction of transcription (modified after French and Osheim, 2003). 

In fact, rDNA transcription varies depending on e.g. cell type, development, differentia-

tion and growth state (Haaf et al., 1991; reviewed in Grummt, 2003). The regulation of 

rDNA expression is achieved by changing the number of active copies, but also by 

RNAPI loading to the gene (French and Osheim, 2003). Active and inactive repeats can 

be distinguished by their chromatin structure, as active copies are in an ‘open’ confor-
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mation which favors transcription and inactive ones in a densely packed, ‘closed’ state. 

While actively transcribed, open rDNA repeats are sensitive to psoralen cross-linking, 

inactive ones are not. Cross-linked rDNA repeats show a retarded migration pattern in 

agarose gels compared to non-cross-linked transcription units (Conconi et al., 1989). This 

method allows quantifying active and inactive rDNA copies in a cell population and re-

vealed that in an actively proliferating mouse cell, about half of the rRNA genes are ac-

tive (McStay and Grummt, 2008). In addition, the active and inactive state are enriched 

for distinct epigenetic marks like histone modifications and inactive rDNA repeats are 

methylated (reviewed in Grummt and Pikaard, 2003; Grummt, 2007; McStay and 

Grummt, 2008). As both states co-exist in the nucleus the investigation of rDNA chroma-

tin structure is difficult to interpret and discussed controversially. Accordingly, an in-

depth analysis of rRNA gene transcription, chromatin looping, epigenetic modifications 

and nuclear localization requires a system where one repeat can be studied individually. 

5.1.3 The Nucleolus 

The rDNA clusters described in 5.1.2 are also known as nucleolar organizer regions 

(NORs). It was recognized already in the 1930s in plants that active NORs gather togeth-

er in interphase nuclei, forming a membrane-less nuclear body called ‘nucleolus’ (Figure 

5.1.6) (Heitz, 1931; McClintock, 1934). 

 

Figure 5.1.6: The nucleolus is a sub-compartment of the nucleus 
Confocal microscopy image of a mammalian cell. The nucleus and the nucleolus 
are separated from the cytoplasm by the nuclear envelope (adopted from Hiscox, 
2007). 

Diploid human and mouse cells contain in total ten NORs, according to the ten rRNA 

gene clusters in diploid cells. In HeLa cells, each cell comprises two to three nucleoli 

corresponding to six active NORs (Hernandez-Verdun et al., 2010).  
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Functionally, the nucleolus is the site of rDNA transcription and pre-ribosome particle 

formation. It represents a highly refractive structure, which can be visualized without 

staining in bright-field microscopy. Hence, it was one of the earliest discovered nuclear 

compartments, described first in 1781 by Fontana (Miller, 1981). More recent studies 

used electron microscopy (EM) to reveal the tripartite fine structure of the nucleolus in 

higher eukaryotes, resembling the function of the organelle. The identified components 

were named fibrillar centre (FC), dense fibrillar component (DFC) and granular compo-

nent (GC) according to their appearance in electron micrographs (see Figure 5.1.7). 

 

Figure 5.1.7: Fine structure of the nucleolus 
Electron micrograph of the nucleolus in a Xenopus laevis germinal vesicle. FC = 
fibrillar center, DFC = dense fibrillar component, GC = granular component (modi-
fied after Gall et al., 2004). 

Transcription of rDNA occurs at the interface of FCs and DFCs while processing of pre-

rRNA takes place in DFCs and GCs. The non-transcribed parts of rDNA as well as 

RNAPI and additional factors needed for transcription are located in the FCs (Hernandez-

Verdun et al., 2010). Notably, some of the proteins associated with RNAPI transcriptions 

remain at the NORs throughout the cell cycle (Roussel et al., 1996). Therefore, NORs can 

be visualized on metaphase chromosomes using the Ag-NOR staining, a specific silver 

staining technique (Goodpasture and Bloom, 1975). 

Although being known as the cell’s ribosome factory, a number of genes (Németh et al., 

2010) and proteins were shown to be associated to the nucleolus, which are not related to 

ribosome biogenesis. In addition, life-cell imaging using fluorescence loss in photo-

bleaching (FLIP) and fluorescence recovery after photo-bleaching (FRAP) showed that 

the nucleolus is not a static structure but subject to permanent changes in protein compo-
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sition (reviewed in Hernandez-Verdun, 2006). In addition, FRAP analyses revealed rapid 

exchange of RNAPI subunits between nucleoplasm and the FCs (Dundr et al., 2002). 

5.1.4 Transcription Termination factor I (TTF-I) 

Several regulatory proteins were described as being involved in organizing rDNA chro-

matin structure. A key player is the Transcription Termination Factor for RNAP I (TTF-I), 

a nucleolar protein of 839 amino acids and a molecular weight of 130 kDa, which binds 

to the Sal-box motif described in 5.1.2 (Grummt et al., 1986b). According to its name, the 

protein was described first as crucial for termination of transcription and the release of the 

45S rRNA (Evers et al., 1995; Mason et al., 1997). In contrast to RNA polymerase II 

(RNAPII), the transcription termination mechanism of RNAPI is rather simple and well 

understood (for a review about transcription termination mechanisms see Richard and 

Manley, 2009). RNAPI recognizes TTF-I bound to the terminator and stops elongation. In 

a second step, the polymerase dissociates from the rDNA and releases the pre-rRNA tran-

script. The second step is mediated by a factor called PTRF (RNA polymerase I and tran-

script release factor) (Jansa et al., 1998). Interestingly, transcription terminates predomi-

nantly at T1 and, to a lesser extend, at T2 (Grummt et al., 1985). The presence of multiple 

TTF-I binding sites downstream of the rDNA repeats raises the question whether cluster-

ing of terminator elements is functionally relevant, although termination occurs mainly at 

T1. 

Furthermore, association of TTF-I at T0 is required for the activation of rDNA transcrip-

tion in a chromatin context (Längst et al., 1997a). Apart from transcription, TTF-I has 

been shown to be essential for replication as well. It acts as a replication fork barrier and 

contrahelicase (Gerber et al., 1997; Putter and Grummt, 2002) when bound to T2. Both 

functions in transcription and replication are polar and depend on the correct orientation 

of the TTF-I/Sal-box complex. 

Moreover, TTF-I is directly involved in organizing chromatin structure by interacting 

with remodeling machines. A yeast two-hybrid screen for TTF-I interaction partners iden-

tified the TTF-I interacting protein 5 (TIP5), which forms – together with Snf2h, a chro-

matin remodeler of the ISWI family – the nucleolar chromatin remodeling complex 

NoRC (Strohner et al., 2001). The TTF-I dependent recruitment of NoRC is sufficient to 
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establish a repressive chromatin environment and therefore silence the rRNA genes (San-

toro et al., 2002; Strohner et al., 2004). On the contrary, TTF-I can also serve as a target 

for remodeling complexes acting as co-activators of transcription, such as cockayne syn-

drome protein B (CSB) or interact with the nucleosome remodeling and deacetylation 

complex (NuRD) to establish poised rRNA genes (Lebedev et al., 2008; Xie et al., 2012). 

Taken together, TTF-I plays a major role in regulating the epigenetic state of rRNA genes. 

Molecular cloning and the analysis of deletion mutants, e.g. TTF-IΔN348 and TTF-

IΔN470, identified the structure-function relationship of the protein (Evers et al., 1995). 

As depicted in Figure 5.1.8, the N-terminus comprises the interaction site with TIP5 and 

CSB as well as a self-regulatory domain (NRD) which inhibits binding to DNA (Sander 

et al., 1996), similar to other transcription factors like TBP, p53 or NF-κB (Lieberman 

and Schmidt, 1991; Hupp et al., 1992; Grimm and Baeuerle, 1993). The C-terminus is 

responsible for DNA-binding (DBD), possibly via the two Myb-like SANT (‘SWI3, 

ADA2, N-CoR and TFIIIB’) domains (Aasland et al., 1996). Termination of RNAPI tran-

scription and transcriptional activation are located within the ‘trans-activating’ domain 

(TAD) in the central part of the protein (Németh et al., 2012). 

 

Figure 5.1.8: Domain organization of mouse TTF-I 
Schematic representation of the functional domains of TTF-I including the N-
terminal self-regulatory domain (NRD, light red), the trans-activation domain 
(TAD, light green) involved in termination and chromatin-dependent transcription-
al activation, and the C-terminal DNA-binding domain (DBD, light blue). Numbers 
indicate amino acid positions. Five repeats within the NRD are shown in dark red. 
Dark blue rectangles show the positions of two Myb-like SANT domains (modified 
after Németh et al., 2012). 

Domains for oligomerization of TTF-I have been shown to reside both in the N- and C-

terminus. However, these domains seem to be functionally different. Glycerol gradient 

sedimentation analysis revealed that full-length TTF-I forms oligomers, although the 

stoichiometry could not be determined. In contrast, the deletion mutant TTF-IΔN210 does 

not form oligomers. When testing the N-terminal residues 1-210 alone, oligomers were 
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formed as well. Hence, it was concluded at first that the oligomerization domain resides 

within the NRD (Sander et al., 1996). However, TTF-IΔN470 also lacks the NRD but is 

capable of forming oligomers in solution according to gel filtration assays. In contrast to 

TTF-IΔN210 and the full-length protein, it lacks the TAD and therefore fails to terminate 

transcription. Notably, TTF-IΔN470 is also not any more able to bridge two physically 

separate DNA strands, which seems to be another function located within the TAD. This 

was confirmed as TTF-IΔN348 is not impaired in any of its functions compared to the 

full-length protein and forms oligomers as well. In conclusion, both the C- and the N-

terminus contribute to protein oligomerization (Evers et al., 1995; Sander and Grummt, 

1997). 

The characteristics of forming oligomers and linking two DNA fragments in trans enable 

TTF-I bound to the upstream target site T0 and the downstream terminators T1-T10 to in-

teract and loop out of the pre-rRNA coding region (Németh et al., 2008; Denissov et al., 

2011). Formation of a chromatin loop facilitates re-initiation and increases transcription 

initiation rates at the rRNA gene as discussed above. Hence, TTF-I is an attractive candi-

date for being responsible of bridging the promoter-terminator chromatin loop. 

5.1.5 HTCs and Cooperative Binding 

Empirical studies revealed that regulatory regions, such as enhancers and promoters, 

comprise modular units of a few hundred base pairs that harbor multiple binding sites for 

the same transcription factor, similar to the rDNA termination region containing T1-T10. 

Such ‘homotypic clustering sites’ (HTCs) have been identified in about 2% of the human 

genome, being enriched at promoters and enhancers (Stanojevic et al., 1991; Arnone and 

Davidson, 1997; Berman et al., 2002; Halfon et al., 2002; Papatsenko et al., 2002). There-

fore this feature has been widely used for computational prediction, and in Drosophila, 

predicted HTCs are present in more than 70% of regulatory regions and have been sug-

gested to function as developmental enhancers (Vavouri and Elgar, 2005; Gotea et al., 

2010). Genome-wide binding analyses in yeast have demonstrated that the occupancy of 

transcription factors is higher at clustered binding sites compared to single ones (Rhee 

and Pugh, 2011). Studies in mammalian cells have shown that clustering of binding sites 

facilitate the cooperative binding of nuclear receptors to their target sites in vivo, suggest-
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ing that HCTs coordinate the recruitment of transcription initiation factors (Sauer et al., 

1995; Hertel et al., 1997). 

Clustering of transcription factors within enhancer elements can lead to additive or syner-

gistic (= greater than additive) effects on transcription. The additive model states that the 

concentration of the transcription factors is directly proportional to transcriptional output, 

as recently demonstrated for nuclear NF-κB (Giorgetti et al., 2010). In contrast, transcrip-

tional synergy describes the higher-than-additive effect of two or more activators enhanc-

ing gene activity more in concert than the sum of their individual activities would be. 

Transcriptional synergy is in vitro often consistent with cooperative binding of the factors 

to DNA (Giniger and Ptashne, 1988). However, synergy was observed in vivo in cases 

where the proteins did not bind cooperatively to DNA in vitro. Hence, different models 

were proposed for cooperative binding, stating that either protein-protein or protein-DNA 

interactions between factors bound to adjacent sites are limiting. Most of the models sug-

gest that high-level transcription requires multiple contacts of the activating protein with 

basal transcription factors, which can only be fulfilled when the activator is present sev-

eral times (Carey et al., 1990; Lin et al., 1990; Chi et al., 1995). Alternatively, cooperative 

binding could arise through indirect effects, e.g. by changing the accessibility of neigh-

boring binding sites in chromatin (Vashee et al., 1998). In summary, cooperative binding 

results in a nonlinear relationship between factor concentration and occupancy of their 

binding sites, which often leads to an ‘on/off’ switch-like effect of spatially and/or tempo-

rally regulated enhancers. Possible mechanisms of how modular enhancers function and 

how cooperative binding can be achieved in the cell have been reviewed recently by Spitz 

and Furlong, 2012. 
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5.2 Results 

5.2.1 Mouse TTF-I oligomerizes C- and N-terminally 

Gel filtration and glycerol gradient centrifugation revealed in previous studies that mouse 

TTF-I forms oligomers in solution. To confirm these results, state-of-the art methods in-

cluding blue native PAGE and dynamic light scattering were applied. In addition, the 

stoichiometry of the oligomers was investigated and compared between the full-length 

protein und specific deletion mutants. 

Full-length mouse TTF-I as well as the N-terminally truncated mutants TTF-I∆N470, 

TTF-I∆N348 and the N-terminal residues N1-210 were expressed recombinantly in E.coli 

and purified via a histidine-tag and Ni-affinity chromatography (Längst et al., 1997a). 

The elution fractions were pooled and both quantity and quality of the proteins were de-

termined on an SDS-Page (Figure 5.2.1). 

 

Figure 5.2.1: Quantitative and qualitative analysis of recombinant TTF-I proteins 

7.5% SDS-PAGE, Coomassie stained. A BSA dilution series was used to determine 
approximate protein concentrations. Of each pooled TTF-I sample, 4 µl were applied 
per lane. Lane 1: Prestained molecular weight marker; numbers on the left indicate the 
molecular weight in kDa. Lanes 2 – 5: BSA dilution series of 125 – 1000 ng / lane. 
Lane 6: empty. Lane 7-10: Full-length TTF-I, TTF-I∆N348, TTF-I∆N470, TTF-
IN210. All recombinant proteins were His-tagged. 
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The full-length protein comprises 4160 bp or 869 aa and runs at a height of 130 kDa. 

Apparently, purified TTF-I was contaminated with bacterial proteins or partially degraded 

by proteases. In fact, the full-length protein is relatively difficult to express and exhibits 

low DNA binding affinities (see 5.1.4). Considering the 130 kDa band corresponding to 

the full-length protein, a concentration of about 60 ng/µl was estimated. In contrast, the 

deletion mutants TTF-I∆N470 (399 aa, runs at 45 kDa) and TTF-I∆N348 (511 aa, runs at 

70 kDa) as well as the N-terminal TTF-IN210 (210 aa, runs at 50 kDa) are of high purity. 

Concentrations of TTF-I∆N470 and N210 were approximated to be about 60 ng/µl, 

whereas TTF-I∆N348 had a higher concentration of about 100 ng/µl. The three deletion 

mutants were additionally assayed using the Bradford analysis, which confirmed the es-

timation on gel.  

Oligomerization tests were performed for all four proteins. Prior to the experiments, the 

protein solutions were centrifuged for 30 min at 13.000 g and 4 °C and the supernatant 

was carefully transferred to a new tube to remove possible protein aggregates. In blue 

native PAGE analysis, two high molecular weight bands of about 220 – 240 kDa and 500 

kDa are visible for both the full-length protein and TTF-I∆N348 (Figure 5.2.2 A). In con-

trast, for TTF-I∆N470 and TTF-IN210 only one higher molecular weight band appeared 

at 500 and 480 kDa, respectively. Although it is hard to determine whether these bands 

correspond to dimer and tetramer formation, all four proteins clearly show the tendency 

to oligomerize. A second replicate of the blue native PAGE confirmed the results. Western 

Blot analysis of the gel was performed using a 1:2000 dilution of α-TTF-I and confirmed 

that all bands originate from TTF-I oligomers. 

Dynamic light scattering experiments were carried out only for the truncated TTF-I pro-

teins, as the full-length protein was not pure enough. Figure 5.2.2 B shows the overlay of 

the three measurements; intensity (%) was plotted against the hydrodynamic radius in nm. 

Notably, all three purified proteins showed a strong tendency to oligomerize. TTF-

I∆N348 (red), the preparation of highest concentration and purity, clearly shows two 

peaks, one at about 15 r.nm and a second one at 200 r.nm. These peaks correspond to two 

TTF-I populations, a monomer and an oligomer population. However, this assay cannot 

quantify monomer:oligomer ratios nor indicate the stoichiometry of the oligomer, since 

the hydrodynamic radius of TTF-I oligomers is not known. Similar profiles were detected 

for TTF-I∆N470 (green) and TTF-IN210 (blue). The additional peaks at very low and 
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very high r.nm values arise from contamination with dust particles and remaining protein 

aggregates, respectively. 

 

Figure 5.2.2: Recombinant TTF-I proteins oligomerize C- and N-terminally 

A: 4-16% Blue native PAGE, stained during the run with Dark Blue Cathode Buffer. 
Of each TTF-I protein fraction, 15 µl (corresponding to 225 – 375 ng) were applied 
per lane. Lane 1: Molecular weight marker; numbers on the left indicate the molecular 
weight in kDa. Lanes 2 – 5: TTF-I protein dilutions as labeled above.  

B: Graph illustrates the hydrodynamical radius size distribution by intensity (%) in the 
range of 0.1 – 10,000 nm. The red line denotes TTF-I∆N348, green illustrates TTF-
I∆N470 and blue marks TTF-IN210. 

Both blue native PAGE and dynamic light scattering experiments indicate that TTF-I and 

its truncated mutants oligomerize. Therefore, data of earlier studies were clearly con-

firmed demonstrating that N-terminal residues as well as N-terminally truncated proteins 
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form oligomers with similar affinity. Strikingly, the native gel electrophoresis showed 

clear bands corresponding to distinct oligomers, most likely dimers and tetramers of TTF-

I. It seems that most of the protein is incorporated into oligomers, in contrast to a relative-

ly small remaining fraction of monomers.  

5.2.2 Establishing an rDNA single copy model system 

Binding sites for TTF-I exist either as single sites (Tsp, T0) or clustered (T1 – T10) in the 

mouse genome. Therefore, rRNA minigenes were constructed to study the differences in 

factor occupancy on single motifs compared to clustered TTF-I binding sites. The minig-

enes contain mouse rDNA enhancer and promoter sequences from position -1932 to 

+181, an internal ribosome entry site (IRES), the Firefly luciferase gene as a reporter and 

mouse rDNA terminator regions from position +13169 up to +15278 (for T10 constructs) 

in a pGL3-Basic vector (see Figure 5.2.3). In addition, an unspecific insert (BAZ2A 

cDNA in reverse orientation) was introduced to extend the distance between promoter 

and terminator region, mimicking the endogenous rDNA repeat. All vectors are listed in 

Table 6.1.11 and were in part described previously (Németh et al., 2008).  

 

Figure 5.2.3: Scheme of rRNA minigenes 

Scheme of a reporter plasmid containing the rDNA promoter, Firefly luciferase and ten 
(pT10) termination sites. The functional elements and the distances of functional ele-
ments are depicted. 

The mouse rRNA minigenes were transfected into CHO cells, which serve as an ideal 

host for the rodent gene. The 45S rDNA coding regions differ significantly in mouse and 

hamster; therefore the transfected plasmid can be easily distinguished from endogenous 

rDNA. However, hamster TTF-I, RNAPI and additionally required transcription factors 

are conserved well and are capable of expressing the mouse constructs (Hurt et al., 1989; 

Németh et al., 2008). 

7.9 kb 0.7 kb

Promoter

internal ribosome entry site (IRES)

Firefly luciferase

non-specific insert

TTF-I binding site 



 

 

	  

5.2 RESULTS 

	  

	   	  

- 107 -  

In addition, G-7 plasmids were created. Previous studies showed that a single point muta-

tion of G à A at the -7 position in relation to the transcription start site of rRNA genes 

results in the complete loss of transcriptional activity in vitro (Clos et al., 1986). To inves-

tigate whether this is due to impaired promoter-terminator interactions, reporter con-

structs were generated from SD7 and SD9 plasmids. Introduction of the mutation at -7 

resulted in SD10 and SD11. These constructs contain either no downstream termination 

site (SD10) or ten sites in reverse orientation (SD11). A third construct carrying the -7 

mutation and ten termination sites in the correct orientation could not be cloned success-

fully. 

Plasmids for genomic integration (see chapter 5.2.7) contain in addition the enhanc-

er/promoter regions from position -2148 to +181, which resembles the Psp and Tsp ele-

ments, cloned into a pcDNA5-FRT vector. 

5.2.3 Clustering of rDNA termination sites is evolutionary 

conserved  

The binding of TTF-I to its termination sites was assayed both in vitro and in vivo (see 

chapter 5.2.4 and 5.2.5). For all binding studies, the TTF-I∆N348 truncation mutant was 

used, because it does not include the self-regulatory domain at the N-terminus but con-

tains all functional domains and can be expressed in large amounts. TTF-I∆N470 was 

tested as well but showed drastically reduced DNA-binding affinity. To examine whether 

clustering of terminators is a conserved feature of rRNA genes, in silico analyses of 

rDNA in various eukaryotes was performed. Strikingly, clustered rDNA transcription 

terminators are conserved in many organisms, even in protozoa, suggesting that the mul-

timerization of RNAPI termination sites serves an important function in rDNA transcrip-

tion (depicted in Figure 5.2.4 A). Those clustered sites are not necessarily Sal-box termi-

nators but can be of different sequence composition as in Xenopus. 
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Figure 5.2.4: rRNA gene terminators are conserved in evolution 

A: Distribution of rRNA gene termination sites of five selected species. The relative 
distance to the end of the coding region and the distances between the individual bind-
ing sites are given in bp. Red lollipops mark Sal-box motifs, blue lollipops indicate 
other species-specific transcription termination sites. 

B: Sequence comparison of the consensus motif of the ten or eleven TTF-I binding 
sites in mouse and human. Alignments were generated using the Geneious software. 
C: Sequence comparison of the murine TTF-I binding sites T0 and the termination 
sites T1 to T10 is depicted. Alignments were generated as in (B). 
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Most conserved, however, are the Sal-box elements in mammals. Figure 5.2.4. B com-

pares the consensus sequence of mouse and human termination sites, which are evolu-

tionary quite conserved in both sequence and the regularity of spacing. The in silico anal-

ysis revealed that the human rDNA terminator comprises eleven TTF-I binding sites (T1-

T11), spread out in three mostly repetitive and very well organized clusters of 3 – 4 termi-

nation sites. However, these clusters are separated by several hundred basepairs each. In 

contrast, the mouse rDNA terminator contains ten termination sites (T1-T10), which are 

evenly spaced but in a total length of only 654 bp. The mouse TTF-I binding sites share 

almost perfect sequence identity within the core motif GGTCGACCAG (underlined is the 

restriction site for SalI), while the surrounding nucleotides vary slightly (Figure 5.2.4 C).  

5.2.4 TTF-I binds with similar affinity to all Termination 

sites in vitro 

To test if all binding sites show similar affinities to TTF-I despite of the variable sequence 

around the core motif, electromobility shift assays (EMSAs) and microscale thermo-

phoresis assays were applied to compare and quantify TTF-I binding in vitro. As T0, T1, 

T2 and T9 show the most striking differences regarding nucleotide composition, these 

sequences were tested as 30-mers. As a negative control, the En3 oligo was used, a 30-

mer originating from the enhancer region of mouse rDNA gene lacking a TTF-I binding 

site. EMSA gels for all tested oligos are shown in Figure 5.2.5. 
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Figure 5.2.5: Comparison of TTF-I binding to different termination sites 

Electromobility shift assays resolved on 5% native polyacrylamide gels. 50 nM of la-
beled, double-stranded oligos were incubated with 6, 12, 25, 50, 100, 200, 400, 800, 
1500 and 3000 nM of TTF-I∆N348. The (-) lane indicates a negative control reaction, 
incubated with buffer instead of protein. Arrows mark the protein-DNA complex. 

A: T0 starts to form a DNA-protein complex at 400 nM of TTF-I∆N348. 

B: T1 starts to form a DNA-protein complex at 12 nM of TTF-I∆N348. 
C: T2 starts to form a DNA-protein complex at 50 nM of TTF-I∆N348. 

D: T9 starts to form a DNA-protein complex at 1500 nM of TTF-I∆N348. 
E: En3 does not form a DNA-protein complex with TTF-I∆N348. 
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In parallel to the EMSA experiments, microscale thermophoresis (MST) was used to de-

termine the binding coefficient of TTF-I. Comparative analysis of T1, T2 and the unspecif-

ic control En3 is shown in Figure 5.2.6. The KD values of the five oligos are summarized 

in Table 5.2.1. 

 
Figure 5.2.6: Quantification of TTF-I binding 

Microscale thermophoresis. Each data point indicates the mean of at least two inde-
pendent assays and error bars denote standard deviations. 50 nM of fluorescently la-
beled, double-stranded oligos were incubated with 6, 12, 25, 50, 100, 200, 400, 800, 
1500 and 3000 nM of TTF-I∆N348. Values were normalized to fraction bound. 

 

The curve-fit worked very well according to the evaluated R2 and χ2 values (see Table 

5.2.1). In general, TTF-I binds its target sites with relatively low affinities. By titrating a 

wide range of TTF-I:DNA ratios, the binding constant of TTF-I to free Sal-box DNA was 

determined to be about 0.5 – 0.9 µM, which is one magnitude lower than the KD of other 

well-characterized transcription factors (Coleman et al., 1995; Maerkl and Quake, 2007; 

Baaske et al., 2010). No binding was observed for TTF-I to En3. 
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Oligo KD R χ2 

T0 746.03 nM +/- 46.72 0.99 0.000967 

T1 836.96 nM +/- 311.78 0.99 0.001829 

T2 496.91 nM +/- 118.55 0.99 0.008898 

T9 544.15 nM+/- 157.12 0.96 0.016544 

En3 4,7094 mM +/- 1,0931.1011 0.97 0.000034 

Table 5.2.1: KD values of TTF-I binding 

Comparison of KD values determined by MST experiments. Mean thermophoresis 
values of at least two independent experiments were plotted using the Hill equation 
in KaleidaGraph. ‘R’ denotes Pearson’s R correlation, which indicates the magni-
tude and direction of the association between two variables. A value of 1.0 or -1.0 
equals a perfect linear correlation, whereas a value of 0 indicates no association. 
The χ2 value represents the sum of the squared error between the original data and 
the calculated fit. In general, the lower the χ2 value the better the fit. 

When comparing EMSA and MST results, the binding of TTF-I to Sal-box oligos is in 

good agreement for some but not all oligos. Surprisingly, the motifs which showed most 

similar binding behavior in EMSAs, T1 and T2, exhibit the most divergent KD values. This 

could be due to the ‘caging effect’ of the gel matrix, which traps protein-DNA complexes 

and stabilize interactions that are not necessarily stable in solution. Measuring binding 

affinities in solution might be the preferably hence more physiological method. Alterna-

tively, curve fits might be not optimal because saturation was not reached in MST exper-

iments. Future MST assays should be carried out with higher concentrations of TTF-I. 

In summary, TTF-I binds all its binding sites with similar affinities when assayed inde-

pendently. However, binding affinities are relatively low when testing naked DNA, and 

differ between single sites and clusters in the genome. Both questions were addressed 

previously by Prof. Dr. Gernot Längst and are part of a submitted manuscript (see chapter 

8.2.1 and summarized in 5.2.5). 
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5.2.5 Clustered termination sites facilitate cooperative 

binding of TTF-I to chromatin 

To compare the binding of TTF-I to naked DNA and chromatinized templates, EMSAs 

and DNase footprinting experiments were performed. EMSAs with oligos containing 

more than one TTF-I binding sites yielded heterogeneous nucleoprotein complexes, rein-

forcing that each binding site was recognized with similar affinity. No cooperative bind-

ing can be observed on naked DNA, but the binding affinity of TTF-I increases for clus-

tered Sal-box elements in a chromatin-specific manner.  

Significantly, TTF-I occupied the downstream terminators prior to the promoter-proximal 

site indicating a specific role of chromatin in the temporal order of binding site selection. 

Apparently, the clustered arrangement of binding sites increases the affinity of TTF-I, 

promoting the association of TTF-I with the downstream terminators T1-10 prior to the 

upstream terminator T0. This process appears to be essential for TTF-I dependent tran-

scription activation and termination. 

In vitro transcription assays on circular rDNA minigenes yields long read-through tran-

scripts in the absence of TTF-I but the addition of recombinant TTF-I leads to the synthe-

sis of terminated transcripts in a TTF-I concentration dependent manner. Surprisingly, on 

chromatinized templates transcription is completely abolished in the absence of TTF-I. 

The addition of TTF-I relieves transcriptional repression, yielding a single RNA of de-

fined length. This indicates that on chromatin templates either TTF-I binds preferentially 

to T1 or the overall binding affinity of TTF-I to all terminators is increased. 

5.2.6 Multiple termination sites enhance transcription  

As the clustering of TTF-I binding sites was found to be crucial for high-affinity binding 

of the protein in a chromatin context and binding order, it was further investigated if gene 

expression is affected as well. To study the functional relevance of clustered sites in vivo, 

CHO cells were transfected with rDNA minigenes, followed by a dual-luciferase reporter 

gene assays. 

As depicted in Figure 5.2.7 A, the presence of one or two terminators (pT1 and pT2) en-

hanced transcription of the luciferase reporter approximately 8 - to 12-fold compared to 
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the terminator-deficient minigene. However, the presence of ten termination sites (pT10) 

decreased luciferase activity. This result was unexpected at first, but presumably due to 

squelching of endogenous TTF-I by transfecting high amounts of TTF-I binding sites. In 

support of this view, transient overexpression of GFP-tagged TTF-IΔN348 (SD14) re-

vealed a linear correlation between the number of terminators and reporter gene activity 

(Figure 5.2.7 B).  

 

Figure 5.2.7: Clustered termination sites enhance transcription in vivo 

A: rDNA minigenes containing either no (pTΔ), one (pT1), two (pT2), ten (pT10) 
termination sites and T1 and T1-10 in reverse orientation (pT1r and pT10r) were co-
transfected with a Renilla luciferase encoding plasmid (SD1) into CHO cells. As a 
control, pBluescript was co-transfected with SD1. Bars denote the mean ratio of 
Firefly/Renilla relative light units (RLU) of three independent experiments, error 
bars indicate standard deviations. The functional elements and the sizes of the re-
porter plasmids are depicted.  
B, C: Firefly and Renilla luciferase reporter plasmids were co-transfected with 
GFP-TTFΔN348 expression vector (B) or GFP-TTFΔN470 expression vector (C) 
and analysed as described in A. 
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Co-transfection of SD15, which encodes TTF-IΔN470 did not activate transcription, sug-

gesting that chromatin-specific activities of TTF-I are required for efficient transcriptional 

activation (Figure 5.2.7 C). RLU values are lower in the co-transfected Figures 5.2.7 B 

and C because the total amount of DNA transfected was 1.5 µg. As TTF-I constructs were 

co-transfected in a ratio of 15:1, those cells received only 100 ng of reporter plasmid, 

whereas cells in Figure 5.2.7 A were transfected with 1.0 µg of rRNA minigenes (no co-

tranfection). Notably, there was no detectable luciferase expression higher than back-

ground levels when using reporters with TTF-I binding site(s) in the reverse orientation 

(pT1R, pT10R), indicating the importance of the topological arrangement for efficient 

RNAPI transcription. Protein overexpression after transient transfection of SD14 or SD15 

was monitored by Western Blot analysis (Figure 5.2.8). All transfected proteins were sig-

nificantly overexpressed compared to the endogenous TTF-I. 

 
Figure 5.2.8: Overexpression of TTF-IΔN348 and TTFΔN470 in CHO cells 

Western Blot analysis of CHO cells co-transfected with GFP-TTFΔN348 expres-
sion vector (lane 3) or GFP-TTFΔN470 (lane 4). As control, cells were co-
tranfected with an EGFP-encoding plasmid (lane 2). Lane 5 shows non-transfected 
cells. Lane 1 indicates the molecular weight marker. Arrowheads mark the overex-
pressed proteins or endogenous TTF-I. 

Furthermore, the position -7 promoter mutants (described in 5.2.2) were tested in reporter 

gene assays (Figure 5.2.9). Both constructs were expected to be transcriptionally silent. 

Surprisingly, the results clearly show that the mutation of G à A at the -7 position of pTΔ 

leads to an approximately 2-fold up-regulation of gene expression. Strikingly, the tran-

scriptionally silent pT10R is in its mutated version almost as active as pTΔ. The point mu-

tation within the promoter releases transcriptional repression caused by the inverted ori-
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entation of the binding site cluster. The obtained results confirm the previously observed 

differences of naked DNA compared to chromatinzed templates. It was shown that posi-

tion -7 promoter mutants with correctly oriented terminator suppress transcription (Clos 

et al., 1986). The same effect is observed for terminator-less constructs. This indicates 

that the polarity of the terminator is crucial for transcription. The data shown in Figure 

5.2.9 is not directly comparable to the results in Figure 5.2.7, since the plasmids used here 

lack the upstream enhancer element. 

 

Figure 5.2.9: rRNA minigene -7 promoter mutants are transcriptionally active 

Dual luciferase reporter gene assays. 100 ng of rDNA minigenes pTΔ, pT10r or the re-
spective -7 mutants were co-transfected with 10 ng of SD1 into CHO cells. As a con-
trol, pBluescript was co-transfected with SD1. Bars denote the mean ratio of Fire-
fly/Renilla relative light units (RLU) of technical triplicates; error bars indicate 
standard deviations. 

5.2.7 Construction and characterization of stable cell lines 

containing a single rDNA copy 

In vitro experiments and transient transfections revealed that clustered TTF-I binding sites 

enhance transcription of rDNA minigenes. However, a more physiological system is re-

quired to assess whether the number of terminators affects gene activity and/or the spatial 

organization of rDNA in a genomic context. Clustered termination sites could stimulate 

transcription by either i) recruiting the rRNA genes to the nucleolus, ii) forming a loop 

with the promoter or iii) presenting a structural feature, which can act e.g. as binding 

platform for specific transcription factors. Therefore, stable cell lines were generated 

using the Flp-In system that harbor ectopic rDNA minigenes containing T0 (CHO-pT0), 

T1 (CHO-pT1) or all ten terminators (CHO-pT10). The integration of one mouse rDNA 
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copy into the hamster genome is an elegant way to study this multi-copy locus like a sin-

gle-copy gene. For the first time, a tool was generated which can be used to study one 

actively transcribed rDNA gene individually instead of the mixture of hundreds of active 

and inactive copies present in the genome. These cell lines can be used to determine in-

tragenic promoter-terminator looping, to study the effect of one versus multiple termina-

tion sites in a genomic context and to investigate the nuclear localization. 

2D FISH experiments using probes complementary to the Firefly luciferase gene on met-

aphase spreads (Figure 5.2.10 A) confirmed that the rRNA minigenes were integrated 

only once per haploid genome in all cell lines. Arrows indicate the two green dots corre-

sponding to the two gene copies in a diploid genome. In addition, genomic DNA was 

isolated from the cells and qPCR with primers targeting the luciferase gene was carried 

out in comparison to two single-copy genes, β-actin and polyadenylate-binding nuclear 

protein 1 (Pabnp1), which was found to be a stably expressed housekeeping gene (Bahr et 

al., 2009) (Figure 5.2.10 B). As subsequent experiments were performed mainly on pT1 

and pT10, pT0 was not assayed by qPCR. The results proof that the rRNA minigene is 

present as often as the control genes in the genome and thereby confirm the 2D FISH 

experiments. 

To test whether the different rDNA gene copy sequences affect the localization, the nu-

clear signal was checked in 3D immuno-FISH experiments. These revealed that 33 of 104 

alleles were associated with nucleoli in CHO-pT1, 50 of 160 alleles in CHO-pT10 and 36 

of 103 alleles in CHO-pT0 cells (Figure 5.2.11). Hence, about 30% of the alleles are as-

sociated with nucleoli in all cell lines. This finding implicates that the number of termina-

tion sites does not influence the general nuclear localization and the binding site cluster 

does not target rDNA repeats to the nucleolus. Furthermore, the three new cell lines are 

comparable and could be used for more detailed analyses of transcription factor occupan-

cy and gene expression.  
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Figure 5.2.10: Stable integration of single rDNA copies in CHO cells 

Stable single integrants of CHO Flp-In cell lines CHO-pT0, CHO-pT1 and CHO-
pT10. In all experiments, non-transfected CHO Flp-In cell lines were used as controls. 
A: 2D FISH detection of genomically inserted mouse rRNA minigenes on CHO Flp-In 
metaphase spreads. Chromosomes were stained with DAPI and are illustrated in red. 
Hybridization signals of reporter probes are shown in green. Arrows indicate the ge-
nomic insertion site. 

B: Copy number determination of the integrated rDNA reporter plasmids. qPCR was 
performed on genomic DNA and comparative quantitation was performed between the 
luciferase gene and two single-copy housekeeping genes, β-actin and Pabpn1. Bars 
represent the mean of at two independent experiments and error bars denote standard 
deviations. 
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Figure 5.2.11: Multiple terminators do not influence nuclear localization  

3D immuno-FISH analysis of CHO-pT0, CHO-pT1 and CHO-pT10 in interphase nu-
clei. Nuclear DNA was stained with DAPI (shown in blue in the middle merged pan-
el), nucleoli with an α-B23 antibody and indirect immunofluorescence (left panel, and 
shown in red in the middle merged panel), and the rRNA minigenes were visualized 
by FISH (right panel, and shown in green in the middle merged panel). Bars depict the 
percentage of integrated minigenes, which are associated to the nucleolus; n denotes 
the absolute number of assayed alleles. Bar: 5 µm. 

Moreover, it was assayed whether the rRNA minigenes integrated into an actively tran-

scribed genomic region. Therefore, RNA FISH experiments were performed using a 

probe targeting the luciferase transcript (Figure 5.2.12 A shows CHO-pT10 exemplarily.). 

Notably, a high amount of transcript was detected, indicating that the genomic integration 

site is located within a highly active region.  

Previous transient transfections revealed drastic differences in expression levels depend-

ing on the number of termination sites (Figure 5.2.7). To address the question if similar 

effects can be obtained in a genomic context, RNA was extracted from the stable cell 

lines followed by cDNA synthesis and qPCR (Figure 5.2.12 B). Co-transfection of addi-

tional TTF-I was not necessary, as only one additional copy of rDNA is present in every 

cell. Strikingly, the level of endogenous pre-rRNA is increased about 2-fold in CHO-

pT10 compared to CHO-pT1 cells. However, expression levels of CHO-pT0 are compa-

rable to CHO-pT10. This observation was unexpected at first, but can possibly be ex-

plained as pT0 lacks a termination site and thereby generates transcripts of undefined 

length. To further elucidate this finding, luciferase reporter assays were carried out to 

detect differences on the protein level (Figure 5.2.12 C). Indeed, the trend of CHO-pT10 

producing more luciferase proteins compared to CHO-pT1 was confirmed, although the 

results were not as clear as on the transcript level. In well agreement with the transient 
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transfections (Figure 5.2.7), a linear correlation of luciferase activity and the number of 

TTF-I binding sites at the rDNA terminator was found.  

 

Figure 5.2.12: Expression of genomically integrated rRNA minigenes 

Stable single integrants of CHO Flp-In cell lines CHO-pT0, CHO-pT1 and CHO-
pT10. In all experiments, non-transfected CHO Flp-In cell lines were used as controls. 
A: RNA immuno-FISH. Exemplarily, CHO-pT10 cells were stained with DAPI (in 
blue in the middle panel), with α-B23 antibody staining the nucleoli (left panel; shown 
in red in the middle panel), and integrated reporter gene transcripts were visualized by 
FISH (right panel; shown in green in the middle panel). Bar: 5 µm. 

B: Transcription levels of CHO-pT0, CHO-pT1 and CHO-pT10 constructs were as-
sayed using qPCR. Comparative quantitation was performed and RNA levels of the 
Firefly luciferase were normalized to β-actin expression. Three independent stable 
transfections were assayed in duplicates. Relative transcript are given in relation to 
non-transfected CHO Flp-In cells (ctrl), error bars denote standard deviations. 

C: Luciferase reporter gene assay. As no Renilla luciferase was transfected, only Fire-
fly luciferase activity was assayed and absolute light units of three independent stable 
transfections were recorded in duplicates. Bars indicate the mean light units and error 
bars mark standard deviations. 

On protein level, also CHO-pT0 fits the picture, producing less detectable luciferase ac-

tivity than CHO-pT1. This might be due to impaired RNA stability and translation effi-

ciency, depending on the existence and number of termination sites. Improperly terminat-

ed transcripts originating from CHO-pT0 could e.g. be degraded slower or transcription 

might abort, while the region assayed by PCR remains stable. On the other hand, the tail 
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of clustered Sal-box element in CHO-pT10 is known to form relatively stable secondary 

structures in vitro. Northern Blot analysis is required to investigate CHO-pT0 transcrip-

tion in detail. 

Taken together, the characterization of the stable cell lines reinforces the impact of clus-

tered termination sites in rDNA transcription, without affecting nuclear localization.  

5.2.8 HTC is required for efficient loading of RNAPI factors 

To decipher the molecular mechanism underlying HTC-driven transcription, transcription 

factor occupancy at rDNA minigenes harboring one (stably integrated as CHO-pT1 and in 

transient transfections pT1) or ten terminators (CHO-pT10 and pT1) were compared. 

Therefore, chromatin immuno-precipitation (ChIP) assays were performed, followed by 

qPCR analysis. Figure 5.2.13 A indicates qPCR probes along the rRNA minigenes. For 

amplifying the terminator region, two different primer sets had to be used for minigenes 

harboring one (T1) or ten (T10) termination sites. Enrichment of RNAPI was assayed us-

ing antibodies targeting either PAF53 or RPA194 antibodies, two subunits of the RNAPI 

holoenzym, which yielded comparable results. As shown in Figures 5.2.13 B and C, oc-

cupancy of RNAPI and UBF is increased at the promoter, the pre-rRNA coding region 

and the terminators of pT10 compared to pT1 in both stable cell lines and transient trans-

fections. Both factors show highest enrichments within the coding region. RNAPI occu-

pancy downstream of the terminator region was reduced in CHO-pT10 cells, consistent 

with clustered TTF-I binding sites promoting efficient termination. Interestingly, RNAPI 

and UBF are also detectable at the terminator region of T10, but not at T1. One possible 

explanation might be the different efficiencies of the two primer pairs used, but the com-

parative quantitaion method used here should account for this kind of technical issues. In 

fact, the increased occupancy of RNAPI and UBF hints to indirect association with the 

terminator, possibly brought by through chromatin looping between promoter and termi-

nator according to the ribomoter model. In case of physical interactions of the two re-

gions, all proteins bound to the promoter will be cross-linked to both promoter and termi-

nator regions, although to a lesser extend at the terminator. In order to further elucidate 

this looping mechanism, Loop-ChIP assays were performed. 
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Figure 5.2.13 Clustered TTF-I binding sites cause efficient loading of RNAPI and 
UBF 

A: Scheme of the genomically integrated rDNA minigenes CHO-pT1 and CHO-pT10 
and the locations of the PCR amplicons.  

B: ChIP assays on stable cell lines using the indicated antibodies. Occupancies were 
measured by qPCR, calculated as percentage of input chromatin and background sig-
nals as determined from control IPs with unspecific antibodies (α-IgG) were subtract-
ed. Three independent biological replicates were performed. Error bars indicate the 
standard error of the mean. 

