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ABSTRACT
The members of the Myc-family of proto-oncoproteins c-Myc, N-Myc and L-Myc 
are transcription factors exerting their effect via protein-protein interactions. The 
Myc proteins are basic-helix-loop-helix-leucine-zipper (bHLHzip) transcription 
factors, which after heterodimerization with their obligatory partner Max, bind to 
E-boxes in target gene promoters and regulate the expression of 10-15% of all 
genes by the recruitment of different cofactors. By this mechanism Myc affects 
cellular functions like growth, proliferation and apoptosis. Deregulation of Myc 
occurs in many types of tumors and is often associated with an aggressive disease 
and poor prognosis. In mouse models inactivation of Myc leads to tumor re-
gression with reversible and tolerable side effects. This renders Myc an attractive 
target for anti-cancer therapy. 

The work in this thesis can be divided into two parts, one focusing on elucidating 
the function of Myc in the nucleolus, which is the ribosome production site in the 
nucleus. The other part focuses on protein-protein interactions and how to inhibit 
these specifically. 

Firstly, we investigated the role of c-Myc in the nucleolus. We show that c-Myc 
associates to rDNA and directly activates polymerase I transcription in response to 
mitogenic stimuli. Further, we show that the molecular mechanism involves re-
cruitment of histone acetylases and parts of the ubiquitin-proteasome system, sim-
ilar to the mechanism described for c-Myc activation of polymerase II target 
genes. Hence, c-Myc is a master regulator of translation, coordinating the activity 
of all three polymerases. 

Secondly, we have developed a technique to detect endogenous protein-protein 
interactions in situ. This method called P-LISA (recently renamed to in situ PLA), 
is based on proximity ligation and rolling circle amplification and is sensitive 
enough to detect individual complexes in both cell lines and clinical material. 

Finally, we used a protein fragment complementation assay in a cell based screen 
to identify small molecular inhibitors of the Myc-Max interaction. Two of the 
identified compounds are described in this thesis. The first is a compound that se-
lectively targets the N-Myc-Max interaction, hence named Inhibitor of the N-
Myc:Max Interaction (INMI). It reduces cellular proliferation rate in an N-Myc 
dependent manner and inhibits N-Myc dependent transformation. This is the first 
report of an N-Myc:Max inhibitor and a proof of principle that it is possible to 
achieve selectivity between c-Myc and N-Myc. The second compound, Termina-
tor of Myc (ToM), has an indirect mechanism of action, increasing the turnover 
rate of Myc and inducing apoptosis in a Myc-dependent manner. Both these com-
pounds have a potential use as anti-cancer therapy. 
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1 INTRODUCTION 

Combating diseases like cancer demands knowledge of how the cell uses and con-
trols the information contained in its DNA sequence. Although all information is 
there, a complete description of the DNA sequence of an organism will enable us 
to reconstruct that particular organism as much as an English dictionary enables us 
to reconstruct a particular play written by Shakespeare (Alberts, 2002). Informa-
tion about how and when the words in the dictionary, or the genes in the genome, 
are used is missing. The DNA content of each cell in the human body is identical; 
still the human body consists of many different cells, with different functions and 
morphology. How the genes in the DNA are used is what matters. The cell 
achieves its identity by regulating the transcription (the reading or decoding of the 
DNA sequence) of its genome in a highly specific manner. In a multicellular or-
ganism cells are specialized and ordered in different organs to keep the organism 
functioning in an optimal way. Each cell lives in a coordinate way, collaborating 
and communicating with its neighbors. This means that even after a cell has 
achieved an identity and is committed to perform a specific function, it still has to 
be able to respond to different signals both from its neighbors and more distant 
origins (passed on by the bloodstream). Often these signals result in the cell hav-
ing to regulate the transcription of its genes e.g. grow, move, divide (proliferate) 
or commit suicide (apoptosis).  

The major component of a cell’s dry weight is protein; this reflects the fact that, 
with certain exceptions, proteins perform the vast majority of all tasks in the cells. 
It is the duty of certain proteins to pick up signals from the surroundings and to 
translate these into the correct action. These proteins interact in complex networks 
passing the signals on as they affect the activity of each other. The cell integrates 
signals both extrinsic (from the outside) and intrinsic (from inside the cell) but 
these do not always signal towards the same endpoint. Extrinsic signals may 
prompt the cell to divide while intrinsic signals say stop. Signal pathways may be 
delayed or abolished by other pathways. Most processes in the cell, like dividing, 
are put into action by activators but may also be inhibited by repressors. In anal-
ogy, transcription of a single gene can be activated or repressed by several differ-
ent proteins. Each activator binding to the gene will increase the transcription and 
each repressor will decrease it. The balance between activators and repressors pre-
sent in the cell at a specific time point will determine the outcome. An explanatory 
illustration of this was described in Lowe et al. (Lowe et al., 2004) where this bal-
ance is pictured as a hot air balloon. The balloon landing is symbolizing a specific 
action taking place in the cell, e.g. apoptosis. Activators of this action are pictured 
as cargo in the basket, while inhibitors are pictured as the hot air making the bal-
loon fly. Letting some air out will make the balloon sink but adding more cargo 
will achieve the same goal. Adding a heavy cargo to the basket will have more 
effect than adding a light one. Thinking of cellular processes in this way makes it 
easier to understand how different cells might respond differently to the same sti-
muli. Adding a specific cargo to the basket of a balloon full with hot air, might not 
have any detectable effect, while adding the same cargo to a balloon with little air 
left will make it crash to the ground. 
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To prevent the balloon from landing at the wrong time, maintaining the correct 
connections and regulations of different signal pathways are of great importance 
for the cell. Loosing control will make the cell malfunctioning and risk the struc-
tural order and function of the organism. Cancer is an example of cells having lost 
control over many of their processes. The fact that most cancers (at least non-
hereditary) appear in elderly people suggests that it takes time to develop a tumor 
and that the cells have many defenses that need to be overtaken before cancer de-
velops. One signaling pathway gone awry is not enough for cancer to form, de-
regulation of many processes are needed, and luckily that is not achieved quickly 
(See cancer chapter for further discussion). 

The work in this thesis is focused around one protein called Myc. In response to 
different signal pathways Myc will regulate the transcription of many human 
genes and in this way prompt the cell to grow and divide. If the activity of Myc is 
not regulated properly the cell will grow and divide in an uncontrolled manner, 
potentially forming a tumor. This is not a rare event; Myc is deregulated in almost 
50 percent of all human cancers. Understanding of how Myc functions and how it 
can be stopped is obviously of significant importance and I have during my years 
as a PhD-student both studied the molecular functions of Myc and tried to find 
substances that will reduce Myc activity in cancer cells while not affecting all the 
normal cells in the body. 
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2 SIGNALING PATHWAYS 

As outlined in the introduction, the cell receives signals from its surroundings 
which have to be translated into a cellular response. Figure 1 shows a schematic 
overview of some of these pathways and these will be further discussed in more 
detail in other sections in this thesis. In reality the cell contains many more signal-
ing pathways and there is extensive crosstalk between them which is not shown in 
this figure. 

Most growth factors activate receptors of the Receptor Tyrosine Kinase (RTK) 
family, which will then dimerize and autophosphorylate each other, leading to the 
recruitment of downstream signal transmitters. One important signal transmitter is 
the membranebound GTPase Ras. In its inactive form Ras binds GDP, upon sig-
naling this is converted to GTP and Ras becomes active until the GTP is hydro-
lyzed into GDP again. Ras will activate the Mitogen-Activated Protein Kinase 
(MAPK) pathway, resulting in activation of Extracellular signal Regulated Kinase 
(Erk), which in turn regulates several transcription factors stimulating cellular 
growth and proliferation. Ras can also activate the PhosphatidylInositol-3 Kinase 
(PI3K) pathway (see below) (for review see (Karnoub and Weinberg, 2008)). 

Receptors to the survival factors, e.g. Insulin Growth Factor (IGF)-1, also belong 
to the RTKs. These receptors activate PI3K, which phosphorylates a phospho-
inositol lipid called PIP2, thus forming PIP3. PIP3 act as a second messenger and 
will recruit the kinase Akt, a key effector of this signal pathway, to the plasma 

Figure 1. An overview of some cellular signaling pathways important for 
this thesis.
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membrane where it gets activated by other kinases. Akt kinase activity results in 
proliferation, growth and inhibition of apoptosis by phosphorylation of substrates 
such as GSK3 , Mdm2, Bad, Caspase-9 and components of the NF B and mTOR 
pathways. Inhibition of this pathway is mediated by tumor suppressor Phosphatase 
and tensin homolog deleted on chromosome 10 (PTEN), which will dephosphory-
late PIP3 (for review see (Yuan and Cantley, 2008)). 

The Transforming Growth Factor (TGF)-  receptors have serine/threonine kinase 
activity. Following ligand binding and dimerization, one receptor (Type II) acti-
vates the other (Type I) which in turn will activate transcription factors of the 
Smad family. The Smads will then translocate to the nucleus and act as transcrip-
tion factors by repressing e.g. Myc and by activating the cell cycle inhibitors p21 
and P15Ink4b resulting in cell cycle arrest (for review see (Massague, 2008)). 

Wnt-signaling will activate receptors of the Frizzled family, resulting in an inhibi-
tion of Gsk3 mediated phosphorylation, and hence inhibition of the Adenoma-
tous Poluposis Coli (APC)-mediated degradation of -Catenin. Together with T-
Cell specific transcription Factor (TCF) -Catenin will act as a transcription factor 
in the nucleus, stimulating growth and inhibiting differentiation (for review see 
(Gordon and Nusse, 2006)). 

As the name indicates, activation of death receptors will lead to cell death. When 
bound by ligands these receptors multidimerize, recruit signal transmitters and ac-
tivate caspases, the end-executioner of apoptosis (see apoptosis chapter) (for re-
view see (Li and Yuan, 2008)).  
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3 OVERVIEW OF BASIC CELLULAR PROCESSES 
3.1 TRANSCRIPTION 

Transcription is the enzymatic production of RNA from a DNA template. In high-
er eukaryotes this is performed by three different protein complexes called RNA 
polymerase I-III (pol I-III). In plants a fourth RNA polymerase was recently dis-
covered. This is not essential for viability and is involved in the production of 
small interfering RNAs (siRNAs), which are used in RNA-directed DNA methyla-
tion leading to transcriptional silencing (Herr et al., 2005; Kanno et al., 2005; 
Onodera et al., 2005). Interestingly, in a commonly used human cell line called 
HeLa, a structurally very different RNA polymerase (called spRNAP-IV) of mito-
chondrial origin has been reported to transcribe a subset of genes usually tran-
scribed by pol II (Kravchenko et al., 2005). Perhaps more RNA polymerases with 
different specificities will be identified in the near future, but here I will focus on 
the three well-known polymerases that are active in the mammalian cells.  

The enzymatic activity of RNA polymerase was reported in 1959 but the three dif-
ferent RNA polymerases were identified in 1969 (Roeder and Rutter, 1969). These 
complexes share a conserved core of 10 subunits, but all have additional distinct 
subunits in the periphery (for review see (Cramer et al., 2008)). Their specificity 
was soon discovered as they had different sensitivity to -amanitin, a substance 
isolated from the fungus Amanita phalloides (in Swedish: lömsk flugsvamp). It 
was shown that pol II was responsible for carrying out the central dogma sug-
gested by F. Crick in 1958 that is DNA  RNA  protein (Crick, 1958), hence 
transcribing the protein encoding genes. Pol I and III transcribe RNA that is never 
translated into protein (Gniazdowski et al., 1970; Kedinger et al., 1970; Roeder 
and Rutter, 1970; Tocchini-Valentini and Crippa, 1970). The RNA products of pol 
I and some of pol III are used to build up the ribosome, where the messenger RNA 
(mRNA) is translated into protein. 

The transcription cycle is similar for all three polymerases. The first step is de-
pendent on DNA-binding transcription factors which contribute to the assembly of 
the Pre-Initiation Complex (PIC) at the correct position of the gene promoter. This 
is followed by transcriptional initiation and promoter escape, a process where the 
DNA is opened, the first nucleotides transcribed and the polymerase escapes the 
interactions holding it to the promoter. The next step is the elongation step charac-
terized by the polymerase traveling along the DNA producing the RNA transcript. 
The last step is the termination, where the polymerase stops transcribing and loos-
es its grip on the DNA. 

In eukaryotes the long linear DNA is packed to make it fit inside the nucleus. The 
DNA is wrapped around specific protein complexes, histones, in a formation 
called the nucleosome (Kornberg and Thomas, 1974). Each histone is composed 
of two copies each of the histone subunits H2A, H2B, H3 and H4. H1 is called the 
linker histone and is not part of the core histone forming the nucleosome. The 
complex of DNA and proteins is called chromatin, when packed this is a major 
obstacle for transcription and modifications and opening of the chromatin must 
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occur for the polymerases to be able to bind to DNA. Densely packed chromatin is 
called heterochromatin; this can be transformed to the less compact structure eu-
chromatin often associated with actively transcribed genes. This will be discussed 
in more detail further on. 

3.1.1 RNA polymerase I 

Pol I consists of 14 subunits that transcribes the ribosomal DNA (rDNA) (for re-
view see (Cramer et al., 2008)). The product is a long transcript, pre-rRNA that is 
cleaved and further processed into the mature rRNAs 5.8S, 18S and 28S. These 
make up the catalytic core of the ribosomes together with an additional rRNA (5S) 
and ribosomal proteins. The human genome contains approximately 400 rDNA 
genes clustered at five different chromosomes. The genes are arranged as tandem 
repeats of 43 kb with a transcribed region flanked by a non-transcribed intergenic 
spacer (Sylvester et al., 1986). 

Around the rDNA the nucleolus is formed as transcription of rRNA takes place, 
this is one of the most prominent structures of a cell’s nucleus. It is not a true or-
ganelle, in the sense that it lacks a membrane. What makes it so clearly visible is 
the dense packing of macromolecules like the rDNA, pol I and processing en-
zymes. All factors needed for ribosome assembly are present in a highly struc-
tured way in the nucleolus. 

The basic transcriptional machinery for rDNA involves several other protein com-
plexes apart from pol I. Although the exact function of each complex is not fully 
understood some of the basics have been studied. TATA Binding Protein (TBP) 
binds to specific sequences in the core promoter called TATA-boxes. Usually TBP 
is in a complex with TBP Associated Factors (TAFs) that can recognize other 
promoter sequences e.g. the initiator sequence, Inr. For pol I dependent transcrip-
tion the complex containing TBP and TAFs is called promoter selectivity factor 
(SL) 1. SL1 binds the core promoter and recruits the Transcription Intermediary 
Factor (TIF)-1A, which is needed for the recruitment of pol I. TIF-1A is not 
bound to the elongating pol I indicating a specific role for TIF-1A in initiation 
(Bodem et al., 2000; Fath et al., 2001; Miller et al., 2001; Moorefield et al.,
2000). SL1 will also stabilize the binding of Upstream Binding Factor (UBF) to its 
target sequence in the rDNA promoter (Bell et al., 1988; Learned et al., 1986). 
UBF binds as a dimer to DNA via its High Mobility Box (HMG) domains, this 
will cause the DNA to bend and form a loop termed enhancosome as it enhances 
transcription (Bazett-Jones et al., 1994; Jantzen et al., 1990). Apart from binding 
SL1 via its acidic C-terminal, UBF directly binds to pol I and, by an unknown me-
chanism, stimulates promoter escape (Hanada et al., 1996; Schnapp et al., 1994). 
While the binding of SL1 gives rise to a basal transcription activity, UBF signifi-
cantly increases this activity (Friedrich et al., 2005; Schnapp and Grummt, 1991).  

In most cells the number of mRNA molecules exceeds that of ribosomes, thus the 
rate of protein synthesis is limited by ribosome availability (Zetterberg and Kil-
lander, 1965). To match the high demand, transcription of rDNA contributes to 
around 70-80% of all transcriptional activity in a growing cell. The activity is 
however regulated, both by regulation of how many of the 400 rDNA genes that 
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are active and by regulation of how often each gene is transcribed (Santoro and 
Grummt, 2001) (for reviews see (Russell and Zomerdijk, 2005; White, 2005)). 

