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On our planet, all objects are subject to continual and inevitable changes which 
arise from the essential order of things. These changes take place at a variable 

rate according to the nature, condition, or situation of the objects involved, 
but are nevertheless accomplished within a certain period of time. Time is 

insignificant and never a difficulty for Nature. It is always at her disposal and 
represents an unlimited power with which she accomplishes her greatest and 

smallest tasks. 

Jean Baptiste Lamarck
Hydrogéologie (1802), trans. A. V. Carozzi (1964) 
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Cooperative Oncogenic Alterations Involved in Tumorigenesis 
and Bmi1, the Founding Member of Mammalian Polycomb 
Group Proteins 

Malignant transformation is a multistep process during which normal cells 
acquire abilities that allow uncontrolled cellular proliferation and escape from 
inhibitory mechanisms, which guard their genomic integrity. During this process, 
cells are subject to genetic mutations and continuous selection in interplay with 
their microenvironment. To specifically eradicate tumor cells during therapeutic 
intervention, it is of extreme importance to find cooperating oncogenic lesions 
and to identify the mechanism by which they direct oncogenic transformation.

Cancer cells arise from normal cells that have undergone a series of genetic 
alterations and consequently have acquired all the properties that confer a 
selective advantage during their micro-evolution towards malignancy (hanahan and 
Weinberg, 2000). Therefore, cancer is a heterogeneous disease and the oncogenic 
process engages many different proteins and pathways that regulate tumor 
initiation, progression and metastasis. During the past few decades, we have been 
able to gather a great deal of knowledge on pathways and mechanisms involved 
in cancer. Yet many anticancer compounds used in the clinic to date still lack 
specificity and only a handful of designed targeted drugs are developed so far. The 
reason for this is that identification of molecular alterations driving cancer, which 
eventually prove to be suitable as drug targets, remains an extremely challenging 
task. however, many already known proteins and cancer-relevant pathways could 
still be verified as drug targets and >40% of human open reading frames have not 
yet been given a function. This emphasizes that there are still numerous potentially 
“druggable” targets to be discovered. Carefully designed genetic screens based on 
phenotypes associated with different aspects of cancer (from tumor initiation to 
metastasis) are one of the most powerful tools in identifying new proteins acting 
in certain pathways (Brummelkamp et al.,  2003; Douma et al.,  2004; Jacobs et 
al.,  2000; Uren et al.,  2008). 

This introductory chapter will give an overview concerning the role of the Myc 
and Ras oncogenes and the Arf tumor suppressor pathway in oncogenesis. These 
pathways are affected in many types of human cancers. We will focus on the search 
for novel oncogenic partners cooperating with c-Myc or a constitutively active 
mutant of Ras, RasV12, and their potential targets in tumorigenesis (chapters 
2 and 3). Moreover, we will discuss Polycomb group (PcG) proteins in order to 
introduce our study (chapter 4) on dynamics and recruitment of Bmi1, which is 
one of the oncogenic collaborators of c-Myc and a major chromatin-associated 
repressor of the Ink4a-Arf tumor suppressors. 
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Search for novel cooperating genetic alterations involved in tumorigenesis

Cooperating genetic events
Genetic and epigenetic mutations responsible for the deregulated growth of 
cancer cells can be simplified as alterations that activate oncogenes and/or 
inactivate tumor suppressor genes. Although mutations occur randomly, there is 
a selective advantage for those mutations and eventually cooperative pathways 
that confer the tumor cell a more malignant phenotype. One model example is 
the gradual development of colorectal cancer, where specific genetic lesions are 
associated with distinct stages of tumor initiation and progression (Kinzler and 
Vogelstein, 1996). Likewise, normal human epithelial cells and fibroblasts need at 
least four distinct genetic alterations to become fully transformed in vitro (hahn 
et al.,  1999). The idea that genetic lesions cooperate to induce transformation, 
“the oncogenic cooperation model”, was generated when the addition of only two 
oncogenes (Myc and Ras) was sufficient to transform normal rodent cells (Land et 
al.,  1983). 

Immortalization and transformation
Normal cells need to battle a number of anticancer defense mechanisms to 
become fully malignant. Tumor initiation requires proliferation without growth 
factor stimulation, denial of growth inhibitory signals and escape from apoptosis. 
Tumor maintenance and progression necessitate sustained angiogenesis, invasive 
potential and final metastasis (hanahan and Weinberg, 2000).

here, we discuss events that accompany the initiating steps of tumorigenesis 
i.e. immortalization and transformation. When normal primary human or rodent 
cells are expanded in vitro, they will undergo an irreversible G1 cell cycle arrest 
and will no longer be sensitive to growth factor stimulation after a finite number 
of passages. This phenomenon was observed many years ago and is now known 
as replicative senescence (hayflick, 1965). From current studies we know that 
senescence is not only induced after extensive culturing, but also following various 
stresses such as oxidative damage, telomere dysfunction, oncogene activation 
and DNA damage (Campisi and d’Adda di Fagagna, 2007). More recently, studies 
have shown that senescence in vivo is not only associated with aging but also 
functions as a tumor suppressive mechanism (Braig et al.,  2005; Chen et al.,  2005; 
Collado et al.,  2005; Michaloglou et al.,  2005). Senescence inhibits proliferation 
of premalignant lesions in response to oncogene activation or when malignant 
tumor cells are treated with cytotoxic agents (Collado and Serrano, 2006; Shay 
and Roninson, 2004). Thus, senescence seems to be a common mechanism in 
aging and cancer, simply preventing cells from proliferating indefinitely, while 
accumulating genetic errors. 

Lately, oncogene induced senescence (OIS) has caught a lot of attention since 
many groups have confirmed its relevance in premalignant lesions in vivo, and 
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revealed its possible mechanisms of induction (Acosta et al.,  2008; Kuilman et 
al.,  2008; Sharpless and DePinho, 2005; Wajapeyee et al.,  2008). OIS was first 
observed when introduction of RasV12 in human and rodent cells, albeit through 
slightly different mechanisms, induced a premature cell cycle arrest (Palmero et al.,  
1998; Serrano et al.,  1997). Soon, oncogenic versions of other members of the Ras 
pathway (Raf, B-Raf and Mek) were also shown to evoke premature senescence 
(Lin et al.,  1998; Michaloglou et al.,  2005; Zhu et al.,  1998). Senescence is thus an 
important defense mechanism against excessive proliferation induced by activated 
oncogenes. 

Normal primary cells must escape the senescence crisis in order to proliferate 
indefinitely and to become so called “immortal”. Senescence is mainly induced 
by activation of the Arf-p53 and Ink4a-pRb tumor suppressor pathways. 
Genetic or epigenetic inactivation of any member of these pathways can lead 
to immortalization. Immortal cells are not transformed per se. Many primary 
human cell types can be immortalized, for instance by expression of the enzyme 
that protects telomere caps (telomerase), without presenting the phenotypic 
traits of malignant transformation (hahn et al.,  1999). One of the hallmarks of 
transformation is anchorage-independent growth, which is strongly associated 
with in vivo tumor formation. Immortalized cells can become transformed and 
thus tumorigenic upon additional oncogenic hits like oncogene activation and 
tumor suppressor inactivation. hence, immortalization can be considered as one 
of the initiating steps towards malignant transformation.

The vicious and the evil: Ras and Myc
Ras and Myc oncogenes are found mutated or overexpressed in a wide spectrum of 
human tumors and have consequently been the subject of intense research during 
the past decades (Adhikary and Eilers, 2005; Karnoub and Weinberg, 2008). 

h-Ras, K-Ras and N-Ras are the founding members of a large family of Ras 
GTPases consisting of 39 members (Wennerberg et al.,  2005). Ras proteins are 
GTP-regulated molecular switches associated with the inner face of the plasma 
membrane, where they propagate a varied collection of extracellular signals 
(Barbacid, 1987). There is also evidence for Ras signaling from intracellular 
membranes such as the Golgi apparatus and the endoplasmic reticulum (Chiu et 
al.,  2002). Ras modulates diverse signaling pathways that affect cell proliferation, 
differentiation, motility, adhesion, cytoskeletal rearrangements and apoptosis 
(Campbell and Der, 2004; Lowy and Willumsen, 1993). Therefore, Ras proteins 
play crucial roles in diverse aspects of normal development and malignant 
transformation. In more than 25% of all human cancers, Ras related pathways are 
activated either by activating mutations of Ras itself or alterations of upstream 
or downstream pathway members (Downward, 2003). Deregulated Ras activity is 
not only involved in oncogenesis but has also been suggested to have essential 
developmental consequences. A number of congenital developmental disorders 
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known as cardio-facio-cutaneous disorders have been linked to abnormal activity 
of the Ras pathway (Karnoub and Weinberg, 2008).

Ras is activated and able to engage downstream signaling pathways when it 
is bound to GTP. It is inactivated when it is bound to GDP. Ras activity is tightly 
regulated by guanine nucleotide exchange factors (GEFs), and GTPase activating 
proteins (GAPs). GEFs stimulate Ras activity by promoting the nucleotide exchange 
rate and GAPs inactivate Ras by accelerating the intrinsic nucleotide hydrolysis rate 
(GTP to GDP) and thereby stimulate the formation of the inactive, GDP-bound 
form (Mitin et al.,  2005). Mutated variants of Ras that are particularly affected 
at residues 12, 13 or 61 are found in many human cancers. These mutants are 
insensitive to GAP activity and are consequently locked in a constitutively, GTP-
bound, activated state (Malumbres and Barbacid, 2003). The function of Ras is in 
addition regulated by the posttranslational processing of its C-terminal end. This is 
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Figure 1.  Major Ras signaling pathways. An example of Ras activation through stimulation of a 
receptor tyrosine kinase (RTK) or a G protein-coupled receptor (GPCR). The Ras cycle starts with its 
posttranslational modification (farnesylation) that targets it to the plasma membrane. At the plasma 
membrane, receptor stimulation leads to the recruitment of Ras specific GEF, son of sevenless 
(Sos), and subsequent Ras activation. Activated Ras induces many different signaling pathways that, 
depending on the cellular context, could either result in cellular survival and cell cycle progression 
(through PI3K, Mapk and RalGDS cascade) or induce cell cycle arrest and apoptosis (through Ink4a 
and Arf tumor suppressor pathways).
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an essential step guiding Ras to specific locations of the plasma membrane, where 
it translates extracellular signals to downstream pathway activation (Downward, 
2003).

Mitogenic signals elicited by growth factors and cytokines activate Ras proteins 
by regulating the activity of GEFs and GAPs. One of the best studied examples 
involves the activation of the Ras specific GEF, son of sevenless (Sos) in response 
to epidermal growth factor (EGF) stimulation (Figure 1). Sos is recruited to the 
plasma membrane through adaptor proteins Grb2 and Shc upon EGF receptor 
tyrosine kinase activation and autophosphorylation (Mitin et al.,  2005). Once Ras 
is switched on, it activates a variety of pathways. The most intensively studied 
effectors of Ras are depicted in Figure 1. Ras triggers the mitogen-activated protein 
(Map) kinase cascade through interaction with and activation of Raf (a Map kinase 
kinase kinase, Mekk). Activated Raf phosphorylates downstream Map kinase kinases 
(Mek), which in turn activate extracellular signal-regulated kinases (Erk1/2). Erk1/2 
phosphorylate a variety of the cytosolic and nuclear proteins that are necessary 
to promote cell cycle progression. In addition to the Map kinase pathway, Ras 
can directly interact with and activate the catalytic subunit of phosphatidylinositol 
3-kinase (PI3K), leading to the induction of the best characterized anti-apoptotic 
pathway of the cell. Both of these pathways are sufficient and necessary in Ras-
induced transformation (Karnoub and Weinberg, 2008). Activation of RalGDS-Ral 
pathway by Ras also leads to cell survival and proliferation (hamad et al.,  2002). 
Furthermore, activation of Rac and Rho-dependent pathways downstream of Ras 
lead to cytoskeletal rearrangements inducing changed morphology and altered 
migrative capacity (Downward, 2003).

In addition to promoting cell proliferation, Ras also induces tumor suppressor 
pathways (Figure 1), which induce cell cycle arrest and counteract the proliferative 
effects of Ras. Ras activates pRb and p53 tumor suppressors through induction of 
Ink4a and Arf respectively, possibly via p38, to trigger a premature senescence 
response (Karnoub and Weinberg, 2008). Ras can also induce Ink4b, which 
is expressed from a locus in close proximity to the Ink4a-Arf locus. Ink4b can, 
similar to Ink4a, trigger cell cycle arrest through activation of pRb (Malumbres 
et al.,  2000). Induction of these tumor suppressor pathways partly explains the 
mechanism of oncogenic cooperation between Ras and oncogenes such as E1A 
and SV40, which inhibit p53 and pRb pathways (Figure 2). 

There are distinct cell type- and species-specific differences in the molecular 
mechanisms that induce senescence. It is generally accepted that Ras induces 
cell cycle arrest through p19Arf in mouse cells, whereas p16Ink4a fulfills a 
more important role in Ras-induced senescence in human cells (Gil and Peters, 
2006). Furthermore, expression levels of Ras seem to differentiate between a 
proliferative and a senescence response to Ras activation. Moderate expression 
of activated Ras, comparable with endogenous expression levels, leads to Ras-
induced transformation. In contrast, strong overexpression of Ras triggers an OIS 
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response to protect the cells against oncogenic transformation (Johnson et al.,  
2001; Tuveson et al.,  2004).