C: ChIP assays on transiently transfected rRNA minigenes using the indicated anti-
bodies. Analysis was carried out as described in (B). 

5.2.9 TTF-I bound to clustered termination sites facilitate 

promoter-terminator chromatin looping 

Active rRNA genes are known to form chromatin loops, connecting the promoter with the 

terminator to promote recycling of RNAPI (see chapter 5.1.2). To examine whether mul-

tiple terminators facilitate loop formation, the occupancy of TBP at CHO-pT1 and CHO-

pT10 was determined by ChIP (Fig. 5.2.14 A). Binding of TBP to sequences other than 

the rDNA promoter indicates their close spatial proximity, similar to a ChIP-3C approach 

(Ling, 2006). As expected, TBP was found to be associated with the promoter of CHO-

pT1 and CHO-pT10, no binding being observed in the transcribed region. Strikingly, TBP 
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was also enriched at the terminator of CHO-pT10 but not CHO-pT1 cells, suggesting that 

clustered TTF-I binding sites are required for terminator-promoter interactions. Con-

sistent with multiple terminators facilitating initiation of transcription, TBP and RNAPI 

occupancy was about 2-fold in higher in CHO-pT10 compared to CHO-pT1 (Fig. 5.2.13 

and Fig. 5.2.14 A, B). To exclude the possibility that clustered TTF-I binding sites on 

their own recruit TBP to the 3’-end of rRNA genes, we examined TBP occupancy on a 

reporter plasmid in which the ten terminators were fused to a RNAPII promoter. The con-

struct was tested for activity in reporter gene assays and was found to be highly active.  

 

Figure 5.2.14 Clustered TTF-I binding sites facilitate chromatin looping 

A: Loop-ChIP assays on stable cell lines. Occupancies were measured by qPCR, cal-
culated as percentage of input chromatin and background signals as determined from 
control IPs with unspecific antibodies (α-IgG) were subtracted. Three independent bi-
ological replicates were performed. Error bars indicate the standard error of the mean. 

B: Loop-ChIP assays on transiently transfected rRNA minigenes. Analysis was carried 
out as described in (A). 
C: Loop-ChIP experiment using an rRNA minigene in which the RNAPI spacer pro-
moter, core promoter and enhancer regions of a pT10 reporter construct were replaced 
by an RNAPII promoter containing a canonical TBP binding site. The experiment was 
performed as described in (A). 
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TBP was enriched at the RNAPII promoter but close to background at the terminators 

(Fig. 5.2.14 C), emphasizing the importance of TTF-I binding sites at both the promoter 

and the terminators in chromatin loop formation. With regard to human and rat rRNA 

genes, previous studies suggested a role for TBP and c-Myc in loop formation at active 

rRNA genes (Shiue et al., 2009; Denissov et al., 2011). Therefore, genome-wide ChIP-

Seq data was evaluated regarding the enrichment of these factors on rDNA. The analysis 

did not reveal significant enrichment of c-Myc and TBP at the terminator (Fig. 5.2.15 B). 

Moreover, both mouse and human rRNA genes lack clustered E-boxes, the canonical 

binding motif of c-Myc (Fig. 5.2.15 A), hence the participation of c-Myc in loop for-

mation is not very likely. 

 
Figure 5.2.15 Evaluation of c-Myc and TBP binding 

A: In silico comparison of the human and mouse rDNA repeat. The mouse terminator 
region comprising of T1-T10 does not overlap with E-box elements (kindly provided by 
Dr. Attila Németh). 
B: Enrichment of histone modifications at rDNA in MEL cells. The whole rDNA re-
peat is plotted from position +1 (the TSS) to position 45.500. The terminator track in-
dicates TTF-I binding sites by black vertical lines. The black box highlights the clus-
tered terminator elements at the 3’ end of the gene. ChIP-Seq tracks of c-Myc and TBP 
display relative enrichments compared to input (kindly provided by Prof. Dr. Michael 
Rehli, University Hospital Regensburg). 

5.2.10 Integrative analysis of histone marks reveals simil-

    arity to classical enhancer elements 

So far, the study revealed that the mouse rDNA terminator (i) consists of an HTC for 

TTF-I, a key regulatory factor with the ability to oligomerize and to bind cooperatively in 
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a chromatin-context, (ii) enhances transcription by recruiting RNAPI and related tran-

scription factors to the gene and (iii) forms an intragenic TTF-I mediated chromatin loop 

with the rDNA promoter. Remarkably, all these characteristics in combination with the 

distal location are hallmarks of a classical RNAPII enhancer.  

To further investigate the enhancer-like function of the HTC, enrichment of typical his-

tone modifications were evaluated, like H3K27ac, a mark involved in long-range chroma-

tin interactions (Rye et al, 2011). As the repetitive rDNA is left out of standard ChIP-Seq 

analyses, a single mouse rDNA repeat was added artificially to the current mouse genome 

version mm9. ChIP-Seq data of H3K27ac, H3K27me3, H3K4me1, H3K4me2 and 

H3K4me3 was mapped to this expanded reference genome (Figure 5.2.16). 

 

Figure 5.2.16 Enrichment of histone modifications at the rDNA locus in 3T3-L1 
cells.  

The rDNA repeat is plotted from position +1 to position 45.309. The terminator track 
indicates TTF-I binding sites by black vertical lines. The black box highlights the clus-
tered terminator elements at the 3’ end of the gene. ChIP-Seq tracks of histone modifi-
cations display relative enrichments compared to input (kindly provided by Prof. Dr. 
Michael Rehli). 

 

Enrichment of H3K27ac and H3K4me2 in the terminator and promoter region of mouse 

rDNA was observed, enforcing our previous results by confirming that the homotypic 

cluster of TTF-I binding sites represents an active enhancer element. In contrast, 

H3K27me3, commonly associated to repressed genes, is depleted at the terminator com-

pared to the rDNA gene body. Therefore, the mouse rDNA terminator exhibits a histone 

modification profile typical for RNAPII enhancer elements. 
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5.3 Discussion 

5.3.1 Mouse TTF-I oligomerizes C-and N-terminally 

Previous studies showed that both NRD and DBD of TTF-I are capable of forming oli-

gomers (Evers et al., 1995; Sander et al., 1996; Sander and Grummt, 1997). Here we con-

firm published work using blue native PAGE and dynamic light scattering. Both the gel-

based assay and the in solution experiment are in well agreement, affirming the physio-

logical relevance. Combination of the two methods ensures reliable results instead of 

artifacts, e.g. oligomers caused by caging effects in a gel matrix. 

The newly obtained results suggest that TTF-I preferably exists as oligomer rather than 

monomer. Native blue PAGEs adduce that both dimers and tetramers of TTF-I can be 

formed. Interestingly, both TTF-I∆N470 and TTFIN210 show a tendency in forming te-

tramers, while TTF-I∆N348 forms both dimers and tetramers. This indicates that the 

trans-activating domain is involved in oligomerization as well, representing a non-

tetrameric oligomerization domain. However, determining a defined stoichiometry is 

difficult using the methods applied here. Analytical ultracentrifugation and gel filtration, 

two methods commonly used to quantitatively investigate protein stoichiometry, have 

failed to prove oligomers of defined size in the past.  

Oligomerization of TTF-I is a prerequisite for physically linking promoter and terminator 

regions. Considering the ability of TTF-I to form tetramers, an analogous model was de-

scribed for p53, which also forms homotetramers in solution. It was shown for a model 

promoter containing clustered p53 binding sites that this protein self-assembles into mul-

timers by stacking tetramer on top of tetramer. Thereby, two separate p53 binding sites 

sites are linked via a chromatin loop and transcription is enhanced in vivo (Stenger et al., 

1994; Wang et al., 1994). A similar mechanism would be conceivable for TTF-I as well. 

The presence of binding sites both 5’ and 3’ of a mouse rDNA repeat, the ability to form 

oligomers and to bridge separate DNA sequences makes TTF-I a strong candidate for 

being the key factor in rDNA chromatin looping. 
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5.3.2 Clustered termination sites form a chromatin-specific 

high affinity binding platform 

Transcription factor binding site clusters are an important regulatory feature of eukaryotic 

gene expression, e.g. with about 62% of transcription factor genes and 66% of develop-

mentally regulated genes comprising clustered binding sites in vertebrates (Gotea et al., 

2010). Furthermore, the degree of occupancy is increased when comparing binding sites 

within a cluster to single motifs (Rhee and Pugh, 2011). One aim of this study was to 

investigate whether the binding site cluster of TTF-I downstream of the mouse pre-rRNA 

coding region shows similar regulatory functions and if binding affinities increase com-

pared to the single target sites located upstream of an rDNA repeat. 

According to the in silico analysis implied here, the clustering of rDNA transcription 

termination sites is well conserved among species. The existence of two 3’ terminators 

could be explained as a ‘fail-safe’ mechanism, requiring a second termination site to en-

sure that all pre-rRNA transcripts are efficiently terminated. Thereby, read-through of 

RNAPI into adjacent rDNA repeats is prevented. It is known that in mouse most of the 

transcripts terminate at T1 and the remaining elongating polymerases stop at T2, fitting the 

fail-safe model (Grummt et al., 1985). However, the termination region comprises an 

HTC of ten TTF-I binding sites, with no known function for T3-T10. This is comparable to 

the human terminator, an HTC consisting of in total eleven sites. Hence, it is very likely 

that this well conserved structural feature of rDNA bears additional functions.  

When comparing single termination sites of different sequence composition in EMSAs 

and MST experiments, all of them exhibit similar binding affinities for TTF-I. Further-

more, the affinities are rather low, with a KD ranging from 0.5 – 0.9 µM. It was speculated 

that the combination of multiple low-affinity binding sites in an HTC could result in a 

high-affinity binding platform for TTF-I. Strikingly, this working hypothesis turned out to 

be correct, but only when the terminators are packaged into chromatin. 

It was proven that TTF-I binds with higher affinity to its T1-T10 cluster than to single 

binding sites like T0. This effect was only observed on chromatinized templates. In addi-

tion, the overall binding affinity of TTF-I to its clustered target sites is higher in chroma-

tin compared to free DNA, suggesting that a specific nucleosomal arrangement or interac-
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tions with histones may trigger cooperative binding of TTF-I. Thus, HTCs are proposed 

to attract transcription factors to functionally relevant sites in vivo.  

The difference in affinities caused by clustered sites ensures full TTF-I occupancy at the 

downstream terminators (T1-T10), and only after all motifs within the HTC are fully 

bound, TTF-I binds to the promoter-proximal, low-affinity target site T0. Sequential bind-

ing of TTF-I to the 3’- and 5’-end of the rDNA transcription unit guarantees that tran-

scription initiation cannot take place before the termination is secured. Additionally, the 

temporal order of binding establishes that, once started, transcription will be highly effi-

cient and the formed chromatin loop allows hand-over of RNAPI molecules from the 

terminator back to the promoter. Hence, timed TTF-I binding prevents not only read-

through transcription but also diffusion-driven ‘loss’ of polymerases.  

The presented study is outstanding from published work as the common in vitro approach 

to test for cooperative binding of transcription factors is usually carried out on naked 

DNA only. Here, the binding behavior of TTF-I to naked DNA and to chromatinized tem-

plates were compared, where the latter one represent a more physiological system close to 

the in vivo state. Big differences in binding affinities were unraveled when comparing the 

two systems. This might explain previously published frictions, where transcriptional 

synergy was observed in vivo but no cooperative binding was detected in vitro on naked 

DNA. Cooperative binding of proteins has been shown to disrupt nucleosomes, thereby 

increasing the accessibility of transcription factors to regulatory sites (Adams and Work-

man, 1995; Vicent et al., 2010). Our data reveal an alternative mechanism that increases 

the affinity of transcription factors. Therefore, a new mechanism of cooperative binding 

was deciphered, depending on chromatin-specific interactions. 

Taken together, the clustering of rDNA termination sites is an important cellular mecha-

nism for enhancing rRNA transcription, ensuring fail-safe termination and efficient 

RNAPI recycling. As highly efficient rRNA gene expression is essential for actively pro-

liferating cells, the presence of a 3’ TTF-I cluster was evolutionary conserved. 
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5.3.3 Multiple TTF-I binding sites enhance transcription by 

recruiting RNAPI and associated factors 

Clustered binding sites are suggested to exert a stimulating effect on transcription. These 

additive or synergistic effects can be achieved by increasing the local concentration of 

transcription factors or facilitate multiple interactions with components of the transcrip-

tion machinery. Alternatively, they could provide functional redundancy (Somma et al., 

1991; Papatsenko et al., 2002), allowing cooperative binding of the factors through inter-

actions among the multiple binding sites or indirectly through concerted interactions with 

the transcriptional machinery (Giniger and Ptashne, 1988; Lin et al., 1990; Anderson and 

Freytag, 1991; Hertel et al., 1997; He et al., 2010). 

This study uncovered a novel chromatin-based mechanism underlying HTC-directed tran-

scriptional activation. Both in vitro transcription on chromatinized templates and in vivo 

experiments indicate that clustered TTF-I binding sites enhance transcription compared to 

single motifs. Reporter assays demonstrate a linear correlation between the number of 

termination sites and transcriptional output. Experiments on stable cell lines harboring 

one mouse rDNA copy reveal that the difference in expression is even greater on the tran-

script level than on protein level. This effect is not caused by simple presence of the clus-

tered termination site. Transient co-transfection experiments unravel the importance of 

sufficient amounts of TTF-I being present to occupy all exposed binding sites. Interest-

ingly, only TTF-I∆N348 but not TTF-I∆N470 is able to rescue the augmenting effect of 

clustered binding sites. Hence, TTF-I∆470 is not capable of either binding to the chromat-

inized rRNA minigene in vivo or lacks transcriptional activation activity. Both functions 

are encoded within the TAD, the missing domain in TTF-I∆N470. In addition, the activat-

ing effect is only present when the terminator(s) are in the correct orientation. In fact, 

transcription is repressed once the termination site(s) are inverted. Surprisingly, this sup-

pression is reliefed when the promoter contains a mutation at position -7. It remains elu-

sive how the repression is accomplished, but it might be of important physiological rele-

vance. The polarity could prevent the interaction of the termination site with the promoter 

of an adjacent rDNA repeat instead of the designated, intragenic promoter. 

ChIP assays proof that the increased gene expression levels result directly from magnified 

occupancies of polymerase and basal transcription factors. RNAPI enrichment at the 
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rRNA minigenes was tested with two different antibodies and in both transient transfec-

tions and stable cell lines. Being one of the essential transcription initiation factors of 

RNAPI, the binding of UBF was analyzed as well. Both proteins show a higher enrich-

ment at all tested regions, the enhancer/promoter region, the coding region and the termi-

nator region when comparing T1 to T10. Furthermore, the presence of clustered termina-

tion sites reduces RNAPI occupancy within a control region located further downstream. 

This argues for more efficient termination of the transcript and less read-through activity 

into neighboring regions. Taken together, the observations indicate that augmented tran-

scription is directly linked to increased loading of transcription factors caused by the 

TTF-I binding site cluster rather than indirect effects like changed RNA stability, im-

paired nuclear export or differences in translation efficiency. Alternatively, the number of 

actively transcribed reporter genes within the tested cell population could change. Instead 

of recruiting more transcription factors, the HTC could be recruited itself and tethered to 

the nucleolus. By targeting more alleles to the nucleolus, higher RNAPI and UBF en-

richments would be obtained overall. 

To exclude the possible effect of changed nuclear localization, 3D FISH experiments 

were performed. Strikingly, the differences in transcription levels do not coincide with 

changes in nuclear localization. Regardless of the presence or number of 3’ termination 

sites, all integrated reporter genes were recruited to the nucleolus to the same extend 

(30%). As the nucleolus is the site of rDNA transcription and ribosome biogenesis, it is 

assumed that only co-localized rRNA genes are actively transcribed. Summarizing, not 

the number of genes associated to the nucleolus changes, but the expression of the report-

er constructs already tethered there. It was speculated previously in Xenopus that not the 

terminator but rather 5’ IGS elements, the enhancer in combination with the spacer pro-

moter, are the driving force recruiting an rDNA copy to the nucleolus (Caudy and 

Pikaard, 2002). Both functional elements are included in all stably integrated rRNA 

minigenes. To ensure that the 30% of genes associated with the nucleolus are indeed ac-

tive all of the time and the remaining 70% are silenced, methylation analysis and single-

cell studies could be applied. 



 

 

	  

5.3 DISCUSSION 

	  

	   	  

- 131 -  

5.3.4 TTF-I and clustered binding sites are required for 

chromatin looping 

It is well established that gene activation by a distal regulatory element correlates with 

long-range interactions between enhancer and gene promoter by factor-mediated for-

mation of chromatin loops (Cook, 2003). In analogy, this study shows that the mouse 

rDNA terminator is functionally and spatially linked to the promoter region, an interac-

tion mediated by TTF-I. Loop-ChIP experiments using an α-TBP antibody show in-

creased occupancy of the transcription initiation factor at the promoter region when com-

paring T10 to T1 constructs. This supports the model of more efficient factor recruitment 

due to clustered termination sites, as discussed above. While no binding above back-

ground levels was obtained for rRNA minigenes containing a single termination site, TBP 

was drastically enriched at the terminator in presence of the complete HTC. This striking 

result reveals that promoter-terminator looping of rDNA repeats depends on clustered 

termination sites. In addition, increased RNAPI and UBF occupancies at the terminator 

are most likely due to co-crosslinking of promoter and terminator instead of direct en-

richment at the terminator region. 

Alternatively, the HTC could recruit TBP directly. Accordingly, a previous study pro-

posed TBP to be the bridging factor of promoter-terminator interactions at the rDNA lo-

cus (Denissov et al., 2011). To exclude this possibility, a control experiment was per-

formed using a T10 rRNA minigene where the RNAPI promoter regions was exchanged 

for a RNAPII promoter, harboring a canonical TBP binding site but no target site for 

TTF-I. This construct is highly active in expression of the reporter gene, coinciding with 

drastic enrichment of TBP at the promoter. However, no signal above background levels 

was obtained for the clustered terminator region. Hence, it is ensured that the HTC itself 

is not sufficient for chromatin looping and does not provide a binding platform for TBP, 

but looping depends TTF-I bound to T0 at the promoter as well. Clearly, TTF-I is the in-

dispensible factor promoting human rDNA loop formation. However, TBP might stabilize 

the pre-formed loop in addition. To further strengthen this result, ChIP-Seq datasets were 

analyzed which prove that TBP is not enriched at the rDNA terminator in genome-wide 

datasets. Importantly, this is not in disagreement with the data obtained here, as the proto-

col for Loop-ChIPs involves extensive cross-linking with DMA and formaldehyde to 
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capture indirectly associated DNA elements, while for standard ChIP-Seq experiments 

only formaldehyde cross-linking is performed.  

Another factor discussed previously to be responsible for promoting rat rDNA promoter-

terminator loops is c-Myc (Shiue et al., 2009). Nevertheless, in silico analyses in this 

study reveal that both mouse and human rDNA termination region lack clustered E-boxes, 

the canonical binding sites for c-Myc. In addition, no c-Myc signals were detected within 

the 3’ IGS in mouse ChIP-Seq data. Hence, c-Myc can also be excluded from being a key 

factor involved in mouse rDNA promoter-terminator looping. 

So far, it remained elusive whether chromatin loops are formed intragenically between 

promoter and terminator of the same rDNA copy, or intergenically between adjacent re-

peats. Using the stable cell lines where only one copy of mouse rDNA was integrated, this 

long-standing question was answered. Interestingly, one rDNA copy is perfectly capable 

of forming a loop structure on its own, as proposed originally by the ribomoter model 

(Kempers-Veenstra et al., 1986). Hence, it is not necessary for rDNA to be present in 

arrays; each transcription unit can function independently. The polarity of the termination 

element suggests that interactions with neighboring repeats are less likely or lead to re-

pression of transcription when formed. However, the co-existence of both intragenic and 

intergenic loops in the endogenous context cannot be excluded. 

Summarizing, a direct interaction between the promoter and the terminator is only estab-

lished when the terminator comprises clustered TTF-I binding sites and the promoter 

region contains T0. This mode of binding and the formation of an intragenic loop may 

serve two functions. First, it links the terminator with the respective promoter to be acti-

vated. Second, it enhances transcription at genes associated with TTF-I by forming a 

highly active ribomotor structure. The timed binding of TTF-I proposes a step-wise mod-

el of loop formation (Figure 5.3.1). 
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Figure 5.3.1 Model of mouse rDNA promoter-terminator looping 

Model depicting the order of binding events at the rRNA gene. The promoter is col-
oured in blue, a right-headed arrow marks the TSS and the clustered termination sites 
are depicted in red. (kindly provided by Prof. Dr. Gernot Längst). 

5.3.5 The mouse rDNA terminator acts as an enhancer 

Homo- and heterotypic clusters of transcription factor binding sites were shown to de-

marcate potential regulatory regions with enhancer function, characterized by eukaryotic 

histone marks. Enhancers of active genes are often associated with H3K27ac, H3K4me2 

and H3K36me3 while enhancers of repressed genes are demarcated by e.g. H3K27me3. 

Recent studies investigated also poised genes, which are marked by H3K9me3 or 

H3K27me3 (Creyghton et al., 2010; Zentner and Scacheri, 2012). In addition, there are so 

called ‘bivalent’ modifications, which can be associated with either active, poised or inac-

tive genes, like H3K4me1/2. There are two possible explanations for the phenomenon of 

‘bivalent’ modifications. On the hand, they could be present at all enhancers of the tested 

cell population and their specific function depends on the context or ‘histone code’ of the 

surrounding nucleosomes. On the other hand, the respective gene can be active or inactive 

within the population, and ChIP-Seq assays illustrate the mean occupancy within all cells. 

Genome-wide single cell studies will shed light on this question in the future.  

Notably, the integrative genomic analysis applied here uncovers the characteristic en-

richment of histone marks at the mouse rDNA terminator, such as H3K4me2 and 

H3K27ac. Interestingly, the latter one has been shown to be involved in long-range chro-

matin interactions (Rye et al., 2011). In contrast, histone tail modifications specific for 

gene repression like H3K27me3 were depleted in comparison to surrounding regions. 

Thus, the composition of epigenetic marks verifies that the rDNA terminator acts as an 
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and augmentation of transcription rates
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enhancer element. Similar studies have been performed on human rDNA and are in well 

agreement with the mouse system (Zentner et al., 2011).  

However, ChIP-Seq data on conventional mouse cell lines illustrates the mean of a non-

synchronized cell population and the mixture of active in inactive copies within every 

cell. Results are expected to be more defined when testing e.g. only one active rDNA 

copy or a population of synchronized cells where all rDNA repeats are either represed or 

active. 

Taken together, the integrative analysis strengthens the finding that the homotypic cluster 

of TTF-I binding sites displays all characteristics of functional enhancers. 

5.3.6 Perspectives 

This study revealed that the mouse rDNA terminator act as an enhancer element as it ful-

fills several hallmarks of classical enhancer elements: the terminator (i) is a distal, cis-

regulatory element, (ii) contains clustered binding sites, (iii) augments rRNA gene tran-

scription, (iv) recruits RNAPI, UBF and TBP to the gene promoter, (v) forms an intragen-

ic, TTF-I mediated chromatin loop with the rDNA promoter and (vi) is characterized by 

distinct histone tail modifications associated with active transcription. Furthermore, the 

mode of action was uncovered as being temporally ordered and involves cooperative 

binding of TTF-I to chromatin. 

In the course of the performed work, several interesting questions appeared which could 

be followed up in the future. One of them is described in detail below. 

Interestingly, the in silico screen for TTF-I binding sites within the mouse rDNA locus 

revealed 17 degenerated Sal-box motifs within the IGS, which potentially represent addi-

tional TTF-I binding sites. The new sites were identified allowing one or two mismatches 

within the consensus SalI restriction site, which could completely abolish TTF-I binding. 

On the other hand, previous studies in the lab suggest that TTF-I still recognizes its con-

sensus motif in vitro even when it contains a mismatch. In addition, the identified sites 

are arranged in three clusters and spaced in a regular manner, separated by 6064, 6643 

and 6045 bp, respectively. Each of these clusters comprises four putative TTF-I binding 

sites in a defined order. Instead of the classical Sal-box GTCGAC motif, the 17 putative 
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TTF-I binding sites comprised three new consensus sequences: GTAGAC, GCAGAC and 

ATAGAC. Surrounding nucleotides were conserved in a similar manner to T1-T10 (Figure 

5.3.2).  

Specifically interesting is one cluster located at 28-29 kb within the IGS, as this regions is 

highly enriched for activating histone marks and weakly transcribed (Zentner et al., 

2011), two marks of an enhancer element. The newly identified clusters might have a 

similar activating function and possibly loop out to the gene promoter as well. Therefore, 

it is important to examine whether the putative TTF-I target sites within the IGS are func-

tional and further elucidate their potential regulatory mode. As a start, the putative new 

motifs could be tested in vitro using EMSA and MST assays according to the experiments 

presented in 5.2.4. Additionally, a TTF-I ChIP or ChIP-Seq would reveal binding of the 

protein to its potential target sites in vivo. 
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Figure 5.3.2 Putative TTF-I binding sites within the mouse IGS 

A: Sequence comparison of the consensus motif of the GTAGAC motif. Alignments 
were generated using the Geneious software. 
B: Sequence comparison of the consensus motif of the GCAGAC motif. Alignments 
were generated as described in (A). 

C: Sequence comparison of the consensus motif of the ATAGAC motif. Alignments 
were generated as described in (A). 
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6 Materials and Methods 

6.1 Materials 

Unless stated otherwise, all common chemicals, reagents, kits and consumables were 

purchased from Affymetrix Inc (Cleveland, OH, USA), Agilent Technologies (Santa 

Clara, CA, USA), Beckman Coulter GmbH (Brea, CA, USA), Becton, Dickinson and 

Company (BD) Biosciences (Franklin Lakes, NJ, USA), Bio-Rad Laboratories (Hercules, 

CA, USA), Carl Roth GmbH & Co. KG (Karlsruhe, Germany), General Electric (GE) 

Healthcare (Chalfont St Giles, UK), Greiner Bio-one International AG (Kremsmünster, 

Austria), Life Technologies (Carlsbad, CA, USA), Macherey-Nagel GmbH & Co. KG 

(Düren, Germany),  Merck KGaA (Darmstadt, Germany), New England Biolabs (Ips-

wich, MA, USA), NanoTemper Technologies GmbH (Munich, Germany), Nunc (Roskil-

de, Denmark), PAA Laboratories (Linz, Austria), Promega Corporation (Fitchburg, WI, 

USA), Qiagen (Hilden, Germany), Roche Diagnostics GmbH (Mannheim, Germany), 

Sarstedt AG & Co. (Nümbrecht, Germany), Schott AG (Mainz, Germany), Serva Electro-

phoresis GmbH (Heidelberg, Germany), Sigma-Aldrich (St. Louis, MO, USA), Thermo 

Fisher Scientific (Waltham, MA, USA), TSI GmbH & Co. KG (Zeven, Deutschland) or 

VWR International (West Chester, PA, USA). 

6.1.1 Laboratory chemicals and reagents 

Chemical Supplier 

Acetic acid  VWR 

Acrylamide / Bis-Solution 29:1 Roth 

Adenosine-5’-triphosphate (ATP) Sigma-Aldrich 

Agarose, UltraPure™ Life Technologies 

Agencourt® AMPure® XP magnetic beads Beckman Coulter 

Ammonium acetate Merck 

Ammonium peroxiddisulfate (APS) Roth 
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Chemical Supplier 

Ampicillin Roth 

Bacto Agar BD Biosciences 

Bacto Peptone BD Biosciences 

Bacto Tryptone BD Biosciences 

Bacto Yeast Extract BD Biosciences 

Boric acid Merck 

Bovine serum albumin (BSA), 10 mg/ml New England Biolabs 

Bromphenol blue Merck 

Calcium chloride (CaCl2) Roth 

Chloroform Merck 

Coomassie Brilliant Blue G250 Serva 

Dimethyl adipimidate (DMA) Sigma-Aldrich 

Dimethyl sulfoxide (DMSO) Merck 

Disodium hydrogen phosphate (Na2HPO4) Merck 

Dithiothreitol (DTT) Merck 

DNA extracted from salmon sperm Roche 

dNTP mix New England Biolabs 

Ethanol p. A. Roth 

Ethanol, tech. J. T. Baker 

Ethidium bromide Roth 

Ethylene glycol tetraacetic acid (EGTA) Sigma-Aldrich 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich 

Formaldehyde Merck 

Formamide Merck 

Glycerol Merck 

Glycine Merck 

Glycogen Roche 

Hydrochloric acid Merck 

IGEPAL CA-630 (substitutes NP-40) Sigma-Aldrich 



 

 

	  

6.1 MATERIALS  

	  

	   	  

- 139 -  

Chemical Supplier 

Isopropanol Merck 

Lithium chloride (LiCl) Sigma-Aldrich 

Magnesium chloride Merck 

Magnesium chloride (MgCl2) Merck 

Methanol Merck 

Milk powder TSI  

Monopotassium phosphate (KH2PO4) Merck 

Orange G Sigma-Aldrich 

Paraformaldehyde (PFA) Merck 

Phenol:Chloroform:Isoamyl alcohol 25:24:1 Roth 

Polyethyleniminie (PEI), linear, MW ~ 25,000 Polysciences 

Potassium chloride (KCl) Merck 

Protein G agarose beads GE Healthcare 

Sodium acetate Merck 

Sodium chloride (NaCl) VWR 

Sodium deoxycholate Rotch 

Sodium dodecyl sulfate (SDS) Serva 

Sodium hydrogen carbonate (NaHCO3) Merck 

Sodium hydroxide (NaOH) Merck 

Sucrose Roth 

SYBR® Green Roche 

SYBR® Safe Life Technologies 

Tetramethylethylendiamine (TEMED) Roth 

Tris(hydroxymethyl)aminomethan (Tris) Affymetrix 

Trisodium citrate Merck 

Triton X-100 Sigma-Aldrich 

Tween-20 Roth 

Urea Merck 

β-Mercaptoethanol Sigma 
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6.1.2 Kits and ready-made solutions 

Kit / Reagent Supplier 

Antarctic phosphatase buffer New England Biolabs 

cOmplete mini proteinase inhibitor cocktail 
tablets, 50x, EDTA-free Roche 

DNA ladder GeneRuler™ 1 kb plus Thermo Fisher Scientific 

DNA ladder GeneRuler™ 50 bp  Thermo Fisher Scientific 

DNA loading dye, 6x Thermo Fisher Scientific 

Dual-Luciferase® Reporter Assay System Promega 

High Sensitivity DNA Assay Kit Agilent Technologies 

HotStar Taq DNA polymerase kit (10x reac-
tion buffer, MgCl2, dNTPs) Qiagen 

iScript™ Select cDNA Synthesis Kit Bio-Rad 

MinElute® PCR Purification Kit Qiagen 

NativePAGE™ Novex® Bis-Tris Gel Sys-
tem Life Technolgies 

NEBNext ChIP-Seq Library Prep Master 
Mix Set for Illumina New England Biolabs 

NucleoSpin RNA II extraction kit Macherey-Nagel 

Prestained protein ladder PageRuler™ Plus Thermo Fisher Scientific 

Protein Assay Solution Bio-Rad 

PureLink® HiPure Plasmid Filter Midiprep 
Kit Life Technologies 

Qiaex II ® Gel Extraction Kit Qiagen 

QIAprep® Spin Miniprep Kit Qiagen 

QIAquick® PCR Purification Kit Qiagen 

Quant-IT dsDNA Broad Range Assay Kit Life Technologies 

Quant-IT dsDNA High Sensitivity Assay Kit Life Technologies 

Quant-IT RNA Assay Kit Life Technologies 

Restriction enzyme digest buffers New England Biolabs 

HotStar SYBR Green qPCR Kit Qiagen 
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Kit / Reagent Supplier 

Super Signal West Dura Chemiluminescent 
Kit Thermo Fisher Scientific 

T4 DNA Ligase Reaction Buffer New England Biolabs 

 

6.1.3 Buffers and standard solutions 

Buffer Composition 

4% Paraformaldehyde (PFA) solution 

4 g Paraformaldehyde powder  
80 ml H2O 

1 drop 1 M NaOH 

dissolve at 50 °C with agitation 
allow to cool down to room temperature 

add 10 ml 10x PBS 
adjust pH to 7.3 with HCl 

fill up to 100 ml with H2O 
store at -20 °C 

Annealing buffer 
20 mM Tris-HCl, pH 7.6 
50 mM NaCl 
2 mM MgCl2 

ChIP Elution buffer 
100 mM NaHCO3 
1% (w/v) SDS 

ChIP High Salt buffer  

20 mM Tris-HCl, pH 8.0 
500 mM NaCl 
2 mM EDTA 

1% Triton X-100 

ChIP LiCl buffer 

10 mM Tris-HCl, pH 8.0 
250 mM LiCl 

1 mM EDTA 

1 % IGEPAL CA-630 
1 % (w/v) sodium deoxycholate 
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Buffer Composition 

ChIP Low Salt buffer 

20 mM Tris-HCl, pH 8.0 
150 mM NaCl 

2 mM EDTA 
1% Triton X-100 

Coomassie staining and fixation solution 
0.1% (w/v) Coomassie Brilliant Blue 
45% methanol 
10% acetic acid 

DNA loading dye, blue (6x) 

30 mM Tris-HCl pH 7.6 
5 mM EDTA 

30% glycerol 
0.05% (w/v) bromphenol blue, xylene 

cyanol and Orange G 

DNA loading dye, orange (6x) 

5 mM EDTA 
30% glycerol 

0.03 % (w/v) Orange G 

Electromobility shift assay (EMSA) buffer 

20 mM Tris-HCl, pH 7.6 

80 mM KCl 
10% glycerol 

0.2 mM EDTA 
5 mM MgCl2 

add before use: 
2 mM DTT 

EX-X buffers 

20 mM Tris-HCl, pH 7.6 
X mM KCl 
1.5 mM MgCl2 

 0.5 mM EGTA 
10% glycerol 
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Buffer Composition 

HU buffer (5x) 

1 M Tris-HCl pH 6.8 
8 M Urea 

5% (w/v) SDS 
0.5 M EDTA 

add before use: 
0.05% (w/v) Bromphenol blue 

1.50% β-Mercaptoethanol 

aliquot and store at -20 °C 

Luria Broth (LB) medium 

1% (w/v) Bacto Tryptone 
1% (w/v) NaCl 

0.5% (w/v) Bacto Yeast Extract 

dissolve in water 
adjust pH to 7.0 with NaOH 

sterilize by autoclaving 

MNase digestion permeabilisation buffer 

15 mM Tris-HCl, pH 7.6 
60 mM KCl 

15 mM NaCl 
4 mM CaCl2 

0.5 mM EGTA 
add before use:  

300 mM sucrose 
0.2% IGEPAL CA-630 

0.5 mM β-Mercaptoethanol 

MNase digestion stop buffer 

50 mM Tris-HCl, pH 8.0 
20 mM EDTA 

1% (w/v) SDS 

PBS-T 
1x PBS 
0.1% Tween-20 

PEI transfection reagent 

dissolve PEI powder in H2O to a final 
concentration of 1 mg/ml 

adjust pH to 7.4 with HCl 
Sterile filtrate 

aliquot and store at -20 °C 
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Buffer Composition 

Phosphate buffered saline (PBS) 

8.1 mM Na2HPO4 
1.5 mM KH2PO4 

140 mM NaCl 
2.7 mM KCl 

pH adjusted to 7.4 with HCl 

Protein lysis buffer 

10 mM Tris-HCl, pH 7.5 
150 mM NaCl 

5 mM EDTA 
1% Triton X-100 

add before use: cOmplete proteinase in-
hibitor cocktail (Roche) to a final concen-
tration of 1x 

SDS lysis buffer 

50 mM Tris-HCl, pH 8.0 
10 mM EDTA 

1% (w/v) SDS 
add before use: cOmplete proteinase in-
hibitor cocktail (Roche) to a final concen-
tration of 1x 

SDS-PAGE running buffer (10x) 

250 mM Tris 
1.92 M glycine 

1% (w/v) SDS 

SDS-PAGE separating gel buffer (4x) 
1.5 M Tris-HCl, pH 8.8 
0.4% (w/v) SDS 

SDS-PAGE stacking gel buffer (4x) 
0.5 M Tris-HCl, pH 6.8 
0.4% (w/v) SDS 

Saline-sodium citrate (SSC, 20x) 
3 M sodium chloride 
300 mM trisodium citrate 
pH adjusted to 7.0 with HCl 

Towbin transfer buffer 

25 mM Tris 
192 mM glycine 
0.05% (w/v) SDS 

20% methanol 
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Buffer Composition 

Tris-buffered saline (TBS) 
50 mM Tris-HCl, pH 7.6 
150 mM NaCl 

Tris/Borate/EDTA (TBE) buffer 
90 mM Tris-HCl, pH 8.0 
90 mM boric acid 
2 mM EDTA 

Tris/EDTA (TE) buffer 
10 mM Tris-HCl, pH 8.0 
1 mM EDTA 

 

6.1.4 Consumables 

Consumable Supplier 

96-well microtiter plates Greiner 

Cell culture 6-well-plate Sarstedt 

Cell culture 12-well plate Nunc 

Cell culture dish: 10 cm, 15 cm Sarstedt 

Cell culture flask with filter cap: 75 cm2, 
175 cm2 Sarstedt 

Cell scraper Sarstedt 

Coverslips for microscopy Roth 

Cryo tubes for bacteria Sarstedt 

Cryo vials for mammalian cells PAA 

Filter Tips: 10, 100, 200, 1000 µl Sarstedt 

Gel cassettes, disposable Life Technologies 

Glass capillaries NanoTemper 

Glass slides for microscopy Roth 

Glassware Schott 

Micro cuvettes Sarstedt 

Microcentrifuge tubes: 1.5 ml, 2.0 ml Sarstedt 

Parafilm M Pechiney 
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Consumable Supplier 

Pasteur glas pipette VWR 

PCR stripes Kisker 

PCR tubes: 0.2 ml, 0.5 ml Kisker 

Petri dishes Greiner 

Pipette Tips: 10, 200, 1000 µl Sarstedt 

Immobilion FL Membrane, 0.45 µm pore 
size Merck 

qPCR stripes (4x 0.1 ml) Kisker 

Qubit reaction tubes Life Technologies 

Reaction tubes: 15 ml, 50 ml Sarstedt 

Serological pipettes: 2 ml, 5ml, 10 ml, 25 
ml, 50 ml Sarstedt 

Whatman 3 MM filter paper Whatman 

 

6.1.5 Cell culture reagents 

Reagent Supplier 

Fetal bovine serum (FBS) PAA 

Gibco® Dulbecco’s Modfied Eagle’s Medi-
um  (DMEM), low glucose, GlutaMAX™, 
pyruvate 

Life Technolgies  

Hygromycin PAA 

Penicillin/Streptomycin PAA 

Trypsin/EDTA PAA 

Zeocin Life Technologies 
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6.1.6 Mammalian cell lines 

Cell line Origin Supplier 

92 Human (Homo sapiens) B-
lymphocytes, normal karyotype CCR 

94A Human (Homo sapiens)  B-
lymphocytes, Trisomy 21 CCR 

CHO Chinese hamster (Cricetulus griseus) 
ovary ATCC / Dr. Attila Németh 

CHO Flp-In T0 Chinese hamster (Cricetulus griseus) 
ovary, stable integration of SD18 Sarah Diermeier 

CHO Flp-In T1 Chinese hamster (Cricetulus griseus) 
ovary, stable integration of SD19 Sarah Diermeier 

CHO Flp-In T10 Chinese hamster (Cricetulus griseus) 
ovary, stable integration of SD20 Sarah Diermeier 

CHO Flp-In™ Chinese hamster (Cricetulus griseus) 
ovary, stable integration of a Flp-In site 

Life Technologies / 
Prof. Dr. Ralf Wagner, 
University Hospital Re-
gensburg 

HeLa Human (Homo sapiens) cervix adeno-
carcinoma ATCC / Dr. Attila Németh 

HUVEC Human (Homo sapiens) umbilical cord 
vain endothelial cells, primary 

Prof. Dr. Peter Cook, Uni-
versity of Oxford, UK 

Macrophages 
Human (Homo sapiens) blood macro-
phages, differentiaed from primary 
monocytes 

Prof. Dr. Michael Rehli, 
University Hospital Re-
gensburg 

Monocytes Human (Homo sapiens) blood mono-
cytes, primary 

Prof. Dr. Michael Rehli, 
University Hospital Re-
gensburg 

(CCR = Coriell Cell Repositories, Coriell Institut for Medical Research, 

http://ccr.coriell.org/; 

ATCC = American Type Culture Collection, http://www.lgcstandards-atcc.org) 
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6.1.7 Enzymes 

Enzyme Supplier 

Antarctic phosphatase New England Biolabs 

HotStar Taq DNA polymerase Qiagen 

iProof™ DNA polymerase (2x High Fidelity 
Master Mix) Bio-Rad 

Micrococcal Nuclease (MNase) Sigma-Aldrich 

Phusion® DNA polymerase (2x High Fidelity 
Master Mix) New England Biolabs 

Proteinase K Sigma-Aldrich 

Restriction endonucleases New England Biolabs 

RNase A Roche 

T4 DNA ligase New England Biolabs 

T4 DNA polymerase New England Biolabs 

Taq DNA polymerase Genaxxon Bioscience 

 

6.1.8 Bacterial strains 

Strain Genotype Application 

DH5α  
F- φ80lacZΔM15 Δ(lacZYA-argF) U169 endA1 
recA1 hsdR17 (rk-, mk+) supE44 thi-1 gyrA96 
relA1 phoA 

Cloning, plasmid prop-
agation 

GM2929 

araC14 leuB6(Am) fhuA13 lacY1 tsx- 78 
glnV44(AS) galK2(Oc) galT22 λ- mcrA0 dcm- 
6 hisG4(Oc) rfbC1 rpsL136(strR) dam- 3::Tn9 
xylA5 mtl-1 recF143 thi-1 mcrB9999 hsdR2 

Cloning, plasmid prop-
agation, methyltransfer-
ase deficient 

XL1 Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 
relA1 lac [F' proAB lacIqZDM15 Tn10 (Tetr)] 

Cloning, plasmid prop-
agation, blue/white 
screening 
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6.1.9 Antibodies 

Antibody target Antibody Code Supplier 

Green fluorescent pro-
tein  α-GFP  

Santa Cruz, kindly 
procided by the 
work group of Prof. 
Dr. Ernst Tamm 

B23 (nucleophosmin) α-B23 sc-5662 Santa Cruz 

HA-Tag α-HA 12CA5 Roche 

Largest subunit of RNA 
polymerase I α-RPA194 (H-300) sc-28714 Santa Cruz 

Normal rabbit immuno-
globulin α-IgG sc-2027 Santa Cruz 

TATA-binding subunit of 
TFIID  α-TBP (SI-1) sc-274 Santa Cruz 

Transcription termina-
tion factor I  α-TTFI clone #7 (C7) 

Prof. Dr. Ingrid 
Grummt, DKFZ 
Heidelberg 

Upstream binding factor  α-UBF (H-300) sc-9131 Santa Cruz 

Subunit of RNA poly-
merase I α-Paf53 - 

Prof. Dr. Ingrid 
Grummt, DKFZ 
Heidelberg  

 

6.1.10 High-Throughput datasets 

Cell Type Data type Epitope/Target GEO acc. Reference 

3T3-L1 ChIP-Seq H3K27me3 GSM535745 (Mikkelsen et al., 2010) 

 ChIP-Seq H3K27ac GSM535744 (Mikkelsen et al., 2010) 

 ChIP-Seq H3K4me1 GSM535743 (Mikkelsen et al., 2010) 

 ChIP-Seq H3K4me2 GSM535742 (Mikkelsen et al., 2010) 

 ChIP-Seq H3K4me3 GSM535741 (Mikkelsen et al., 2010) 

 ChIP-Seq Input GSM535740 (Mikkelsen et al., 2010) 

MEL ChIP-Seq TBP GSM912913 Mouse ENCODE 

 ChIP-Seq c-Myc GSM912934 Mouse ENCODE 
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Cell Type Data type Epitope/Target GEO acc. Reference 

 ChIP-Seq Input GSM912916 Mouse ENCODE 

HeLa RNA-Seq 
(CAGE) 

Cellular polyA+ 
RNA GSM849342 Riken Release 4 

 MNase-
Seq 

Mononucleo-
somes, low 
digestion 

 This study 

 MNase-
Seq 

Mononucleo-
somes, high 
digestion 

 This study 

 MNase-
Seq 

Dinucleosomes, 
low digestion  This study 

 MNase-
Seq 

Dinucleosomes, 
high digestion  This study 

HUVEC ChIP-Seq H2A.Z GSM100355
6 Human ENCODE 

 ChIP-Seq H3K79me2 GSM100355
5 Human ENCODE 

 ChIP-Seq H3K9me3 GSM100351
7 Human ENCODE 

 ChIP-Seq H3K36me3 GSM733757 Human ENCODE 

 ChIP-Seq H3K9ac GSM733735 Human ENCODE 

 ChIP-Seq CTCF GSM733716 Human ENCODE 

 ChIP-Seq H3K9me1 GSM733703 Human ENCODE 

 ChIP-Seq H3K27ac GSM733691 Human ENCODE 

 ChIP-Seq H3K4me1 GSM733690 Human ENCODE 

 ChIP-Seq H3K27me3 GSM733688 Human ENCODE 

 ChIP-Seq H3K4me2 GSM733683 Human ENCODE 

 ChIP-Seq H3K4me3 GSM733673 Human ENCODE 

 ChIP-Seq H4K20me1 GSM733640 Human ENCODE 

 MNase-
Seq 

Mononucle-
osmes, high 

digestion,  un-
treated 

 This study 
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Cell Type Data type Epitope/Target GEO acc. Reference 

 MNase-
Seq 

Mononucle-
osmes, high 

digestion,  10 
min TNFα 

 This study 

 MNase-
Seq 

Mononucle-
osmes, high 

digestion,  30 
min TNFα 

 This study 

 MNase-
Seq 

Mononucle-
osmes, high 

digestion,  85 
min TNFα 

 This study 

 RNA-Seq Total cellular 
RNA, untreated  This study 

 RNA-Seq 
Total cellular 
RNA, 30 min 
TNFα 

 This study 

Monocytes FAIRE-
Seq 

4 min cross-
linked FAIRE 
sample 

 This study 

 FAIRE-
Seq Input  This study 

Macrophages FAIRE-
Seq 

2 min cross-
linked FAIRE 
sample 

 This study 

 FAIRE-
Seq Input  This study 

92 Expression 
microarray 

Total cellular 
RNA  This study 

94A Expression 
microarray 

Total cellular 
RNA  This study 
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6.1.11 Software and Online Tools 

Name Distributor Reference 

Adobe Pho-
toshop CS5 Adobe  

Babelomics 
4.3 http://babelomics.bioinfo.cipf.es (Medina et al., 

2010) 

BEDtools 
v2.17.0 http://code.google.com/p/bedtools/ (Quinlan and 

Hall, 2010) 

BioMath 
Calculators 

Promega, 
http://www.promega.com/resources/tools/biomath-
calculators 

 

Bowtie2 
v2.0.0-beta7 http://bowtie-bio.sourceforge.net/index.shtml (Langmead et 

al., 2009) 

Cufflinks 
v2.0.2 http://cufflinks.cbcb.umd.edu/ (Trapnell et 

al., 2010) 

EMBOSS 
v6.5.7 http://emboss.sourceforge.net/ (Rice et al., 

2000) 

FastQC 
v0.10.1 http://www.bioinformatics.babraham.ac.uk/projects/fastqc/  

Galaxy https://main.g2.bx.psu.edu/ 

(Giardine et 
al., 2005; 
Goecks et al., 
2010) 

Gene ID con-
verter http://idconverter.bioinfo.cnio.es/  

Geneious 5.4 Biomatters, http://www.geneious.com/  

GeneTrack http://code.google.com/p/genetrack/ (Albert et al., 
2008) 

HOMER 
v4.1 http://biowhat.ucsd.edu/homer/index.html (Heinz et al., 

2010) 

Jaspar http://jaspar.genereg.net/ (Bryne et al., 
2008) 

KaleidaGraph 
4.1.1 Synergy Software  

LabLife LabLife Software, https://www.lablife.org/ll  
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Name Distributor Reference 

Microsoft 
Office Microsoft  

OmniGraffle 
Professional The Omni Group  

R v2.12.2 http://www.r-project.org/  

SAMtools 
v0.1.18 http://samtools.sourceforge.net/ (Li et al., 

2009) 

TopHat 
v2.0.5 http://tophat.cbcb.umd.edu/ (Trapnell et 

al., 2009) 

UCSC Ge-
nome Brows-
er 

http://genome.ucsc.edu/ 
(Kent et al., 
2002; Meyer 
et al., 2012) 

 

6.1.12 Oligonucleotides 

All oligonucleotides have been purchased lyophilized from Eurofins MWG GmbH 

(Ebersberg, Germany) and diluted to a stock solution of 100 µM with sterile ddH2O, ex-

cept from SDP40-43, which have been purchased from Integrated DNA Technologies 

(=IDT, Leuven, Belgium). Unmodified oligos were ordered HPSF purified, unless HPLC 

purification was necessary (e.g. for extraordinary long oligos or oligos used for high-

throughput sequencing applications). Modified oligos were always ordered HPLC puri-

fied. 