The rRNA synthesis increases in response to growth and proliferation signals. A 
major pathway in this regulation is the Ras-MAPK pathway ending in the activa-
tion of Erk. Erk will then phosphorylate both UBF and TIF-1A to increase their 
activity (Stefanovsky et al., 2001). Myc is also a target of Erk and a direct activa-
tor of rDNA transcription. The role of Myc in pol I transcription will be discussed 
in more detail in the results section of this thesis. Ras further stimulates mammal-
ian Target Of Rapamycin (mTOR). Likely via phosphorylation of the S6 kinase 1, 
mTOR will phosphorylate UBF in its C-terminal domain leading to an increased 
association with SL1 (for reviews see (Russell and Zomerdijk, 2005; White, 
2005)).  

Additionally, other pathways will have a negative effect on rDNA transcription. 
The Retinoblastoma protein (pRb) directly interacts with UBF stopping it from 
binding the rDNA promoter (Cavanaugh et al., 1995). p53 can bind to SL1 and 
inhibit it from interacting with UBF (Budde and Grummt, 1999; Zhai and Comai, 
2000). The Alternative Reading Frame (Arf) protein is a positive regulator of p53, 
but it also has a p53 independent effect in regulating rDNA transcription. Arf will 
bind to nucleophosmin, a nucleolar enzyme important for rRNA processing. This 
interaction promotes the ubiquitylation and degradation of nucleophosmin thus 
preventing the maturation of rRNA (Itahana et al., 2003; Sugimoto et al., 2003). 
Many stress signals activates the Jun N-terminal Kinase 2 (JNK2), which then 
phosphorylates TIF-1A at a single threonine residue (Thr200) leading to inactiva-
tion of TIF-1A (Mayer et al., 2005). 

Most of the regulation of rRNA transcription seems to converge on regulation of 
the activity of the factors in the basal transcription machinery. In fact very few 
transcription factors have been described to directly bind the rDNA promoter and 
regulate the transcriptional activity. Perhaps because of the single rather simple 
promoter or because of the relatively low interest in pol I transcription many of 
the protein complexes described below that are necessary for pol II have not been 
ascribed a role in pol I mediated transcription. 

3.1.2 RNA polymerase II 

Pol II is responsible for transcribing all the protein encoding genes as well as 
some untranslated small nuclear RNAs. The mRNA produced is processed as non-
coding regions (introns) are cut out and the coding sequences (exons) are put to-
gether. This process called splicing may give rise to different splice variants of the 
same protein having different properties e.g. stability or localization. Further mod-
ifications of the mRNA include the capping of the 5’-end and poly-adenylation of 
the 3’-end. The mRNA is then transported out of the nucleus to the ribosomes 
where it is translated into a protein. These modification processes are tightly cou-
pled to the transcription and starts before the whole transcript is finished. To this 
end pol II contains a C-Terminal Domain (CTD), lacking in both pol I and III, that 
binds many of the enzymes needed for processing. 
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Each protein-encoding gene is regulated individually and this has caused the de-
velopment of a more complex transcription machinery for pol II mediated tran-
scription. In short the binding of gene specific Transcription Factors (TFs), as op-
posed to general transcription factors (GTFs), to the promoter determines when 
each gene is transcribed. TFs then recruit co-activators and general cofactors (see 
below) like the huge protein complex called the mediator, which acts as a link be-
tween the TF and the basal transcription machinery (See Figure 2). Transcription 
factors may also repress transcription by recruiting co-repressor complexes, often 
resulting in the formation of compact, inaccessible chromatin. 

The core promoters of most protein-encoding genes contain several different se-
quence elements to which different parts of the basal transcription machinery 
bind. The general transcription factors called TFIIA, B, D, E, F, and H are multi-
protein complexes present at almost all genes where they have different functions 
in positioning and activating elongation of pol II. There are different theories of 
how the recruitment of the basal transcription machinery is achieved. The first ad-
vocates a sequential recruitment of all factors one by one (Fire et al., 1984; Haw-
ley and Roeder, 1985; Van Dyke et al., 1988). The other is based on the purifica-
tion of a pol II holoenzyme, a large preassembled protein complex composed of 
pol II and most of the GTFs (Kim et al., 1994; Koleske and Young, 1994). Com-
mon to both models is that TFIID is believed to be the first GTF to bind the pro-
moter, leading to a distortion in the DNA serving as a platform for other factors. 
TFIID is the TBP-TAF complex associated with pol II. TFIIB helps stabilizing 
TFIID at the promoter as well as recruiting pol II and TFIIF. TFIIF is tightly asso-
ciated with pol II and is important for promoter escape and the elongation process 
of pol II as well as recruitment of TFIIE, a GTF necessary for TFIIH function. 
TFIIH has several enzymatic functions, ATPase for transcription initiation and 
promoter clearance, helicase activity for unwinding the DNA during promoter 

Figure 2. A schematic overview of the main components involved in tran-
scriptional activation. The general transcription factors are marked with 
their last letter only (A=TFIIA etc.). Adjusted from Alberts et al. 2004. 
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opening and kinase activity important for phosphorylating the CTD. The most 
controversial GTF is TFIIA, which has been proposed to stabilize the TBP-TATA 
complex, repress negative cofactors and also act as a co-activator. It is possible 
that TFIIA is not necessary for activation of all genes (for review see (Thomas and 
Chiang, 2006)). 

Serving as a bridge between the gene specific activators and the basal transcrip-
tion machinery are the general cofactors. The mediator and Upstream Stimulatory 
Activity (USA)-derived Positive Cofactors (PCs) and Negative Cofactor 1 (NC1) 
belongs to this category (Meisterernst and Roeder, 1991) (for review see (Kaiser 
and Meisterernst, 1996)). Several of the general cofactors, like the mediator sub-
unit Cdk8, PC1-4 and NC1, repress basal transcription activity when activators are 
not present, but stimulate transcription in their presence (for review see (Thomas 
and Chiang, 2006)).  

The mediator is a highly conserved complex consisting of more than 20 polypep-
tides. Different subunits in the tail/middle module interact with different transcrip-
tion factors, e.g. MED1 interacts with several Nuclear Receptors (NRs) (Yuan et 
al., 1998), MED14 and 15 associates with Gal4-VP16 (Lee et al., 1999; Park et
al., 2000) and p53 interacts with MED17 (Ito et al., 1999). Probably these interac-
tions induce a conformational change in the mediator complex contributing to the 
recruitment of pol II. The head module of the mediator consists of eight subunits. 
Upon pol II binding the head domain undergoes a drastic conformational change 
that will facilitate transcriptional activation (Taatjes et al., 2002). A recent dis-
covery in human cells is the protein complex called integrator (Baillat et al.,
2005). This complex is thought to replace the mediator on snRNA genes tran-
scribed by pol II, but most of the 12 subunits are still of unknown function.  

The C-terminal domain of pol II consists in humans of 52 tandemly repeated hep-
tapeptides. This is a simplification as only the first 26 repeats follow the consen-
sus sequence while the repeats in the more distal regions differ in one or more po-
sition (for review see (Egloff and Murphy, 2008)). The two most studied residues 
in the heptapeptide are the Ser2 and Ser5, these will be discussed in more detail 
below, but other residues have been assigned roles for recruiting different process-
ing factors (Egloff et al., 2007; Noble et al., 2005) (for review see (Egloff and 
Murphy, 2008)). 

As mentioned before the PIC contains pol II with an unphosphorylated CTD. 
Phosphorylation of Ser5 by Cyclin Dependent Kinas (Cdk) 7, a component of TI-
FIIH leads to transcriptional initiation and recruitment of mRNA-capping en-
zymes. The Positive Transcription Elongation Factor (pTEF) b complex contains 
Cdk 9 that will phosphorylate Ser2 in the CTD. This phosphorylation plays an im-
portant role in overcoming the elongation block and convert pol II into its elongat-
ing form as well as recruitment of 3’-end processing factors. PTEF b has however 
been proved obsolete for specific genes like p21 (Gomes et al., 2006), histone 
H2B and U2 snRNA (Medlin et al., 2005). These residues may also be phosphory-
lated by other kinases, such as Cdk8, Cdk1 and Erk. This is thought to take place 
off-template and actually inhibit pol II (Hengartner et al., 1998; Oelgeschlager, 
2002). Dephosphorylation of Ser5 by small CTD Phosphatase 1 (Scp1) proceeds 
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during elongation, while Ser2 phosphorylation increases towards the 3’-end. 
TFIIF-associated CTD Phosphatase 1 (Fcp1) dephosphorylates Ser2, usually close 
to the termination step resulting in a resetting of the system for a new transcription 
cycle (for reviews see (Egloff and Murphy, 2008; Thomas and Chiang, 2006)). 

3.1.3 RNA polymerase III 

Polymerase III is the most complex enzyme consisting of 17 subunits of which 5 
have no paralogues in either pol I or pol II (for review see (Cramer et al., 2008)). 
The main pol III transcribed genes are tRNA, 5SRNA, 7SL RNA, 7SK RNA, 
Short Interspersed repeated DNA Elements (SINEs), certain virus encoded RNAs, 
MRP RNA, U6 snRNA. They often have internal promoter elements binding to 
TFIIIC. This five subunit complex recruits TFIIIB (TBP/TAF complex). Once 
stably associated to DNA, TFIIIB recruits pol III and initiates transcription (for 
reviews see (Dieci et al., 2007; White, 2005)). A subset of pol III promoters con-
tain additional upstream elements, among these is the Distal Sequence Element 
(DSE) that contains several protein binding sites e.g. for the transcription factors 
Staf and Oct1 (Murphy et al., 1992; Schuster et al., 1995).  

As for pol I the main route of regulating pol III mediated transcriptional activity is 
by regulating the activity of the basal transcription machinery. Indeed, coregula-
tion of these polymerases by the same factors is common. Erk phosphorylates 
TFIIIB, enhancing its ability to interact with both pol III and TFIIIC. The mTOR 
pathway increases pol III transcription by an unknown mechanism, at least not af-
fecting the levels of the components of the basal transcription machinery (for re-
view see (White, 2005)). p53 and pRb inhibits transcription by binding TFIIIB 
inhibiting it from binding DNA or interacting with TFIIIC respectively (Cairns 
and White, 1998; Chesnokov et al., 1996; Chu et al., 1997; White et al., 1996).  

Some of the RNAs transcribed by pol III are capable of regulating transcription or 
processing of the pol II transcribed genes. 7SK RNA can bind to pTEFb thus in-
hibiting pol II elongation (Nguyen et al., 2001; Yang et al., 2001b). Approxi-
mately 10% of the human genome is made up from SINEs. These are pseudogenes 
that are propagated by retrotransposition. The most common SINE family is the 
Alu gene family. SINE transcription is generally low, but can be increased by cel-
lular stresses such as heat shock and virus infection. In mouse the B2 RNA SINE 
can bind pol II directly and suppress its activity (Allen et al., 2004) and some Alu 
SINE RNAs have been shown to have an antisense effect (Pagano et al., 2007; 
Stuart et al., 2000). A recent report has shown that pol III also transcribes a hu-
man microRNA cluster (C19MC) via an upstream Alu promoter lacking a termi-
nation sequence (Borchert et al., 2006). 

3.1.4 Histone modifications and chromatin remodeling 

The packaging of DNA into nucleosomes affects all stages of transcription. The 
first is accessibility of DNA to transcription factors. In yeast many promoters have 
a 200 bp nucleosome free region enabling free access for certain TFs (Yuan et al.,
2005). Other studies in eukaryotic cells reveal that functional TF-binding sites in 
general are positioned in accessible regions (Bernstein et al., 2004; Lee et al.,
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2004). However, other reports indicate that chromatin remodeling is a prerequisite 
for certain TF binding (Guccione et al., 2006). TFs often recruit factors that influ-
ence the overall chromatin structure to make it accessible for the GTFs and the 
basal transcription machinery. The two major types of activities involved in chro-
matin remodeling are ATP-dependent chromatin remodeling and histone modifi-
cations.  

The histone’s N-terminal tails can be modified via numerous different pathways; 
serine and threonine residues can be phosphorylated, lysine residues acetylated, 
methylated, ubiquitylated, ADP-ribosylated and SUMOylated, and arginine resi-
dues methylated. Many of these modifications are associated with either gene ac-
tivation or repression, but likely it is the combination of them in a specific region 
that governs the final outcome. The particular arrangement of these modifications 
is therefore referred to as “the histone code”. The histone code is very dynamic, 
there are specific enzymes adding the modifications and others capable of remov-
ing them. With the exception of methylation, the modifications affect the net 
charge on the histone tails, which might affect their interactions, e.g. acetylation 
neutralizes positive charges on lysines decreasing the interaction to the negatively 
charged DNA backbone. Further, the modifications may serve as an interaction 
surface, e.g. the bromodomain present in many proteins will recognize acetylated 
histones (for review see(Li et al., 2007)).  

Histone Acetyl Transferases (HATs) typically add an acetyl-group at multiple ly-
sine residues in the histones, thereby opening up the chromatin structure. Several 
different complexes with HAT-activity have been identified. The most common 
are Gcn5, p300/CBP-binding protein-associated factor (PCAF), the SAGA com-
plex (contains Gcn5), Tip60 and CBP/p300 (Bannister and Kouzarides, 1996; 
Brownell et al., 1996; Candau et al., 1996; Kleff et al., 1995; Mizzen et al., 1996). 
PCAF and Gcn5 acetylates H3 and H4, Tip60 H2A and H4 and p300/CBP all his-
tones. PCAF and p300/CBP may in addition acetylate other proteins such as tran-
scription factors. The Histone Deacetylases (HDACs) remove acetyl-groups. 
There are two families of HDACs, the classical HDACs and the sirtuin family (for 
reviews see (Li et al., 2007; Yang and Seto, 2007)). HDACs do not bind DNA di-
rectly but are recruited by co-repressor complexes such as NCoR/SMRT or Sin3. 
These complexes can also be recruited by other types of histone modifications, 
most commonly methylation of H3 (Carrozza et al., 2005; Joshi and Struhl, 2005; 
Keogh et al., 2005) (for review see (Zhang, 2006)) . Depending on which lysine 
residue that is methylated and how many methyl-groups that are added, methyla-
tion may either be an active or a repressive mark. Important regulators of histone 
methylation are the Polycomb Group (PcG) and Trithorax group (TrxG) of pro-
teins. These have opposite effect on chromatin, PcG stimulating compactation and 
transcriptional repression while TrxG generally is associated with active marks 
(for review see (Recillas-Targa, 2008)).  

ATP-dependent chromatin remodeling complexes such as Swi/Snf, ISWI, RSC 
and Mi-2/NuRD (actually a combined HDAC and remodeling complex) alters the 
density and positioning of the nucleosomes; this may both activate and repress 
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transcription (Cote et al., 1994; Elfring et al., 1994; Imbalzano et al., 1994; Kwon 
et al., 1994) (for review see (Li et al., 2007)). 

3.1.5 Other epigenetic changes and microRNAs 

Epigenetics is broadly defined as any stable and possibly heritable change in gene 
expression or cellular phenotype that does not occur via changes of the DNA se-
quence. This definition includes the histone modifications and chromatin remodel-
ing discussed above. The most well studied epigenetic mechanism is, however, 
DNA methylation. This occurs at the cytosine of a CG dinucleotide in CpG is-
lands (DNA sequence enriched in CG). CpG islands are commonly present in pro-
moters, and their methylation is associated with gene silencing. The enzymes add-
ing a methyl group to the DNA are called DNA Methyltransferases (Dnmts). 
There are two groups of Dnmts, the de novo Dnmts (adding the methyl-group to 
new sites) and the maintenance Dnmts that copy the parental strand methylation-
pattern into a newly replicated DNA strand. DNA methylation patterns are thus 
inherited by daughter cells and play an important role in gene imprinting and may 
also keep mobile genomic elements (e.g. transposons) in a stable closed chromatin 
conformation (for reviews see (Feil, 2008; Recillas-Targa, 2008)). 

MicroRNAs (miRNAs) are 18-24 bp long RNA molecules that base pairs with tar-
get mRNA and negatively regulate their stability and translational efficiency. First 
identified in 1993 (Lee et al., 1993; Wightman et al., 1993) the importance and 
number of miRNA are continuously growing. Currently they are predicted to regu-
late about 30% of all transcripts in the human genome. MicroRNAs are tran-
scribed as long primary transcripts which are recognized by the endonuclease 
Drosha that cleaves them into pre-miRNAs, which in turn are recognized and fur-
ther processed by DICER. The final product is loaded into the RNA-Induced Si-
lencing Complex (RISC) as a single stranded RNA molecule. The miRNAs recog-
nize sequences in the 3’ untranslated regions of their target mRNA. Many miR-
NAs are present in the introns of genes and share their expression profile; others 
have their own promoters and regulatory machinery. Due to their many different 
targets miRNAs are involved in most cellular processes and have been implied in 
e.g. cancer (for review see (Kent and Mendell, 2006)). 