Another oncogene which is of special interest in this thesis is c-Myc. c-Myc is a 
nuclear protein that is induced as an early response gene by many types of signals. 
It is a potent regulator of cell proliferation, differentiation and apoptosis. Although 
its expression is normally tightly regulated (Sears, 2004), genetic alterations 
resulting in overexpression of c-Myc are found in many human cancers (Nesbit et 
al.,  1999). c-Myc is a member of the Myc-family of bhLh/LZ transcription factors 
including L-Myc and N-Myc and acts upon heterodimerization with its partner 
Max. c-Myc is not only involved in transactivation of its target genes but also in 
transcriptional repression. Max can in addition heterodimerize with Mad-family 
transcription factors. Mad-Max heterodimers antagonize Myc-Max heterodimers 
(Grandori et al.,  2000). 

p19Arf
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Figure 2. Schematic outline of p16Ink4a-pRb and p19Arf-p53 tumor suppressor pathways. 
Oncogenic activation or cellular stress induce p16Ink4a and p19Arf leading to downstream activation 
of pRb and p53 through inhibition of Cdk4/6 and Mdm2, respectively, resulting in cell cycle arrest 
or apoptosis. Oncogenic cooperations between different oncogenes can be partly explained based 
on their opposite regulatory effects on these tumor suppressors and their downstream effectors. 
Oncogenes inducing a given tumor suppressor can cooperate with oncogenes inhibiting the same 
tumor suppressor, a simplified explanation for some oncogenic cooperations. Oncogenes inhibiting 
the tumor suppressors are depicted in red circles and oncogenes activating tumor suppressors are 
shown in the green circle. 
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The mechanism by which c-Myc is induced in an immediate response to 
external stimuli remains unclear. however, more is known about the regulation 
of c-Myc protein stability, which indirectly influences c-Myc protein level. Many 
growth factors and cytokines seem to regulate the abundance of the c-Myc 
protein rather than its direct transcriptional induction (Eisenman, 2001; Sears, 
2004). One example is the regulation of c-Myc protein stability by the Ras signaling 
pathway which partly underlies the oncogenic cooperation between c-Myc and 
activated Ras. Ras controls c-Myc stability through regulating phosphorylation at 
Serine 62 and Threonine 58. The phosphorylation of Serine 62 by activated Erk 
stabilizes c-Myc by inhibiting its ubiquitin mediated degradation. Phosphorylation 
of Threonine 58 by GSK3β destabilizes c-Myc by facilitating dephosphorylation at 
Serine 62. Ras activation inhibits GSK3β through induction of PI3K and thereby 
stabilizes c-Myc (Figure 3) (Sears, 2004). Regulating stabilization of c-Myc protein is 
not the only mechanism underlying the oncogenic cooperation between activated 
Ras and c-Myc. FoxO transcription factors, which counteract c-Myc transactivation 
are inactivated by PI3K, which in turn is activated downstream of Ras. In addition, 
PI3K activation has been shown to be required for transcriptional repression by 
c-Myc (Figure 3) (Adhikary and Eilers, 2005).

Unlike Ras, the molecular mechanism by which c-Myc promotes tumorigenesis 
is largely unknown. The reason for this is that identification of specific target genes, 
which could explain the diverse biological effects of c-Myc has remained elusive. In 
the classical “gene specific” model, c-Myc was shown to control the cell cycle by 
directly activating cyclin D2 and Cdk4 and inhibiting p21 and p27, which are known 
cell cycle regulators. In addition, many other putative target genes were identified 
(eIF4E, hTert, p53 and Arf) that could partially explain some functions of c-Myc in 
cell cycle regulation, immortalization and apoptosis (Grandori et al.,  2000). These 

R f Mek Erk
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Raf Mek Erk

c-Myc

PI3K Akt Gsk3

FoxO’s

Activated targets

Repressed targets

Ser62
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Figure 3. Oncogenic collaboration between Myc and Ras. Ras activation leads to downstream 
induction of Map kinase and PI3K pathways, which both support Myc-induced oncogenesis. 1) 
Activated Erk and PI3K both lead to Myc protein stabilization through stimulation of Ser62 and 
inhibition of Thr58 phosphorylation 2) Activated PI3K pathway additionally cooperates with Myc 
through activation and repression of common target genes.
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initial attempts of hunting Myc-target genes were mainly based on the function of 
putative targets or the presence of potential c-Myc binding sites in the promoter 
regions of these genes. The validation of the ever-accumulating putative c-Myc 
target genes proved to be a difficult task because of its weak transactivation 
and transcriptional repression capacity. Recently, high throughput screens and 
chromatin binding profiling combined with target gene expression profiling of Myc 
and its partner Max have revealed that c-Myc can bind up to 15% of all genes in 
different model organisms (Fernandez et al.,  2003; Guo et al.,  2000; Li et al.,  
2003; Mao et al.,  2003; O’Connell et al.,  2003; Orian et al.,  2003; Schuhmacher 
et al.,  2001). however, the transcription of only a subset of these putative loci 
seems to be regulated by c-Myc thus far. c-Myc affects transcription mainly, through 
recruitment of chromatin remodeling proteins such as histone acetyltransferases, 
histone kinases, DNA methyltransferases and other basic co-transcription factors 
to target loci, by opening or condensing local chromatin structure (Knoepfler et al.,  
2006). hence, c-Myc can be considered as a global regulator of the transcriptome, 
modulating target gene expression rather than being a target specific transcription 
factor with a limited number of defined downstream targets, which corroborate its 
biological function (Dang et al.,  2006; Knoepfler, 2007). Nevertheless, so far, c-Myc 
target genes seem to be involved in cell cycle regulation, metabolism, ribosome 
biogenesis, general translation, mitochondrial function, apoptosis, immortalization 
and genetic instability. In addition, c-Myc seems to downregulate genes involved 
in cell cycle inhibition and cellular adhesion (Dang et al.,  2006; Grandori et al.,  
2000). Thus, c-Myc affects many diverse biological processes that can explain its 
prominent role in tumorigenesis.

Activation of Ras or enhanced expression of c-Myc by itself is not sufficient to 
transform primary cells and drive tumorigenesis. Additional lesions are required 
to cooperate with each of these oncogenes to drive transformation. As mentioned 
earlier, the Ink4a- and Arf-mediated tumor suppressor pathways are crucial fail 
safe mechanisms that inhibit transformation upon abnormal mitogenic stimuli 
by triggering cell cycle arrest or apoptosis. Immortalization and subsequent 
transformation is therefore possible through removal of these tumor suppressors 
either directly by locus deletion or inactivating mutations or indirectly via 
activation of oncogenes that attenuate these protective pathways. In addition to 
the cooperating oncogenes mentioned above (E1A and SV40), Ras and Myc are 
capable of collaborating with Tbx2, Twist and Bmi1 (Figure 2). These oncogenes 
are capable of counteracting Ras- and Myc-induced senescence and apoptosis 
respectively (Ansieau et al.,  2008; Jacobs et al.,  1999b; Jacobs et al.,  1999a; 
Jacobs et al.,  2000; Maestro et al.,  1999). Such oncogenes synergize with Ras 
or c-Myc by suppressing Ink4a and/or Arf, thereby facilitating immortalization or 
transformation of primary cells.
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The gatekeepers: Ink4a and Arf
The evolutionary developed response to the action of onco-proteins is the fail 
safe mechanism induced by tumor suppressors. pRb and p53 are the founding 
members of a large group of functionally related proteins that protect the cells 
against inadequate proliferation. They do so through the induction of cell cycle 
arrest or apoptosis when cells commit to division at an inappropriate time and 
place with an inapt genetic content. hence, many pathways activated by tumor 
suppressors are involved in maintaining genomic integrity and guiding normal cell 
division in response to cellular microenvironment.

One of the major tumor suppressor pathways involves pRb. pRb is part of a 
family of transcriptional corepressors including p107 and p130, which inhibit the 
expression of genes required for cell cycle progression. The pRb pathway regulates 
the cell cycle mainly by repressing transcription of E2F target genes, which are 
required for cell cycle entry. pRb binds to E2F transcription factors that are located 
at the promoters of target genes and recruits chromatin remodeling complexes. 
These multimeric complexes contain histone deacetylases (hdacs) and DNA 
methyltransferases (Dnmts), which are known to induce transcriptional silencing 
(Burkhart and Sage, 2008). pRb has in addition been implicated in lineage specific 
commitment of precursor cells during differentiation through global transcriptional 
regulation (hansen et al.,  2004). This is recently more emphasized by studies 
revealing its interaction with chromatin modifiers such as Rbp2 (Lopez-Bigas et al.,  
2008; Pasini et al.,  2008).

Another crucial tumor suppressor pathway is directed by p53, which is a 
transcription factor that when activated, coordinates a wealth of downstream 
events. This occurs through protein modifications, protein-protein interactions 
and transactivation via DNA sequences of p53-response-elements. The global 
transcriptional change induced by p53 activates specific pathways, which result in 
cell cycle arrest, DNA repair, senescence or apoptosis (Levine et al.,  2006). These 
two major tumor suppressive pathways are activated by many kinds of intrinsic and 
extrinsic stress signals including oxidative stress, DNA damage, hypoxia, replicative 
stress and aberrant mitogenic signaling (Lowe et al.,  2004). These signals are 
sensed by as yet unknown mechanisms, which in turn activate upstream core 
regulators of pRb and p53: Ink4a and Arf.

Ink4a and Arf take centre stage when it comes to the cell’s defense mechanisms 
against inappropriate growth signals. They do so mainly by modulating the 
activity of negative regulators of p53 and pRb. Ink4a and Arf are unique tumor 
suppressors, because they can register and respond to culture stress and mitogenic 
stimuli specifically. Although they share the same genetic locus, they do not have 
protein sequence homology, as they are efficiently encoded from alternative 
reading frames. Given the crucial role of pRb and p53 in tumor suppression, it 
is conceivable that their upstream regulators are also targeted for mutations in 
many cancers. In fact, inactivation of the Ink4a-Arf and pRb-p53 tumor suppressive 
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network occurs in almost all human cancers in a mutually exclusive fashion (Kim 
and Sharpless, 2006). While this combined genetic locus seems to create a weak 
point in tumorigenesis, a coupled response of the encoded tumor suppressors 
to common cues must have endured a stronger selective pressure during normal 
development (Sherr, 2004).

Ink4a (p16Ink4a) belongs to the class of cyclin-dependent kinase (Cdk) inhibitors, 
which act upstream of pRb. Interaction of Ink4 proteins (Ink4a and Ink4b) with 
Cdk4 and Cdk6 hinders their binding to D-type cyclins and consequently inhibits 
phosphorylation of pRb proteins by Cdk4/6. hypophosphorylated pRb binds to 
E2F and inhibits transcription from its target loci resulting in cell cycle arrest, 
senescence or cell death (Burkhart and Sage, 2008; Gil and Peters, 2006). Arf 
(p19Arf in mouse and p14Arf in human), binds to and inactivates Mdm2, which 
in turn inactivates p53 by targeting it for degradation (Figure 2). Although Arf-
dependent tumor suppressor activity is for the most part attributed to its key 
regulation of p53, numerous p53-independent functions of Arf have been also 
reported (Sherr et al.,  2005). Additionally, there is reciprocal regulation between 
the Arf-p53 and the Ink4a-pRb axis. The Cdk inhibitor p21 is induced downstream 
of p53 and activates the pRb pathway through inhibition of Cdk2/CycE (Sherr, 
2004). Activated E2F can in part counteract its own action by inducing Arf (Figure 
2) (Aslanian et al.,  2004; Bates et al.,  1998). hence, inactivation of pRb leads to 
derepression of E2F target genes and subsequent activation of Arf-p53 pathway, 
linking pRb directly to p53.

The importance of Ink4a and Arf as tumor suppressors in human cancers has 
been confirmed by the frequently found genetic or epigenetic inactivation of their 
genomic location (Cdkn2a) on chromosome 9p21 in many tumor types. In close 
proximity to this genomic locus lies Cdkn2b, which encodes Ink4b. Recent studies 
have shown clear tumor suppressive functions for Ink4b in the absence of Ink4a, 
suggesting that Ink4b acts as a back-up mechanism that functionally substitutes 
for Ink4a (Krimpenfort et al.,  2007).

The relative importance and the species- and cell type-specificity of these tumor 
suppressors are only recently being elucidated. This is achieved through studies 
using mouse models and by searching for specific mutations in different human 
tumor types that inactivate one member of the locus while leaving the others 
functional. It has been proposed that Ink4a plays a relatively more important role 
in tumor suppression in human cells, whereas Arf has a more prominent function 
in mouse cells (Gil and Peters, 2006). For instance, although Myc and Ras are both 
capable of inducing Ink4a and Arf, oncogene induced apoptosis and senescence in 
mouse cells are mechanistically connected to Arf induction.

how the upstream oncogenic signaling is distinguished from normal growth 
signaling is not entirely clear. It is thought that perceiving at least two interrelated 
signals such as stress signals and proliferative signals simultaneously is required 
to induce a response such as OIS (Kim and Sharpless, 2006). The molecular 
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machinery underlying senescence is not only involved in protecting against cancer, 
but it is also involved in aging, since it limits the regenerative potential of aging 
tissues. Expression of Ink4a and Arf is significantly increased in almost all tissues 
of aging mice and humans (Kim and Sharpless, 2006; Krishnamurthy et al.,  2004). 
Considering the crucial functions of these gate keeping tumor suppressors, the 
expression of Ink4a and Arf is subject to tight regulation. Many transcriptional 
regulators that are found to (co-)regulate the expression or the function of these 
tumor suppressors (Gil and Peters, 2006) may cooperate and fulfill crucial roles 
in cancer formation and progression and are therefore of special interest (Figure 
2). In this thesis, we will only focus on the role of c-Myc, Ras, Tbx2 and Bmi1 in 
tumorigenesis with regard to Arf regulation in mouse cells. Oncogenic signaling 
by c-Myc or activated Ras in mouse fibroblasts leads to upregulation of p19Arf 
and subsequent induction of oncogene-induced apoptosis or oncogene-induced 
senescence, respectively. Tbx2, a T-box transcription factor, represses p19Arf and 
thereby collaborates with c-Myc or RasV12 to immortalize primary cells (Figure 
2) (Jacobs et al.,  2000). Bmi1 is a member of the Polycomb Group (PcG) of 
transcriptional repressors. One of the most extensively studied targets of these 
repressive protein complexes is the Ink4b-Arf-Ink4a locus which explains the 
oncogenic collaboration between Bmi1 and c-Myc or RasV12 (Adhikary and Eilers, 
2005; Grandori et al.,  2000; Jacobs et al.,  1999a).

Bmi1; the founding member of mammalian Polycomb group proteins and a 
prominent regulator of Cdkn2a locus

Loss-of-function of the Ink4a and Arf tumor suppressors, which is commonly 
involved in the development of many human malignancies, not only occurs 
through genetic changes such as mutations and deletions of the Cdkn2a locus, 
but also happens through epigenetic silencing of the locus.

DNA and its associated proteins are packaged into chromatin. This highly 
organized structure not only functions to compress and protect DNA, but it also 
regulates transcription. Epigenetic transcriptional regulation relates to mechanisms 
that affect gene expression by altering higher order chromatin structure rather than 
changes in DNA sequence. These mechanisms range from DNA methylation and 
histone modifications to nucleosome compaction and chromatin fiber organization, 
determining the accessibility of chromatin to the transcriptional machinery. This 
so called “epigenetic code” is maintained and inherited through cell divisions, 
creating a cellular transcriptional memory. 

One of the most important building blocks of chromatin are histones, around 
which DNA is wrapped. Posttranslational modifications (acetylation, methylation, 
ubiquitination, sumoylation, phosphorylation and ADP-ribosylation) of histone 
tails directly influence the epigenetic state. Transcriptionally active genes contain 
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relatively more acetylation on lysine 14 of histone h3 (h3K14ac) and trimethylation 
on lysine 4 of histone h3 (h3K4me3) on their promoter regions, whereas silent genes 
are more associated with h3K9me3 and h3K27me3 and are generally deacetylated. 
Except for acetylation, other covalent modifications of histone tails were believed 
to be stable and irreversible. however, recent studies have revealed the possibility 
of erasing histone modifications through identification of deubiquitinating and 
demethylating enzymes that are capable of removing these marks, adding an 
additional level of complexity to the epigenetic code (Agger et al.,  2008).