Listed here are only those oligos, which were used in experiments relevant for this thesis. 

A complete list of oligonucleotides ordered during the study was uploaded to Gernot 

Längst’s webspace at LabLife (https://www.lablife.org/ll) and handed in as a detailed 

excel sheet. En3 oligos for MST assays (at the end of the list) were kindly provided by 

Michael Filarsky. Primers used for qPCR analyses of FAIRE experiments were kindly 

provided by Dr. Thu Hang Pham (work group of Prof. Dr. Michael Rehli, University 

Hospital Regensburg). 

Abbreviations: Mm rDNA = Mus musculus 45 S ribosomal DNA (accession number: 

BK000964), Cg = Cricetulus griseus (ribosomal DNA, accession number: DQ235090). 
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Name Amplicon / 
Binding site  

Sequence TM Application / 
Remarks 

SDP1 Firefly luciferase 
(pGL3-Basic) for CAAGATTCAAAGTGCGCTGCTGGT 62 qPCR 

SDP2 Firefly luciferase 
(pGL3-Basic) rev TTGCCTGATACCTGGCAGATGGAA 62 qPCR 

SDP3 pGL3-Basic 
backbone for ACTATCGTCGCCGCACTTATGACT 62 qPCR 

SDP4 pGL3-Basic 
backbone rev ACCGTATTACCGCCTTTGAGTGAG 62 qPCR 

SDP5 

Tip5 cDNA in-
sert in Firefly 
reporter con-
structs 

for GCTGAAGTGCTCACGGCGGA 60 qPCR 

SDP6 

Tip5 cDNA in-
sert in Firefly 
reporter con-
structs 

rev CCATCGGTGGCAGGGGGAGA 60 qPCR 

SDP7 
pGL3-Basic 
backbone up-
stream of Psp 

for GGCCGCAATAAAATATCTTT 60 sequencing 

SDP8 T1-3 of Mm 
rDNA 3'IGS for GGAGGATGTCGCGGTGTGGA 60 qPCR, LP70 

SDP9 T1-3 of Mm 
rDNA 3'IGS rev AGGAGTAAAAGACGGACAACTGGT 60 qPCR, LP71 

SDP10 T6-7 of Mm 
rDNA 3'IGS for CCTTTACTCTTCCCCACAGCGATTC 60 qPCR, LP72 

SDP11 T6-7 of Mm 
rDNA 3'IGS rev CGGGACACTTTCGGACATCTGG 60 qPCR, LP73 

SDP12 Psp + 5'IGS of 
Mm rDNA for CGCGTGAGCGATCTGTATTG 60 qPCR, LP74 

SDP13 Psp + 5'IGS of 
Mm rDNA rev CCGTCCTTAAACACGACACCA 60 qPCR, LP75 

SDP14 
T0 + core pro-
moter of  Mm 
rDNA 

for GGAAAGCTATGGGCGCGGTT 58 qPCR, LP76 
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Name Amplicon / 
Binding site  

Sequence TM Application / 
Remarks 

SDP15 
T0 + core pro-
moter of  Mm 
rDNA 

rev AAGTCATACCTGGGGAGGTGGC 58 qPCR, LP77 

SDP16 Gene promoter 
of Mm rDNA for CGACCAGTTGTTCCTTTGAGGT 60 qPCR, LP78 

SDP17 Gene promoter 
of Mm rDNA rev ACAGCTTCAGGCACCGCGAC 60 qPCR, LP79 

SDP18 
T1 of Mm 3'IGS 
(Firefly reporter 
constructs) 

for AGGCTGTTGGTGAAACTGCT 58 qPCR, LP80 

SDP19 
T1 of Mm 3'IGS 
(Firefly reporter 
constructs) 

rev AAGGAGCTGACTGGGTTGAA 58 qPCR, LP81 

SDP20 Mm 28 S rRNA for TGGGAATGCAGCCCAAAG 60 qPCR, LP82 

SDP21 Mm 28 S rRNA rev CCCTTACGGTACTTGTTGACTATCG 60 qPCR, LP83 

SDP22 Mm 28 S rRNA 
 

6FAM-
AACTCCATCTAAGGCTA
AATACCGGCACGAG 

60 TaqMan probe, 
qPCR, LP84 

SDP23 Firefly luciferase 
(pGL3-Basic) rev ATCATGTCTGCTCGAAGCGGCC 59 gene specific 

cDNA primer 

SDP24 pGL3-Basic 
backbone rev ACCGGGTTGGACTCAAGACG 56 gene specific 

cDNA primer 

SDP25 

Tip5 cDNA in-
sert in Firefly 
reporter con-
structs 

rev AGCGCGTGCTGATCGAGAAG 58 gene specific 
cDNA primer 

SDP26 5' IGS of Cg 
rDNA for GCCAGAAACACAACAGCAAA 60 qPCR 

SDP27 5' IGS of Cg 
rDNA rev CCGACGAAAGCGAAAGTAAG 60 qPCR 

SDP28 Renilla luciferase 
(pRL-TK) for ATGACTTCGAAAGTTTATTGATCCAG 58 qPCR 

SDP29 Renilla luciferase 
(pRL-TK) rev ATTTGTTTACATCTGGCCCA 58 qPCR 
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Name Amplicon / 
Binding site  

Sequence TM Application / 
Remarks 

SDP30 Firefly luciferase 
(pGL3-Basic) rev GGGCCTTTCTTTATGTTT 50 Northern Blot 

probe 

SDP31 pGL3-Basic 
backbone rev CTA CAG CGT GAG CAT 

TGA G 57 sequencing 

SDP32 pGL3-Basic 
backbone rev TTC CGT GTC GCC CTT 

ATT CC 59 sequencing 

SDP33 pGL3-Basic 
backbone rev GAC GAT AGT CAT GCC 

CCG CG 63 sequencing 

SDP44 Solexa library 
Illumina  

PHO-GAT CGG AAG AGC 
TCG TAT GCC GTC TTC 
TGC TTG 

72 
Illumina kit 
adapter 1, 5'-
phosphate, LP85 

SDP45 Solexa library 
Illumina  

ACA CTC TTT CCC TAC 
ACG ACG CTC TTC CGA 
TcT 

70 

Illumina kit 
adapter 2, PTO 
binding, LP86, 
paires for single-
end library with 
SDP44, for 
paired-end li-
brary with 
SDP99 

SDP46 Solexa library 
Illumina for 

AAT GAT ACG GCG ACC 
ACC GAG ATC TAC ACT 
CTT TCC CTA CAC GAC 
GCT CTT CCG ATc T 

65 

Illumina kit pri-
mer 1.1, PTO 
binding, LP87, 
paires for single-
end library with 
SDP47, for 
paired-end li-
brary with 
SDP100 

SDP47 Solexa library 
Illumina rev 

CAA GCA GAA GAC GGC 
ATA CGA GCT CTT CCG 
ATc T 

65 
Illumina kit pri-
mer 1.2, PTO 
binding, LP88 

SDP57 Firefly luciferase 
(pGL3-Basic) for GGCAATCAAATCATTCCGGAT 56 PCR 

SDP58 Firefly luciferase 
(pGL3-Basic) rev TGGAACAACTTTACCGACCGC 60 PCR 

SDP59 Cg β-actin for CTTGCCGGAAGTGGGCAGGG 65 PCR 
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Name Amplicon / 
Binding site  

Sequence TM Application / 
Remarks 

SDP60 Cg β-actin rev GCCTCGGTGAGCAGCACAGG 65 PCR 

SDP61 Cg β-actin for CCGGGCCGTCTTCCCATCCA 60 
qPCR (binds 
within CDS, 
exon1) 

SDP62 Cg β-actin rev TGGGCCTCGTCACCCACGTA 60 
qPCR (binds 
within CDS, 
exon2) 

SDP63 

T1 of Mm rDNA 
3'IGS (Firefly 
reporter con-
structs) 

for 
ATTTGC GCGCGC 
CAGGGGGAGGTGTGGG
AGGT 

75 

PCR, adds 
BssHII site to T1 
from 
pMrEnIl9*rT1 

SDP64 

T1 of Mm rDNA 
3'IGS (Firefly 
reporter con-
structs) 

rev 
ATTTGC TTAATTAA 
GGCTCTCAAGGGCATCG
GTCG 

70 
PCR, adds PacI 
site to T1 from 
pMrEnIl9*rT1 

SDP65 
Hygromycin 
CDS on 
pcDNA5/FRT 

for GAGCGAGGCGATGTTCGGGG  
qPCR 

SDP66 
Hygromycin 
CDS on 
pcDNA5/FRT 

rev TCCGGATGCCTCCGCTCGAA  
qPCR 

SDP67 AmpR for CCATCTGGCCCCAGTGCTGC  
qPCR 

SDP68 AmpR rev CTTCTGCGCTCGGCCCTTCC  
qPCR 

SDP69 

T1 of Mm rDNA 
3'IGS (Firefly 
reporter con-
structs) 

for CAGGGGGAGGTGTGGGAGGT 65 

cloning, forward 
primer to amplify 
correct T1, same 
as SDP63 with-
out cutting site 

SDP70 

T1 of Mm rDNA 
3'IGS (Firefly 
reporter con-
structs) 

rev GACCGAGCGCAGCGAGTCAG 65 
cloning, reverse 
primer to amplify 
correct T1 
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Name Amplicon / 
Binding site  

Sequence TM Application / 
Remarks 

SDP93 Mm rDNA IGS for 
DY682-
ACTCACTGTGTAGACCA
GGCTGGCCTTGAA  

EMSA probe, 5'-
DY-682, putative 
TTF binding site 
(GTAGAC mo-
tif) 

SDP94 Mm rDNA IGS rev TTCAAGGCCAGCCTGGTCTACACAGTGAGT  

EMSA probe, 
putative TTF 
binding site 
(GTAGAC mo-
tif) 

SDP95 Mm rDNA IGS for 
DY682-
ACTCACTTTGCAGACCA
GGCTGGCCTCAAA  

EMSA probe, 5'-
DY-682, putative 
TTF binding site 
(GCAGAC mo-
tif) 

SDP96 Mm rDNA IGS rev TTTGAGGCCAGCCTGGTCTGCAAAGTGAGT  

EMSA probe, 
putative TTF 
binding site 
(GCAGAC mo-
tif) 

SDP97 Mm rDNA IGS for 
DY682-
ACTCACTTCATAGACCA
GGCTGGCCTTGAT  

EMSA probe, 5'-
DY-682, putative 
TTF binding site 
(ATAGAC motif) 

SDP98 Mm rDNA IGS rev ATCAAGGCCAGCCTGGTCTATGAAGTGAGT  

EMSA probe, 
putative TTF 
binding site 
(ATAGAC motif) 

SDP99 Solexa PE library 
Illumina  

PHO-GAT CGG AAG AGC 
GGT TCA GCA GGA ATG 
CCG AG 

72 

Illumina paired 
end kit adapter 1, 
5'-phosphate, 
pairs with SDP45 
(Sol_Adapter 2) 
for paired-end 
library, LP45 
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Name Amplicon / 
Binding site  

Sequence TM Application / 
Remarks 

SDP100 Solexa PE library 
Illumina rev 

CAA GCA GAA GAC GGC 
ATA CGA GAT CGG TCT 
CGG CAT TCC TGC TGA 
ACC GCT CTT CCG ATcT 

65 

Illumina paired 
end kit primer 
2.0, PTO bind-
ing, pairs with 
SDP46 for 
paired-end li-
brary, LP46 

SDP103 CMV promoter 
(TATA-box) for AGCGGTTTGACTCACGGGGA  

qPCR 

SDP104 CMV promoter 
(TATA-box) rev CACCGTACACGCCTACCGCC  

qPCR 

SDP105 Pabpn1 for GGGCTCGGGTGGTAGGAGGG  

qPCR, targets 
Mm poly(A) 
binding protein, 
nuclear 1 
(NM_019402) 

SDP106 Pabpn1 rev AGGCGGGGACTGCAAAAGGC  

qPCR, targets 
Mm poly(A) 
binding protein, 
nuclear 1 
(NM_019402) 

SDP107 Mm rDNA T1 for CTTCGGAGGTCGACCAGTACTCCGGGCGAC  

consensus se-
quence of T1 of 
both Flp2 and 
Flp3 constructs, 
probe for FAIRE 
- Dotblot 

SDP110 Mm rDNA T0 for 
Cy3-
TTGTCAGGGTCGACCAG
TTGTTCCTTTGAG  

NanoTemper 
probe, 5'-Cy3 

SDP111 Mm rDNA T0 rev CTCAAAGGAACAACTGGTCGACCCTGACAA  
NanoTemper 
probe 

SDP112 Mm rDNA T1 for 
Cy5-
CTTCGGAGGTCGACCA
GTACTCCGGGCGAC  

NanoTemper 
probe, 5'-Cy5 

SDP113 Mm rDNA T1 rev GTCGCCCGGAGTACTGGTCGACCTCCGAAG  
NanoTemper 
probe 
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Name Amplicon / 
Binding site  

Sequence TM Application / 
Remarks 

SDP114 Mm rDNA T2 for 
Cy5-
TGCTGGAGGTCGACCA
GATGTCCGAAAGTG  

NanoTemper 
probe, 5'-Cy5 

SDP115 Mm rDNA T2 rev CACTTTCGGACATCTGGTCGACCTCCAGCA  
NanoTemper 
probe 

SDP116 Mm rDNA T9 for 
Cy5-
TCATATAGGTCGACCGG
TGGTACTTTGTCT  

NanoTemper 
probe, 5'-Cy5 

SDP117 Mm rDNA T9 rev AGACAAAGTACCACCGGTCGACCTATATGA  
NanoTemper 
probe 

 En3 for TCT TTT TTT TTT TTT 
TTC TTT TTT CCT CC  NanoTemper 

probe 

 En3 rev 
Cy3-GGA GGA AAA AAG 
AAA AAA AAA AAA AAA 

GA 
 NanoTemper 

probe, 5’-Cy3 

 

6.1.13 Plasmids 

Listed here are only those constructs, which were used in experiments relevant for this 

thesis. A complete list of all plasmids generated during the study was uploaded to Gernot 

Längst’s webspace at LabLife (https://www.lablife.org/ll) and handed in as a detailed 

excel sheet. 

Plasmids previously cloned by Attila Németh were controlled by restriction enzyme di-

gest and Sanger sequencing (Geneart, Life Techonolgies). All but one construct was cor-

rect. The T1 minigene contained a point mutation within the crucial Sal-box element of 

the T1 termination site. Therefore, this particular construct was re-designed and the cor-

rect T1 site was verified by sequencing. 

Abbreviations: AN = Attila Nemeth, SD = Sarah Diermeier, Mm rDNA = Mus musculus 

45 S ribosomal DNA, TTF-I = transcription termination factor I. 
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Name Alt. name Insert Remarks Cloning 
strategy 

Obtained 
from 

SD1 pRL-TK Renilla Lucif-
erase 

for use with 
Dual-
Luciferase 
Reporter As-
say (Promega) 

  Promega 

SD2 pMrEnIl9*r Mm rDNA 
minigene En 

based on 
pGL3-Basic   AN 

SD3 pMrEnIl9*r T1 Mm rDNA 
minigene EnT1 

based on 
pGL3-Basic, 
re-cloned be-
cause Sal-box 
from AN 
cloned set was 
mutated 

PCR amplifi-
cation of 
correct T1 
(template: 
sequence-
verified 
pMrEnIlT1) 
with 
SDP69+70, 
cloned into 
backbone of 
AN’s 
pMrEnIl9*rT
1via ClaI/AfeI 

SD 

SD4 pMrEnIl9*r T2 
Mm rDNA 
minigene EnT2 

based on 
pGL3-Basic   AN 

SD5 pMrEnIl9*r T10 
Mm rDNA 
minigene 
EnT10 

based on 
pGL3-Basic   AN 

SD6 pMrEnIl9*r T10r 
Mm rDNA 
minigene 
EnT10r 

based on 
pGL3-Basic   AN 

SD7 pMrIlT0 
Mm rDNA 
minigene T0 

based on 
pGL3-Basic   AN 

SD8 pMrIlT0T10 
Mm rDNA 
minigene T0T10 

based on 
pGL3-Basic   AN 

SD9 pMrIlT0T10r 
Mm rDNA 
minigene 
T0T10r 

based on 
pGL3-Basic  

AN 
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Name Alt. name Insert Remarks Cloning 
strategy 

Obtained 
from 

SD10 pMrIlT0 G-7 
Mm rDNA 
minigene T0 G-
7 

based on 
pGL3-Basic, 
G-7 is mutated 
to A 

G-7 fragment 
from pMrG-7 
(provided by 
Prof. Dr. 
Ingrid 
Grummt) was 
cloned into 
pMrIlT0 via 
NotI/XmaI 
(dam- strain! 
Because in-
termediate 
step was di-
gest with 
DpnII) 

SD 

SD11 pMrIlT10r G-7 
Mm rDNA 
minigene 
T0T10r G-7 

based on 
pGL3-Basic, 
G-7 is mutated 
to A 

G-7 fragment 
from pMrG-7 
(provided by 
Prof. Dr. 
Ingrid 
Grummt) was 
cloned into 
pMrIlT10r via 
NotI/XmaI 
(dam- strain! 
Because in-
termediate 
step was di-
gest with 
DpnII) 

SD 

SD12 pMrPspIl9*rT10 
Mm rDNA 
minigene 
PspT10 

based on 
pGL3-Basic, 
for generating 
pcDNA5/FRT/
Flp3 

  AN 

SD13 pEGFP TTF-I full length 
TTF-I 

based on 
pEGFP, ex-
pression plas-
mid 

  AN 



 

 

	  

6.1 MATERIALS  

	  

	   	  

- 163 -  

Name Alt. name Insert Remarks Cloning 
strategy 

Obtained 
from 

SD14 pEGFP TTF-I 
∆N348 TTF-I ∆N348 

based on 
pEGFP, ex-
pression plas-
mid, ∆N348 = 
published as 
∆N323  

  AN 

SD15 pEGFP TTF-I 
∆N470 TTF-I ∆N470 

based on 
pEGFP, ex-
pression plas-
mid, ∆N470 = 
published as 
∆N445 

  AN 

SD16 pcDNA5/FRT 
Flipase recom-
bination target 
sites 

cloning vector 
for Flp-In sys-
tem 

  

Life 
Technol-
ogies / 
Prof. Dr. 
Wagner 

SD17 pOG44 Flipase 

for co-
transfections 
witch 
pcDNA5/FRT 
used in the 
Flp-In system 

  

Life 
Technol-
ogies / 
Prof. Dr. 
Wagner 

SD18 Flp1 pcDNA5/FRT/
pMrPspIl9*r 

vector for sta-
ble integration 
of Mm rDNA 
minigene Psp 
into CHO Flp-
In cells 

Flp3 was 
digested with 
BssHII and 
re-ligated 

SD 

SD19 Flp2 pcDNA5/FRT/
pMrPspIl9*rT1 

vector for sta-
ble integration 
of Mm rDNA 
minigene 
PspT1 into 
CHO Flp-In 
cells 

Flp3 was 
digested with 
BssHII/PacI, 
correct T1 
was PCR 
amplified 
with 
SDP63+64 
from 
pMrEnIlT1 
and ligated 
via 
BssHII/PacI 

SD 
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Name Alt. name Insert Remarks Cloning 
strategy 

Obtained 
from 

SD20 Flp3 
pcDNA5/FRT/
pMrP-
spIl9*rT10 

vector for sta-
ble integration 
of Mm rDNA 
minigene 
PspT10 into 
CHO Flp-In 
cells 

pMrP-
spIl9*rT10 
was cut with 
AfeI/SspI and 
cloned into 
the EcoRV 
blunted and 
dephosphory-
lated 
pcDNA5/FR
T  

SD 

SD21 pEGFP EGFP 
Control for 
transfection 
experiments 

 AN 

SD22 pBluescript  
Control for 
transfection 
experiments 

 AN 
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6.2 Methods 

6.2.1 Molecular cloning 

All work was performed using standard protocols and handled with standard precautions, 

according to the guidelines of biosafety level 1 (S1) laboratory work. Bacteria were cul-

tured in LB medium supplemented with antibiotics. Medium was stored at room tempera-

ture, antibiotics at -20 °C. Bacteria were grown at 37 °C with agitation in liquid medium 

or without agitation on solid medium plates. 

6.2.1.1 Isolation of plasmid DNA 

Isolation of plasmid DNA from 3-4 ml liquid bacterial culture was performed using the 

QIAprep Spin Miniprep Kit either by hand or automated with the QIAcube. If a higher 

quantity of endotoxin-free, transfection-grade plasmid DNA was required, 50 ml of liquid 

LB medium was inoculated and the PureLink® HiPure Plasmid Filter Midiprep Kit was 

used for isolation. Both Kits were used according to the manufacturer’s instructions, ex-

cept for the DNA precipitation step of the Midiprep Kit: Instead of 30 min at 12.000 g, 

centrifugation was carried out for 2 h at 4.000 g. Accordingly, the washings step with 

70% ethanol for 5 min at 12.000 g was replaced by 30 min at 4.000 g. 

6.2.1.2 Restriction enzyme digest 

All restriction enzyme digests were carried out according to the manufacturer’s instruc-

tions on enzyme combinations, buffer usage, BSA supplementation and incubation tem-

perature and times (see http://www.neb.com/nebecomm/default.asp; especially useful 

NEB tools: Double Digest Finder and Enzyme Finder). High Fidelity (HF) endonucleases 

were used whenever possible. Analytical digests e.g. for identification of positive clones 

were carried out using 300 ng of DNA and 5 U of the respective enzyme(s) in a total reac-

tion volume of 10 µl at 37 °C for 1 h. Preparative digests e.g. for subsequent ligation re-

actions were performed with 10 µg of DNA and 50 U of the respective enzyme(s) in a 

total reaction volume of 50 µl at 37 °C for 2 – 4 h. For all restriction digests, a final con-

centration of > 5% of glycerol was avoided because this might cause star activity. As 
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restriction enzymes are commonly stored in 50% glycerol, the added enzyme volume 

should not comprise more than 10% of the total reaction volume. If necessary, e.g. for 

subsequent blunting of the cohesive ends, restriction enzymes were heat-inactivated after 

the digest according to the manufacturer’s instructions. In cases where heat-inactivation 

was not possible, e.g. for HpaI, phenol/chloroform extraction was performed (see 

6.2.3.2). Both analytical and preparative digests were resolved on 1% agarose gels con-

taining 0.01% SYBR®Safe in 1x TBE buffer as described in 6.2.3.4. 

6.2.1.3 Modifying cohesive ends to blunt ends 

For filling up of 3’ recessed ends, 15 U of T4 DNA polymerase were used in 1x NEB2 

buffer, supplemented with 1x BSA and a final concentration of 100 µM dNTPs in a total 

reaction volume of 50 µl. The reaction was incubated at 12 °C for 15 min and EDTA was 

added to a final concentration of 10 mM to stop the reaction. The polymerase was heat-

inactivated at 75 °C for 20 min.  

6.2.1.4 Dephosphorylation of blunt ends 

Prior to ligation of blunt ends, the vector backbone was dephosphorylated to prevent in-

creased re-ligation rates. Therefore, 10 U of Antarctic phosphatase were used in 1x Ant-

arctic phosphatase buffer in a total reaction volume of 20 µl. The reaction was incubated 

at 37 °C for 30 min and subsequently the enzyme was heat-inactivated at 65 °C for 5 min. 

6.2.1.5 Polymerase chain reaction (PCR) 

The polymerase chain reaction (PCR) was used for amplification of a template, introduc-

tion of restriction enzyme cutting sites for subsequent cloning and/or construction of dele-

tion mutants. The proof reading DNA polymerase iProof was used which has an error rate 

of 4.4.10 -7 in High Fidelity (HF) buffer and produces blunt ends. A master mix was pre-

pared according to the following table: 
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Reagent Volume (µl) Final concentration 

DNA template (50 ng/µl) 1 1 ng/µl 

2x iProof™ HF DNA Pol-
ymerase Master Mix 25 1x 

Primer forward (100 µM) 0.25 0.5 µM 

Primer reverse (100 µM) 0.25 0.5 µM 

Sterile H2O 23.5  

Total volume 50  

The 2x Master Mix contained buffer (final concentration of 1.5 mM Mg2+), dNTPs (final 

concentration: 200 µM each) and the iProof DNA polymerase (final concentration: 1 U). 

In addition, an appropriate negative control (e.g. water) was carried along. The PCR was 

performed according to the following program: 

Cycle step Temperature Time Number of cycles 

Initial denaturation 98 30 s 1 

   Denaturation 98 10 s 

35    Annealing * 30 s 

   Extension 72 15 s 

Final Extension 72 5 min 1 

* Annealing temperature depends on the primers used, typically between 55 and 65 °C. 

Primer were annealed at + 3 °C above the lowest TM (TM as suggested by the oligo manu-

facturer). For long primers, e.g. when adding tags to protein coding genes, a two-step 

PCR was performed (both annealing + extension were carried out in one step: 72 °C for 1 

min). Difficult templates or long primers might require prior testing of annealing tem-

peratures by running a gradient PCR. The polymerase used here has an approximate 

elongation rate of about 70 bp/s. 

The PCR products were analyzed on 1% agarose gels containing 0.01% SYBR®Safe (see 

6.2.3.4). 
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6.2.1.6 Purification of PCR products 

Purification of PCR products from primers and dNTPs and de-salting was performed with 

the QIAquick® PCR Purification Kit according to the manufacturer’s instructions. 

6.2.1.7 Agarose gel extraction 

In many cases, a simple column based purification of a PCR product is not possible or 

DNA fragments have to be separated after a restriction endonuclease digest. Hence, sepa-

ration of the DNA on preparative agarose gels (see 6.2.3.4) is necessary. The desired 

bands were cut from the gel with a clean scalpel using the blue-light screen and an orange 

filter. Elution of the DNA from agarose plugs was carried out with the Qiaex II ® Gel 

Extraction Kit according to the manufacturer’s instructions. 

6.2.1.8 Ligation 

For all ligations, an 1:3 molar ratio of vector:insert was used, unless the insert was excep-

tionally big. In these cases, a 1:1 molar ratio was used. Ratios were calculated according 

to the following formula: 

𝑙𝑒𝑛𝑔𝑡ℎ  𝑜𝑓  𝑖𝑛𝑠𝑒𝑟𝑡   𝑘𝑏
𝑙𝑒𝑛𝑔𝑡ℎ  𝑜𝑓  𝑣𝑒𝑐𝑡𝑜𝑟   𝑘𝑏

  ×  𝑛𝑔  𝑜𝑓  𝑣𝑒𝑐𝑡𝑜𝑟 = 𝑛𝑔  𝑜𝑓  𝑖𝑛𝑠𝑒𝑟𝑡  𝑓𝑜𝑟  𝑎  1: 1  𝑟𝑎𝑡𝑖𝑜 

Alternatively, the respective values can be directly entered to Promega’s BioMath Calcu-

lator (http://www.promega.com/techserv/tools/biomath/calc06.htm). 

For incompatible ends, the ends were blunted and dephosphorylated prior to ligation as 

described in 6.2.1.3 and 6.2.1.4. In case of compatible cohesive ends or blunt ends, vector 

and insert were directly ligated in 1x T4 DNA Ligase Reaction Buffer (New England 

Biolabs), supplemented with additional, fresh 10 mM ATP (final concentration: 1 mM 

ATP) and 2.5 U/µl of T4 DNA ligase (New England Biolabs). To ensure efficient ligation, 

the final DNA concentration should not exceed 10 ng/µl, e.g. to ligate 500 ng of vector + 

insert, a reaction volume of 50 µl is the minimum. Ligation was carried out in a 

styrofoam box over night at 4 °C.  
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6.2.1.9 Transformation 

For transformation of plasmid DNA to chemically competent Escherichia coli (E. coli) 

cells, an aliquot (50 µl) of the respective bacteria strain was thawed on ice. 50 ng of cir-

cular DNA were added to the cells and incubated for 10 min on ice. To transform a liga-

tion product, the whole ligation reaction was added (see 6.2.1.8). The heat-shock was 

performed for 45 sec at 42 °C in a water bath. Tubes were put back on ice for 2 min to 

reduce damage to the E. coli cells. Afterwards, 1 ml of pre-warmed (37 °C) liquid LB 

medium (without antibiotics) was added and the cells were incubated at 37 °C for 1 hour 

with agitation (300 rpm). The recovery phase can be shortened to 30 minutes, unless try-

ing to grow DNA for ligation, which is more sensitive.  

A note regarding ampicillin resistance: The enzyme that degrades ampicillin, β-lactamase, 

is secreted from the cells and accumulates in the broth during recovery phase. If the en-

zyme accumulates to sufficient levels, ampicillin selection on solid media can be com-

promised. Therefore, when selecting on solid LB media + Amp plates, shorten recovery 

to 30 min.  

About 100 µl of the resulting bacterial culture were spread out on solid LB media with 

appropriate antibiotic(s) added. Cells were grown at 37 °C over night and plates were 

inspected after 12 – 16 h.  

6.2.1.10 Colony PCR 

An easy and quick way to screen for positive clones after transformation is performing 

colony PCR. Therefore, about 20 clones were picked from solid LB media plates after 

overnight incubation. Every colony was picked with a sterile pipette tip and resuspended 

in 25 µl of sterile water. The remaining cells at the tip were stroke out on fresh LB plates 

with appropriate antibiotic(s) added and incubated at 37 °C for 8 h - over night. The re-

uspended clones were heated to 100 °C for 10 min and cooled down on ice. 25 µl of a 

colony PCR master mix was added and reactions were mixed. A master mix was prepared 

according to the following table: 
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Reagent Volume (µl) Final concentration 

10x Taq Polymerase buffer 5 1x 

10 mM dNTP 1 200 µM each 

Primer forward (100 µM) 0.25 0.5 µM 

Primer reverse (100 µM) 0.25 0.5 µM 

Sterile H2O 17.5  

Taq Polymerase 1  

Colony in H2O 25  

Total volume 50  

In addition, appropriate positive controls (e.g. 5 ng of the transfected plasmid) and nega-

tive controls (e.g. water control) were carried along. The PCR was performed according 

to the following program: 

Cycle step Temperature Time Number of cycles 

Initial denaturation 95 5 min 1 

   Denaturation 95 30 s 

35    Annealing 60 30 s 

   Extension 72 * 

Final Extension 72 10 min 1 

* Extension time depended on the length of the expected product size. The Taq polymer-

ase used here has an approximate elongation rate of 10 bp/s. For a PCR product of e.g. 

500 bp, an extension time of 50 s was applicable. 

The PCR products were analyzed on 1% agarose gels containing 0.01% SYBR®Safe as 

described in 6.2.3.4. Positive clones were selected and about 4 clones were inoculated 

from the LB plate in 3 – 4 ml of liquid LB medium supplemented with appropriate anti-

biotic(s). Liquid cultures were incubated at 37 °C over night with agitation. 

 



 

 

	  

6.2 METHODS  

	  

	   	  

- 171 -  

6.2.1.11 Bacterial cryo cultures 

Bacterial cryo cultures were produced for important positive clones only. Therefore, 800 

µl of a liquid bacterial over night culture were mixed with 400 µl of sterile 50% glycerol 

in screw cap cryo tubes and snap-frozen in liquid nitrogen. Cryo cultures were stored at – 

80 °C. 

6.2.2 Mammalian cell culture 

6.2.2.1 Maintenance and propagation 

All work was performed regarding to standard protocols and handled with standard pre-

cautions under a sterile hood in laminar flow. All media, additives and other solutions 

were either purchased sterile or sterilized by autoclaving or sterile filtering. All devices 

used in the sterile hood, gloves, bottlenecks of solutions and the working space were al-

ways wiped with 70% isopropanol or 70% ethanol before use. All solutions except PBS 

were stored at 4 °C but pre-warmed to room temperature before use. PBS was stored at 

room temperature. Cells were grown in humidified incubators at 37 °C (atmosphere 95% 

air / 5% CO2). All cell lines were grown in low glucose DMEM supplemented with stable 

glutamin (GlutaMAX™), pyruvate, 10% FBS, 100 U/ml penicillin and 100 µg/ml strep-

tomycin. In addition, selective antibiotics were added to CHO Flp-In cell lines (see 

6.2.2.4). Mycoplasma contamination tests were carried out on a regular basis and when-

ever new cell lines were cultivated for the first time. Media were changed every 2 – 3 

days depending on the confluency of the cells. Cells were split at an estimated confluency 

of 80%. Cells were mostly grown in 175 cm2 flasks or 145 cm2 dishes; therefore the fol-

lowing procedures are described respectively and were down scaled for smaller growth 

areas (e.g. divided by two for 75 cm2 flasks, etc). 

For splitting, the medium was aspirated and cells were washed once with 10 ml of sterile 

PBS. 3 ml of trypsin/EDTA solution were added and incubated at 37 °C for 5 min. The 

process of detachment was monitored under the microscope. For CHO and CHO Flp-In 

cells, all trypsinated cells were aspirated and 25 ml of DMEM were added directly to the 

culture dish. For HeLa cells, a subcultivation ratio of 1:6 was used. Therefore, 2.5 ml of 
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trypsinated cells were aspirated and 25 ml of medium were added to stop the reaction and 

propagate the remaining 0.5 ml of cells. 

When cells were split for experiments, 7 ml of medium were added after trypsinization 

and cells were transferred to a falcon tube and centrifuged at 150 g for 5 min at room 

temperature. The supernatant was aspirated and the pellet was resuspended in 10 ml of 

fresh medium. To determine cell numbers, 500 µl of the suspension were mixed with 50 

µl of trypan blue, which was used to distinguish viable from dead cells, and applied to a 

counting chamber, a hemacytometer with Neubauer rulings. For biological replicates, the 

same amount of cells was seeded each time. 

Cells were kept in culture up to a maximum passage number of 25. 

6.2.2.2 Mammalian cryo cultures 

Cryo cultures of mammalian cells were established as early as possible, usually in be-

tween passage number 3 – 5. Cells were trypsinated, centrifuged and counted as described 

in 6.2.2.1. The required amount of cells was centrifuged again at 150 g for 5 min and 

resuspended in pure FBS supplemented with 10% DMSO. Aliquots of usually 5 million 

cells were transferred to cryo vials and quickly transferred to insulator boxes and stored at 

– 20 °C over night. The next day, the insulator box was transferred to – 80 °C and left 

there over night. Finally, the vials were transferred to cryo boxes and continuously stored 

at – 80 °C. Alternatively and for very long term storage, cryo vials can be stored in liquid 

nitrogen. 

When thawing a new batch of cells from – 80 °C or liquid nitrogen storage, the vial was 

pre-warmed in a water bath to 37 °C until the suspension was almost completely thawed. 

The cells were quickly transferred to a 75 cm2 flask already containing 15 ml of pre-

warmed medium. After 24 h of incubation at 37 °C, the medium was exchanged to get rid 

of DMSO remnants. Cells were further grown until 80% confluency was reached and 

afterwards split and treated as described above. 
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6.2.2.3 Transient transfection 

For transient transfection experiments, cells were counted and seeded appropriately to the 

respective experiments. In case of reporter gene assays (6.2.4.8) and Western blots 

(6.2.4.6), CHO cells were seeded in 12-well plates with a confluency of 200.000 

cells/well and a volume of 1 ml and transfections were always carried out in technical 

triplicates. In contrast, for ChIP experiments (6.2.5.1), CHO and CHO Flp-In cell lines 

were seeded in 175 cm2 flasks with a confluency of 3.000.000 cells/flask in a volume of 

25 ml. The next day, the supernatant was exchanged to fresh medium including FBS and 

antibiotics (0.5 ml/well or 10 ml/flask). PEI was used as a transfection reagent. Therefore, 

it was mixed with endotoxin-free, transfection grade plasmid DNA in serum- and antibi-

otics-free medium (volume: 1/10 of culture medium) in a ratio of 3:1 and incubated for 15 

min at room temperature. The PEI-DNA mixture was added slowly, drop-wise to the cells 

and spread well. Per well of a 12-well plate, 1 µg of DNA was transfected whereas 10 µg 

of DNA were used per 175 cm2 flask. After 24 h, the medium was exchanged another 

time (1 ml/well or 25 ml/flask) and after 48 h cells were harvested. 

6.2.2.4 Generation of stable Flp-In cell lines 

Stable cell lines were generated using the Flp-In system (by Life Technologies, kindly 

provided by Prof. Dr. Ralf Wagner). The system uses Flp recombinase-mediated integra-

tion derived from Saccharomyces cerevisiae, which enables fast and easy generation of 

stable cell lines. CHO Flp-in cell lines carry a Flp recombination target site (FRT site) 

integrated into the genome, just downstream of the ATG of a lacZ-Zeocin™ fusion gene. 