3.2 THE UBIQUITIN-PROTEASOME SYSTEM 

In 1977 Alfred Goldberg’s laboratory challenged the predominant view that all 
proteins were degraded by the lysosome by demonstrating the existence of an 
ATP-dependent protein degradation system in reticulocytes, which lack lysosomes 
(Etlinger and Goldberg, 1977). The ubiquitin-proteasome system (UPS) was dis-
covered after pioneering biochemical work done mainly by A. Hershko and A. 
Ciechanover (Ciechanover et al., 1980; Hershko et al., 1980; Hershko et al.,
1979). In this system a small protein, ubiquitin, is covalently attached to lysine 
residues in other proteins. Often, but far from always, this results in the degrada-
tion of the protein by a multi-subunit complex called the proteasome (for review 
see (Ciechanover, 2005)).  
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The proteasome has two obvious features, the barrel shaped 20S catalytic core 
particle and the 19S regulatory particle present at each end of the 20S. The core 
contains three different types of proteolytic activities: caspase-like, trypsin-like 
and chymotrypsin-like. This makes it efficient, capable of cleaving peptide bonds 
after acidic, basic and hydrophobic amino-acid residues. The 19S can be further 
divided into the lid and the base component. The main function of the lid is to 
recognize the ubiquitylated substrates and de-ubiquitylate them. The base consists 
of six AAA-ATPases and four other subunits. The AAA-ATPases are necessary 
for unfolding the substrate, opening the “gate” to the core particle and translocat-
ing the substrate through it (for review see (Tanaka, 2009)). 

Ubiquitin is conjugated to its substrate via a three-step enzymatic reaction. In the 
first step ubiquitin is activated by the E1-enzyme. In mammalian cells there are 
only two E1s. In the next step the ubiquitin is transferred to an E2 conjugating en-
zyme (about 25 exist). In the final step the ubiquitin is conjugated to its substrate 
that is recognized by the E3 ligase enzyme of which there are hundreds in the 
mammalian cell. This conjugation step may result in a single ubiquitin (mono-
ubiquitylation) or a whole chain of ubiquitins (poly-ubiquitylation) being attached 
to the substrate.  

In addition to being a signal for degradation, ubiquitylation of proteins has been 
implied in endocytosis, DNA repair, trafficking and transcription. In the case of 
poly-ubiquitylation a lysine residue in the previously attached ubiquitin molecule 
is used to attach the following ubiquitin moiety. There are seven lysine residues in 
the ubiquitin protein (K6, K11, K27, K29, K33, K48 and K63), making several 
different types of poly-ubiquitin chains possible. The dogma of the field is that the 
proteasome will only recognize and degrade K48- and K29-linked chains (Chau et 
al., 1989; Gregori et al., 1990; Johnson et al., 1995). Other types of chains do not 
increase the turnover rate of the substrate in vivo; instead they play a role in dif-
ferent signaling pathways. One of the most common non-proteolytic types of 
chain is the K63-linked chain. This has an important role in e.g. DNA-repair 
(Spence et al., 1995), ribosome modifications (Spence et al., 2000) and activation 
of the Inhibitor of NF B (I B) kinase (Deng et al., 2000). This dogma has how-
ever been challenged as in vitro work has proved that the proteasome both recog-
nizes and degrades substrates with K11- or K63-linked chains as efficiently as 
substrates with a K48-linked chain (Baboshina and Haas, 1996; Hofmann and 
Pickart, 2001; Kim et al., 2007; Kirkpatrick et al., 2006). This suggests that the 
lack of increased turnover in vivo is dependent on other factors shielding the K11- 
or K63-ubiquitylated substrates from the proteasome. This is plausible as there are 
several defined protein domains that interacts with ubiquitin or specific ubiquitin 
chains. The latter is possible as the different linkages give rise to chains with dif-
ferent three dimensional structure (for review see (Kirkin and Dikic, 2007)).  

For a long time it was assumed that a specific E3-E2 pair synthesized ubiquitin 
chains composed of a single type of linkage. Although this is true for some E3-E2 
combinations others are capable of forming atypical chains consisting of all seven 
different linkages (Kim et al., 2007; Kirkpatrick et al., 2006; Peng et al., 2003). 
These could be single-linkage chains on different lysine residues, but forked 
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chains have also been detected both in vitro (Kim et al., 2007) and in yeast (Peng 
et al., 2003). Interestingly, this was dependent on the E2, a situation that fits with 
the fact that most E3s are merely bringing the substrate to the E2 and does not 
take part in the actual conjugation reaction. The Homologous to E6-AP Carboxyl 
Terminus (HECT)-domain E3 ligases are exceptions; here the ubiquitin is actually 
transferred to the E3 ligase before it is added to the substrate. So far, HECT E3s 
have only been shown to form homologues chains (Kim et al., 2007). Most of 
these studies are done in vitro however; Al-Hakim et al. have demonstrated that a 
K29/K33 mixed chain is important for AMP-activated Protein Kinase (AMPK) 
regulation in cells (Al-Hakim et al., 2008). When and why these mixed and forked 
chains are formed in vivo is still unknown. In vitro the forked chains were not de-
graded by the proteasome (Kim et al., 2007). An interesting observation in this 
context is that the binding of Aurora A to a complex of N-Myc and the E3 ligase 
Fbw7 seems to shift the chain-linkage produced from K48 to K63 and K11, possi-
bly by recruiting another E2 to the Fbw7 complex (Otto et al., 2009). This indi-
cates that other factors not usually associated with the UPS might influence the 
ubiquitylation process. 

In the lid of the 19S there are enzymes cleaving off the ubiquitin chain of the sub-
strate hence recycling the ubiquitin molecules. These De-Ubiquitylating enzymes 
(DUBs) exist elsewhere in the cell as well. There are 80-90 known DUBs in the 
mammalian cell, however, few are functionally characterized. Some DUBs have a 
chain-linkage specific activity, while others are more general, some cut off whole 
chains while others target mono-ubiquitylated substrates or start from the end of 
the chain removing ubiquitin after ubiquitin. As DUBs may have a great impact 
on protein stability and activity they have been shown to play a role in the devel-
opment of diseases such as cancer and neurodegenerative diseases (for reviews see 
(Shanmugham and Ovaa, 2008; Singhal et al., 2008)). 

The most obvious way for the UPS to be involved in transcription is of course by 
degrading transcriptional activators or parts of the basal transcription machinery, 
thus inhibiting transcription, or degrading transcriptional repressors, leading to an 
activation of transcription. Indeed this occurs, but a closer link between the UPS 
and transcription exists. Several studies have shown that ubiquitylation of specific 
transcription factors are important for their activity, although this is often con-
nected to the degradation of the transcription factor (Kim et al., 2003; Molinari et 
al., 1999; Salghetti et al., 2001; von der Lehr et al., 2003). The model describing 
this is called the suicide or licensing model where the ubiquitylation renders the 
TF a license to transcribe but also targets it for degradation (for review see (Mura-
tani and Tansey, 2003)). In other reports the proteolytic activity of the UPS is not 
of importance for regulation of transcription. Parts of, or the whole 19S have been 
identified on promoters and shown to be activators of transcription. A suggested 
mechanism is that the ATPases in the 19S exert chaperone-like activity on tran-
scription factors and unwind their activation domains, unless the transcription fac-
tors have been modified by a protective mono-ubiquitylation (Archer et al., 2008; 
Ferdous et al., 2001; Gonzalez et al., 2002). 
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3.3 THE MAMMALIAN CELL CYCLE 

For a cell to reproduce it must, in an orderly manner, duplicate its contents and 
then divide in two. To maintain the homeostasis of developed mammals this will 
not occur without the cell receiving mitogenic (growth) stimuli. Once received the 
cell starts its highly controlled program of cell division, relying on several check-
points to make sure its genome is faithfully copied and distributed to the two 
daughter cells.  

The cell cycle is built up by four phases, the most central phases being the Syn-
thetic (S)-phase, where the DNA is replicated, and the Mitotic (M)-phase where 
the actual division takes place. These major events are interspaced by two other 
phases called Gap phase 1 and 2 (G1 and G2). In the G1 phase, between the M 
and S phase, the cell grows in size and monitors its surrounding to assure favour-
able conditions for starting the duplication of its genome. In G2, between S and 
M, the cell continues growing and prepares for division. The M-phase can be fur-
ther divided into prophase, metaphase, anaphase and telophase based on changes 
in the duplicated DNA. In these stages the DNA is condensed, aligned, separated 
and de-condensed respectively. After the M-phase the cells re-enter the G1. In the 
presence of mitogenic stimuli a new cycle will occur, in the absence, the cell will 
exit the cell cycle and reside in a resting state called G0. One known exception to 
this model is the embryonic stem (ES) cells. In these cells DNA replication starts 
immediately after mitosis, the G1 and many of the factors regulating this phase are 
inactivated (for review see (Burdon et al., 2002)). 

The different phases are regulated by different protein complexes (see Figure 3). 
The major driving forces of the cell cycle are the cyclins and the Cyclin Depend-
ent Kinases (Cdks). Cyclins activate the Cdks by inducing a conformational 
change at the active site. To reach full activity the Cdk has to be phosphorylated 
by the Cdk Activating Kinase (CAK) cyclin H:Cdk7. The activity of the Cdks can 
be inhibited by other phosphorylations, added by the kinases Wee1/Myt1. Cdc25 
is a phosphatase capable of removing these inhibitory phosphorylations. The cy-
clins got their name because their levels oscillate during the cell cycle. During the 
1970-1990 major discoveries regarding these complexes were made. The first cy-
clin was discovered in T. Hunt’s laboratory in 1983 (Evans et al., 1983). Later 
work revealed that different cyclin:Cdk complexes are active at different phases 
and that cyclins must be degraded via the UPS before cells can leave mitosis 
(Cross, 1988; Hadwiger et al., 1989; Murray et al., 1989; Nash et al., 1988). There 
are two major families of inhibitors of the Cdks (Cyclin-dependent Kinase Inhibi-
tors, CKIs). The Cip/Kip family consists of p21Cip1, p27Kip1 and p57Kip2 targeting 
Cdk1, 2 and 4 (Harper et al., 1993; Koff et al., 1993; Polyak et al., 1994; Xiong et 
al., 1993). p16ink4a, p15ink4b, p18ink4c and p19ink4d belong to the Inhibitors of Cdk4 
(Ink4) family, which inhibit Cdk4 and 6 (Chan et al., 1995; Guan et al., 1994; 
Hannon and Beach, 1994; Hirai et al., 1995).  
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In early G1, expression of D-type of cyclins (D1-3) is activated through many 
growth stimulatory pathways (e.g. Myc, Ras, Her2 and Wnt). Cyclin D levels re-
main high throughout the whole cycle. Together with Cdk4 or 6, the D-type cy-
clins will form an active complex whose main task is to phosphorylate members 
of the pRb family (pRb, p107 and p130). In its hypophosphorylated form pRb 
binds to and inhibit members of the E2F family of transcription factors. E2F acti-
vates many genes important for DNA replication and also cyclin E/ A and Cdk1. 
Cyclin D:Cdk4/6 are also important to sequester p27 and p21. In low concentra-
tions these CKIs actually stimulate the forming of the cyclin D:Cdk4/6 complex, 
even though higher concentrations are inhibitory. This will draw the CKIs from 
their main target Cdk2. In the late G1 cyclin E levels rise. Cyclin E:Cdk2 will 
maintain the pRb proteins hyperphosphorylated leading to an accumulation of 
E2F, pushing the cells over the G1/S restriction point. After this point the cells 
will not respond to withdrawal of mitogenic stimuli, but are committed to fulfill 
the whole cycle. Cyclin E:Cdk2 will also phosphorylate p27 at Thr187. This 
phosphorylation is recognized by the E3-ligase SCFSkp2 that will target p27 for 
degradation by the UPS (Carrano et al., 1999; Tsvetkov et al., 1999). When the 
cell enters the S-phase Cyclin E is phosphorylated by Cdk2 and 
Gsk3 ubiquitylated by the E3-ligase SCFFbw7and degraded by the proteasome 
(Koepp et al., 2001; Welcker et al., 2003) and cyclin A will take its place as 
Cdk2’s partner. Important targets of this complex are the replication initiation 

Figure 3. An illustration of the main regulators of the different cell cycle 
phases. 
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complexes, but inactivation of some E2Fs may also be an important task. During 
the G2 and M phases cyclin A will switch partner to Cdk1 which also binds to the 
B-type cyclins (B1-3). Cyclin A is important for initiation of prophase but it has 
to be degraded before anaphase. Cyclin B will contribute to DNA condensation 
and assembly of the mitotic spindle. The Anaphase Promoting Com-
plex/Cyclosome (APC/C) is a huge E3-ligase that targets both cyclin A and B. 
APC is activated in mitosis through phosphorylation by different kinases. In early 
mitosis Cdc20, activated by Cdk1, will phosphorylate and activate APC/C, but as 
the cell leaves mitosis Cdh1 takes over this role. Cdh1 is inhibited by Cdk1.These 
two factors are thought to be involved in presenting the correct substrate to 
APC/C. In the end of the M-phase all remaining cyclins are degraded (for reviews 
see (Johnson and Walker, 1999; Murray, 2004)).  

As shown in several knockout mice studies a functional redundancy between the 
regulators of the cell cycle exists. Knocking out any single D-type cyclin or 
Cdk4/6 did not affect embryonic development and the mice are viable, although 
many tissue specific defects occurred (Fantl et al., 1995; Malumbres et al., 2004; 
Rane et al., 1999; Sicinska et al., 2003; Sicinski et al., 1996; Sicinski et al., 1995; 
Tsutsui et al., 1999). Further, Cdk2 knockout mice are viable and show no effect 
on mitotic cell cycle, but show meiotic failure (Berthet et al., 2003; Ortega et al.,
2003). Likewise cyclin E knockouts are viable with no (cyclin E1) or minor de-
fects (cyclin E2) (Parisi et al., 2003). So far the cyclin A2 and B1 are the only 
single cyclin knockout resulting in embryonic lethality (Brandeis et al., 1998; 
Murphy et al., 1997). It seems that Cdk1 can replace all other Cdks but cannot be 
replaced itself, as no Cdk1 knockout embryos could be identified at E1.5 
(Santamaria et al., 2007). Why are more differentiated cells dependent on addi-
tional cyclins and Cdks than early embryonic cells? This is not understood yet, but 
it is promising for the development of drugs targeting different cell cycle compo-
nents for cancer therapy as more and perhaps specific targets are available. Even 
in tumor cell lines the responses to inhibition of different Cdks are cell-type spe-
cific and the applicability of these inhibitors are likely not going to be general to 
all tumor types (for review see (Berthet and Kaldis, 2007)). 

