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Abstract: 

 
 The precise spatial and temporal control of gene expression is an essential aspect of life. 

Every living organism, wether bacterial or eukaryotic, unicellular or pluricellular, requires that 

the genes encoded by its DNA be transcribed at the right time and according to the requirements 

imposed by its environment. Failure to do so can lead to dangerous situations, ranging from cell 

death to tumourigenesis, and including aberrant response, such as diabetes. Transcription, the first 

step of gene expression, has been studied in a great variety of ways, and the scientific community 

has accumulated vast knowledge on the particularly complex mechanisms involved. The controls 

and dynamics of these processes have both been studied in vitro and in vivo; however, many 

questions remain, notably when it comes to control of transcriptional activation. This document 

recapitulates my work during these last 4 years in the field of transcriptional dynamics. I have 

opted for an approach based almost exclusively on advanced fluorescence microscopy 

techniques. The reason for this choice is that microscopy gives us a very powerful temporal 

resolution of cellular processes. It is now the preferred way for the investigation of in vivo 

dynamics. The use of microscopy also allows the experimentator to study cells from a same 

sample individually, thereby avoiding so called « averaging bias » inherent to other sample based 

methods. This work describes the methodologies that have been developed during these past 4 

years, the results these new techniques have yielded, and the questions and prospects that they in 

turn lead to. 
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Résumé: 

 
 Un des aspects essentiels du vivant est la capacité de contrôler spatialement et 

temporellement l'expression génétique, et ce d'une façon très précise. La portion exprimée du 

génome de chaque être vivant varie continuellement en fonction du temps, elle est en partie 

dictée par l'environnement de la cellule, qu'elle soit d'organisme unicellulaire, pluricellulaire, 

prokaryote ou eukaryote. Un défaut dans le contrôle de la transcription peut avoir des 

conséquences particulièrement dangereuses, allant de la mort cellulaire à la prolifération non 

contrôlée, en passant par les cas de réponses inadaptées à un signal environnant, par exemple 

certains diabètes. La transcription est la première étape de l'expression génétique et à ce titre ce 

processus a été longuement étudié par de très nombreuses approches. Notamment, la dynamique 

et le contrôle de la transcription a été l'objet de nombreuses recherches in vitro et in vivo. 

Cependant, de très nombreuses questions demeurent, en particulier en ce qui concerne le contrôle 

dynamique de l'activation de la transcription. Cette thèse récapitule mes 4 dernières années de 

travail dans ce domaine. J’ai choisi de mener une étude de la transcription axée quasi-

exclusivement sur des techniques de pointe en microscopie à fluorescence. En effet, la 

microscopie offre la possibilité d'étudier in vivo un phénomène avec une résolution temporelle 

inaccessible par d'autres moyens. Par ailleurs, la microscopie permet également de franchir la 

barrière du « biais de moyenne » qui existe lorsque l'on étudie une population plutôt que des 

individus. La microscopie permet d'étudier chaque cellule d'un même échantillon de façon 

indépendante, permettant ainsi d'étudier les disparités au sein même d'un éhantillon, et 

notamment d'observer des phénomènes exceptionnels qui seraient passés inaperçus avec des 

methodes biochimiques. Cette thèse decrit les methodologies qui ont été développées durant ces 4 

dernières années, les résultats que ces nouvelles techniques nous ont permis d'obtenir, et discutera 

des questions et des perspectives soulevées par ces résultats. 
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Chapter 1 Introduction 
 

Gene expression and RNA Polymerase 2.  

 

Living cells all possess DNA molecules which contain a certain number of 

genes. These genes are sequences of DNA which encode the necessary information 

for a cell to produce proteins at the proper time. The expression of these genes 

requires the combination of multiple processes, usually grouped into two cell 

functions called transcription and translation. During transcription, the gene 

sequence is copied into molecules of messenger RNA (mRNA), which then serve 

as templates for the production of proteins during translation. This thesis explores 

the dynamics of transcription, the first step of gene expression. Transcription in 

itself is already a phenomenon composed of a great number of processes, and its 

actors are far too numerous to be all presented in my introduction. In this first 

chapter, I will therefore emphasize on a few of them, which I have found to be the 

most relevant when it comes to transcriptional dynamics. I will leave aside most of 

the general transcription complexes, especially those involved in initiation and 

chromatin remodeling, such as the mediator complex, the TBP and the TAF 

proteins, the SAGA and FACT complexes. I will emphasize more on the actors 
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controlling transcription of specific genes and the initiation to elongation transition. 

In particular, I will provide a detailed review of the dynamics and regulations 

processes of these actors, which I have found to be involved in a phenomenon I 

have observed during the activation of a gene array. Phenomenon which I will 

describe in a later chapter. 

 

Transcription is catalyzed by RNA Polymerases. These enzymes are capable 

of copying one strand from a double stranded RNA molecule, into a single stranded 

RNA. It does so by allowing ribonucleotide triphosphates (rNTP) to align with the 

template DNA strand by Watson and Crick pairing. When the rNTP is aligned in 

the catalytic center of the enzyme, polymerization is catalyzed, adding the 

ribonucleotide to the nascent RNA, the energy necessary for this operation being 

provided by the triphosphate moiety of the rNTP. The polymerase may then move 

on to the next base to copy, and start over. In eukaryotes, protein encoding genes 

are transcribed exclusively by RNA Polymerase 2 (RNAP2). This enzyme is a 

550kDa multiprotein complex of 12 subunits, the largest of which is Rpb1. This 

particular subunit carries the catalytic center of the complex and is of particular 

interest as its carboxy terminal domain (CTD) is a tandem repeat of the heptamer 

Tyr-Ser-Pro-Thr-Ser-Pro-Ser serving as a regulation hub where phosphorylations of 

the serines in position 2, 5 and 7 as well as several other modifications serve as a 

regulation code. There are 52 repeats of the heptamer in the human Rpb1. This  
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Figure 1: Post translational modifications of the carboxy terminal domain of RNA Polymerase 2. Upper 
panel: the list of all the possible post translational modifications. Each heptamer may present one 
combination of modifications out of the 32 possible combinations. Studies suggest that the recognized 
motif is however not the heptamer, but the pair of heptamer, increasing the number of combinations to 
64. Furthermore, combinations might have different effects depending on whether they are presented by 
a proximal or a distal heptamer. Lower panel: phosphorylation patterns of the CTD may recruit different 
components necessary for co-transcriptional processes such as splicing or chromatin decondensation. 
(From Egloff and Murphy, 2008) 
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CTD is subject to various reversible post translational modifications and acts 

as a sequential anchoring point for various proteins necessary for the completion 

and correct maturation of mRNA, such as capping or splicing enzymes (Egloff & 

Murphy 2008; David L Bentley 2005; McCracken, Fong, et al. 1997). It is 

interesting to note that the modifications of the CTD vary as RNA Polymerase 2 

transcribes the gene. Therefore, the modifications on the CTD may serve to indicate 

at what stage RNA Polymerase 2 is.  

 

RNA Polymerase 2 is recruited to the promoter of genes by the Pre-Initiation 

Complex (PIC), composed usually of 6 general transcription factors: TFIIA, TFIIB, 

TFIID, TFIIE, TFIIF and TFIIH. The PIC's role is to position RNA Polymerase 2 at 

its proper starting point and prepare it for transcription (Kornberg 2007). As RNA 

Polymerase 2 is recruited, TFIIH, phosphorylates the CTD at serine 5, signaling the 

initiation of transcription and the recruitment by the CTD of capping enzymes 

(David L Bentley 2005). After transcribing a few bases, RNA Polymerase 2 enters 

promoter proximal pausing due to the association of the DRB sensitivity inducing 

factor (DSIF) and negative elongation factor (NELF). DSIF is a complex composed 

of the Spt4 and Spt5 proteins (Kaplan et al. 2000; Winston 2001). It was first 

discovered because it is essential for the sensitivity of transcribing units to an ATP 

analog called 5,6-dichloro-1-β-D-ribofuranosylbenzimidazole (DRB), hence its 
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name. When DSIF is present, transcribing RNA Polymerases 2 stall upon addition 

of DRB, whereas they do not in the absence of DSIF. However, it seems that DSIF 

is essentially a positive transcriptional factor (Morillon et al. 2003; Rondón et al. 

2003). It has become apparent that in fact, NELF is the real negative elongation 

factor. NELF is composed of 5 subunits: NELF-A, NELF-B, NELF-C, NELF-D, 

NELF-E. It blocks transcription of RNA Polymerase 2 near the promoter, perhaps 

to ensure elongation does not occur without the 5’ capping of nascent transcripts 

and that the CTD of RNA Polymerase 2 is properly modified to recruit co 

transcriptional factors.  

 

In vivo, it seems that DSIF binds directly to the initiated RNA Polymerase 2. 

NELF then binds to the polymerase and DSIF complex, thus inhibiting elongation 

of nascent transcripts (Y Yamaguchi et al. 1999; Yuki Yamaguchi et al. 2002). 

NELF, it seems, does not bind to RNA Polymerase 2 or DSIF individually. Pausing 

caused by NELF lasts as long as NELF itself is not phosphorylated by the positive 

transcription elongation factor b (P-TEFb). P-TEFb is a complex composed of the 

CDK9 kinase and a Cyclin. In Human beings, this Cyclin can be either Cyclin T1 

or Cyclin T2 (Fu et al. 1999; J Peng, Marshall, et al. 1998; J Peng, Y. Zhu, et al. 

1998). The P-TEFb complex phosphorylates different substrates via its CDK9 

component: its major substrate seems to be the second serines on the CTD of RNA 

Polymerase 2 (Isel & Karn 1999). A modification which will allow subsequent 
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recruitment of co-transcriptional factors by the CTD (Egloff & Murphy 2008). P-

TEFb also phosphorylates NELF and DSIF. The phosphorylation of NELF detaches 

it from the transcribing RNA Polymerase 2, releasing it into productive elongation 

(Fujinaga et al. 2004). On the other hand, when the Spt5 subunit of DSIF is 

phosphorylated, DSIF remains with RNA Polymerase 2, and becomes a positive 

elongation factor (D.-K. Kim et al. 2003; J. B. Kim & P. A. Sharp 2001; Yamada et 

al. 2006; Ivanov et al. 2000). 

 

P-TEFb appears as an essential factor for transcription. In fact, it seems that 

the vast majority of class II genes in human beings requires P-TEFb to be 

transcribed. It is therefore not surprising that this complex is strongly regulated 

inside the cell. It has been shown for example that phosphorylation of threonine 

189 on Cdk9 is necessary for full enzymatic activity of P-TEFb (R. Chen et al. 

2004; Q. Li et al. 2005). Also, the fact that Cdk9 has different Cyclin partners may 

imply a regulation of P-TEFb by these Cyclins. But the strongest evidence for a 

regulation is that P-TEFb can reversibly bind both a protein called Hexim and a 

small nuclear RNA (snRNA) called 7SK (V T Nguyen et al. 2001; Annemieke A 

Michels et al. 2004; Z Yang et al. 2001; Yik et al. 2003). This larger complex of P-

TEFb is composed of two P-TEFb factors, bound to a dimer of Hexim proteins and 

a single 7SK snRNA (Q. Li et al. 2005; Blazek et al. 2005; Egloff et al. 2006; 

Dulac et al. 2005). When P-TEFb is assembled in this larger complex, it is unable  
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Figure 2: P-TEFb regulation in mammalian cells. P-TEFb is an essential general transcription factor 
required for the transcription of most class II genes. Correct timing of transcription in activatable genes is 
often carried out by controlling P-TEFb recruitment. It is present in a dynamic equilibrium of active P-
TEFb and a large complex of inactive P-TEFb (percentages give the relative abundance of both complexes 
in a normal situation). The smaller complex of P-TEFb is the only complex capable of phosphorylating 
DSIF, NELF and the Serine 2 of the RNA Polymerase 2 CTD (1). Inhibiting the action of P-TEFb with DRB 
will unbalance the equilibrium in favor of the small complex. High levels of RNA will modify the 
equilibrium in favor of the large inactive complex, perhaps in a general feedback system that maintains 
steady RNA levels.  
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to phosphorylate its substrates. Very interestingly, this larger complex is 

predominant in many cell lines, but inhibition of transcription destabilizes the 

equilibrium in favour of the enzymatically active P-TEFb. This seems to indicate 

that this large complex is a form of regulation of transcription, and at the same time 

a pool of readily available P-TEFb, in case of need (V T Nguyen et al. 2001; Z 

Yang et al. 2001).  

 

Controling gene expression: the role of transcription factors. 

 

The protein content of a cell depends on the tissue it belongs to, as well as 

environmental conditions. Gene expression is therefore tightly regulated along the 

life of a cell, and at a given time, only a certain pool of the genes of a cell will be 

expressed. At the transcriptional level, this control is carried out by a vast number 

of proteins called transcription factors. Some of these factors are required for the 

efficient transcription of all genes, and are therefore termed general transcription 

factors. Others will only activate a subset of genes; these are called specific 

transcription factors. Some still will only be active in certain conditions, for 

example in the presence of a specific molecule or during certain types of stress. In 

human beings, more than 5% of the genes encode transcription factors; this is a 

very large proportion, considering that human beings are composed of a great 
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variety of cell types, each with its own palette of proteins (Tupler et al. 2001). This 

underscores the importance of a precisely controlled gene expression, and 

consequently the importance of transcription factors. 

 

Specific transcription factors are usually « modular » in the sense that the 

binding of the transcription factor to the DNA and the activation of transcription are 

carried out by different regions of the protein. Transcription factors must be able to 

stimulate transcription of their target genes and their target genes only. They are 

therefore required to be able to bind specific loci. This capability is conferred by 

the DNA binding domain. As its name implies, the DNA binding domain is the 

portion of the transcription factor which is capable to bind specific DNA sequences. 

The structure of many of these DNA binding domains have been solved and have 

provided great insight into how these proteins can bind DNA in a sequence specific 

manner. This is usually achieved by lodging an α-helix into the major groove of the 

double stranded DNA. In fact, all major DNA binding domains with a known 

characteristic structure (both zinc-fingers, helix-turn-helix domains, leucine zipper, 

basic domains) were found to interact with their recognition sequence inside the 

major groove (Glover & Harrison 1995; M. S. Lee et al. 1989; Nardelli et al. 1991; 

Treisman et al. 1992). Although this interaction between the α-helix and the DNA 

defines the sequence specificity of the transcription factor, other elements are 

essential to its binding. Notably, other structures such as leucine zipper or zinc  
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Figure 3: Transcription factor subtypes. 1) Transcription factors are modular proteins or complexes of 
proteins, where the DNA binding domain and the transactivating domain are separated. 2) Different 
categories of DNA binding domains. These are structural types identified through sequence alignments 
and crystallographic studies. (From Latchman, 2008). 3) “Structural” categories of activating domains. 
These correspond to general amino-acid enrichment. 4) The functional classification of activating 
domains originally described by Blau and colleagues. It has so far not been linked to structural categories 
of activating domains.  