These cells were transfected with a pcDNA5/FRT/GOI plasmid containing the same FRT 

sites, the gene of interest, which should be integrated, and a hygromycin resistance gene, 

as well as pOG44, which encodes the enzyme Flp recombinase. As soon as the recom-

binase is expressed in transfected cell, it will mediate a homologous recombination event 

between the FRT sites on the plasmid and in the genome. Integration of the plasmid inac-

tivates the zeocin resistance and activates hygromycin resistance. Hence, stable inte-

grands can be selected by hygromycin tolerance, zeocin sensitivity and expression of the 

integrated gene of interest. As the FRT site is present only once per haploid genome, inte-

gration happens site-specific and only once, unless a second, random integration takes 

place.  
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Prior to transfection of the CHO Flp-In cells, 100 µg/ml zeocin was added to the medium 

for propagation. The less confluent the cells are, the more efficient is the antibiotic selec-

tion, therefore cells should not reach a higher confluency than 25%. Cells were passaged 

at least 3x after thawing prior to transfections and seeded in a confluency of 100.000 

cells/well in 6-well plates to generate stable cell lines. The medium used during transfec-

tions was not supplemented with zeocin or hygromycin. CHO Flp-In cells were co-

transfected with pcDNA5/FRT/GOI (where GOI denotes the respective gene of interest, 

here mouse rDNA reporter constructs) and pOG44 (encoding the Flp recombinase) in a 

ratio of 1:9. Three different amounts of total DNA transfected were used, 250, 500 and 

1000 ng, which all generated stable cell lines of single integrands. Like for transient 

transfections, PEI was used as transfection reagent in a ratio of 3:1. A set of controls was 

performed in parallel: a mock transfection of pBluescript and pOG44, pcDNA/FRT/GOI 

without pOG44 and a non-transfected control. 24 h post transfection, the medium was 

exchanged, still without selective antibiotics. 48 h post transfection, cells were trypsinat-

ed as described in 6.2.2.1 and every well was expanded to one 75 cm2 flask. From this 

step on, all media were supplemented with 500 µg/ml of hygromycin. Media were ex-

changed every 2 – 3 days. After two weeks, first foci of stable integrands were visible. As 

soon as flasks were 60 – 70 % confluent, cells were split and expanded further. Cryo cul-

tures were generated according to 6.2.2.2 and re-thawed cultures were still resistant to 

hygromycin. The newly established cell lines were further passaged in medium supple-

mented with 250 µg/ml of hygromycin, which did not cause growth of cells without sta-

ble integration. All cell lines were tested positive for stable integration of a single copy 

with qPCR, 2D and 3D FISH. 

6.2.3 Working with nucleic acids 

In general, working with DNA requires a DNase-free environment and careful handling 

while wearing gloves. DNA samples should always be kept on ice while handling and can 

be stored at 4 °C for short term and at -20 °C for long term storage  

6.2.3.1 Determination of DNA quantity and purity 

Quantitation of DNA concentration was carried out using either UV/Vis spectrophotomet-

ric (NanoDrop ND-1000) or fluorometric (Qubit® 2.0) measurements. Usage of absorp-
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tion measurements with NanoDrop is suited best for DNA concentrations in the range of 

10 – 2000 ng/µl. The full spectra output allows determination of sample purity at the 

same time. DNA samples with an A260/A280 ratio of 1.8 or higher are considered to be free 

of protein contamination and aromatic substances, while A260/A280 nm of > 2.0 indicates 

contamination with RNA. In addition, the A230/A260 ratio hints to possible contamination 

with organic solvents often used in DNA purification, such as ethanol, phenol or chloro-

form. NanoDrop measurement was used for all standard molecular biology applications, 

such as cloning, plasmid purification or DNA extraction from mammalian cells. 

While the Qubit fluorometer cannot assess DNA purity, it allow very precise measure-

ments especially in the sample concentration range of < 10 ng/µl. Another benefit of the 

Qubit assays is the possibility of measuring DNA, RNA and protein concentrations of e.g. 

cell lysates without further purification or separation, as the fluorescent dyes are highly 

specific for each of the molecule classes. Qubit was used for precious samples like high-

throughput sequencing libraries. Qubit assay kits were used according to the manufactur-

er’s instructions.  

A third method used to assess quantity, quality and fragment size of high-throughput se-

quencing libraries were microfluidic chips ran on a 2100 Bioanalyzer (Agilent Technol-

gies). These chips contain an interconnected set of microchannels where nucleic acids are 

driven through electrophoretically. Thereby, DNA can be accurately separated according 

to size with a resolution down to 5 bp. The High Sensitivity Assay Kit used here quanti-

fies DNA in the range of 50 – 7000 bp and 5 – 500 pg/µl. It was used according to the 

manufacturer’s instructions. 

6.2.3.2 Phenol/chloroform extraction 

To separate nucleic acids from proteins, phenol/chloroform extraction was used. One 

volume of phenol/chloroform/isoamyl alcohol solution was added to the sample and 

mixed vigorously by vortexing. Phases were separated by centrifugation for 5 min at 

13.000 g at room temperature. The upper, aqueous phase containing the DNA was trans-

ferred carefully to a new tube without touching the protein layer. A second round of phe-

nol/chloroform was performed as described above. In order to remove traces of phenol, 

the aqueous phase was extracted with one volume of chloroform p.a., mixed and centri-
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fuged for 5 min at 13.000 g at room temperature. The supernatant was transferred to a 

new tube. 

6.2.3.3 DNA precipitation 

DNA was precipitated using acetate and two volumes of ice-cold ethanol. Ammonium 

acetate (0.5 volumes, 7.5 M, pH 7.7) was used for cloning and isolation of nucleosomal 

DNA after partial MNase digestion of native chromatin (see 6.2.5.3). Sodium acetate (0.1 

volumes, 3 M, pH 5.2) was used for ChIP and FAIRE assays. After addition of acetate 

and ethanol, samples were incubated on ice for 10 – 30 min on ice. Next, the tubes were 

centrifuged for 15 min at 13.000 g and 4 °C. The supernatant was aspirated carefully and 

the pellet was washed with one volume of 70 % ethanol and centrifuged another time for 

10 min at 13.000 g and 4 °C. The supernatant was aspirated carefully and the pellet was 

air-dried for approximately 10 min. Finally, DNA was dissolved in the appropriate 

amount of water or Tris-HCl buffer (10 mM, pH 8.5) and stored at – 20 °C. 

6.2.3.4 Agarose gel electrophoresis 

In general, agarose gel electrophoresis was used to separate DNA according to size and 

for quality control of DNA isolations or PCR reactions. Agarose concentrations varied 

between 0.8 – 2%, dissolved in 1x TBE buffer supplemented with 0.01% SYBR®Safe. 

DNA was mixed with 6x sample buffer prior to loading the gel. As running buffer, 1x 

TBE was used. Gels were run at a constant voltage of 100 V until sufficiently separated. 

The separation process was monitored during and after the run by using blue-light emit-

ting screens. For partial MNase digest of native chromatin, 1.3% agarose gels were used 

without SYBR®Safe. Instead, the gels were stained post run in 1x TBE containing 0.5 

mg/ml ethidium bromide for 20 min. Gels were de-stained twice for 10 min in distilled 

water and visualized on a UV trans-illuminator imaging system. 

6.2.3.5 Annealing of oligonucleotides 

For analysis of protein binding to DNA by electromobility shift assays (EMSAs, 6.2.3.6) 

and microscale thermophoresis (6.2.3.8), double-stranded oligonucleotides are required. 

To quantify protein-DNA interactions, one of the two oligos was ordered labeled with 

fluorescent or infrared dyes. The labeled single stranded DNA molecule was mixed with 
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its complimentary non-labeled oligo in a ratio of 1:1.2 in annealing buffer. Stock solu-

tions were generated in concentrations of 10 µM and a total volume of 20 µl. The reaction 

was heated for 1 min at 95 °C and slowly cooled down to room temperature. Annealing 

was controlled on 15% native PAGEs (see 6.2.3.7). 

6.2.3.6 Electromobility shift assay (EMSA) 

Electromobility shift assays are a quick method to test for protein-DNA interactions. 500 

fmol of labeled (infrared or fluorescent dye), double-stranded DNA oligos were mixed 

with 250 – 1000 fmol of protein. In addition, 200 ng of poly(dI-dC) was added to every 

reaction to prevent unspecific binding of the protein to the target DNA. Reactions were 

carried out in EMSA buffer in a total volume of 10 µl and incubated for 10 min at 30 °C. 

Samples were resolved in orange G loading dye on 5% native PAGEs (see 6.2.3.7). 

6.2.3.7 Native polyacrylamide gel electrophoresis (PAGE) 

Native polyacrylamide gel electrophoresis was used mainly for analysis of electromobili-

ty shift assays (EMSAs, 6.2.3.6). Polyacrylamide concentrations varied between 5 – 15% 

in 0.4x TBE. Gels were pre-run in 0.4x TBE running buffer for 20 min at 80 V prior to 

application of the samples. Separation of free DNA and DNA-protein complexes was 

performed for 1 h at 100 V and 4 °C. Afterwards, gels were stained in 0.4x TBE contain-

ing 0.5 mg/ml ethidium bromide for 20 min. Gels were de-stained twice for 10 min in 

distilled water and visualized on a UV trans-illuminator imaging system (Intas). In case 

of infrared-dye or fluorescently labeled oligos, gels were imaged with an Odyssey (Li-

Cor Biosciences) or a FLA-3000 (Fujifilm) imaging system, respectively. 

6.2.3.8 Microscale thermophoresis (MST) 

Microscale thermophoresis was applied to quantify protein-DNA interactions and deter-

mine binding constants by recording changes of nucleoprotein complex mobility in a 

small temperature gradient. In a total reaction volume of 20 µl, 50 nM of fluorescently 

labeled, double-stranded DNA oligonucleotides were incubated with 5 nM – 2.4 µM of 

protein for 10 min at 30 °C in EX-80 buffer supplemented with 0.05% IGEPAL CA-630. 

The detergent prevents the sticking of proteins to glass capillary walls. Affinity measure-

ments were carried out in a Monolith NT.015T (NanoTemper Technologies) as described 
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(Zillner et al., 2012) using the following settings: 1.5 V, 40 sec on, 10 sec off. Every ca-

pillary was scanned four times and values were averaged after the run. Typically, MST 

experiments were performed two or three times independently. 

The mean thermophoresis signals of individual assays were plotted with the Kalei-

daGraph software and curve fits were applied using the Hill equation. A Hill coefficient 

of 1 was assumed, as the oligos are too short to allow cooperative binding of more than 

one molecule at a time. The software automatically calculates the real Hill coefficient 

(m2) and the KD (m3). To compare MST measurements of several oligos in one graph, 

mean thermophoresis values were normalized to fraction bound according to the formula 

𝒙 =   
𝒚 𝒄 −𝒎𝒊𝒏
𝐦𝐚𝐱−  𝒎𝒊𝒏

 

where maximum (max) and minimum (min) were derived from the curve fit (m4 and m5 

in KaleidaGraph, respectively). Using this approach, the raw data was normalized to a 

range of 0 – 100 % of fraction bound. 

6.2.3.9 RNA extraction 

CHO Flp-In cells were seeded in 12-well plates in a density of 200.000 cells / well. After 

48 h, cells were harvested and total RNA was isolated using the NucleoSpin RNA II ex-

traction kit as described in the manufacturer’s instructions. RNA concentrations were 

assayed using the Quant-IT RNA Assay Kit in a Qubit 2.0. Exact determination of RNA 

concentrations is crucial for subsequent cDNA synthesis. 

6.2.3.10 cDNA synthesis 

500 ng of purified total RNA (see 6.2.3.9) were used for cDNA preparation using the 

iScript™ Select cDNA Synthesis Kit according to the manufacturer’s instructions. Ran-

dom hexamers were used to prime the reactions. Gene-specific RT-primers were tested as 

well, but did not improve the outcome. After heat-inactivation, 180 µl of sterile water was 

added to the samples. 4 µl were used per qPCR (6.2.3.11) reaction, corresponding to ap-

proximately 10 ng cDNA per reaction. 
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6.2.3.11 Quantitative Real-Time PCR (qPCR) 

Quantitative real-time PCR (qPCR) was used for both relative and absolute quantifica-

tions, performed in a Rotor-Gene cycler (Qiagen) using a HotStar master mix containing 

SYBR®Green. 

Relative quantifications were used to determine enrichments in ChIP experiments 

(6.2.5.1). Absolute quantifications were carried out for copy number determination of 

integration sites in stable cell lines (6.2.2.4). To isolate genomic DNA, cells were lysed 

on the cell culture dish in SDS lysis buffer supplemented with 250 µg RNase A. After 

incubation for 2 h at 37 °C, 250 µg of proteinase K were added and the incubation was 

continued over night at 37 °C. The supernatant was precipitated with ethanol and ammo-

nium acetate as described in 6.2.3.3. For qPCR reactions, genomic DNA was diluted to a 

final amount of 0.4 ng/reaction, corresponding to approx. 130 genomes/reaction. 

Master mixes for qPCR were prepared on ice in 0.1 ml qPCR stripes under a sterile hood 

in laminar flow according to the following table 

Reagent Volume (µl) Final concentration 

10x HotStar buffer 2.0 1x 

25 mM dNTP 0.16 200 µM 

25 mM MgCl2 0.8 1 mM 

Primer forward (10 µM) 0.4 250 nM 

Primer reverse (10 µM) 0.4 250 nM 

SYBR® Green (1:400,000) 0.25  

HotStar Taq polymerase (5 U/µl) 0.08 0.4 U 

Sterile H2O 11,91  

DNA template 4  

Total volume 20  

The purchased 1:250 SYBR®Green stock was diluted 1:1,600 in DMSO to generate a 

1:400,000 dilution. Every reaction was carried out in duplicates or triplicates. PCR cycle 

conditions are listed in the following table: 
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Cycle step Temperature Time Number of cycles 

Initial denaturation 95 5 min 1 

   Denaturation 95 30 s 

40    Annealing 60 30 s 

   Extension 72 * 

Final Extension 72 10 min 1 

 * Primer sequences and annealing temperatures are listed in table 6.1.12.  

Post-PCR melting curves and agarose gels of PCR products were analyzed to ensure 

specificity of the primer pairs. 

Fold inductions were calculated using the comparative quantitation software (Qiagen). 

Whenever new primer pairs were used, their amplification efficiency was tested in a dilu-

tion series. The optimal efficiency (E) range is 0.95 – 1.05. Every data row was calculated 

to a reference sample, e.g. for ChIP outputs the reference was the input. 

6.2.4 Working with proteins 

Working with proteins requires careful handling. All buffers were pre-chilled to 4 °C, 

supplemented with 1x cOmplete protease inhibitors and all reactions were pipetted on ice. 

6.2.4.1 Protein extraction 

Cells were transfected as described in section 6.2.2.3 in 12-well plates. For whole cell 

protein extraction, the medium was aspirated and the cells were washed twice with 1 ml 

ice-cold PBS. Cells were lysed using 100 µl protein lysis buffer per well. After 10 min of 

incubation at room temperature, cells were scraped and collected to microcentrifuge 

tubes. The lysates were centrifuged for 5 min at 14.000 rpm and room temperature and 

the supernatant was transferred to a new tube to remove the cell debris. The concentration 

of the lysate was determined as described below. 
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6.2.4.2 Quantitation of protein concentration 

Quantitation of protein concentration was carried out using a microtiter Bradford protein 

assay. The Protein Assay Solution was diluted in ddH2O in ratio of 1:5. The linear range 

of the microtiter plate assay is 50-500 ng/µl, therefore a BSA dilution row ranging from 

25 – 500 ng/µl was used as a reference. About five to eight dilutions of the protein solu-

tion to be tested were prepared. Both BSA and test protein dilutions were assayed in du-

plicates or triplicates. 10 µl of each BSA or sample dilution and a background (water or 

buffer) control were pipetted into separate wells of a 96-well microtiter plate and mixed 

with 200 µl of the diluted dye reagent. The reactions were incubated for at least 5 minutes 

at room temperature, as absorbance increases over time. Incubation times should not ex-

ceed 1 h. Absorbance at 612 nm was measured using an Infinite® F500 plate reader 

(Tecan). The absorbance maximum of Bradford dye reacting with proteins is 595 nm, 

however the plate reader was not equipped with a respective filter. For analysis, all dupli-

cates or triplicates were averaged first. The background control was subtracted from all 

samples and the BSA dilution row was used to generate a regression line of absorbance 

vs. protein concentration in Microsoft Excel. The formula generated by the linear fit was 

used to calculate the concentrations of the sample dilutions according their absorbance 

values.  

Alternatively, protein samples were applied onto SDS-PAGEs (see below) and compared 

to a dilution row of BSA. Instead of determining exact values, protein concentrations can 

be estimated only. In addition, the purity of the sample can be assayed. 

6.2.4.3 Denaturing Polyacrylamide Gel Electrophoresis (SDS-
PAGE) 

Quantity and quality of protein preparations and cell lysates were analyzed using denatur-

ing, discontinuous polyacrylamide gel electrophoresis (PAGE). SDS was used as charge-

shift molecule, which binds to proteins and imparts an even distribution of charge per unit 

mass. This allows fractionation of the proteins by size during electrophoresis. According 

to the proteins analyzed, separating gels of concentrations between 7.5 – 15% were used 

in combination with 5% stacking gels. To prepare the protein samples for the gel run, 1x 

HU buffer was added and samples were heated for 5 min at 95 °C. 4 µl of Prestained pro-

tein ladder PageRuler™ Plus were used as size marker. Gels were run in SDS-PAGE 
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running buffer at 40 mA until sufficient size separation was accomplished as monitored 

by the band migration pattern of the prestained ladder. In order to analyze the gels, Coo-

massie staining was performed as describe in 6.2.4.5. 

6.2.4.4 Blue native Polyacrylamide Gel Electrophoresis 

Blue native gel electrophoresis was carried out to resolve protein oligomers using poly-

acrylamide gradient gels. In contrast to SDS-PAGEs (6.2.4.3), the charge-shift molecule 

applied here, Coomassie G-250, confers a negative charge to proteins without denaturing 

them. Unlike in denaturing PAGEs, the charge-shift molecule is present in the cathode 

buffer, not the gel itself. In combination with a gradient, it is possible to separate oligo-

mers of a protein, like dimers, tetramers, in the range of 15 – 1,000 kDa. Precast Native 

Page Novex® 4 – 16% Bis-Tris acrylamide gels were used for analysis according to the 

manufacturer’s instructions in combination with the detergent-free sample protocol and 

the Dark Blue Cathode buffer. The separation was carried out at 4 °C in the cold room, 

first for 60 min at 150 V. Afterwards, voltage was increased for 40 min to 250 V. As the 

cathode buffer stained gels during the run, they were de-stained post run by heating in a 

microwave covered in water until the proteins were sufficiently visible. 

6.2.4.5 Coomassie staining 

Visualization of protein gels was performed in Coomassie staining and fixation solution. 

Gels were incubated covered in Coomassie solution for 30 min at room temperature on an 

orbital shaker. De-staining was carried out in water by heating the gels in a microwave 

for several times until protein bands appeared. Gels were scanned and, for long-term stor-

age, dried on Whatman paper for 1.5 h at 80 °C in a vacuum gel dryer. 

6.2.4.6 Western Blot and immuno-detection 

Identification and quantification of specific protein bands in SDS-PAGEs (as described in 

6.2.4.3) was performed by semi-dry Western Blot analysis. While the gel run was still in 

progress, one PVDF membrane and six Whatman papers were cut to a size equivalent of 

the gel used (5x8 cm). The Whatman papers were soaked in Towbin transfer buffer for 10 

min prior to setting up the transfer unit. Three of the Whatman papers were put as a first 

layer of equivalent size when setting up the transfer unit. On top of those, the membrane 
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was placed after soaking it in methanol for few seconds. The protein gel was placed on 

top of the membrane, and at last the remaining three layers of Whatman paper were put. 

After gentle removal of air bubbles, the transfer was carried out for 1 h with 2.5 mA/cm2. 

Monitoring the transfer of the pre-stained protein marker to the membrane controlled 

completion of the blotting. The membrane was transferred to a black box and blocked in 

10 ml of PBST + 5% milk powder for 30 min – 1 h at room temperature on a rocking 

platform. The primary antibody was added in appropriate dilutions in 5 ml of PBS-T + 

5% milk powder over night at 4 °C on a rocking platform. Membranes were washed three 

times in 10 ml of PBS-T for 10 min each at room temperature. The secondary antibody 

was incubated in a dilution of 1:3000 in 5 ml PBS-T for 1 h at room temperature. Wash-

ing steps were repeated as described above. Secondary antibodies were coupled to horse-

radish peroxidase and binding was visualized using the Super Signal West Dura Chemi-

luminescent Kit according to the manufacturer’s instructions. Membranes were exposed 

and scanned in a LAS-3000 Imager (Fujifilm) for no longer than 5 min to avoid over-

exposure beyond the linear range.  

6.2.4.7 Dynamic light scattering 

Dynamic light scattering is suited to measure the hydrodynamic radius of a purified pro-

tein. In contrast to a blue native PAGE (see above), measurements are carried out in solu-

tion. Thereby, protein complexes or oligomers can be visualized, which might fall apart 

when entering a carrier matrix like a polyacrylamide gel. On the other hand, the ‘caging 

effect’ in a gel can stabilize complexes on the gel, which do not form or are very unstable 

in solution. Taken together, dynamic light scattering is a more physiological approach to 

test for oligomerization and complex formation. The method is based on the principle that 

light, e.g. emitted by a laser, is scattered when hitting a small particle (Rayleigh scatter-

ing, described in Strutt, 1871).  Depending on the size and size distribution of the protein 

solution, light is scattered differentially corresponding to the varying Brownian motion. 

Analysis of the measured light intensity fluctuations yields the velocity of the Brownian 

motion and hence the particle size using the Stokes-Einstein relationship (Sutherland, 

1905). Dynamic light scattering can thereby detect whether the tested protein solution 

comprises only one population, e.g. monomers of a protein, or several populations, e.g. 

mono- and oligomers.  
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The experiments were carried out in a reaction volume of 40 µl in a disposable micro 

cuvette for 80 s at 25 °C. Measurements were performed in a Zetasizer (Malvern). 

6.2.4.8 Reporter gene assays 

CHO cells were transfected in technical triplicates with rDNA minigenes containing the 

reporter gene Firefly luciferase according to the protocol 6.2.2.3. 10 ng of an RNAPII 

driven Renilla luciferase control plasmid, pRL-TK (SD1) was co-transfected to normalize 

the Firefly luciferase measurements. Thereby it is ensured that differences in expression 

are measured rather than differences in transfection efficiency. In addition, TTF-I co-

transfections were performed with the expression vectors SD14 (encoding for 

TTF∆N348-EGFP) or SD15 (encoding for TTF-I∆N470-EGFP) in a TTF-I:rDNA 

minigene ratio of 15:1. Two controls were used to determine the background of the re-

porter assay; non-transfected cells and cells co-transfected with pBluescript instead of the 

Firefly reporters. Cells were harvested 48 h post transfection. The cell culture medium 

was aspirated and each well of the 12-well plate was washed twice in 1 ml of ice-cold 

PBS each. The 5x Passive Lysis buffer, a component of the Dual-Luciferase® Reporter 

Assay System kit, was diluted 1:5 in water. CHO cells were lysed by addition of 250 µl of 

1x Passive Lysis Buffer per well and incubation for 15 min at room temperature on an 

orbital shaker. Reporter gene measurements were performed according to the manufactur-

er’s instructions using a single-tube luminometer (Stratec Biomedical Systems, purchased 

via Biozym). Relative light units were measured for Firefly and Renilla luciferase indi-

vidually and ratios of Firefly RLU / Renilla RLU (F/R ratio) were calculated. Mean val-

ues of this ratio were calculated for the technical triplicates and the mean F/R ratio of the 

non-transfected control cells was subtracted from all transfected mean F/R ratios. All 

experiments have been repeated at least three times and the mean F/R ratios were aver-

aged over all biological replicates.  
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6.2.5 Working with chromatin 

6.2.5.1 Chromatin immuno-precipitation (ChIP) 

Prior to every ChIP assay in a new system, a mock experiment was performed to establish 

the optimal conditions for sonication. The final size range of cross-linked DNA should be 

about 200-1000 bp. After reversal of cross-linking, the size of the sonicated DNA was 

checked by gel electrophoresis on 1% agarose gels as described in 6.2.3.4. An example of 

the sonication test is shown in Figure 6.1 A. For the actual ChIP experiments, a sonication 

time of 10 min (30 sec on / 30 sec off, high) was used, generating a fragment size range 

of 100 – 600 bp. 

 

Figure 6.1 Establishing optimal conditions for the ChIP assay 

A: Sonication test. Representative 1% TBE-agarose gel containing SYBR®Safe of the 
chromatin input sonicated for 5 or 10 min (30 sec on / 30 sec off, high) after protein-
ase K digest and reversal of crosslinking. Lane 1: MW = 50 bp molecular weight 
marker, lane 2: empty, lanes 3-4: 1.5 µg of input DNA after reversal of cross-linking, 
sonicated as indicated. Primer binding sites are illustrated in chapter 5.2.8. 
B: Representative 1% TBE-agarose gel containing SYBR®Safe of qPCR amplicons, 
20 µl applied onto the gel in duplicates, after 40 cycles of PCR. Lane 1: MW = 50 bp 
molecular weight marker, lanes 2-3: T0, lanes 4-5: promoter, lanes 6-7: transcript, 
lanes 8-9: T1, lanes 10-11: T10, lanes 12-13: control. 

ChIP experiments were performed on stable CHO Flp-In cell lines or transiently trans-

fected CHO cells. Cells were cross-linked with 1% formaldehyde for 10 min (α-RNAP 

and α-UBF) or 10 mM DMA for 30 min + 1% formaldehyde for 10 min (α-TBP, for 

Loop-ChIP assays) at room temperature. The reactions were quenched with 125 mM gly-

cine and incubated for 5 min at room temperature on a rocking platform. Cells were 

washed twice in 10 ml of ice-cold PBS and scraped in a total volume of 14 ml ice-cold 

PBS. After transferring the cells to a 15 ml Falcon tube, they were pelleted for 5 min at 
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700 g and 4 °C. The pellets were lysed in 900 µl of SDS lysis buffer and incubated for 10 

min on top of ice. Each sample was split into three aliquots of 300 µl each, as this is the 

maximum volume, which can be used for shearing chromatin in a Biorupter sonicater 

(Diagenode). Lysates were sonicated as described above at 4 °C. The aliquots were 

pooled after the sonication step and cell debris was removed by centrifugation for 15 min 

at 13,000 g and 4 °C. This step removes membranes, big proteins and precipitates as this 

particles sediment while chromatin and small proteins remain in the supernatant. The 

supernatant was transferred carefully to a new tube and 25 µl were removed as an ‘input’ 

sample. 475 µl of ChIP Low Salt buffer was added to the input and it was stored at 4 °C. 

The remaining sheared chromatin was diluted according to the number of antibodies used 

in each individual experiment and diluted in ChIP Low Salt buffer to a final volume of 

500 µl. 5 µg of the respective antibody were added and the reactions were incubated 

overnight at 4 °C on a rotating wheel. For every experiment, appropriate antibody con-

trols were used. For α-Paf53, pre-serum was used (Seither et al, 1997) and for all com-

mercial antibodies, normal rabbit α-IgG or α-HA antibodies were added. The next day, 

chromatin-immuno-complexes were captured using pre-blocked protein-G sepharose 

(blocked with 500 µg/ml sonicated salmon sperm DNA and 100 µg/ml BSA in ChIP Low 

Salt buffer overnight at 4 °C). To remove unbound BSA and salmon sperm DNA, the 

beads were washed twice in ChIP Low Salt buffer before use. 30 µl of a 1:1 bead slurry in 

ChIP Low Salt buffer were added to every sample and incubated for 2 h at 4 °C on a ro-

tating wheel. To separate the beads and the bound chromatin-immuno-complexes from 

unbound chromatin, the reactions were centrifuged for 1 min at 100 g and room tempera-

ture. The beads were washed several times with increasing salt concentrations to remove 

unspecifically bound chromatin. At first, the beads were washed twice with 700 µl of 

ChIP Low Salt buffer for 1 min each. Next, beads were washed once 700 µl of ChIP High 

Salt buffer and ChIP LiCl buffer and incubated for 5 min each. Lastly, the salt was re-

moved by washing the beads twice in TE buffer and incubation for 1 min each. In be-

tween the washing steps, the samples were centrifuged for 1 min at 100 g and room tem-

perature. Elution of the captured chromatin was performed in two subsequent steps, using 

250 µl of ChIP Elution buffer for 15 min at 37 °C. The combination of the elution frac-

tions represents the ‘output’ or enriched sample. At this step, the input sample was con-

tinued to be co-processed with the enriched samples. To remove RNA contamination, 

RNase A was added to a concentration of 100 µg/ml to both output and input samples and 
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incubated for 2.5 h at 37 °C. Following proteinase K digestion (final concentration of 100 

µg/ml, incubation for 2.5 h at 37 °C), reversal of cross-linking was carried out overnight 

at 64 °C. DNA was isolated by phenol/chloroform/isoamylalcohol extraction as described 

in 6.2.3.2 and precipitated with ethanol and sodium acetate (see 6.2.3.3). DNA pellets of 

the input samples were dissolved in 200 µl and output samples in 60 µl of sterile water. 

Enrichment of ChIP samples was assayed using qPCR as described in 6.2.3.11. Both dilu-

tion factors (splitting the cross-linked, sheared chromatin to input and immune-

precipitated aliquots and dissolving input and output in different amounts of water) were 

calculated accordingly. Primer specificity was monitored by post-PCR melting curves and 

resolving the PCR products on agarose gels (see Figure 6.1 B). 

6.2.5.2 Formaldehyde-assisted isolation of regulatory elements 
(FAIRE) 

The FAIRE assay can be used to specifically enrich for regulatory regions in the genome, 

such as enhancers or promoters. In ChIP assays, chromatin is commonly incubated with 

1% formaldehyde for 10 min to cross-link transcription factors to DNA. Histone proteins 

represent the most abundant type of DNA-binding proteins and are most readily cross-

linkable due to their high content of lysine and arginine residues. Hence, very short incu-

bation times with formaldehyde are sufficient to fix nucleosomes to DNA. 

10 Mio primary human blood cells were used for one assay and cross-linked in suspen-

sion with 1% formaldehyde in 10 ml of ice-cold PBS (= 270 µl of 37% formaldehyde 

solution). Chromatin was cross-linked for 2, 4, 6 or 8 min and the reactions were stopped 

by quenching with 125 mM glycine (1.5 ml of a 1 M glycine solution). Samples were 

incubated on a rocking platform for 5 min at room temeprature. Cells were washed twice 

in 10 ml of ice-cold PBS and centrifuged for 5 min at 700 g and 4 °C. The supernatant 

was aspirated and the pellet was resuspendend in 900 µl of SDS lysis buffer supplement-

ed with 1x cOmplete proteinase inhibitors. After incubating the reactions for 10 min on 

top of ice, each sample was split into three aliquots of 300 µl and sheared in a Biorupter 

sonicater (Diagenode) for 20 min (settings: 30 sec on / 30 sec off, high). The aliquots 

were pooled and cell debris was removed by centrifugation for 15 min at 13,000 g and 4 

°C. The supernatant was carefully transferred to a new tube. 
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To digest cellular RNA, 200 µg/ml of RNase A were added and samples were incubated 

for 2 h at 37 °C. Of each reaction, 20 µl were removed for controlling the fragment sizes. 

These aliquots were reverse cross-linked over night with 20 µg of Proteinase K at 64 °C 

and resolved on a 2% TBE-agarose gel containing SYBR®Safe. If sizes were as desired, 

the main samples were extracted with phenol-choloroform as described in 6.2.3.2. The 

aqueous phase containing nucleosome-free genomic regions was precipitated with ethanol 

and sodium acetate as described in 6.2.2.3. Finally, the pellet was dissolved in 20 µl of 

sterile water and analyzed using qPCR or high-throughput sequencing. 

6.2.5.3 Partial micrococcal nuclease (MNase) digestion 

Partial digestion of native chromatin with micrococcal nuclease (MNase) in vivo, isola-

tion and purification of nucleosomal DNA and preparation of libraries for high-

throughput sequencing on an Illumina platform is described in detail in the submitted 

manuscript “Genome-wide in vivo analysis of nucleosome positions and native chromatin 

structures using partial MNase digestion and deep sequencing” by Diermeier and Längst 

(see Appendix 8.2.4 Submitted Manuscripts). 

6.2.6 Fluorescence in situ hybridization (FISH) 

Nick-translated, biotin-labeled pcDNA5-FRT-rRNA rRNA minigene served as hybridiza-

tion probe in all experiments. 

6.2.6.1 2D FISH 

To perform fluorescence in situ hybridization (FISH) on metaphase chromosomes, also 

called 2D FISH, one confluent T175 flask of stable CHO Flp-In cell lines, corresponding 

to 1.107 cells, was trypsinized (see 6.2.2.1). Cells were transferred to 50 ml Falcon tubes 

in medium and centrifuged for 10 min at 1000 rpm and room temperature. The superna-

tant was aspirated until about 5 ml of liquid were left. 10 ml of hypotonic (0.56%) KCl 

solution were added dropwise while the tube was mixed on a vortex all of the time. After 

the first 10 ml were added, the tube was filled up to 40 ml with the hypotonic KCl solu-

tion and incubated for 15 min at 37 °C. For fixation, cells were centrifuged for 10 min at 

1000 rpm and room temperature, and the supernatant was aspirated until about 5 ml of 
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liquid were left. The cells were vortexed and the tube was filled up to 30 ml with fixative 

(ice-cold 3:1 methanol:acetic acid mixture) whilst permanently mixed on a vortex. This 

step was repeated in total three times. Afterwards, additional five washing steps were 

carried out in 15 ml Falcon tubes in 5 ml of fixative each. The fixed cells were stored at -

20 °C. 

Drops of 10 µl were spread on glass slides and the quality of the metaphase chromosomes 

were assayed using bright-field microscopy. Suitable spreads were chosen and Dr. Attila 

Németh carried out in situ hybridization on these slides as described (Németh et al., 

2010). 

6.2.6.2 3D FISH 

To perform FISH on interphase nuclei, also called 3D FISH, stably transfected CHO cells 

were grown on coverslips in 12-well plates. Prior to fixation, the cells were gently 

washed twice in 1 ml of sterile, pre-warmed PBS per well. About 300 µl of 4% paraform-

aldehyde solution were added per well until the coverslips were completely covered. Fix-

ation was carried out for 10 min at room temperature. During the last minute, few drops 

of 0.5% Triton X-100 in 1x PBS were added. Cells were washed three times in 0.01% 

Triton X-100 in 1x PBS for 3 min each at room temperature. Afterwards, 0.5% Triton X-

100 in 1x PBS was added and incubated for 5 min at room temperature Finally, the super-

natant was exchanged to 20% glycerol in 1x PBS and incubated over night at room tem-

perature. The next day, the coverslips were snap-frozen in liquid nitrogen for about 15 

sec, gradually thawn and soaked in 20% glycerol on 1x PBS. This procedure was repeat-

ed four times. The coverslips were washed three times in 0.01% Triton X-100 in 1x PBS 

for 10 min at room temperature. Next, 0.1 M HCl was added and incubated for 5 minutes. 

Lastly, the coverslips were rinsed in 2x SSC and incubated in 50% formamide in 2x SSC 

over night at room temperature.  

Suitable samples were chosen and Dr. Attila Németh carried out in situ hybridization as 

described (Németh et al., 2010), combined with nucleolar immunostaining using an anti-

body targeting the nucleolar marker B23. 
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6.2.6.3 RNA FISH 

For RNA FISH, stably transfected CHO cells were grown on coverslips and fixed with 

3.7% formaldehyde / 5% acetic acid / 0.5% (w/v) NaCl for 10 min at room temperature. 

Cells were washed twice with 1x PBS, once in 50 mM NH4Cl in 1x PBS, and once in 1x 

PBS. The coverslips were then transferred to 70% ethanol and incubated over night at 4 

°C. Prior to hybridization, coverslips were rehydrated in 50% formamide in 2x SSC for 

15 min at room temperature. 

The following steps were carried out by Dr. Attila Németh: Hybridization mixtures were 

added for over night incubation at 37 °C. Post-hybridization washes were carried out as 

follows: 2x 25 min at 37 °C in 50% formamide in 2x SSC and 2x 5 min in 2x SSC at 

room temeperature. The subsequent immunostaining, DNA staining and mounting was 

performed as in 3D FISH experiments. 

6.2.7 Microarrays 

Two-color expression arrays were purchased from Agilent and handled by Dr. Bernhard 

Polzer (work group of Prof. Dr. Christoph Klein, University Hospital Regensburg) ac-

cording to the manfacturer’s instructions. Comparative genomic tiling (CGH) arrays were 

purchased from NimbleGen (Roche) and handled and analyzed as described in Exler, 

2011. 

Analysis of the expression arrays was performed using the online platform Babelomics 

4.3. Normalization was carried out with the following algorithms: background correction: 

normexp, within arrays normalization: printtiploess, between arrays normalization: quan-

tiles. The output was controlled by assaying boxplots, MA plots and intensity images of 

the arrays. Array controls like bright corner, dark corner, negative and positive control 

were deleted to avoid interference with downstream programs. Babelomics requires the 

definition of metadata. Hence, a new categorical variable was created, termed ‘class’ and 

the value was set for all samples to 1. Differential expression was analyzed using class 

comparison. Limma was used as statistical test and Benjamini and Hochberg for multiple-

test correction. The threshold for the adjusted p-value was set to 0.05. The obtained 

ranked list was analyzed with Fatiscan, applying a two-tailed Fisher exact test. ID lists 

were converted to gene identifiers using the Gene ID converter. 
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6.2.8 High-throughput sequencing 

Libraries for high-throughput sequencing on Illumina platforms were carried out with the 

NEBNext ChIP-Seq Library Prep Master Mix Set for Illumina; adapters and primers were 

synthesized by MWG Eurofins (SDP44-47, 99, 100). A detailed protocol is provided in 

the submitted manuscript “Genome-wide in vivo analysis of nucleosome positions and 

native chromatin structures using partial MNase digestion and deep sequencing” by Di-

ermeier and Längst (see Appendix 8.2.4 Submitted Manuscripts). Paired-end sequencing 

was performed on Illumina GAIIx or HiSeq 2000 machines as indicated in the respective 

results’ section at the GeneCore Facility of the EMBL in Heidelberg under supervision of 

Dr. Vladimir Benes. 

6.2.9 Bioinformatic analysis of high-throughput datasets. 

All bioinformatic procedures were performed as described below, unless stated otherwise 

in the results’ section. All raw and generated datasets as well as complete lists of final 

analyses like motif screenings and functional enrichments are deposited on the L-Mac Pro 

I computer in the Längst Lab. 

Prior to mapping the sequencing reads to the reference genome, quality control of the 

reads was carried out using the FastQC package. In case of contamination of the library 

with adapters or primers, these were filtered out based on sequence. If the quality was not 

adequate, reads were filtered according to quality or low-quality ends were trimmed. All 

pre-processing steps were performed using the SAMtools or BEDtools packages. 

Reads obtained from MNase-Seq, FAIRE-Seq or ChIP-Seq experiments were mapped 

with Bowtie or Bowtie2 to hg19 or mm9, using paired-end or single-end settings as stated 

in the text. For paired-end mapping of MNase-Seq data, parameters were set to –X 500 –

best. RNA-Seq data was mapped with TopHat and transcripts were assembled using the 

Cufflinks package using standard settings. 

Both pre-processing and mapping were performed on the online platform Galaxy to speed 

up analyses. Secondary analyses were mainly processed on a 12-core 2.93 GHz computer 

with 64 GB RAM, running the operating system Mac OS X 10.7.5. 



 

 

	  

6.2 METHODS  

	  

	   	  

- 192 -  

Two different peak calling algorithms were applied, depending on the downstream appli-

cation. findPeaks as part of the HOMER suite was chosen for motif analyses, annotations, 

as well as Gene and Genome Ontology profiling. To detect the entire nucleosomal DNA 

wrapped around the histone core, the fragment size of the tag directories was set to the 

actual length of nucleosomal DNA as estimated by Bioanalyzer results. Hence, e.g. a 

fragment size of 164 bp was set for untreated HUVEC cells. Subsequently, peak calling 

was performed using the settings –style factor –size 147 –minDist 1 –F 0 –L 0 –C 0. 

Thereby, all filtering options commonly applied to analyze ChIP-Seq data are disabled 

and overlapping nucleosomes are allowed. When comparing two or more datasets, 

getDifferentialPeaks or mergePeaks was used to call distinct peaks. In contrast, for de-

termining exact nucleosome dyads, Peak Predictor and the GeneTrack package was used, 

shifting every read by half of the actual mononucleosomal DNA length (e.g. 74 bp for a 

total length of 146 bp) and running a Gaussian smoothing kernel with a smoothing factor 

of 10. All peaks were called with a minimum peak-to-peak distance of 0, merged strands 

and a threshold of 1. 

For visualization, tag directories of mapped reads were generated and bedgraphs were 

produced using the makeUCSCfile (for raw reads) or pos2bed.pl (for peaks and other 

BED formatted files) commands of the HOMER software suite, using –fsize 1e50.  

Tracks were visualized with the UCSC Genome browser. 

Both known and de novo motif analyses were perfomed with findMotifsGenome.pl, an 

algorithm included in the HOMER software suite, with settings -size given –p 12. Motif 

analyses proved to be more efficient when using the non-prepeat-masked reference ge-

nome hg19. 

Gene and Genome Ontology (GO) analyses as well as any kind of annotation of peaks 

were carried out with annotatePeaks.pl (HOMER). Occupancies of nucleosomes, tran-

scription factors, histone modifications and GC contents were calculated setting the anno-

tatePeaks.pl algorithm to the histogram mode. The parameter –hist 10 averages data over 

a window size of 10 bp and was applied to all datasets in HUVECs. For HeLa histograms 

-hist 1 was used. Further functional analysis was performed with the EMBOSS package. 

Graphs were plotted in R, applying a smoothing spline with smoothing parameter (spar) 

0.2. 
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ABSTRACT

Aberrant DNA methylation is often associated with
cancer and the formation of tumors; however, the
underlying mechanisms, in particular the recruit-
ment and regulation of DNA methyltransferases
remain largely unknown. In this study, we identified
USP7 as an interaction partner of Dnmt1 and UHRF1
in vivo. Dnmt1 and USP7 formed a soluble dimer
complex that associated with UHRF1 as a trimeric
complex on chromatin. Complex interactions were
mediated by the C-terminal domain of USP7 with the
TS-domain of Dnmt1, whereas the TRAF-domain of
USP7 bound to the SRA-domain of UHRF1. USP7
was capable of targeting UHRF1 for deubiquitination
and affects UHRF1 protein stability in vivo.
Furthermore, Dnmt1, UHRF1 and USP7 co-localized
on silenced, methylated genes in vivo. Strikingly,
when analyzing the impact of UHRF1 and USP7 on
Dnmt1-dependent DNA methylation, we found that
USP7 stimulated both the maintenance and de novo
DNA methylation activity of Dnmt1 in vitro.
Therefore, we propose a dual role of USP7, regulat-
ing the protein turnover of UHRF1 and stimulating
the enzymatic activity of Dnmt1 in vitro and in vivo.