Apart from the restriction point in G1/S, there are two major types of checkpoints 
active during cell cycle, the DNA-damage checkpoints and the mitotic check-
points. Briefly; DNA-damage will activate the Ataxia Telangiectasia Mutated 
(ATM) and Ataxia Telangiectasia and Rad3-related (ATR) kinases, which in turn 
activate Chekpoint Kinase (Chk) 1 and 2. These two kinases will affect multiple 
substrates e.g. activating p53 and thus its target gene p21, inactivating Cdc25 and 
activating Wee1/Myt1. Altogether leading to the efficient inactivation of several 
cyclin:Cdk complexes and cell cycle arrest (for review see (Niida and Nakanishi, 
2006). A number of checkpoints regulate the M-phase progression. The Spindle 
Assembly Checkpoint (SAC) is activated immediately upon M-phase entry and 
delays the anaphase by sequestering Cdc20 until all chromosomes are properly 
attached at the metaphase plate (for review see (Musacchio and Salmon, 2007)). 
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3.4 SENESCENCE 

Senescence is defined as an irreversible cell cycle arrest associated with specific 
morphological changes. The phenomenon was discovered in experiments where 
human fibroblasts were shown to have a limited lifespan in culture due to the 
shortening of telomeres below a critical threshold length (Hayflick and Moorhead, 
1961). This is called replicative senescence. An interesting observation is that ro-
dent cells, which have 5-10 times longer telomeres than humans as well as active 
telomerase (an enzyme lengthening the telomeres), also have a limited lifespan in 
culture entering a senescent state long before their telomeres are eroded. One ex-
planation emerging was that rodent cells are less efficient in DNA-repair (Hart 
and Setlow, 1974) and thus less capable of handling the stresses of the artificial 
cell culture environment. Indeed, under other culture conditions certain rat cells 
(Schwann cells and oligodendrocyte precursor cells) have limitless capacity to di-
vide (Mathon et al., 2001; Tang et al., 2001). Different stress stimuli are thus ca-
pable of inducing a senescent phenotype without affecting the telomeres. Hall-
marks of senescence are up-regulation of several different mediators of growth 
arrest, p53, pRb, p21, members of the Ink4 family like p16, induction of Senes-
cence-Associated -galactosidase (SA- gal) activity and formation of Senes-
cence- Associated Heterochromatin Foci (SAHF). The redundancy in this system 
is rather high as cells lacking e.g. p53, p21 or p16 are still capable of inducing se-
nescence although at a lower rate (for review see (Shay and Roninson, 2004)). 
However, in a mouse model of lymphoma the drug induced senescence response 
was disabled by disruption of either the p53 or Ink4a gene (Schmitt et al., 2002), 
indicating that cell specific responses occur. 

Oncogene Induced Senescence (OIS) could be described as one type of stress in-
duced senescence but is often considered as a cellular defense mechanism against 
tumor development. Several oncogenes capable of inducing senescence have been 
described; among them are Ras, Akt, cyclin E, Raf and STAT5 (for review see 
(Prieur and Peeper, 2008). To illustrate the phenomenon, I will focus on Ras. The 
first evidence that overexpression of Ras induced senescence in cell cultures came 
in 1997 (Serrano et al., 1997). For a long time in vivo evidence for senescence was 
lacking and many believed senescence to be an artifact of tissue culture conditions 
and/or supraphysiological levels of Ras. Oncogenic Ras often has a point mutation 
that locks Ras in a GTP-bound, thus active, state. In tumors the activity of Ras is 
increased more often than the levels of Ras. The first in vivo experiments using a 
knockin mutant activated Ras (K-RasV12) expressed from its own promoter sup-
ported the disbelievers, as Mouse Embryonic Fibroblasts (MEFs) from these ani-
mals failed to induce senescence (Guerra et al., 2003; Tuveson et al., 2004). How-
ever, further studies of the animals revealed the development of premalignant 
adenomas expressing senescence markers like p16, p15and SA- gal, while the 
few malignant adenocarcinomas that developed lacked these markers. This not 
only supports the fact that senescence occurs in vivo, but also that it may play a 
role in suppressing tumor formation (Collado et al., 2005). During the same year 
other research groups confirmed senescence as a barrier to tumor formation in dif-
ferent systems in vivo (Braig et al., 2005; Chen et al., 2005b; Michaloglou et al.,
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2005). It is generally believed that it is the high oncogenic signaling that causes 
the induction of senescence. This theory has been challenged by Courtois-Cox et 
al. who showed that the activation of the Ras-pathway rapidly starts a negative 
feedback response with up-regulation of many known inhibitors of the Ras-
pathway. This leads to a Ras/PI3K signal lower than in normal cycling cells. In-
terestingly, the senescent phenotype could also be induced by ectopic expression 
of these Ras inhibitors (Courtois-Cox et al., 2006). 

Obviously, the molecular mechanism behind OIS is not fully understood. Certain 
pathways have been implicated, but as mentioned above redundancy exists and 
cell type specific responses are common. Many oncogenes induce formation of 
Reactive Oxygen Species (ROS) which may lead to DNA damage followed by a 
senescence response. ROS can also trigger a kinase cascade involving p38/PRAK 
ending in the activation of p53. This pathway is important for Ras mediated se-
nescence (Sun et al., 2007). Other studies suggest oncogene induced replication 
stress as the main source of DNA damage, as a subset of oncogenes can only trig-
ger senescence if the cells are allowed to enter S-phase (Bartkova et al., 2006; Di 
Micco et al., 2006). SAHFs seem to be important for the irreversibility of senes-
cence. The SAHFs were discovered as distinct heterochromatin structures present 
together with pRb at E2F responsive promoters (Narita et al., 2003). More recent 
studies have revealed that p16 cooperates with High-Mobility-Group A (HMGA) 
proteins to promote SAHF formation (Narita et al., 2006) and that Suv4-20h, a 
histone methyl transferease catalyzing tri-Me-H4K20, associates with pRb induc-
ing heterochromatin formation (Gonzalo et al., 2005). 

Several tumor cells readily undergo senescence upon treatment with DNA-
damaging agents, indicating that a functional senescence pathway can exist in tu-
mor cells. In a study of clinical breast tumor samples, SA- gal activity was in-
deed demonstrated in the treated group while it could not be observed in the un-
treated control group (te Poele et al., 2002). Senescent cells have also been shown 
to trigger an immune response leading to the clearance of the senescent tumor 
cells (Xue et al., 2007). However, the senescence response may also induce the 
secretion of tumor promoting proteins such as TGF  and plasminogen activator 
inhibitor-1, making outcome predictions for senescence-inducing therapy difficult 
(for review see (Roninson, 2003)). Likely, many tumors will respond with regres-
sion by drugs inducing senescence, but drugs inducing apoptosis in tumors seem a 
safer bet when it is an option. 

3.5 APOPTOSIS 

The concept of programmed cell death was first described for the nematode C. 
elegans as it was demonstrated that certain cells invariantly died during its devel-
opment (Sulston and Horvitz, 1977). One form of programmed cell death is called 
apoptosis, an expression originating from 1972 when Kerr et al. used it to describe 
a mode of cell death associated with certain morphological criteria (Kerr et al.,
1972). The morphological changes of an apoptotic cell includes cytoplasmic con-
densation, nuclear pyknosis, chromatin condensation, cell rounding, membrane 
blebbing and the formation of apoptotic bodies which are quickly phagocytosed 
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by macrophages. The whole process is rapid, once started the cell is usually gone 
without a trace within one hour (Wyllie et al., 1980). 

Central in the apoptotic machinery is a family of cystein aspartate proteases called 
caspases (Miura et al., 1993). During apoptosis the caspases work in a coordinated 
cascade where initiating caspases (caspase 2, 8, 9 and 10) enzymatically activate 
the effector caspases (caspase 3, 6 and 7). The final outcome of activating the cas-
pase cascade is the dismantling of the cell. Studies of initiator caspases 8 and 9 
have revealed that in the absence of apoptotic stimuli they exist as inactive 
monomers. Upon the correct signal the monomers will be brought into close prox-
imity by complexes described below, and via self-cleavage an active homodimer 
is formed (for review see (Li and Yuan, 2008)).  

Caspase-dependent apoptosis occurs via two main pathways, the extrinsic and the 
intrinsic/mitochondrial pathway. The extrinsic pathway is triggered by a ligand 
binding to its cell surface death receptor e.g. Tumor Necrosis Factor Receptor 
(TNFR) 1, Fas and TNF-Related Apoptosis-Inducing Ligand Receptor 
(TRAILR)1. Ligand binding induces receptor multimerization where the intracel-
lular parts form the Death-Inducing Signaling Complex (DISC). This further re-
cruits cofactor complexes and in the end a complex called Fas-Associated Death 
Domain protein (FADD) recruits and activates caspase 8 and sometimes caspase 
10. In certain cells the activation of caspase 8 is enough to activate the effector 
caspases 3 and 7 and the apoptosis response, in other cells further signaling is 
needed and caspase 8 cleaves the proapoptotic factor Bid into its active form, 
truncated (t)Bid, which will activate the mitochondrial pathway (see below) (for 
review see (Li and Yuan, 2008)).  

The intrinsic pathway is triggered by stress stimuli such as DNA damage, hypoxia 
cytokine deprivation and oncogenes. This activates the BH3-only proteins (which 
will be described in more detail below) promoting the oligomerization of Bak and/ 
or Bax in the mitochondrial outer membrane. This leads to membrane permeabili-
zation and the release of cytochrome c and Second Mitochondria-derived Activa-
tor of Caspase (Smac) also called DIABLO. In the cytoplasm cytochrome c binds 
to Apoptotic Protease-Activating factor (Apaf) 1 inducing a conformational 
change leading to Apaf-1 oligomerization followed by recruitment and activation 
of caspase 9. This large complex is called the apoptosome. Activated caspase 9 
will then activate caspase 3 and 7 and apoptosis is executed (for review see (Li 
and Yuan, 2008)). Inhibitors of Apoptosis (IAPs) such as XIAP, c-IAP and sur-
vivin are usually present in the cytoplasm where they bind caspases and inhibit 
their activity (Deveraux et al., 1997). Smac/DIABLO can inhibit the IAPs. In re-
sponse to genotoxic stimuli another protein complex called PIDDosome may be 
activated. This complex is built up by the p53-Induced protein with a Death Do-
main (PIDD) and the adaptor RAID and activates initiating caspase 2. Caspase 2 
cleaves and activates Bid (Tinel and Tschopp, 2004). 

The B-Cell Lymphoma gene 2 (Bcl-2) family of proteins contain both anti- and 
proapoptotic members. The antiapoptotic, or prosurvival, group in mammals con-
sists of Bcl-2, Bcl-xL, Bcl-w, Mcl-1 and A1. These oppose the proapoptotic Bax 
group (Bax, Bak and Bok) and are inhibited by the BH3-only group consisting of 
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Bim, Bad, Bid, Bmf, Puma and Noxa (See Figure 4A) (for review see (Willis and 
Adams, 2005)). The different BH3-only proteins have different potency, likely 
dependent on their binding specificity, outlined in Figure 4A. Puma for example 
inhibits all the prosurvival proteins and is a potent killer. Noxa on the other hand 
is a weak killer, only capable of opposing one of the two prosurvival proteins that 
inhibits Bak (Chen et al., 2005a; Willis et al., 2005; Willis et al., 2007). In the 
simplest model for induction of apoptosis, the proapoptotic proteins simply dis-
place Bak and Bax in binding to the antiapoptotic proteins thus releasing Bak and 
Bax (See Figure 4B). However studies have suggested that both tBid and Bim can 
transiently bind directly to Bax or Bak and in this manner directly activate them. 
There is still much debate in the field whether this direct activation is necessary 
for apoptosis (for review see (Chipuk and Green, 2008)). 

Many pathways involving cellular stresses and DNA-damage activate p53, a tran-
scription factor with important apoptotic target genes like Bax, Puma and Noxa. 
E2F has also been shown to directly upregulate Puma, Bim, Noxa and some cas-

Figure 4. A. Outline of the connections between the anti- and proapoptotic 
members of the Bcl-2 family. B. The displacement model for induction of 
apoptosis. A proapoptotic protein displaces Bax/Bak in binding to an anti-
apoptotic protein. Bax/Bak is then free to permeabilize the mitochondrial 
membrane. Adjusted from Willis and Adams, 2005. 
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pases. Sequestration is another way of controlling proteins. Bad is sequestered by 
the 14-3-3 proteins, Bim is bound to microtubule complexes and Bmf to the my-
osin V motor complex. Several Bcl-2 family proteins are post-translationally 
modified e.g. Bim is phosphorylated by Erk inducing its degradation via the UPS. 
JNK phosphorylation on other residues has the opposite effect. Caspases are also 
under the control of kinases e.g. caspase 9 is inhibited by Erk, Akt and MAPK 
phosphorylations and in mitosis by cyclin B:Cdk 1 (for reviews see (Li and Yuan, 
2008; Willis and Adams, 2005)). Undoubtedly all proteins involved in apoptosis 
are regulated by many different pathways to make the cell’s decision of commit-
ting suicide a “well informed” and controlled event.  
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4 CANCER 

Tumorigenesis is a multistep process where a normal cell must undergo several 
changes to become a transformed cancer cell. Many observations indicate that 
human tumors develop in an evolution-like manner, where each change confers a 
growth advantage. D. Hanahan and R. Weinberg have defined six capabilities a 
cell must acquire to be fully transformed. These were called the hallmarks of can-
cer and will be described below (Hanahan and Weinberg, 2000). Only six changes 
may seem like an easy task to target with drugs, but each of the capabilities can be 
acquired by numerous different genetic and epigenetic changes. To give an exam-
ple; inactivation of p53 will lead to evasion of apoptosis (see below). This can be 
achieved either by a mutation in p53 itself or by overexpression of Mdm2, a nega-
tive regulator of p53. There are experimental drugs (early clinical trials) that will 
either reactivate mutant p53 (Bykov et al., 2002) or inhibit the interaction between 
Mdm2 and p53 (Vassilev et al., 2004), but they have to be given to the right pa-
tient to cure the cancer. As more and more targeted therapeutics appear the need 
to know exactly what drives each patient’s tumor is increasing. The development 
of cost-efficient and reliable techniques to evaluate what drugs an individual tu-
mor is sensitive to is an important task to be able to use the new drugs. 

Normal cells have many mechanisms to assure that mutations or chromosomal ab-
breviations do not become permanent. The cell has several different DNA repair 
systems to handle DNA-damage, and checkpoints make sure chromosomes are di-
vided correctly upon cell division. Tumor cells have often defects in these systems 
making their genome instable. This genomic instability is what makes it possible 
for a cell to acquire all six hallmark abilities during a life time (Hanahan and 
Weinberg, 2000). The changes occurring can roughly be classified in two groups, 
the inactivation of tumor suppressors and the activation of proto-oncogenes. Tu-
mor suppressor proteins function in the normal cell to restrain proliferation. The 
genetic changes that inactivate tumor suppressor genes are so called ‘loss of func-
tion’ changes, usually both alleles have to be inactivated for the phenotype to 
change. Proto-oncogenes are normally stimulating proliferation, when activated 
these genes are called oncogenes. This is a ‘gain of function’ change and only one 
allele has to be affected for the cell to gain a growth advantage. 

4.1 SELF-SUFFICIENCY IN GROWTH SIGNALS, LIMITLESS REPLICA-
TIVE POTENTIAL AND INSENSITIVITY TO GROWTH SIGNALS 

These three capabilities are strongly contributing to one of the transformed cell’s 
major characteristics, uncontrolled proliferation. Normal cells will not divide 
without a growth signal and they will stop dividing upon an antigrowth cue. 
Growth Factors (GFs) are generally received from other cells, but certain tumor 
cells have acquired the ability to produce GFs to which they are responsive them-
selves, e.g. Platelet-Derived Growth Factor (PDGF). GFs generally bind to cell 
surface receptors and a second strategy to be self-sufficient in growth signals is to 
up-regulate these receptors (e.g. Her-2 amplification). Mutations that make them 
constitutively active (EGF-receptor mutations) is yet another strategy (Slamon et 
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al., 1987; Yarden and Ullrich, 1988) for review see (Khazaie et al., 1993)). Acti-
vation of downstream signaling pathways are also common, in 25% of all human 
tumors the Ras oncogene is activated. Further downstream is the PI3K whose ac-
tivity is opposed by the tumor suppressor PTEN, which is often lost in tumors 
(Hanahan and Weinberg, 2000).  

Normal cells senesce when their telomeres are too short. Tumor cells having an 
increased proliferation rate should reach this limit fast and not be able to grow in-
to large tumors. Most tumors have evaded this barrier by activating the Human 
Telomerase Reverse Trancriptase (hTERT) gene, encoding the active subunit of 
the telomerase enzyme (Shay and Bacchetti, 1997). A minority of tumors maintain 
the length of their telomeres by the Alternative Lengthening of Telomeres (ALT) 
mechanism involving recombination events between chromosomes (Bryan et al.,
1995). 

Insensitivity to anti-growth signals is centered around disruptions of the pRb 
pathway. Transforming Growth Factor (TGF)- blocks G1 progression by activat-
ing p21 and p15 and by down-regulating Myc, resulting in a loss of pRb phos-
phorylation. Mutations in the TGF-  receptor are one strategy to gain insensitivity 
to anti-growth signals (for review see (Ravitz and Wenner, 1997)). Viral proteins 
have also been shown to directly bind to and inactivate pRb, E7 is one example 
(Dyson et al., 1989). Connected to these capabilities is the tumor cells’ ability to 
avoid differentiation achieved by e.g. activation of Myc (Hanahan and Weinberg, 
2000).  