17 
 

finger motifs are required for the proper interaction of the transcription factor with 

DNA, although these motifs themselves do not directly interact with DNA. This is 

usually done by stabilizing the helix that will contact the binding elements on the 

DNA. In the case of leucine zippers, they also contribute to the sequence specificity 

and regulation of DNA binding. Other elements also contribute by stabilizing the 

transcription factor on its recognition sequences. In the case of POU for example 

the POU domain contacts DNA sequences adjacent to the DNA sequences bound 

by the homeodomain of the same transcription factor, in a helix-turn-helix motif 

(Klemm et al. 1994). 

  

It is also possible to indirectly recruit an activating domain to a DNA 

sequence in order to achieve transcriptional activation, and there are natural 

occurrences of this, such as the viral factor VP16 from the herpes virus, which 

binds to its target sequences via the Oct-1 protein provided by the host cell 

(Wysocka & Winship Herr 2003). Another example is the Tat protein, which binds 

to the nascent RNA of the HIV long terminal repeat in order to boost the 

completion of the transcript (Brady & Kashanchi 2005). The DNA binding domains 

of transcription factors have been extensively studied ever since the discovery of 

the first sequence specific DNA binding protein by Dynan and Tjian in 1983 

(Dynan & Tjian 1983).  

 



18 
 

When it comes to activating domains, three major structural classes have 

been identified, namely the acidic domains, the proline-rich domains and the 

glutamine-rich domains (Triezenberg 1995). In 1998, Blau et al. managed to 

identify 3 functional classes of activating domains by fusing the activation domains 

of various existing transcription factors to the DNA binding domain of Gal4 (Blau 

et al. 1996). According to that study, transcription factors may stimulate initiation 

of transcription of a given gene (class I), the elongation of nascent transcripts (class 

IIa), or both initiation and elongation (class IIb). The function of the various 

structural classes has been studied but so far no clear links could be made between 

the structural classes and the three functional classes identified by Blau et al. 

 

Direct recruitment of a stretch of acidic amino acids, prolines or glutamines 

to the promoter of a gene is enough to activate the gene, suggesting that it is the 

global amino acid enrichment per se of the activating domain of transcription 

factors that is important (Ferreira et al. 2005; Gerber et al. 1994). Corroborating 

this hypothesis further is the fact that point mutations of various activating domains 

are not enough to completely abolish transcriptional activation. There are however 

some hydrophobic amino acids that seem to stabilize the interaction between the 

activation domain and general transcription factors; for example asparagines 472, 

phenylalanine 479 and leucine 483 of VP16 stabilize its interaction with TFIID 

(Uesugi et al. 1997). The mutation in VP16 of phenylalanines 442, 473, 475 and 
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479 to arginines also strongly affects the function of VP16, which retains its 

capacity to stimulate initiation, but loses its capacity to stimulate elongation (Blau 

et al. 1996). There are also strategies other than the use of typical activation domain 

structures to stimulate transcription. One example of this is the previously 

mentioned HIV-1 protein Tat. Tat is also a modular protein, which binds 

specifically to TAR, an RNA structure present at the very 5' of the HIV LTR 

transcripts. It also specifically binds to P-TEFb and therefore stimulates elongation 

of these transcripts by recruiting P-TEFb to nascent HIV transcripts (Brady & 

Kashanchi 2005). 

 

In addition to the stimulation of transcriptional initiation and/or elongation, 

specific transcription factors may also stimulate the decondensation of chromatin. 

The decondensation of chromatin is essential to transcription, as the transcriptional 

machinery must have a fairly good access to the DNA sequence in order to 

transcribe genes. However, chromatin decondensation per se is insufficient for 

transcription to occur (King & Robert E. Kingston 2001; J Wong et al. 1997). The 

ways by which transcriptional activators can decondense chromatin is diverse. The 

recruitment of RNA Polymerase 2 holoenzymes in itself does remodel chromatin, 

as SWI/SNF is part of the holoenzyme (Greenblatt 1997; Myer & Young 1998). 

SWI/SNF and NURF are multiprotein complexes that can alter chromatin structure, 

hydrolyzing ATP in the process (Muchardt & Yaniv 1999). These factors can be 
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recruited to specific loci by other factors, and modify the chromatin to a 

transcription permissive state. A typical example of this is the recruitment of NURF 

by GAGA factor to heat shock genes; these genes are therefore constantly ready for 

transcription, which will be activated by the binding of heat shock factor (Wilkins 

& J T Lis 1997).  

 

The opening of chromatin by transcriptional activators is usually not solely 

due to ATP dependant chromatin remodeling factors. This remodeling is usually 

combined to post translational modifications of histones. In fact, many transcription 

factors recruit co-activators such as CBP or PCAF that can acetylate lysine residues 

on histones. This histone acetyl-transferase (HAT) activity is sometimes found on 

general or specific transcription factors themselves (Doi et al. 2006; Mizzen et al. 

1996). The acetylation of histones is associated to an opening of chromatin. 

Furthermore, acetylation of lysine 9 on histone 3 (H3K9) blocks the methylation of 

that lysine, a methylation that promotes condensation of chromatin. As can be 

expected, this last modification is also targeted by some transcriptional activators, 

which recruit the JHDM2A histone demethylase (Yamane et al. 2006; Whetstine et 

al. 2006). 

 



21 
 

Mechanisms of gene repression. 

 

The correct expression of genes in time not only requires that transcription be 

activated at the correct time, but also that it stops when no longer needed, or when 

the protein is present in sufficient numbers. This is just as crucial as timely 

activation, as some proteins are part of a dynamically balanced system which must 

not be disturbed as it could have dramatic effects such as cell death or cancerous 

proliferation. It is not surprising therefore that there are ways in a cell to repress 

transcription, along with ways to express them. We noted in our previous chapter 

that transcription requires a number of events, ranging from chromatin 

decondensation, formation of the preinitiation complex, initiation of RNA 

Polymerases, and finally elongation of transcription. Transcriptional inhibitors have 

been shown to target these same steps in cells. 

  

For some of the transcriptional inhibitors found so far, the way the inhibition 

takes place is quite clear. One of the simplest mechanism of repression is simply to 

occupy the binding site of a transcriptional activator. The repressor, lacking the 

activator domains, then simply appears as an antagonist of the transcriptional 

activator. The Sp3 transcriptional repressor for example functions in this way and 

blocks Sp1 binding sites (L Lania et al. 1997). Another obvious way to repress 

transcription is simply to condense chromatin. Although decondensed chromatin on 
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its own is not enough to activate transcription, it is absolutely necessary for 

chromatin to be decondensed in order for transcription to occur. Obviously, factors 

which would bind to genes and cause the DNA to locally condense will block 

transcription. And such factors are naturally present; an example is the polycomb 

factor, which causes chromatin condensation by methylating lysine 9 and lysine 27 

on histone 3 (H3K9) protein (Czermin et al. 2002; J. Müller et al. 2002; Ringrose et 

al. 2004). Other factors also deacetylate histones, destabilizing the open chromatin 

structure of genes, and causing them to recondense. More generally, the absence of 

transcription on a locus will eventually lead to condensation of chromatin. This 

allows efficient packing of the DNA, but is an additional block that needs to be 

alleviated when genes are being activated. 

 

The compaction of chromatin can be read out through a series of post-

translational modifications sometimes referred to as the « histone code », not unlike 

the « CTD code » of RNA Polymerase II. Histones are octamers of the proteins 

H2A, H2B, H3 and H4, each protein being present twice. DNA can wind twice 

around the octamer, forming the basic block of chromatin, the nucleosome, which 

compacts about 150 base pairs of DNA. The N-terminal tail of histones contain a 

series of residues which can bear a large palette of post-translational modifications, 

the most well known of these being the acetylation and methylation of lysines or 

arginines. 
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Table 1: The histone code and chromatin state. The four proteins composing histones, H2A, H2B, H3 and 
H4 may carry various different reversible post translational modifications. Cytosine bases on the DNA 
may themselves be methylated. These modifications may either permit or repress transcription. (From 
Berger 2007) 
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There are other factors however which produce the specific inhibition of 

genes in a way yet to be discovered. These factors apparently bind to the promoter 

area of their target genes and disrupt the preinitiation complex, or blocks the 

phosphorylation of RNA Polymerases, thereby stopping these from entering 

elongation. For example the already mentioned NELF protein complex, which 

blocks transcriptional elongation and is displaced after phosphorylation by the P-

TEFb complex. Such inhibiting factors have molecular mechanisms which have yet 

to be elucidated. 

 

Transcription factor regulation. 

 

In many cases, cells need to rapidly express certain genes, for example when 

exposed to environmental changes or certain molecules. Often these cases require a 

very quick transcriptional response. However, expressing these genes continuously 

in the absence of stimuli is very costly to the cell. Continuous expression of such 

genes might also hamper other essential processes of the cell. This requires a 

switching mechanism by which the cell will express the required gene only when 

the proper stimulus is present. 
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It has been shown that specific transcription factors are the key to this 

control. There are transcription factors that are present at all times in the cell, albeit 

in an inactive form. It is only upon stimulation of the cell that these factors gain 

their activity. 

 

The types of stimuli that the cell may encounter can be very different, ranging from 

physical stresses such as heat shocks to a change of energy source, and comprising 

defensive responses to toxic molecules such as antibiotics or heavy metals. The 

means by which transcription factors switch from an inactive form to an active one 

are just as different. 

 

Some transcription factors require the binding of a ligand in order to become 

active. At this time, this is by far the most common control mechanism encountered 

in cells, and ligands can be anything from toxic or unwanted molecules like heavy 

metals or antibiotics to energy sources such as galactose in yeast, or hormones in 

multicellular organisms. The interaction between the ligand and the transcription 

factor can have varying effects from one transcription factor to the next. All imply a 

change of conformation, but for example the binding of Ace1 to copper ions in 

yeasts results in binding of Ace1 to the promoter of the metallothionein gene, and 

its consequent transcription (Thiele 1992). In a totally different scenario, when the 
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thyroid hormone receptor binds its ligand, its DNA binding capability remains 

unchanged. The presence or absence of the ligand doesn’t change the fact that this 

receptor remains bound to its target sequences. What the ligand does do is modify 

the receptor so that instead of binding co-repressors, it binds co-activators, resulting 

in activation of the target gene (Brzozowski et al. 1997; Wurtz et al. 1996).  

 

This mechanism is very much related to that of other transcription factors of 

the nuclear receptor family. These may bind specific molecules that have little or no 

impact on their DNA binding capability, but modifies the receptor so that it may 

bind a co-activator (Brzozowski et al. 1997; Willmann & Beato 1986). 

Interestingly, some of these nuclear receptors, of the steroid receptor family, 

apparently have another control mechanism. In the absence of their ligands, these 

receptors are sequestered in the cytoplasm, in complex with a chaperone protein, 

hsp90 (Pratt 1997). When the cell is subjected to hormone treatment, the interaction 

between the receptor and hsp90 is disrupted, and the receptors translocate to the 

nucleus where they may bind their target sequences.  

 

The regulation of a transcription factor activity by relocating it to a different 

compartment than the nucleus is a mechanism shared with some other transcription 

factors, for example Yap1, which locates to the nucleus only when levels of 

oxidative stress are high (Wood et al. 2003; Wood et al. 2004). However, although 
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Yap1 is exported out of the nucleus when oxygen levels lower, the same does not 

happen to steroid hormone receptors when hormone levels are depleted. In fact, 

when these receptors bind to their ligands and translocate to the nucleus, they 

remain there even after removal of the hormones, although they are in an inactive 

form. It is only upon the next cell division that these return to the cytoplasm.  

 

It seems that steroid receptors are therefore regulated at two levels, but it 

would be very interesting to know why these receptors are sequestered in the 

cytoplasm in the first place, knowing that in the situation of a living organism, 

exposure to steroid hormones occur on a daily basis, and that the cell cycle is 

usually longer than a day, meaning that in physiological conditions, the steroid 

receptors will basically always be in the nucleus. This sequestering of the receptors 

in the cytoplasm by hsp90 therefore seems unnecessary, but the cost it implies for 

the cells does not point towards the fact that it may just be an evolutionary relic. 

Interestingly, the nuclear retention of steroid hormone receptors after ligand 

withdrawal is also mediated by hsp90, which is normally present in both the 

cytoplasm and the nucleus (Tago et al. 2004). 
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Figure 4: Strategies of transcription factor regulation. Transcription factors can be regulated by three 
main strategies: sequestering out of the nucleus (1), modification of transcription factor binding affinity 
(2) or modification of transcription factor transactivation potential (3). The actual method by which these 
regulation steps are achieved differs from one transcription factor to the next. They may imply direct 
binding to a ligand, binding to another cellular component or post translational modifications. 
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The nuclear chaperone hsp90 also has an important role in regulating another 

transcription factor: the Heat Shock Factor (HSF) (Zou et al. 1998). In a normal 

situation, HSF is also sequestered by hsp90, and is released upon heat shock, 

perhaps because hsp90 is required to refold other proteins that might have been 

denaturated by heat. The free HSF may then trimerize into its active form with the 

help of eEF1A and HSR1 (Kugel & Goodrich 2006; Shamovsky et al. 2006). It can 

then bind to Heat Shock Elements (HSE) on the DNA. The final requirement before 

it can stimulate transcription is a phosphorylation of serine 230 (Holmberg et al. 

2001). Converting HSF from an inactive form to an active one is therefore a 

lengthy process, with regulations at multiple levels, but all responding to a single 

stimulus. Interestingly, most of these steps are actually skipped in the yeast 

Saccharomyces cerevisiae, where HSF is already in a trimer state on HSE prior to 

heat shock, and heat shock simply triggers its phosphorylation (Sorger et al. 1987). 

This seems to be a singularity as in the related yeast Schizosaccharomyces pombe, 

the heat shock regulation follows the longer pathway involving trimerization of 

HSF, binding to HSE and subsequent phosphorylation (Gallo et al. 1991). 

 

Switching HSF from an inactive form to an active one does not require it’s 

binding to a ligand, but instead involves transient interactions with a number of 
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other cellular components, be they proteins (eEF1A) or RNA molecules (HSR1). 

HSF is not the only transcription factor regulated by other cellular components. 