INTRODUCTION

In mammals, the majority of C-5-cytosine methylation oc-
curs at CpG dinucleotides that are modified to 70–80% in
a cell type-specific pattern and generally associated with
repressed states of chromatin (1–4). DNA methylation
contributes to epigenetic processes such as differentiation

and development, transcriptional regulation, preservation
of chromosomal stability, silencing of repetitive elements,
genomic imprinting, X-chromosome inactivation and
DNA repair (2,3). Dnmt3a and Dnmt3b are mainly
involved in de novo establishment of DNA methylation
marks, whereas the maintenance DNA methyltransferase
Dnmt1 maintains methylation patterns on the newly syn-
thesized daughter strand during replication (5,6). Mice
depleted for the DNA methyltransferases revealed devel-
opmental defects and die early during embryogenesis (7,8).
Aberrant DNA methylation patterns are often associated
with cancer (9), genome-wide hypo- and hypermethylation
correlates with genomic instability, reactivation of retro-
transposons, repression of tumor suppressor genes and
loss of genomic imprinting (LOI). The DNA methyltrans-
ferases were found to interact with many chromatin-
associated factors such as methyl-binding proteins
(MBD2, MeCP2), histone deacetylases (HDAC), histone
methyl transferases (HMT), transcriptional repressors,
chromatin remodeling enzymes and Polycomb group pro-
teins (10,11). However, so far the only Dnmt1 complex
purified by means of chromatographic fractionation from
HeLa nuclear extracts was a transcription repression com-
plex consisting of Dnmt1, pRB, E2F1 and HDAC1 (12).
Recently, UHRF1 (also known as ICBP90 in human or

NP95 in mouse) has been shown to be essential in main-
taining genomic DNA methylation (13,14). The DNA of
UHRF1-deficient ES cells exhibited low DNA methyla-
tion levels and methylation defects of the imprinted
genes (14), an effect reminiscent of Dnmt1 knockout in
ES cells and mice (7). UHRF1 strongly associates with
heterochromatin (15,16) and binds preferentially to
hemi-methylated DNA via its SRA domain (13,17–19).
The latter was also shown to interact with the TS
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domain of Dnmt1 (20,21). Hence, it has been proposed
that UHRF1 would recruit Dnmt1 to heterochromatin to
maintain DNA methylation during replication.
Furthermore, UHRF1 belongs to the class of Ring
finger-type E3-ubiquitin ligases (22) possessing in vitro
autoubiquitinylation activity (15,16,23). UHRF1 does
also target histones for ubiquitinylation in vitro and
in vivo, with a preference for histone H3 (15,16).
USP7 (also known as HAUSP) was initially identified in

promyelocytic leukemia nuclear bodies (PML) of herpes
simplex virus infected cells (24). It regulates the stability of
p53 and MDM2 through its deubiquitination activity
(25–28). Furthermore, USP7 has been shown to associate
with other factors and substrates including EBNA1 (29),
DAXX (30), FOXO4 (31), PTEN (32) and is crucial for
development, as mice depleted for USP7 die during em-
bryogenesis (33). USP7 was shown to silence the homeotic
genes through Polycomb in Drosophila (34). In particular,
the GMP-synthetase interacted with USP7 to enhance the
removal of the active ubiquitin mark from histone H2B
and to act as a transcriptional corepressor (35).
We biochemically purified human Dnmt1 and show that

it is associated primarily with USP7 and co-assembles with
UHRF1 on DNA, forming a trimeric complex that asso-
ciates with silenced genes in vivo. We show a dual role for
USP7 in the complex, first stimulating the enzymatic
activity of Dnmt1 and second regulating the stability of
the UHRF1 protein.

MATERIALS AND METHODS

Cell culture

All cell lines were grown at 37!C, 5% CO2 in medium
containing 10% FBS (GIBCO), 100 U/ml penicillin and
100mg/ml streptomycin (GIBCO). Human cervix carcin-
oma cells (HeLa S3 cells; ATCC 161) were grown in spin-
ner flasks in RPMI 1640 medium (GIBCO) with a cell
density of "1# 106 cells/ml. Human colon adenocarcin-
oma cells HCT-116 (ATCC 581) were cultivated as
mono-layers in D-MEM medium (GIBCO) and grown
to a confluency of 60–70%. LS174TR1 cells, expressing the
Tet-repressor (36,37) were grown in RPMI 1640/HEPES
medium (GIBCO) supplemented with 10 mg/ml blasticidin.
LS174TR1 cells with plasmids carrying either shRNA
(LS88) or N-myc-USP7 (LS89) under the control of a
tetracycline/doxycycline inducible promoter were cultiv-
ated as LS174TR1 but supplemented with 400 mg/ml
Zeocin (28,38). LS174TR1 cells and their derivates were
kindly provided by M. Maurice. For doxycycline treatment,
cells were seeded on a 10 cm tissue culture plate with a cell
number giving rise to 50–60% confluency on the day
of harvest. Cells were grown in RPMI1640/HEPES
(GIBCO) supplemented with blasticidin (10 mg/ml),
Zeocin (200mg/ml), TET-FBS (Clontech 631106) and
1.0mg/ml doxycycline. The parental LS174TR1 cells were
used as a negative control in all experiments. H1299
(p53$/$; ATCC: CRL-5803) non-small lung cancer cells
were cultivated as mono-layers in D-MEM medium
(GIBCO). Protein half-life studies were performed by in-
cubating cells with cycloheximide (Sigma, 100 mg/ml) and

proteasome inhibitor MG132 (Sigma, 20 mM) for the indi-
cated time points. Transfection reactions with the Fugene6
reagent (Roche) were performed in six-well plates with
3# 105 cells/well with 2.0mg total plasmid DNA for 48 h.
For protein half-life studies, cells were split 1:4 36 h
post-transfection and treated with cycloheximide for the
indicated time points.

For knockdown experiments, 2# 106 HCT-116 cells
were electroporated with 80 pmol validated siRNAs
(siGENOME non-targeting siRNA #1, Thermo
Scientific Dharmacon; UHRF1 Silencer Select siRNA
and USP7 Silencer Validated siRNA, both Applied
Biosystems) for 10ms with 350V and subsequently
seeded in six-well plates for 48 h.

Plasmids and constructs

The plasmid pFastBAcHTa-Dnmt1 with an N-terminal
6#His-tag and TEV cleavage site were a kind gift of
F. Lyko. The cDNA of the full-length Dnmt3b2 (kind
gift of F. Lyko) was PCR-amplified and cloned into a
modified pet11 bacterial expression vector (Novagen)
carrying an N-terminal Flag-tag and a C-terminal
Thrombin cleavage site followed by a 6#His-tag (pETM-
Dnmt3b2). Full-length human Dnmt3a was PCR-amplified
from a cDNA clone (RZPD, IRATp970A0473D) and
cloned in-frame into the pENTR3C-vector (Invitrogen)
with BamHI/EcoRI. Full-length USP7/HAUSP and the
TRAF domain of USP7 (amino acid 1–215, without stop
codon) were PCR amplified on pCin4-HAUSP [kindly
provided by Yigong Shi, (39)] and cloned into the
pENTR SD D TOPO vector (Invitrogen). USP7 C223S
mutant was generated by SOE-PCR and transferred into
the pDONR221 vector (Invitrogen). The GST fusion con-
structs of USP7-domains 2 (amino acid 212–561),
3 (amino acid 561–916) and 4 (amino acid 913–1102),
cloned as BamHI/XhoI fragments in pGEX-2T (GE
Healthcare), were kindly provided by Prof. Dobner.
UHRF1 and UHRF1!RING (without stop codon) and
the SRA domain (TEV protease cleavage site, amino acid
409–635) of UHRF1 were PCR-amplified on pcDNA3.1-
ICBP90/UHRF1 [kindly provided by Yusuke Nakamura,
(17)] and cloned into the pENTR SD D TOPO vector
(Invitrogen). The correct sequence of all plasmids was
verified by sequencing (sequences of plasmids and
oligonucleotides on request). pENTR3C-Dnmt3a,
pENTR-USP7 and pDONR221-USP7 C223S were subse-
quently transferred via LR-reaction (Invitrogen) into
pDEST10 (Invitrogen) and pENTR-SRA into pDEST20
(Invitrogen) creating expression clones for baculovirus
generation. pENTR-UHRF1, pENTR-UHRF1!RING
and pENTR-TRAF-domain were transferred via LR-
reaction (Invitrogen) into pDM7 (pET11 based destination
vector with C-terminal 6#His-tag) and pGEX-4T1-DEST
(pGEX 4T1 based destination vector), respectively. For
transfection studies pIRES EGFP UHRF1-C-Flag and
pIRES EGFP N-HA-USP7 were used.

Antibodies

The following antibodies were used for western blot
analysis and immunoprecipitation: anti-actin (rabbit
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polyclonal, Sigma A2066), anti-Dnmt1 DNM-2C1, anti-
Dnmt3a D3A2-6A4, anti-Dnmt3b D3B2-2C1 (rat mono-
clonal antibodies, E. Kremmer, Helmholtz Gesellschaft),
anti-Flag (mouse monoclonal, Sigma M2 F1804), anti-
Penta-His (mouse monoclonal, Qiagen P-21315),
anti-ICBP90/UHRF1 [mouse monoclonal, generously pro-
vided by C. Bronner, (40)], anti-Lamin A/C (rabbit poly-
clonal, Santa Cruz, sc-20681), anti-RNAPII CTD 8WG16
(mouse monoclonal, generously provided by D. Eick) and
anti-USP7 (rabbit polyclonal, Bethyl laboratories,
A300-033A). Irrelevant IgG control and horseradish
peroxidase-coupled secondary antibody antibodies were
purchased from Santa Cruz.

DNA methyltransferase assay

Typical DNA methyltransferase reaction (50 ml) contained
20 nM Dnmt1, non-methylated (LP35/37) or hemi-
methylated (LP35/36) oligonucleotides at 120–4320 nM
(9 CpG), BSA at 0.2mg/ml and 3H-SAM (GE Healthcare,
TRK581-250UCi, 9.25 MBeq with 1.0mCi/ml
63.0Ci/mmol) at 480 nM in DNA methyltransferase
buffer (20mM Tris, pH 7.6, 1.0mM EDTA, 1.0mM
DTT). The reaction was started with the addition of
DNA, incubated at 37!C for 10–30min, and stopped
with 10 ml of 10mM SAM (Sigma). The reaction was
spotted on DE81 filter (Whatman), washed three times
with 0.2M NH3HCO3, once with water and ethanol fol-
lowing drying and scintillation counting.

LP35: 50-GGTACGGATGCGGAATCGTCTAACGC
GTGGAATCGTCCCCTTGCGAATTTCGGTGTCGA
T-30, LP36: 50-CGTAXGGATGXGGAATXGTCTAA
XGXGTGGAATXGTCCCCTTGXGAATTTXGGTGT
XGAT-30, LP37: 50-ATCGACACCGAAATTCGCAAG
GGGACGATTCCACGCGTTAGACGATTCCGCATC
CGTACC-30 (X=C5-methyl group).

In vitro ubiquitinylation assay

Standard ubiquitinylation reactions (10ml) contained
100 ng E1 activating enzyme (Biomol, UW9410), 300 ng
E2 conjugating enzyme UBCH5c (BioMol, UW9070),
1.0 mg ubiquitin (Sigma U-6253) or 100 ng Flag-tagged
ubiquitin (Boston Biochem, U-120) and 250 ng UHRF1
or UHRF1!RING in 1" reaction buffer (50mM Tris
pH 7.5, 50mM NaCl, 5.0mM MgCl2, 0.05% NP40,
1.0mM DTT, 5.0mM ATP). The reaction was carried
out for 2 h at 37!C and stopped with the addition of
HU-buffer and boiled for 10min at 65!C. Samples were
resolved by SDS–PAGE and ubiquitination reaction was
analyzed by western blot using antibodies directed against
the His-tag or Flag-tag. For autoubiquitinylation reac-
tions of UHRF1 in the presence of USP7 or USP7
C223S, contained 5.0 and 50 ng of USP7/USP7 C223S
and were supplemented with 10mM DTT.

Immunoprecipitation

All steps were carried out on ice or at 4!C and buffers
supplemented with protease inhibitors PMSF (1.0mM),
Leupeptin (1–10 mg/ml), Aprotinin, Pepstatin (1.0 mg/ml)
prior to use. If not stated differently, the following IP

buffer was used for IP experiments: 50mM Tris pH 7.5,
150mM NaCl, 1.0mM EDTA, 0.05% NP-40.
Protein mixtures (recombinant proteins, nuclear ex-

tracts) were incubated with 50 ml of proteinG sepharose
slurry in the presence of 1" IP-buffer, to analyze for un-
specific interaction [referred to as ‘preclearing beads’
(PG)].
The precleared sample/lysate was added to 50 ml of

proteinG sepharose charged with antibodies and
incubated for 2 h at 4!C. The ‘beads’ were washed three
times with 1000 ml IP buffer and resuspended in 50 ml
Lämmli dye, heated to 95!C and subjected to SDS–
PAGE following WB blot analysis.
Protein bands for identification were sent for MALDI

analysis.

Preparation of whole-cell extracts

Cells from P15 tissue culture plates were resuspended in
150 ml lysis buffer (20mM Tris pH 7.5, 100mM NaCl,
0.1mM EDTA, 0.5% NP40) following incubation on ice
for 30min, while vigorously vortexing every 10min. After
centrifugation (30min, 13 000g, 4!C) the supernatant
(WCE) was recovered.

Real-time reverse transcription–PCR

Total RNA was extracted from tumor cells in Trizol
(Invitrogen), depleted from DNA and subsequently puri-
fied using DNase I and RNeasy Mini Kit, respectively
(Qiagen). Reverse transcription (RT) of total RNA was
performed using random hexamers (Roche Diagnostics)
and SuperScriptII reverse transcriptase (Invitrogen).
qPCR amplifications were performed in doublets as desc-
ribed for the ChIP analysis. Amplification of the house-
keeping gene TATA-Box-binding-Protein (TBP) was per-
formed to standardize the amount of sample RNA.
Relative quantitation of gene expression was performed
using the !!ct method as described earlier (41). We
used the following primer pairs (50 ! 30-orientation):
SFRP1-F, CCTGGGACTCAGCACATTGA; SFRP1-R,
GATGGCCTCAGATTTCAACTCG; IGFBP3-F, GTC
CAAGCGGGAGACAGAATAT; IGFBP3-R, CCTGG
GACTCAGCACATTGA; HHIP-F, TGTACATCATTC
TTGGTGATGGG, HHIP-R, AGCCGTAGCACTGAG
CCTGT; HOXA7-F, TCAGGACCTGACAGGAAG
CG; HOXA7-R, TCAGGTAGCGGTTGAAGTGGA
and TBP-F, GCCCGAAACGCCGAATAT; TBP-R, CC
GTGGTTCGTGGCTCTCT.

Methylation-specific PCR

Genomic DNA of tumor cells was extracted with phenol
and chloroform, ethanol precipitated and dissolved in TE
buffer following standard procedures (42,43). We used the
EpiTect

!
Bisulfite Kit (Qiagen) for bisulfite-treatment of

DNA as recommended by the manufacturer. Methylation
status of the promoter region of the SFRP1, IGFBP3,
HHIP and HOXA7 genes was analyzed by Methylation-
specific PCR (MSP) using the following primer sets
(50 ! 30-orientation): methylated (SFRP1-M-F, TTTGT
AGTTTTCGGAGTTAGTGTCGC; SFRP1-M-R, CGA
CCCTCGACCTACGATCG; IGFBP3-M-F, GCGAGT
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TTCGAGTTGTACGTTTTC; IGFBP3-M-R, GCCGAC
CGCTATATAAAAACCG; HHIP-M-F, AGTAGTCGG
GTAGTTTCGGAATTTTC; HHIP-M-R, GAACCTTC
GAAACCAACCTCG; HOXA7-M-F, GAGTTTAGAT
AGACGGCGGC; HOXA7-M-R, CCGAAAACGCCTT
TATAACG) and unmethylated (SFRP1-U-F, TTTTGTA
GTTTTTGGAGTTAGTGTTGTGTG; SFRP1-U-R, C
AATAACAACCCTCAACCTACAATCAA; IGFBP3-
U-F, TTGGGTGAGTTTTGAGTTGTATGTTTTT;
IGFBP3-U-R, AAACACACCAACCACTATATAAAA
ACCAAA; HHIP-U-F, TTGTAGTAGTTGGGTAGTT
TTGGAATTTTT; HHIP-U-R, AAACCTTCAAAACC
AACCTCAAAA; HOXA7-U-F, GTTTGAGTTTAGAT
AGATGGTGGTG; HOXA7-U-R, CATCCAAAAACA
CCTTTATAACAAA).
MSP primer design was accomplished using Methyl

Primer Express (Applied Biosystems) using the following
criteria: CpG percentage >55%; observed/expected
CpG> 65%; CpG length> 300 bp. The MSP reaction
contained 40 ng DNA, 500 nM of forward and reverse
primer, 2mM dNTPs, 1.5mM MgCl2, 1U Hot Start
Taq DNA polymerase and 1!Hot Start PCR Buffer
(MBI Fermentas). Conditions for MSP were 95"C for
4min, followed by 38 cycles of 94"C for 30 s, 61"C for
30 s and 72"C for 45 s, with a final extension cycle of
72"C for 10min. The PCR products were resolved by elec-
trophoresis in a 2% agarose gel.

Pyrosequencing

Pyrosequencing was performed using standard procedures
(44). In brief, 160 bp of the HHIP promoter region were
amplified from bisulfite-treated DNA using Maxima Hot
start DNA polymerase (Fermentas) and the following pri-
mers: HHIP-Pyro-F, GGGAGGAGAGAGGAGTTT;
HHIP-Pyro-R, Biotin-AACCAACCTCCAAAATACTA
AACC. Sequencing was performed on a PyroMark24
with PyroMark Gold Q24 reagents (Qiagen) and the
sequencing primer HHIP-Pyro-Seq, TTTAGGATTGAG
TTTTTGTTTTAAG.

Additionals

A detailed description of the ChIP procedure as well as the
preparation of nuclear extracts and proteins is given in the
Supplementary Data.

RESULTS

Dnmt1, UHRF1 and USP7 form complexes in solution
and on chromatin

In order to identify Dnmt1 interaction partners, we per-
formed immunoprecipitations with monoclonal antibodies
directed against Dnmt1 using nuclear extracts from HeLa
S3 cells (Figure 1A) and human placenta (data not
shown). Nuclei were isolated and nuclear extracts were
either prepared according to the protocol of Dignam
(45), or by digestion of chromatin with micrococcal
nuclease (MNase) and specifically associated proteins
were identified by conventional mass spectrometry of the
excised bands, or determined quantitatively by iTraq

labeling and mass spectrometry (Supplementary
Figure S1). Besides the known interaction partners
UHRF1 (N), only present in the MNase-treated extract,
and PCNA (P) (13,21,46), we observed a strong enrich-
ment of the protein USP7 (U) in both kind of nuclear
extracts (Figure 1A).

To verify the specific interaction of the endogenous
proteins, immunoprecipitations with antibodies specific
for Dnmt1, UHRF1 and USP7 were performed, and the
presence of the other proteins was tested by Western Blot
analysis (Figure 1B and Supplementary Figure S2).
Immunoprecipitation of Dnmt1 showed co-precipitation
of UHRF1 and USP7. Vice versa, immunoprecipitation
of UHRF1 and USP7 showed interaction with the other
proteins of interest revealing an interaction of all three
proteins in vivo. Furthermore, digestion of endogenous
DNA by DNaseI followed by immunoprecipitation
demonstrated that these interactions are direct and not
mediated by their independent binding to neighboring
DNA elements (Supplementary Figure S2). However, the
interaction of Dnmt1 with UHRF1 was significantly
weaker after DNaseI digestion, suggesting that the com-
plex with UHRF1 is stabilized on chromatin. To further
dissect the interaction of USP7 with Dnmt1 and UHRF1
in vivo, we performed gelfiltration analysis of the nuclear
extracts (Dignam-extract, ‘MNase’-extract) analyzing
the migration behavior of the three proteins (Figure 1C
and D). The major fractions of Dnmt1 and USP7 signifi-
cantly co-migrated between 440 and 669 kDa in the
Dignam-extract, whereas the majority of UHRF1 was
not co-fractionating, but migrating at lower molecular
weight. However, if the MNase-treated extract was used,
we observed co-migration of Dnmt1, UHRF1 and USP7
suggesting the stabilization of the trimeric interaction by
its interaction with chromatin (Figure 1D). Analysis of the
fractions on SDS–PAGE following silver staining of pro-
teins clearly shows the presence of histones in the fractions
of UHRF1 in the ‘MNase’-treated extract but not in the
Dignam-extract (Supplementary Figure S1D and E). As
UHRF1 was shown to be tightly associated with chroma-
tin (13,15,16), our data suggest a ‘soluble’ Dnmt1/USP7
complex to exist when Dnmt1 is detached from chro-
matin and that a trimeric complex with UHRF1 forms
at the chromatin target sites in vivo. The HDAC1
protein was recently shown to form interactions with
USP7, UHRF1 and Dnmt1 (47); however, none of our
gelfiltration experiments could reveal a major fraction of
HDAC1 co-migrating with the target proteins (Figure 1C
and D).

Dnmt1 and UHRF1 interact with USP7 in vitro

To identify the protein domains mediating the inter-
actions, we purified the recombinant full-length proteins,
the TS domain (amino acid 316–601) of Dnmt1, the SRA
domain (amino acid 435–586) of UHRF1 and the TRAF
domain (amino acid 1–215; U-1), the proteolytic core do-
main (amino acid 212–561; U-2), the C-terminal domain
(amino acid 561–916; U-3) and the C-terminus (amino
acid 913–1102; U-4) of USP7. The purified proteins were
used in in vitro pull-down experiments to reveal the
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interaction domains (Figure 2A, Supplementary Figures S3
and S4). Dnmt1 efficiently co-precipitated USP7 in vitro and
we were able to map the interaction site of Dnmt1 to the TS
domain (Figure 2B). Vice versa USP7 interacted with
Dnmt1 and the TS domain as expected. The TS domain does
interact at the same time with UHRF1, an interaction that
was also shown previously (21). So far the data suggest two
dimeric complexes, i.e. Dnmt1/USP7 and Dnmt1/UHRF1.
However, we observed as well a direct interaction between
UHRF1 and USP7 indicating the potential existence of
three different dimeric complexes. Immunoprecipitation
experiments using the individual USP7 domains showed
that UHRF1 interacts with the TRAF domain (amino
acid 1–215, U-1), whereas Dnmt1 and the TS domain were
bound by domain 3 of USP7 (amino acid 561–916, U-3)
(Figure 2C). In contrast to Dnmt1, the de novo DNA
methyltransferases, Dnmt3a and Dnmt3b2 preferentially
interacted with the TRAF domain of USP7
(Supplementary Figure S4). Furthermore, the SRA
domain of UHRF1 mediated the interaction with both
Dnmt1 and USP7 (Figure 2C). Taken together, our
in vitro studies allow the discrimination of the following
dimeric complexes (Figure 2D): a Dnmt1/UHRF1 inter-
action between the TS and the SRA domain, an association
of UHRF1 and USP7 mediated between the SRA and the
TRAF domain, and a Dnmt1/USP7 complex between the
U-3 and TS domains, respectively. Moreover, all interactions
also suggest the formation of a trimeric complex of USP7,
Dnmt1 and UHRF1, arguing for a direct interaction on
chromatin in vivo.

USP7 prevents UHRF1 from autoubiquitinylation in vitro
and regulates its stability in vivo

To study the role of the USP7 deubiquitinase activity with
respect to the regulation of Dnmt1 and UHRF1 protein
stability, the expression of USP7 was either down- or
upregulated in doxycycline inducible LS174T cells
(Figure 3A). In agreement with previous studies, knock-
down (LS88 cells) and overexpression (LS89 cells) of
USP7 resulted in stabilization of p53 and thus increase
of p53 levels (25–28). Dnmt1 protein levels decreased
after 3 days of USP7 knockdown, when USP7 levels
were the lowest (Figure 3A), confirming the observation
of Wang and colleagues (47). More significant, UHRF1
protein levels decreased or increased after down- or
upregulation of USP7, respectively (Figure 3A). This in-
dicates that USP7 affects the stability of Dnmt1 and
UHRF1 protein in vivo. Due to the strong and reprodu-
cible effects, we further evaluated the stability of the
UHRF1 protein. We used the p53 (!/!) non-small lung
cancer cell line H1299 to avoid p53-dependent side effects.
In order to address whether UHRF1 is turned over in the
ubiquitin dependent proteasomal pathway, cells were
treated with cycloheximide and the proteasome inhibitor
MG132 (48). Incubation of the cells with cycloheximide
resulted in a gradual decrease of UHRF1 protein levels
(Figure 3B). The addition of MG132 clearly stabilized
UHRF1 protein levels in the presence of cycloheximide,
indicating that UHRF1 is degraded via the proteasome-
dependent degradation pathway.

Figure 1. Dnmt1, UHRF1 and USP7 interact with one another in vivo. (A) USP7 is identified as a new interaction partner of Dnmt1. Dnmt1 was
immunoprecipitated from nuclear extracts (Dignam-extract and MNase-extract) and subjected to SDS–PAGE and Coomassie blue staining. Protein
bands [(U) USP7, (P) PCNA, (N) UHRF1] specific for the Dnmt1-IP were identified by MS analysis (ctrl: proteinG sepharose only). Precipitated
Dnmt1 (D) and the molecular weight marker (M) are indicated. (B) Immunoprecipitation of endogenous proteins of the MNase treated extract with
the indicated antibodies. Co-precipitated proteins were detected by Western Blot. 2% of the input (In), 10% of the flowthrough (Ft), 10% of the
control beads (PG: ProteinG Sepharose) and 10% of the antibody coupled beads (B) were loaded. (C and D) HeLa S3 nuclear extracts
[Dignam-extract (C) and MNase-extract (D)] were applied on a supererose6 gelfiltration column (GE Healthcare). Every second fraction was
analyzed on SDS–PAGE following western blot analysis with the indicated antibodies. Load (L), void and the migration of the molecular weight
reference proteins are indicated.
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USP7 has been described to protect the RING-finger
E3-ubiquitin ligases ICP0 (49), Chfr (50) and Mdm2 (51)
from autoubiquitinylation, thereby stabilizing their protein
levels. We therefore transfected USP7 into H1299 cells to
monitor the effect of USP7 on the stability of transfected
and endogenous UHRF1 protein (Figure 3C and D). As
seen before, cycloheximide treatment led to gradual
decrease of UHRF1 levels, but also affected the protein
stability of USP7 (timepoints 12–48 h). Notably, the tran-
siently increased USP7 levels were sufficient to stabilize
the exogenous and endogenous UHRF1 protein (time-
points: 8–24 h) compared to control cells not transfected
with USP7. Transfection of increasing amounts of USP7
following cycloheximide treatment for 24 h (Figure 3E)
stabilized UHRF1 protein levels in an USP7-dose-
dependent manner. Taken together, these data indicate
that USP7 stabilizes UHRF1 protein levels in vivo and sug-
gest that USP7 removes ubiquitin adducts from UHRF1
and therefore prevents proteasomal degradation of
UHRF1.
To test whether USP7 directly influences the auto-

ubiquitinylation activity of the RING-finger E3-ubiquitin
ligase UHRF1 (15,16,23), we performed in vitro auto-
ubiquitinylation reactions of UHRF1 in the presence of
either USP7 or the catalytically inactive mutant USP7
C223S (49) (Figure 3F and Supplementary Figure S5B).
The activity of the enzymes and the assay conditions
were initially optimized to allow quantification of enzym-
atic conversion of the substrates, when required
(Supplementary Figures S5A and S6). UHRF1 exhibits
in vitro autoubiquitinylation activity revealing mono- to

tetra-ubiquitin adducts. However, it has to be mentioned
that the assay cannot discriminate between the addition of
ubiquitin-chains and the addition of multiple mono-
ubiquitin molecules on UHRF1. Interaction of USP7
C223S with UHRF1 reduced the autoubiquitinylation
activity. However, active USP7 completely abolished the
autoubiquitinylation of UHRF1 by removal of ubiquitin
adducts. Accordingly, these data clearly indicate that
USP7 regulates UHRF1 levels in vivo, and counteracts
autoubiquitinylation activity of UHRF1 by removing
ubiquitin adducts.

USP7 stimulates the DNA methylation activity of Dnmt1
in vitro and in vivo

Next, we tested in ChIP assays whether USP7 co-localizes
with Dnmt1 and UHRF1 on selected silenced genes in vivo
(Figure 4A). Genes were selected according to their
reduced expression levels, as determined by quantitative
mRNA analysis compared to the expression levels of the
TBP gene. The selected genes were either completely
silenced SFRP1, IGFBP3, HHIP or active to only 6.6%
(HOXA7). Active genes exhibiting high mRNA levels
and correspondingly high RNA Polymerase II and low
Dnmt1 binding levels were not studied (Supplementary
Figure S7). Besides the HOXA7 locus (52), as a previously
published control, we show that Dnmt1 localizes as well
to the SFRP1, IGFBP3 and HHIP loci together with
UHRF1 and in absence of RNA Polymerase II. In agree-
ment with our biochemical characterization we observed
an enrichment of USP7 at the SFRP1, IGFBP3, HHIP
and HOXA7 loci together with Dnmt1 and UHRF1,

Figure 2. Dnmt1, UHRF1 and USP7 form a trimeric complex. (A) Schematic representation of the domains of Dnmt1, USP7 and UHRF1 (proteins
and domains are not in scale). TS (Targeting domain, amino acid 316–601), cat (C-terminal catalytic domain of Dnmt1). U-1 (TRAF domain, amino
acid 1–215), U-2 (catalytic domain, amino acid 212–561), U-3 (C-terminal domain, amino acid 561–916), U-4 (C-terminus, amino acid 913–1102).
UBQ (ubiquitin-like domain), PHD (plant homeodomain domain), SRA (SET-Ring finger associated domain, amino acid 435–586), RING (Ring
finger domain). (B) Co-immunoprecipitation assay to determine the interaction of recombinant proteins with protein-specific antibodies. Detection of
co-precipitated proteins via western blot. Input (In, 1.0%), protein G sepharose (PG, 20%), ‘specific beads’ (B, 20%), antibodies used for
immunodetection are indicated. The Dnmt1-specific antibody DNM-2C1 recognizes the TS-domain and was used for IP and WB. (Asterisks)
Five times shorter exposure of the input signal of UHRF1. (C) GST pull-down assay interaction analysis, using GST, the indicated
USP7-domains and the SRA domain fused to GST with Dnmt1, TS-domain, USP7 and UHRF1. The bound proteins were separated and
plotted with the respective antibodies. Input (In, 20%); GST or GST-fusion domains (25%). (D) Schematic overview of the protein interactions
and protein-domains involved.
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suggesting that they form a trimeric and functional
complex on DNA.

To address the effect of the Dnmt1 interacting proteins
UHRF1 and USP7 on the DNA methylation activity of
Dnmt1, we performed a MSP analysis upon knockdown
of UHRF1 and USP7, respectively (Figure 4B).
Downregulation of UHRF1 by siRNA resulted in a
robust demethylation at the SFRP1, IGFBP3, HHIP
and HOXA7 loci. Similarly, knockdown of USP7
resulted in detectable demethylation of all loci analyzed,
albeit to a lower degree as UHRF1 (Figure 4B). The quan-
titative examination of the HHIP promoter region by
pyrosequencing revealed a mean decrease in CpG methy-
lation of 7.6 versus 36.4% upon USP7 and UHRF1
knockdown, respectively (Figure 4C).

USP7 stimulates the DNA methylation activity of Dnmt1

USP7 forms a soluble complex with Dnmt1 in solution
and a trimeric complex with UHRF1 in chromatin. We
addressed the question whether the interaction of USP7,

UHRF1 or USP7/UHRF1 with Dnmt1 would affect its
DNA methylation activity in vitro. The affinities of USP1,
UHRF1 and Dnmt1 toward DNA and the DNA
methyltransferase assays were optimized to allow the
quantitative and qualitative analysis of these reactions
(Figure 5A–C; Supplementary Figures S6, S8 and S9).
Although siRNA mediated knockdown of UHRF1 led
to reduced DNA methylation in vivo (Figure 4B and C),
we did not detect an effect of UHRF1 on the Dnmt1-
dependent DNA methylation activity (Figure 5C). In
agreement with previous data, this suggests that UHRF1
may solely serve as a recruitment platform determining the
location of DNA methylation rather than influencing the
activity of Dnmt1 (13,14). Accordingly, we observed a
reduction of DNA methylation levels at the SFRP1 and
HHIP genes after USP7 knockdown (Figure 4B and C).
Strikingly, both the in vitro maintenance and de novo
DNA methylation activity of Dnmt1 were stimulated
2-fold in the presence of USP7 (Figure 5D). USP7 and
UHRF1 do inhibit Dnmt1-dependent DNA methylation

Figure 3. USP7 regulates the stability of UHRF1 in vivo and in vitro. (A) LS174T adenocarcinoma cells (LS174TR1, parental) were treated with
doxycycline (dox, 1.0 mg/ml) to induce USP7 knockdown (LS88 knockdown) or overexpression of USP7 (LS89 over expr.). Cells were harvested at
the indicated days and a WCE was prepared. Samples were subjected to SDS–PAGE and western blot analysis with the indicated antibodies. (B)
H1299 cells were treated with cycloheximide (CHX, 100 mg/ml) and proteasome inhibitor MG132 (20 mM) for the indicated time and subsequently
treated as described in (A). (C) H1299 cells were transfected with 700 ng Flag-UHRF1 DNA without or with 1.4 mg HA-USP7 DNA. Cells were split
36 h post-transfection, treated with CHX for the indicated time and analyzed as described in (A). (D) Same as for (C) but only transfection of 2.0 mg
HA-USP7 DNA. (E) H1299 cells were transfected with 500 ng Flag-UHRF1 DNA and increasing amounts of HA-USP7 DNA (0, 500, 1000, 1500,
2000 ng). Forty-eight hours post-transfection cells were treated with CHX for 24 h and subsequently analyzed as described in (A). (F) In vitro
autoubiquitinylation of UHRF1 in the absence or presence of either catalytically active USP7 or inactive USP7 C223S and Flag-tagged ubiquitin was
analyzed (substoichiometric USP7 levels were used; 1/5th and 1/50th molar ratio with respect to UHRF1). Proteins were separated on SDS–PAGE
and Flag-tagged ubiquitin adducts were detected by western blot with antibodies against the Flag-tag.
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activity when quantitatively bound to DNA, limiting the
accessible substrate for Dnmt1 (Supplementary Figure S8).
Therefore, the DNA substrate was used in large excess
(3-to 24-fold molar ratio), suggesting that USP7 modu-
lates Dnmt10s enzymatic activity rather than acting as a
recruitment factor. Furthermore, USP7 exerts a stimula-
tory effect on the methylation activity of Dnmt1 even in
the presence of UHRF1, which is in agreement to the
in vivo data (Figures 4 and 5E). Hence, we identified
USP7 as the first factor that has a stimulatory effect on

the enzymatic activity of Dnmt1. Furthermore, we
describe USP7 as a regulator of UHRF1 protein stability,
hence directly affecting Dnmt1-dependent DNA methyla-
tion efficiency.

DISCUSSION

Dnmt1 has been extensively described and studied as an
epigenetic factor transiently interacting with many other
chromatin-associating proteins (10,11). In fact, so far only

Figure 4. USP7 associates with Dnmt1 and UHRF1 on silenced genes in vivo. (A) Chromatin immunoprecipitation (ChIP) was performed with
formaldehyde cross-linked HCT-116 cells and the indicated antibodies. The average of three independent ChIP experiments for Dnmt1, UHRF1,
USP7 and RNAPII are shown. Standard deviations, target genes of interest and antibodies used for ChIP are indicated. The enrichment of specific
IP versus IgG background is plotted. The relative expression levels of these genes compared to the TBP gene are given. (B) Promoter regions of the
SFRP1, IGFBP3, HHIP and HOXA7 genes were analyzed for methylated (M) and unmethylated (U) CpG sites by MSP in the presence or absence
of USP7 and UHRF1. Proteins were depleted by RNAi-mediated knockdown and the MSP analysis was performed with bisulfite-treated genomic
DNA from HCT-116 cells. Representative images of MSP experiments are given. (C) Quantitative analysis of DNA methylation levels after UHRF1
and USP7 knockdown. Pyrogram trace obtained after pyrosequencing analysis of part of the HHIP promoter region containing 13 CpG sites (with
potentially methylated cytosines shaded in gray). The y-axis represents the signal intensity in arbitrary units, while the x-axis shows the dispensation
order. The percentage of DNA methylation at individual CpG positions of the HHIP promoter of cells transfected with non-targeting control, USP7
and UHRF1 siRNAs are shown below the pyrogram.
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one Dnmt1-complex containing pRB, HDAC, E2F1 had
been biochemically purified (12).

In this study, we identified two novel Dnmt1-containing
complexes by means of immunoprecipitation and SEC
analysis. First, we observed a strong interaction of
Dnmt1 and USP7, forming a soluble dimer complex
in vivo. Second, Dnmt1/USP7 could further interact with
UHRF1 and strongly associated as a trimeric complex on
chromatin (Figures 1, 2 and 4A).

UHRF1 was shown to be tightly associated with chro-
matin and to bind to hemi-methylated DNA (hmDNA),
acting as a recruitment factor for Dnmt1 (13–15). We
confirmed the preferential binding of UHRF1 to
hmDNA (Supplementary Figure S8A) and demonstrated
co-binding of Dnmt1 and UHRF1 to silenced genes
in addition to the subunit USP7 (Figure 4A). Upon
UHRF1 knockdown, we observed a reduction of the
methylation status of the studied genes (Figure 4B and
C). As UHRF1 did not stimulate the DNA methylation
activity of Dnmt1 in vitro, this clearly indicates that
UHRF10s major function is to ensure Dnmt1 guidance
to hmDNA, as previously shown (13,14). USP7 had
been described to protect RING-finger E3-ubiquitin
ligases from autoubiquitinylation, thereby stabilizing
their protein levels (49–51). We were able to show that
USP7 levels did directly influence the stability of
UHRF1 and was capable to de-ubiquitinylate UHRF1
in vitro (Figure 3F). Transfection of USP7 into H1299
cells stabilized exogenous and endogenous UHRF1
protein upon cycloheximide treatment (Figure 3).
Altogether, our data indicate that USP7 removes

ubiquitin moieties from UHRF1 and thereby inhibits its
proteasomal degradation in the cell. The knockdown of
USP7 affected the DNA methylation status of the studied
target gene loci, suggesting that it serves as an amplifying
module within the trimeric methylating complex, ensuring
maintenance of DNA methylation. An effect that appar-
ently resides from UHRF1 stabilization and the
upregulation of the Dnmt1 DNA methylation activity,
as discussed below. Consistent with the assumption of a
close collaboration of those proteins, USP7 knockout
mice showed lethal defects in early embryonic develop-
ment (33), reminiscent of Dnmt1 knockout mice (7).
As the expression of UHRF1 peaks during G1/S-phase

transition and is downregulated during G0 and G1 (40,53),
USP7 could stabilize UHRF1 during S-phase by con-
stantly removing ubiquitin moieties. After replication,
USP70s activity could be modulated by post-translational
modification (54), eventually leading to degradation of
UHRF1. Subsequently, the Dnmt1/USP7 complex would
dissociate from chromatin consistent with the observation
of a diffuse localization of Dnmt1 in the nucleoplasm
during G1 and G0 (20).
It was recently suggested that Dnmt1 is stabilized by

HDAC1 and USP7 in a cell cycle-dependent manner
(47). The authors suggested a stable complex of Dnmt1
with HDAC1 that we did not observe in our immunopre-
cipitation and gelfiltration assays (Figure 1C and D;
Supplementary Figure S2B). This could be related to the
fact that we used non-synchronous cells for our purifica-
tions and minor amounts of Dnmt1–HDAC1 complexes
could have been overlooked, as the published effect is cell

Figure 5. USP7 activates the DNA methylation activity of Dnmt1 in vitro. (A) Recombinant Dnmt1, USP7 and UHRF1 proteins, purified from
baculovirus-infected Sf21 insect cells and E. coli cells via the His-tag. Proteins were separated on a SDS–PAGE and stained with Coomassie blue. (B)
Dnmt1 dependent in vitro DNA methylation on non-methylated (nm DNA) and hemi-methylated DNA (hm DNA) was performed with increasing
amounts of Dnmt1 and an excess of DNA (4.0 mM) for 15min. The transfer of the 3H-methyl group onto the DNA was measured and plotted. (C)
Dnmt1-dependent DNA methylation reactions in the presence of increasing amounts of UHRF1 were performed in excess of hmDNA for two
different time points (5 and 15min). The relative activity was plotted and UHRF1 ratios to DNA or Dnmt1 are given. (D) Same as for (C) but using
USP7 on non-methylated (nm) and hemi-methylated DNA (hm). (E) Same as for (C) but fixed amounts of Dnmt1 and USP7 were incubated with
increasing levels of UHRF1 as indicated. The relative methylation activity is plotted and molar ratios of UHRF1:Dnmt1, USP7:Dnmt1,
UHRF1:DNA and USP7:DNA are given.
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cycle dependent. However, in agreement with their data,
we see a comparable destabilization of Dnmt1 after 3 days
of USP7 knockdown. The mild destabilization of Dnmt1
would be further potentiated by the HDAC1 activity, as
described (47).
Besides controlling the ubiquitination status of

UHRF1, USP7 plays an additional role in this complex
and stimulates both the maintenance and the de novoDNA
methylation activity of Dnmt1 in vitro (Figure 5). So far
USP7 is the first factor to be shown to exhibit such an
activity. Immunoprecipitation and gelfiltration experi-
ments suggest that the majority of Dnmt1 may be
associated with USP7 and as shown by Wang and col-
leagues USP7 does also regulate the stability of Dnmt1
(47). Accordingly, USP7 acts in two ways to stimulate
the Dnmt1-dependent DNA methylation activity, i.e. via
stimulating its activity and protecting the protein from
degradation. The 2-fold activation of the Dnmt1 activity
in the Dnmt1/USP7 complex could not be further
activated by the addition of UHRF1 confirming the
notion that UHRF1 is mainly required to target the
complex to hemi-methylated DNA.
From these data, we propose a new role for USP7 as the

epigenetic regulator of Dnmt1-dependent DNA methyla-
tion activity. First, the enzymatic activity of Dnmt1 in
complex with USP7 is directly stimulated by USP7 by
factor of two. Second, the Dnmt1-USP7 dimeric
complex is recruited to the sites of methylation by
UHRF1, forming a trimeric complex on chromatin. As
the protein stability of UHRF1 is regulated by USP7,
the Dnmt1-USP7 association on chromatin and hence
the DNA methylation efficiency is controlled by USP7.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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Abstract 

Chromatin-associated RNA (caRNA) is a newly identified class of RNA molecules stably 

associated with chromatin, maintaining the higher order structure of euchromatic regions 

in an accessible form [1]. This section provides a detailed protocol describing the isola-

tion of small caRNA from Drosophila cells and preparation of libraries suited for strand-

ed small (20 – 200 bp) RNA deep sequencing on the Illumina platform.  

Key Words: chromatin-associated RNA; small RNA-Seq, high-throughput sequencing; 

library preparation. 

Introduction 

The packaging of DNA into nucleosomes and further compaction into higher order struc-

tures of chromatin play crucial roles in functional organization of the genome. It has been 

shown that not only proteins but also RNA is stably associated to chromatin in different 

organisms [2-5]. Recent studies revealed important roles of chromatin bound RNA in the 

recruitment of heterochromatin protein 1 (HP1), chromatin-induced gene silencing`, dos-

age compensation and genomic imprinting [6-8]. Despite of the high abundance of chro-

matin-associated RNAs (about 2-5% of the DNA level in Drosophila), the identity and 

the functional role of chromatin-associated RNAs (caRNAs) remained enigmatic. We 

isolated and characterized the function of caRNAs, showing that a fraction of snoRNAs is 

enriched in chromatin, forming a RNP complex that is specifically targeted to the eu-

chromatic regions of chromatin. The Drosophila protein DF31 simultaneously binds to 

the snoRNA and chromatin, potentially targeting the complex to the euchromatic regions, 

where it maintains the accessible organization of the higher order structure of chromatin 

[1]. This protocol describes our newly established technique to fractionate chromatin and 

caRNAs from non-chromatin associated RNA and the required purification steps for deep 

sequencing. Furthermore, we developed a novel protocol for small RNA-Seq library 

preparation, combining both cDNA synthesis and addition of Illumina adapters in one 

single step. Additionally, the length of the hybrid adapters used in this setup allows con-

venient separation of adapter dimers from specific products even for RNAs of only 20 bp 

in length. By tagging both the 5’ and 3’ ends of the RNA, a stranded library is obtained. 