Bmi1, an important regulator of the Cdkn2a locus, is a member of the PcG 
proteins. PcG proteins belong to a large family of epigenetic transcriptional 
repressors, which were originally identified in Drosophila to regulate appropriate 
expression of homeotic (hox) genes responsible for the establishment of the 
body plan during early embryonic development. The mammalian counterparts of 
PcG proteins are now known to function as global regulators of gene expression, 
responsible for maintenance and inheritance of silent chromatin states. PcG proteins 
are involved in many processes, including stem cell renewal, differentiation, cellular 
proliferation and X-chromosome inactivation (Masui and heard, 2006; Sparmann 
and van Lohuizen, 2006). 

PcG proteins act in multimeric protein complexes, which, based on biochemical 
purifications and genetic experiments, are roughly classified into initiation 
and maintenance complexes (Table 1). Polycomb repressive complex 2 (PRC2), 

Table 1.  Core component of the Polycomb Repressive Complexes (PRCs). Paralogs and nomenclature 
in flies, mice and humans. 

Fly Mouse Human Biochemical activity
PRC2 
Extra sex combs, Esc Eed EED
Enhancer of zeste, E(z) Ezh1/Enx2 EZH1 Histone methyltransferase 

Ezh2/Enx1 EZH2
Suppressor of Zeste, Su(z)12 Suz12 SUZ12

PRC1
Polycomb, Pc Cbx2/M33 CBX2/HPC1 Methyl-lysine binding

Cbx4/Mpc2 CBX4/HPC2
Cbx6 CBX6
Cbx7 CBX7
Cbx8/Mpc3 CBX8/HPC3

Polyhomeotic, Ph Edr1/Mph1/Rae28 EDR1/HPH1
Edr2/Mph2 EDR2/HPH2
Edr3 EDR3/HPH3

Sex combs extra, Sce Ring1/Ring1a RING1/RING1A/RNF1 Ubiquitin ligase
Ring1b/Rnf2 RING1B/RNF2

Posterior sex combs, Psc Bmi1 BMI1
Mel18/Rnf110 MEL18/RNF110
Rnf134/Mblr/Ring6a RNF134/MBLR/RING6A
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consisting of Ezh2, Eed and Suz12, is responsible for initiation of repression. PRC1, 
containing the core components hpc/Cbx, hph/Edr, Bmi1 and Ring1b, is involved 
in the maintenance of transcriptional repression. This is a simplified classification 
since many of these proteins exist in a number of isoforms and homologues, 
creating many variants of each complex. Additional PRCs (PRC3 and 4) in flies and 
mammals have been identified, including subtle changes in complex composition 
and consequent functional specificity, confirming a high degree of flexibility in fine-
tuning epigenetic regulation (Klymenko et al.,  2006; Kuzmichev et al.,  2004). 

PcG proteins take part in histone tail modifications either by catalyzing 
them directly or by interaction with specific enzymes. PRC2 contains histone 
methyltransferase activity through Ezh2, which catalyzes h3K27me3 and to a lesser 
extend h3K9me3 (Cao et al.,  2002; Czermin et al.,  2002; Muller et al.,  2002). 
Ezh2 is also able to catalyze h1K26 methylation depending on interaction with 
distinct Eed isoforms (Kuzmichev et al.,  2004). In addition, PRC2 has been linked 
to histone deacetylase (hdac) activity and to h3K4 demethylase activity through 
interaction with Rbp2 (Pasini et al.,  2008). PRC1 has E3 ubiquitin ligase activity 
through Ring1b. Ring1b is able to monoubiquitinate histone h2A (h2AK119Ub1) 
which is stimulated by its interaction with cofactors Bmi1 and Mel18 (Cao et al.,  
2005; Elderkin et al.,  2007). Although PRC1 has been found to recruit additional 
h3K4 demethylases through Mblr (Lee et al.,  2007), no histone methyltransferase 
activity has been associated with PRC1 yet. Furthermore, recent studies have shown 
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Figure 4.  A basic model for PcG complex composition and action. The initial recruitment of PRC2 
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additional histone tail modification that is linked to transcriptional silencing, h2A119Ub1. PRC2 and 
PRC1 are thought to initiate and sustains transcriptional silencing respectively. 
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recruitment of Dnmts to some PcG target genes through specific interaction with 
PRC2, linking PcG-mediated silencing to DNA methylation (Vire et al.,  2006).

Transcriptional silencing by PcG proteins starts with the recruitment of PRC2 
to target loci, where Ezh2 can add the h3K27me3 mark and the PRC2-associated 
hdacs and demethylases can remove the active acetylation and h3K4 methylation 
marks respectively. The h3K27me3 mark is specifically recognized and bound by 
one of the Cbx family members, via its chromodomain (Fischle et al.,  2003; Min et 
al.,  2003). This leads to the recruitment of PRC1 to h3K27 trimethylated loci. On 
these loci, PRC1 subsequently catalyzes monoubiquitination of histone h2AK119 
by Ring1b, a mark associated with silent chromatin (Wang et al.,  2004). PRC1 
maintains the silent state instigated by PRC2 via attenuating transcription initiation, 
inhibition of nucleosome remodeling by transcriptional activating complexes and 
induction of chromatin compaction (Figure 4). Many histone-modifying enzymes 
have been discovered recently and future investigations should clarify if they 
support PcG-induced chromatin remodeling (Agger et al.,  2008).

Involvement of PcG proteins in tumorigenesis began with identification of Bmi1 
as a proto-oncogene that cooperates with c-Myc in tumorigenesis in mice (haupt 
et al.,  1991; van Lohuizen et al.,  1991). Further studies revealed that Bmi1 in 
this context is essential for the repression of the Cdkn2a tumor suppressor locus 
and thereby inhibits c-Myc induced upregulation of p19Arf and apoptosis, which 
explained the oncogenic cooperation between Bmi1 and c-Myc. (Jacobs et al.,  
1999b; Jacobs et al.,  1999a). The prominent role of PcG proteins in cancer is 
lately emphasized by PRC2 core complex members Suz12 and Ezh2 being found 
overexpressed in many types of human cancers (Sparmann and van Lohuizen, 
2006; Valk-Lingbeek et al.,  2004).

The mechanism of transcriptional regulation of the Ink4a-Arf genes by PcG 
proteins is just recently becoming clear. Chromatin immunoprecipitation (ChIP) 
profiling experiments in mouse and human cells have shown that the repression of 
the Cdkn2a locus depends on binding of the PRC2 members, Ezh2 and Suz12 and 
the subsequent appearance of the h3K27me3 mark on this locus. Furthermore, 
binding of the PRC1 proteins Bmi1 and Cbx8 to this locus increases concomitantly, 
leading to repression of Ink4a and Arf, confirming PRC1 recruitment by PRC2. 
Corroborating this, Ezh2 expression levels decrease during replicative- and stress-
induced senescence, leading to downregulation of h3K27me3 mark, displacement 
of Bmi1 from the locus and derepression of the encoded tumor suppressors 
(Bracken et al.,  2007). In addition to Bmi1, the other PRC1 core members Cbx7 
and Cbx8 have been shown to regulate Ink4a-Arf and thereby influence cell cycle 
progression. Ectopic expression of these genes was shown to postpone the onset 
of senescence in mouse and human cells (Dietrich et al.,  2007; Gil et al.,  2004).

As mentioned earlier in this introductory chapter, Cdkn2a encodes bona fide 
tumor suppressors with a prominent role in cancer development and their direct 
repression connects PcG activity to tumorigenesis. Although Ink4a-Arf repression 
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significantly contributes to the oncogenic capacity of Bmi1, this locus is certainly 
not the sole target of Bmi1 and other PcG protein members in cancer. Several 
studies have established genome wide maps for binding profiles of PcG proteins 
and for histone modifications linked to PcG silencing (Boyer et al.,  2006; Bracken 
et al.,  2006; Lee et al.,  2006). These studies show that next to hox genes, PcG 
proteins are involved in the repression of many developmentally regulated genes 
that are necessary for differentiation of stem cells and progenitors into various 
cell types. This suggests that PcG silencing is part of a program that directs cell 
fate decisions from pluripotent stem cells to differentiated cells, keeping the genes 
that induce differentiation repressed. These data confirm genetic studies in which 
targeted disruption of PcG proteins revealed a crucial role, for instance for Bmi1 
and Ring1b, in the proliferation and self renewal of embryonic and adult stem 
cell pools (Sparmann and van Lohuizen, 2006; Valk-Lingbeek et al.,  2004; van der 
Stoop et al.,  2008).

Even though there is a direct link between PcG proteins and tumorigenesis 
through Ink4a-Arf, other potential targets have been identified which could 
contribute to the Ink4a-Arf independent oncogenic effects of PcG proteins 
(Bracken et al.,  2006; Bruggeman et al.,  2007; Dietrich et al.,  2007; Squazzo 
et al.,  2006). Furthermore, since PcG proteins regulate stem cell pluripotency, 
they could influence tumor cell malignancy through establishing a stem cell-like 
transcriptional program that maintains the self renewal capacity and inhibits 
differentiation. This has been postulated to contribute to cancer development and 
tumor recurrence after treatment, which is proposed to be attributed to “cancer 
stem cells” or tumor re-initiating cells (Pardal et al.,  2003). 

Moreover, Ink4a-Arf levels rise during aging, but Bmi1 levels do not change. 
however, Ezh2 levels decrease during senescence, indicating that h3K27me3 
mark is limiting to recruit Bmi1 and maintain repression. Therefore, Ezh2 levels 
may be regulated with aging (Bracken et al.,  2007). Finally, in this context, the 
upregulation of Bmi1 and Ezh2 in many cancers could inhibit oncogene-induced 
and/or stress-induced senescence in tumor initiating cells, through repression of 
Ink4a and Arf, extending time to accumulate additional mutations that select for 
a more malignant phenotype.

The scope and aim of this thesis

Genetic transformation screens
Overexpression or aberrant activation of Myc and Ras are found in most 
human cancers. Given the critical functions of these proto-oncogenes in cellular 
proliferation, we were interested in finding new oncogenes that could cooperate 
with Myc or Ras. Chapters 2 and 3 of this thesis are devoted to our search for novel 
genes that are able to collaborate with c-Myc or Ras in oncogenic transformation, 
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using genetic screens. 
Immortalized mouse cells can easily be transformed by addition of a single 

oncogene. In addition, primary mouse fibroblasts can be transformed by 
introduction of only two cooperating oncogenes such as c-Myc and activated 
Ras (RasV12). In contrast, in primary human cells, genetic events necessary to 
induce transformation are far more complicated. Therefore, primary mouse cells 
constitute a suitable cellular system to search for cooperating oncogenes using 
forward genetic screens. 

Activation of Ras alone in primary mouse fibroblasts (MEFs) leads to p19Arf 
induction and subsequently to activation of p53-dependent senescence. Likewise, 
overexpression of c-Myc induces p53-dependent apoptosis through upregulation 
of p19Arf (Figure 5). Inactivation of p19Arf or p53 cooperates with c-Myc or RasV12 
to immortalize primary MEFs. The p19Arf-p53 pathway plays an essential role in 
replicative senescence and oncogene-induced responses such as senescence or 
apoptosis in mouse cells. MEFs, overexpressing Ras or c-Myc, can sporadically 
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Figure 5. p19Arf-p53 pathway induction by Ras and Myc in mouse cells. Ras activation leads to 
premature senescence through p53-dependent cell cycle arrest branch, while Myc overexpression 
triggers p53-dependent apoptosis branch. Modulating p19Arf expression levels upstream of p53 can 
bypass senescence and apoptosis and induce immortalization of primary mouse cells. This model 
has been used, in the studies described in this thesis, to set up genetic screens to find genes that 
cooperate with Ras or Myc in tumorigenesis when p19Arf levels are reduced. Adapted from (Lowe 
et al.,  2004)
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escape either senescence or apoptosis by random genetic lesions which usually 
result in p53-pathway inactivation. In order to immortalize MEFs overexpressing 
Ras or Myc in a controlled manner, we used exogenous overexpression of the 
transcription factor Tbx2. Tbx2 suppresses p19Arf to a threshold level, which is 
enough to bypass Ras-induced senescence and c-Myc-induced apoptosis. Thereby, 
Tbx2 efficiently cooperates with Ras or Myc to immortalize MEFs, yet does not 
transform them (Figure 5). We have taken advantage of this cooperation and 
made use of MEFs that either co-expressed c-Myc and Tbx2, or RasV12 and Tbx2. 
Under these conditions, MEFs are immortalized and prone to transformation 
upon additional genetic lesions that collaborate with c-Myc or Ras, when p19Arf 
is suppressed. 

In chapter 2, we have performed a genetic transformation screen in MEFs 
overexpressing c-Myc and Tbx2 using retroviral based cDNA libraries. We aimed 
to find novel genes that cooperate with c-Myc in transformation, which, in vitro, is 
measured by the ability of cells to grow detached form a substrate using anchorage-
independent growth assays. 

In chapter 3, we searched for genes that cooperate with Ras in tumorigenesis, 
when p19Arf is repressed. Accordingly, we have performed two independent 
genetic transformation screens in MEFs overexpressing Ras and Tbx2 using various 
retroviral cDNA expression libraries and anchorage-independent growth assays. 

Dynamics and recruitment of Polycomb group protein Bmi1 to PcG bodies
PcG complex composition and target gene binding must be regulated in a highly 
flexible and dynamic manner. The action of PcG proteins is essential for normal 
development and maintenance of embryonic and adult stem cells. In addition 
to cellular differentiation, PcG proteins are involved in cell cycle regulation. 
Moreover, chromatin remodeling by PcG proteins should act in direct response to 
physiological stimuli and external signals to allow cellular survival and adaptation. 
Therefore, PcG complexes are thought to be highly plastic. Initial evidence came 
from studies in Drosophila, where alternative PcG complexes were discovered and 
where activators and repressors were found on the same target loci, indicating that 
PcG-mediated silencing is more dynamic than was thought at the time (Breiling et 
al.,  2001; Dellino et al.,  2004; Klymenko and Muller, 2004; Ringrose et al.,  2003)  
Recently, PcG complexes were found to target specific sets of genes that change 
during differentiation from embryonic stem cells to lineage specific progenitors 
and terminally differentiated cells. These loci, although transcriptionally inactive, 
contain the active h3K4me3 mark in addition to the PRC2-specific silent h3K27me3 
mark. These so called “bivalent loci”, although silenced, are prone to become 
activated when proper signals are received before proceeding to the subsequent 
differentiation step. At each stage of differentiation, PcG proteins are thought to 
keep genes “off” that promote progression to the next differentiated stage and 
thereby define the identity of the differentiated cell (Mikkelsen et al.,  2007; Mohn 
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et al.,  2008; Pietersen and van Lohuizen, 2008). This emphasizes the dynamics 
and flexibility of PcG-mediated transcriptional silencing. Although PcG proteins 
are supposed to act in a fairly dynamic manner, little is known about their actual 
mobility at target loci.