Another well known example of this is NFκB, which is also retained in the 

cytoplasm by an inhibitory protein called IκB (Y. Yamamoto & Richard B Gaynor 

2004; A Hoffmann et al. 2006; Alexander Hoffmann & Baltimore 2006). More 

generally, regulation of transcription factors can be carried out not by a ligand but 

other proteins which can have a negative or a positive effect on the transcription 

factor’s activity as long as they are bound to it. We have seen that this interaction 

may have an effect on the transactivating capabilities (as in the thyroid hormone 

receptor), or the binding affinity of the transcription factor (for example NFκB). 

These interactions may yet have another effect, this time not on binding affinity but 

on binding specificity. The Jun transcription factor for example may bind to 

different elements on the DNA. In its homodimer form, Jun binds strongly to AP1 

elements, but when it is in an heterodimer form with CREB, it will lose its affinity 

for AP1 sites in favor of CRE sites (Jones 1990; P. Lamb & McKnight 1991). 

 

As with RNA polymerase 2 and histones, transcription factors may be 

subjected to post translational modifications by various enzymes. Modifying the 

transcription factors in this way is yet again another way to regulate their activity, 

without needing a ligand or the association of another cellular component. The 

aforementioned CREB and HSF factors require phosphorylation in order to be 
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active. We have seen that in budding yeast, regulation of HSF relies exclusively on 

its phosphorylation, stating the importance of such post translational modifications. 

Likewise, phosphorylation of CREB is essential, as it allows it to associate with 

CBP, a co-factor necessary for transcriptional induction by CREB (Chrivia et al. 

1993; Shiama 1997). Post translational modifications can not only regulate the 

activating potential of transcription factors, but also other regulatory steps already 

observed, such as DNA binding affinity, an example being the decreased binding 

affinity of Ets-1 as it is phosphorylated (Pufall et al. 2005), or cytoplasmic 

retention. This latter case is observed in the regulation of NfκB. NfκB itself is not 

phorphorylated, however, its inhibitor, IκB is phosphorylated when the cell is 

induced by phorbol ester or interleukin 1 (Y. Yamamoto & Richard B Gaynor 2004; 

Alexander Hoffmann & Baltimore 2006; Hayden & S. Ghosh 2004).  

 

We have seen that phosphorylation is but one of many post translational 

modifications that may occur on proteins involved in transcription or transcription 

related processes, such as RNA Polymerase II or histones. These may also be 

modified through acetylation, ubiquitination and more modifications, all of which 

have great impact on the processes at hand. It is not surprising therefore that this is 

also the case in transcription factors. Acetylation of transcription factors such as 

p53 also have a deep impact on the function of the transcription factor. In the case 

of p53 for example, its acetylation on its C terminal end bestows a greater DNA 
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binding affinity, which in combination with phosphorylation on its N-terminus can 

have a major synergistic effect, as the phosphorylation of the N-terminus inhibits 

its binding to the inhibitory protein MDM2 (Mayo & Donner 2002; Prives 1998).  

 

The more surprising post-translational modification of importance for 

transcription factors is ubiquitination. This modification consists in the addition of 

a 76 amino acid protein called ubiquitin, to the targeted protein. Usually, this 

ubiquitin tag targets the protein for degradation. It is therefore an essential 

component for a correct turnover of a number of proteins, including transcription 

factors, and RNA Polymerase 2 (Kuznetsova et al. 2003). In transcription factors 

however, it has another specific and unique function. In fact, it has been shown that 

activation of transcription by certain factors requires their ubiquitination. A study 

has shown that the acidic activation domain of VP16 was unable to activate 

transcription in yeast in which ubiquitination was deficient. However, if the VP16 

activation domain was ubiquitinated artificially, transcriptional activation was 

rescued (S E Salghetti et al. 2001). This role for ubiquitin might be coupled with its 

involvement in the degradation of the transcription factor. A recent study in fact 

suggests that for the yeast transcription factor GCN4, the factor may bind and 

activate its target genes, after which the activating potential of GCN4 might be 

depleted. Its subsequent ubiquitination would therefore cause it to be degraded, and 

the binding site would be rapidly freed for the binding of a fresh GCN4 molecule 
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with full activating potential (Lipford et al. 2005). 

 

The activation of preexisting transcription factor is a costly mechanism for 

the cell, but permits rapid activation of target genes in critical situations. In this 

chapter we have seen that this regulation of transcription factor activity could be 

carried at different levels, by different means. In effect, it requires the intervention 

of other molecules, which may interact stably or transiently, modifying the 

transcription factor in the process, through changes of conformation or post 

translational modifications. Although these means are quite different, they regulate 

transcription factor activity using the same strategies. In a previous chapter we have 

seen that the activity of transcription factors rely on two essential aspects: binding 

to DNA in a specific manner, and subsequent activation of transcription. The first 

aspect has an obvious prerequisite: the localization of the transcription factor in the 

right cellular compartment: the nucleus. It is not surprising therefore that regulation 

of transcription factors specifically target these crucial steps. The nuclear 

translocation of transcription factors for example can be impeded by binding to 

another extranuclear component, the binding affinity of the transcription factor may 

itself be changed by various means, and so can the transactivating potential of the 

factor. The combination of these various regulatory steps ensures a much tighter 

control of transcription by the cell, and also gives control over different 

transcription factors at the same time, by using common regulatory proteins for 
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different transcription factors. Notably, it may allow the cell to respond 

appropriately to different stimuli with the same palette of transcription factors at its 

disposal. 

 

Transcriptional dynamics. 

 

Biochemical studies have provided great insight into the roles and the 

interactions of various components of the cell involved in transcription. It has 

become clear that the dynamics of these components are of utmost importance for 

gene expression to function correctly. These dynamics comprise the target search 

dynamics of a component of the cell, i.e. how a general or specific transcription 

factor will find its target gene in the nucleus of a cell. It also involves the binding 

and interaction kinetics of the factor with the template DNA and other factors with 

which it interacts. Of course these dynamics may be quite different from a 

transcription factor to the next, and may also differ if the studied component is a 

specific or general transcription factor, a chromatin remodeler, or even a 

component associated with RNA polymerase 2. In this latter case, it is of interest to 

identify which components may affect the processivity and transcriptional kinetics 

of RNA Polymerase 2. Multiple studies have been carried out in the past, using 

both in vitro and in vivo methods, and have shed light on the dynamics of 
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transcription. 

 

Historical in vitro experiments have shown that transcription factors, such as 

the aforementioned glucocorticoid receptor (GR), may bind its recognition 

sequence in a very stable manner (Perlmann et al. 1990). When confronted with 

results obtained in vivo, these results were contradicted. In fact, whereas Perlmann 

and colleagues have found a 108 minute half-life for the interaction between GR 

and its recognition sequence, McNally and colleagues found that in vivo, GR binds 

in a very transient fashion to an array of GR responsive elements (J G McNally et 

al. 2000). Other in vivo studies have shown similar results, where binding of a 

specific transcription factor, on both long and short tandem arrays, is transient 

(Bosisio et al. 2006; Rayasam et al. 2005; Z. D. Sharp et al. 2006; Karpova et al. 

2008). Various estimates of the residence time of a transcription factor on its 

recognition elements show that these factors bind DNA for a few milliseconds to 

around 100 seconds (Hinow et al. 2006; Phair et al. 2004; Sprague et al. 2004; 

Farla et al. 2004). Interestingly, other factors that do not directly bind to DNA, but 

to DNA bound factors show the same transient binding kinetics. For some factors, 

this can be explained by the fact that the cofactor binds to the transcription factor 

and travels with it, thus having the same binding kinetics as the DNA binding 

factor. This is the case for example of the GRIP-1 factor, which apparently binds to 

GR responsive elements in complex with GR (Becker et al. 2002). On the other 
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hand, cofactors that bind to a transcription factor only after the binding of the said 

transcription factor to DNA will have slower exchange kinetics than the 

transcription factor itself. The exchange kinetics of the cofactor are also transient, 

as they transiently bind to a transcription factor which is itself transiently bound to 

DNA. GR also recruits such factors, for example the BRG1 protein, to its 

recognition elements (Johnson et al. 2008). The rapid turnover of transcription 

factors at the promoter of genes may be necessary for a strong transcriptional 

output of the gene. We have seen in a previous chapter that ubiquitination of 

transcription factors may in fact play a role in this sense, by marking transcription 

factors which have already fulfilled their role for degradation. This favors renewal 

of transcription factors on gene promoters, and allows rapid succession of 

transcriptional initiation events (Lipford et al. 2005). However, it seems that the 

proteasome only accounts for part of the turnover of DNA bound transcription 

factors. In fact, studies by FRAP in proteasome deficient samples show that in the 

case of GR, only 5% to 10% of the GR are immobile (Stavreva et al. 2004). A 

similar result was shown for NF-κB, where only 20% of the transcription factors 

remained on the responsive elements when the transcription factors were modified 

to resist the proteasome (Bosisio et al. 2006). Other processes are therefore 

involved in the turnover of transcription factors at gene promoters. Not very 

surprisingly, some of these processes involve regulators of transcription factor 

activity. hsp90, for example, has been shown to be essential for the turnover of GR 
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on tandem arrays (Stavreva et al. 2004). And an in vitro experiment has confirmed 

this important role of hsp90, as GR remains bound to its recognition elements in the 

absence of hsp90, but is essentially dissociated when hsp90 is present (Elbi et al. 

2004). Other chaperones, such as p23 are also involved in the dissociation of 

steroid receptors from their recognition elements (Freeman & K. R. Yamamoto 

2002). Finally, it appears that chromatin remodelers also impact the binding 

kinetics of transcription factors. The dissociation of GR from its recognition 

elements has been shown in vitro to be promoted by the activity of the Swi/Snf 

chromatin remodeling factor (Nagaich et al. 2004; Fletcher et al. 2002). In vivo, it 

has been shown that the Ace1 transcription factor binding kinetics is also dependent 

on the chromatin remodeler Rsc2, with which it interacts directly (Karpova et al. 

2008). It seems therefore that transcription factors, although they have the potential 

to bind their recognition sequences for a long time, do not do so in vivo. Instead, 

more transient specific binding events are preferred.  

 

Transcription factors have also been shown to bind DNA in a non specific 

manner. These non-specific binding events are thought to be part of an optimized 

strategy for finding the transcription factors’ target sequence on chromatin. In 

effect, transcription factors essentially search for their targets by simple diffusion 

(Gorski et al. 2006; T Misteli 2001). Apparent diffusion kinetics were estimated by 

FRAP experiments on fluorescently tagged transcription factors and these have 
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been shown to be very fast (Phair et al. 2004; Sprague et al. 2004; Hoogstraten et 

al. 2002; Stenoien et al. 2001). However, these same experiments show that these 

factors have apparent diffusion coefficients that are much lower than what is 

expected for proteins of the same size (Sprague et al. 2004; Mueller et al. 2008). 

This slower apparent diffusion can be explained by the fact that transcription 

factors can interact with chromatin in a transient and non-specific manner. This 

interaction apparently has a rapid turnover of a few seconds (Phair et al. 2004; 

Gorski et al. 2006).  

 

The privileged target search strategy of transcription factors is therefore one 

where transcription factors will diffuse inside the nucleus until they encounter 

chromatin. This interaction with chromatin is likely to be non specific, due to the 

scarcity of recognition elements for a given transcription factor. Therefore, the 

transcription factor will dissociate easily from the DNA, to once again diffuse in 

the nucleus. As it roams around, the transcription factor may finally bind a target 

element, where it will bind with a much stronger affinity, and therefore activate 

transcription. As we have seen in the previous chapter, the binding at recognition 

elements is also very transient; however, the dissociation at these elements is 

apparently active, whereas the dissociation of a transcription factor from a non 

specific DNA sequence is very likely passive (T Misteli 2001). Recent studies are 

in favor of this model of target search, as FRAP experiments have shown that large 



39 
 

fractions of transcription factors are bound to non specific DNA at any given time 

(Phair et al. 2004), and that single molecules of lac repressors spend the majority of 

their time on non specific sequences of DNA in bacteria (Elf et al. 2007). The non 

specific binding of transcription factors on DNA has given rise to an interesting 

theory in which these binding events are not just random collision events. In this 

theory, the non specific binding events may in fact produce active or passive sliding 

of the transcription factor on the DNA before the factor dissociates again. In this 

way, instead of simply detecting the few base pairs the factor collides with, the 

factor may actually scan hundreds of base pairs situated upstream and downstream 

of the spot it first bound to, optimizing its chances to find a specific target (Gorman 

& E. C. Greene 2008; Halford & Marko 2004). This theory is a direct derivate of a 

phenomenon that has been observed for other DNA binding proteins not involved 

in transcription, such as DNA repair enzymes or restriction enzymes (Gorman & E. 

C. Greene 2008; Halford & Marko 2004; Gowers et al. 2005). However, these were 

in vitro observations, and so far, there are no reports of this phenomenon happening 

in vivo. 
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Figure 5: Nuclear trafficking and target search strategies of transcription factors. Transcription factors 
essentially diffuse in the nucleoplasm of cells. They occasionally encounter chromatin, to which they bind 
transiently (1). It is suggested that when bound to non-specific targets, they may have sliding motions on 
the chromatin (2) resulting in a local (100 bp) exploration for their targets. Alternatively, it may also 
explore the chromatin locally through “hops” of about 400 bp (3), or jump from a strand of DNA to 
another nearby strand. If no target sequences are found, the factor will dissociate passively and diffuse in 
the nucleoplasm (4). If it does encounter a target sequence, the transcription factor will remain bound to 
it and promote transcription. It will dissociate from its target mainly through the action of other proteins 
(After Halford and Marko, 2004).  
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This model of target searching by transcription factors, along with the 

requirements necessary for productive transcription of genes dictates that the DNA 

must be accessible for reading. In eukaryotic cells, DNA is tightly organized into 

higher order structures. This allows the DNA to be packaged into the nucleus of 

cells, at the expense of accessibility. One may therefore ask how a transcription 

factor, or any other DNA binding factor, may have access to specific DNA 

sequences. In order to answer these questions, the dynamics of chromatin 

remodeling needs to be understood. It has been long known that sites which interact 

with transcription factors or transcription related components are localized in 

nucleosome free regions, characterized by their sensitivity to DNase I and 

micrococcal nuclease (John et al. 2008; Wu et al. 1979). Although it was known 

that the displacement or the disruption of nucleosomes at these regions are common 

phenomena (Becker et al. 2002; Aoyagi et al. 2002; Mellor 2005), it was not clear 

at what level these nucleosome free regions were dynamic or static. It seems more 

apparent now that the remodeling of nucleosomes in the cell is in fact highly 

dynamic (Boeger et al. 2008). The fact that transient binding of transcription factors 

to chromatin is strongly mediated by chromatin remodeling factors supports a 

highly dynamic model. The observations of nucleosome free regions that are 

described in fixed cell experiments in fact do not indicate a static state, but a shift 

in the equilibrium of nucleosomes due to rapid transitions, themselves mediated by 

the constant binding of transcription factors and chromatin remodelers.  
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The dynamic recruitment of chromatin remodeling factors by transcription 

factors was recently studied by Rafalska-Metcalf and colleagues, who studied the 

co-recruitment of hybrid transcription factors of different activating potential and 

the chromatin remodeling factors GCN5, Brd2 and Brd4 (Rafalska-Metcalf et al. 