The entire pool of small RNA species in a size range of 20 – 200 bp are present in the 

library and can be sequenced without further size selections on the Illumina platform. 
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Materials  

General remark: Working with RNA requires an RNase-free environment. Always wear 

gloves and ensure that all surfaces were cleaned with RNase decontaminating agents, e.g. 

RNase-Zap (Sigma-Aldrich). All reactions should be supplemented with RNase inhibi-

tors, e.g. RNasin (Promega); reaction tubes and filter tips should be certified as RNase-

free. 

2.1. Isolation of caRNA 

• High-quality preparation of chromatin 
• EX80 buffer: 20 mM Tris-HCl (pH 7.6), 80 mM KCl, 1.5 mM MgCl2, 0.5 mM 

EGTA, 10% glycerol 
• Sucrose (Merck) 
• Gradient MasterTM (BioComp) 
• SW40 ultracentrifugation tubes (Beckman Coulter) 
• Proteinase K (Sigma) 
• Sodium dodecyl sulfate (Serva) 
• 99.6% ethanol p.a. (Merck) 
• 7.5 M ammonium acetate, pH 7.7 (Merck) 
• Glycogen, 20 mg/ml (Roche) 
• Nuclease-free water (New England Biolabs) 
• Gene-Ruler 1 kb DNA ladder plus (Fermentas) 
• Ultra-pure Agarose (Invitrogen) 
• TBE buffer: 90 mM Tris, 90 mM boric acid, 2 mM EDTA 
• Ethidium bromide (Roth) stored at room temperature and a dark place: Prepare a 

fresh 1:10,000 solution in water before use. Beware that the chemical is toxic and 
mutagenic, so avoid contact and wear adequate protection. 

• UV imaging system (Intas) 

2.2. Purification of caRNA 

• DNase I and DNase I digestion buffer (Roche) 
• EDTA (Sigma) 
• Phenol/chloroform/isoamyl alcohol (P/C/I) in a Tris-buffered mixture of 25:24:2 

(Merck). Beware that the chemical is toxic, so avoid contact and wear adequate 
protection. 

• Chloroform (Merck). Beware that the chemical is toxic, so avoid contact and 
wear adequate protection. 

• UV/VIS Spectrophotometer such as NanoDrop 1000 (Peqlab) 
• 2.3. Library preparation for Illumina sequencing 
• ExactSTART small RNA Cloning Kit (Epicentre) 



 
 

 

	  

8.2 SUBMITTED MANUSCRIPTS 

	  

	   	  

- 256 -  

• 2x Phusion High Fidelity Master Mix (New England Biolabs) 
• Isopropyl alcohol p.a. (Merck) 
• 3 M sodium acetate, pH 5.2 (Merck) 
• Hybrid adapters, 10 µM, dissolved in water (see Table 1) 
• MinElute PCR Purification Kit (Qiagen) 
• PCR primers, 10 µM, dissolved in water (see Table 1) 
• Agencourt AMPure XP magnetic beads (Beckman Coulter) 
• Agencourt SPRIPlate 96 Ring Super Magnet Plate (Beckman Coulter) 
• Elution buffer EB (Qiagen) 
• Qubit 2.0 fluorometer (Life Technologies) 
• Quant-IT dsDNA High Sensitivity Assay Kit (Life Technologies) 
• 2100 Bioanalyzer (Agilent Technologies) 
• DNA High Sensitivity Chip (Agilent Technologies) 

Methods 

3.1. Isolation of caRNA 

1. Drosophila chromatin and thereby associated RNA can be obtained by direct iso-

lation from cell culture material like Schneider S2 cells according to standard 

procedures [9]. Alternatively, chromatin can be assembled in vitro using Dro-

sophila embryonic extract (DREX) [10]. The reconstituted chromatin system as-

sociates with caRNA and displays the characteristics of cellular RNA dependent 

regulation of higher order structure changes. The latter system is especially suited 

for studying RNA as a structural component of chromatin, as nucleosome deposi-

tion on DNA does not depend on RNA. In general, the following steps can be 

performed with high-quality, RNase inhibitor treated chromatin from all species. 

2. As a control, extract total RNA from the system being used. Proceed with 3.2. 

Purification of caRNA and treat the control sample accordingly. 

3. Separation of chromatin and associated RNAs from free RNAs is achieved by 

preparative ultracentrifugation, according to the difference in densities. Prepare a 

linear sucrose gradient (15 – 40 %) in ice-cold, sterile EX80 buffer with a Gradi-

ent MasterTM in SW40 ultracentrifugation tubes. Apply the in vitro assembled or 

ex vivo isolated chromatin (5 – 10 µg) directly on top of the gradient (Figure 1). 
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4. The ultracentrifugation run is carried out at 7500 g and 4 °C for 12 h without 

brake.  

5. Collect 15 – 20 gradient fractions by dropping out the SW40 tubes from the bot-

tom. Each fraction should have an approximate volume of about 700 µl. 

6. Remove the proteins by proteinase K treatment in 1% SDS at 55 °C for 2 h.  

7. To precipitate the nucleic acids, perform an ethanol/ ammonium acetate precipita-

tion. Therefore, add 1/3 volumes of ammonium acetate, 2 µl of glycogen and 2.5 

volumes of ice-cold 99.6% ethanol p.a. to the samples. Vortex briefly and incu-

bate for 10 min on ice. Precipitate the RNA by centrifuging at 13.000 g and 4 °C 

for 30 min. Aspirate the supernatant and wash the pellet with 500 µl of 70% etha-

nol p.a. Perform another centrifugation step at 13.000 g and 4 °C for 15 min. As-

pirate the supernatant and let the pellet air dry for 10 min. Finally, dissolve the 

pellet in 50 µl of nuclease-free water. 

8. Control the successful preparation of caRNAs on a 1.3% (w/v) agarose gel in 1x 

TBE. Therefore, load 25-30% of the collected and proteinase K treated fractions 

per lane and stain the gel subsequently with ethidium bromide (Figure 1).  

9. Fractions with identical migration pattern on an agarose gel can be pooled to in-

crease the input for subsequent library preparation.  

3.2. Purification of caRNA 

1. To separate caRNAs from DNA, perform DNase I digestions with 1 U DNase I in 

DNase I digestion buffer + 2 mM EDTA at RT for 15 min. Do not exceed the in-

cubation time, as Mg2+ ions may degrade RNA. Stop the reactions with an excess 

of EDTA (final concentration: 25 mM).  

2. Extract the RNA with phenol/chloroform/isoamyl alcohol (P/C/I) to remove re-

sidual proteins and the enzymes used in steps 5 and 6 (see Note 1). Add 1 volume 

of P/C/I solution to every sample and mix by vortexing. Incubate the reaction 

tubes at 65 °C for 4 min with shaking. After 2 min of cooling down on ice, centri-

fuge at 13.000 g and RT for 5 min. Carefully transfer the aqueous (upper) phase 

containing the RNA to a new reaction tube, and perform a second step of phenol 
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extraction as described above. Subsequently, mix the aqueous phase with 1 vol-

ume of chloroform and centrifuge at 13.000 g and RT for 5 min to remove re-

maining traces of phenol. Transfer the aqueous phase to a new tube. 

3. For further concentration and purification of the RNAs, precipitation with ammo-

nium acetate and ethanol is required. Perform the precipitation according to 3.1. 

step 6. 

4. Assay the yield and purity of RNA by light absorption measurement using a 

NanoDrop spectrophotometer. Highly pure RNA results in an A260/280 ratio of 

2.0. For successful library preparation, a total yield of 1 µg of RNA is recom-

mended (see Note 2). 

3.3. Library preparation for Illumina sequencing 

All steps of the library preparation are carried out in certified RNase- and DNase-free 0.2 

µl tubes. Reactions have to be pipetted on ice and all incubations are performed in PCR 

cyclers. 

1. Optional: The majority of Drosophila caRNAs comprises of small RNAs <200 

bp. However, depending on the species, the length might vary and therefore re-

quire an additional enrichment step for small caRNAs (see Note 3). As rRNAs 

are not specifically enriched at Drosophila chromatin, it is not necessary to carry 

out an additional rRNA depletion step (see Note 4). This protocol was successful-

ly tested with 1 µg of starting material using the Small RNA Enrichment Solution 

(Epicentre) according to the manufacturer’s instructions. 

2. Optional: caRNAs can be both coding and non-coding. Depending on the appli-

cation, it is required to sequence both types of RNA or only one. This step con-

verts 5’ triphosphorylated RNAs to 5’ monophosphorylated RNAs and has to be 

carried out only if one wishes to include short mRNAs or modified (e.g. capped 

RNAs) in the caRNA library. Free 5’ monophosphorylated ends are required for 

the subsequent ligation step. Perform the conversion with small caRNA using 

RNA 5’ polyphosphatase (Epicentre) according to the manufacturer’s instructions 

in a total reaction volume of 20 µl.  
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3. To obtain a stranded RNA library, both 5’ and 3’ ends of the RNAs have to be 

tagged. The 3’ end is tagged by addition of a poly(A) tail to free 3’ hydroxyl ends. 

Perform the poly(A) tailing reaction with poly(A) polymerase (Epicentre) in 50 

µl of total reaction volume according to the manufacturer’s instructions. 

4. To remove the enzymes of steps 2 and 3, add 1 µl of glycogen and extract the 

RNA with 50 µl of P/C/I. Mix by vortexing and centrifuge at 13.000 g and RT for 

5 min. Transfer the aqueous phase to a new tube and back-extract the organic 

phase by adding 50 µl of nuclease-free water. Mix again by vortexing and centri-

fuge at 13.000 g and RT for 5 min. Combine the aqueous phases of the two ex-

tractions. Add 100 µl of chloroform, mix by vortexing and centrifuge at 13.000 g 

and RT for 5 min. Transfer the aqueous phase to a new tube and add 10 µl of so-

dium acetate and 100 µl of isopropyl alcohol. Mix and incubate the samples for 

10 min at – 80 °C. Centrifuge at 13.000 g and 4 °C for 5 min. Aspirate the super-

natant and wash the pellet with 100 µl of ice-cold 80 % ethanol. Centrifuge at 

13.000 g and 4 °C for 5 min. Aspirate the supernatant and let the pellet air-dry for 

about 10 min. Dissolve the pellet in 13.5 µl of nuclease-free water. 

5. Ligation of a small RNA oligo (Epicentre) tags the 5’ end of the small caRNAs. 

Only RNAs containing a 5’ monophosphorylated end receive the oligo (see step 

2). Proceed with the ligation according to the manufacturers’ instructions and in-

cubate the reaction for 1 h 15 min. 

6. Oligo-dT is used to prime the first strand cDNA synthesis. Use MMLV reverse 

transcriptase (Epicentre) according to the manufacturer’s instructions. After this 

step, the single stranded cDNA can be stored at – 20 °C for several weeks. 

7. Second strand cDNA synthesis and addition of Illumina adapters for sequencing 

is combined in one single step by using hybrid adapters complementary to the in-

troduced 5’ and 3’ RNA tags. Use up to 23 µl of the single stranded cDNA as a 

template. Add 1 µl of both forward and reverse hybrid adapters and 25 µl of 2x 

Phusion HF Master Mix to obtain a final reaction volume of 50 µl. The following 

PCR conditions were found to be most efficient (see Note 5): 
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98 °C for 30 sec 

 10x (98 °C for 15 sec 

   60 °C for 30 sec 

   72 °C for 20 sec) 

 72 °C for 10 min 

8. To remove the adapters, purify the reactions with the MinElute PCR Purification 

Kit. Mix the samples with 5 volumes of buffer PB and mix by pipetting. Apply to 

the column and spin at 13.000 g and RT for 1 min. Pour flow-through back onto 

the column and repeat the centrifugation step. Discard flow-through and add 750 

µl of buffer PE. Incubate for 2 min to ensure efficient salt removal. Spin the col-

umns at 13.000 g at RT for 1 min and discard flow-through. Centrifuge the empty 

column at 13.000 g at RT for 1 min. Use a pipette to aspirate remaining buffer 

around the purple ring inside of the column. Transfer the column to a new 1.5 ml 

tube and apply 20 µl of buffer EB. Incubate for 5 min to ensure best recovery 

rates of the DNA. Spin at 13.000 g at RT for 1 min and discard column. 

9. Add primers for Illumina sequencing and amplify the now double stranded cDNA 

with an amplification step. Use 5 µl of cDNA per PCR reaction (see Note 6). Add 

1 µl of both forward and reverse Illumina paired-end primers (see Note 7) and 25 

µl of 2x Phusion HF Master Mix. Fill up with nuclease-free water to a final reac-

tion volume of 50 µl. The following PCR conditions were found to be most effi-

cient (see Note 5 and 8): 

98 °C for 30 sec 

     10x (98 °C for 15 sec 

       65 °C for 30 sec 

       72 °C for 20 sec) 

     72 °C for 10 min 
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10. When running more than one PCR per sample, pool the reactions. 

11. To remove the primers, purify the reactions with the MinElute PCR Purification 

Kit according to step 8 and elute in 20 µl of elution buffer. 

12. Although the hybrid adapters have been removed prior to the amplification step 

by a column-based method, in most cases an additional purification step is need-

ed to remove all traces of adapter-adapter ligation products. This is necessary to 

ensure highly efficient clustering of the library on the Illumina flow cell. Size-

selective separation using AMPure XP magnetic beads was found to be most effi-

cient for this step. Warm beads to RT and resuspend them by shaking. Add 18 µl 

of bead suspension to the samples. Mix quickly by pipetting 10x up and down be-

fore adding beads to the next sample. Incubate the reactions at RT for 10 min. 

Place beads in the magnetic stand and let the beads settle for 2 min. Aspirate and 

discard the supernatant, it contains the remaining adapters and primers. Wash 2x 

with 100 µl of 70% ethanol p.a. and incubate each washing step for 1 min. Aspi-

rate the ethanol and remove the samples from the magnetic stand. Resuspend the 

beads in 20 µl of elution buffer. Incubate at RT for 5 min. Place the tubes back in-

to the magnetic stand and let the beads settle for 2 min. Carefully remove the 

cleaned sample without touching the beads and transfer it to a new tube. 

13. Assay the yield and purity of the library by light absorption measurement using a 

NanoDrop spectrophotometer. In case of DNA concentrations < 10 ng/µl, use the 

Quant-IT dsDNA High Sensitivity Kit and the Qubit fluorometer instead for more 

accurate results. 

14. Analyze the library on a 2% agarose gel in 1x TBE buffer and stain the gel with 

ethidium bromide after the run. For very low yields, use the 2100 Bioanalyzer in 

combination with the DNA High Sensitivity Assay Kit instead for visualization 

(Figure 2). 

15. The libraries contain either small caRNAs or, in case of the control sample, small 

total RNAs in the range of 20 – 200 bp. The samples are now ready to be se-

quenced on the Illumina platform (see Note 9). 
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4. Notes 

1. This step cannot be replaced by column-based purification methods, as these 

would deplete small RNAs. 

2. Lower yields can further on be compensated by running more PCR cycles; how-

ever this increases the bias introduced by the PCR method. 

3. Of all available options, standard gel elution procedures are easy to perform but 

designated by very low recovery rates of about 10% at maximum. Hence, alterna-

tives like size-specific precipitation with PEG or the use of commercially availa-

ble small RNA enrichment solutions are recommended. 

4. Standard rRNA depletion kits remove long rRNAs only, such as 18S and 28S 

rRNA. In case of 5S or 5.8S rRNA association to chromatin, this might indicate 

contamination or incomplete separation during ultracentrifugation. If there is no 

additional material available to repeat the experiment, it is recommended to re-

move the small rRNAs with biotinylated complementary oligos via streptavidin-

coated magnetic beads. 

5. Depending on the amount of starting material, more PCR cycles might be neces-

sary. 

6. Up to 4 reactions can be run for each cDNA sample and pooled afterwards, if 

more material is needed. By decreasing the amount of starting material, it is en-

sured that the PCR amplification is carried out in the linear range and fewer cy-

cles are required to end up with sufficient DNA yields for deep sequencing. 

7. Libraries prepared with Illumina paired-end adapters and primers can be run both 

single- or paired-end on an Illumina sequencer. 

8. It is recommend running the PCR in a GeneAmp PCR System 9700 cycler (Ap-

plied Biosystems) with a cold-coated, solid silver block to ensure efficient ampli-

fication of GC-rich regions [11]. 

9. Regarding the number of expected reads, it is recommended to ran the samples 

on one lane of the Illumina Genome Analyzer xII or the MiSeq as the libraries 
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generated with this protocol are not suited for multiplexing. However, adapters 

and primers can be extended by the Illumina barcode system, followed by pool-

ing of the libraries and sequencing on a HiSeq machine. 
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Figure Captions 

Fig. 1. Procedure of caRNA isolation. 

The upper panel illustrates the in vitro assembly of chromatin using DREX. The chromat-

inized template is applied on a sucrose gradient and ultracentrifugation is performed. The 

lower panel shows a typical agarose gel of the collected gradient fractions. High molecu-

lar weight bands correspond to the plasmid DNA used for chromatin assembly, low mo-

lecular weight smear corresponds to caRNA. 

Fig. 2 Cleaned small caRNA libraries analyzed on a Bioanalyzer 2100. Libraries were 

diluted 1:10 in nuclease-free water and applied on a DNA High Sensitivity Chip. 

A: Overview of the capillaries. Lane 1: DNA ladder, lane 2: control library comprising 

total RNA, lane 3-5: small caRNA libraries corresponding to the pooled fractions of the 

sucrose gradient displayed in Figure 1. Lilac and green bands correspond to the internal 

standards. The size selection with AMPure beads is very specific, no adapter dimers, pri-

mers or PCR artifacts were recovered. 
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B: Exemplary detailed run of one capillary of chip. FU = fluorescence units. Peaks at 35 

and 10000 bp and designate the internal standards. Small caRNAs are efficiently en-

riched; the peaks correspond to miRNAs, small coding and non-coding RNAs. 

Table Captions 

Table 1: Adapters and primers used for library preparation. 

All oligos were HPLC purified. Primer sequences correspond to Illumina paired-end pri-

mers. Both PCR primers were synthesized carrying a phosphothioate (PTO) binding in 

between the last and second last nucleotide. This modification increases the resistance of 

the libray to nuclease digest. Concentrations of both adapters and primers are 10 µM. 

Table 1 

Hybrid adapter 1: 

ACACTCTTTCCCTACACGACGCTCTTCCGATCTGAGCGGCCGCGAAGATCAGA 

Hybrid adapter 2: 

CTCGGCATTCCTGCTGAACCGCTCTTCCGATCTCTATAGGCGCGCCACCGGTGT

TTT 

PCR primer 1: 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG

ATCT 

PCR primer 2: 

CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCT

TCCGATCT 
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Figure 1 

 

 

 

Figure 2 
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Abstract 

Chromatin-associated RNA (caRNA) is a newly identified class of RNA stably linked to 

chromatin and responsible for maintaining the higher order structure of euchromatic re-

gions in an accessible form [1]. This section provides a pipeline of bioinformatics analy-

sis for this specific type of RNA-Seq. It can be run locally by combining several scripts or 

be carried out on the Galaxy platform [2].  

Key Words: chromatin-associated RNA; small RNA-Seq, high-throughput sequencing; 

bioinformatics 

Introduction 

The protocol provided is especially designed for the bioinformatic analysis of high-

throughput sequencing approaches of chromatin-associated RNA (caRNA-Seq). This 

novel class of RNAs is involved in maintaining accessible higher order structures of 

chromatin [1] and serves a structural function rather than being translated into proteins. In 

contrast to other RNA-Seq experiments, the focus of the deep sequencing approach is not 

on determining absolute or relative expression levels of certain genes, but on identifying 

RNA molecules being specifically enriched with isolated chromatin fractions. Many tools 

are available for RNA-Seq analysis, but not all are suited equally well for the needs of 

caRNA-Seq. In accord with chapter xxxxxx, RNA isolation and library preparation, it is 

possible to identify all known and new, coding and non-coding small caRNAs in a strand-

specific manner. This pipeline combines several commonly used, free scripts and pro-

vides valuable hints for parameter usage. As almost all tools are available on the Galaxy 

platform, beginners in high-throughput analyses can use the protocol equally well. Sub-

heading 2 describes in detail the generation of a new reference file, analysis of RNAs 

enriched at chromatin and its functional characterization. Subheading 3 includes notes on 

how the individual steps can be modified. 

Methods 

2.1. Read trimming and quality control 

Prior to any downstream analysis, some pre-processing steps are required. This ensures 

that subsequent programs perform best. 
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1. In case the library was prepared according to chapter xxxxx, the first step is to 

trim the reads by cutting off the adapter sequence (see Note 1) from the 3’ end. 

This can be achieved by using the FASTQ/A trimmer of the FASTX-toolkit 

(http://hannonlab.cshl.edu/fastx_toolkit/). Use the following parameters: first 

base to keep = 21, last base to keep = 50 (see Note 2). 

2. Several options are available for quality control of the reads. The FastQC pack-

age (http://www.bioinformatics. babraham.ac.uk/projects/fastqc/) is a tool to per-

form a thorough testing using different statistical parameters. The results are 

summarized in a graphical overview. 

3. Check the FastQC results for possible error prompts. Exemplarily, two common 

problems and the solutions are described. The quality of the reads often drops 

down to the end, especially for longer reads. If that is the case (visualized by a 

boxplot in section “per base sequence quality”), either filter out all reads not 

matching your quality criteria or trim the reads from the 5’ end (see Note 3). An-

other common problem is contamination of the library e.g. by PCR primers. In 

this case, FastQC outputs a list of overrepresented sequences and other parame-

ters, such as per base GC content and per base sequence content will result in an 

error prompt as well. Discard the overrepresented sequences with the FASTQ/A 

clipper of the FASTX-toolkit and the –C option (keep non-clipped sequences on-

ly). 

2.2. Mapping 

1. There are several very good programs available for mapping of the reads to a ref-

erence genome. For the mapping of RNA-Seq data, TopHat [3] is highly recom-

mended. This algorithm is based on the fast and exact mapper Bowtie [4], but 

TopHat is additionally able to align reads to gaps and thereby can consider splice 

junctions. Make sure to set the library type correctly according to your library 

preparation protocol, since TopHat treats the library as stranded. 

2. Assess the efficiency of the mapping by the flagstat script as part of the 

SAMTools toolkit [5]. Pre-processed samples typically result in 90-100% of 

mapped reads, even when no mismatches are allowed. 
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2.3. Transcript assembly and enrichment 

1. The output of Tophat can be used directly as an input for the Cufflinks suite [6]. 

This program assembles transcripts from mapped reads and estimates their abun-

dance by calculating fragments per kilo base per million (FPKM) values. 

2. Run Cufflinks on the “accepted hits” file generated by TopHat. Set quantile nor-

malization and bias correction = yes to improve the accuracy. 

3. Depending on the sequencing depth, it might be required to filter out transcripts 

of very low coverage. 

4. To calculate enrichment of transcripts at chromatin, a suitable reference file is re-

quired. In the best case, this is total nuclear RNA of the model organism, treated 

exactly like the chromatin-associated RNA library. If no comparable RNA-Seq 

data is available, assemble one first (see Note 4).  

5. The transcript abundances estimated by Cufflinks can be used to quantify the en-

richment of RNAs at chromatin. Join the genomic intervals of caRNAs and the 

reference file (nuclear transcript abundance) using the “Join two datasets” func-

tion on the Galaxy server and set the return to “inner join”. 

6. Calculate the ratio of transcripts in the caRNA fraction to nuclear RNA present in 

the cell using FPKM values. 

7. Remove all transcripts that are not enriched at least two-fold (ratio caR-

NA/nuclear RNA < 2) by sorting and filtering of the file, e.g. using the “Filter” 

tool on the Galaxy server. Highly enriched and therefore most likely functional 

caRNAs are enriched several hundred fold at chromatin. 

2.4. Functional characterization 

In order to further characterize the caRNAs identified, perform functional characteriza-

tion. The following suggestions provide valuable information. 

1. Count occurrences of transcript biotypes, such as miRNA, mRNA, lincRNA, 

snoRNA etc. This information is included e.g. in RefSeq gene tables. Comparing 
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absolute numbers and relative percentages of the different RNA classes in nuclear 

RNA and caRNA elucidates the composition of caRNAs. 

2. Run genome ontology analysis on annotated transcripts. There are numerous pub-

licly available tools which require gene identifiers and enrichment value, e.g. 

FuncAssociate ([7]; http://llama.med.harvard.edu/funcassociate), DAVID ([8]; 

http://david.abcc.ncifcrf.gov/home.jsp), Babelomics ([9]; 

http://babelomics.bioinfo.cipf.es/) or g:Profiler ([10]; 

http://biit.cs.ut.ee/gprofiler/gconvert.cgi).  

3. Transcripts not annotated yet but enriched in the caRNA fraction can be visual-

ized in the UCSC genome browser (http://genome.ucsc.edu/) and inspected indi-

vidually. Specifically helpful is a UCSC mirror browser extended by functional 

RNA related custom tracks, as it predicts possible functions of the unknown tran-

script (http://www.ncrna.org/glocal/cgi-bin/hgGateway). 

4. Generating multiple sequencing alignments, homology searches and secondary 

structure predictions of RNA reveal whether sequence and/or structure of the 

caRNAs are conserved. 

Notes 

1. When running the whole analysis on a Galaxy platform, the very first step is con-

verting fastq data to the fastqsanger format [11]. Use FASTQ Groomer [12] and 

ensure to set the right quality score type. Using a wrong type does not give an er-

ror report immediately, but subsequent analysis can be significantly affected as 

wrong quality scores are assumed.  

2. Assuming the adapter used was 20 bp long and the length of the read was 50 bp. 

Vary according to real values, e.g. a read length of 76 bp requires to set last base 

to keep = 76. 

3. Removing low quality reads can be achieved by using the FASTQ quality filter of 

the FASTX-toolkit (see step 1). The settings “minimum quality score to keep” (-

q) = 20 and “minimum percent of bases that must have [-q] quality” (-p) = 80 re-

move all reads in which 80% or less bases have a quality score of 20 or less. Al-
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ternatively, reads can be trimmed according to their quality using the FASTQ 

quality trimmer (generic FASTQ manipulation package, [11]). A drawback of the 

latter method is the resulting heterogeneity of read lengths, which might cause 

problems in downstream applications, e.g. paired-end mapping. 

4. To assemble a new reference file, convert the Cufflinks output to genomic inter-

val or BED format. The minimally required information is chromosome name, 

transcript start, transcript end, strand and FPKM values. Subsequently, join the 

intervals of the Cufflinks output with annotated coding and non-coding genomic 

regions (e.g. from RefSeq gene tables). Use the “Join two datasets” function on 

the galaxy server and set the return to “inner join” to get known transcripts only. 

If newly detected transcripts are to be included in the analysis, set the return to 

“all records” of the Cufflinks file and name or number the new transcripts accord-

ingly. 
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Abstract 

The endo-exonuclease micrococcal nuclease (MNase) hydrolyzes chromatin preferential-

ly in the linker region between nucleosomes. MNase is currently the best tool available to 

study the nucleosomal organization of genomes and its varying accessibility towards dif-

ferent compaction levels of chromatin allows investigating higher-order structures of 

chromatin. The enzyme is an inevitable tool for genome-wide studies of chromatin organ-

ization and nucleosome positions. This section provides a detailed protocol describing the 

partial digestion of native chromatin in living mammalian cells and the preparation of the 

isolated nucleosomal DNA for deep sequencing. 

Key Words: nucleosome positioning, chromatin structure, micrococcal nuclease (MNase), 

deep sequencing. 

Introduction 

Digestion of chromatin with micrococcal nuclease (MNase) has been a long-standing 

technique for mapping nucleosome positions and chromatin structure in individual genes 

[1–5]. By coupling of MNase digestion to new technologies like microarrays (MNase-

Chip) [6–10] and deep sequencing (MNase-Seq) [11–16], the analyzed regions could be 

expanded from a few kilobases to entire genomes. 

Many published protocols start with isolation of nuclei or freezing of the cells followed 

by mechanical douncing to release chromatin. However, these pre-treatments might influ-

ence chromatin structures and disrupt the native state. Furthermore, to ensure the recov-

ery of all cellular nucleosomes, formaldehyde fixation is often applied, followed by an 

extensive MNase digestion, resulting in the quantitative release of mononucleosomal 

particles (147 bp). In addition to the acquirement of potential cross-linking artifacts, the 

information about higher-order chromatin organization is lost when analyzing mononu-

cleosomes only. To overcome these drawbacks, the presented protocol uses a mild perme-

abilization of mammalian cells, enabling the direct digestion of chromatin in living cells 

without prior cross-linking [17]. Moreover, instead of a quantitative digestion of chroma-

tin to mononucleosomes, two partial digestion conditions using different concentrations 

of MNase are employed. 
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One reaction is carried out with only a few units of the enzyme, resulting in 10 – 20% of 

the genomic DNA to be digested to mononucleosomes. The fraction of nucleosomes re-

leased with the “low digestion” protocol, represents in general very accessible and open 

chromatin regions, correlating with transcriptionally active chromatin. In parallel, chro-

matin is digested with high concentrations of MNase, resulting in the release of 80 – 90 % 

of mononucleosomes from the cellular chromatin. Notably, the “high digestion” fraction 

does not contain the most readily digestible genomic loci, which were recovered in the 

“low” digestion, since these nucleosomes have been hydrolyzed to nucleotides due to the 

processivity of the MNase. Instead, the “high” digestion fraction predominantly contains 

DNA originating from heterochromatic structures like telomeres and centromeres, but 

also other condensed loci. 

Mono- and dinucleosomal DNA of both subsets are isolated and prepared for high-

throughput sequencing. Thereby, it is possible to map genome-wide nucleosome positions 

using the mononucleosomal dataset. In addition, the comparison of “low” and “high” 

mononucleosomes allows quantifying the stability of octameres on the underlying DNA 

or the accessibility of specific genomic regions. Nucleosomes detected in the “low” da-

taset only indicate reduced stability or increased MNase accessibility, e.g. because of a 

physiological need of fast remodeling at this particular position. Likewise, the dinucleo-

somal datasets generate information about nucleosome spacing and higher-order struc-

tures of chromatin. Taken together, the protocol described here can be used to gain de-

tailed information about genome-wide chromatin structures in mammalian cells. 

Materials  

2.1. In vivo MNase treatment of mammalian cells 

• Mammalian cells in culture 
• Sterile phosphate buffered saline (PBS): 8.1 mM Na2HPO4, 1.5 mM KH2PO4, 

140 mM NaCl, 2.7 mM KCl, pH adjusted to 7.4 with HCl 
• Permeabilization buffer: 15 mM Tris/HCl pH 7.6, 60 mM KCl, 15 mM NaCl, 4 

mM CaCl2, 0.5 mM EGTA; add fresh: 300 mM sucrose, 0.2% IGEPAL-CA630, 
0.5 mM β-mercaptoethanol 

• Micrococcal Nuclease (Sigma-Aldrich) 
• Stop buffer: 50 mM Tris/HCl pH 8.0, 20 mM EDTA, 1% SDS 
• Proteinase K (Sigma-Aldrich) 
• RNase A (Roche) 
• Separation and isolation of nucleosomal DNA 
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• 99.6% ethanol p.a. (Merck) 
• 3 M sodium acetate, pH 5.2 (Merck) 
• Nuclease-free water (New England Biolabs) 
• 6x Orange G loading dye: 60% glycerol in water, 10 mM EDTA, 0.3% orange G 
• DNA ladder GeneRule 1 kb plus (Thermo Fisher Scientific) 
• Ultra-pure agarose (Life Technologies) 
• 1x TBE buffer: 90 mM Tris, 90 mM boric acid, 2 mM EDTA 
• Ethidium bromide (Roth) stored at room temperature and a dark place: Prepare a 

fresh 1:10,000 solution in water before use. Beware that the chemical is toxic and 
mutagenic, so avoid contact and wear adequate protection. 

• UV trans-illuminator and imaging system (Intas) 
• Clean scalpel 
• Qiaex II ® Gel Extraction Kit (Qiagen) 
• UV/VIS spectrophotometer such as NanoDrop ND-1000 (Peqlab) 

2.3. Library preparation for Illumina sequencing 

• NEBNext ChIP-Seq Library Prep Master Mix Set for Illumina (New England Bi-
olabs) 

• Phusion DNA polymerase 2x High Fidelity Master Mix (New England Biolabs) 
• QIAquick PCR Purification Kit (Qiagen) 
• MinElute PCR Purification Kit (Qiagen) 
• Adapters and PCR primers (see Table 1) 
• Annealing buffer: 20 mM Tris/Hcl pH 7.6, 50 mM NaCl, 2 mM MgCl2 
• Agencourt AMPure XP magnetic beads (Beckman Coulter) 
• Agencourt SPRIPlate 96 Ring Super Magnet Plate (Beckman Coulter) 
• Elution buffer EB (Qiagen) 
• Qubit 2.0 fluorometer (Life Technologies) 
• Quant-IT dsDNA High Sensitivity Assay Kit (Life Technologies) 
• 2100 Bioanalyzer (Agilent Technologies) 
• High Sensitivity DNA assay kit (Agilent Technologies) 

Methods 

3.1. In vivo MNase treatment of mammalian cells 

All cell culture work must be performed with standard precautions under a sterile hood in 

laminar flow. All media, additives and other solutions have to either be purchased sterile 

or sterilized by autoclaving or sterile filtering. Cells are grown in humidified incubators at 

37 °C (atmosphere 95% air / 5% CO2). This protocol has been successfully applied to 

primary human cells as well as human cell lines growing adherently and in suspension. 
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The following protocol describes the conditions optimized for HeLa cells, but it can easi-

ly be adjusted to all types of mammalian cell lines. 

1. Perform a mock experiment prior to the actual experiment to establish optimal 

MNase concentrations for “high” and “low” digestion. Check the size of the di-

gested DNA by gel electrophoresis (1.3 % (w/v) agarose gel in 1x TBE stained 

with 0.5 mg/ml ethidium bromide post run). 

2. Prepare one confluent 15 cm dish per digestion. Therefore, for every biological 

replicate (at least two are recommended), two confluent 15 cm dishes are re-

quired. 

3. Add MNase to the readily prepared Permeabilization buffer in a concentration 

appropriate for the planned experiment (for HeLa cells, 100 U and 1000 U of 

MNase per 15 cm dish were used for “low“ and „high“ digest, respectively). 

4. Aspirate the medium off the cells. 

5. Wash the cells once with 10 ml of sterile PBS. 

6. Add 3 ml of Permeabilization buffer supplemented with the appropriate concen-

trations of MNase to the dishes and incubate for 3 min at 37 °C. During this step, 

the detergent will permeabilize the cell and nuclear membranes, allowing MNase 

to diffuse into the nucleus. The digestion of chromatin starts. 

7. Stop the reaction by adding 3 ml of the Stop buffer. SDS will denature the MNase 

and excess EDTA complexes Ca2+ ions, which are indispensible for enzyme ac-

tivity. 

8. Add 250 µg of RNase A per cell culture dish and incubate for 2 h at 37 °C. This 

step degrades all RNAs. 

9. Add 250 µg of Proteinase K per cell culture dish. Incubate over night at 37 °C. 

This step degrades all proteins. 

 

 



 
 

 

	  

8.2 SUBMITTED MANUSCRIPTS 

	  

	   	  

- 284 -  

3.2. Separation and isolation of nucleosomal DNA 

1. Collect the viscous supernatant containing the digested DNA and transfer it into a 

50 ml Falcon tube. 

2. Perform an ethanol precipitation using 0.5 volumes (= 600 µl) of sodium acetate 

(see Note 1) and 2 volumes 99.6% ethanol p.a. (= 12 ml). 

3. Centrifuge at 4000 g for 2 h at 4 °C. At this point a white pellet should become 

visible. 

4. Discard the supernatant and wash the pellet with 1 volume (= 6 ml) of 70% etha-

nol. 

5. Centrifuge at 4000 g for 30 min at 4 °C. 

6. Discard supernatant and air-dry the pellet for approx. 15 min. 

7. Dissolve the pellet in 2x 100 µl of sterile nuclease-free water.  

8. Assay the yield and purity of the isolated DNA by light absorption measurement 

using a NanoDrop spectrophotometer. Highly pure DNA results in an A260/A280 

ratio of > 1.8. Typical concentrations are about 100 µg per confluent 15 cm cul-

ture dish. 

9. Control the successful partial digestion of native chromatin on a 1.3% (w/v) aga-

rose gel in 1x TBE. Therefore, load 1 µg per digestion per lane and stain the gel 

subsequently with ethidium bromide (Figure 1).  

10. Prepare two 1.1% agarose (w/v) gels per digest – do not load more than 40 µg per 

gel and do not use higher agarose concentrations, as both will decrease the elu-

tion efficiency. Dilute 40 µg of DNA in a total volume of 300 µl per gel.  

11. Run the gels at 100 V in 1x TBE until the dye is just about to run out. 

12. Stain the gel in 1x TBE with 0.5 mg/ml ethidium bromide for 30 min. Destain 

twice in water for 15 min. 
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13. Visualize the gels with a UV imaging system. Mononucleosmal DNA has a 

length of 150 bp, dinucleosmal DNA of about 350 bp. DNA isolated from the 

“low” digest is longer for both fractions, as MNase cuts first within the linker re-

gion and progressively hydrolyses the remaining linker with time and at higher 

concentrations. 

14. Cut mono and dinucleosomal DNA of both “low” and “high” digestion with a 

clean scalpel. (see Note 2). 

15. Pool the gel pieces of the same digests and sizes and Falcon tubes. 

16. Elute the DNA from the gel pieces with the Qiaex II Gel Elution Kit, using 15-20 

µl of the silica suspension per pooled fraction. 

17. Incubate at 37 °C until agarose is dissolved completely (see Note 3). 

18. Centrifuge for 1 min at 13.000 g and aspirate the supernatant. 

19. Resuspend the silica matrix in 500 µl of QX buffer and incubate for 5 min at 37 

°C. This removes residual agarose contamination. 

20. Continue with the washing and drying steps as described in the manufacturer’s 

instructions. 

21. Elute the DNA in 20 µl of EB, incubate for 15 min at 37 °C. A second elution 

step with 20 µl EB without incubation increases the total yield. 

22. Typical yield is about 1 – 5 µg DNA per fraction. 

23. Control the separation of mono- and dinucleosomes by running a 1.3% agarose 

(w/v) gel in 1x TBE (Figure 2A). Use about 500 ng per fraction and 6x Orange G 

loading dye. Run the gel at 100 V in 1x TBE until the dye is just about to run out 

and stain with 0.5 mg/ml ethidium bromide. Visualize the gel using a UV imag-

ing system. Alternatively, separation can be analyzed on a 2100 Bioanalyzer, us-

ing an appropriate DNA assay kit (Figure 2B). 
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24. In case of insufficient separation, the preparation can be purified using column-

based PCR Purification kits to exclude DNA contamination of < 80 nt. To get rid 

of higher molecular weight DNA, AMPure XP magnetic beads can be used. 

3.3. Library preparation for Illumina sequencing 

All steps of the library preparation are carried out in certified RNase- and DNase-free 0.2 

µl tubes. Reactions have to be prepared on ice and all incubations are performed in PCR 

cyclers. 

1. As MNase produces cohesive ends, the first step of library preparation is end re-

pair. Since this step has to be performed for most sequencing library templates, an 

end-repair module is included in the NEBNext ChIP-Seq Kit. 10 – 100 ng of 

starting material per fraction were successfully processed with this kit.  

2. Anneal adapters (Table 1). Prepare a 15 µM stock solution of the two adapter oli-

gonucleotides in a 1:1 ratio in annealing buffer. Heat the sample for 1 min at 95 

°C and let the reaction cool down slowly to room temperature. Dilute the stock 

solution 1:10 to generate a 1.5 µM adapter dilution. Use 1 µl per sample. 

3. Use the NEBNext ChIP-Seq Sample Prep Master Mix Kit for Illumina according 

to the manufacturer’s instructions. 

4. For size selection after adapter ligation and prior to the PCR amplification, use 

AMPure XP magnetic beads. This ensures efficient recovery and cleaning of 

adapter-adapter ligation products (see Note 4). Warm beads to room temperature 

and resuspend them by shaking. 

5. For mononucleosomes, perform two subsequent SPRI (solid phase reversible 

immobilization) reactions with ratios of 0.7x and 0.9x of beads:sample volume. 

Start with the 0.7x ratio. For dinucleosomes, a single reaction using 0.7x 

bead:sample volume ratio is optimal.  

6. Mix the AMPure XP magnetic beads by quickly pipetting 10x up and down, be-

fore adding beads to the next sample. 

7. Incubate the reactions at for 15 min at room temperature. 
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8. Place beads in the magnetic stand and let the beads settle for 2 min. 

9. Transfer the supernatant to a new tube and discard the beads. This step removes 

any possible contamination of di-nucleosomes with the mononucleosomal sam-

ple. 

10. Add the AMPure XP magnetic beads to the collected supernatant in a 0.9x ratio 

and repeat the steps 6 – 8 as described above. 

11. Aspirate and discard the supernatant, it contains the remaining adapters and 

adapter-adapter ligation products. 

12. Wash beads 2x with 100 µl of 70% ethanol and incubate each washing step for 1 

min. 

13. Aspirate the ethanol and remove the samples from the magnetic stand. 

14. Resuspend beads in 25 µl of elution buffer and incubate for 5 min at room tem-

perature. 

15. Place the tubes back into the magnetic stand and let the beads settle for 2 min. 

16. Carefully transfer the cleaned sample to a new tube without touching the beads. 

17. The selectively extracted DNA is the template for the PCR amplification. Instead 

of the 5x Phusion master mix provided with the ChIP-Seq kit, the seperatly pur-

chased 2x Phusion High Fidelity Master Mix was found to be more efficient. Mix 

23 µl of the purified DNA with 25 µl of Phusion Master Mix and 1 µl of each of 

the primers (Table 1). The recommended PCR conditions for mononucleosomes 

are shown below. For dinucleosomes, an extension time of 30 s at 72 °C has been 

proven most effective (see Notes 5 and 6): 
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Cycle step Temperature Time Number of cycles 

Initial denaturation 98 30 s 1 

Denaturation 98 15 s 

25 Annealing 65 30 s 

Extension 72 20 s 

Final Extension 72 10 min 1 

18. To remove primers and nucleotides, AMPure XP beads can be applied. DNA ex-

traction by gel elution resulted in lower DNA yields, but generated libraries of 

higher quality. For magnetic beads separation, proceed as described in steps 10 – 

16, using a ratio of 1.8x of beads:sample volume. In order to use gel purification, 

refer to chapter 3.2 (steps 10 – 21, but use 1.5% (w/v) agarose gels for separation 

and 10 µl of silica suspension for gel elution). For both methods, elute in a total 

volume of 20 µl EB. 

19. Determine the yield of the libraries by fluorometric measurements using the 

Quant-IT dsDNA High Sensitivity Kit and the Qubit fluorometer. 

20. Analyze the libraries on a 2100 Bioanalyzer in combination with the DNA High 

Sensitivity Assay Kit for visualization (Figure 3). 

21. The libraries contain mono- or dinucleosmal DNA of the “high” or “low” digest. 

The samples are now ready to be sequenced on the Illumina platform (see Note 7 

and 8). 
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4. Notes 

1. Instead of 0.1 volumes of sodium acetate, 0.5 volumes of ammonium acetate (7.5 

M, pH 7.7) can be used for precipitation. However, ammonium ions can impair 

the activity of T4 polynucleotide kinase. As this enzyme is used in 3.3, the end 

repair could be affected.  

2. Cutting of the nucleosomal DNA from several gels can take a considerable 

amount of time. Therefore, ensure to cut on a UV trans-illuminator in the 300 nm 

range rather than at 260 nm, to minimize damage of DNA during the cutting pro-

cess. 