As mentioned earlier, the recruitment of PcG proteins to their target loci is 
proposed to start by recruitment of PRC2, which catalyzes the h3K27me3 mark. 
This methylated histone mark is recognized and bound by the Cbx proteins, 
which are PRC1 core components, leading to recruitment of PRC1-like complexes 
(Figure 4). This sequential recruitment theory is controversial and has so far been 
confirmed for only a number of PcG target genes (Schuettengruber et al.,  2007; 
Schwartz and Pirrotta, 2007). This model necessitates the initial recruitment of 
PRC2 to PcG target loci, the mechanism of which still needs to be elucidated. 
Although regulatory DNA elements (Polycomb response elements) and sequence-
specific DNA binding proteins seem to be responsible for recruitment of PcG-
specific complexes and silencing in flies, no such mechanism has been delineated 
in mammalian systems. Moreover, biochemical studies have shown that binding 
of Cbx proteins to the h3K27me3 mark is rather weak and PRC1 recruitment to 
the inactive X-chromosome has been reported in the absence of PRC2 (Masui and 
heard, 2006; Ringrose et al.,  2004). Finally, even though DNA elements and the 
h3K27me3 mark are sufficient for PcG recruitment, other mechanisms such as 
RNAi machinery have been recently linked to PcG recruitment and transcriptional 
silencing. Altogether, there is enough evidence suggesting that PRCs exist in many 
different complexes and independent mechanisms could direct PcG recruitment to 
different loci depending on cellular context.

Bmi1 is one of the most extensively studied members of the PcG proteins and is 
implicated in stem cell identity and cancer. In chapter 4, we have tried to address 
two major questions in this field by studying specific, presumably clustered, 
PcG target loci, namely PcG bodies. These are stable subnuclear foci containing 
repetitive DNA sequences from some pericentric heterochromatic domains (Saurin 
et al.,  1998; Voncken et al.,  1999). These foci were originally observed in many 
transformed cell lines and few primary cell types and are distinct from hP1-related 
constitutive pericentric heterochromatin. They can be visualized in mammalian 
cells and are therefore suitable for studying physical aspects of PcG-target regions. 
First, we have studied the mobility of Bmi1 interaction with PcG bodies. We have 
used fluorescence recovery after photobleaching (FRAP) and fluorescence loss in 
photobleaching (FLIP) to test Bmi1 mobility during G1 and G2 of the cell cycle, 
when recruited to PcG bodies. Secondly, we have investigated the recruitment 
of Bmi1 (PRC1) by Ezh2/Eed (PRC2) and the maintenance DNA methyltransferase 
(Dnmt1) to PcG bodies.

Finally, in chapter 5, we summarize the preceding experimental chapters and 
briefly discuss the obtained results and future perspectives with regard to recent 
studies in the field.
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c-Myc drives uncontrolled cell proliferation in various human cancers. However, 
in mouse embryo fibroblasts (MEFs), c-Myc also induces apoptosis by activating 
the p19Arf tumor suppressor pathway. Tbx2, a transcriptional repressor of p19Arf, 
can collaborate with c-Myc by suppressing apoptosis. MEFs overexpressing c-Myc 
and Tbx2 are immortal but not transformed. We have performed an unbiased 
genetic screen, which identified 12 oncogenes that collaborate with c-Myc and 
Tbx2 to transform MEFs in vitro. One of them encodes the LPA2 receptor for the 
lipid growth factor lysophosphatidic acid (LPA). We find that LPA1 and LPA4, but 
not LPA3, can reproduce the transforming effect of LPA2. Using pharmacological 
inhibitors, we show that the in vitro cell transformation induced by LPA receptors 
is dependent on the Gi-linked Erk and PI3K signaling pathways. The transforming 
ability of LPA1, LPA2 and LPA4 was confirmed by tumor formation assays in 
vivo and correlated with prolonged Erk1/2 activation in response to LPA. Our 
results reveal a direct role for LPA receptor signaling in cell transformation and 
tumorigenesis in conjunction with c-Myc and reduced p19Arf expression. 

Introduction

Almost all human cancers are the unfortunate consequence of accumulating 
mutations  that  lead  to oncogene activation and tumor suppressor inactivation. 
These changes are ultimately subject to selection of collaborative pathways 
that promote proliferation, evasion from apoptosis and metastasis. The c-Myc 
transcriptional regulator is one of the most studied classical onco-proteins, the 
aberrant expression of which is implicated in many human cancers. Enhanced 
expression of Myc-family members is involved in nearly every feature of 
tumorigenesis. however, c-Myc overexpression by itself fails to induce cell 
transformation in primary human or rodent cells (Adhikary and Eilers, 2005; 
Land et al.,  1983; Drayton et al.,  2003). Therefore, additional mutations are 
necessary for cell transformation and tumor initiation. These mutations either 
activate oncogenes that collaborate with c-Myc, such as Ras, and/or inactivate 
tumor suppressor pathways that protect cells from transformation by c-Myc, such 



40

Chapter 2

as the p19Arf-Mdm2-p53 tumor suppressor pathway. Activated Ras cooperates 
with c-Myc to induce cell transformation and oncogenesis (Land et al.,  1983). 
On the contrary, the p19Arf tumor suppressor is one of the fail safe mechanisms 
that protect cells against excessive mitogenic signals (Gil and Peters, 2006; Sherr, 
2004).

In primary MEFs c-Myc induces apoptosis through p19Arf upregulation and 
subsequent p53 pathway activation (Zindy et al.,  1998). In addition, p19Arf 
inhibits c-Myc’s function by direct interaction and inhibition of its transactivation 
ability independent from p53 (Datta et al.,  2004; Qi et al.,  2004; Sherr, 2006). 
These actions of p19Arf antagonize c-Myc and inhibit cellular proliferation. hence 
overexpression of c-Myc in p19Arf deficient MEFs allows cells to proliferate rather 
than undergo apoptosis (Jacobs et al.,  1999). 

In a senescence bypass screen, we identified Tbx2 as a transcriptional repressor 
of p19Arf (Jacobs et al.,  2000; Lingbeek et al.,  2002). Tbx2 is able to downregulate 
p19Arf to immortalize c-Myc overexpressing MEFs, yet it is not sufficient to fully 
transform these cells to allow growth in soft agar. This interesting observation 
provided us with a base to screen for cooperative genes that enable cellular 
transformation as measured by anchorage-independent growth in soft agar. To 
identify genes that collaborate with c-Myc and Tbx2 in tumorigenesis, we have 
performed a genetic gain of function transformation screen in MEFs overexpressing 
both genes. We identified twelve genes belonging to diverse functional groups that 
cooperated with c-Myc and Tbx2 to transform MEFs. One of the inserts encoded 
LPA2, a G protein-coupled receptor (GPCR) for the lipid mediator lysophosphatidic 
acid (LPA). 

LPA acts on several GPCRs triggering Ras-Erk, Rho, Rac and PI3K pathway 
activation which in turn stimulate the proliferation, migration and survival of many 
cell types, both normal and malignant (Ishii et al.,  2004; Moolenaar et al.,  2004). 
LPA signaling has been implicated in the progression of human cancers such as 
ovarian, prostate and colorectal cancer (Mills and Moolenaar, 2003). Given the 
emerging evidence for a role of LPA signaling in cancer, we sought to examine 
the transforming potential of the LPA2 receptor (and its relatives) in combination 
with c-Myc and Tbx2 both in vitro and in vivo. We demonstrate that enhanced 
expression of some, but not all, LPA receptors transforms cells in combination with 
c-Myc and Tbx2 in vitro and in vivo. In addition, we examine the contribution of 
downstream LPA signaling pathways to cell transformation. 

Results

Identification of genes that cooperate with c-Myc and Tbx2 in cell transformation 
using a genetic screen
Tbx2 downregulates p19Arf levels to a specific threshold, just enough to 
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immortalize MEFs and counteract c-Myc induced apoptosis (Jacobs et al.,  2000). 
The residual p19Arf level is however still capable of suppressing transformation. 
Therefore MEFs coexpressing c-Myc and Tbx2 are immortal but not transformed 
(Supplementary Figure 1). We have taken advantage of this cooperation to design 
an unbiased transformation screen to find genes that will transform MEFs in 
combination with c-Myc and Tbx2 using retroviral cDNA expression libraries (Jacobs 
et al.,  2000). This genetic predisposition allows the appropriate stringency, since 
c-Myc overexpressing p19Arf-deficient MEFs transform more easily, regardless of 
the introduced cDNA, and cause high background (Supplementary Figure 1). 

Early passage primary MEFs were transduced with retroviruses containing 
Tbx2 and c-Myc (hereafter called c-Myc/Tbx2-MEFs) and subsequently transduced 
with retroviral cDNA libraries derived from different human tumors and normal 
tissues (Jacobs et al.,  2000). Infected c-Myc/Tbx2-MEFs were then plated in soft 
agar and screened for colony formation (Figure 1). Colonies were picked and 
expanded as monolayers. The colonies differed in adhesion properties, ranging 
from semiadherent to almost nonadherent floating spheres. As expected we 
observed no background colonies in c-Myc/Tbx2 cells that were transduced with 
retroviruses containing no insert (negative control). 

Using long range PCR and sequencing analysis, 12 cDNA inserts were identified, 
subcloned and reintroduced in c-Myc/Tbx2-MEFs to verify their transforming ability. 
Most inserts contained a full length cDNA and belonged to different functional 
groups (Table 1). 

Early passage  MEFs

+Tbx2

+c-Myc

+ Retroviral cDNA 
libraries

Plated in soft agar

Control vector  +

Isolate and expand
primary colonies

cDNA insert identification (genomic
DNA isolation, southern, PCR and 

sequence analysis)

Secondary screen using MoMLV
infection, enriching for relevant 
cDNA inserts

Subcloning cDNA inserts
and testing transforming

ability in c-Myc/Tbx2 
containing MEFs

Figure 1. Schematic outline of the in vitro 
genetic transformation screen. MEFs were 
transduced with retroviruses containing Tbx2 
and c-Myc respectively at passages 1 and 2. 
Thereafter, they were transduced with human 
retroviral cDNA libraries and subsequently 
were plated in soft agar, allowing selection 
for anchorage-independent growth. Colonies 
were picked after 2-3 weeks and expanded 
for further analysis. To enrich for the relevant 
insert a secondary screen was performed. 
Southern blot, PCR and sequence analysis were 
used to indentify the inserts. Transforming 
ability of the inserts was validated in c-Myc/
Tbx2-MEFs.
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Table 1. Genes identified in the genetic transformation screen. Twelve genes belonging to distinct 
functional groups (cytoskeletal remodeling, Ras-Raf-Erk pathway, RTK signaling, lipid signaling, 
extracellular matrix and G2-M cell cycle progression) listed here, were identified and verified to 
transform MEFs in combination with c-Myc and Tbx2 (reduced p19Arf levels). Five of the identified 
inserts contained 5’truncated cDNA’s.
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The first group contained the cytoskeletal proteins alpha-actinin-4 (Actn4), 
filamin C (FlnC) and laminin binding protein 32 (Lbp-32). We also found truncated 
Dbs, constitutively active mutant of a Rho-specific guanine nucleotide exchange 
factor, which is involved in cytoskeletal remodeling and cell cycle progression 
(Kostenko et al.,  2005). The second group contained components of the Ras-Raf-
Erk signaling pathway (Raf-1, Map3k3 and FosB) that is known to cooperate with 
c-Myc in cell transformation. The third group contained PdgfB and hrs, both involved 
in receptor tyrosine kinase (RTK) signaling (Benito and Lorenzo, 1993; Toyoshima 
et al.,  2007). Among the remaining genes we identified were Nek6, a serine/
threonine kinase implicated in mitotic G2-M progression (O’regan et al.,  2007) 
and Agrn, a large proteoglycan involved in neuromuscular junction development 
(Bowe and Fallon, 1995). This last group also contained LPA2, a GPCR for LPA.

As mentioned, Tbx2 reduces p19Arf levels but does not completely abolish 
it. Since the p19Arf threshold levels play a decisive role in transformation, we 
examined the transforming ability of the identified genes in the complete absence 
of p19Arf and in combination with c-Myc (Figure 2). c-Myc/Tbx2 (wild type)-MEFs 
and p19Arf-deficient c-Myc-MEFs were transduced with retroviruses containing the 
identified genes and tested for soft agar growth. All genes but one (Map3k3) were 
able to induce significantly larger number of colonies in soft agar in combination 
with c-Myc and in the absence of p19Arf. This shows that the residual levels of 
p19Arf in c-Myc/Tbx2-MEFs play an important role in attenuating transformation.

We next asked if any of these genes can cooperate with c-Myc or Tbx2 alone 
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Figure 2. Transforming ability of the identified inserts in c-Myc/Tbx2-MEFs and p19Arf-deficient 
c-Myc-MEFs. p19Arf-/- MEFs containing c-Myc and wild type MEFs containing c-Myc and Tbx2 were 
transduced with retroviruses encoding different inserts, RasV12 or control vector and were assayed 
for soft agar growth. Soft agar colonies were counted, corrected for the number of background 
colonies and normalized to the number of colonies in c-Myc/Tbx2-MEFs containing RasV12 (positive 
control). 
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Figure 3. Transforming ability of LPA receptors in vitro. a) Expression analysis of LPA receptors 
using quantitative RT-PCR. Absolute mRNA levels of exogenous LPA receptors were determined in 
c-Myc/Tbx2-MEFs overexpressing different LPA receptors and normalized to Gapdh. b) Transforming 
potential of LPA receptors in soft agar. c-Myc/Tbx2-MEFs were retrovirally transduced with LPA1-4, 
RasV12 or control vector and were plated in soft agar after selection with G418 or puromycin. Upper 
panel shows soft agar assays scanned per well of a six-well plate and lower panel shows photographs 
from soft agar colonies taken at 25-fold magnification. c) Graph depicting quantification of soft 
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to transform MEFs. As shown in Supplementary Table 1, Actn4, Agrn, Dbs, FlnC, 
FosB, hrs and PdgfB can cooperate with c-Myc alone to transform MEFs to at least 
the same extent as RasV12 does. None of the genes caused transformation in 
combination with Tbx2 alone. 

These results reveal novel and established cooperative pathways for c-Myc and 
Tbx2 in transformation and underline the strength of gain-of-function screens to 
identify new oncogenes and oncogenic cooperations. 