2010). Their approach relied on the study of single cells with a high temporal 

resolution using recent live cell imaging technology. The recruitment of their 

transcription factor and various other proteins to a tetracycline responsive gene 

array could be followed by expressing proteins fused to fluorescent proteins. In 

their study, the transcription factor co-accumulated with GCN5, RNA Polymerase 2 

and Brd4, indicating a highly dynamic binding behaviour. Brd2 however, lagged 

behind by 2 minutes. Although these remodelers were recruited by the transcription 

factor and that histones were acetylated, the presence of RNA Polymerase 2 was 

crucial for full chromatin decondensation. This is perhaps due to the fact that 

SWI/SNF is recruited by RNA Polymerase 2. 

 

There is extensive evidence in the literature that the binding of transcription 

factors and the remodeling of chromatin are both very dynamic events, and to a 

certain extent linked to each other. Evidence also shows that RNA Polymerase 2 

itself is rapidly recruited to promoters by transcription factors. It seems however 

that RNA Polymerase 2 recruited to a promoter is in fact extremely inefficient. In 
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yeast, the recruitment of TBP, TFIIB, TAF1 and Rpb1 different dynamics (Sprouse 

et al. 2008). This suggests that at least some of the complexes involved in 

transcription do not come to the promoter already preassembled. This partly 

explains why the formation of an initiation competent complex is inefficient. It is 

assumed that regulation of gene expression is essentially carried out by regulation 

of initiation (Juven-Gershon et al. 2008). As initiation is intrinsically inefficient, 

this regulation relies essentially on increasing the odds of initiation, by facilitating 

binding of the various transcription factors, and also increasing their residence time 

on the DNA. Stimuli responsive genes, which require fast transcriptional response, 

have another preferred step for regulation (Core & John T Lis 2008; Muse et al. 

2007). In the absence of stimuli, RNA Polymerase 2 are already loaded onto the 

promoter, and have initiated transcription. They are however maintained in a 

promoter proximal paused state, and therefore no mRNA is produced. It is only 

upon induction by the proper stimulus that the polymerases may enter elongation. 

As the initiation step is already bypassed, this mechanism allows a very fast 

transcriptional response, all the while keeping a tight regulation.  

 

In a recent study, Darzacq and colleagues show that on an actively 

transcribing gene array, 90 binding events of RNA Polymerase 2 on the promoter 

are required for the production of a single complete mRNA (Darzacq et al. 2007). 

The data obtained during their study could be fit to a three event model, which 



44 
 

encompassed recruitment to the promoter, initiation and elongation of transcription. 

On and off rates could be obtained, as well as an elongation rate and an estimated 

pausing time of RNA Polymerase 2 on the gene. On this gene array, under control 

of a VP16 activating domain, RNA Polymerase 2 was shown to have an elongation 

rate of 4.3kb/min. Other studies of polymerase elongation rates have produced 

various rates, ranging from 0.4kb/min to 4.3kb/min (Boireau et al. 2007; Kimura et 

al. 2002; Yao et al. 2007). The apparent discrepancy between the different 

elongation rates might come from the fact that FRAP experiments integrate not 

only elongation, but also initiation and any pausing event during transcription. In 

fact, by using FRAP on tagged nascent mRNA instead of RNA Polymerase 2, 

Darzacq and colleagues show that when pausing is taken into account, the 

4.3kb/min elongation rate was reduced to a 0.4kb/min apparent elongation rate 

(Darzacq et al. 2007). 

  



45 
 

 
 
Figure 6: Dynamics of RNA Polymerase 2 transcription. In vivo dynamics of transcription on an artificial 
gene array as estimated by Darzacq and colleagues. This figure recapitulates some of the major findings 
of that study, such as the probability of a polymerase entering a specific transcription step, and the 
average residence time it spends in that state. In the elongation step, transcriptional kinetics and average 
pausing time were also estimated. (After Darzacq et al. 2007.)  
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Some of these kinetics proved to be very useful in determining the general 

transcriptional behavior of a specific gene along the cell cycle. Using such 

parameters from the literature, Zenklusen and colleagues conducted a study in 

which they used a markovian model to describe the genes’ accessibility and the 

transcriptional initiation rate in yeast. By counting the number of complete mRNA 

of a gene and estimating the number of nascent RNAs in the nucleus using single 

molecule RNA Fluorescent In Situ Hybridization (RNA-FISH), they estimated 

which set of rates could describe their data by Monte Carlo simulation (Zenklusen 

et al. 2008). The model they propose is particularly interesting as it can explain 

both extreme transcriptional behaviours referred to as “bursts” and “constitutive” 

transcription, but also all the intermediates between these two extremes. In their 

study, they show that in yeast, most housekeeping genes have a “constitutive” 

mode of expression, whereas some genes such as the SAGA regulated PDR5 gene 

could very well be transcribed in bursts. 

 

Gene expression requires a strong responsiveness, particularly when the cells 

are exposed to some forms of stress, such as a heat shock. Since transcription is the 

first step of gene expression, it is important that this step be controlled as accurately 

as possible. Knowing the dynamics at which RNA Polymerase 2 is recruited at a 

newly activated gene by a given transcription factor can give us valuable 

information on how fast a cell may start expressing a gene, and how some 
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deregulations in gene expression levels might occur in certain forms of diseases or 

cancers. The behavior and processivity of pioneering RNA polymerases 2 along a 

newly activated gene is also an important field of study in order to further research 

on the efficiency of early transcription and co-transcriptional processes. Studies of 

gene activation have been carried out at a single cell level, for example on the heat 

shock gene Hsp70, in drosophila polytene chromosomes (Yao et al. 2007; Yao et al. 

2006). In this particular gene, heat shock factor (HSF1) is tightly bound on the 

promoter of the gene, in a singular manner compared to other transcription factors 

which we know bind DNA with very fast dynamics. The Hsp70 gene is one of the 

many genes which are poised for transcription even when heat shock is absent. It is 

therefore not surprising that transcription of that gene occurs rapidly after induction 

by heat shock. Interestingly however, the loci of heat shock responsive genes 

intensively recruit RNA Polymerase 2 molecules upon activation, until at some 

point the number of enzymes remains constant at these loci. BrdU staining 

confirms however that the genes are still actively transcribed at that stage, 

suggesting a local recycling of polymerases (Yao et al. 2007). It is not known if this 

is due to a reorganization of the loci into compartments, or to simple mass effect, 

but either case leads to the same observation that polymerases reengage into new 

rounds of transcription once they have ended the previous one. Other studies show 

a very fast activation of gene arrays that were designed in a way that they should 

not be poised for transcription prior to induction (Rafalska-Metcalf et al. 2010; 
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Janicki et al. 2004).  

 

Following activation, it is frequently observed that transcriptional output 

follows oscillations. This was observed in many systems, and probably results from 

the complex and reversible interactions between the components necessary for 

transcription and the DNA template (Karpova et al. 2008; Z. Kang et al. 2002; 

Shang et al. 2000; Y. Liu et al. 2006; Väisänen et al. 2005; Sharma & Fondell 

2002). In other systems such as the glucocorticoid receptor, this is limited to a 

single cycle (Becker et al. 2002; Qiu et al. 2006; John et al. 2009). The cycling of 

transcription demonstrates the importance of studying these processes at the single 

cell level. As activation and therefore cycling could be asynchronous, using a 

population wise study instead of a cell wise study would miss the cycling behavior, 

and transcription would appear as a non cycling event. 

 

The use of fluorescence microscopy. 

 

Recent advances in fluorescence microscopy techniques offer the 

opportunity to study transcription of individual genes in individual cells. The use of 

these techniques has provided valuable insight into the dynamics of transcription 

and related processes. Furthermore, whereas biochemical methods only provide 
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information on the situation at a certain time point, microscopy is possible in live 

cells, and it is therefore possible to establish techniques that will recover 

information from the very same cells throughout time. Live cell imaging of 

transcriptional activation has helped the understanding of chromatin 

decondensation (Janicki et al. 2004; Rafalska-Metcalf et al. 2010) and the 

activation dynamics of heat shock genes (Yao et al. 2007; Yao et al. 2006; Zobeck 

et al. 2010). Using FRAP techniques on gene arrays, various kinetics of RNA 

Polymerase 2 could be established (Darzacq et al. 2007). FRAP has also been the 

essential tool in understanding the dynamics of nuclear proteins, including all sorts 

of transcription factors. Fixed cell techniques such as immunostaining usually offer 

high sensitivity, and have also provided information on the function of various 

members of the splicing machinery (Spiluttini et al. 2010). Another fixed cell 

method, fluorescent in situ hybridization (FISH) has yielded important data 

essential for establishing transcriptional activity models in baker’s yeast (Zenklusen 

et al. 2008; Gandhi et al. 2011). Latest advances in fluorescent microscopy, and 

notably the advent of single particle tracking methodologies and hyperresolution 

capable systems offer even greater opportunities in the study of transcription.  

 

The object of my work is to study the dynamics of transcription in 

mammalian cells, and more precisely the dynamics of transcriptional activation, by 

combining various microscopy techniques in order to study a single gene array in 



50 
 

single cells. I will approach this study from a RNA Polymerase 2 processivity and 

transcript production point of view. In particular, I will study the dynamics, the 

processivity and the role of the very first RNA Polymerases to be loaded on the 

gene, the pioneering polymerases. 

 

Chapter 2 Results 

 

Dynamic changes in RNA Polymerase 2 processivity during transcriptional 

activation. 

 

Transcription is the first step of genetic expression, and as an essential 

function of living cells, it is a tightly regulated phenomenon. In this study we 

monitored the changes in the dynamics of RNA polymerase 2 on a gene array that 

switches from a non transcribing state to an actively transcribing one. The purpose 

of such a study is to understand how the various regulatory steps are lifted as 

transcriptional activators bind to the promoter of a gene. The study's aim is also to 

provide information on the processivity of the pionneering RNA polymerases. For 

this purpose, we took advantage of the high degree of control the Tet-on/Tet-off 

system offers to the experimentator (Baron, Gossen, and Bujard 1997; Gossen and 

Bujard 1992). We created an artificial reporter gene array, inserted in the genome of  
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Figure 1: The reporter gene array and its signature in the 4A cell line. A) Diagram of the reporter gene 
inserted in the genome of U2OS cells. Red arrows indicate the regions targeted by available RNA-FISH 
probes, above these are the usual designations of the probes. The thickened sections of the gene are 
exonic regions. The thinner sections are the introns and the 5’ and 3’ untranslated regions. BGH stands 
for the Bovine Growth Hormone termination sequence. B) Images of two 4A cells, one actively 
transcribing after 24 hours of 2µg/mL doxycycline treatment (top row), the other inactive, before 
doxycycline treatment (bottom row). Red arrows show the locus of the gene array as detected using the 
RFP-LacI image. Scale bars represent 10µm. 
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human osteosarcoma cells (U2OS) [Fig 1]. This gene array was designed in such a 

way that the locus, its transcriptional activity and the protein product of the gene 

could be tracked at all time in live cells using fluorescence microscopy. 

Furthermore, the reporter gene was designed so that it would only respond to 

tetracycline-repressor based transcription factors. Its’ activation or repression 

would therefore not interfere with the transcriptional activity of other genes, and 

transcription factors activating other genes would not affect our reporter gene. This 

high degree of control allowed us to specifically study the activation of a gene from 

a totally inactive (but not literally repressed) status to an actively transcribing 

status.  

 

We combined this biological model with different microscopy techniques in 

order to study cells independently, thus avoiding averaging bias, and to identify any 

particular behavior during transcriptional activation that would have gone 

unnoticed using sample-wise techniques. We were successful in isolating one 

peculiar type of phenomenon, which seemingly is a transitional state between the 

inactive gene and the actively transcribing gene. In this state, RNA Polymerases are 

loaded on the gene array, but do nothing more than initiate transcription in a 

repetitive manner, leading to an accumulation in the cell of short incomplete 

transcripts. This transitional state is apparently not linked to any defect of 

phosphorylation of serine 2 on the CTD of Rpb1.  
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In order to have complete control over the transcriptional activity on our 

reporter gene, we decided to use an artificial gene [Fig 1]. The promoter of this 

gene is composed of 7 Tetracyclin operons, followed by a cytomegalovirus (CMV) 

minimal promoter. The open reading frame comprises a portion of the beta-globin 

gene (the first two exons and introns), the luciferase coding sequence, the Cyan 

Fluorescent Protein (CFP) coding sequence, and ends with the peroxysomal 

targetting signal Serine-Lysine-Leucine (SKL). In the 3' UTR, 24 sequences from 

the MS2 bacteriophage were inserted to allow tagging the mRNA with the MS2 

coat protein (MS2cp). The total size of the reporter gene is 5.5kb. The reporter gene 

was inserted in a single locus of the genome of osteosarcoma (U2OS) cells, along 

with multiple repeats of lactose operons (LacO).  

 

These repeats allows us to track the locus in the genome using the lactose 

repressor (LacI). Clonal cell lines were established, and the number of genes 

present in the gene array was quantified using quantitative PCR. The proper co-

insertion of LacO repeats and the gene arrays was verified by colocalization of LacI 

and MS2cp when the gene was active. This system therefore allows us to monitor 

the gene array locus, its transcriptional output and the correct expression of the 

protein encoded. Furthermore, microscopy observations and luciferase assays 

confirm that the expression of the gene array is normally silent and is activated by 
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tet-repressor based transcription factors [Fig 1]. Amongst the multiple clonal cell-

lines, we chose one (the 4A cell line) that had no background expression, had a 

strong luciferase response upon induction, but with a low number of copies of the 

reporter gene in the array (34 genes). In this cell line, newly formed accumulation 

of fluorescently tagged proteins of interest, Rpb1 or MS2 for example, dedicated to 

the transcription of the gene array are large enough to be studied using usual 

microscopy techniques, yet small enough so that the studied dynamics will not be 

biased by a mass effect. 