4.2 EVADING APOPTOSIS 

Organisms have a low tolerance to cells that do not behave as they should or have 
damages that endanger the genomic integrity of their descendents. Multiple cellu-
lar proteins act as sensors, which will react to abnormalities e.g. DNA damage, by 
activating effectors of the apoptotic program. This is a major barrier to tumor 
formation and acquiring resistance to apoptosis is a requirement for most tumors. 
Survival signals promote survival while not affecting the proliferation rate. Two 
examples that are altered in different cancers are Insulin-like Growth Factor 
(IGF)-1 and 2 and interleukin (IL)-3 receptors which both signal through the PI3K 
pathway (for review see (Butt et al., 1999). Death signals derived from within the 
cell (e.g. by DNA-damage, hypoxia or oncogene activation) commonly converge 
on p53. p53 is mutated in 50% of all tumors and in several other cases the E3-
ligase for p53, Mdm2, is amplified or overexpressed leading to a continuous deg-
radation of the p53 protein (for review see (Meulmeester and Jochemsen, 2008)). 
The Bcl-2 family of proteins is also targeted in tumor cells. Bcl-2 itself is often 
activated by translocation in lymphomas (Cleary et al., 1986; Tsujimoto et al.,
1985). Usually some components of the apoptotic response are intact in tumor 
cells and with the correct signal the program can be reactivated (Hanahan and 
Weinberg, 2000). 
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4.3 SUSTAINED ANGIOGENESIS 

Just as normal cells the tumor cells are dependent on nutrients and oxygen sup-
plied by the bloodstream. Early in tumorigenesis the tumors are small (0.2 mm in 
diameter) and residing close to blood vessels. To grow further in size the tumor 
has to stimulate angiogenesis, the formation of new blood vessels. As most proc-
esses in the body, angiogenesis is regulated by a balance of activators and inhibi-
tors. The so called angiogenic switch occurring in tumors tips the balance towards 
the activating state and new vessels grow into the tumors (for review see 
(Hanahan and Folkman, 1996)). Typical stimulators of angiogenesis are Vascular 
Endothelial Growth Factor (VEGF), Fibroblast Growth Factors (FGF), angiopoi-
etin and PDGF. The expression of several of these factors is under the control of 
Hypoxia Inducible Factor (HIF)-1, which is active under hypoxia, but targeted for 
degradation by VHL during normoxia (for review see (Kaelin and Ratcliffe, 
2008)). The new blood vessels are either recruited from nearby capillaries (sprout-
ing) or by recruitment of Circulating Endothelial Precursor cells (CEPs) from the 
bone marrow and are often leaky and not functioning optimally (Lyden et al.,
2001; Muthukkaruppan and Auerbach, 1979). Examples of inhibitors of angio-
genesis are Thrombospondin (Tsp)-1, angiostatin and -interferon (for review see 
(Ribatti, 2008)).  

4.4 TISSUE INVASION AND METASTASIS 

In 90% of all cancer related deaths it is not the primary tumor that kills the indi-
vidual. Instead it is the daughter tumors, metastasis, which cause death. A charac-
teristic behavior of a malignant tumor is that it breaks the basal membrane sur-
rounding it, and starts to invade the surrounding tissue. There are several steps in-
volved in metastasis; the cells must invade the local tissue, enter the circulation, 
get transported to a distant site, exit the circulation, form a micrometastasis and 
the final step, colonize the new site and grow to a macrometastasis. For epithelial 
tumors an important mechanism for spreading is called Epithelial-Mesenchymal 
Transition (EMT). This is a process normally employed in embryogenesis and 
wound healing where the epithelial cell looses its epithelial markers and trans-
forms into a fibroblast-like cell (for review see (Yang and Weinberg, 2008)). One 
of the most important markers that are lost is E-cadherin, a transmembrane adher-
ens protein that keeps the epithelial cells tightly connected to each other. Intracel-
lularly E-cadherin is attached to -catenin. Once E-cadherin is downregulated -
catenin is released and will function as a transcription factor in the nucleus. Sev-
eral other transcription factors have also been implied to drive the EMT program, 
among them are Snail, Slug and Twist. When the cells have reached their new site 
they reverse the EMT-program and transform back into epithelial cells. It has been 
suggested that the whole EMT process is triggered by signals from the stroma sur-
rounding the tumor and since the stroma is different at the new site the cells stop 
the EMT-program and revert to an epithelial phenotype. Examples of signal path-
ways that trigger EMT are TGF- , Wnt and EGF (for review see (Huber et al.,
2005)). 
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4.5 MICROENVIRONMENT 

The importance of the tumor microenvironment is becoming more and more ap-
preciated. The crosstalk between tumor cells and the surrounding stromal com-
partment is bidirectional, both compartments affecting each other. Probably an 
“unfriendly” stroma is the reason why so few micrometastasis manage to grow 
into macrometastasis. It has been shown experimentally that cancer cells can acti-
vate normal fibroblasts. Cancer Associated Fibroblasts (CAFs) stimulate the 
growth of several types of tumor cells in immunodeficient mice, while fibroblasts 
from benign areas do not (Noel et al., 1993; Olumi et al., 1999; Picard et al.,
1986). The cells of the immune system are also important in the microenviron-
ment of tumors. Commonly tumor cells escape being killed by the immune system 
by e.g. down-regulating components of the antigen presenting pathway (Johnsen 
et al., 1998) or producing Fas ligand (O'Connell et al., 1996; von Bernstorff et al.,
1999), which activate apoptosis in many immune cells. The immune cells may al-
so secrete cytokines and growth factors that stimulate tumor growth (for review 
see (Yoshimura, 2006)). 

4.6 CANCER STEM CELLS 

The Cancer Stem Cell (CSC) hypothesis proposes that only a subpopulation of the 
tumor cells is responsible for the growth and metastasis of that tumor. It originates 
from studies done by J. Dick and colleagues in Acute Myeloid Leukemia (AML) 
where they show that a small defined population of tumor cells had self-renewal 
capacity and could be passed on from animal to animal and maintain the AML 
phenotype (Bonnet and Dick, 1997). Subsequent studies have shown that similar 
populations of highly tumorigenic cells exist in many different types of tumors 
(Kim et al., 2005; O'Brien et al., 2007; Singh et al., 2004). The origin of the CSC 
is debated in the field, some claim that an adult tissue stem cell has to be trans-
formed (Bonnet and Dick, 1997), while others propose that the stem-like abilities 
can be activated in other tumor cells by e.g. different oncogenes (Cozzio et al.,
2003; Huntly et al., 2004). In normal tissues, stem cells are confined to a certain 
niche which is necessary for maintaining the stem cell. It has been suggested that 
cells within tumors all have the capability of being a CSC but only a subset re-
ceives the correct signals from their neighbors and the stroma, that is residing 
within the correct niche (for review see (Houghton et al., 2007)). The CSCs iso-
lated so far often have different characteristics compared to the bulk of tumor 
cells. They are relatively quiescent, express drug efflux pumps like members of 
the ABC-transporter family, often express anti-apoptotic proteins such as Bcl-2 
and have an increased DNA-repair capacity. This renders them more resistant to 
normal anti-cancer therapeutics which often targets rapidly proliferating cells. The 
surviving stem cells have been suggested to be the cause of most tumor relapses. 
Many of the pathways important for normal stem cells (Wnt, hedgehog and Notch) 
are also active in CSC (Bhardwaj et al., 2001; Jamieson et al., 2004; Reya et al.,
2003; Scheller et al., 2006; Varnum-Finney et al., 2000). In mouse models, target-
ing mTOR has proved efficient for inhibiting leukemia by killing CSCs without 
affecting normal stem cells. (Yilmaz et al., 2006). 
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5 THE MAX NETWORK 

The Max network consists of several transcription factors of the Basic-Helix-
Loop-Helix leucin Zipper (bHLHzip) family. To be active and to bind to specific 
target sequences in the DNA, called E-boxes, these factors have to dimerize. The 
basic region is important for DNA binding, while the HLHzip domain is important 
for the dimerization as well as for other protein-protein interactions (Amati et al.,
1993; Ayer et al., 1993; Blackwood and Eisenman, 1991; Hurlin et al., 1997; Hur-
lin et al., 1995; Prendergast et al., 1991; Zervos et al., 1993). The central player in 
this network is Max, a small ubiquitously expressed protein that is very stable. 
Max can form heterodimers with all other proteins in the network as well as ho-
modimers. The homodimers can bind to E-boxes in vitro, but no function of this 
binding has been shown in vivo. Phosphorylations of Max by Casein Kinase (CK) 
II has been shown to inhibit the DNA-binding of the Max homodimer but not any 
Max heterodimer (Berberich and Cole, 1992).  

Max interacts with two families of bHLHzip proteins, one is the Myc family 
which will be discussed in more detail below, and the other is the Mdx family 
(See figure 5). These two families are antagonists, the Myc family activates tran-
scription while the Mdx family represses transcription of overlapping but not fully 
identical target genes (for review see (Hurlin and Huang, 2006)).  

The Mdx family consists of Mdx1-4 (formerly Mad1, Mxi, Mad3 and 4), Mnt and 
Mga. All these proteins, except Mga, contain a Sin3 Interacting Domain (SID) by 
which they recruit the corepressor complexes N-Cor and Sin3, containing HDAC 
activity (Ayer et al., 1995; Heinzel et al., 1997; Laherty et al., 1997). Mga on the 
other hand contains a T-domain, which is a DNA-interacting domain and Mga’s 
biological function remains unclear. Mnt is perhaps the Mdx member with the 
clearest Myc antagonist function. It is ubiquitously expressed and binds to similar 
promoters as Myc (Toyo-oka et al., 2006). Further, cells lacking Mnt show a phe-

Figure 5. The Max network. Max is the central player capable of interacting 
with members of two other families of bHLHzip proteins, the Myc and the 
Mdx family. The Mdx family members will repress transcription from a spe-
cific set of target genes thus inducing cellular processes like differentiation 
and growth arrest. The Myc family members activate transcription of those 
target genes and stimulate proliferation, transformation and apoptosis.  
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notype resembling Myc up-regulation and deletion of Mnt in cells lacking Myc 
partly rescues the slow growth phenotype of these cells (Hurlin et al., 2003; Nils-
son et al., 2004). These results and the fact that Mnt is functionally regulated dur-
ing the cell cycle (Popov et al., 2005) has lead to the hypothesis that Mnt-
mediated repression is the default setting at the target genes, and Myc has to over-
come this to activate transcription.  

Belonging to the Myc family of proto-oncogenes are MYC (c-Myc), MYCN and 
MYCL. Of these MYC is the most studied as it was first discovered as the cellular 
homolog of the oncogene of the avian myelocytomatosis virus, v-Myc (Sheiness 
and Bishop, 1979; Sheiness et al., 1978; Vennstrom et al., 1982). MYCN and 
MYCL were identified as homologues to v-Myc that were found amplified in the 
childhood cancer neuroblastoma and in small cell lung cancer, respectively (Kohl 
et al., 1983; Nau et al., 1985; Schwab et al., 1983). All three Myc proteins have 
similar activities in cell lines and transgenic mice, but different expression pattern 
both in the adult tissues and during embryonic development. MYCL is the least 
studied perhaps because knockout mice show no phenotype, making MYCL non-
essential (for review see (Murphy et al., 2005)). MYC knockout mice embryos die 
before E12 of hematopoietic and placental defects (Dubois et al., 2008), while 
MYCN deficient embryos die before E11.5 with neuroectodermal and heart defects 
(Charron et al., 1992). Conditional knockouts of both MYC and MYCN have re-
vealed that the products of both these genes play an important role for stem cell 
function. The N-Myc protein is required for neuronal and lung progenitor cells 
promoting their proliferation and preventing differentiation (Knoepfler et al.,
2002; Okubo et al., 2005). Both N-Myc and c-Myc are crucial for proper function-
ing of Hematopoietic Stem Cells (HSCs) (Laurenti et al., 2008). It has been shown 
that N-Myc can replace c-Myc in vivo (Malynn et al., 2000) and this redundancy 
makes knockout studies hard to interpret as compensatory expression of the other 
Myc protein may occur. In the adult tissues c-Myc is the most widely expressed, 
and is necessary for cellular proliferation on mitogenic signals, cellular growth 
and inhibition of differentiation. Below I will point out some of c-Myc’s key func-
tions, most of which will hold true for N-Myc as well. 

5.1 MYC AS A TRANSCRIPTION FACTOR 

As a transcription factor Myc exerts its function by regulating gene expression. 
Genome wide Chromatin immunoprecipitation (Chip) studies have revealed that 
as much as 10-15% of all human genes are under the control of Myc (Fernandez et 
al., 2003; Li et al., 2003; Zeller et al., 2006). In its N-terminal domain Myc has a 
Transcriptional Activation Domain (TAD) encompassing two conserved Myc ho-
mology Box (MB) regions. Both these regions are needed for Myc induced apop-
tosis, block of differentiation and transformation (Evan et al., 1992; Freytag et al.,
1990; Stone et al., 1987). More recently two additional MB regions have been de-
fined. MBIII is necessary for transformation but negatively regulates Myc-induced 
apoptosis (Herbst et al., 2005). MBIV functions in transformation and apoptosis 
(Cowling et al., 2006).  

Myc can both repress and activate transcription of target genes. For activation 
Myc may recruit a number of cofactors. Transactivation/Transformation Associ-
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ated Protein (TRRAP) binds to Myc in the TAD and is recruited to most target 
genes of Myc (McMahon et al., 1998). TRRAP is a component of larger protein 
complexes and brings the HATs Gcn5 and Tip60 (Frank et al., 2003; McMahon et 
al., 2000) or the ATPase/helicases Tip48 and Tip49 to the promoters (Frank et al.,
2003). Tip48 and Tip49 can also bind Myc independently of TRRAP and Tip49 
plays a role in Myc-dependent transformation and apoptosis (Dugan et al., 2002; 
Wood et al., 2000). In addition Myc recruits Ini1/hSnf5, a component of the 
SWI/SNF chromatin remodeling complex (Cheng et al., 1999).  

Myc also interacts with components of the basal transcription machinery such as 
TBP (Hateboer et al., 1993; McEwan et al., 1996). TFIIH, pTEFb and the 
TRAP220 subunit of the mediator have all been shown to be recruited by Myc to 
different target genes, pTEFb and TRAP220 in a MBII-independent manner (Bou-
chard et al., 2004; Eberhardy and Farnham, 2002; Kanazawa et al., 2003). Both 
TFIIH and pTEFb are important for promoter clearance. In accordance with the 
licensing model Skp2, an E3-ligase for Myc, has been shown to act as a positive 
transcriptional cofactor for Myc in addition to targeting Myc for degradation (Kim 
et al., 2003; von der Lehr et al., 2003). Other components of the UPS, such as 
Sug1, Rpt3, Rpn7 (all in the 19S particle of the proteasome) and the 2 subunit of 
the proteasomal 20S core particle have also been demonstrated at Myc regulated 
promoters, at least Sug1 is recruited by Myc as it is not present on promoters in 
Myc-negative cells (von der Lehr et al., 2003). To repress target genes Myc does 
not bind DNA directly, instead it associates with other transcription factors, e.g.
Miz-1, and repress transcription by disrupting the interactions with coactivators or 
recruiting Dnmt3a, a DNA methylase (Brenner et al., 2005; Seoane et al., 2002; 
Staller et al., 2001). 

These mechanisms of action have been shown for pol II transcribed target genes, 
but Myc also activates pol I and III transcription. The mechanism by which Myc 
activates Pol I transcription is very similar to that of pol II (Paper I and (Grandori 
et al., 2005; Grewal et al., 2005)) and will be discussed further under the results 
section. Pol III activation is less studied and Myc binds pol III promoters indi-
rectly via TFIIIB (Gomez-Roman et al., 2003). 

There are two reported functions of Myc that are not transcription dependent. The 
first is Myc-induced mRNA cap methylation that enhances the translation rate of 
the mRNA (Cole and Cowling, 2009; Cowling and Cole, 2007). The second con-
cerns DNA replication where Myc has been shown to bind the pre-replicative 
complex and induce the firing of replication origins (Dominguez-Sola et al.,
2007). Possibly more atypical functions of Myc will be discovered as in Droso-
phila, where Max-independent functions of Myc have been described (Steiger et 
al., 2008). 