Transforming potential of LPA receptors in vitro and in vivo
LPA acts on at least five distinct GPCRs (LPA1-5), which show both overlapping and 
distinct signaling properties and tissue expression (Ishii et al.,  2004; Moolenaar 
et al.,  2004). The so-called ‘Edg-family’ LPA receptors (LPA1, LPA2 and LPA3) 
are the best studied, whereas LPA4 and LPA5 receptors have only recently been 
identified and are more closely relayed to the purinergic receptor family (Lee et al.,  
2006a; Noguchi et al.,  2003). Growing evidence points to a role of LPA receptor 
signaling in tumor progression and metastasis (Mills and Moolenaar, 2003). LPA1 
overexpression in breast carcinoma cells drives their metastatic spread to bone 
(Boucharaba et al.,  2004), while the LPA-producing exo-enzyme autotaxin is found 
overexpressed in various cancers and promotes tumor progression in preclinical 
models (van Meeteren and Moolenaar, 2007). however, the role of LPA receptor 
signaling during the initiating steps of tumor formation has not been investigated 
so far. 

having found that LPA2 can transform Myc/Tbx2-MEFs, we next examined 
if three other GPCRs for LPA, namely LPA1, LPA3 and LPA4, share this ability. 
Myc/Tbx2-MEFs were transduced with retroviruses encoding LPA1-4, RasV12 or 
with control vector and examined for growth in soft agar. As expected, RasV12-
expressing Myc/Tbx2-MEFs transformed easily (Figure 3). Both LPA1 and LPA4 
reproduced the transforming capacity of LPA2 (Figure 3b, c). Strikingly, LPA3 
failed to induce a transformed phenotype in Myc/Tbx2-MEFs even though LPA3 
expression levels were significantly higher than those of the other LPA receptors 

agar colonies shown in b. d) Overstimulation of endogenous LPA receptors by LPA does not lead 
to transformation of MEFs. c-Myc/Tbx2-MEFs were plated in soft agar in the presence or absence 
of increasing amounts of LPA (up to 10 μM). c-Myc/Tbx2-MEFs transduced with LPA2 are shown as 
positive control for transformation. Left panel shows soft agar assays scanned per well of a six-well 
plate and right panel shows photographs from soft agar colonies taken at 25-fold magnification. e) 
The role of p19Arf levels in inhibiting transformation induced by LPA receptors. c-Myc/Tbx2- and 
c-Myc p19Arf-deficient -MEFs were retrovirally transduced with LPA1-4, RasV12 or control vector 
and were subsequently compared for anchorage-independent growth in soft agar assays. Note that 
transformation induced by LPA receptors is inhibited by residual levels of p19Arf in c-Myc/Tbx2-
MEFs.
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(Figure 3a and Supplementary Figure 2). If overexpression of LPA receptors can 
transform Myc/Tbx2-MEFs, would overstimulation of endogenous LPA receptors 
by LPA be sufficient to trigger the same effect? To address this question, we plated 
Myc/Tbx2-MEFs in soft agar in the presence or absence of 5 or 10 μM LPA. Figure 
3d shows that addition of excess LPA (up to 10 μM) does not induce transformation 
of Myc/Tbx2-MEFs. This is consistent with the amount of LPA in serum-containing 
medium being saturating, and it suggests that the number of endogenous LPA 
receptors and, hence, signal strength determines the extent of transformation.

In addition, we analyzed how p19Arf may affect LPA receptor-mediated 
transformation. We therefore compared c-Myc/Tbx2-MEFs with p19Arf-deficient 
c-Myc-MEFs expressing LPA1-4 (Figure 3e). Similar to what is observed with 
LPA2 (Figure 2), the absence of p19Arf strongly potentiated the LPA1- and LPA4-

Figure 4

RasV12(8/8)

LPA1(8/8)

LPA2(5/8)

LPA4(8/8)

LPA3(0/8)
Control(0/8)

Figure 4. Overexpression of LPA1, LPA2 and LPA4 receptors is sufficient to induce tumor formation 
in combination with c-Myc and Tbx2 in nude mice. 1 x 106 c-Myc/Tbx2-MEFs overexpressing LPA1-
4, Rasv12 or control vector were s.c. injected in each flank of the mice (n=4 mice, eight flanks per 
condition). Tumor formation and growth was monitored during 75 days. Survival plots are shown 
here, (flanks with tumors/total flanks injected). Mice injected with Myc/Tbx2-MEFs overexpressing 
LPA3 (grey) or control vector (green) do not develop any tumors.
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induced transformation (Figure 3e). Again, LPA3 was incapable of transforming 
MEFs even in the absence of p19Arf. None of the LPA receptors tested could 
induce transformation in combination with either Tbx2 or c-Myc alone (data 
not shown), consistent with c-Myc and Tbx2 being cooperating partners in cell 
transformation. These results indicate a direct role for LPA receptor signaling in 
oncogenic transformation in cooperation with c-Myc and Tbx2. Furthermore, they 
reveal that LPA3 mitogenic signaling differs fundamentally from that induced by 
LPA1, LPA2 and LPA4.

We next examined the ability of LPA receptors to induce tumor formation 
in vivo. To this end, 106 Myc/Tbx2-MEFs overexpressing distinct LPA receptors, 
RasV12 or control vector were subcutaneously injected into nude mice and tumor 
formation was monitored up to 75 days. As shown in Figure 4, control c-Myc/
Tbx2-MEFs failed to form tumors, whereas RasV12 MEFs produced sizeable 
tumors within 10 days. Overexpression of LPA1, LPA2 or LPA4 in Myc/Tbx2-MEFs 
induced tumor formation very efficiently. In contrast, LPA3 overexpression did not 
lead to detectable tumor formation over a 3-month period. These results are fully 
consistent with the in vitro (soft agar) data and show that overexpression of LPA1, 
LPA2 or LPA4 is sufficient to initiate tumor formation in combination with c-Myc 
and Tbx2.

LPA receptor-induced transformation depends on Gi, Erk and PI3K activity
Which LPA signaling pathways are responsible for mediating cell transformation? 
LPA receptors couple to multiple G proteins, particularly Gi/o, Gq/11 and G12/13, to 
activate various downstream effectors. LPA-induced cell proliferation and survival 
are critically dependent on the Gi-linked Ras-Map kinase and PI3K pathways 
(Moolenaar et al.,  2004). We tested the effect of pertussis toxin (PTX), which 
specifically ADP-ribosylates Gi/o proteins and thereby prevents their activation. PTX 
treatment (50 ng/ml) completely abolished cell transformation induced by LPA1, 
LPA2 and LPA4 in c-Myc/Tbx2-MEFs, but not the transformation induced by RasV12 
(Figure 5a). Thus, Gi signaling is essential for LPA receptors to transform MEFs. 
Figure 5a also shows that PD-98059 (10 μM), a specific inhibitor of Erk1/2, strongly 
inhibited LPA receptor-induced transformation of Myc/Tbx2-MEFs. In addition, we 
examined the involvement of the PI3K pathway using the PI3K inhibitor LY-294002 
and its inactive analog LY-303511. As shown in Figure 5b, transformation of Myc/
Tbx2-MEFs expressing distinct LPA receptors is severely inhibited by LY-294002 (5 
μM), whereas LY-303511 (up to 10 μM) had no effect. From these results, we 
conclude that LPA receptor-induced transformation is dependent on both the Gi-
linked Erk1/2 and PI3K pathways.

RasV12-transduced cells showed only a partially reduced transforming capacity 
(reduced number of soft agar colonies) in the presence of Erk or PI3K inhibitors 
(Figures 5a and 5b). Although concentrations used in these experiments may not 
be sufficient to inhibit RasV12-induced transformation more efficiently, it should 
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be emphasized that Ras-induced transformation does not solely depend on either 
Erk1/2 or PI3K activation (Khosravi-Far et al.,  1996; Rodriguez-Viciana et al.,  1994; 
Shields et al.,  2000; Zuber et al.,  2000). 

Different kinetics of Erk activation by distinct LPA receptors
The Erk activation by growth factors usually shows biphasic kinetics. An initial, 
very transient phase of Erk activation (lasting 5-20 min.) is followed by a second 
phase of activation that is much more sustained. The latter phase is necessary for 
S-phase entry and cell proliferation (Jones and Kazlauskas, 2001). We examined 
the kinetics of Erk activation in Myc/Tbx2-MEFs expressing the respective LPA 
receptors. Myc/Tbx2-MEFs overexpressing LPA1-4 receptors showed very low 
basal Erk1/2 activity, similar to control MEFs (Figure 6a). Upon LPA stimulation 
for 5 min, all cells showed enhanced Erk1/2 activity (Figure 6a). The LPA1-4 
overexpressing cells initiated rapid Map kinase activation similar to control cells. 
We then monitored the prolonged phase of LPA-induced Erk1/2 phosphorylation 
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Control RasV12 LPA1 LPA2 LPA3 LPA4

Figure 5. LPA receptor-induced 
transformation depends on 
Gi-linked Erk1/2 and PI3K 
activity.  a) Inhibiting Gi or 
Erk signaling using specific 
inhibitors efficiently abolished 
colony formation induced by 
LPA receptors. c-Myc/Tbx2-
MEFs retrovirally transduced 
with LPA1-4, RasV12 or control 
vector, were plated in soft agar 
in the presence or absence 
of 50 ng/ml PTX or 10 μM 
PD-98059. b) Inhibiting PI3K 
activity also eliminates colony 
formation induced by LPA 
receptors. c-Myc/Tbx2-MEFs 
retrovirally transduced with 
LPA1-4, RasV12 or control 
vector, were plated in soft agar 
in the presence or absence of 
5 or 10 μM LY-294002 or the 
inactive control compound, LY-
303511. 
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in LPA2-expressing MEFs versus control MEFs (Supplementary Figure 3). The LPA2 
overexpressing cells showed stronger and more sustained Erk1/2 activation (up 
to 2 h) when compared to control MEFs. Next we tested Erk1/2 activation for the 
other three LPA receptors. Figure 6b shows that LPA1 and LPA4, similar to LPA2, 
maintained prolonged Erk activation (up to 2 h after LPA stimulation). In marked 
contrast, LPA3-overexpressing cells showed only the early transient Map kinase 
activity phase but not the second prolonged phase, similar to what was observed 
for the control cells. In conclusion, the transforming ability of LPA receptors is 
closely linked with their ability to sustain prolonged Erk1/2 activation.

Figure 6
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Figure 6. Transient and prolonged Erk activation by distinct LPA receptors. Western blot analysis 
detecting activated Map kinase, using Erk1/2 phospho-specific antibodies. a) Transient Erk1/2 
phosphorylation and b) prolonged Erk1/2 phosphorylation in LPA-stimulated versus non-stimulated 
MEFs. c-Myc/Tbx2-MEFs retrovirally transduced with LPA1-4, RasV12 or control vector were serum 
starved for 16 h and subsequently stimulated with 1 μM LPA for the indicated time points (5, 30, 
60, 120 min), after which cell lysates were prepared. Anti-tubulin was used to show equal loading. 
c) LPA signaling pathways that may collaborate with c-Myc and Tbx2 (reduced p19Arf levels) in 
transformation. LPA receptors can trigger G protein-mediated Ras-Erk, PI3K-Akt and Rho pathway 
activation to regulate cell proliferation, survival and motility. When p19Arf levels are suppressed, 
c-Myc is able to collaborate with LPA signaling, notably Erk1/2 and/or PI3K activation, to fully 
transform cells.
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Discussion

In the present study, we have explored pathways that cooperate with c-Myc 
in tumorigenesis in the context of reduced p19Arf expression. Anchorage-
independent growth is one of the hallmarks of transformation and correlates with 
tumorigenicity in vivo. Therefore, we screened for genes and ultimately pathways 
that cooperate with c-Myc in transformation using selection for anchorage-
independent growth in soft agar as read-out. With this, we not only confirmed 
already established cooperative pathways for c-Myc in transformation, but also 
identified new oncogenic collaborators, underlining the use of gain-of-function 
screens.

In response to prolonged mitogenic signals from the c-Myc onco-protein, 
primary MEFs upregulate p19Arf levels and consequently undergo apoptosis 
(Zindy et al.,  1998). In contrast, primary cells lacking functional p19Arf efficiently 
bypass apoptosis and occasionally transform under high selection pressure in soft 
agar (Jacobs et al.,  1999). Therefore using c-Myc overexpressing wild type- or 
p19Arf-deficient MEFs does not offer the proper stringency to screen for oncogenic 
collaborations. however, downmodulating p19Arf by Tbx2 to a threshold level which 
bypasses apoptosis and yet not easily predisposes cells for transformation allowed 
us the opportunity to screen for cooperating genes (Supplementary Figure 1). In 
addition to p19Arf, Tbx2 represses p21 which is also repressed by c-Myc (Prince 
et al.,  2004; Seoane et al.,  2002). Since c-Myc/Tbx2 overexpression in p19Arf-
deficient MEFs does not cause more soft agar colonies than c-Myc overexpression 
alone in p19Arf-deficient MEFs (Supplementary Figure 1), we can conclude that 
the main function of Tbx2 in these MEFs is to repress p19Arf. 

With this screen, we identified twelve genes that induce transformation in 
MEFs in cooperation with c-Myc and Tbx2 (reduced p19Arf expression). It is known 
that c-Myc can cooperate with activated Ras and oncogenes that function in the 
Ras pathway to induce transformation (Drayton et al.,  2003; Land et al.,  1983; 
Land et al.,  1986). Corroborating this, we find truncated Raf-1, which has been 
shown to be the constitutively activated form of Raf-1 (heidecker et al.,  1990). 
In addition, we find Map3k3 and FosB which are also players in the Ras-Raf-Erk 
pathway. Identification of genes that are already known to directly cooperate with 
c-Myc validates our screen. 

More upstream we found the proto-oncogene PdgfB, which stimulates 
cellular proliferation and motility through its RTKs and we identified hrs which 
is an important downstream regulator of RTK signaling. Both genes have been 
implicated in tumorigenesis (Pietras et al.,  2003; Toyoshima et al.,  2007). RTK 
signaling can activate the Ras and PI3K pathways (Ramjaun and Downward, 2007), 
thereby explaining their collaboration with c-Myc and Tbx2 in transformation. 

however, we also find genes that are involved in cytoskeletal remodeling, such 
as Actn4, truncated Dbs, FlnC and Grhl1. Regulation of cytoskeletal changes play 
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a crucial role in cell motility, anchorage-independent growth and metastasis. For 
example Actn4, an actinin bundling protein, has been implicated in breast cancer, 
and progressed stages of esophageal squamous cell carcinoma and lung cancer 
(Fu et al.,  2007; honda et al.,  1998; honda et al.,  2005). Moreover, recently 
Actn4 was found to be one of the binding partners of Akt1, thereby having a 
crucial function in activation and translocation of Akt1 to the cell membrane (Ding 
et al.,  2006). 