 

Using video microscopy on these cell lines in which we transiently expressed 

pTet-on and MS2-YFP, we observed that the first MS2-YFP accumulations at the 

locus occurred approximately 30 minutes after induction by addition of 

doxycycline [Fig 2]. There were large variations from one cell to the other 

however, sometimes going up to 15 minutes. This is not unlike a recent report of 

daughter cells that resume transcription of constitutive genes in an unsynchronized 

manner (Ben-Ari et al. 2010). This response was far slower than usual 

transcriptional response to heat shock, serum treatment, heavy metal, 

glucocorticoid and other rtTA responsive genes (Rafalska-Metcalf et al. 2010; Yao 

et al. 2006; Janicki et al. 2004; Yao et al. 2007; Becker et al. 2002; Voss, John, and 

Hager 2006).  
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Figure 2: Transcriptional activation dynamics of the gene array. 4A cells transiently expressing Tet-on, 
LacI-RFP and MS2cp-YFP were imaged at 5 minutes intervals. Time above images indicates induction 
length with 2µg/mL doxycyclin. A) Generation of MS2cp-YFP binding transcripts at the insertion locus of 
the gene array. Upper row: LacI-RFP signal, the insertion locus can be clearly recognized by the local focus 
of LacI-RFP. Middle row: MS2cp-YFP signal, with induction time local accumulations of MS2cp-YFP 
appears, and colocalizes with the LacI-RFP foci. Lower row: merged images of the two upper rows. 
Pseudocolored red: LacI-RFP, pseudocolored green: MS2cp-YFP. B) Normalized intensity of MS2cp-YFP at 
the transcription site of the cell on the right in A, tracked using LacI-RFP. Cells expressed different 
induction dynamics, consistently with a prior study (Ben-Ari, 2011). Small scale intensity oscillations is 
consistent with what can be expected from z-axis drift and the used z-stack spacing (see figure n). 
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In fully active genes with similar promoters, RNA polymerase 2 recruitment 

to the genes is very fast, and RNA polymerase 2 holoenzymes have speeds of 

4.3kb/min, with an average pausing time of 4 minutes (Darzacq et al. 2007). The 

accumulation of reverse Tetracycline repressors fused to GFP at Tetracycline 

responsive elements occured consistently 2 minutes after addition of doxycycline. 

It would therefore take approximately 8 minutes to observe accumulation of MS2-

YFP at our locus, a result recently observed in another gene array under control of 

tetracycline responsive elements activated by the VP16 acidic activation domain 

(Rafalska-Metcalf et al. 2010). It is important to note two major differences in the 

sequence of our respective reporter genes. The first is the number of repeats in the 

gene arrays. The 2-6-3 cell line has approximately 200 copies of the reporter gene, 

whereas our cell line only has 34. Furthermore, the 2-6-3 reporter genes have 

promoters composed of 96 repeats of the tetracycline responsive elements. In total, 

the gene array in the 2-6-3 cell line has 19200 tetracycline responsive elements, 

against 238 in the 4A cell line. This could very possibly account for the differences 

in the activation dynamics of the respective gene arrays using the Tet-on system. 

We therefore took advantage of the slower activation dynamics of our 4A cell line 

to study the transcriptional dynamics and the behavior of pioneering RNA 

Polymerase 2 in a gene switching from an inactive to an active transcriptional 

status. 
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Figure 3: single probe FISH. A High stringency FISH protocol was carried out on 4A cells expressing Tet-
on, induced with 2µg/mL doxycyclin for 1 hour. A) DAPI staining. B) Signal from the Exon1 probe labeled 
with Alexa 555. C) Signal from the 5’CMV probe labeled with Alexa 488. D) Merged image of A 
(pseudocolor blue), B (pseudocolored red), C (pseudocolored green). Red arrows point at the active 
transcription site of the lower right cell. The total absence of foci signal of either Exon1 or 5’CMV in the 
upper left cell indicates that it is totally inactive. Single probes of 5’CMV-Alexa488 or Exon1-Alexa555 
could be identified using a 2D Gaussian fitting program, indicating that single transcripts could be 
identified using a single-probe high stringency FISH method.  
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We used Fluorescent In Situ Hybridization to verify if partial transcripts of 

our reporter gene are present at the locus during the first 30 minutes of induction, 

which would indicate the progression of RNA Polymerase 2 along the gene. 

Estimating the progression of RNA Polymerase 2 along the gene required the use of 

single 50mer DNA probes, as opposed to the combined use of multiple probes, a 

technique frequently used when the aim is to observe single molecules of mRNA 

(Zenklusen, Larson, and Singer 2008; Gandhi et al. 2011). By using high stringency 

in combination with bright dyes, we could detect single probes, and thus single 

transcripts of our reporter gene [Fig 3]. All of the probes used were capable of 

detecting transcripts from our reporter gene, as discrete spots could be seen both in 

the nucleus and cytoplasm. The active transcription site of our reporter gene could 

also be identified by FISH as local accumulations of our probes. Both the 

individual spots and the nuclear accumulations identified as transcription sites were 

absent when the cells did not express Tet-on or Tet-off. 

 

A very peculiar result was observed when using the 5'CMV probe, a probe 

we designed to target the first 50 nucleotides of our reporter transcript. In a small 

proportion (9%) of our cells, we observed a very strong nuclear accumulation of 

signal [Fig 4]. This accumulation of signal occured regardless of the type of 

fluorophore we used to label the probe. Probes targeting downstream regions of the 

reporter gene did not accumulate in the same manner even when used in  
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Figure 4: FISH images of the 4A cell line during activation. The DAPI image is pseudocolored in blue, the 
5’CMV probe (labeled with Alexa488) targeting the first 50 bases of the transcript is pseudocolored in 
green, and pseudocolored red is the probe against 50 bases in the first exon of the reporter gene (labeled 
with Alexa555). A) A 4A cell with its nucleus saturated with the 5’CMV probe, next to an inactive cell. B) A 
4A cell with a 5’CMV probe accumulation in the nucleus and cytoplasm, next to an actively transcribing 
cell. Scale bars represent 10 µm. Red arrows point at the transcription site, recognizable by the local 
accumulation of both probes. C) Percentages of cells presenting the 5’CMV probe accumulation or with 
visible transcription sites. The presence of a transcription site was defined by a local accumulation of 
both the 5’CMV probe and the Exon1 probe inside the nucleus of a cell that does not present the 5’CMV 
accumulation phenomenon. Doxycycline treatment corresponds to 1 hour incubation with 2µg/mL 
doxycycline. Two cell lines were tested: 4A (transiently expressing Tet-on), and the 4A TO, which are 4A 
cells stably expressing Tet-on. 
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combination with the 5’CMV probe and that the latter did accumulate. Probe 

accumulations were absent during long inductions (16h), and the proportions of 

cells expressing this type of accumulations were low, suggesting that this 

accumulation is transient. A second cell line, named 4A-To, was created from our 

4A cell line, in which Tet-on was stably expressed. Although we could observe 

cyan fluorescence in peroxysomes in 100% of observed 4A-To cells during long 

inductions (16 hours), we never could observe the 5’CMV accumulation phenotype 

in this cell line during shorter induction times. 

 

We performed a strong transient expression of Tet-on in the 4A-To cell line, 

but even in this case we could not observe the 5'CMV probe accumulation 

phenotype, ruling out the fact that it could be due to overexpression of Tet-on or an 

artifact due to the transfection procedure. We compared the luciferase activity of 

our 4A and 4A-To cell lines with or without induction and or transient expression 

of Tet-on [Fig 5]. Our assay showed that the 4A-To cell line, without doxycyclin 

induction, showed a higher luciferase activity than the 4A cell line. This is 

consistent with the previously documented leakiness of the Tet-on system. 

Therefore, in our 4A-To cell line, our reporter genes switch from an occasionally 

transcribing gene to an actively transcribing gene. Thus they might have less 

regulatory processes to overcome before actively transcribing, compared to a gene 

array with no recent transcriptional event.  
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Figure 5: Luciferase assays of 4A and 4A TO cell lines. A) Luciferase activity of cell lines induced with 
2µg/mL doxycycline for the indicated treatment times. B) Luciferase activity of the same samples without 
doxycycline induction. Values are expressed in folds of the average activity of untransfected 4A cells of all 
three treatment times. Asterisks indicate that Tet-on was transiently overexpressed by transfection. Error 
bars are standard deviations of 4 technical replicates. 
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Figure 6: Immunofluorescence and FISH shows no difference in phosphorylation patterns. pTet-on was 
transiently expressed in 4A cells and activated with doxycycline for 15, 30 or 45 minutes. FISH was carried 
out, using probes against the 5’CMV and the first exon. In parallel, immunofluorescence staining against 
either Cyclin T1 or phosphorylation of serine 2 on the RNA Polymerase 2 CTD was carried out. Cells 
expressing 5’CMV probe accumulation or with transcription sites were imaged. A) Recruitment of Cyclin 
T1 to transcription sites of cells with or without 5’CMV accumulation. B) Serine 2 phosphorylation levels 
at transcription sites of cells with or without 5’CMV accumulation. Error bars represent standard errors of 
the mean. 
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We tested the phosphorylation of RNA Polymerase 2 in cells expressing 

5’CMV accumulation by immunofluorescent staining of either phosphorylations of 

serine 2 of the Rpb1 CTD or Cyclin T1. We combined this technique with FISH 

using probes targeting the 5'CMV and the first exon of the beta globin gene. We 

selectively imaged cells expressing 5'CMV probe accumulations or with visible 

transcription sites (identified by colocalization of both the 5’CMV probe and the 

exonic probe). We analyzed the Cyclin T1 accumulation and the Serine 2 

phosphorylation at the transcription site by radial analysis [Fig 6]. We observed that 

cells presenting 5'CMV probe accumulations did in fact have similar serine 2 

phosphorylation levels compared to cells transcribing downstream regions. Cyclin 

T1 levels at the transcription site were on the other hand higher in cells expressing 

5’CMV accumulation than in cells with expressing the gene normally. This can be 

explained by a much higher turnover rate of RNA Polymerases in cells with 

5’CMV accumulation, requiring more P-TEFb to achieve the same global level of 

phosphorylation than in transcription sites transcribing downstream regions. 

 

Discussion 

 

Our study suggests that activation of a previously totally inactive gene, even 

by a strong activator, may result in a transitory accumulation of very short abortive 
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transcripts, which is not due to a defect in phosphorylation of serine 2 on the CTD 

of RNA Polymerase. Serine 2 phosphorylation is at the same levels whether there is 

5’CMV accumulation or not, but Cyclin T1 accumulates more on transcription sites 

of cells with 5’CMV accumulation. This is consistent with a dynamic situation in 

which RNA Polymerases would massively start transcribing at the transcription 

site, but all would break off the gene. This would release shortened transcripts that 

would accumulate in the nucleus by saturating decay pathways. This also represents 

a much faster turnover of substrates for P-TEFb than in genes transcribed normally. 

This explains why in both situations the phosphorylation levels are equal, but why 

in the 5’CMV accumulating cells, Cyclin T1 is present at higher levels than in 

actively transcribing genes. 

 

Gene expression is a tightly regulated set of processes at different levels, 

including at its first step: transcription. This study shows that a completely inactive 

gene can be difficult to activate, even when using a very potent activator such as 

VP16, which stimulates both initiation and elongation of transcription. When this 

activator is recruited to the promoter region of an inactive gene, cells may initially 

produce a very large number of shortened transcripts, and only later on produce 

complete transcripts. This transitional state is apparently not due to abortive 

initiation, as the recognized targets are larger than what has been described in the 

literature, and as RNA Polymerase 2 enzymes are phosphorylated on serine 2. 
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Furthermore, abortive initiation continues to occur even when genes are actively 

transcribing. The fact that only a fraction of cells express the 5’CMV accumulation 

phenotype and that not all cells with visible transcription sites have this phenotype 

indicates that it is not likely due to abortive initiation. 

 

We have described a specific and reproducible phenomenon, but there is yet 

to show why these shortened transcripts appear during activation of transcription. 

These transcripts are not the result of abortive initiation that has been described in 

the literature (Core and Lis 2008)(Darzacq et al. 2007). Because the phenomenon is 

only observed in cases where the gene switches from an inactive state to an active 

state, the massive generation of shortened transcripts could be due to RNA 

Polymerase 2 being unable to transcribe through denser chromatin. But this does 

not explain why the phenomenon is only visible with the probe targeting the first 

50 nucleotides of the nascent transcript.  

 

It has been shown that very short cryptic transcripts could be produced by 

transcription of annotated sequences by RNA Polymerase 2 near promoter 

sequences, and that these transcripts may have functions (Neil et al. 2009; 

Proudfoot and Gullerova 2007; Xu et al. 2009). The accumulation of shortened 

transcripts that we have observed could be related to some sort of cryptic transcript, 

which may have a role during activation of transcription. It is possible that the 
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transcripts may not have a role per se, but that it is the massive repetition of 

initiations producing them that has a function. Combining the biophysical dynamics 

of the essential actors of transcription into a dynamic model of transcription may 

explain why the activation of a gene can be delayed in cells and why shortened 

transcripts may appear. This in turn can provide insight into understanding the 

appearance of certain phenotypes or pathologies such as cancers or viral cell cycle 

switching. These are the type of events that could affect an entire organism, by 

causing a simple dynamic deregulation of transcription in a single cell. 

 

Chapter 3 Other publications 

 

mRNA degradation by Xrn1 stimulates transcription. 

 

This study stemmed from perspectives developed by Professor Mordechai 

Choder, from the University of Haifa. Prof. Choder’s team have recently presented 

very strong evidence that some actors of transcription also facilitate the 

cytoplasmic decay of the RNA produced. They have shown that in yeast, the Rpb4 

and Rpb7 heterodimer, two components of RNA Polymerase II, actively shuttle 

between the nucleus and the cytoplasm. Furthermore, they have shown that nuclear 

export of Rpb4 and Rpb7 is dependent on transcription, and that this export 



67 
 

facilitates the degradation of mRNAs in the cytoplasm (Goler-Baron et al. 2008; 

Lotan et al. 2007; Selitrennik et al. 2006). Their study thus showed that there exists 

at least a one-way signal from the transcription machinery that partially controls the 

mRNA decay machinery.  

 

The question that arose was that there might also be a feedback message 

from the mRNA decay machinery to the transcriptional machinery. The 

implications of such a discovery would change the current vision that the control of 

mRNA levels in a cell is due to two uncoupled processes: transcription and mRNA 

decay. The study in which we participated demonstrates that the mRNA decay 

machinery modulates transcription to some extent, and that the very last process in 

the life of an mRNA stimulates the very first process in the life of an mRNA. 

Studies have previously shown that the Xrn1 protein, the major 3’-5’ exonuclease 

could be inactivated in yeast without loss of viability; furthermore, microarray 

assays have shown that this inactivation also had no significant effect on the mRNA 

levels of a large number of genes (F. He et al. 2003). This is unexpected as the 

Xrn1 pathway is the major mRNA decay pathway in yeast. Our study has shown 

that in fact, yeast in which Xrn1 is mutated to an exonuclease deficient form or 

yeast where Xrn1 is simply deleted do have impaired mRNA degradation, and that 

most mRNAs have extended life-times compared to their counterparts in wild type 

strains. However, the mRNA levels of tested genes remained unchanged whether 
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Xrn1 was mutated, deleted, or present and functional.  