5.2 REGULATION OF MYC 

Myc is regulated at multiple levels. MYC gene expression is activated by e.g.
Tcf4/ -catenin, Notch1 and Ap-1(c-Fos:c-Jun) while p53 and Myc itself repress 
expression (for review see (Wierstra and Alves, 2008)). Myc mRNA stability is 
also regulated; it has a short half-life of less than 30 minutes (Dani et al., 1984; 
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Jones and Cole, 1987). Upon mitogenic stimuli Myc mRNA reaches its maximum 
within two hours, then remains at a lower level throughout the cell cycle as does 
the protein (Hann et al., 1985; Thompson et al., 1985). Anti-proliferative signals 
lead to a rapid reduction in Myc mRNA levels (Dean et al., 1986).  

At the post translational level Myc can be modified in multiple ways. Acetylation 
by CBP/p300 Gcn5 and Tip60 at different lysine residues leads to increased tran-
scriptional activity and stabilizes Myc protein. The Myc protein has many phos-
phorylation sites of which two are well studied, serine 62 and threonine 58. Modi-
fications of these residues regulate Myc activity and stability (Henriksson et al.,
1993; Lutterbach and Hann, 1994; Pulverer et al., 1994). Threonine 58 in Myc 
may also be modified by O-linked glycosylation in a reciprocal manner to phos-
phorylation, but the biological function of this modification is still unknown 
(Chou et al., 1995a; Chou et al., 1995b). Recently the Pim-kinases have been 
shown to phosphorylate Myc in the C-terminus leading to stabilization of Myc 
(Zhang et al., 2008). Suggested kinases for Ser62 are Erk, Cdk1 and JNK. This 
phosphorylation has been reported to result in increased Myc stability (Sears et 
al., 2000)(for review see (Hann, 2006)). Ser62 phosphorylation is also priming for 
Thr58 phosphorylation by Gsk3  (Lutterbach and Hann, 1994; Sears et al.,
2000) which mediates ubiquitylation of Myc by the E3-ligase Fbw7 and subse-
quent turnover by the proteasome (Welcker et al., 2004b; Yada et al., 2004)

However, the model for this suggested by Yeh et al. is complicated. Phosphory-
lated Ser62 and Thr58 are recognized by the prolylisomerase Pin 1 that catalyses 
isomerization of Pro63. This leads to dephosphorylation of Ser62 by Protein 
Phosphatase 2A (PP2A), followed by the binding of Fbw7 to Myc (Yeh et al.,
2004). A recent finding making this model more plausible is that Myc, Gsk3 ,
Pin1 and PP2A have been found in one large complex held together by the scaf-
fold protein Axin1 (Arnold et al., 2009). As mentioned before Skp2 is another E3-
ligase for Myc. It binds to the bHLHZip and MBII domains of Myc and ubiquity-
lates Myc at unknown lysine residues, resulting in both increased transcriptional 
activity and turnover (Kim et al., 2003; von der Lehr et al., 2003). A third E3-
ligase acting on Myc is HectH9 which catalyses K63-linked chains on c-Myc re-
sulting in increased transcriptional activity of Myc. However, HectH9 catalyses 
the formation of K48-chains on N-Myc resulting in increased turnover of N-Myc 
and differentiation of neuronal progenitor cells (Zhao et al., 2008). 

5.3 MYC’S ROLE IN PROLIFERATION, GROWTH AND METABOLISM 

In the absence of mitogenic stimuli, expression of Myc is enough to make cells 
enter S-phase (Cavalieri and Goldfarb, 1987; Eilers et al., 1991). Contributing to 
this are the many cell cycle associated target genes of Myc. Examples of genes 
that Myc activates are Cyclin D2, Cdk4, Cdc25A and E2F1-3 (Adams et al., 2000; 
Bouchard et al., 1999; Galaktionov et al., 1996; Hermeking et al., 2000; Sears et 
al., 1997). In association with Miz-1, Myc will repress the CKIs p15 and p21 
(Claassen and Hann, 2000; Seoane et al., 2002; Seoane et al., 2001; Staller et al.,
2001; Wu et al., 2003). Myc has also been identified on the p27 promoter, possi-
bly recruited via interaction with FOXO3a, where it represses transcription 
(Chandramohan et al., 2008; Yang et al., 2001a). Furthermore, Myc upregulates 



  31 

Cks1 and Cul1, components of the E3-ligase complex responsible for p27 degra-
dation (Keller et al., 2007; O'Hagan et al., 2000). 

Many of Myc’s pol II transcribed target genes are involved in protein synthesis 
including several ribosomal proteins e.g. L3, L15, S2 and S6 and the translation 
factors eIF4E and eIF2  (Coller et al., 2000; Kim et al., 2000; Rosenwald et al.,
1993) Taken together with the fact that Myc is able to induce both pol I and III 
transcription, Myc emerges as a master regulator of protein synthesis, a prerequi-
site for cell growth and proliferation. Both in Drosophila and mouse B lympho-
cytes Myc has been reported to induce cell growth independent of cell division 
(Iritani and Eisenman, 1999; Johnston et al., 1999). In addition, Myc upregulates 
components of the nucleotide and polyamine synthesis machinery, e.g. Carbamoyl 
phosphatase synthase-Aspartate transcarbamylase-Dihydroorotase (Cad) and Or-
nithine DeCarboxylase (Odc) (Bello-Fernandez et al., 1993; Miltenberger et al.,
1995). Myc also regulates genes involved in energy metabolism for example by 
stimulating expression of Glucose Transporter 1 (GLUT1), Hexokinase II and 
Lactate Dehydrogenase A (LDHA). LDHA is a key enzyme in glycolysis, convert-
ing pyruvate to lactate. In normal cells this only occurs under anaerobic condi-
tions, but tumor cells have been shown to have a high glycolysis rate even during 
aerobic conditions, called the Warburg effect. LDHA is important for tumor cell 
growth under hypoxic conditions (Shim et al., 1997). 

5.4 MYC AND APOPTOSIS 

After numerous reports about Myc driving proliferation, cell growth and transfor-
mation the discovery that Myc triggers apoptosis seemed paradoxical (Askew et
al., 1991; Evan et al., 1992). As more oncogenes were shown to have this feature 
it became accepted that the oncogene-induced apoptosis was a tumor defense me-
chanism and that this barrier had to be inactivated for tumorigenesis. The levels of 
Myc seem to be critical for induction of apoptosis, low overexpression of Myc 
only sensitizes cells to apoptotic stimuli, while higher levels induces cell death 
immediately (Askew et al., 1991; Evan et al., 1992; Murphy et al., 2008). Myc 
induces apoptosis by many different pathways and cell type specific responses are 
not uncommon (for reviews see (Hoffman and Liebermann, 2008; Nilsson and 
Cleveland, 2003). A few mechanisms will be discussed below. 

Myc activation promotes the release of cytochrome c likely via a Bax mediated 
mechanism since Bax null cells (but not Bak null cells) are resistant to Myc in-
duced apoptosis and in vivo studies confirm this dependence (Dansen et al., 2006; 
Juin et al., 2002; Mitchell et al., 2000). However, in some cases Myc does not af-
fect Bax levels or localization (Juin et al., 2002). Myc does on the other hand re-
duce both Bcl-2 and Bcl-xL likely via an indirect mechanism as shown in the 
transgenic E -Myc mice (expressing a Myc transgene under the Immunoglobulin 
enhancer) (Adams et al., 1985; Eischen et al., 2001). Other members of the Bcl-2 
family of proteins are also affected by Myc. Myc has been suggested to activate 
Bid, without cleaving it (Iaccarino et al., 2003), activate PUMA (Fernandez et al.,
2003; Jeffers et al., 2003) and Bim (Egle et al., 2004; Hemann et al., 2005). Using 
irradiated recipient mice injected with HSCs transduced with either wt-Myc or 
Thr58 to Ala mutant-Myc retroviral vectors Hemann et al. demonstrate that Bim 
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activation is dependent on Thr58. The animals with mutant Myc develop lym-
phomas more rapidly than animals with wt-Myc although the tumors’ proliferation 
rate was similar. However, the apoptosis rate was lower in animals expressing 
Myc-mutant and albeit the p53-pathway was activated, Bim levels were dimin-
ished (Hemann et al., 2005).  

A common response to oncogene activation is induction of Arf-p53 and this is the 
case also for Myc (Hermeking and Eick, 1994; Wagner et al., 1994; Zindy et al.,
1998). Arf sequesters Mdm2 leading to the stabilization and increased activity of 
p53. Loss of either Arf or p53 impairs Myc mediated apoptosis, in the E -Myc 
induced mouse lymphomas 25% loose both alleles of Arf, 28% have p53 muta-
tions and others Mdm2 overexpression, indicating the importance of this pathway 
(Eischen et al., 1999). Further, Myc may directly activate p53 expression via E-
boxes in the promoter (Reisman et al., 1993). Arf activation by Myc is, however, 
indirect possibly via FoxO transcription factors (Bouchard et al., 2007). Another 
pathway for Myc to activate p53 is via DNA-damage and ATM activation 
(Lindstrom and Wiman, 2003). Arf can also bind to MBII and sequester Myc to 
the nucleolus thus inhibiting Myc transcription activity (Amente et al., 2007; 
Amente et al., 2006; Datta et al., 2004). 

5.5 MYC AND CANCER 

Considering that Myc enables a rapid cell growth and proliferation, stimulates cell 
cycle progression independent of mitogenic stimuli, induces immortalization, 
blocks differentiation (Coppola and Cole, 1986; Freytag, 1988; Lachman and 
Skoultchi, 1984), induces genomic instability (Felsher and Bishop, 1999; Vafa et
al., 2002), promotes angiogenesis by stimulating Vegf mRNA translation (Mez-
quita et al., 2005) and by inhibiting Tsp1 (Tikhonenko et al., 1996; Watnick et al.,
2003) it is no wonder that a majority of human tumors have deregulated Myc (for 
review see (Vita and Henriksson, 2006)).  

Conditional transgenic Myc models have demonstrated that many tumors are de-
pendent on Myc for their maintenance as turning off Myc expression leads to tu-
mor regression by cell specific pathways (for review see (Arvanitis and Felsher, 
2006)). Typically Myc inactivation leads to proliferative arrest and differentiation, 
senescence and/or apoptosis. However, many tumors reappear when Myc is turned 
back on, examples are liver, breast and pancreatic islet cell tumors (Boxer et al.,
2004; Pelengaris et al., 2004; Shachaf et al., 2004). Sustained regression after 
brief Myc inactivation was demonstrated for osteosarcomas (Jain et al., 2002) and 
lymphomas, the latter requiring active p53 or its target gene Tsp1 and thus shut-
down of angiogenesis for the sustained regression (Giuriato et al., 2006). For os-
teosarcomas Myc inactivation differentiates the tumor cells to normal cells. This 
appears to be the case for hepatic tumor cells as well, but among the differentiated 
cells are dormant tumor cells, regaining their neoplastic phenotype on Myc reacti-
vation. Inactivation of Myc in liver tumors, osteosarcomas and lymphomas in-
duced a rapid senescence response with cells positive for SA- -gal staining de-
tected after only two days of Myc inactivation. Generally, this response depended 
on upregulation of p53, p16 and p15 but not on the DNA-damage or p38 kinase 
pathways often activated in OIS (Wu et al., 2007).  
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A possible explanation to how inactivation of an oncogene like Myc leads to 
apoptosis has been described by Sharma et al; the oncogene-provided survival 
signal declines faster than the apoptotic signal activated by the same oncogene, 
leaving a time window where apoptosis is the outcome (Sharma et al., 2006).  

Altogether Myc emerges as an appealing target for cancer therapy, however, its 
function in normal proliferating cells and stem cells have raised concerns for tox-
icity. Transgenic mice harboring a conditional dominant negative Myc transgene 
(Omomyc) have been used to address this question (Soucek et al., 2008). Upon 
activation Omomyc binds and inactivates endogenous Myc. Systemic inactivation 
of endogenous Myc leads to tumor regression of a K-Ras driven lung tumor and 
importantly, the side effects were reversible and well tolerated. While inactivation 
of endogenous Myc lead to apoptosis in tumor cells, normal cells responded with 
cell cycle arrest. The authors speculate if this difference might depend on the fact 
that tumor cells are dependent on Myc for their high metabolic demands. Indeed, 
targeting of e.g. Odc has shown anticancer effects in both E -Myc mice and neu-
roblastoma models (Nilsson et al., 2005; Rounbehler et al., 2009). 
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6 AIMS OF THIS STUDY 

This thesis is divided into two parts. The first part focuses on basic research (pa-
per I) and the general aim was to increase our knowledge of the molecular mecha-
nisms by which Myc is regulated and exerts its many cellular effects. 

The second part (papers II-IV) focuses on protein-protein interactions important 
for Myc function and involves development of new methods to study these inter-
actions and to screen for molecular inhibitors of specific protein-protein interac-
tions. These inhibitors have potential use both as anti-cancer therapeutics and in 
basic research to dissect the molecular mechanisms of Myc function. 

Specific aims 

I.  To evaluate the function of c-Myc in the nucleolus. 

II.  To develop a technique to study protein interactions of endogenous  
proteins in situ.

III and IV.  To set up techniques for cellular high throughput screens for small 
molecular inhibitors of protein-protein interactions in the Myc net-
work.  

To perform the screening for Myc-Max inhibitors. 

To evaluate the positive hits regarding mechanism and biological 
function in cellular systems. 
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7 RESULTS AND DISCUSSION 
7.1 THE ROLE OF MYC IN THE NUCLEOLUS (PAPER I) 

Immunohistochemistry (IHC) staining for endogenous c-Myc shows that, in the 
vast majority of cells, c-Myc is nuclear but excluded from the nucleoli. Analysis 
with a GFP-Myc construct has revealed that in cells containing excess amounts of 
c-Myc, caused by either overexpression or proteasome inhibition, c-Myc accumu-
lated in the nucleoli. Moreover, nucleoli with accumulated c-Myc accumulated 
proteasomes as well. These data suggested a model where excess c-Myc is seques-
tered and after recruitment of the proteasome, degraded in the nucleolus (Arabi et 
al., 2003). At this point this represented a novel mechanism of c-Myc regulation 
that we wished to evaluate further. 

We started by mapping what part of c-Myc that was required for its nucleolar ac-
cumulation. The N-terminus of c-Myc contains degrons which mediate ubiquity-
lation and proteasomal degradation of c-Myc. Deletion mutants of c-Myc were 
expressed in Cos-7 cells and detected by IHC. Somewhat surprisingly, the C-
terminal bHLHzip domain turned out to be both sufficient and necessary for the 
nucleolar accumulation of c-Myc, while the N-terminal degrons were dispensable, 
indicating that ubiquitylation and degradation were not required for the accumula-
tion. Further, we demonstrated by IHC of endogenous proteins that both c-Myc 
and Max accumulate in the nucleoli after treatment with proteasome inhibitor, and 
by using the Bimolecular Fluroescence Complementation (BiFC) assay (for expla-
nation see section regarding screening methodology) we showed that they indeed 
interact in the nucleoli. In addition combined IHC/Fluorescence In Situ Hybridiza-
tion (FISH) staining revealed that c-Myc colocalizes with the rDNA. Deletion of 
the DNA-binding basic region in c-Myc significantly reduced the nucleolar accu-
mulation as visualized by IHC. Taken together these data indicated the possibility 
of a transcriptional role for c-Myc in the nucleolus.  

c-Myc binds to E-boxes in the rDNA and stimulates rRNA synthesis by re-
cruiting a similar set of cofactors as for pol II transcribed genes. 

By ChIP analysis we demonstrated that c-Myc and Max bind to different E-box 
containing regions within the rDNA. Known cofactors for c-Myc like TRRAP and 
Skp2 were also present in the same region of rDNA as c-Myc. When the protea-
some was inhibited c-Myc and its cofactors showed an increased association to the 
rDNA. In addition, increased acetylation of histone H3 and H4 could be detected 
when the proteasome was inhibited. The binding of UBF to the rDNA was, how-
ever, not affected by proteasomal inhibition. The fact that c-Myc and several co-
factors bind to the rDNA and that acetylation of H3 and H4 increases, which are 
classical markers of transcriptional activity, coincides with increased c-Myc asso-
ciation strongly suggests a role for c-Myc in the transcriptional activation of pol I. 
Quantification of 45S pre-rRNA by northern blot, however, demonstrated that pro-
teasome inhibition downregulated pol I transcription and it also inhibited the se-
rum-induced expression of 45S pre-rRNA. Although counterintuitive at first 
glance, it fits with the licensing model described for pol II transcribed genes, 
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where proteasomal degradation is required for transcriptional activity. This gives 
our observation of the ubiquitin E3-ligase Skp2 present at rDNA a clear function. 