Interestingly, we find Actn4, Agrn, Dbs, FlnC, FosB, hrs and PdgfB capable of 
cooperating with c-Myc alone independent from p19Arf. This transforming ability 
is as efficient as the transforming ability of c-Myc and RasV12. These genes may 
be important players up- or downstream of the Ras-Raf-Erk pathway contributing 
to oncogenic transformation. They might also directly or indirectly suppress the 
p19Arf/p53 pathway.

p19Arf-deficient c-Myc-MEFs overexpressing Map3k3 are less transformed than 
c-Myc/Tbx2-MEFs overexpressing Map3k3. This observation is rather surprising 
since p19Arf deficiency was expected to facilitate a stronger transformation as was 
observed for the other identified genes. This however suggests that other tumor 
suppressors (such as p16Ink4a or p15Ink4b) could be activated in p19Arf-deficient 
cells overexpressing the specific combination of c-Myc and Map3k3 (Krimpenfort et 
al.,  2007). It is also possible that Tbx2 exerts additional functions which cooperate 
with Map3k3 in wild type MEFs. 

Furthermore, in addition to truncated Raf-1 and Dbs, which are known to be 
the constitutively active mutants, we also found Agrn, FlnC and hrs inserts to be 
5’-truncated. Therefore, we can not exclude any dominant negative or dominant 
active roles of these latter mutants.

LPA2 is one of the novel cDNA inserts that cooperates with c-Myc and Tbx2 in 
our screen. We show that LPA1 and LPA4, but not LPA3, can mimic the transforming 
action of LPA2 in c-Myc/Tbx2-MEFs in vitro and in vivo. This transforming ability is 
dependent on Gi, Erk and PI3K activity (Figure 6c). Strikingly, MEFs overexpressing 
LPA1, LPA2 and LPA4 retain prolonged Erk1/2 activation when stimulated with LPA, 
whereas LPA3 is incapable of sustaining Erk1/2 activation, which may provide a 
mechanistic explanation for LPA3 lacking transforming potential. This suggests that 
sustained Erk1/2 activation may underlie the cooperation with c-Myc and Tbx2 in 
transformation, in particular because activated Ras can cooperate with c-Myc in 
tumorigenesis. here, we show not only a direct role for LPA1, LPA2 and LPA4 in 
transformation, but also a vital difference amongst LPA receptors regarding their 
signaling and contribution to transformation and tumorigenesis. 

It should be noted that overexpression of LPA receptors in MEFs by itself 
does not lead to ‘spontaneous’ receptor activation as inferred from Map kinase 
activity assays. Instead, LPA present in serum is necessary to activate LPA receptor 
signaling.

Overexpression of LPA2 has been implicated in ovarian cancer (Erickson et al.,  
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2001; Lee et al.,  2006b). Even though LPA2 transgenic mice do not develop ovarian 
malignancies, there is a significant increase in the expression of angiogenesis and 
metastasis inducing factors such as VEGF, VEGF receptor and uPA in the ovaries of 
these mice (huang et al.,  2004). Therefore, LPA signaling is suggested to contribute 
to tumor progression and metastasis rather than to promote tumor formation by 
itself. here, we demonstrate that additional alterations such as enhanced c-Myc 
activity and inactivation of the p19Arf tumor suppressor (both frequently found in 
tumors) can nevertheless cooperate with enhanced LPA signaling and lead to tumor 
initiation. LPA receptors are not able to induce transformation in combination with 
c-Myc alone. The specific requirement of p19Arf repression (brought by Tbx2) for 
LPA receptor-induced transformation suggests that prolonged LPA signaling might 
trigger a p19Arf tumor suppressor response by itself. 

Besides the differences in sustained Map kinase activation downstream of 
LPA receptors, there may also be additional explanations underlying their distinct 
transforming potential. Deregulated expression of Edg-family LPA receptors in 
different combinations has been reported in several cancers. Whereas enhanced 
expression of LPA2 has been implicated in ovarian, prostate and colon cancer, 
LPA1 and LPA3 expression patterns are more diverse. LPA1 and LPA2 share many 
downstream signaling pathways, whereas LPA3 seems to act differently. Previous 
analysis of LPA receptor signaling (Ishii et al.,  2000) suggested that LPA3 fails to 
couple to the G12/13-linked RhoA pathway. RhoA not only regulates the actin 
cytoskeleton but also can contribute to cell cycle progression and cell transformation 
(Jaffe and hall, 2005). To what extent G12/13-Rho signaling pathways contribute 
to LPA-induced cell transformation remains a challenge for future studies.

Consistent with the divergence of downstream signaling pathways of LPA1 
and LPA2 versus LPA3, targeted deletion studies of LPA receptors in mice have 
revealed functional redundant roles for LPA1 and LPA2 in neuronal and craniofacial 
development (Ishii et al.,  2004), whereas LPA3 deletion leads to impaired female 
reproduction (Ye et al.,  2005).

Downstream signaling pathways of LPA4 have not yet been delineated as 
extensive as those of the Edg-family members. LPA4 mediates calcium signaling 
and Rho activation through stimulation of Gq/Gi and G12/13, respectively and in 
contrast to LPA1-3, LPA4 can raise cAMP levels by coupling to Gs (Lee et al.,  2007). 
here, we report that LPA4 induces PI3K and prolonged Erk1/2 activity through 
Gi signaling and we demonstrate a role for LPA4 (a non-Edg LPA receptor) in cell 
transformation and tumorigenesis. 

Our data connect LPA1, LPA2 and LPA4 overexpression to transformation and 
tumorigenesis with no apparent role for LPA3 in transformation, which correlates 
with their capability to sustain Map kinase activation. Although the exact mechanism 
by which LPA signaling promotes tumorigenesis needs to be elucidated, our study 
shows that LPA receptor signaling contributes not only to tumor progression but 
also to tumor initiation. Since the LPA receptor family is still expanding (Pasternack 
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et al.,  2008), it remains interesting to examine the importance of those newly 
identified LPA receptors in tumor formation. 

Materials and methods

Cell culture, constructs, retroviral production and transduction 
Wild type and p19Arf-deficient MEFs were isolated and cultured as previously described (Jacobs et 
al.,  1999). Ecotropic retroviruses were produced by transient transfection of phoenix-packaging cells 
with retroviral expression vectors, using calcium-phosphate co-precipitation method. Supernatant 
collection started 48 h after transfection. Retroviral transduction was performed as described before 
(Jacobs et al.,  1999). c-Myc/Tbx2-MEFs were generated as follows: primary MEFs were transduced 
with retroviruses containing LZRS-Tbx2-iresGFP (Jacobs et al.,  2000) at passage 1, and subsequently 
were transduced with retroviruses containing LZRS-MychA-iresGFP (Jacobs et al.,  1999) at passage 
2. For LPA receptor overexpression experiments we made use of the following human constructs: 
LZRS-hA-LPA1-iresNeo, LZRS-hA-LPA2-iresNeo, LZRS-hA-LPA3-iresNeo and LZRS-hA-LPA4-iresNeo. 
LZRS-iresNeo empty vector is used as negative control and pBabePuro-RasV12 is used as positive 
control. 48 h after transduction cells were selected using 1 mg/ml G418 (Invitrogen) or 4 μg/ml 
puromycin (Sigma). The proper membrane localization of LPA receptors using the overexpression 
constructs has been verified by anti-hA immunofluorescence experiments (data not shown).

Soft agar assays
Cells (6 x 104) were per well of a six-well plate resuspended in Dulbecco’s Modified Eagle Medium 
(GIBCO) supplemented with 10% fetal bovine serum (PAA laboratories) and 0.35% low gelling 
temperature agarose (Sigma) and plated on top of a coating bottom-agar (DMEM supplemented 
with 10% FBS, containing 0.6% agarose). Cells were then allowed to grow under standard conditions 
for 2-3 weeks, after which plates were scanned (Epson perfection 4900 photo scanner) and the 
amount of colonies were quantified using ImagePro-Plus 5.1 software (Media Cybernetics). All the 
experiments were performed in triplicate in several independently isolated batches of MEFs. 

Genetic transformation screen
Retroviral cDNA expression libraries used here are: human prostate, human leukocyte, human 
mammary gland (clontech), JEG3(1-3), JEG3(>3) size fractionated human JEG3 choriocarcinoma-
derived cDNA library, K562(1-3) and K562(>3) size-fractionated K562 human erythroleukemia cDNA 
library (Jacobs et al.,  2000; Koh et al.,  2002). high titer viral supernatants from libraries were freshly 
collected with 12 h intervals and directly used to transduce c-Myc/Tbx2-MEFs in two consecutive 
rounds of transduction of 1-2 x 106 cells plated per 10 cm culture dishes. Empty pMXsubF- and 
pLIB-vectors are used as the negative control. 48 h after library transduction, cells were plated in 
soft agar in 10cm culture dishes as described above. c-Myc/Tbx2-MEFs transduced with retroviruses 
containing RasV12 were used as positive control. After 2-3 weeks, from cells that were transduced 
with cDNA libraries, 175 colonies were picked and expanded as monolayers for genomic DNA 
isolation and secondary screen. Southern blot analysis revealed multiple integrations (1-8) per 
colony. To facilitate cloning and testing of the relevant inserts, a secondary screen using wild type 
replication competent MoMuLV was performed as described before (Jacobs et al.,  2000). For each 
primary colony, 3-5 secondary colonies were picked. From 175 original colonies, 164 were positive 
after the secondary screen. hereby true positive colonies were selected for further analysis. Using 
long range PCR techniques (Expand long template PCR system, Roche) and retroviral specific primers, 
the transforming inserts were amplified and subsequently subcloned (TOPO TA cloning, Invitrogen) 
and finally identified by sequencing. Identified inserts were either cloned back into the original 
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constructs (pLIB and pMX) or in pBabePuro and were re-tested in c-Myc/Tbx2-MEFs in soft agar. 

Quantitative RT-PCR expression analysis
Total RNA isolation was performed using TRIZOL reagent (Invitrogen). First strand cDNA was 
prepared using Superscript II reverse transcriptase and oligo(dT) primers (Invitrogen). qRT-
PCR is performed using an ABI PRISM 7000 Real Time PCR system and SYBR green PCR master 
mix (Applied Biosystems). Primer sequences are: LPA1-F 5’-AATCGGGATACCATGATGAGTCTT-3’, 
LPA1-R 5’-CCAGGAGTCCAGCAGATGATAAA-3’, LPA2-F 5’-CGCTCAGCCTGGTCAAGACT-3’, 
LPA2-R 5’-TTGCAGGACTCACAGCCTAAAC-3’, LPA3-F 5’-AGGACACCCATGAAGCTAATGAA-3’, 
LPA3-R 5’-GCCGTCGAGGAGCAGAAC-3’, LPA4-F 5’-CCTAGTCCTCAGTGGCGGTATT-3’, LPA4-R 
5’-CCTTCAAAGCAGGTGGTGGTT-3’. The amount of target mRNA was calculated using a standard 
curve based on serial dilutions with known quantities (absolute quantification protocol, Applied 
Biosystems), and normalized to glyceraldehyde-3-phosphate dehydrogenase (Gapdh). 

Pharmacological inhibition experiments
c-Myc/Tbx2-MEFs were retrovirally transduced with LZRS-hA-LPA1-4-iresNeo, pBabePuro-RasV12 or 
LZRS-iresNeo empty vector. Cells were selected with 1mg/ml G418 or 4 μg/ml puromycin starting 
48 h after transduction. hereafter cells were plated in the presence or absence of inhibitors, namely 
50 ng/ml PTX (List Biological Laboratories), 5 and 10 μM LY-294002/inactive control LY-303511 
(Calbiochem) and 10 μM PD-98059 (Calbiochem) in soft agar as mentioned above. 

Erk phosphorylation Western blot analysis
c-Myc/Tbx2-MEFs were retrovirally transduced with LZRS-hA-LPA1-4-iresNeo, pBabePuro-RasV12 or 
LZRS–iresNeo empty vector. After selection 3 x 105 cells were plated per well of a six-well plate. Next 
day the cells were washed with phosphate buffered saline (PBS) and grown in DMEM containing 
0.1% FBS for at least 16 h. Thereafter cells were stimulated with DMEM containing 1 μM LPA (Avanti 
Polar Lipids Inc. Alabaster, AL) for indicated time points (5, 10, 30, 60, 120 or 240 minutes). Cells 
were lysed using RIPA buffer (150 mM NaCl, 1% NP40, 50 mM Tris·hCl (ph 8.0), 2 mM EDTA (ph 8.0), 
0.5% DOC, 0.1% SDS) supplemented with 1 mM dithiothreitol (DTT), 1 mM phenyl-methyl-sulphonyl-
fluoride (PMSF), 1 mM NaVO3, 10 mM NaF, 10 mM Pyrophosphate and 50 mM β-glycerophosphate). 
Protein expression was analyzed using a conventional Western blot protocol. Primary antibodies 
were: monoclonal anti-phospho Map kinase antibody (Sigma 1:1000), anti-tubulin (Sigma), polyclonal 
anti-CDK4 (Santa Cruz. 1:1000). Secondary antibodies were: goat anti mouse (Zymed) or goat anti 
rabbit (Biosource) both conjugated to hRP.

In vivo tumor formation assays 
Male BALB/c nude mice (7-8 weeks of age), were injected subcutaneously with 1 x 106 cells 
(resuspended in PBS) in each flank. For each condition a total of 8 flanks (four mice) were injected. 
Tumor size was monitored every 2-3 days by measuring the length (L) and the width (W) of the 
developing tumor using a caliper. Tumor volume was calculated following the formula (W2 x L)/2. 
Mice were sacrificed when tumors reached a maximum size of 1 cm in the largest diameter. 
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Supplementary Figure 1. Graph depicting 
absolute number of soft agar colonies 
(from 6 x 104 cells plated) from wild 
type c-Myc/Tbx2-MEFs versus p19Arf-/- 
MEFs transduced either with c-Myc or 
with c-Myc/Tbx2. P19Arf-/- c-Myc-MEFs 
are more prone to transformation than 
wild type c-Myc/Tbx2-MEFs. P19Arf-/- 
c-Myc/Tbx2-MEFs and p19Arf-/- c-Myc-
MEFs are equally transformed. P19Arf-/- 
c-Myc/RasV12-MEFs are shown for 
comparison.
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Supplementary Figure 2. Western blot 
analysis detecting hA-tagged LPA1-3. 
c-Myc/Tbx2-MEFs were transduced with 
retroviruses encoding hA-tagged-LPA1-3 
and control vector. Protein expression 
analysis was performed after G418 
selection. Ponceau S-staining (PS) is 
shown for equal loading.
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Supplementary Figure 3. Western blot analysis detecting Erk1/2 phosphorylation in LPA-stimulated 
versus nonstimulated MEFs. c-Myc/Tbx2-MEFs transduced with retroviruses containing LPA2, RasV12 
or control vector were serum starved for 16 h and subsequently stimulated with 1 μM LPA for 
indicated time points (3, 10, 30, 60, 120 and 240 minutes), after which cell lysates were prepared. 
Anti-tubulin is used as loading control.