 

Similar results were obtained when other members of the mRNA degradation 

machinery were tested. The study shows, using nuclear export deficient strains, that 

some components of the mRNA decay machinery shuttled between the nucleus and 

the cytoplasm and, by ChIP, that these components interact with genes in a fashion 

similar to RNA Polymerase II. Furthermore, the nuclear import of the decay factors 

was impaired when Xrn1 was mutated. Strangely, these decay factors did not have 

impaired nuclear import when Xrn1 was deleted. Finally, this study also shows that 

the mRNA production of genes upon activation was much slower in yeast strains 

where the mRNA decay machinery was deficient. 

 

Our contribution to this study offered a better understanding of how decay 

factors might influence the transcriptional machinery, this time in a constitutively 

expressed gene. We selected the TEF4 gene as our reporter for single mRNA 

sensitivity Fluorescent In Situ Hybridization (FISH). The TEF4 gene is one of the 

few yeast cells containing an intron, allowing us to identify the transcription site. 

This was however not necessary, as the transcription site was identifiable by its 

nuclear localization alone. We could efficiently count the number of mRNAs in 

each cell using this technique, and quantify the intensity of each detected spot. 

Because TEF4 is a highly transcribed gene, we could expect that the majority of the  
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Figure: Steady state level and export of TEF4 mRNA are not impaired in xrn1 mutant strains. (A) 
Quantitative single molecule analysis. (I) Image showing the raw data of Cy5 probes, which bind to the 
TEF4 mRNA. (II) Spot centroids. The raw image from (I) was analyzed using a 2D Gaussian fitting program, 
from which we obtained the coordinates of the Gaussian centroid and the integrated intensity of the 
corresponding spot. (III) Thresholded DAPI images from the cells in (I). DAPI staining was used to identify 
any transcription site. (IV) Merged image. Images (I) (pseudocolored green), (II) (pseudocolored red) and 
(III) (pseudocolored blue) were merged into a single image. Scale bar, 1 μm. (B) Northern blot 
quantification showing the steady state level of TEF4 mRNA in wild type or Xrn1 impaired strains. Inset 
shows the Northern blot image of TEF4 and SCR1 RNA, as the loading control; 1 - WT, 2 – Δxrn1, 3 – 
xrn1D208A. (C) Quantification of the average number ± SEM of TEF4 mRNAs per cell as determined by 
FISH analysis. N>200 except for Δxrn1 (N=76).   
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spots detected correspond to single mRNAs. By counting these spots, we 

established in a manner independent from that of Prof. Choder’s team that mRNA 

levels of the TEF4 gene remained constant, in spite of the fact that Xrn1 was 

mutated or deleted. We also studied the transcriptional activity of cells from 

different yeast strains. The three studied strains had the same genetic background, 

one having a functional Xrn1 gene, another having an exonuclease deficient Xrn1 

and in the last strain, the Xrn1 gene was deleted.  

 

We have developed for this study a new statistical method for comparing the 

transcriptional profiles of the various strains. This method pools the transcription 

site intensities of the various populations and redistributes them into populations of 

the same size as the originals. This provides us with two random profiles, from 

which can be calculated differences for each category of cells (not transcribing, or 

categorized by transcription site intensity). Repeating this step a large number of 

times produces a large number of differences all obtained by random resampling, 

from which can be extracted a probability density of observing a given difference 

by chance. By comparing this density to our original observed difference, we could 

not only say if the strains had different transcription profiles, but also where exactly 

the differences were.  
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Figure: Distribution of transcription site intensities as determined by FISH analysis reveals a role for 
Xrn1p in transcription initiation and re-initiation. Interpretation of transcription site intensities. Upper 
right panel: distribution of FISH spots (most are cytoplasmic) according to their intensity. The intensity of 
the spots from various FISH experiments were normalized according to their median value and their 
distributions were plotted in percentages of total FISH spots, strain by strain. Upper left panel: example 
of distribution of transcription site intensity (x axis) is represented by the histogram, in percentages of 
WT cells (y axis). For comparison, the superimposed blue curve corresponds to the distribution of the 
intensities of all the FISH spots, as shown in the right panel. The first column corresponds to cells without 
any FISH spot in the nucleus from the same microscopy images. I, II and IIIrefer to the interpretations 
and cell images in the panels below. (I) Cells devoid of FISH spots in the nucleus. Cells without any FISH 
spots in the nucleus were interpreted as cells without any active transcription of the TEF4 gene at the 
time of the fixation. Two examples of such cells are shown (a,b).(II) Cells with a low intensity FISH spot in 
the nucleus, which corresponds to the value of a single mRNA in the cytoplasm. This cell population is 
interpreted to carry a single elongating Pol II at the TEF4 gene. Two examples of such cells are shown 
(c,d). In cell d, the other spots that appear inside the nucleus are either above or under it. (III) Cells with 
high intensity FISH spots in the nucleus. This cell population has multiple nascent TEF4 mRNAs in the TS; 
hence they carry more than one elongating Pol II simultaneously at the TEF4 gene. Two examples of such 
cells are shown (e,f). Arrows indicate TSs; Scale bar, 1 μm. 
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Figure: Distribution of transcription site intensities as determined by FISH analysis reveals a role for 
Xrn1p in transcription initiation and re-initiation. B-D) Distribution of TS intensity. Comparison between 
WT and Δxrn1 cells (B), WT and xrn1D208A cells (C) and Δxrn1 and xrn1D208A cells (D). Error bars 
represent 95% confidence intervals. Numbers above bars represent p-values of the difference between 
the bins of the two strains calculated by resampling. An asterisk was added when the difference is 
significant (P < 0.05). The p value was calculated for the bin 38.5-91 as well, and is shown above each 
histogram. N > 200 cells, except for Δxrn1 cells (N=76).  
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These differences would have gone undetected by classical biochemical 

methods due to averaging bias. We could thus add valuable insight into how decay 

factors could influence the transcriptional machinery, in two ways: we have shown 

that the presence of an exonuclease deficient Xrn1 resulted in a significantly higher 

proportion of cells with no active transcription of TEF4. Those cells which had an 

active transcription site had numbers of nascent transcripts much lower than the 

wild types. On the other hand, strains with no Xrn1 had about the same proportion 

of cells with active transcription of the TEF4 gene. However, these cells also had a 

lower number of nascent transcripts than the wild type strain, and very much 

comparable to the Xrn1 mutant strain.  

 

All in all, this leads to two different ways in which decay factors influence 

the transcriptional machinery. In the case of an inactive Xrn1, it is possible that its 

presence retains the other decay factors out of the nucleus by binding to them and 

thus not allowing them to shuttle to the nucleus, a process dependent on mRNA 

decay. This would explain why there is a higher proportion of cells with no 

transcription site. On the other hand, when Xrn1 is absent, it does not hinder the 

nuclear translocation of the other decay factors, translocation that is perhaps 

facilitated by the 5’ to 3’ degradation process. In the nucleus however, the absence 

of Xrn1 seems to be crucial to the stimulation of transcription, as the transcriptional 

output is still lower than in the normal case. Again, the fact that decay factors can 
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shuttle freely would explain why there is a proportion of cells transcribing TEF4 

similar to the wild types. And the fact that the transcriptional output is lower than 

the wild type strain would indicate that the Xrn1 protein is either a transcription 

factor as well as a decay factor, or recruits a strong activator. It also indicates that 

some of the other decay factors that shuttle between the cytoplasm and the nucleus 

are transcriptional co-activators. These hypotheses have yet to be tested, and it 

would be particularly interesting to find out how exactly Xrn1 and other decay 

factors stimulate transcription. There are obviously other questions that arise from 

our study, for example, are the decay factors going to activate transcription of a 

random gene, or are they going to specifically activate production of mRNA 

identical to the one they have just destroyed?  

At the moment, this article was successively submitted at Science and 

Nature. It is now being rewritten for Cell. 
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Short exposure to the DNA intercalator DRAQ5 dislocates the transcription 

machinery and induces cell death. 

 

Novel fluorescent dyes for scientific purposes appear regularly in the 

catalogs of suppliers. Some of these dyes serve as specific markers per se for 

subcellular compartments such as mitochondria or the nucleus. Suppliers however 

do not have the interest or the time to test the sometimes adverse effects of their 

products on the entire spectrum of biological models and processes. In the end, it is 

up to users to test for these side effects and to communicate them to the rest of the 

scientific community. Although tedious, this is a necessary step for the 

advancement of Science. 

 

Here, we tested a novel DNA intercalator named DRAQ5 (Deep red 

fluorescing Anthraquinone number 5). DRAQ5 is highly permeant and easily 

intercalates with high affinity into DNA, producing very accurate images of the 

DNA localization and density in living cells. This study demonstrates that DRAQ5 

severely affects transcription even after short exposures, and in the long run 

induces cell death. Bernard Vandenbunder’s team has showed that exposure to 

DRAQ5 causes relocation of several factors involved in transcription, such as 

Hexim1, CBX8, Cyclin T1 and even Rpb1, the largest subunit of RNA Polymerase 

II. The dislocation of RNA Polymerase II foci was also observed in our hands. 
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These changes could not be observed when cells were stained with Hoechst 33342, 

another DNA intercalating dye. Moreover, when cells with active genes bearing 

MS2 stem loop repeats were detected using MS2cp-YFP, foci corresponding to the 

transcription sites rapidly recessed and were no longer detected after 5 minutes of 

exposure to DRAQ5. It also appeared that nucleoli, where MS2cp-YFP tends to 

accumulate, were disrupted by exposure to DRAQ5.  

 

In order to test biochemically for a negative effect of DRAQ5 on the 

transcriptional machinery, we quantified the mRNA levels of the cMyc and the 

GAPDH genes. Whereas the GAPDH has a very long life time, the cMyc mRNA 

has a very half-life, in the order of 30 minutes. Our data suggests that a 30 minute 

exposure to DRAQ5 blocks transcription in a fashion very similar to Actinomycin 

D, a well documented transcriptional inhibitor. In fact, at early times (1 hour), 

levels of cMyc mRNA were lower in cells treated during the first 30 minutes with 

DRAQ5 than in cells continuously treated with Actinomycin D for 1 hour. It seems 

that some transcription could reappear at later stages after the removal of DRAQ5, 

but this was not tested in detail.  

 

We demonstrated in this study that the novel DRAQ5 fluorescent dye has a 

strong negative effect in transcription, and that this strong effect must be taken into 

account by researchers that wish to use it in their studies. 
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The In Vivo Kinetics of RNA Polymerase II Elongation During Co-

Transcriptional Splicing. 

 

One of the most important co-transcriptional processes in higher eukaryotes 

is splicing. It is called a co-transcriptional process because proteins involved in the 

splicing of RNA are known to be recruited by the phosphorylated CTD of RNA 

Polymerase 2, which only occurs during transcription (Mortillaro et al. 1996; T 

Misteli & D L Spector 1999; E. Kim et al. 1997; Vincent et al. 1996). Furthermore, 

the splicing of introns starts before the complete mRNA leaves the site of 

transcription (Audibert et al. 2002; Singh & Padgett 2009). Recently, it has been 

demonstrated that the speed at which RNA Polymerase 2 transcribes a gene can 

influence alternative splicing sites (A. R. Kornblihtt et al. 2004; de la Mata et al. 

2003; Muñoz et al. 2010). In this study, we studied the possibility of the opposite, 

ie. that splicing might slow down transcription by RNA Polymerase 2. This 

required generating multiple cell lines from the same genetic background, and 

containing the same reporter gene, but with varying intron amounts and lengths.  

 

This study demonstrates that increasing the number of introns in a gene will 

not decrease the speed of RNA Polymerase 2. More importantly, through the 

combined results of FRAP and videomicroscopy on MS2-YFP, GFP-Rpb1 and 

FISH, the study demonstrates that pre-mRNA which have completed transcription 
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but are not yet entirely spliced are retained at the transcription site until they are 

fully spliced. This study relied strongly on two 4 dimensional microscopy 

techniques, live cell imaging and Fluorescence Recovery After Photobleaching (4D 

FRAP). Our know-how in this field and the imaging systems at our disposal made 

it possible to collect valuable data in our laboratory, where I have set up part of the 

system and the automatic imaging protocols for its correct use.  
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Imaging transcription in living cells. 
 

This annual review of biophysics article was written jointly by members of 

the Janelia Farm Research Consortium on Imaging Transcription. The review 

describes the state of the art in live-cell imaging of transcription. The recent 

advances in the field of live cell fluorescence microscopy have permitted a large 

number of studies to be carried out at the single cell level. These studies have given 

the scientific community formidable insight into the dynamics of transcription in-

vivo. However, these still nascent techniques require taking certain precautions. 

This review points out the possibilities and limits of such methods in detail, and 

concludes on the progress that has yet to be done in order to perform more 

powerful and precise studies in the field of transcription. I have personally 

contributed to the writing of this review, in particular the natural and artificial gene 

array chapters. I have also assembled most of the figures of the review. 
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Intragenic mapping of dense chromatin in THO mutants. 

 

The product of transcription of class II genes is an mRNA. This mRNA is 

however not released on its own. It is incorporated into a messenger 

ribonucleoprotein (mRNP). The biogenesis of mRNP requires not only 

transcription, but the proper completion of many co-transcriptional processes, from 

the methylguanosine capping of the 5’ end to the polyadenylation of the 3’ end of 

the mRNA. THO is a multi subunit complex with an essential function in the 

formation of mRNPs (Libri et al. 2002; Rougemaille et al. 2007; Strässer et al. 

2002). Although the mechanisms of action of THO are not at this time fully 

understood, it has been demonstrated that when THO is deficient, mRNA are 

retained at the site of their transcription and therefore very inefficiently exported.  

 

This accumulation of mRNA is concurrent with an accumulation of 

polyadenylation factors, suggesting that THO defects do not influence termination 

of mRNA, but their release and transport from the transcription site. The absence of 

lethality of THO mutants also suggest that mRNA are terminated correctly. It is 

possible to identify genes targeted by THO by a cross-linking process: the 

accumulation of polyadenylation factors and nuclear pore complex (NPC) weights 

down the chromatin of these genes in their 3' region. A simple differential 

fractionation (DCF) is enough to isolate this heavy chromatin tethered to these 
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factors in the absence of functional THO. In this study, this methodology was used 

to offer a subgene resolution of heavy chromatin formation. The roles of the 

promoter and terminator regions of the genes was investigated. The specific case of 

HSP104, a heat shock responsive gene, was also studied using FISH and DCF. We 

have found during this study that although heavy chromatin formation is placed 

according to the termination site, its presence or absence is actually dictated by the 

promoter. More precisely, it seems that the promoter “strength” is involved. The 

formation of dense chromatin in THO mutants is in fact linked to the transcriptional 

activity on the said gene; probably due to the fact that because mRNA release and 

export is deficient, there are more terminating mRNA accumulating at the 3' end of 

the gene, each of these bringing an extra load of terminating and polyadenylating 

factors, thus the denser chromatin.  