To study the dynamics of rDNA transcription we utilized primary human Periph-
eral Blood Lymphocytes (PBLs). These resting cells can be activated by Phyto-
haemaglutinin (PHA) and Interleukin-2 (IL-2), which will induce c-Myc expres-
sion and cell cycle progression. In a kinetics study we stimulated the PBLs, then 
performed both Chip analysis and RNA synthesis measurements at different time 
points after activation. With this experimental design we could show that c-Myc 
association to the rDNA started to increase two hours after stimulation and this 
was followed by an increased association of TTRAP and Pol I, as well as an in-
crease in histone H4 acetylation. All this preceded an increase in total RNA syn-
thesis, measured by 3H-uridine incorporation. By inhibiting pol II and III with -
amanitin we showed that rRNA synthesis contributed close to 70% of the total 
RNA synthesis in the PBLs, making 3H-uridine incorporation a suitable surrogate 
measure for rRNA synthesis. A commercially available inhibitor of the c-
Myc:Max interaction, 10058-F4 (Yin et al., 2003), or siRNA against c-Myc, sig-
nificantly reduced the RNA synthesis. When using the siRNA in U2OS cells the 
inhibition of RNA synthesis could be rescued by cotransfection of chicken c-Myc, 
which is not targeted by the siRNA. This showed that c-Myc plays a crucial role 
in activating transcription of rDNA.  

As it had been shown previously that c-Myc increased the rRNA processing effi-
ciency (Schlosser et al., 2003) we wanted further evidence that c-Myc directly ac-
tivated pol I transcription. For this purpose we performed a nuclear run-on assay 
in the PBL system. This revealed an increase in pol I transcription throughout the 
whole transcribed region of the rDNA. To strengthen our data we utilized the c-
Myc-ER system, where c-Myc is fused to the ligand binding domain of the Estro-
gen Receptor (ER), thus held in an inactive form until stimulated with the estrogen 
analog 4-OH Tamoxifen (4-OHT). Myc-ER cells were serum-deprived to suppress 
endogenous c-Myc prior to activation. Activation of c-Myc-ER in these cells led 
to an increase in expression of 45S pre-rRNA. This increase was prevented by the 
c-Myc:Max inhibitor or proteasome inhibition, but not by pol II inhibition with -
amanitin. Nuclear run-on assays in permeabilized cells further demonstrated that 
4-OHT activation of c-Myc-ER stimulated the RNA synthesis even in the presence 
of -amanitin. Together these data showed that the c-Myc activated pol I tran-
scription is not dependent on activation of pol II transcribed genes. 

Discussion 

In this article we demonstrated that c-Myc directly activates pol I transcription of 
rDNA in response to mitogenic stimuli by a mechanism similar to how c-Myc ac-
tivates pol II transcription. In the same issue of Nature Cell Biology as this was 
published two other articles regarding Myc and rRNA were published. One 
showed that Drosophila Myc (dMyc) activates rRNA transcription, however, via 
an indirect mechanism as no E-boxes are present in the Drosophila rDNA and 
dMyc could not be detected at the promoter (Grewal et al., 2005). The other arti-
cle used mammalian cellular systems and reached the same conclusion as we did; 
c-Myc activates pol I transcription directly and this coincides with increased his-
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tone acetylation (Grandori et al., 2005). They further show that c-Myc can interact 
with SL-1 and that this coincides with an increase of SL-1 on the core promoter of 
the rDNA. An additional way for c-Myc to induce pol I transcription might thus 
be to enhance the formation of the pre-initiation complex. Interestingly, they 
demonstrate that c-Myc induces pol I transcription from a nucleosome free rDNA 
plasmid in vitro, strengthening the notion that c-Myc does more to activate tran-
scription than just recruiting HATs to the rDNA promoter. In their experiments 
short term treatment with proteasome inhibitor did not reduce pol I transcription. 
However, a more recent study has confirmed the role of the UPS in pol I transcrip-
tion by demonstrating that the 19S ATPases Sug1 and 2 interact with TIF-IA and 
associate with rDNA. Importantly, pre-rRNA synthesis was inhibited by protea-
some inhibition even at early time points (Fatyol and Grummt, 2008). As demon-
strated by Chip experiments by Grandori et al. c-Myc binds both in the promoter 
region and the terminator regions of rDNA and chromatin-looping was suggested 
as a possible mechanism (Grandori et al., 2005). In a recent study it was indeed 
demonstrated that c-Myc induces loop structures in the rDNA, juxtaposing up-
stream and downstream sequences (Shiue et al., 2009).  

We show that endogenous c-Myc binds to the rDNA in untreated cells indicating 
that c-Myc is present in the nucleoli even when not overexpressed, making it like-
ly that c-Myc has a function in regulating pol I transcription in normal cells. Still, 
detecting endogenous c-Myc in the nucleolus by IHC is difficult. The licensing 
model, where the transcription factor is degraded after initiating one round of 
transcription, could explain this. The requirement for proteasome activity for pol I 
transcription certainly agrees with this model. However, Myc is also degraded by 
Fbw7 and this is not coupled to transcriptional activation. Fbw7 is an exclusively 
nucleolar isoform of Fbw7 which targets c-Myc. Knockdown of Fbw7  by siRNA 
correlated with increased nucleolar accumulation of c-Myc and increased cell size, 
indicating that Fbw7  is an important regulator of c-Myc levels and function in the 
nucleolus (Welcker et al., 2004a).  

Changes in the nucleolus are a well established marker of transformation, a prog-
nostic factor in certain tumors and it is generally assumed that highly proliferative 
tumor cells, with an increased need for growth, have an increased need for ribo-
some production (Pich et al., 2000). It is therefore possible that pol I activation is 
an important pathway in c-Myc driven transformation, and as such a good target 
for drug development. A possible and pol I specific target could be the c-Myc:SL1 
interaction. 

As mentioned previously in this thesis c-Myc regulates the expression of most 
components in the protein synthesis machinery. Thus c-Myc coordinates the 
sythesis of these components, ensuring the efficient protein synthesis required for 
cellular growth  

7.2 DEVELOPMENT OF A NEW METHOD TO DETECT ENDOGENOUS 
PROTEIN COMPLEXES IN SITU 

There are methods available to detect protein-protein interactions in situ, all of 
them are, however, dependent on the expression of a tagged protein, which means 
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that endogenous unmodified proteins cannot be detected. Here we adapt the prox-
imity ligation method (Fredriksson et al., 2002; Gullberg et al., 2004) for in situ
readout by combining it with a Rolling Circle Amplification (RCA) reaction, ena-
bling detection of endogenous protein-protein interactions in single cells. The new 
method was called Proximity Ligation In Situ Assay (P-LISA). Recently the 
method was officially renamed to in situ Proximity Ligation Assay. In this thesis, 
I will still call it P-LISA to fit the published article. The principle of P-LISA is 
shown in figure 6. Briefly, short oligonucleotides are conjugated to two antibod-
ies, thus forming the proximity probes. These probes are applied to fixed cells 
where they will bind to their target proteins. If, and only if, these proteins interact 
the probes will come in close proximity to each other and the conjugated oligonu-
cleotides will present a binding site for two other oligonucleotides, which after 
binding and ligation will form a closed DNA circle. This circle then serves as a 
template for the RCA, where phi29 DNA polymerase uses one of the conjugated 
oligonucleotides as a primer to generate a single stranded DNA consisting of up to 
1000 copies of the original DNA circle. To this DNA-strand fluorescently labeled 
probes are hybridized followed by detection in a fluorescence microscope. 

To develop the method we used the c-Myc:Max interaction as a model interaction 
for which we had the necessary tools. A strong nuclear P-LISA signal for c-Myc 
and Max was detected in several different cell lines expressing c-Myc, however, 
in the c-Myc null rat fibroblast cell line, H0.15.19, no signal was detected. More-
over, experiments using proximity probes directed against non-interacting proteins 
lacked signals confirming the need for two interacting proteins for a positive sig-
nal. To investigate whether each signal represented an individual Myc:Max com-
plex, we utilized two different oligonucleotide designs that gave rise to different 
RCA-products, which could be detected by probes labeled with different fluoro-

Figure 6. The principle of P-LISA. If the two proteins of interest interact, 
the proximity probes and oligonucleotides will bind as shown in the left 
panel. After a ligation reaction a closed DNA circle is formed (middle pan-
el). A rolling circle amplification reaction will create a single stranded 
product, composed of multiple copies of the DNA circle. This product is 
detected by hybridization of complementary fluorescence-labeled oligo-
nucleotides (right panel). 
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phores. If a specific signal originated from a single Myc:Max dimer only one fluo-
rescent color would be detected in that signal. If several protein complexes were 
needed to produce a signal, we would be able to detect signals with a mixture of 
fluorophores. However, we could only detect single-color signals, showing that P-
LISA is sensitive enough to detect a single Myc:Max complex in the cell. To 
broaden the applicability, we modified the method to detect three interacting pro-
teins, with the current setup of oligonucleotides there is a possibility that not all 
three proteins interact directly, but still are in close proximity. We detected sig-
nals from Myc:Max:pol II which could represent a transcriptional initiation situa-
tion. 
We further used three different system to demonstrate that the method responded 
to changes of the Myc:Max interactions within a cell. First we treated U937 cells 
with interferon-  and the phorbol ester TPA, which has previously been shown to 
destabilize the Myc:Max dimer (Bahram et al., 1999). The P-LISA signal was sig-
nificantly decreased in the treated cells. Secondly, we used the Myc-ER system. In 
the absence of ligand Myc-ER is bound by Hsp90, and this prevents the associa-
tion with Max. Upon stimulation of the Myc-ER cells with 4-OHT the Myc:Max 
P-LISA signal increased dramatically in accordance with the theory. Finally, we 
treated normal human fibroblasts with two small molecular inhibitors of the 
Myc:Max interaction called 10058-F4 and 10074-A4 described previously (Yin et 
al., 2003), and as expected the signal was significantly decreased in the treated 
cells compared to the untreated.  

As P-LISA detects endogenous interactions it opens for analysis of clinical mate-
rial. We evaluated the P-LISA method on three different fresh frozen tissue sam-
ples: normal human colon, human tonsil and Burkitt’s lymphoma. The P-LISA 
staining pattern in the colon section correlated well with the pattern from c-Myc 
IHC, with only a subpopulation of positive cells in the colonic crypts. In the tonsil 
tissue again only a subpopulation of positive cells were detected. In Burkitt’s 
lymphoma the c-Myc gene is translocated to the Immunoglobulin locus, resulting 
in a high, deregulated expression of c-Myc and indeed, in the vast majority of 
cells a strong P-LISA signal was detected. 

Discussion 

We have developed a sensitive method to detect endogenous multiprotein com-
plexes in both cell lines and clinical samples. The signal amplification by the RCA 
reaction generates close to thousands of binding sites for the fluorescent detection 
oligonucleotide per RCA product, enabling visualization of individual protein 
complexes. Moreover, the single stranded DNA produced in the RCA is still cova-
lently attached to one of the antibodies, via the conjugated oligonucleotide used as 
primer by the Phi29 DNA polymerase. Each signal is thus localized to the protein 
complex making studies of intracellular distribution of individual complexes pos-
sible. The number of signals per nucleus can easily be automatically quantified 
using free image analysis software, reducing the time required for analysis. Based 
on the current setup with antibodies and oligonucleotides the maximum distance 
between the epitopes in the interacting proteins has been estimated to be 30 nm. 
By varying the length of the oligonucleotides both shorter and longer distances are 
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possible. For some type of studies a potential drawback with P-LISA compared to 
e.g. BIFC and Fluorescence Resonance Energy transfer (FRET) is that real-time 
imaging is not possible. In FRET a donor fluorophore emits energy that will excite 
an acceptor fluorophore. This only occurs over short distances (<10 nm) and when 
it does the acceptor fluorophore’s emission can be detected. Coupling the two flu-
orophores to different proteins enables the study of protein-protein interactions. 

A potential use of this method is to evaluate the in vivo response and specificity of 
drugs targeting protein-protein interactions, by analyzing tissue sections or biop-
sies from treated individuals. During the development of molecular anti-cancer 
therapies targeting protein-protein interactions, different compounds’ efficacy can 
be monitored in animal models by P-LISA. Human tumor samples are a scarce re-
source which severely limits the number of methods available to study protein-
interactions in this type of material. Here P-LISA has the benefit of being a single 
cell assay. Several different proximity probes can be used within the same tissue 
section and both the tumor and the surrounding normal cells could be studied at 
the same time. Further, questions of different interaction patterns within the same 
tumor can be addressed even in scarce human material e.g. the activation of dif-
ferent cell surface receptors at the leading invasive edge of a tumor compared to 
the bulk of the tumor. Studies of cell surface receptors have been performed. One 
example is the detection of the phosphorylated PDGF receptor in fresh frozen scar 
tissue. This is the first published article where secondary proximity probes are 
used, that is the oligonucleotides are conjugated to secondary antibodies, which 
recognizes the protein-binding primary antibodies in the sample. This increases 
the flexibility of the method as one set of proximity probes can be used to detect 
several different interactions (compare direct and indirect IHC) (Jarvius et al.,
2007). Finally, P-LISA can be modified to detect other types of interactions e.g.
protein-DNA interactions. An exciting future use of this would be to, in human 
tumors, analyze if transcription factors like Myc are present at a different set of 
promoters in the tumor cells compared to the normal surrounding cells. 

7.3 SCREENING FOR MOLECULAR INHIBITORS OF THE MYC:MAX 
INTERACTION (PAPER III AND IV) 

Comments on methodology 

When this study was initiated there were two publications describing small mo-
lecular compounds inhibiting the Myc:Max interaction. The first had used an in
vitro FRET screening system (Berg et al., 2002), the other a yeast two hybrid 
screen (Yin et al., 2003). However, both approaches only identified compounds 
with low potency in mammalian cells. To avoid this problem and problems of 
general toxicity we decided to use a mammalian cell based screening system. 

Protein fragment Complementation Assays (PCAs) are convenient methods to 
study protein-protein interactions in cellular systems. The principle is that a re-
porter protein is split in two halves and each half fused to another protein. The re-
porter halves will be brought together by an interaction between the two proteins 
leading to the refolding of the reporter protein to its native structure. This is of 
course dependent on how the two proteins interact, not all interacting proteins will 
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bring the two reporter halves into a position from which they can refold. Usually 
this problem can be circumvented by introducing a flexible linker between the 
proteins and the reporter halves.  

An example of a PCA is the Bimolecular Fluorescence Complementation assay 
(BiFC) where Yellow Fluorescent Protein (YFP) is used as a reporter protein (Hu 
et al., 2002). We had previously used this method to successfully visualize the 
Myc:Skp2 interaction in living cells (von der Lehr et al., 2003) and decided to use 
this to monitor the Myc:Max interaction in our screening. A potential drawback 
with the BiFC is that it is irreversible; meaning that a potential inhibitor only will 
interfere with the formation of new complexes, and cannot break up those already 
formed. However, the short half life of Myc ensures a high turnover of the com-
plexes and thus opportunities for inhibitors to affect the interaction. Another im-
portant consideration was that many compounds are intrinsically fluorescent and 
could potentially interfere with the readout from the BiFC, this type of unspecific 
interference is hard to avoid regardless of method. 

After the we had performed our initial screening a fully reversible PCA based on 
Gaussia luciferase was described (Remy and Michnick, 2006). For its enzymatic 
reaction Gaussia luciferease utilizes the same substrate as Renilla luciferase, that 
is colenterazine, making Firefly luciferase a possible internal control as it uses lu-
ciferine as a substrate. We utilized this system to control for the drawbacks of the 
BiFC mentioned above. The Gaussia system can also be used in bioluminescence 
in vivo studies (Paulmurugan et al., 2004). By using transfected tumor cells in xe-
nograft models different compounds efficacy can be monitored in real-time. The 
decrease in luminescence detected in such experiment would not reflect a decrease 
in tumor size, but a decrease in the protein-interaction studied. The effect on tu-
mor size has to be studied by other methods e.g. co-expression of Firefly lu-
ciferase. 