Supplementary Table 1. The cooperation 
potential of identified genes with either 
Tbx2 or c-Myc in cell transformation. 
Identified genes were co-expressed with 
c-Myc/Tbx2, c-Myc or Tbx2 in MEFs and 
were subsequently tested for soft agar 
growth. Colony formation was scored 
relatively to transformation observed 
in the positive and negative controls 
(RasV12 and empty vector). 

Gene c-Myc/Tbx2 Tbx2 c-Myc

Actn4 +++ - ++

Agrn ++ - +

Dbs/Mcf2L ++++ - +

Edg4/LPA2 ++++ - -

FlnC ++++ - +

FosB ++++++ - ++++

Grhl1 ++ - -

Hrs ++ - +

Map3k3 ++++ - -

Nek6 ++ - -

PdgfB ++++ - +

Raf-1 ++++ - -

RasV12 +++++ - +

Supplementary Table 1

Control - - -
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Mutational activation of Ras proteins is one of the most common oncogenic 
alterations and is considered to play a causal role in many human tumors. 
However, constitutively active mutants of Ras (RasV12) can not transform primary 
cells in culture. Overexpression of RasV12 in primary mouse embryo fibroblasts 
(MEFs) induces premature senescence by upregulating the tumor suppressor 
pathways p19Arf/p53 and p16Ink4a/pRb. Inactivation of any of these tumor 
suppressors can prevent this growth arrest. Tbx2, a transcriptional repressor 
of p19Arf, rescues MEFs from RasV12-induced senescence. MEFs co-expressing 
RasV12 and Tbx2 are immortal but not transformed. To find genes that cooperate 
with RasV12 in oncogenesis, we performed two independent in vitro genetic 
screens in MEFs co-expressing RasV12 and Tbx2 using retroviral cDNA libraries. We 
found interleukin enhancer binding factor 1 (ILF1) to collaborate with RasV12 and 
Tbx2 to transform MEFs in vitro. Moreover, ILF1 can rescue MEFs from replicative- 
and Ras-induced senescence and is in addition capable of transforming MEFs in 
combination with either RasV12 or c-Myc alone. Unfortunately, the transforming 
ability of ILF1 is dependent on its fusion to the viral Gag protein. Our results 
underline the difficulties of finding new cooperating partners for RasV12 and the 
possible artifacts found using conventional retroviral cDNA libraries.

Introduction

Ras proteins are members of the small-GTPase super family and act as molecular 
switches that control many signaling pathways initiated by extracellular stimuli. In 
many tumors, the Ras pathway is overstimulated either by activating mutations of 
Ras itself or by activation of pathway members up- or downstream of Ras. This 
overstimulation significantly contributes to tumor cell maintenance by promoting 
proliferation, metastasis and angiogenesis and inhibiting apoptosis (Downward, 
2003; Downward, 2006; Malumbres and Barbacid, 2003). however, malignant 
transformation of primary cells by activated Ras requires the cooperation of an 
additional oncogene such as Myc or the viral oncogene E1A (Land et al.,  1983; Ruley, 
1983). Since tumor initiation and progression involves multiple steps requiring many 
genetic alterations, it remains extremely important to track cooperating partners in 
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oncogenic transformation.
The mitogenic signaling elicited by RasV12 in primary cells induces tumor 

suppressor proteins p19Arf/p53, p16Ink4a and p15INK4b. hence, overexpression of 
RasV12 in primary MEFs induces a premature senescence response, which mimics 
replicative senescence (Serrano et al.,  1997). This so called oncogene-induced 
senescence (OIS) serves as a fail safe mechanism which protects the cells against 
aberrant oncogenic signaling. The ablation of any involved tumor suppressor 
pathway, either by directly inactivating the tumor suppressor or by introducing 
cooperating oncogenes, rescues the cells from this premature growth arrest (Land 
et al.,  1983; Ruley, 1983; Serrano et al.,  1997). Cells can then either immortalize or 
transform depending on the cell type and cooperating oncogenes. 

Tbx2, a transcriptional repressor of p19Arf and p21, collaborates with RasV12 
to immortalize primary MEFs (Jacobs et al.,  2000; Prince et al.,  2004). In contrast 
to p19Arf-deficient MEFs overexpressing RasV12, wild type MEFs co-expressing 
RasV12 and Tbx2 are not transformed as measured by anchorage-independent 
growth in soft agar. Thus, Tbx2 overexpression in MEFs does not equal complete 
loss of p19Arf and the residual p19Arf level is still able to suppress transformation 
substantially (Jacobs et al.,  2000). It therefore remains interesting to search 
for genes that do transform MEFs containing RasV12 and Tbx2. To identify such 
oncogenic collaborators, we aimed to screen retroviral cDNA libraries for genes 
capable of transforming MEFs which co-express RasV12 and Tbx2 using anchorage-
independent growth assays in soft agar.

Of note, MEFs transduced with RasV12 and Tbx2 are more prone to transform 
than MEFs transduced with c-Myc and Tbx2 (Taghavi et al.,  2008; chapter 2). For 
this reason, we expected to encounter potential complications during screening 
because of background transformation. hence, we searched for distinct genetic 
backgrounds and predispositions which could be applicable in genetic screens that 
indentify genes cooperating with RasV12 in transformation. Thereby, we became 
interested in candidate of metastasis 1 (Com1/p8). p8 is a basic helix-loop-helix 
transcription factor which is induced by stress and implicated in both cell growth 
promotion (Mallo et al.,  1997; Vasseur et al.,  1999) and inhibition (Bratland et 
al.,  2000; Malicet et al.,  2003; Vasseur et al.,  2002b) depending on cellular 
context. p8 has also been suggested to contain apoptotic and antiapoptotic 
activity (Carracedo et al.,  2006; Malicet et al.,  2006). The small size, lack of 
specific three-dimensional structure and flexible switching between nuclear and 
cytoplasmic localization allow p8 to interact with diverse signaling pathways, 
hence, achieving various functions (Malicet et al.,  2006). Interestingly, while p8-
deficient MEFs grow more rapidly than wild type MEFs, they seem to be resistant 
to transformation induced by RasV12 and E1A (Vasseur et al.,  2002a). Although 
we were not able to reproduce this transformation resistance in p8-deficient MEFs 
when RasV12 and E1A were co-expressed, we did observe a significant reduction 
in transformation when RasV12 and c-Myc were co-expressed. Moreover, p8-
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deficient MEFs co-expressing RasV12 and Tbx2 are, like wild type MEFs containing 
RasV12 and Tbx2, immortal but less prone to become transformed. Therefore, 
we hypothesize that p8 might be involved in downregulating a tumor suppressor 
pathway which inhibits RasV12 induced transformation. 

In this study we screened for cooperating genes that enable RasV12-induced 
transformation in soft agar. We have set up two independent gain-of-function genetic 
screens in wild type MEF and p8-deficient MEFs both co-expressing RasV12 and 
Tbx2. Using p8-deficient MEFs, we wished to find genes and ultimately pathways 
that could provide insight into p8’s function.

Unfortunately, apart from c-Myc, we did not find any novel genes that cooperate 
with RasV12 and Tbx2 to transform p8-deficient MEFs. In wild type MEFs, we were 
able to identify ILF1, a forkhead box (Fox) transcription factor, to cooperate with 
RasV12 and Tbx2 to induce transformation in soft agar. however, this oncogenic 
collaboration could not be validated by additional experiments (see below).

Results

Ras-induced transformation in MEFs investigated in different genetic 
backgrounds
Since RasV12 induces a severe growth arrest in primary MEFs within a few passages 
after transduction, this “set up” context is too stringent to screen for cooperating 
genes. Tbx2 downregulates p19Arf to a specific threshold level, which permits 
bypass of Ras-induced senescence, and yet still restricts Ras-induced transformation 
(Jacobs et al.,  2000). Therefore, co-expressing RasV12 and Tbx2 offers us the 
proper stringency to screen for cooperating genes in transformation. 

To confirm and compare the transforming ability of RasV12 in combination with 
known cooperating oncogenes, we examined anchorage-independent growth of 
wild type MEFs vs. p19Arf-deficient and p8-deficient MEFs co-expressing RasV12/
Control, RasV12/Tbx2, RasV12/E1A or RasV12/c-Myc. Therefore, primary MEFs 
were retrovirally transduced with different combinations of oncogenes and were 
then plated in soft agar. Wild type and p8-deficient MEFs transduced with RasV12 
alone become senescent and do not grow in soft agar. RasV12/E1A transduced 
MEFs show the strongest transformation. As expected, complete loss of p19Arf 
significantly stimulates Ras-induced transformation (Table 1). Remarkably, 
p19Arf-deficient MEFs transduced with RasV12/Tbx2 or RasV12/Control are 
equally transformed, implying that the main function of Tbx2 in this context 
is the suppression of p19Arf. There is a significant reduction in transformation 
of p8-deficient MEFs transduced with RasV12/c-Myc compared to wild type 
MEFs. Likewise, p8-defficient MEFs co-expressing RasV12/Tbx2 are less prone to 
transformation than wild type MEFs. Contrary to what was previously reported 
(Vasseur et al.,  2002a), we do not observe any differences in transformation of 
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wild type vs. p8-deficient MEFs that are transduced with RasV12/E1A retroviruses 
(Table 1 and Figure 1). 

These experiments evaluate Ras-induced transformation in combination with 
E1A, c-Myc and Tbx2 and confirm the importance of p19Arf expression levels in 
inhibiting RasV12-induced transformation in MEFs. Moreover, we can conclude that 
RasV12/Tbx2 transduced wild type MEFs (hereafter called RasV12/Tbx2-MEFs) and 
RasV12/Tbx2 transduced p8-deficient MEFs (hereafter called RasV12/Tbx2-MEFsp8) 
make suitable cell systems to screen for cooperating genes that will fully transform 
MEFs in conjunction with RasV12 and Tbx2.

Identification of genes that cooperate with RasV12 and Tbx2 in cellular 
transformation using in vitro genetic screens
As mentioned earlier, RasV12/Tbx2-MEFs and RasV12/Tbx2-MEFsp8 are immortal 
but not transformed. Therefore, we designed transformation screens to select for 

MEFs Transformation

+p8-/- RasV12/c-Myc

+++p8-/- RasV12/E1A

-p8-/- RasV12/Tbx2

-p8-/- RasV12/Control

+++p19-/- RasV12/c-Myc

++++p19-/- RasV12/E1A

++p19-/- RasV12/Tbx2

++p19-/- RasV12/Control

++WT RasV12/c-Myc

+++WT RasV12/E1A

±WT RasV12/Tbx2

-WT RasV12/Control

Table 1
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Figure 1. Ras-induced transformation in wild 
type MEFs vs. p8-deficient MEFs. Primary 
MEFs were retrovirally transduced with 
RasV12/Control (here not shown), RasV12/
Tbx2, RasV12/c-Myc or RasV12/E1A and were 
subsequently plated in soft agar. Photographs, 
taken at 25-fold magnification, show equal 
transformation of wild type and p8-deficient 
MEFs containing RasV12/E1A, while p8-deficient 
MEFs containing RasV12/c-Myc are significantly 
less transformed than wild type counterparts.

Table 1. Ras-induced transformation in 
combination with known oncogenes in MEFs 
from different genetic background. Wild 
type, p19Arf-deficient and p8-deficient MEFs 
were retrovirally transduced with different 
combinations of oncogenes after which 
anchorage-independent growth was monitored 
in soft agar. Soft agar colony formation was scored 
relatively to the amount of colonies induced in 
wild type MEFs containing RasV12/E1A (positive 
control) and RasV12/control (negative control).
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genes that transform these MEFs using retroviral cDNA expression libraries.
Early passage primary MEFs were transduced with retroviruses containing Tbx2 

and RasV12 respectively and subsequently transduced with retroviral cDNA libraries 
derived from different human tumors and normal tissues (Taghavi et al.,  2008; 
chapter 2). Cells were then plated in soft agar and screened for colony formation 
(Figure 2a). We observed no background colonies in RasV12/Tbx2-MEFsp8 that were 
transduced with retroviruses containing no insert (negative control). however, we 
found some background colonies in RasV12/Tbx2-MEFs transduced with control 
vector as expected. Ninety-eight and 166 colonies were respectively picked and 
expanded as monolayers for genomic DNA isolation and further analysis. Given 
the apparent cooperation between Myc and Ras in cellular transformation and the 
abundance of Myc oncogenes in human cDNA libraries, we first tested for c-Myc 
and N-Myc integrations by southern blot analysis. Two out of 166 colonies from 
the RasV12/Tbx2-MEFs screen and 61 out of 98 colonies from the RasV12/Tbx2-
MEFsp8 screen contained inserts coding for c-Myc. None of the colonies contained 
integrations with N-Myc cDNA (Table 2). To enrich for relevant cDNA inserts and 
to “filter-out” the spontaneously transformed background colonies, we performed 
a secondary screen using wild type replication competent MoMuLV as described 
before (Jacobs et al.,  2000).

Unfortunately, the secondary screen revealed no positive colonies amongst 
the remaining 37 colonies from the RasV12/Tbx2-MEFsp8 screen. Because of the 
observed background transformation in RasV12/Tbx2-MEFs, we performed the 
secondary screen twice. Three colonies were consistently positive. Southern blot 000616198
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Table 2. An overview of the validation analysis of colonies yielded from RasV12/Tbx2-MEFs and 
RasV12/Tbx2-MEFsp8 screens. From 166 colonies that were picked in the RasV12/Tbx2-MEFs screen 
only 3 colonies (identical colonies, likely originated from the same colony) did not contain Myc and 
were positive after secondary screens and thus suitable for further analysis. From 98 colonies that 
were picked in the RasV12/Tbx2-MEFsp8 screen, none proved to be positive for novel cooperating 
oncogenes after analysis.
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Figure 2. Screening procedure and identification of relevant inserts. a) Schematic outline of the 
in vitro genetic transformation screen. Primary MEFs were transduced with retroviruses containing 
Tbx2 and RasV12 at passage 1 and 2, respectively. Thereafter, they were transduced with human 
retroviral cDNA libraries and subsequently plated in soft agar, allowing selection for anchorage-
independent growth. Colonies were picked after 2-3 weeks and expanded for further analysis. b) 
Southern blot analysis revealing the number and pattern of integrations in one of the three identical 
positive primary colonies and its 5 secondary colonies, using a library specific probe (subF). Note that 
secondary colonies all contain a 4.5 kb insert which is efficiently selected for during secondary screen. 
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analysis, using a library specific probe, revealed that these colonies contained 
similar integrations (seemingly originated from the same colony). To facilitate 
cloning and testing the relevant insert, 5 secondary colonies were analyzed, 
which all had an approximately 4.5 kb insert in common (Figure 2b). The cDNA 
insert was cloned using a size-selected phage library, since we were not able to 
amplify the insert using different long range PCR protocols (Figure 2c). The insert 
coded for the complete human ILF1 (interleukin enhancer binding factor 1) cDNA 
(Figure 2d). ILF1 (Foxk1a) is a member of winged helix/forkhead transcription (Fox) 
factors and binds regulatory motifs in interleukin-2 (IL-2) promoter and human 
T-cell leukemia- and hIV virus LTRs. There are 3 different ILF proteins reported, 
which are generated by alternatively spliced transcripts (Figure 2d). Though Fox 
proteins have been implied in cell cycle regulation (Burgering, 2008; Carlsson and 
Mahlapuu, 2002), there are no reports so far associating ILFs in particular with cell 
cycle and transformation. 