 

The use of FISH in this study enabled us to establish the transcriptional 

output of the HSP104 gene, thus demonstrating the link between transcriptional 

output and heavy chromatin formation. FISH was also used in our case to show the 

absence of mRNA retention when HSP104 was truncated. We could establish using 

our FISH technique that initiation of transcription on the HSP104 gene occurred 

every 4 seconds on average, using an elongation speed of 4kb/minute described in 

the litterature (Darzacq et al. 2007; Zenklusen et al. 2008). At the moment, this 

article is in an early stage of writing. 
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Chapter 4 Methodology Improvements 

 

Live Cell Imaging. 

 

The discovery of the green fluorescent protein (GFP) produced by Aequoria 

victoria is perhaps the discovery which has had the biggest impact on the 

development of fluorescence microscopy. The sequencing of the gene encoding 

GFP allowed the use of this protein to tag almost any other protein in a large 

number of species, since GFP itself does not require much post translational 

modification apart from a self mediated maturation and has no apparent effect on 

the function of many proteins. Random mutations of the GFP gene and active 

searching of other naturally occurring fluorescent proteins have yielded a large 

palette of fluorescent proteins with various absorption and emission wavelengths, 

high brightness and stability. 

 

This gives microscopist the opportunity to perform more robust studies in 

which multiple proteins of interest can be followed in time. However, imaging 

living cells regularly for long periods of time requires more than that. In 

laboratories, cells are grown in very specific conditions of temperature, pH, 

osmotic pressure and oxygen levels. A variation of one of these parameters in the 
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environment of a cell results in stress with which the cell has to cope. This in turn 

may impact the phenomenon the experimentator is studying. It is therefore 

important to maintain cells in a very stable environment as close to the environment 

they are used to, all the while being imaged. We have customized our high 

magnification and high numerical aperture microscopes so that the temperature of 

the sample is maintained at 37°C. We have also added a sealed chamber system in 

which CO2 levels are kept at 5%. The microscope room temperature was kept at 

20°C, in order to keep the cameras and illumination systems at their optimum. This 

however required the combined use of a perfect focus system (PFS) from Nikon 

and a focus retrieval program, which was necessary when imaging different stage 

positions with long intervals between image acquisitions. 

 

The program we have created consists of a 3 step algorithm. The first step is 

verifying if the PFS can recover the focal plane on its own. If the PFS fails to 

recover the focal plane, the second steps’ role is to assist the PFS by scanning a 50 

µm range in the Z axis until the PFS finds the focal plane. The third step consists in 

memorizing this new Z axis coordinate, which will be used as reference during the 

next round of imaging at this stage position. 
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Figure S1: Algorithm of the focus retrieving macro. There are two z axis coordinates: zs is the absolute 
coordinate of the stage in the z direction, controlled by the stage servos. zp is a z direction coordinate 
relative to the zs coordinate, controlled by a piezzo-electric device. The total z coordinate is therefore 
z=zs+zp. The PFS controls the zs coordinate only. If the PFS detects the proper focal plane, as zp changes, 
zs will change to keep zs+zp constant. The z-stack is acquired using the faster and more precise piezzo-
electric device. 
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Imaging in itself is also a huge source of stress for the cells, as the cell will 

be exposed to intense illumination. The bleaching of fluorophores obviously 

reduces the signal to noise ratio, but also produces free radicals which may damage 

the cell through oxydation of nearby cell components. We have adapted our 

imaging protocols accordingly to limit photobleaching, by using high numerical 

aperture objectives, with the lowest possible magnification to observe our 

structures of interest. Using high efficiency charge coupled device (CCD) cameras 

also permitted us to use less illumination and exposure time. When possible, we 

favored using longer exposure times with less illumination than low exposure times 

with high illumination, as I have seen that it has a strong effect on photobleaching 

and phototoxicity. We also established the “loss of signal” we could expect as we 

lose focus of a PSF. By producing large z-stacks with a spacing of 100nm between 

each image, we produced an “optimal” z-stack, from which we constructed 

different z-stacks, in which the spacing and the phase was modified. We projected 

the maximum intensities in z and measured the signal of the PSF in question. Using 

this, we could establish the loss of signal when using suboptimal z-stacks. Thus we 

could make a knowledgeable decision when it comes to Z-stack spacing according 

to the PSF size and wavelength. This gave us the possibility to have quantitative 

data with fast time-resolution and as little light exposure as possible. 
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Figure S2: Signal loss from out of phase imaging in different z-stack intervals. The graph indicates the 
general loss of signal intensity and variance of signal that can be expected from using different stack 
intervals. A stack of 100 images of a genetic locus tagged with mRFP-LacI in U2OS cells was taken using 
an interval of 100 nm between two successive images in the z-direction. 51 Substacks of 50 consecutive 
images were extracted from the original image, each of these are shifted by one image compared to the 
previous stack to simulate a drift in the z-axis. Maximum intensity projections were then done on the 
whole substacks, or by using only one in two, one in four or one in eight slices of these substacks 
(simulating stacks of 200 nm, 400 nm or 800 nm interslice distances respectively). Values were 
normalized to the maximum value obtained. Signal is lost as the stack drift out of focus. Signal is also lost 
as interslice distances increase. Furthermore, signal oscillations appear as interslice distance increases, 
due to dephasing of the stack with the focal plane. The signal obtained is not symmetrical. Drifting the 
stack the same distance above or below the focal plane will produce different results, due to the specific 
shape of the PSF and spherical aberrations. 
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FISH. 

 

Fluorescent In Situ Hybridization is a powerful technique that allows the 

visualization of specific nucleic acid sequences. It's main advantage is the fact that 

it is a non-invasive technique, however, its use is limited to fixed cells, and 

therefore no direct dynamic information can be extracted from the samples. In 

recent years, FISH has evolved from a nucleic acid localization technique to 

become a powerful semi-quantitative tool for the counting of single messenger 

RNAs in single yeast cells (Zenklusen et al. 2008). By comparison of signal from 

nascent transcripts and full length mRNAs, the authors were also able to estimate 

the number of mRNAs being transcribed in each cell at the time the sample was 

fixed. 

 

Transposition of these feats to metazoans has proven to be more difficult. 

During hybridization, fluorescent probes may randomly bind to non-specific 

targets, and not be washed away during post-hybridization washes. This results in 

an increase of a speckled background, which increases the number of false 

positives. Because mammalian cells have a much larger volume than yeast cells, 

washes have a reduced effect, and the background is therefore very high. This 

speckled background is therefore much more present in the larger mammalian cells 

than in the smaller yeast cells. Increasing the number of probes targeting the same 
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RNA is a way to overcome this issue, as the hybridization of multiple probes, 

usually 5, on a same RNA will provide sufficient signal to noise to selectively pick 

out the higher intensity spots corresponding to RNA (Zenklusen et al. 2008; Gandhi 

et al. 2011).  

 

However, this requires the generation of multiple 50mer probes of high 

specificity, which is not always possible, especially when studying short RNA 

molecules. I have used a high stringency FISH protocol using single multiply 

labeled probes to increase our signal to noise and reduce the number of false 

positives. I have calculated the melting temperature of our probes using the Casey 

and Davidson formula (Casey & N. Davidson 1977). I have chosen to adapt our 

stringency and hybridization temperature so that it is equivalent to the melting 

temperature of a DNA/RNA hybrid with 20 homologous bases in the same 

conditions. By doing so, we create conditions in which our probes may bind to 

RNA molecules with more than 30 homologous bases to our probe have little 

chances of being washed out. RNA molecules with 50 bases of homology would 

bind sufficiently strongly to our probe to avoid being washed out at all. Since 25 

base stretches of our probes already exhibit sufficient specificity, this level of 

stringency should be enough to avoid any binding of our probes to non specific 

RNA targets. There remains the possibility of our probes simply being stuck in our 

sample, which we reduced by using very low quantities of probes and large 
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volumes of washing buffer. This reduction of non-specific binding allows us to 

target RNA molecules with a single probe.  

 

However, we still need to detect that probe. The use of high numerical 

aperture objectives with highly efficient CCD cameras in this case is usually 

sufficient to detect the signal from 5 cyanine fluorophores bound to each of our 

probes. However, cyanines are first generation fluorophores with relatively poor 

photostability and brightness, and are sensitive to their environment, especially for 

cyanine 5 which is sensitive to ozone (Fare et al. 2003). Furthermore, cyanines in 

close proximity to each other tend to aggregate into hydrophobic structures, 

causing increased FRET and self quenching (Berlier et al. 2003; Randolph & 

Waggoner 1997). I therefore preferred the labeling of our probes with the more 

resilient Alexa fluorophores, which expresses less self-quenching at high degrees of 

labeling, and are much more photostable and brighter (Berlier et al. 2003). All in 

all, the combination of these strategies has enabled us to do efficient quantitative 

analysis on single molecule RNA FISH. 

 

Hyperresolution work in progress. 

 

In fluorescence microscopy, the maximal resolution of an image depends on 
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the numerical aperture of the objectives and the emission wavelength of the 

fluorescent molecules. The Rayleigh limit of lateral resolution formula states the 

distance at which the Rayleigh criterion is reached, i.e. the maximal resolution of a 

microscope: , where d is the lateral resolution in nanometers, NA the 

numerical aperture and λ the wavelength in nanometers. Thus, when two adjacent 

fluorescent molecules are in close proximity (inferior to d), as is usually the case in 

densely labeled biological samples, there is no way to make out these two 

fluorescent molecules from one another.  

 

In recent years however, microscopy techniques capable of imaging single 

fluorescent molecules have made their appearance. Although PALM, STORM and 

even TIRF are different techniques, they share the same fundamental concept. The 

idea is in fact to ensure that only a very small proportion of the fluorescent 

molecules emit light, in order to reduce the density of point spread functions. If that 

density is low enough, it becomes possible to distinguish the individual point 

spread functions from independent fluorescent molecules. By successive imaging 

of different subpopulations of fluorescent molecules, and pinpointing of the point 

spread functions obtained, we obtain images of higher resolutions than that dictated 

by the Rayleigh formula. By imaging living cells in this way, we can even achieve 

single particle tracking without having to label the molecules of interest with 
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cumbersome nanoparticles. The differences between these three hyperresolution 

techniques are however quite important, and each offer advantages and 

disadvantages that a researcher must take into account when planning experiments.  

 

Total Internal Reflection Fluorescence (TIRF) was the first single molecule 

technique to have been described, by Axelrod and colleagues in the 1980s. It relies 

on the creation of an evanescent field of excitation light near the interface between 

the cover slip and the sample. This evanescent field is only 200nm deep, and 

therefore only a very few fluorophores will be excited at a given time. The main 

drawback of TIRF is that studies are limited the extremely thin section closest to 

the cover slip.  

 

Photoactivation Light Microscopy (PALM), on the other hand, gives the 

possibility to study any part of a sample that a regular wide field microscope may 

image. It relies on the use of photoconvertible fluorescent proteins, i.e. fluorescent 

proteins whose excitation and emission wavelengths can be irreversibly modified 

when hit by a photon of the proper wavelength (usually 405nm). By using very low 

photoconverting light intensities, only a few proteins will turn to the 

photoconverted state where they can be imaged in hyperresolution. When these 

proteins have bleached, a new burst of photoconverting light will allow the imaging 

of a new set of proteins (Betzig et al. 2006). At this time, only very few 
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photoconvertible fluorescent proteins are known and most have overlapping 

wavelengths. This means that only one type of protein may be studied per 

experiment. Furthermore, these photoconvertible proteins have very low brightness 

compared to classical fluorescent proteins, requiring highly sensitive CCD cameras 

to achieve sufficient signal to noise. The fact that PALM relies on fluorescent 

proteins also implies that it requires genetic engineering, that only proteins may be 

marked directly and that the influence of the tag on the protein function must be 

verified.  

 

Finally, Stochastic Optical Reconstruction Microscopy (STORM) relies on 

an intrinsic property of organic fluorophores. Organic fluorophores are in fact 

prone to blinking when they are in an oxygen-free environment and in the presence 

of reducing agents. In classical microscopy, this is an unwanted side-effect. 

STORM however takes advantage of this property. In effect, this property can be 

somewhat controlled using 405nm wavelength illumination. In these conditions, a 

fluorophore can recover from a bleached state when it receives a photon with a 

wavelength of 405nm. Like PALM, low pulses of 405nm illuminations will allow 

the imaging of low densities of fluorophores, and thus permit hyperresolution (Rust 

et al. 2006). The use of organic fluorophores by STORM is both an advantage and a 

drawback: organic fluorophores are usually much brighter than fluorescent 

proteins; they also come in a wide array of wavelengths, allowing STORM imaging 
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of many different components in a same sample. However, tagging molecules of 

interest in the sample can be troublesome. Furthermore, the conditions for STORM 

(an oxygen free, reducing environment) are normally not compatible with living 

processes. This means that STORM is usually limited to fixed cell techniques such 

as FISH or immunofluorescence (IF). 

 

PALM and STORM offer the possibility to study transcription in a whole 

new way. Molecules of interest involved in transcription may be studied 

independently, and their nuclear localization may be determined with an extremely 

high resolution. I have created various PALM capable cell lines based on either my 

4A cell line or the 2-6-3 cell line that has been extensively used for various live cell 

studies of gene expression (Darzacq et al. 2007; Janicki et al. 2004; Rafalska-

Metcalf et al. 2010). In these cells, the largest endogenous subunit of RNA 

Polymerase 2, Rpb1, was replaced by an alpha-amanitin resistant mutant, fused to 

Dendra2, a photoconvertible fluorescent protein. These modified cells served us in 

the study of the dynamics of RNA Polymerase 2 in the nucleus, whether they are 

transcribing or not. They also give us a better view of clustered RNA polymerase 2 

in nuclear foci. We are in the process of combining information extracted by PALM 

with STORM immunofluorescence in which we specifically target phosphorylation 

patterns of the RNA Polymerase 2 CTD in the nucleus. 
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Chapter 5 New types of data require novel analysis methodologies. 