3. To dissolve agarose plugs, the manufacturer recommends to incubate for 10 min 

at 50 °C. However, incubation of double-stranded DNA at this temperature in the 

chaotropic buffer used can cause denaturation of DNA, preferentially of A/T-rich 

regions. As double-stranded DNA binds to silica surfaces with higher affinity 

than single-stranded DNA, incubation at 50 °C might enrich for G/C-rich se-

quences [18]. Therefore, it is recommended to dissolve agarose at 37 °C which 

should prevent denaturation of DNA and dissolves agarose sufficiently fast, 

which was not the case for incubation at room temperature as recommended in 

[18]. 

4. Make sure to clean the reaction first, using a MinElute PCR Purification Column 

as recommended in the kit’s instructions, before starting AMPure bead reactions. 

The Quick-ligation buffer contains PEG, which might interfere with the magnetic 

bead separation procedure. 

5. Up to 2 reactions can be run for each DNA sample and pooled afterwards. By de-

creasing the amount of starting material, it is ensured that the PCR amplification 

is carried out in the linear range and fewer cycles are required to end up with suf-

ficient DNA yields for deep sequencing. 

6. It is recommended to run the PCR in a GeneAmp PCR System 9700 cycler (Ap-

plied Biosystems) with a gold-coated, solid silver block to ensure efficient ampli-

fication of GC-rich regions [19]. 
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7. Libraries prepared with Illumina paired-end adapters and primers can be run both 

single- or paired-end on an Illumina sequencer. Single-end mapping is sufficient 

for most downstream analyses, however for exact mapping of mono- and di-

nucleosome positions paired-end mapping is recommended. 

8. Regarding the number of expected reads, it is recommended to run the samples 

on at least one lane of the Illumina HiSeq2000. Successful sequencing results in 

300 million reads per lane, which corresponds to an approximately 8-10-fold 

coverage of the human genome. 

 

Figure Captions 

Fig. 1. Partial in vivo digestion of mammalian chromatin 

HeLa cells were digested with 100 U (low) or 1000 U (high) MNase for 3 min. About 

80% of the low digested chromatin is still present as high-molecular DNA while most of 

the highly digested chromatin results in mononucleosomal DNA. Lane 1: 1 kb marker, 

lane 2: low digestion, lane 3: high digestion. 

 

Fig. 2. Isolated nucleosomal DNA  

Both purity and size of nucleosomal DNA appear similar on agarose gels and Bioanalyzer 

chips.  

A: Mono-, di- and tri-nucleosmal DNA was isolated from low and high MNase digestion 

of HeLa chromatin and resolved on an 1.3% agarose gel, stained with ethidium bromide 

post run. Lane 1: 1 kb marker, lanes 2-4: low digestion, lanes 5-7: high digestion. 

B: Mono- and di-nucleosomal DNA was isolated from the low MNase digestion of HeLa 

chromatin and resolved on a 2100 Bioanalyzer using the DNA High Sensitivity Assay 

Kit. Lane 1: marker, lane 2: mononucleosomal DNA, lane 3: di-nucleosmal DNA. 
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Fig. 3. Libraries of nucleosomal DNA 

Mono- and di-nucleosomal DNA was used to prepare libraries for Illumina sequencing 

and resolved on a 2100 Bioanalyzer  using the DNA High Sensitivity Assay Kit. Lane 1: 

marker, lane 2: mononucleosomal DNA, low digestion, lane 3: mononucleosomal DNA, 

high digestion, lane 4: di-nucleosomal DNA, low digestion, lane 5: di-nucleosomal DNA, 

high digestion 
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Author Contribution: 

Genome-wide correlation analysis of CpG frequency and expression in three hu-

man cell lines (Figure 7). 
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Abstract 
Despite recent progress in RNA and codon optimization the rules underlying the choice of 
codons or codon pairs in naturally occurring genes and the contribution of the dinucleoti-
de combinations resulting from the wobble position and the 5’ nucleotide of the subse-
quent codon is poorly understood so far. Amonst all possible dinucleotide combinations, 
CpGs are known to play a crucial role in regulating gene expression in their natural 
context. Herein, we demonstrate that the intragenic CpG content and distribution impacts 
transgene expression in various mammalian cells as exemplified for two cytokines, the 
granulocyte monocyte colony stimulating factor (GMCSF) and the macrophage inflamm-
atory protein 1 (Mip1�), the green fluorescent protein GFP as well as the human immu-
nodeficiency virus derived group specific antigen (Gag), respectively. As shown for 
Mip1� in greater detail, de novo RNA synthesis directly correlates with the number of 
CpG dinucleotides, whereas RNA splicing, stability, nuclear export and translation are not 
affected by the introduced sequence modification. Alterations in the chromatin structure 
and RNA Pol II elongation rates suggest that increased CpG levels delocalize and destabi-
lize the +1 nucleosome and thus may account for enhanced transcriptional activity. Our 
observations are in agreement with genome wide bioinformatic analysis comprising three 
human cell lines of different origin, which consistently reveal a strict correlation between 
intragenic CpG content and gene expression levels. Confirming our experimental data, 
CpG levels proximal to the transcription start site display the strongest effect on transcrip-
tional activation.  

 
Introduction 
Due to the degeneracy of the genetic code, an individual protein can be encoded by an 
overwhelming space of DNA sequences, e.g. 2.7 x 1095 DNA sequences for a distinct 
200 amino acid polypeptide. Various algorithms have been devised in recent years to op-
timize gene sequences (Raab et al., 2010)(Welch et al., Methods Enzymol 2011) and pro-
ven to be extremely effective e.g. in enhancing transgene expression in heterologous sys-
tems (Sharp and Li, 1987)(Graf et al., 2004) (Welch et al., PLoS ONE, 2009) (Maertens B 
et al, Protein Sci 2010 Schäfer) (evt others). To improve autologous expression in human 
or, more generally, in mammalian cells, commonly applied algorithms combine and 
weight known parameters e.g. by adapting the coding sequences for most frequently used 
tRNAs, by avoiding strong 5’ RNA secondary structures, inverted repeats, low A+T and 
high G+C sequence stretches, and by excluding the generation of TATA-box like se-
quence motifs, cryptic splice sites, destabilizing UA rich RNA elements or internal polya-
denylation signals, which ultimately leads in most cases to an increase in transgene ex-
pression in vitro and in vivo (Fath et al., 2011) (Wu Z et al., Mol Ther 2005) (Kosovac et 
al, Gene Ther 2011) (others).  
Despite this progress in designing genes, the rules underlying the codon choice in natural-
ly occurring genes and, in particular, the critical contribution of the various dinucleotides 
resulting from the combination of (i) the wobble position of a given codon and (ii) the 1st 
position of the adjacent 3’ codon on chromatin structure and transcription and – more 
general – gene expression are barely understood so far.  

The nature, spacing and orientation of distinct dinucleotides, for example, has been de-
monstrated to co-determine the formation of stable nucleosomes: AA, TT and TA dinu-
cleotides are favored approximately every 10bp where both DNA strands face towards the 
nucleosome core; GC dinucleotides tend to follow the same spacing where both phospho-
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diester backbones face outward (Fitzgerald and Anderson, 1998)(Satchwell et al., 1986) 
(Segal et al., 2006).  

Amongst the various dinucleotide combinations, however, CpG and TpA seem to be 
amongst the most interesting ones: Genome wide analysis revealed more than 20 years 
ago that while CpG frequency has fallen to its lowest levels in DNA that is transcriptio-
nally silent, TpA is most stringently excluded in DNA destined to be expressed as mRNA 
in the cytosol suggesting that the selective pressures leading to the removal of CpG and 
TpA operate at different levels (Beutler et al., 1989). With respect to TpA, dinucleotide 
scarcity has been rightly predicted to reflect a requirement for mRNA stability and TpA 
dominance in 5’ untranslated regions and also gene bodies of e.g. cytokine and chemoki-
ne genes (Shengli Hao, Nature Immunology, 2009) or lentiviral genes (Schwartz et al., 
1992, J. Virol.; Graf et al., J.Virol, 2000) has been confirmed to account for mRNA insta-
bility (Ref). 
Whereas CpG dinucleotides are clearly elevated in exons over introns (Ref), CpGs are 
upon whole genome analysis clearly underrepresented compared to other dinucleotide 
combinations (Bird 1980)(Caiafa and Zampieri, 2005). This was anticipated, since cyto-
sines within CpGs are the predominant targets for methylation in vertebrate (Mandrioli 
2007), which provides the basis for inherent mutability resulting in cytosine to thymin 
transitions following deamination of 5-methylcytosines (m5C) (Singal und Ginder 
1999)(Saxonov, Berg, und Brutlag 2006).  

Although CpG dinucleotides e.g in non-coding SINEs (short interspersed nuclear ele-
ments), LINEs (long interspersed nuclear elements) and endogenous retroviruses are ge-
nerally subject to intensive methylation (Yoder et al., 1997) (Smit, 1999), there are regu-
latory regions of CpG clusters that stay unmethylated. These so called CpG Islands, first 
defined by Bird in 1986, are on average 1000bp of length, have a C+G content of 0.5 or 
higher and an observed to expected CpG dinucleotides ratio of 0.6 or higher within a 
range of 200bp or greater (Bird, 1986). CpG Islands are mostly found within the promoter 
and the first exon of several genes, particularly housekeeping genes (Deaton and Bird, 
2011) (Saxonov et al., 2006). 
The methylation status of regulatory DNA sequences directly influences their transcripti-
onal activity. In most of the cases, DNA methylation is accepted to lead to gene silencing. 
However, while promoter methylation, sometimes also influenced by the sequence 
context such as e.g. the CpG content of flanking coding sequences (Dalle et al., 2005) 
(Chevalier-Mariette et al., 2003), is exclusively correlated with gene repression, gene-
body methylation was also found to be associated with enhanced gene expression levels 
(Singal and Ginder, 1999) (Laurent et al., 2010) (Lister et al., 2009) (Rauch et al., 2009). 
Whereas m5C acts via hindering transcription factors to bind to DNA, it also seems to 
mediate the recruitment of regulatory proteins such as histone-modifying and chromatin 
remodeling enzymes (Fazzari and Greally, 2004). The function of these epigenetic modi-
fications are reviewed in (Kouzarides, 2007) and (Saha et al., 2006). 

The diverse functions and opposing effects of CpG dinucleotides on gene expression 
make the usage of CpG dinucleotides in transgenes to a critical parameter. To assess the 
effect of intragenic CpG dinucleotides on transgene expression under defined conditions, 
we recently compared the expression of two GFP alleles - eGFP comprising 60 CpG 
dinucleotides and (ii) the CpG depleted ORF - following FRT mediated integration of a 
single GFP gene into a defined site into the CHO geneome, respectively.  We observed a 
drastic loss of reporter activity upon CpG removal and could attribute this effect to de-
creased do novo transcriptional activity (Bauer et al., 2010). 
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 Based on these observations and employing a comparable experimental setting, we ai-
med herein to analyze the impact and gain deeper insight into the molecular mechanisms 
of the CpG mediated regulation of transgene expression by stepwise removing CpG dinu-
cleotides from a reporter gene, by accumulating CpG nucleotides to the maximal possible 
extent and by clustering CpG dinucleotides within the ORF, respectively. For reasons of 
convenience regarding the quantification of transgene expression and also due to the rele-
vance for medical applications, we selected Mip1� (Macrophage Inhibitory Protein) a 
member of the chemokine / cytokine family as  reporter. Cytokines and chemokines are 
small, multifunctional proteins that play critical roles in regulation of the body’s respon-
ses to diseases and infection. Among the clinical applications are e.g. cancer immuno-
therapy (Sportès and Gress, 2007), wound healing (Braund et al., 2007), allergy relief 
(Taylor-Robinson, 2001), treatment of autoimmune disorders (Karin, 2004), anti-viral 
therapy (White et al., 2007) and disease diagnosis (Edwards et al., 2007).  
Herein, we could show for the first time that the accumulation of CpG dinucleotides 
within the ORF of transgenes can lead to increased gene expression in mammalian cells. 
Our data provide convincing evidence that CpG dinucleotides of essentially the 5’ coding 
region of murine MIP-1〈 increase the efficiency of transcription elongation by rearrange-
ment of the +1 nucleosome, whereas intragenic CpG-depletion causes an increased chro-
matin density thereby impeding gene transcription. This hypothesis is supported by our 
genome-wide analysis demonstrating that the efficiency of gene expression in three diffe-
rent human cell lines directly correlates with their CpG content in the 5’ region of the 
transcribed region.   

  

Materials and Methods 
Plasmid construction 

The cytokine genes human MIP-1〈 (GenBank®: RH68318), murine MIP-1〈 (GenBank®: 
M23447), human GM-CSF (GenBank®: G15899) and murine GM-CSF (GenBank®: 
X03020) were modified in silico with respect to codon usage and CpG amount, synthesi-
zed via stepwise PCR from oligonucleotides (GeneArt/life technologies) and inserted into 
the eukaryotic expression vector pcDNA3.1 (+) (Invitrogen). Based on each wild type 
gene sequence, three gene variants with varying CpG content were generated. The resul-
ting plasmids were named phuMIP-1〈-wild type (8CpG, huMIP-wt), phuMIP-1〈-0CpG 
(huMIP-0), phuMIP-1〈-11CpG (huMIP11), phuMIP 1〈-43CpG (huMIP-43), pmMIP-1〈-
wild type (7CpG, mMIP-wt), pmMIP-1〈-0CpG (mMIP-0), pmMIP-1〈-13CpG (mMIP-
13), pmMIP-1〈-42CpG (mMIP-42), phuGM-CSF-wild type (8CpG, huGM-wt), phuGM-
CSF-0CpG (huGM-0), phuGM-CSF-13CpG (huGM-13), phuGM-CSF-63CpG (huGM-
63) and pmGM-CSF-wild type (12CpG, mGM-wt), pmGM-CSF-0CpG (mGM-0), 
pmGM-CSF-20CpG (mGM-20), pmGM-CSF-59CpG (mGM-59). The codon adaptation 
index of the gene variants was calculated as previously described (Bauer et al., 2010). 

For infection/transfection experiments the murine MIP-1α gene variants were cloned into 
the plasmid pPCR-Script Amp SK (+) (Stratagene) using HindIII and EcoRI, resulting in 
plasmids pT7-mMIP-1α-wt, -0CpG, -13CpG, and -42CpG. 

For the generation of stable cell lines the murine MIP-1〈-wt, MIP-1〈-0CpG, MIP-1〈-
13CpG and MIP-1〈-42CpG genes were inserted into pcDNA5/FRT (Invitrogen) via the 
restriction sites HindIII and BamHI, yielding plasmids pFRT-mMIP-wt, pFRT-mMIP-0, 
pFRT-mMIP-13 and pFRT-mMIP42. 
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Cell culture, transient transfections and infections 

The human lung carcinoma cell line H1299, and human embryonic kidney (HEK) 293 
derivate cell lines 293T and 293 Flp-In (Invitrogen) were cultivated in Dulbecco's modi-
fied Eagle's medium (D MEM) (Invitrogen) supplemented with 10% heat inactivated fetal 
calf serum (FCS), 1% penicillin/streptomycin and 2mM L-glutamine. Flp-In chinese 
hamster ovary (CHO) cells (Invitrogen) stably expressing the lacZ-ZeocinTM fusion gene 
were cultured in HAM-F12 (Invitrogen) supplemented with 10% heat inactivated FCS, 
1% penicillin / streptomycin and 2mM L-glutamine. Flp-In 293 and Flp-In CHO cells 
were further supplemented with 100µg/ml Zeocin. All cell lines were maintained in a 5% 
CO2 atmosphere at 37°C. For transient and stable transfections, the calcium phosphate 
co-precipitation technique was applied (Schenborn and Goiffon, 2000). Cells were plated 
at a density of 1.5 x 105 cells per 12-well plate. 8 µg of plasmid DNA was transfected per 
12-well tissue culture plate, and cells were washed and replenished with culture medium 
8h after transfection. 48 hours after transfection, supernatants were collected and cells 
were harvested by trypsination for further analysis. For infection studies, cells were 
washed with serum-free D-MEM before infection with a Modified Vaccinia Ankara virus 
(MVA) strain expressing the T7-polymerase (MVA-T7), kindly provided by Prof. Gerd 
Sutter (Paul Ehrlich Institute, Langen, Germany), at an MOI of 50. One hour after infec-
tion, cells were washed with PBS and transfected with the respective plasmids pT7-
mMIP-wt, pT7-mMIP-0, pT7-mMIP-13 and pT7-mMIP-42 using Fugene 6 (Roche). 
Cells were cultured for another 12 h and protein expressed under control of the T7 pro-
moter was subsequently analyzed by ELISA of cell culture supernatants. 

 
Generation of stable cell lines 

Flp-In 293 and CHO cells, respectively, were co-transfected with the Flp-recombinase 
encoding plasmid pOG44 (Invitrogen) and pFRT-mMIP-wt, pFRT-mMIP-0, pFRT-
mMIP-13 or pFRT-mMIP-42 at a ratio of 9:1 using the calcium phosphate co-
precipitation technique (Schenborn and Goiffon, 2000). Positively transfected cells were 
selected by gradually increasing the hygromycin B (Invitrogen) concentration in the cell 
culture medium up to 100µg/ml (293) or 500µg/ml (CHO). 

 
ELISA 

ELISA development systems for murine and human MIP-1〈 were purchased from R&D 
Systems. ELISA systems for murine and human GM-CSF were purchased from BD 
Biosciences Pharmingen. Cell culture supernatants were centrifuged (300 x g, 5 min) to 
remove residual cells, analysed for total protein content by Bradford staining and samples 
were diluted adequately in complete growth medium. Cells were lysed with RIPA pH 8 
buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% sodiumdesoxychelate, 0.1% sodiumdode-
cylsulfat, 50 mM Tris, complete Protease Inhibitor Cocktail (Roche)) and the total protein 
content was quantified. The experiment was conducted according to the manufacturer’s 
instructions using 1 µg total protein (culture supernatants) and 10 µg (cell lysates), 
respectively. Absorbance was measured at 450 nm on a Microplate reader 680 from Bio-
Rad . 
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Flow cytometry 

Transfected cells were harvested 48 hours post-transfection and resuspended in PBS/1% 
FCS. Flow cytometry was performed with a FACS Calibur from Becton Dickinson. 
Mock-transfected cells served as a control for autofluorescence. The obtained data were 
processed using WinMDI 2.8 software. 

 
In vitro Methylation 

Methylation of plasmids was carried out using the the M.SssI methylase (NEB) according 
to the manufacturer’s protocol. Quantitative methylation was verified by digestion of 1 µg 
methylated DNA with the CG methylation insensitive enzyme SacI and the CG methyla-
tion sensitive restriction enzyme ApaI (both from NEB) for 1 h at 37 °C. Plasmids were 
then purified using the PCR purification Kit (Qiagen). 

 

Bisulfite modification and DNA sequencing 
Genomic DNA from approx. 5 x 106 recombinant Flp-In-CHO cells was isolated with the 
QIAmp DNA Mini Kit (Qiagen) according to the manufacturer’s instructions. 1 µg of 
genomic DNA was used for the sodium-bisulphite modification (Frommer et al., 1992) 
using the the EpiTect Bisulfite Kit (Qiagen) according to the manufacturers instructions. 
Bisulphite-treated genomic DNA was amplified using the primer pc5-763-bis fwd 5´-
TATTGATGTAAATGGGTGGTAGGTGTG-3´ and pc5-1213-bis rev 5´-
CTTCCCAATCCTCCCCCTTACT-3´. Primer binding sites are devoid of CpGs to allow 
equal amplification of methylated and unmethylated DNA. Gel-analyzed and purified 
PCR products (Qiagen) were sequenced and analysed with Sequence Scanner v 1.0 from 
ABI and the CpGViewer software (Carr et al., 2007), using the analysis of unprocessed 
ABI data alignment option. 

 
Isolation of RNA 

5 x 106 to 1 x 107 recombinant CHO cells were harvested by trypsination and pelletized 
(300 x g, 5 min.). Nuclear and cytoplasmic RNA was isolated using the RNeasy Mini Kit 
(Qiagen) following the manufacturer’s protocol.  

 
Northern Blot Analysis 

An antisense RNA probe was generated by in vitro transcription using the “Riboprobe in 
vitro transcription Kit” (Promega) according to the manufacturer’s protocol. Primers used 
to generate the template for in vitro transcription encompassed the BGH polyA site and 
contained the sequence for the T7 promoter in the 5’end to allow T7 polymerase 
transcription. DIG-11-UTP was added to the transcription reaction batch. 
For northern blot analysis, equal amounts of isolated RNA (5-20µg) were collected, hea-
ted at 65°C for 10 min, placed on ice for 5 min and centrifuged for 5 min. RNA was sepa-
rated by electrophorese on a 1.5% formaldehyde gel which was subsequently wahsed 
with DEPC water (20 min each) and incubated in 0.05NaOH (20 min). After another 
wash step in 20xSSC buffer (45 min) RNA was blotted on a positive charged nylon 
membrane (Biodyne Plus) for 16h. The membrane was washed in 5xSSC buffer and the 
RNA cross-linked by UV in a Stratalinker. The membrane was pre-incubated in prehybri-
dization buffer for 2h at 40°C and subsequently incubated with hybridizationbuffer con-
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taining the denaturated (68°C, 10 min) DIG-probe for 16h at 40°C. The membrane was 
then washed twice with 2xSSC (10min) and three times with 0.2x SSC (15 min). This 
was followed by incubation in washbuffer (5 min; RT) and blocking reagent (30 min; 1% 
blocking reagent in maleinacid buffer). The membrane was incubated with the Anti-DIG-
antibody-AP solution (1:10000 in maleinacid buffer; 1% blocking reagent) for 30 min at 
RT, washed in wash buffer and equilibrated in detection buffer (2-5 min). The membrane 
was covered by CDP-Star RTU-solution (1:100 in detection buffer, TROPIX, Bredford, 
MA, USA) and detected by chemoluminescence (KODAK Biomax MR, Amersham. 

 
PCR - Techniques 

First-strand cDNA was synthesized from DNA-free RNA using the DyNAmo™ cDNA 
Synthesis Kit (Finnzymes) with Oligo(dT)15 primers following the manufacturer’s in-
structions. PCR amplification of the selected genes was performed using cDNA as a 
template together with gene-specific forward and reverse oligonucleotides amplifying the 
complete open reading frame to detect alternative splice products. PCR products were 
analysed by gel electrophoresis and purified for sequencing using the QiaQuick Gel 
Extraction Kit (Qiagen). 

Quantitative PCR (qPCR) was carried out using the DyNAmo™ Flash SYBR® Green 
qPCR Kit (Finnzymes) according to the manufacturer´s protocol. Product specificity was 
assessed based on melting curves, and SYBR Green fluorescence was measured and ex-
pressed as crossing point (Cp) when exceeding background fluorescence of the PCR mas-
ter mix by the StepOne Software v2.2 (Applied Biosystems). 

In relative quantification analyses of transcript levels, the amount of mmip-1α specific 
transcripts was related to hph transcripts which served as an internal control. PCR effi-
ciencies (E) of the templates were determined by the StepOne Software v2.2 with E 
(mMIP-wt) = 1.847, E (mMIP-0) = 1.792, E (mMIP-13) = 1.828, E (mMIP-42) = 1.821 
and E (hph) = 1.849 and yielding error values between 0.006 and 0.017. The relative 
transcription level of the mMIP-1α transgenes was determined as described previously 
(Pfaffl, 2001). 

 
Nuclear Run-On analysis 

Nuclear run-on assays were performed according to a previously described method (Pat-
rone et al., 2000). Briefly, nuclei of 3 x 107 stably transfected cells were prepared on ice, 
supplemented with biotin-16-UTP (Roche) for 30 min at 29°C, and labelled transcripts 
were bound to streptavidin-coated magnetic beads (Invitrogen). Total cDNA was synthe-
sized by Oligo(dT)15 primed reverse transcription of captured molecules. Mmip-1〈- and 
hph-specific transcripts were quantified via real-time PCR using external standards as 
described above. 
 

Analysis of mRNA half-life 
Decay of respective mRNA transcripts was measured as described previously (Leclerc et 
al., 2002). 2.5 µM Actinomycin D (Roth, Karlsruhe, Germany) was added to cell culture 
supernatants of stable mMIP-1〈 expressing Flp-In 293 cells, followed by incubation for 
different periods of time (0 h, 1.5 h, 3 h, 6 h, 12 h, 24 h) prior to cell harvest. Total RNA 
was isolated, reverse transcribed using Oligo(dT)15 and quantified via real-time PCR 
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using an external standard as described above. After determination of the decay constant 
k, the respective half-life was calculated t1/2 = ln2/k. 

 
Nucleosome reconstitution by salt dialysis 

PCR fragments of mMIP-wt, mMIP-MIP-0 were incorporated into mononucleosomes 
using the salt dialysis technique as previously described (Rhodes and Laskey, 1989). Core 
histones of drosophila embryos were kindly provided Prof. Dr. Längst (Universität Re-
gensburg). To distinguish between gene variants, PCR fragments were uniquely labelled 
by using reverse primer with different fluorescent dyes at the 5’end (DY 550 and DY647, 
respectively). Primer used for the generation of according PCR fragments were MIP-0 
fwd 5’-atgaaggtgagcacaacagctc-3’, MIP-42 fwd 5’-atgaaggtgtcgacgaccg-3’, MIP-wt fwd 
5’-atgaaggtctccaccactgc-3’, BGHrev-DY550 5’tagaaggcacagtcgagg3’ (5’ Mod: DY 550) 
and BGHrev-DY647 5’tagaaggcacagtcgagg3’ (5’ Mod: DY 647). Assembly reactions (50 
µl)  contained 1.2 µg PCR product of each gene variant, varying amounts of histone 
octamer, 200  ng BSA/µl, and 250  ng competitor DNA in high salt buffer (10  mM Tris, pH 
7.6, 2.0  M NaCl, 1.0  mM EDTA, 0.05% NP-40, 1.0  mM ß-mercaptoethanol). The NaCl 
concentration was reduced to 50 mM NaCl during 12–16 h. Analysis of mononucleoso-
mes was performed by native polyacrylamide gel electrophoresis (PAGE) on a 5.o% PAA 
in 0.4% TBE buffer followed by detection by the fluorescence imager FLA5000 
(Fujifilm). 

 
FAIRE 

Formaldehyde-assisted isolation of regulatory elements (FAIRE) analysis was essentially 
done according to a protocol by Giresi et al (Giresi et al., 2007). Approximately 3x107 
exponentially growing Flp-In 293 cells stably expressing each of the mMIP-1α variants 
were cross-linked for 7 min at RT with 1% formaldehyde added directly to the culture 
medium. The reaction was quenched by the addition of glycine to a final concentration of 
125 mM. Cells were scraped off, washed twice with ice-cold phosphate-buffered saline 
and collected by centrifugation (700 × g; 5 min; 4°C). The cell pellet was snap-frozen at -
80°C for storage or directly resuspended in buffer IA (10mM HEPES/KOH pH 7.9, 85 
mM KCl, 1mM EDTA, 1x protease inhibitor cocktail (Roche)) and lysed on ice for 10 
min in buffer IB (10mM HEPES/KOH pH 7.9, 85 mM KCl, 1mM EDTA, 10% Nonidet 
P-40, 1x protease inhibitor cocktail (Roche)). Cell lysate was centrifuged at 700 x g for 5 
min and cell nuclei lysed in buffer II (50 mM Tris/HCl pH 7.4, 1% SDS, 0.5% Empigen 
BB, 10 mM EDTA pH 8.0, 1x protease inhibitor cocktail (Roche)). Samples were sonica-
ted using a Bioruptor sonicator (Diagenode) to yield approximately 200-500 bp DNA 
fragments. Cell debris was spun at 16100 g for 5 min and the clarified supernatant was 
treated with RNAse A at a final concentration of 0.33 µg/µl for 1-2 h at 37°C. 25% of the 
sheared chromatin was isolated, treated with proteinase K (0.5 µg/µl) at 56°C for 1h and 
reverse cross-linked o/n at 65°C. Released DNA was isolated by adding an equal volume 
of phenol-chloroform/isoamyl alcohol (25:24:1) in Phase Lock Gel Light Tubes. The 
remaining 75% of sheared chromatin was directly extracted by phenol chloroform in the 
same way without prior proteinase K treatment and reverse cross-link. 
DNA from the aqueous phase of both chromatin fractions (with/without reverse cross-
link) was subsequently precipitated by the addition of ammonium acetate (pH 7.5) to a 
final concentration of 2.5 M and an equal volume of isopropanol followed by an over-
night incubation at −20°C. The precipitate was collected the next day by centrifugation 
for (30 min; 16,000 × g; 4°C), washed with 70% ethanol, air dried, and resuspended in 
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200µl double-distilled water. Quantification of purified DNA was carried out by real-time 
PCR on the StepOnePlus™ instrument by Applied Biosystems using the DyNAmo Flash 
SYBR® Green qPCR Kit from Finnzymes according to the manufacturer's instructions. 
Primer were designed to cover the transcription start site (TSS) (SP/TSS: 5’-
AGAGAACCCACTGCTTACTGGCTTA-3’; ASP/TSS: 5’-
GCTAGCCAGCTTGGGTCTCCCTA-3’), the region immediately downstream the open 
reading frame of MIP-1α (3’ UTR) (SP/pc5-BGH: 5’- 
CTCGAGTCTAGAGGGCCCGTTT-3’; ASP/pc5-BGH: 5’- 
GAGGGGCAAACAACAGATGG-3’) and a region of the rDNA (SP/rDNA 5’ 
GGCGGACTGTCCCCAGTG-3’; ASP/rDNA 5’-GTGGCCCCGAGAGAACCTC-3’) as 
internal controls. Product specificity was assessed based on melting curves and SYBR 
Green fluorescence was measured and expressed as crossing point (Cp) when exceeding 
background fluorescence of the PCR master mix by the StepOne Software v2.2 (Applied 
Biosystems). Data were analyzed using the 2−ΔΔCT method. All results were normalized 
to rDNA and referred to MIP-wt. They are presented as the ratio of DNA recovered from 
crosslinked cells divided by the amounts of the same DNA in the corresponding non-
crosslinked samples. FAIRE analysis was performed with four independent Chromatin 
preparations.  

 
ChIP assay 

Approximately 3x107 recombinant Flp-In 293 cells stably expressing mMIP-1α variants 
were cross-linked by 1% formaldehyde for 12 min. The reaction was quenched by 0.125 
M glycine. Cells were washed three times in 1× PBS, collected into buffer IA (10mM 
HEPES/KOH pH 7.9, 85 mM KCl, 1mM EDTA, 1x protease inhibitor cocktail (Roche), 
and phosphatase inhibitor cocktail SetV (Calbiochem, 524629), if required) and lysed in 
buffer IB (10mM HEPES/KOH pH 7.9, 85 mM KCl, 1mM EDTA, 10% Nonidet P-40, 1x 
protease inhibitor cocktail (Roche), and phosphatase inhibitor cocktail SetV (Calbiochem, 
524629), if required) on ice for 10 min. Cell lysate was centrifuged (700xg; 5min) and 
pelleted cell nuclei were lysed in buffer II (50 mM Tris/HCl pH 7.4, 1% SDS, 0.5% Em-
pigen BB, 10 mM EDTA pH 8.0, 1x protease inhibitor cocktail (Roche)). Samples were 
sonicated using a Bioruptor sonicator (Diagenode) to yield approximately 300-800bp 
DNA fragments. Cell debris was spun at 16100 g for 5 min and the cleared chromatin 
stored at -80°C. Approximately 2x106 cells were used for one Immunoprecipitation (IP) 
reaction. Additionally, 20% of each sonicated sample was removed as Input fraction to 
calculate the Output/Input ratio in subsequent IPs. Sheared chromatin samples were di-
luted 1:10 in dilution buffer (150 mM NaCl, 20 mM Tris–HCl pH 8.1, 1.2 mM EDTA, 
1% Triton X-100, o.o1% SDS and EDTA-free complete protease inhibitor cocktail (Ro-
che) and phosphatase inhibitor cocktail SetV (Calbiochem, 524629) if required) and 
precleared with rotation for 2 h with 60 µl protein A agarose/salmon sperm DNA slurry 
(Millipore) at 4°C. Precleared chromatin was incubated with the appropriate antibody 
(7.5µg of α-RNA polymerase II CTD repeat YSPTSPS (phospho S2) antibody (Abcam, 
ab5095), 7,5µg α-Pol II (N-20) (Santa Cruz, sc-899 X) at 4°C overnight with gentle rota-
tion. Polyclonal rabbit Anti-FLAG antibody (Sigma Aldrich, F7425) at concentrations 
equal to the respective IP samples served as a negative control. The retained Input frac-
tion was likewise diluted 1:10 in dilution buffer and isopropanol precipitated by 2.5 M 
ammonium acetate overnight. Antibody-chromatin complexes were precipitated the next 
day by incubation with 60 µl protein A agarose/salmon sperm DNA slurry for 4h at 4°C 
with gentle rotation, followed by centrifugation (5 min; 500 × g; 4°C). The supernatant 
was aspirated, and the pellet was washed consecutively with 1 ml each of low-salt buffer 
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(20 mM Tris [pH 8.1], 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS), high-
salt buffer (20 mM Tris [pH 8.1], 0.5 M NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% 
SDS), lithium chloride (LiCl) buffer (10 mM Tris [pH 8.1], 0.25 M LiCl, 1 mM EDTA, 
1% Igepal-CA630, 1% deoxycholic acid), and twice with TE buffer. After final aspiration 
of the washed beads, a total of 100 µl of 10% Chelex (Biorad) (10 g/100 ml H2O) was 
added to the Output samples and the precipitated 20% Input fraction. After 15 min of 
boiling, Proteinase K (100 µg/ml) was added to the Chelex/protein A bead suspension and 
incubated for 1.5 h at 56 °C while shaking, followed by another 15 min of boiling. The 
suspension was then applied onto Micro Bio-Spin Columns (Bio-Rad) and centrifuged at 
500 x g for 5 min for purification of nucleic acids. The eluate was used directly as a temp-
late in quantitative PCR. Primer were designed to cover a 83bp 3’ region of    the CMV 
promoter (SP/CMV-716: 5’- GCACCAAAATCAACGGGACTT-3’; ASP/CMV-798: 5’- 
CCCACCGTACACGCCTACC-3’), a 83bp region immediately downstream the open 
reading frame (3’ UTR) of MIP-1α (SP/pc5-BGH: 5’- 
CTCGAGTCTAGAGGGCCCGTTT-3’; ASP/pc5-BGH: 5’- 
GAGGGGCAAACAACAGATGG-3’) and a 69bp sequence the first exon-intron junction 
of GAPDH (SP/GAPDH-exon1: 5’-tcgacagtcagccgcatct-3’; ASP/GAPDH-intron1: 5’-
ctagcctcccgggtttctct-3’). Product specificity was assessed based on melting curves and 
SYBR Green fluorescence was measured and expressed as crossing point (Cp) when 
exceeding background fluorescence of the PCR master mix by the StepOne Software v2.2 
(Applied Biosystems). Data were analyzed using the 2−ΔΔCT method and reported as 
Output to Input fraction. Chromatin immunoprecipitations with each of the specific anti-
bodies were performed from three different chromatin preparations. 
 

Generation of mMIP-chimera 
mMIP chimera were generated by using pmMIP-0 and pmMIP-42 as templates for fusion 
PCR to generate PCR transcripts of the ORF divided into three sub-regions. Following 
primers were used for fusion PCR:  
mMIP-0/ 93 fwd 5’-GGCGCCGACACGCCGACAGCCTGCTGTTTCAGC-3’ 

mMIP-0/93 rev 5’-AGGGGTATCTGCTCCATAAGGG-3’ 
mMIP-0/186 fwd 5’- TCGCAGCCCGGCGTGATC TTTCTGACCAAGAGG-3’  

mMIP-0/186 rev 5’-CACCCCAGGCTGAGAACACAG-3’ 

mMIP-42/93 fwd 5’-GGAGCAGATACCCCTACCGCGTGCTGCTTCTCG-3’ 
mMIP-42/ 93 rev 5’CGGCGTTCGGCGC-3’  

mMIP-42/186 fwd 5’ TCTCAGCCTGGGGTGATCTTCCTCACGAAGCGG  
mMIP-42/186 rev 5’-CACGCCGGGCTGCG-3’ 

 
Genome-wide analysis of CpG frequency 

For genome-wide correlations, whole cell polyA+ CAGE data was downloaded from the 
ENCODE/RIKEN consortium for H1-hESC (GSM849357), HepG2 (GSM849335), He-
La-S3 (GSM849342). The datasets were compared to hg19 RefSeq annotated transcripti-
on start sites and sorted according to their RPKM values. Only transcripts with a corres-
ponding irreproducible discovery rate (IDR) of <0.05 were considered. By this, we 
identified the 5% highest and 5% lowest expressed genes in the three cell lines. In absolu-
te numbers, each generated data set consist of 1000 – 1500 genes. For every gene, we 
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extracted three 500 bp regions: transcription start site + 500 bp, +/- 250 bp around the 
centre of each gene and -500 bp to the transcription termination site. The CpG frequency 
of every position was computed using the annotatePeaks script as part of the HOMER 
software package (Heinz et al., 2010). Dot plots and linear regression was carried out 
with the statistics program R (Dean and Nielsen, 2007). The overlap of high and low ex-
pressed gene sets in the three different cell lines was determined and plotted with 
BioVenn (Hulsen et al., 2008) 
  
Results 
Generation of cytokine genes with differing intragenic CpG amount 

The human and murine genes macrophage inflammatory protein 1〈 (huMIP-1〈 and 
mMIP-1〈) and granulocyte macrophage-colony stimulating factor (huGM-CSF and 
mGM-CSF) were chosen as model genes to analyze the effect of intragenic CpG content 
on transgene expression in mammalian cells. Gene variants with differing CpG content 
were generated based on the wild type (wt) sequences (Table 1). The nucleotide se-
quences were first optimized (opt) for expression in mammalian cells by applying a 
commonly used algorithm (Sharp and Li, 1987) (Raab et al., 2010). This results as a rule 
in a low to moderate increase in the number of CpG dinucleotides and an improved codon 
adaptation index (CAI), which integrates the relative adaptiveness for each individual 
codon into one metric and is commonly used as measure for the mean codon quality. On 
the basis of these optimized (opt) gene variants, the nucleotide sequence was further 
adapted to quantitatively deplete CpGs (-CpG) or maximize (+CpG) the intragenic CpG 
content within the ORF (Table 1). Alternative codons were used to maintain the amino 
acid sequence. Codons were selected as to alter the CAI, the G+C as well as the T+A 
content to the minimum possible extent relative to the reference sequence (opt). Whereas 
the CAI for all genes is clearly elevated following gene optimization (opt) if compared to 
the wt gene, the accumulation of CpG dinucleotides (+CpG) results in all cases to a signi-
ficant reduction of the CAI compared to the (opt) reference sequences and a moderate 
reduction compared to the wt alleles (Table 1). As exemplified for the murine MIP-1α 
gene, four synthetic gene variants were generated containing either 7 CpGs (wild type), 
13 CpGs (codon optimized), 0 CpGs (optimized, CpG-depleted), or 42 CpGs (optimized, 
CpG incorporated to the maximal extent) (Supplementary data, Figure S1). The distribu-
tion and the position of the CpG dinucleotides within the ORF is indicated (Supplementa-
ry data, Figure S1 A, B). Whereas the relative adaptiveness for most of the individual 
codons is as a result of gene optimization clearly improved (opt, mMIP1�) if compared 
to the wt gene, the accumulation of CpG dinucleotides leads in all cases to a significant 
reduction (supplementary date, Figure S2). The G+C content was only moderately ele-
vated for 3/4 constructs following accumulation of CpG dinucleotides (+CpG), respec-
tively, but clearly increased compared to the wt alleles. Depletion of CpG dinucleotides (-
CpG) resulted in a G+C content coming close to that determined in wt genes (Table 1).  

All gene variants were inserted into a consistent panel of eukaryotic expression vectors 
for transient or stable expression under control of (i) the cytomegalovirus (CMV) major 
immediate-early promoter or (ii) the human elongation factor 1α (EF-1α), respectively, 
and have a Kozak sequence ahead of the start codon. 
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CpG content correlates with efficient expression in transiently transfected mammalian 
cells 

To guarantee equal transfection efficiencies, mMIP-1α genes were transiently transfected 
in the context of the pIRES2-EGFP plasmid, which allowed normalization to the GFP 
reporter gene (Supplementary data, Figure S3). Since transfection rates were shown to be 
equal for all gene variants, the observed effects can directly be attributed to the change of 
CpG numbers within the open reading frame. To evaluate the expression efficiency of the 
cytokine variants, all constructs were transiently (triplicates?) transfected into mammalian 
H1299 cells. Cell culture supernatants and lysates were analyzed for protein content by 
ELISA assays. RNA and codon optimization resulted in a significant increase for murine 
(muGM-21) and human (huGM-12) GMCSF and equaled wt expression levels for the 
two Mip1a constructs (mMip-13, huMip-11). Cytokine levels of CpG depleted murine 
and human MIP-1α constructs mMip-0 and huMip-0 were reduced to <50% and <10% of 
the respective optimized reference genes (mMip13, huMip11)  genes, and  X% and Y%  
in the case of the CpG depleted murine and human GMCSF genes (mGM-0, huGM-0) of 
the corresponding reference genes muGM-21 and huGM-12 (Figure 1). In contrast, an 
increase in CpG content t the maximum extent led to dramatically increased cytokine 
levels (80% - 300%), as compared to the respective optimized rreference genes muGM-
21 and huGM-12. The most extreme effect regarding expression efficiency between a 
CpG depleted and CpG maximized gene was notified for muMip-0 and muMip-42 ma-
king up a ZZZ-fold difference (Figure 1 and supplementary Figure S2). 

 
Unmethylated CpG dinucleotides significantly increase gene expression in stably trans-
fected mammalian cells 

To assess the impact of differential intragenic CpG content on long-term expression and 
regulation mechanisms, murine MIP-1α gene variants were stably transfected into 
mammalian cell lines. Human embryonic kidney (HEK) 293 and chinese hamster ovary 
(CHO) cell lines, being widely employed for recombinant protein production (Baldi et al., 
2007), were chosen for expression analysis in this study. The Flp-In recombination sys-
tem was used to establish cells incorporating single copies of mMIP-1α transgenes within 
an identical genetic background (Karimi et al., 2007). Flp-In 293 and CHO cells expres-
sing single copies of mMIP variants were selected in the presence of hygromycin and 
assayed for cytokine production by ELISA. In accordance with results obtained from 
transient transfections, cytokine expression did correlate with intragenic CpG content 
(Figure 2). Relative cytokine levels were even more pronounced in stable cell lines com-
pared to transient transfections, exhibiting a X fold (293) and Y fold (CHO) increase of 
the CpG maximized mMIP-42 construct compared to the optimized reference mMIP-13 
construct and a 5-fold (293) or 10-fold (CHO) increase of wild type protein levels. CpG 
depletion (mMIP-0) suppressed transgene expression irrespective of the cell line below 
detection level. High cytokine expression levels in stable CHO Flp-In cells persisted over 
a period of at least two years under selective pressure, suggesting that the intragenic CpG 
sites are not susceptible to epigenetic modification (Figure 2D). The methylation status of 
the expression cassette was analyzed after 2 years of selection by bisulphite conversion 
and genomic sequencing (Clark et al., 1994). High expression levels correlated with a 
completely unmethylated state of the mMIP-1α ORF and CMV promoter (data not 
shown). Intragenic CpG methylation does, however, clearly impact on gene expression, 
as a CpG-free CMV promoter inserted into a CpG-reduced vector backbone and fully 
methylated intragenic region showed no cytokine expression. In contrast, the respective 
unmethylated control exhibited high cytokine expression (Supplementary data, Figure 
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S4). Thus, the high levels of unmethylated intragenic CpGs are supportive of increased 
gene expression in the eslected experimental setting.       