To inhibit a protein interaction a small molecular compound can either bind di-
rectly to the interaction surface or bind another part of the protein and induce a 
conformational change leading to an indirect inhibition of the interaction. To cov-
er for both these mechanisms we decided to use full length c-Myc in our screen 
aware of the risk of detecting compounds affecting upstream regulatory pathways. 

Screening and evaluation procedure 

The Myc and Max BiFC constructs were transfected together with full length 
Cyan Fluorescent Protein (CFP) into 293-T cells. The cells were reseeded into 96-
well plates and exposed overnight to the 1990 compounds in the diversity set li-
brary from NIH/DTP at a concentration of 25 M. The fluorescence intensity was 
measured using a CCD camera connected to an inverted fluorescence microscope 
and the ratio between YFP and CFP was calculated. Compounds decreasing the 
YFP but not the CFP were considered positive hits. Of 36 hits we further evalu-
ated the 15 top hits. 

First we evaluated the effect of these compounds on both the c-Myc:Max and the 
N-Myc:Max interactions using the Gaussia luciferase PCA in transfected HeLa 
cells. In many cases this method confirmed the BiFC assay, but some of these 15 
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compounds did indeed affect the fluorescence of either YFP or CFP and one inter-
fered with the Firefly luciferase signal. These types of unspecific perturbations in 
the detection systems may explain some of the differences in results between the 
two systems. To address whether these compounds directly targeted the Myc:Max 
interactions we in vitro translated the Gaussia PCA constructs and performed the 
inhibition assay in vitro. Some compounds like #2 and #15 were very efficient in 
vitro, but had less effect in vivo, suggesting either a poor uptake, efficient efflux 
or high degradation in the cells. Compound #7 showed the opposite pattern sug-
gesting an indirect mechanism of action or possibly an active metabolite. 

To address if these compounds affected viability or proliferation in a Myc-
dependent manner, we exposed Rat1 fibroblasts with different c-Myc status (Myc 
null, Myc wt or Myc overexpressing) and neuroblastoma cell lines with or without 
MYCN amplification (data not shown) to 25 M of the compounds for 48 hours. 
The metabolic activity of these cells was measured by a Wst-1 assay. During these 
conditions only #7 revealed a c-Myc specific inhibition of viability while #6 and 
#11 discriminated between MYCN amplified and non-amplified neuroblastomas. 
In addition, the compounds effect on both c-Myc and N-Myc dependent transcrip-
tional activation was evaluated using a reporter gene assay, and their potential to 
inhibit c-Myc dependent S-phase entry was studied in P493-6 cells (data not 
shown). Based on these data six compounds were chosen for further evaluation 
using lower concentrations, structural analogs to four compounds were evaluated 
and the continued work of two of these compounds will be discussed here. 

Identification of a small molecular compound selectively targeting the N-
Myc:Max interaction (Paper III) 

In the in vitro assays compound #2 was outstanding, leading to a 98% inhibition 
of the Myc:Max interactions, however, its inhibitory effect in cells was mediocre. 
We analyzed ten structural analogs to this compound with the Gaussia PCA to 
identify a compound with better in vivo effect. Interestingly, several of these ana-
logs showed a selectivity towards either the c-Myc:Max or the N-Myc:Max inter-
action, here we focus on #2:7 showing selectivity for the N-Myc:Max interaction 
both in cells and in vitro. This compound was named Inhibitor of the N-Myc:Max 
Interaction (INMI). In co-immunoprecipitations of endogenous Myc and Max pro-
teins overnight treatment with 10 M INMI reduced the N-Myc:Max interaction, 
but not c-Myc:Max, without affecting the total levels of either protein.  

To evaluate N-Myc dependent effects we utilized the Tet21N cell line, a neuro-
blastoma cell line with a tetracycline regulatable N-Myc transgene. Treatment 
with doxycyclin turns off the N-Myc expression in these cells. By comparing the 
proliferation rate in the Tet21N system and the Rat1 fibroblast system described 
above we concluded that INMI decreased the proliferation rate in an N-Myc de-
pendent manner, not affecting the proliferation of the Rat1 cells. The decrease was 
not dramatic, but significant. INMI did, however, neither affect the cell cycle dis-
tribution considerably, as analyzed by FACS, nor did it induce apoptosis to a sig-
nificant degree. One pathway affecting the proliferation rate without necessary 
affecting the cell cycle distribution is senescence. We investigated whether INMI 
could induce senescence by staining for SA- -gal activity. Indeed, after 96 hour 
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treatment with 10 M INMI a statistically significant increase in the number of 
SA- -gal positive cells were detected in the N-Myc expressing Tet21N cells. An 
increase in senescence was also detected by shutting off N-Myc expression with 
doxycylin in these cells; however, INMI did not increase this further. Although 
the response to INMI in these cellular assays was not drastic it was enough to in-
hibit transformation. Normal Rat Embryonic Fibroblasts (REFs) can be trans-
formed by introducing Myc and activated Ras. Transformed cells will grow in fo-
ci, distinct from normal cells, and in addition they can grow in an anchorage-
independent manner forming colonies in semi-solid medium like agarose. In both 
foci formation assays and agarose assays 10 M INMI reduced the number of 
foci/colonies in N-Myc-Ras transformed REFs but not in the c-Myc-Ras trans-
formed REFs. Further, INMI inhibited the anchorage independent growth of a 
MYCN amplified neuroblastoma cell line. 

Discussion and future perspectives 

We have identified a compound that preferentially targets the N-Myc:Max interac-
tion over the c-Myc:Max interaction. This compound inhibited N-Myc dependent 
transformation, possibly by inducing senescence. This mechanism has to be con-
firmed with other senescence markers e.g. upregulation of p53, p15 and p16 and 
formation of heterochromatin foci. Furthermore, INMI has to be evaluated in other 
cell lines, like neuroblastoma cell lines with different MYCN status, and prove to 
have a consistent effect. An observation in the Tet21N system is that INMI treat-
ment not always gives as strong responses as that of doxycyclin treatment. Per-
haps this reflects suboptimal inhibition of N-Myc:Max, which does not reduce the 
activity below a critical threshold level. Another interesting explanation is exis-
tence of Max-independent functions of N-Myc, as described for Drosophila Myc 
(Steiger et al., 2008). A specific inhibitor like INMI could be used to evaluate 
this.  

We here show an important proof of principle for future work with inhibitors of 
protein-protein interactions; it is possible to achieve specificity between as similar 
proteins as c-Myc and N-Myc. Interesting questions we will address are; where in 
the Myc or Max protein INMI binds, what structural components in it are impor-
tant for its function and what structures give rise to the specificity. Investigating 
more structural analogs could answer the structural questions while different 
Myc/Max-mutants could show where this compound binds. Computer modeling of 
the compound binding to the 3D structure of the protein might also give clues how 
to design more efficient compounds. 

Other studies have identified inhibitors of the c-Myc:Max interaction. Several of 
the identified inhibitors have low potency in cellular systems (Berg et al., 2002; 
Kiessling et al., 2006; Yin et al., 2003) others affect other HLH-proteins like Jun 
(Xu et al., 2006). None of the described c-Myc:Max inhibitors in the literature 
have been tested for the N-Myc:Max interaction, making INMI the first described 
molecule targeting this interaction. N-Myc is amplified not only in neuroblas-
tomas but also in medulloblastomas and prostate tumors and INMI has a potential 
use in the therapeutic regime of these tumors. In this perspective its selectivity for 
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N-Myc is beneficial as it will spare most normal proliferating tissues which de-
pend on c-Myc. 

A small molecule that increases Myc turnover and induces apoptosis in a 
Myc-dependent manner (Paper IV) 

The second compound from the initial screen and evaluation described here is #7. 
In the PCAs it had a good effect in vivo but not in vitro, importantly it showed a 
Myc-dependent effect in decreasing viability in the Wst-1 assay using the Rat1 
fibroblasts. The suspected indirect mechanism of action was confirmed in co-
immunoprecipitations where 5 M of #7 indeed reduced both c-Myc and N-
Myc:Max interactions but also significantly reduced the Myc protein levels. In the 
P493-6 cell line, harboring a c-Myc tet-off transgene, #7 was as efficient as doxy-
cylin to reduce the c-Myc levels. Due to its effect on Myc the compound was 
dubbed Terminator Of Myc (ToM). ToM is a structural analog to Ellipticine, a 
known DNA-intercalator and topoisomerase II inhibitor. We treated the Rat1 cell 
lines with different concentrations of both these compounds for 48 hours then ana-
lyzed viability with the Wst-1 assay. Ellipticine reduced viability of all three cell 
lines with a similar IC50. While ToM killed Myc expressing cells with an IC50 of 
2 M, it had no effect on the Myc null cells. Six out of seven structural analogs to 
ToM had similar effects in this assay. 

To evaluate the mechanism of action for ToM we performed a cycloheximide 
chase and indeed ToM did increase Myc turnover rate. Since Myc is mainly de-
graded via the UPS and Fbw7 is the main E3-ligase mediating Myc degradation, 
we investigated ToM’s effect on Myc in Fbw7 knockout cells. In these cells ToM 
did not reduce the steady state levels of Myc, indicating a mechanism where ToM 
induces Fbw7 mediated turnover of Myc. We further analyzed how ToM affected 
cyclin E, another substrate for Fbw7. Cyclin E levels were not decreased by ToM 
deducting a general increase in Fbw7 activity. As Fbw7 binds to phosphorylated 
Thr58 in Myc, the phosphorylation status of Myc in treated versus untreated cells 
was examined but no difference was detected, leaving ToM’s exact mechanism of 
action a mystery. 

By using FACS analysis and an apoptosis kit detecting cytoplasmic nucleosomes 
we demonstrated that ToM induces an apoptosis response in immortalized cells 
expressing Myc, but not in the Myc null cells. Normal REFs responded with a G1 
arrest to ToM treatment. This induction of apoptosis was not affected by inhibi-
tion of p53 and Gsk3 neither by several other inhibitors of signaling pathways 
known to affect apoptosis and/or the Myc protein levels  Using the Myc-Ras trans-
formed REFs we showed that 1 M ToM both dramatically inhibited the foci for-
mation as well as the colony formation in agarose. Further the anchorage inde-
pendent growth of SKN- Z, a MYCN amplified neuroblastoma cell line, was to-
tally inhibited by 5 M ToM treatment. 

Discussion and future perspectives 

We have identified a compound that increases Myc turnover and induces apop-
tosis in immortalized cells in a Myc-dependent manner, however, the exact mo-
lecular mechanism of action remains elusive. Fbw7-mediated degradation of Myc 
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is likely involved but ToM does not increase the general activity of Fbw7 and 
does not affect Myc Thr58/Ser62 phosphorylation status. Recently the Pim kinases 
were shown to phosphorylate Myc in the C-terminus leading to Myc stabilization, 
thus inhibition of these kinases would lead to Myc degradation, how Fbw7 would 
be involved in this is unclear. Deletion-mutants of Myc could answer the question 
of which regions in Myc are necessary for Tom-mediated degradation. Further, we 
have shown that stable expression of Myc in the Myc null Rat1 cells, restores 
these cells sensitivity to ToM-mediated apoptosis. The expression of different 
Myc mutants e.g. mutant Thr58 and Ser62 in these cells would show whether 
these sites are needed for the induction of apoptosis. Thr58 has been implicated in 
Myc-mediated, p53-independent apoptosis before (Hemann et al., 2005). A recent 
observation on Fbw7 ubiquitylation of N-Myc is that Aurora-A can trigger a 
switch in the ubiquitin chain linkage mediated by Fbw7, from K48 to K63/K11 
leading to N-Myc stabilization (Otto et al., 2009). If such a factor exists for c-Myc 
as well, it might be the cellular target of ToM. Another potential target is the deu-
biquitylating enzyme Usp28 which regulates the ubiquitin chain length on Myc 
and have a stabilizing effect (Popov et al., 2007).  

One way of addressing the mechanism of action would be to perform microarray 
studies comparing untreated with ToM treated cells to reveal changes in gene ex-
pression. This would also elucidate whether ToM affects Myc at the transcrip-
tional level, directly or indirectly, something we have not yet addressed. It would 
however not detect any port-translational mechanisms of action. 

In the Omomyc mouse model (Soucek et al., 2008) inactivation of endogenous 
Myc leads to apoptosis in tumor cells but G1 arrest in normal cells, a similar phe-
notype to the one we observed with ToM. Soucek et al. speculated that tumor cells 
depended on Myc for their increased metabolic demand that they die when Myc is 
inactivated. Other studies have revealed metabolic connections to Myc and apop-
tosis. The first showed that glucose starvation of c-Myc transformed Rat cells lead 
to p53 independent apoptosis, while untransformed cells arrested in G1 (Shim et 
al., 1998). A more recent study shows that glucose starvation does not induce this 
phenotype in human fibroblasts (all cells die by glucose starvation independent of 
Myc status) but glutamine starvation does (Yuneva et al., 2007) revealing cell 
type specific responses but still supporting the cancer cells’ dependence of meta-
bolic pathways.  

Evaluation of the anti-tumorigenic effect of ToM in mouse models should be per-
formed in the future. Most interesting would be to use it in the Omomyc model 
where the effect could be compared to systemic shutdown of endogenous Myc. 

Concluding remarks about screening for inhibitors of protein-protein inter-
actions 

We have shown that applying PCAs in cellular screens is a useful method to iden-
tify inhibitors of protein-protein interactions. The system can now be applied to 
screen for inhibitors of different Myc:cofactor interactions, not only for their po-
tential use in cancer therapy, but also for the possibility of using them in the basic 
research. Are all described cofactors for Myc necessary for Myc induced tran-
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scription? Are certain target genes more important for Myc-driven tumorigenesis? 
If so, do these need a specific set of cofactors that would be more suitable as tar-
gets for anti-cancer therapy? Potentially a specific inhibitor of e.g. Myc:Skp2 
could help answering for which Myc-driven functions Skp2 is needed.  

We started by screening for inhibitors for the well-characterized Myc:Max inter-
action as the interaction surface is well known and because Max is needed for 
most of Myc’s function, thus inhibition of this interaction should give a clear cel-
lular phenotype. However, the different PCA systems have been evaluated for 
other Myc cofactors like Skp2 and TRRAP. For these interactions the Gaussia
PCA gave the better signal to noise ratio. The interaction surface between Myc 
and these cofactors are different than that of Myc and Max. The Gaussia PCA 
constructs have longer flexible linkers between the fusion proteins compared to 
the BiFC constructs and perhaps this increased flexibility is necessary for the re-
porter halves to refold when brought close by these other interactions. Stable cell 
lines should be used in future screens to further increase the reproducibility of the 
method. It is probably more efficient to screen a larger chemical library and per-
form in vitro studies at an early stage to quickly reduce the number of hits and get 
rid of compounds that target upstream pathways. 
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8 CONCLUSIONS 

Myc directly activates pol I mediated rDNA transcription. 

Myc association to rDNA correlates with: 

Increased association of TRRAP and acetylation of histone 
H3 and H4. 

Increased association of Skp2. 

Proteasome activity is required for polymerase I transcription. 

Proximity Ligation In Situ Assay (P-LISA) is a sensitive technique to de-
tect endogenous protein complexes in both cell lines and tissue sections. 

INMI is the first described compound that targets the N-Myc:Max but not 
the c-Myc:Max interaction. 

INMI decreases the cells’ proliferation rate in an N-Myc dependent man-
ner, possibly by inducing senescence and inhibits N-Myc dependent trans-
formation. 

ToM is a small molecule that increases Myc turnover rate seemingly in an 
Fbw7 dependent manner. 

In Myc expressing, immortalized cell lines ToM induces apoptosis. Normal 
rat embryonic fibroblasts respond to ToM with a cell cycle G1 arrest.  

By the identification of c-Myc as a direct activator of polymerase I transcription, 
c-Myc emerges as a coordinator of transcription by all three polymerases and a 
master regulator of ribosome biogenesis and cell growth.  
We have successfully developed a cellular system for screening for inhibitors of 
protein-protein interactions, and one inhibitor of the N-Myc:Max interaction has 
been identified. Further, we have developed a technique to evaluate efficacy of 
these drugs in clinical material. These systems can now be applied to several dif-
ferent interactions within the Myc network and identified compounds can be used 
both for basic research and as lead compounds for anti-cancer drug development. 
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