 

The fundamental advantage of microscopy techniques such as those 

described above is the fact that each cell or even each molecule may be analyzed 

separately from the next. Instead of having only access to a “mean value” of a 

sample (for example the mean number of mRNA or the number of nascent 

transcripts), we can now have access to these same values for every individual cell 

of our sample. This allows us to conduct precise studies of the variability between 

cells. A typical example of this is the study of single molecule sensitivity RNA-

FISH data: for each cell, we have access to the number of mRNAs and the 

fluorescence intensity of the transcription site, which is a direct function of the 

number of nascent transcripts that were being produced at the time the cell was 

fixed.  

 

We have developed a resampling method for the study of distributions of a 

value between two different samples. This method is particularly adapted for the 

study of population profiles in different factors. For a given factor and the various 

levels of the said factor, the two samples will have differences for each factor. Our 

H0 hypothesis is that these differences can be reasonably obtained by chance, i.e. 

our two samples are not different in respect to this factor. 
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Figure S3: Statistical resampling method developed for transcription site analysis. This method allows 
the comparison of a quantifiable value “N” (Na, Nb) between two populations. In our studies we chose to 
use population counts and population profiles as our “N” values. This method will of course also work on 
calculated values such as mean or median values, and could be of use if parametric tests are inadapted. 
The method is not sensitive to differences in population sizes. A and B may therefore be of different sizes. 
1) The difference in “N” between the two populations is called “D” (1). The individuals of both 
populations are pooled, and redistributed randomly into two populations of the same size as the original 
populations (2). This provides us with random “N” values (rNa, rNb), and therefore a random “D” value 
(rD). This resampling procedure is repeated a large number of times (10 000 in this demonstration) (3). 
The frequency of the random “D” is plotted. Because the resampling is random, this is equivalent to a 
probability density. 4) According to the value we originally observed for D, we may decide if D is 
significative or not. If D is smaller than 95% of the random D obtained by resampling (a), D is significantly 
smaller than random. If D is neither above nor below 95% of the random D (b), D is not significative. 
Finally if D is above the 95th percentile of the random D (c), then D is significantly higher than expected by 
random. 
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My method consists in pooling the values of the individuals of both samples, 

and then redistributing these values randomly into two populations of the same 

sizes than the original samples. This gives us random differences for each factor. 

We generate in this way a large number of random differences, and plot the 

probability density of differences obtained by chance, but inferred by our original 

samples. If our observed difference is more extreme than 95% of the differences 

obtained by chance, then we may reject the H0 hypothesis. 

 

This method allows us not only to see if two populations are different on the 

whole, but also to point out precisely which parts of the populations are different 

from one another. This is a more sensitive and precise method than the usual 

method for analyzing profiles, the Chi2 test. This is in part due to the fact that Chi2 

methods are affected by very low or very unbalanced population counts. With a 

resampling method, the contingency table cases do not require to have a minimum 

population. Only an assay based on Fisher’s exact test would be more precise, but 

is impossible to perform with large population of individuals. The drawbacks of our 

method compared to Chi2 tests are that they need to be adapted for each statistical 

question, and they also require much more calculations and therefore time. 

 

This method has allowed us to establish differences in the transcription of the 

TEF4 gene in yeast, between a wild type strain and strains with the same genetic 



153 
 

background, but with the protein XRN1 either deleted or mutated into an 

exonuclease-deficient protein. These three strains have a constant level of TEF4 

mRNA, confirmed both by Northern blot and by RNA-FISH. However, the XRN1 

deleted and mutated strains have a strongly impaired mRNA decay rate. We 

therefore checked if the mutation or deletion impacted the transcriptional levels of 

the TEF4 mRNA. Using our resampling method, we could indeed verify not only 

that strains in which XRN1 was mutated or deleted had a reduced transcription of 

the TEF4 gene. But we could also see differences in the transcription patterns in 

these two strains. We could conclude that strains where XRN1 was mutated had a 

significantly higher proportion of cells with no active transcription site, and those 

cells which did have active transcription sites had very few nascent transcript levels 

compared to the wild type strain. On the other hand, the XRN1 deleted strain had 

the same proportion of cells with an active transcription site than the wild type 

strain, but these transcribing cells and had levels of nascent transcripts equivalent to 

the XRN1 mutant strains.  

 

The combination of advanced microscopy techniques with newer methods of 

analysis could therefore detect differences between strains where a sample-wise 

technique would have only seen that the mutant and deleted XRN1 strains had a 

reduced transcriptional activity compared to the wild type strain. 

 



154 
 

A variety of descriptive multifactorial analysis exist, which produces very 

intuitive geometrical representations of populations and individuals described by a 

large number of factors. These statistical methods are very well adapted to large 

data sets such as those produced by microscopy where individuals (single cells, or 

single molecules) can be described by a large number of descriptors. Correlations 

can be easily established using such methods, and these may serve as guides for the 

researcher to narrow his investigation, make decisional statistic tests and hopefully 

help him turn the statistical correlation into a verifiable cause and effect hypothesis.  

 

One such method, the Principal Component Analysis (PCA) was conducted 

on images of single molecule RNA FISH experiments. We extracted from these 

images a series of descriptors of signals we referred to as “spots”. These spots are 

potential candidates for single molecules of RNA tagged by 5 probes, each of these 

labeled by 5 organic fluorophores. However, these spots may also correspond to 

single probes or accumulations of a few probes that are not bound to their target 

and that have not been washed away in the FISH process. The aim of our analysis 

is to characterize these spots. By using a second set of probes aimed at the same 

RNA, labeled with a different dye, we would identify which of these spots were 

actual mRNAs. From there we would extract using multifactorial analysis the 

characteristics of “true positives”, i.e. spots which correspond to mRNA. This 

would greatly improve the precision of our analysis, by reducing the number of 
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false positives and false negatives. Characterizing true positive spots will have 

another important benefit when it comes to the study of RNA accumulations. Using 

a reconstruction algorithm, and the “characteristic spot” as a basic building block, 

we could have a precise count and positioning of each of the mRNAs in an 

accumulation, such as transcription sites, perhaps even translation sites or p-bodies. 

 

Chapter 6 Materials and methods. 

 

Cell Culture. 

 

U2OS cells and their derived cell-lines were cultured in Dulbecco’s Modified 

Eagle Medium (Gibco 11880) without phenol red, supplemented with 10% v/v 

tetracycline free foetal calf serum (Clontech 631106), 100 U/mL penicillin, 

100µg/mL streptomycin (Gibco 15140) and 2 mMGlutamax (Gibco 35050-038). 

Cells were incubated at 37°C in a humidified chamber, with CO2 regulated at 5%. 

 

Transfection. 

 

Transient transfection were made using Fugene 6 (Roche 11 814 443 001), 



156 
 

according to supplier’s recommendations. 

 

Alternatively, for stable cell line generation, the DNA molecule to insert in 

solution in 2X HeBSCl pH7 was precipitated by addition of calcium chloride up to 

133mM under strong agitation. The mix was left to incubate at room temperature 

for 20 minutes. Cells were washed in 2X HeBSCl, and then incubated for 20 

minutes at room temperature in the transfection mix. Regular culture media was 

then added to the cells, which were returned to their incubator. 
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Generation of derived cell-lines. 

 

Cells were grown to 80% confluence in 6cm dishes, and transfected using 

calcium precipitate transfection. The following day, cells were passed in three 

10cm dishes in different dilutions, and the selection antibiotic was added. Isolated 

colonies were picked using cloning cylinders. 

 

Cell line Original cell line Transfected DNA Selection antibiotic 

4A U2OS 45% 256-LacO 

45% Reporter gene 

10% Puromycin resistance 

plasmid 

Puromycin 

4AYP 4A YFP-Rpb1 Amr Alpha amanitin 

4ADP 4A Dendra2-Rpb1 Amr Alpha amanitin 

4ATOD 4A 50% Dendra2-Rpb1 Amr 

50% pTet-on 

Alpha amanitin 

Geneticin 

4ATOMY 4A 50% pTet-on 

50% MS2-YFP 

Geneticin 

4ATY 4A 50% pTet-on 

50% YFP-Rpb1 Amr 

Geneticin 

Alpha amanitin 

Table 1 : Generated cell lines.  
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Luciferase. 

 

Cells were lysed in a Tris-H3PO4 pH7.8 buffer containing 10mM MgCl2, 

1%v/v Triton, 15%v/v glycerol and 1mM EDTA. DTT was added just prior to 

lysing, to a final concentration of 1mM. Samples were stored at -20°C. Luciferin 

reaction buffer consisted of Tris-H3PO4 pH7.8 buffer with 1.25mM ATP and 

0.3mM D-Luciferin (Sigma L9504). Measures were taken using a TriStar LB941 

luminometer (Berthold Technologies GmbH and Co. KG, Bad Wilbad, Germany). 

 

FISH. 

 

Cells growing on N°1.5 cover slips were fixed using 4% paraformaldehyde 

in 1x PBS with 2mM VRC (New England Biolabs S 1402S) at room temperature 

for 10 minutes. Cells were washed in PBS before being stored in 70% ethanol at 

4°C. 

 

Cells were then rehydrated in PBS once for 10 minutes, at room temperature. 

Samples were then equilibrated in a 60% deionized formamide (Carl Roth P040.1), 

2X SSPE buffer. Each cover slip of cells was then hybridized overnight at 37°C 

against 0.1ng of probes in 40 µL of hybridization solution. 
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Component Concentration 

SSPE 2X 

Deionized formamide 60 % v/v 

Bovine Serum Albumin 10 µg/mL 

Probe 0.1ng/cover slip/probe 

tRNA 25µg/mL 

ssDNA 25µg/mL 

VRC 2mM 

 

Table 2: Hybridization solution composition. 

 

After hybridization, cover slips were washed 2 times in 60% formamide, 2X 

SSPE for 15 minutes each time, at 37°C. They were then equilibrated in PBS for 

one hour, stained with DAPI and mounted in PBS with 90% glycerol and 1mg/mL 

paraphenylenediamine (Sigma Aldrich 78429). 

 

Chemical coupling of FISH probes. 

 

Oligonucleotide probes were from Eurogentec. They were designed to have 

50 bases of homology to the target RNA sequence, with approximately 50% GC 

content. During synthesis, we planned that 5 approximately equidistant dT were 

modified so that they carried an amino-allyl moiety. The oligonucleotide probes 
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were coupled to succinimidyl esters of fluorophores. Cyanine fluorophores were 

from GE Healthcare (PA23001 (Cy3), PA25001 (Cy5)) and Alexa fluorophores 

were from Invitrogen (A20009 (Alexa 555), A20006 (Alexa 647), A20000 (Alexa 

488)). The coupling was carried out in a 100mM sodium carbonate buffer at pH 

9.3, overnight at room temperature. Coupled probes were separated from uncoupled 

fluorophores by size exclusion chromatography using a Sephadex G50 column (GE 

Healthcare 17-0573-02), in a 5mM triethylamine buffer (Fluka 90335). Probes were 

finally vacuum dried and resuspended in water. 

 

Name target Sequence 

5’CMV 7-56 tCCGGTGTCTTCTATGGAGGTCAAAACAGCGTGGATGGCGTCTCCAGGCGA 

β-g 5’ 120-170 tACCATGGTGTCTGTTTGAGGTTGCTAGTGAACACAGTTGTGTCAGAAGCAta 

Luc 1 348-398 GCGGTTCCATCCTCTAGAGGATAGAATGGCGCCGGGCCTTTCTTTATGTT 

Luc 2 400-450 TGTTCCAGGAACCAGGGCGTATCTCTTCATAGCCTTATGCAGTTGCTCTCta 

Luc 3 473-523 tCCAACCGAACGGACATTTCGAAGTATTCCGCGTACGTGATGTTCACCTCG 

Luc 4 809-859 tAACCGGGAGGTAGATGAGATGTGACGAACGTGTACATCGACTGAAATCCC 

Luc 5 963-1013 tAAAATAGGATCTCTGGCATGCGAGAATCTGACGCAGGCAGTTCTATGCGG 

MS2-NBX 2809-3958 CTAGGCAATTAGGTACCTTAGGATCTAATGAACCCGGGAATACTGCAGAC 

 

Table 3: FISH probes. Underscored and bold T indicate amino-allyl modified dT, 

chemically coupled to fluorophores. Capital letters indicate nucleotides 

homologous to the target sequence. The region targeted is relative to the 

transcription start site. The MS2-NBX probe has 11 binding sites in the target area. 
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Immunofluorescence. 

 

Cells were fixed using 4% Paraformaldehyde in 1x PBS, for 10 minutes at 

room temperature. They were then washed 3 times in 1x PBS for 5 minutes per 

wash. Cells were permeabilized by a 10 minute treatment in 1x PBS containing 

0.5% (v/v) Triton X100. Cells were then washed 3 times in 1x PBS for 5 minutes 

per wash. Cells were then blocked with 1x PBS containing 3% BSA (w/v) and 

100mM glycine. Incubation with the primary antibody was carried out in 0.1% 

Tween (v/v), 0.3% BSA (w/v) in 1x PBS at 4°C overnight. 

 

Samples were then washed with 0.1% Tween in 1x PBS for 10 minutes, then 

twice in 1x PBS for 10 minutes per wash. Incubation with the secondary antibody 

was then carried out in 0.1% Tween, 0.3% BSA in PBS, for 2 hours at room 

temperature. 

 

Samples were then washed once in 1x PBS, 0.1 % Tween, then twice in 1x 

PBS, each wash lasting 10 minutes. When combined with FISH, samples followed 

the FISH procedure first. Once the final 1 hour PBS wash was done, they went 

through the immunofluorescence procedure, starting at the 30 minute 3%BSA in 
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PSB blocking step. 

 

Fixed cell imaging. 

 

Cells labeled through IF and/or FISH were imaged using a Nikon Ti inverted 

microscope (Nikon Instruments, Melville NY), using either a 100x, 1.4 numerical 

aperture objective, or a 60x, 1.4 numerical aperture objective. Illumination was 

provided by a Nikon Intensilight illuminator (Nikon Instruments, Melville NY). 

Images were acquired using a HQ2 Coolsnap camera (Photometrics, Tucson AZ). 

 

Live cell imaging. 

 

Live cell imaging was carried out on a Nikon TE2000 microscope (Nikon 

Instruments, Melville NY), with an 100x, 1.4 numerical aperture objective. 

Illumination was provided by a DG4 (Sutter instruments, Novato CA). Images were 

acquired with a 512SC QuantEM camera (Princeton Instruments, Trenton NJ). 

Cells were kept in a closed humidified environment at 37°C, with the atmospheric 

CO2 maintained at 5%, using a CO2 controller, a stage and objective heating 

system from Bioscience Tools (BioScience Tools, San Diego CA). 
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My name is Ozymandias, king of kings: 
Look on my works, ye mighty, and despair! 
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