To exclude promoter specificity of the observed gene expression variations, all murine 
MIP-α constructs were substituted with the promoter of the human elongation factor-1α 
(EF-1α). Expression analysis of CHO Flp-In cells, stably expressing the gene variants 
driven by the EF-1α, confirmed the strict correlation of intragenic CpG levels with cyto-
kine expression (Figure 2C).  

 

Variations of the CpG content have no influence on translational efficiency 
The predicted correlation of biased codon usage and translational efficiency (Mukhopad-
hyay et al., 2007) led us examine the extent to which differential gene expression might 
result from changed protein translation. In order to exclude potential effects of the modi-
fied reporter gene sequence on posttranscriptional events, we infected 293 T cells with a 
modified vaccinia ankara strain known to replicate exclusively in the cytoplasm and ex-
pressing the T7 polymerase (MVA-T7). Upon infection this system allows the cytoplas-
mic transcription of a transfected reporter gene controlled by the T7 promoter. 24 hours 
after transfection of MVA-T7-infected cells with pT7-mMIP-wt, pT7-mMIP-0, pT7-
mMIP-13 and pT7-mMIP-42, the translation efficiency was quantified by cytokine 
ELISA of the culture supernatants. The expressed cytokine levels of all gene variants 
directly correlated to the CAI of the respective gene (Figure 3A and supplementary data 
S2).  
Thus, a major impact of CpG content on translation efficiency can be widely excluded, 
although possible saturated translation conditions in the artificial T7/vaccinia system can-
not be completely ruled out. The exactly same procedure was conducted in our previous 
study with CpG variants GFP-0 and GFP-60, thereby assuring gene unspecificity of this 
experiment. Additionally, the amount of gfp-specific transcripts was assessed by quantita-
tive PCR and was shown to reflect protein levels (Bauer et al., 2010)  
 

Intragenic CpG levels do not affect posttranscriptional process of the mRNA 
To reveal whether changes in CpG content effect splicing events and RNA export, nuclear 
and cytoplasmic extracts were assayed by Northern Blot analysis. To detect all mRNA 
species equally well, the RNA probe was directed against the nucleotide sequence of the 
bovine growth hormone polyadenylation sequence, which is identical in all gene variants. 
As displayed in Figure 3B, Northern Blot analysis yielded one distinct signal correspon-
ding to the expected size of the full length cytokine mRNA arguing against alternative 
splicing events. The nuclear to cytoplasmic distribution of the mRNA is similar for all 
constructs, showing that differential protein synthesis is not a result of export defects. 
Cells harbouring the mMIP-42 gene had the highest transcript levels, whereas transcripts 
of cells with the mMIP-0 gene were barely detectable. These data suggest that protein 
synthesis differences correlate to the mRNA levels that strongly depend on the amount of 
intragenic CpG. 

Due to the need of tightly regulated cytokine expression, cytokine mRNAs tend to have a 
rather short half-life. Changes in the nucleotide sequence caused by CpG modifications 
might have drastically changed the degrading characteristics of RNA. Thus, we assessed 
transcript stability of modified mMIP-1〈 genes. To examine the RNA stability we blocked 
de novo RNA synthesis of stably transfected cells by adding Actinomycin D to the growth 
medium for different time periods. Total RNA was isolated, subjected to reverse 
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transcription and the cDNA was quantified by real time PCR. Results obtained for the 
half-life of the cytokine transcripts were normalized to hph transcripts (Figure 3D). Re-
markably, the changes in the nucleotide sequence, respectively the transcript sequence, 
had no major effect on the mRNA stability which is in agreement with the fact that the 
absolute number of TpA dinucleotides known to contribute to RNA degradation is low for 
all constructs tested. Though almost no protein is detectable for the CpG depleted variant 
on protein and steady-state RNA level, the half-life of the mMIP-0 transcript is equal to 
CpG-optimized and CpG-maximized transcripts. The codon-optimized gene variant gene-
rates transcripts with a slightly longer half-life. Summarizing the results obtained for 
posttranscriptional characteristics, we conclude that changes within the nucleotide se-
quence of MIP-1〈 must affect gene expression on the level of transcriptional regulation. 

 

Intragenic CpGs result in augmenting de novo transcriptional activity 
Our results show that CpG enrichment of the mRNA do not effect protein levels in the 
posttranscriptional processes, suggesting a CpG effect on gene expression. First, we 
quantified RNA steady state levels in the nucleus and the cytoplasma, of the stably in-
tegrated mMIP constructs (Figure 3C). The respective RNA of CHO cells was subjected 
to reverse transcription and obtained cDNA was quantified via real time PCR. mMIP-1α 
transcripts of each cell line were normalized to the amount of the hph-specific PCR pro-
ducts and quantified in relation to the wild type gene. This relative quantification analysis 
(Pfaffl, 2001) yielded a 5-fold reduction of mMIP-0 transcript in the cytoplasm as well as 
in the nucleus. In contrast, a 4-fold increase was observed for the mMIP-42 gene in both 
compartments. The observed transcript ratios of mMIP-1α variants confirm results obtai-
ned from the northern blot analysis and indicate that artificial splicing as well as defects 
in RNA export can be excluded as cause for the differences observed in steady state 
mRNA levels. To reassure that differential mRNA levels are not due to different mRN 
half live, we assayed de novo RNA synthesis rates of mMIP-1α variants by a nuclear run-
on assay. Nuclei from stably transfected CHO Flp-In cells were used for capturing de 
novo synthesized RNA molecules, reverse transcription and real time quantification of 
cDNA molecules. As expected, de novo synthesized mRNAs clearly correlated with in-
tragenic CpG content. RNA transcripts of the CpG depleted mMIP-0 construct were 
hardly detectable and yielded in a 3-fold reduction of de novo synthesized mRNA com-
pared to the wild type. In contrast, the CpG enriched mMIP-42 construct caused a 3.5-
fold increase in de novo synthesized mRNA levels (Figure 3E). These findings are in 
concordance with results obtained from Northern Blot and steady state mRNA analyses 
and generally reflect measured protein levels, although with a 2-3 fold (mMIP-13) respec-
tively 4 fold (mMIP-42) increased cytokine amount compared to mRNA transcripts (Tab-
le 2). The discrepancies between mRNA and protein levels might be due to a non-linear 
correlation between transcribed and translated mRNA. The sum of all results strongly 
imply a transcription-based regulation of transgene expression via CpG dinucleotides. 
Further analysis was focused on the two very extreme constructs mMIP-0 and mMIP-42 
with the wt allele representing the natural situation. 

 
Intragenic CpG dinucleotides influence nucleosome positioning in vitro 
Sequence patterns can directly affect nucleosome positioning by determining biophysical 
properties of DNA like the bending flexibility around a histone octamere. It was shown 
that ~10-bp periodicities of dinucleotides are favoured along the nucleosome length, both 
in vitro and in vivo (Field et al., 2008) (Kaplan et al., 2010). Particularly  10-bp periodic 
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AA/TT/TA dinucleotides oscillating in phase with each other and out of phase with  10-bp 
periodic GC dinucleotides (Segal et al., 2006) are preferred elements for nucleosome 
binding. Based on these findings, we tested whether changing the sequence and CpG 
content would alter chromatin structure in vitro. Competitive nucleosome reconstitutions 
were performed on fluorescently labeled CpG-modified mMIP-1α genes by salt dialysis 
in vitro (Rhodes and Laskey, 1989). Nucleosome positions were resolved by electropho-
retic mobility shift assays (EMSAs) and detected by fluorescence imaging. The position 
of a histone octamere within the DNA fragment affects its electrophoretic mobility: 
centrally located nucleosomes migrate slower than nucleosomes located at the end of a 
DNA fragment (Rippe et al., 2007). 
First, the CpG-extremes mMIP-0 and mMIP-42 were compared regarding nucleosome 
affinity. Saturation levels of histone octamers with corresponding DNA fragments were 
quantified from free remaining DNA of decreasing histone:DNA ratios, measured by the 
Multi Gauge software (Figure 4A). The intensity of optical density (IOD) of free DNA in 
mononucleosome reconstitutions was compared to the histone-lacking sample (100%). As 
judged from the comparison of decreasing IODs between gene variants, similar binding 
affinities for mMIP-0 and mMIP-42 were obtained. Thus, the frequency of CpG dinucleo-
tides within the ORF of mMIP-1α does not influence the affinity for histone octamers. 

By contrast, comparative analysis of  mononucleosome band patterns constituted with 
mMIP-wt, mMIP-0 and mMIP-42 revealed different positioning preferences characteris-
tic for each of the gene variants (Figure 4B). This implies that CpG-variations directly 
affect nucleosome-positioning abilities among the CpG variants in vitro. Two indistinct 
but characteristic bands recurred in reconstituted mMIP-wt fragments, representing the 
binding of an octamer population in rather moderately defined regions between the gene 
center and ending. mMIP-0 exhibits an even less resolved nucleosome band pattern. In 
contrast, mMIP-42 reconstitutions reveal three highly distinctive bands. 
 

CpG depletion in MIP-1α variants results in a higher chromatinization level in vivo  
Based on the observation that mMIP-1α variants differ in their nucleosome positioning 
abilities in vitro, we examined whether intragenic CpG variations likewise affect chroma-
tin structure in vivo. Chromatin structure is a key regulator of gene expression and gene-
rally limits the accessibility of DNA sequences for DNA-binding factors. Accordingly, 
transcriptionally active genes are located in an open chromatin environment, whereas 
silent genes are compacted into dense chromatin structures (Simpson, 1991). To analyze 
the chromatin density of 293 Flp-In cells stably expressing mMIP-1α, we performed 
FAIRE (Formaldehyde Assisted Isolation of Regulatory Elements). By FAIRE, chromatin 
is cross-linked with formaldehyde, sheared by sonication, and phenol-chloroform extrac-
ted (Giresi et al., 2007). This procedure results in preferential enrichment of nucleosome-
depleted genomic regions that can be quantified by real time PCR. The assay was perfor-
med at the transcription start site (TSS) and the 3’ untranslated region (3’ UTR) of mMIP-
wt, mMIP-0 and mMIP-42, integrated at the same genomic locus of 293 cells. The results 
of the regions of interest were normalized to rDNA and compared to mMIP-wt. While 
mMIP-wt and mMIP-42 exhibited very similar levels of nucleosomal density, mMIP-0 
showed a significantly lower degree of nucleosome depletion (ANOVA; p<0.05) than 
CpG-containing gene variants both at the TSS and 3’UTR (Figure 4C). 
Thus, intragenic CpG depletion in mMIP-0 directly correlates with a higher degree of 
chromatinization correlating with the very low transcriptional activity. However, the 
mMIP-wt and mMIP-42 construct exhibited similar chromatin accessibility suggesting 
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that once a gene is active the accessibility of the higher order structures of chromatin is 
similar irrespective of the transcription rate. A similar association of CpG content in 
transgenes and altered chromatin density was likewise observed in the CpG variants 
hGFP-0 and hGFP-60 used in our previous CpG-analyses (unpublished data). In this ana-
lysis, the depletion of intragenic CpG dinucleotides was clearly accompanied by a signifi-
cant increase in chromatin density (Supplementary data, Figure S5).   
 

Intragenic CpG dinucleotides increase elongation rate 

Increased CpG levels do not result in further opening of higher order structures of chro-
matin, therefore we studied whether the local changes in chromatin structures may affect 
transcription efficiency. The C-terminal domain (CTD) of the largest subunit of the euka-
ryotic RNAP II contains several YSPTSPS heptad repeats (52 in mammals) that are un-
phosphorylated in the preinitiation complex of RNAP II and become phosphorylated at 
multiple sites upon initiation. Modification of serine 2 is found in the elongating pol and 
the 3′-end processing of the transcript (Komarnitsky et al., 2000), therefore serving as a 
marker for the fraction of elongating polymerases. (Phatnani and Greenleaf, 2006). We 
examined the binding of total and elongating RNAP II at the promoter and 3’ UTR of 
mMIP-1α in vivo. 293 Flp-In cell lines containing single copy genes of the respective  
mMIP-1α variants at identical genomic loci were subjected to Chromatin Immunoprecipi-
tation (ChIP) by using antibodies raised against the N-terminus of RNAP II or the CTD of 
RNAP II, phosphorylated at Serine 2 (Ser2P Pol II), followed by quantitative PCR. The 
first exon-intron-junction of GAPDH was used as a control. The results are presented as 
relative output-to-input ratios. 

Total RNAP II at the promoter is equally abundant between mMIP-wt, mMIP-0 and 
mMIP-42 (Figure 5A). Compared to the promoter, the amount of bound RNAP II was 
diminished at the 3’UTR of mMIP-wt and mMIP-0 to a similar degree in both variants. 
By contrast, mMIP-42 showed an equal RNAP II occupancy at the 3’UTR and the pro-
moter.   
To evaluate the fraction of bound Polymerase II that is actively engaged in elongation, 
relative quantification of Ser2P Pol II at the promoter and 3’UTR was examined (Figure 
5B). In accordance with total RNAP II, similar amounts of Ser2P Pol II were detected at 
the promoter between mMIP-wt, mMIP-0 and mMIP-42. In contrast, the 3’UTR revealed 
a trend of increased Pol II Ser-2 occupancy in mMIP-42 compared to mMIP-0 and 
mMIP-wt. We therefore conclude an increased elongation rate to be responsible for en-
hanced gene expression rates. 

 

CpG dinucleotides situated in the 5’ region increase transgene transcription to a greater 
extent compared to CpG dinucleotides in the 3’ region 

To shed light on the positional relevance of CpGs within the ORF, chimera were genera-
ted by fusion PCR based on mMIP-0 and mMIP-42 to obtain genes with CpG clusters in 
either 5’, central or 3’ regions of the ORF (Figure 6, left panel).  Expression cassettes 
containing the gene-chimera were stably transfected into 293 Flp-In cells and expression 
levels were measured by ELISA exactly as was done in previous expression analyses.  
The protein levels observed generally correlate with the amount of intragenic CpG con-
tent (Figure 6B). Furthermore, expression levels decrease with increasing distance of 
CpG dinucleotides from the start codon. Thus, not only the mere amount but also the 
proximity of CpG dinucleotides to the first codon significantly accounts for increased 
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transcription rates. To confirm this positional relevance with a different reporter gene and 
cell line, the previously applied GFP variants GFP-0 and GFP-60 were analogously used 
to generate gene chimera with differing CpG position (Supplementary Figure S6). FACS 
analysis of stable CHO cell lines expressing the different GFP chimera could confirm the 
effects observed with mMIP-1α chimera: Diminished CpG content led to decreased GFP 
expression. However, the vicinity of CpG dinucleotides to the 5’region is of even greater 
benefit for CpG-mediated transcriptional control. 
 

Highly expressed genes display a two-fold increased CpG frequency at the TSS compared 
to lowly expressed genes 

Based on the observation that intragenic CpG dinucleotides promote transgene transcrip-
tion in correlation to their TSS-proximity, we sought to determine whether a similar 
association could be observed in a genome-wide manner. Three human cell lines of diffe-
rent origin, including the human embryonic stem cell line H1-hESC, the human liver 
carcinoma cell line HepG2 and the widely used HeLa cervical cancer cell line, were sel-
ected for genome-wide correlation between expression levels and CpG frequency. Using 
the transcriptome measurements from the ENCODE/RIKEN consortium, the 5% highest 
and 5% lowest expressed genes in the three cell lines were identified. In absolute num-
bers, each generated data set consists of 1000 – 1500 genes. For every gene, we extracted 
three 500 bp regions: transcription start site + 500 bp, +/- 250 bp around the centre of 
each gene and -500 bp to the transcription termination site (Figure 7A).  
At the TSS, the CpG frequency of highly expressed genes is up to 2-fold higher compared 
to lowly expressed genes. The occurrence of CpG dinucleotides decreases towards the 
gene centre and stays at a low level for highly expressed genes, while low expression 
correlates to increased CpG values around the transcription termination site (TTS). While 
the overlap of highly expressed genes is about one third (27.63%) there is almost no 
compliance of the lowly expressed genes (0.56%) (Figure 7B). In absolute numbers, 1029 
genes for each high and low datasets were assayed for H1-hESC, 1451 for HepG2 and 
977 for HeLa. 

  
Discussion 
Previous studies in our laboratory have shown that the depletion of CpGs from different 
transgenes - GFP, the capsid protein of HIV and murine erythropoietin (mEPO) - resulted 
in a drastic loss of expression yields in mammalian cell lines and mice (Bauer et al., 
2010) (Kosovac et al., 2010). By means of a CpG-depleted GFP variant, this loss was 
shown to be independend from translation efficiencies, mRNA export and splicing activi-
ties, but rather an effect of diminished de novo transcriptional rates.    
Here, we show for the first time that vice versa the accumulation of CpG dinucleotides 
and their positioning within the ORF of cytokine transgenes leads to increased gene ex-
pression in mammalian cells. The cytokines human MIP-1α, murine MIP-1α, human GM-
CSF and murine GM-CSF were subjected to state of the art computer-assisted optimizati-
on strategies with focus on CpG depletion or CpG enrichment within the nucleotide se-
quence of the ORF. In accordance with previous data obtained with the reporter gene 
GFP, transient transfection analysis of cytokines in H1299 and HEK 293 cells could ve-
rify the correlation between CpG depletion and a decrease in protein levels of the murine 
and human MIP-1α. Inversely, we could also show that CpG enrichment leads to a clear 
increase in protein levels in all of the cytokines tested.  
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The applied sequence modifications resulted in a high codon adaptation index (CAI) and 
a high relative adaptiveness for most of the individual codons (Brockmann et al., 2007) 
for the codon optimized (opt) genes, which could be mainained for the CpG-depleted (-
CpG) cytokine variants. In contrast a CAI below wild type and many “poor codons” dis-
playing low relative adaptiveness was determined for the CpG-maximized cytokine vari-
ant. Despite low CAI, the CpG-rich gene variant showed the highest expression levels, 
while the CpG-depleted gene variant gave the lowest protein yield though having a CAI 
notable higher than the wild type and the CpG rich gene. Accordingly, gene optimization 
of cytokines to maximum CAI was not the crucial modification that contributes to ele-
vated gene expression, as was previously shown with GFP (Bauer et al., 2010). This sug-
gests that the CAI as well as the relative codon adaptiveness underlying the CAI is not 
suitable as a dominant gene design parameter. CpG-dependent effects were shown to be 
cell type and promoter independent.  

Stable integration of mMIP-1α variants into 293 and CHO cells via the Flp-In recombina-
tion system allowed a more detailed analysis of CpG-associated mechanisms. The Flp-In 
system ensures stable insertion of a single copy of the transgene at a specific location 
within an active chromatinized setting (Karimi et al., 2007). mMIP-1α expression of 293 
Flp-In cells stably incorporated with corresponding mMIP-1α variants could be maintai-
ned over the period of two years. Notably, changes in mMIP-1α levels between CpG-
variants were even more pronounced in stably transfected cells. This implies that adjacent 
chromatin dynamics or epigenetic marks affect regulation of mMIP-1α transcription  in a 
CpG-dependent manner.  
Several studies have reported a negative correlation between promoter methylation and 
expression efficiency, whereas gene-body methylation, particularly within exons, was 
also found to be associated with enhanced gene expression levels (Hellman and Chess, 
2007) (Laurent et al., 2010) (Lister et al., 2009) (Rauch et al., 2009). The notion that an 
increased CpG content in mMIP-1α provides additional targets for intragenic DNA me-
thylation led us to investigate the association of expression levels of mMIP-1α variants 
and the corresponding methylation state. 

To this end, a CpG-reduced plasmid containing the respective mMIP-1α genes driven by 
a CpG-free CMV-promoter was methylated in vitro followed by transient transfection 
into 293 cells. Despite an unmethylated promoter, transgene expression was abolished 
completely upon intragenic methylation. Further to that, bisulfite sequencing of 293 cells 
stably expressing mMIP-1α revealed that the promoter and ORF of all mMIP-1α variants 
stayed unmethylated at least for two years under antibiotic selection pressure. We therefo-
re conclude that differential gene expression is triggered by unmethylated CpG dinucleo-
tides. 
Northern Blot analysis and rtPCR of CHO Flp-In cells stably expressing mMIP-1α vari-
ants revealed that altered protein amounts correlated with different levels of steady state 
full length RNA copy numbers both in the nucleus and the cytoplasm. Altered steady state 
RNA levels could furthermore not be ascribed to aberrant RNA half-life. This observation 
contradicts a former study conveying that transgenes with elevated CpG dinucleotide 
levels increase steady state RNA levels and RNA stability in contrast to their CpG poor 
counterparts (Duan and Antezana, 2003). Noteworthy, these authors aimed to maximize 
TpA numbers in the CpG free variant. Since UpA sites emerging in the corresponding 
transcripts serve as preferential targets for cellular endonucleases, an excess of these mo-
tifs is likely to be associated with rapid mRNA degradation (Mitchell and Tollervey, 
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2000) (Wilusz et al., 2001). In the present study, TpA numbers and overall GC content 
were changed as little as possible. Missing evidence for posttranscriptional regulation of 
CpG depleted or enriched genes therefore implied an altered transcriptional activity. Ex-
amination of de novo synthesized RNA levels by nuclear run-on analyses confirmed this 
hypothesis. In concordance with data obtained with CpG-modified GFP transgenes, re-
sults gained with mMIP-1α showed a clear correlation between intragenic CpG numbers 
and de novo transcribed RNA. We thus provide convincing evidence that unmethylated 
intragenic CpG dinucleotides induce elevated transcriptional activity per se.  

In vitro nucleosome reconstitutions revealed that the affinity to assemble mononucleoso-
mes in vitro is equal between mMIP-0 and mMIP-42. However, the comparison of the 
banding pattern revealed individual positioning capabilities among mMIP-0, mMIP-wt 
and mMIP-42 in vitro. The degree of distinctiveness of bands resolved by EMSA correla-
ted with the amount of CpG dinucleotides. The least defined nucleosome occupation was 
observed in mMIP-0 whereas mMIP-42 showed the most pronounced histone positions. 

Nucleosome preferences in vitro originate from the sequence-dependent mechanics of the 
wrapped DNA itself (Widom, 2001). Early studies postulated that intrinsic DNA sequence 
preferences also affect nucleosome positioning in vivo (Lowary and Widom, 1998) 
(Satchwell et al., 1986). Subsequent analyses demonstrated that in vitro nucleosome pre-
ferences indeed often reflect in vivo locations  (Gencheva et al., 2006) (Hertel et al., 
2005) and that nucleosome positioning in vivo can be predicted based on the genomic 
DNA sequence alone (Field et al., 2008). According to a genome wide analysis of nucleo-
some positioning, approximately 50% of the in vivo nucleosome organization is solely 
determined by sequence preferences of nucleosome occupation (Segal et al., 2006). The 
in vivo nucleosome occupancy map of human MIP-1α reveals a strong positioning prefe-
rence of the +1 nucleosome at the 5’ end of the coding sequence of hMIP-1α that is shif-
ted 40 nucleotides upstream when activated upon inflammation (unpublished data; group 
of Prof. Längst, Regensburg.. Assuming that our transgene model is comparable to the 
endogenous situation, we conclude that the positioning capacity of the +1 nucleosome of 
mMIP-1α plays an important role in the observed transcriptional changes.  
In order to shed light on CpG-based chromatin changes of transgenes in vivo, we carried 
out FAIRE to analyze the chromatin density of 293 cells stably expressing the mMIP-1α 
variants at the TSS and the 3’ UTR. The results revealed similar levels of nucleosome 
density between mMIP-wt and mMIP-42, whereas mMIP-0 exhibited a significantly hig-
her degree of chromatinization, both at the TSS and the 3’UTR. These data suggest the 
that chromatin structure plays a crucial role in the CpG-mediated transcription regulation 
Our conclusion is further supported by a study of nucleosome remodeling in mammalian 
primary response genes by Toll-like receptors that has revealed a tendency of CpG islands 
to exhibit a reduced nucleosome occupancy as a direct result of their nucleotide content 
(Ramirez-Carrozzi et al., 2009).  The missing correlation of chromatin density and ex-
pression efficiency regarding mMIP-42 and mMIP-wt can be explained by the features of 
the Flp-In cell system. This system mediates transgene integration within a transcriptio-
nally accessible chromatin conformation (Karimi et al., 2007). Taking this into account, 
the CpG-enrichment in mMIP-42, though resulting in altered nucleosome positioning in 
vitro, did presumably not lead to further disaggregation of chromatin in vivo due to satu-
ration effects of the already very open chromatin structure of mMIP-0 at the Flp-In 
recombination locus.  
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The transcriptionally active setting of the transgene Flp-In locus was furthermore reflec-
ted by the abundance of total and engaged RNAP II at the promoter of all mMIP-1α vari-
ants compared to GAPDH, as quantified by ChIP analysis. Similar RNAP II binding to 
the promoter between the gene variants indicates that RNAP II recruitment is not in-
fluenced by downstream gene body CpG dinucleotides. In fact, genome wide studies of 
transcription regulation in human cells have demonstrated that approximately 20% of 
unexpressed genes are constantly occupied by preloaded RNAP II prior to transcription 
initiation (Kininis et al., 2009). Ser2P is a modification of CTD that occurs later in the 
transcription cycle during the elongation process (Komarnitsky et al., 2000). Similar up-
stream Ser2P Pol II density therefore also excludes abortive transcription initiation to be 
responsible for CpG-divergent transcription rates. We could, however, detect an increased 
amount of total and actively transcribing RNAP II at the 3’UTR of mMIP-42 compared to 
mMIP-0 and mMIP-wt. mMIP-1α is a small gene of 279bp, which is too short to be oc-
cupied by more than one Polymerase simultaneously. Determining the efficiency of 
transcriptional elongation as “de novo mRNA transcripts per unit density of elongating 
Pol II” (Choi et al., 2009), we conclude that RNAP II molecules traverse the ORF of 
mMIP-42 at a higher elongation rate than in mMIP-wt and mMIP-0. 
Analyses of 293 Flp-In cells stably expressing mMIP-1α chimera, containing CpG clus-
ters in either 5’, central or 3’ regions of the ORF, showed that not the amount of CpG 
dinucleotides, but the localization of CpG dinucleotides in proximity to the start codon is 
pivotal. This phenomenon could be verified with CpG-modified GFP variants in CHO 
cells.  

Interestingly, genome wide studies of regulatory regions in the human genome have 
shown that the average of protein coding genes in the human genome display a significant 
excess of CpG dinucleotides in the 5’ ends of exons, most pronounced in the first exon 
(Saxonov et al., 2006) (Larsen et al., 1992) (Davuluri et al., 2001) (Medvedeva et al., 
2010). In a genome-wide transcriptome analysis of different human cell lines, we have 
found a positive correlation of highly expressed genes and CpG frequency and the TSS 
+500bp downstream, and an anti-correlation of lowly expressed genes and CpG fre-
quency at the TTS -500bp upstream. CpG frequency in the gene body was low in both 
gene sets. 

CpG dinucleotides are depleted throughout the mammalian genome as a consequence of 
their high susceptibility to mutation (Mandrioli, 2007). Despite this negative selection, 
evolutionary processes seem to have maintained a high CpG frequency at the gene 
boundaries in a group of genes in (anti-) correlation to their expression performance. Ac-
cording to the opposed impact of CpGs in either the TSS or TTS region to increase or 
decrease mRNA transcript levels, there must, however, be different functions of these 
conserved 5’- and 3’-endpeaks, respectively. A genome-wide study by Choi et al. investi-
gated the nucleosome deposition and DNA methylation at regulatory regions in human 
cells. The authors have likewise revealed a group of genes with exceptionally high fre-
quency of mainly unmethylated CpGs at the 5’ gene end (Choi et al., 2009). These genes 
were furthermore found to exhibit high expression rates compared to average expression 
levels, and even higher than in genes controlled by a promoter CpG island. The authors 
ascribe the enhanced expression levels to effects of elongation control. The study 
furthermore describes a high ratio of CpG dinucleotides in the gene end of a large fraction 
of human genes. Contrasting our findings, these 3’ ORF located CpG dinucleotides turned 
out to be  methylated. Another investigation of CpG island distribution in the human ge-
nome has observed a frequent overlap with CpG islands and exons, particularly terminal 
gene exons (Medvedeva et al., 2010). The function of these 3’ CpG clusters are largely 
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unknown. However, both groups suggested that CpG dinucleotides at exon borders might 
play a role in RNA splicing (Choi et al., 2009) (Medvedeva et al., 2010) – an event which 
we did not observe within the rsolution of our analysis. The investigators did not distin-
guish between highly and lowly expressed genes rich in 3’methylated CpGs. However, 
comparing our genome-wide analysis with the above findings, we reason that the high 
prevalence of CpG frequency in the TTS of poorly expressed genes coincides, at least to 
some extent, with DNA methylation. We suppose that differential gene methylation 
between cell types account for the markedly low compliance of lowly expressed genes we 
have observed among H1-hESC, HepG2 and HeLa cells. In contrast, highly expressed 
genes exhibited a large fraction of overlapping genes among the three cell lines, hinting at 
a different and cell type unspecific (independent?) role of regulation by CpG dinucleoti-
des at the TSS.  

Considering the sum of our observations we propose the following hypothesis: CpG dif-
ferences within the ORF cause an altered arrangement of nucleosome occupation in vivo. 
Intragenic CpG depletion results in a more compact chromatin structure, thereby impe-
ding effective transcription. By contrast, the accumulation of CpG dinucleotides as de-
monstrated for mMIP42 induces the replacement of nucleosomes and reduces nucleoso-
me density thus facilitatating transgene elongation, which is consistent with the 
observation of a removal of the +1 nucleosome from the start codon. Similar conclusions 
were drawn by independent investigations. Choi et al have suggested that the deposition 
of nucleosomes downstream of the TSS by CpGs and their modification plays a pivotal 
role in epigenetic regulation (Choi u. a. 2009). In a Preview, Harinder Singh described 
CpG islands being the “transcriptional tee off areas of the mammalian genome that provi-
de a nucleosome-depleted surface“ for efficient transcription elongation (Singh 2009). 
Support of our hypothesis is further provided by a study of mammalian primary response 
genes by Toll-like receptors, in which the authors claim CpG-island promoters to facilita-
te promiscuous induction from constitutively active chromatin without the requirement of 
chromatin remodeling complexes (Ramirez-Carrozzi et al., 2009). Due to the short gene 
length and the assessmant of exclusively gene body CpGs , we cannot generally assign 
CpG-motifs of mMIP-1α to CpG islands. Nevertheless, intragenic CpGs in mMIP-1α 
supposedly mimic CpG islands and thereby exhibit CpG-island typical features.  

A supplementary aspect of the weakened chromatin structure facilitated by CpGs is the 
greater accessibility of the underlying DNA to transcriptional regulators in vivo. Several 
transcription factors have been found to affect transcriptional elongation. The transcripti-
on factor IIF (TFIIF), protein kinase P-TEFb and the eleven-nineteen lysine-rich in leu-
kemia (ELL) for example activate efficient elongation. A detailed overview of Pol II 
elongation factors is reviewed in (Zhou et al., 2012). Moreover, although occupation of 
the histone modification H3K4me3 , which is often found in CpG islands (Thomson et 
al., 2010) (Tate et al., 2010) was not changed between the CpG variants (data not shown), 
an association of CpG dinucleotides with histone modifications can not be excluded 
(Blackledge and Klose, 2011). So far, the ubiquitously expressed CXXC finger protein 1 
(CFP1) is the only factor that has been reported to specifically and exclusively bind un-
methylated CpG dinucleotides, thereby trans-activating transcription (Lee et al., 2001) 
and possibly modulating gene expression via CpG dinucleotides (Carlone and Skalnik, 
2001)(Carlone and Skalnik, 2001). Both the overexpression and downregulation of CFP-1 
in 293 cells stably expressing mMIP-1α did however not show significant changes in 
mMIP-1α expression levels (data not shown). We therefore suggest CFP-1 not to be cru-
cially responsible for CpG-mediated transcription control of cytokine transgenes.  
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Figure Legends 
 
Table 1 Sequence characteristics of the different cytokine gene variants. For each gene 
variant the amount of CpG dinucleotides (CpG), the codon adaptation index (CAI), the 
GC content (GC) and the number of TpA dinucleotides (TpA) are specified 
 

Table 2 summary of protein and RNA levels of mMIP-1α gene variants in stable transfec-
ted CHO cells. Expression levels of each category were normalized to the respective wild 
type expression capacities (1.0). 

 
Figure 1. Influence of intragenic CpG modification on cytokine secretion (H1299 cells 
were transiently transfected with the indicated constructs in a pcDNA3.1 (+) background. 
48 hours post-transfection the supernatants were screened for cytokine expression by 
ELISA as described in materials and methods. Cytokine levels measured for the wild type 
gene were set to 100% and values for the gene variants were scaled accordingly. Standard 
deviations are indicated by error bars and result from four independent experiments. The 
same optimization strategy applied for mMIP was used to codon-optimize and subse-
quently CpG deplete or enrich the genes of human MIP-1a (huMIP), murine GM-CSF 
(mGM) and human GM CSF (huGM). The respective amounts of CpG dinucleotides 
within the genes are indicated as affix to the abbreviation. Cytokine expression of (A) 
mur. MIP-1α gene variants comprising mMIP-wt, -0, -13 and -42, (B) human MIP-1a 
gene variants comprising huMIP-wt, -0, -11 and 43, (C) murine GM-CSF comprising 
mGM-wt, -0, -21, and 61 and (D) human GM-CSF comprising huGM-wt, -0, -12 and 63. 
pcDNA 3.1 (+) without insert served as control for all analytes. The supernatants were 
analysed for murine MIP-1α expression by ELISA.  

 
Figure 2.  Influence of CpG dinucleotides on cytokine expression in stably transfected 
mammalian cells. The supernatant of HEK 293 cells (A) and CHO (B) stably transfected 
with the mur. MIP-1α gene variants was analyzed for cytokine amounts by ELISA. Pro-
tein levels were expressed as percentage of wild type. Standard deviation indicates the 
mean of six independent experiments. C. CHO cells stably transfected with MIP-1α vari-
ants were quantified for cytokine expression by ELISA over a period of 2 years. 
 

Figure 3. (A) Influence of intragenic CpG depletion or enrichment on translational effi-
ciency. 293T cells were infected with MVA-T7 at an MOI of 50 and subsequently trans-
fected with pT7-mMIP1α-wt, -0CpG, -13CpG and -42CpG one hour after infection. 24 
hours post transfection the expression of murine MIP-1α was quantified by ELISA analy-
sis of the cell supernatants. Standard deviations indicate the mean of four independent 
experiments.  (B) Northern blot analysis of stably transfected CHO cells. Nuclear and 
cytoplasmic RNA was isolated from 3x107 cells stably expressing the respective murine 
MIP-1α genes and subjected to northern blot analysis as described in methods and mate-
rials. The probe was directed against the BGH-pA site, a sequence identical in all expres-
sion constructs and allowing the valuation of nuclear export and detection of artificial 
splice products. ß-actin was used as loading control. mRNA of mMIP-0 could not be 
detected in this assay. One blot representative for 4 independent experiments is shown. 
(C) Influence of CpG content on steady state RNA levels. Cytoplasmic and nuclear RNA 



 
 

 

	  

8.2 SUBMITTED MANUSCRIPTS 

	  

	   	  

- 319 -  

fractions prepared from 3x107 stably transfected CHO cells were subjected to reverse 
transcription and quantified via LightCycler analyses as described in materials and me-
thods. The amount of murine MIP-1α-specific transcripts was related to the hygromycin 
B resistance mediating transcripts of the hph gene, which served as internal control in the 
same run. The relative quantification was done in accordance with current knowledge 
using crossing points (Cps) as reference. Cps indicate the number of PCR cycles essential 
to detect a significant increase in fluorescence. Melting point analysis for hph- and 
mMIP-1α specific PCR products compared to primer dimer formation is indicated below. 
Shown is a mean of 4 independent experiments. Standard deviations indicate the mean of 
four independent experiments. (D) Influence of intragenic CpG content on stability of the 
murine MIP-1α transcripts. CHO/mMIP-1α cell lines were incubated with 2.5 µM acti-
nomycin D for different time periods (0 h, 1.5 h, 3 h, 6 h, 12 h, 24 h) prior to cell harvest. 
Total RNA was isolated, reverse transcribed, and the resulting cDNA samples were quan-
tified via LightCycler. RNA half-lifes (y-axis) of the respective transcripts (x-axis) were 
determined as described previously [76]. (E) Influence of CpG content on the de novo 
synthesis of mMIP-1α transcripts. The nuclear run-on assay was performed with stably 
transfected CHO cells by supplying nuclei with biotin-16-UTP. Labelled transcripts were 
bound to streptavidin-coated magnetic beads and cDNA was synthesized by means of 
oligo-d(T)15-primed reverse transcription of captured molecules. Absolute cDNA copy 
numbers obtained from newly synthesized mRNA transcripts were quantified via 
LightCycler and normalized to hph transcripts. Results show the mean of 4 independent 
experiments. Standard deviations indicate the mean of two independent experiments. 

 
Figure 4  Influence of intragenic CpG content on histone binding and chromatin density.    

A. Nucleosome affinity of mMIP-o and mMIP-42 analyzed by a competitive reconstituti-
on assay. Fragments encompassing the respective ORFs of mMIP-0 and mMIP-42 were 
amplified from pcDNA5/FRT. Fluorescently labeled reverse primer (mMIP-0: DY 550; 
mMIP-42: DY642) were used to distinguish between gene variants. Both PCR fragments 
(343bp) were reconstituted in a competition assay with gradually increasing histone con-
centrations in the presence of competitor DNA (pUC 19), followed by salt dialysis, PAGE 
and detection by fluorescence imaging (FLA-5000; Fujifilm; left panel). One representa-
tive competitive assay is shown. Band intensity of free DNA in each lane was correlated 
to free DNA in the corresponding reaction mix lacking histones (100%) and expressed in 
percent values. The amount of free DNA was plotted against the histone : DNA ratio 
(right panel). The mean and standard deviations of two experiments are shown. 
B. Nucleosome positioning of mMIP-0, mMIP-wt and mMIP-42 in vitro. Floursecently 
labeled PCR fragments of mMIP-wt (DY550), mMIP-0 (DY550) and  mMIP-42 (DY647) 
were reconstituted to mononucleosomes by salt dialysis, followed by PAGE and detection 
by fluorescence imaging. The pattern of nucleoprotein bands resolved by PAGE is charac-
terisitic for each of the gene variants. Bands specific for a gene variant are marked with 
arrows. Vertical lines indicate a cluster of indistinctive bands. One representative recon-
stitution is shown. C. Chromatin densitiy MIP-1α variants in vivo as analyzed by FAIRE. 
293 Flp-InTM  cells stably expressing MIP-1α variants were grown to 90% confluence. 
Enrichment for nucleosome-depleted chromatin by FAIRE extraction was performed, and 
DNA from the aqueous phase was quantified by real-time PCR using primer pairs specific 
for the TSS (-87 to -17 relative to the start site; left panel) and 3’UTR (10bp to 97bp after 
the Stop codon; right panel). All results were normalized to rDNA (77bp) and referred to 
MIP-wt. They are presented as the ratio of DNA recovered from crosslinked cells divided 
by the amounts of the same DNA in the corresponding non-crosslinked samples. The data 
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therefore reflect the degrees of nucleosome depletion in the respective genomic regions. 
Representatives of triplicate experiments with standard deviations are shown. 

 
Figure 5. Pol II (C) and Pol II Ser2 (D) binding at the promoter and 3’ UTR of MIP-1α 
variants analyzed by ChIP. ChIP was performed by cross-linking of 293 cells stably ex-
pressing MIP-1α variants, sonication, incubation by the appropriate antibody and collec-
tion of bound DNA by sepharose A beads.  Precipitated DNA was quantified at the pro-
moter and 3’ UTR of mMIP-wt, mMIP-0 and mMIP-42. The first exon-intron-junction of 
GAPDH was used as internal control. Results were expressed as input to output ratio. 
Polyclonal rabbit Anti-FLAG antibody served as a negative control. The mean of three 
independent experiments is shown. 

 
Figure 6. Expression analysis of MIP-1α hybrids. On the basis of mMIP-0 and mMIP-42, 
gene hybrids with different CpG distribution were generated by fusion PCR, followed by 
stable transfection into 293 Flp-InTM cells (left panel). Cytokine expression of the 
respective gene variants was analyzed by ELISA. The mean and standard deviations of 
three experiments is shown. 

 
Figure 7   Genome-wide correlation of CpG frequency and expression levels. 

A: CpG frequency of the 5% highest and 5 % lowest expressed genes in three different 
human cell lines: H1-hESC (upper), HepG2 (middle) and HeLa (lower panel). Frequenci-
es are exemplarily displayed within the first 500 bp, starting from the transcription start 
site (TSS, left), +/- 250 bp around the gene centre (middle) and the last 500 bp of all ge-
nes, ending with the transcription termination site (TTS, right). Every symbol indicates 
the CpG frequency at the corresponding position, lines denote linear regression lines. At 
the TSS, the CpG frequency of high expressed genes is up to 2-fold higher compared to 
low expressed genes. The occurrence of CpG dinucleotides decreases towards the gene 
centre and stays at a low level for highly expressed genes, while low expression correlates 
to increased CpG values around the TTS. 
B: Venn diagrams display the overlap of high (right) and low expressed genes (left panel) 
of the three different cell lines. While the overlap of high expressed genes is about one 
third (27.63%) there is almost no compliance of the low expressed genes (0.56%). In 
absolute numbers, 1029 genes for each high and low datasets were assayed for H1-hESC, 
1451 for HepG2 and 977 for HeLa 

 Table 1 

 murine MIP-1α human MIP-1α murine GM-CSF human GM-CSF 

Po-
licy wt opt -

CpG 
+ 
CpG wt opt - 

CpG 
+ 
CpG wt opt - 

CpG 
+ 
CpG wt opt - 

CpG 
+ 
CpG 

CpG 7 13 0 42 8 11 0 43 11 21 0 61 10 12 0 63 

CAI 0.7 0.9 0.9 0.7 0.7 0.9 0.9 0.7 0.7 0.9 0.9 0.7 0.8 0.9 0.9 0.7 

GC 51 58 53 63 57 56 57 63 50 61 53 61 57 59 53 63 

TpA 7 7 8 5 6 10 7 4 17 6 11 6 7 10 9 5 
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A (H1299 - transient) CMV promoter B (H1299 - transient) CMV promoter 

  

C (H1299 - transient) CMV promoter D (H1299 - transient) CMV promoter 

  

Figure 1 
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A (293T - stable) CMV promoter B (CHO - stable) CMV promoter 

  

C (CHO - stable) EF1a promoter D (CHO - stable) CMV promoter 

 
 

Figure 2  
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Figure 3 
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Table 2 

 mMIP-wt mMIP-0 mMIP-13 mMIP-42 

Protein in cell supernatant 

(ELISA) 
1.0 0.2 3.1 11.8 

mRNA in the nucleus (Northern 

Blot) 
1.0 0.3 0.9 2.6 

mRNA in the cytoplasm (Northern 

Blot) 
1.0 0.2 1.0 4.0 

mRNA in the nucleus (rtPCR) 1.0 0.2 1.9 3.4 

mRNA in the cytoplasm (rtPCR) 1.0 0.1 1.8 3.0 

de novo RNA (Nuclear run on) 1.0 0.3 1.3 3.5 
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Figure 5 
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Figure 7 
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