ILF1-induced transformation and proliferation in RasV12/Tbx2-MEFs
The ILF1 cDNA insert was recloned into the original pMXsubF retroviral library vector 
(ILF1-pMX) and was tested to validate its transforming ability in combination with 
RasV12 and Tbx2 in wild type MEFs. Therefore, RasV12/Tbx2-MEFs were retrovirally 
transduced with ILF1, c-Myc or control vector and subsequently plated in soft agar 
(Figure 3a, top panel). Additionally, we tested the effect of ILF1 on the proliferation 
rate of RasV12/Tbx2-MEFs in growth curves (Figure 3b). These experiments show 
that ILF1 increases the proliferation rate of RasV12/Tbx2-MEFs significantly and 
confirm the transforming ability of ILF1 in conjunction with RasV12 and Tbx2.

having confirmed that ILF1 cooperates with RasV12 and Tbx2 in transformation, 
we next tested the contribution of each, RasV12 or Tbx2, in this context. We also 
examined if there is an oncogenic cooperation with other oncogenes such as 
c-Myc. MEFs were transduced with retroviruses containing ILF1 (ILF1-pMX) and 
subsequently transduced with retroviruses containing RasV12, Tbx2, c-Myc or 
control. Interestingly, ILF1 is able to transform MEFs in combination with RasV12 or 
c-Myc but not in combination with Tbx2 alone (Figure 3a, lower panel). 

These results show that ILF1 is able to increase cellular proliferation and can 
efficiently cooperate with RasV12 or c-Myc to induce cellular transformation in 

c) Plaque hybridization and screening using the subF probe, revealing detection and enrichment 
of the lambda phage containing the relevant insert during the size-selected phage library isolation 
procedure. An example of phage-serial dilution is shown here. d) Three alternative splice variants of 
ILF. Multiple ILF proteins are generated; 655 (ILF1), 609 (ILF2), and 323 (ILF3) amino acids. Protein 
sequence homology is at most between ILF1 and ILF2, including a region for ubiquitin-mediated 
degradation signal (UMDS), a nuclear localization signal (NLS) and the forkhead DNA binding domain 
(Fkh). ILF3 contains a truncated forkhead domain.
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primary MEFs. We can also conclude that Tbx2 does not play an essential role in 
this context, since ILF1 is sufficient to cooperate with RasV12 or c-Myc by itself.

ILF1 rescues MEFs from replicative and RasV12-induced senescence
Primary MEFs undergo an irreversible growth arrest when continuously cultured 
(after 6-7 passages). This process is called replicative senescence and is characterized 
by upregulation of the p19Arf and p16Ink4a tumor suppressor pathways. RasV12-
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Figure 3. ILF1-induced trans-
formation and proliferation 
in combination with differ-
ent predispositions. a) Upper 
panel; soft agar assays vali-
dating transforming ability of 
ILF1-pMX in MEFs. RasV12/
Tbx2-MEFs were retrovirally 
transduced with ILF1-pMX, 
c-Myc (positive control) or 
control vector and were then 
plated in soft agar. Lower 
panel; ILF1 transforms MEFs 
in conjunction with RasV12 or 
c-Myc regardless of Tbx2 ex-
pression. Wild type MEFs were 
retrovirally transduced with 
ILF1-pMX/Control, ILF1-pMX/
Tbx2, ILF1-pMX/c-Myc or ILF1-
pMX/RasV12 and were subse-
quently plated in soft agar. b) 
Growth curve showing that 
RasV12/Tbx2-MEFs containing 
ILF1-pMX grow significantly 
faster than control cells. ILF1 
induced proliferation is com-
parable with c-Myc induced 
proliferation in RasV12/Tbx2-
MEFs. Upper panel shows 
an example of crystal violet 
staining of time point 4. More 
intense staining indicates en-
hanced proliferation.
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induced senescence is mechanistically indistinguishable from replicative senescence. 
however, it is induced after  about 3 passages  and therefore is referred to as 
premature senescence (Palmero et al.,  1998; Serrano et al.,  1997). ILF1 increases 
cellular proliferation and cooperates with RasV12 to transform primary MEFs. Is 
ILF1 then able to rescue MEFs from RasV12-induced senescence? To answer this 
question, we studied the effect of ILF1 on replicative and RasV12-induced senescence 
in primary MEFs that are serially passaged on a 3T3 schedule. 

Figure 4. ILF1 is capable of rescuing wild type MEFs from replicative- and RasV12-induced 
senescence. a) Replicative senescence; wild type MEFs retrovirally transduced with Tbx2 (positive 
control), ILF1-pMX or control vector were propagated on a 3T3 schedule. While control MEFs enter 
a senescent state after about 7 passages, MEFs overexpressing ILF1 are rescued from this replicative 
senescence. b) Ras-induced senescence; wild type MEFs retrovirally transduced with RasV12, ILF1, 
control vector, RasV12/ILF1 or RasV12/Tbx2 (positive control) were passaged on a 3T3 schedule. 
RasV12 transduced MEFs undergo premature senescence after about 3 passages. Similar to Tbx2, 
ILF1 is able to rescue MEFs from Ras-induced senescence.
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Figure 4a illustrates the growth kinetics of MEFs transduced with ILF1, Tbx2 
(positive control) or control vector for 18 passages. Whereas control MEFs undergo 
senescence after about 7 passages, ILF1 transduced MEFs seem to have bypassed 
senescence and are immortal. however the growth rate of MEFs overexpressing 
ILF1 is lower than MEFs overexpressing Tbx2. 

Next, we examined if ILF1 can rescue MEFs from RasV12-induced senescence. 
Figure 4b shows that MEFs overexpressing RasV12 enter a proliferative arrest after 
about 3 passages. Tbx2, as previously described (Jacobs et al.,  2000), is able to 
rescue RasV12-induced senescence. Likewise, ILF1 is capable of rescuing MEFs from 
RasV12-induced premature senescence. Interestingly, cells transduced with ILF1 and 
RasV12 are transformed based on their ability to grow anchorage-independent but 
grow slower than cells transduced with Tbx2 and RasV12, which are not transformed. 
These results show that ILF1 is not only able to rescue MEFs from replicative 
senescence but is also capable of bypassing RasV12-induced senescence.

ILF1-induced proliferative advantage and transformation depends on the expres-
sion of the Gag-ILF1 fusion protein from the retroviral expression vector
Once ILF1 cDNA was cloned into other retroviral vectors than the original library 
backbone (pMXsubF), we were not able to reproduce the effects of ILF1 in 
transformation and proliferation assays. ILF1-pMX is able to rescue MEFs from 
replicative senescence, whereas ILF1-pBP or ILF1-LZRS are clearly not able to do 
so (Figure 5a). Likewise ILF1-pBP and ILF1-LZRS are not capable of transforming 
RasV12/Tbx2-MEFs (Table 3).

Sequencing of ILF1 cDNA towards the 5’viral Gag protein in the original retroviral 
backbone (ILF1-pMX) revealed that the ILF1 gene was fused in frame with the viral 
Gag gene (Figure 5b). The pMXsubF vector includes a ± 1 kb piece of retroviral 
Gag gene sequence for enhanced retroviral packaging. The two ATG’s within this 
extended Gag region are capable of generating “Gag-gene-of-interest” fusion 
proteins (Koh et al.,  2002). We reasoned that either due to very high overexpression 
levels induced by the pMX vector or due to the fusion protein itself, the results 
were not reproducible when ILF1 was expressed from other vectors. To validate 
the effects of ILF1 in our previous experiments and to uncover the physiological 
relevance of our findings, we made an ILF1-pMX construct in which the Gag-ILF1 
fusion was disrupted using an existing BamhI site, called ILF1-pMX-out-of-frame 
(OF) (Figure 5b). In order to examine the expression levels of ILF1, the cDNA was 
additionally 3’ FLAG-tagged in both ILF1-pMX and ILF1-pMX-OF constructs. We also 
sub-cloned ILF1 in pcDNA3.1 both 5’- and 3’-FLAG-tagged to study the transforming 
ability of ILF1 in NIh3T3 fibroblasts upon strong overexpression.

Figure 5a clearly demonstrates that ILF1 is only able to rescue MEFs from 
replicative senescence when it is fused to viral Gag, since ILF1-pMX-OF transduced 
MEFs undergo senescence similar to control cells. Furthermore, ILF1-pMX-OF is 
not able to transform RasV12/Tbx2-MEFs or c-Myc-MEFs in soft agar (Table 3). 
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Figure 5. ILF1 is not able to immortalize MEFs unless it is fused to the viral Gag protein. a) 3T3 
growth assays showing that only ILF1-pMX is able to rescue MEFs from replicative senescence. 
Wild type MEFs were retrovirally transduced with ILF1-LZRS, ILF1-pBP, ILF1-pMX-OF, ILF1-pMX, Tbx2 
(positive control) or empty vector (negative control) and were then propagated on a 3T3 schedule. 
None of the constructs (ILF1-LZRS, ILF1-pBP or ILF1-pMX-OF) in which ILF1 is not fused with viral 
Gag, are able to induce bypass of replicative senescence. b) Scheme depicting ILF1 cDNA position 
in the pMXsubF retroviral backbone (ILF1-pMX). ILF1 is fused in frame with the viral Gag gene. c) 
Western blot analysis representing protein expression levels of FLAG-tagged ILF1 protein in different 
expression vectors. Note that Gag-ILF1 fusion protein is only expressed upon ILF1-pMX transduction 
(lane 3). This is the original construct in which the reading frame between viral Gag and ILF1 is not 
disrupted and also the only construct that is able to induce proliferation and transformation.
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The same results were obtained when ILF1-3’FLAG-pMX and ILF1-3’FLAG-pMX-OF 
constructs were used (Table 3 and data not shown). This is not due to different 
expression levels, since both constructs (ILF1-3’FLAG-pMX and ILF1-3’FLAG-pMX-
OF) induce comparable expression of ILF1 (Figure 5c).

FLAG-tagged constructs of ILF1 in pcDNA3.1 (Figure 5c) were used to induce 
transformation in combination with RasV12 or c-Myc in NIh3T3 fibroblasts 
which are more prone to transformation than primary fibroblasts (susceptible to 
single-hit oncogenic transformation). ILF1 is not able to increase RasV12 induced 
transformation in these cells, even though the expression level is very high (Table 
4 and Figure 5c). Similarly ILF1 is not able to induce transformation in combination 
with c-Myc in these cells (Table 4).

MEFs Transformation

++++RasV12/Tbx2/c-Myc

-RasV12/Tbx2/ILF1-LZRS

-RasV12/Tbx2/ILF1-pBP

-RasV12/Tbx2/ILF1-3'FLAG-pMX-OF

++RasV12/Tbx2/ILF1-3'FLAG-pMX

-c-Myc/ILF1-pMX-OF

++c-Myc/RasV12/ILF1-pMX-OF

-RasV12/Tbx2/ILF1-pMX-OF

++++c-Myc/RasV12/ILF1-pMX 

++RasV12/Tbx2/ILF1-pMX

±RasV12/Tbx2/Control

++c-Myc/RasV12

-ILF1-pMX/Tbx2

+++ILF1-pMX/c-Myc

++ILF1-pMX/RasV12

-ILF1-pMX/Control
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Table 3. Transformation assays performed using different ILF1 constructs. MEFs were retrovirally 
transduced with different combination of genes after which anchorage-independent growth was 
monitored in soft agar. Soft agar colony formation was scored relatively to the amount of colonies 
induced in MEFs containing RasV12/Tbx2/c-Myc (positive control) and ILF1/control (negative control). 
ILF1-pMX-OF is not capable of transforming MEFs in combination with, RasV12/Tbx2, c-Myc/RasV12 
or c-Myc alone.
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NIH3T3 Fibroblasts Transformation

+++RasV12/c-Myc

-c-Myc/Control

++RasV12/Control

-ILF1-FLAG-pCDNA3.1/c-Myc

++ILF1-FLAG-pCDNA3.1/RasV12

-ILF1-FLAG-pCDNA3.1/Control

Table 4
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Table 4. Transforming ability of ILF1 tested in NIH3T3 fibroblasts. Soft agar experiments testing if 
ILF1 has any transforming ability, by itself or in combination with RasV12 or c-Myc, when strongly 
overexpressed. NIh3T3 fibroblasts were transfected with different ILF1-pcDNA3.1 constructs in 
combination with RasV12, c-Myc or control vector. Cells were then plated in soft agar. Transformation 
was scored relatively to the amount of colonies induced in cells containing RasV12/c-Myc (positive 
control) and c-Myc/control (negative control). ILF1 is clearly not able to induce transformation 
in NIh3T3 cells, not even when it is highly expressed or combined with other potent oncogenes. 
The same results were obtained using either ILF1-3’FLAG-pcDNA3.1 or ILF1-5’FLAG-pcDNA3.1 
constructs. 

These results unfortunately suggest that the proliferative advantage and cellular 
transformation induced by ILF1 are likely caused by the Gag-ILF1 fusion protein 
which is visualized in Figure 5c lane 3.

Discussion

In this study we have searched for genes that cooperate with activated Ras 
(RasV12) and reduced p19Arf levels to transform primary MEFs, using a genetic 
screen based on anchorage-independent growth in soft agar. Identification of 
such genes is of significant value since both alterations are frequently found in 
many tumors. We have taken advantage of the fact that RasV12/Tbx2-MEFs and 
RasV12/Tbx2-MEFsp8, although immortal, are not transformed, which permitted us 
to search for genes that transform these cells using cDNA expression libraries. The 
p8-deficient background allows the search for genes biased towards p8 growth 
stimulatory/inhibitory effects, which could clarify the role of this small protein in 
tumorigenesis.

In contrast to an earlier report, we observe equal transformation in RasV12/
E1A-MEFs and RasV12/E1A-MEFsp8 (Vasseur et al.,  2002a). This difference could 
be caused by differences in expression levels of RasV12 and E1A proteins in these 
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cells. however, we do observe that RasV12/c-Myc-MEFsp8 are significantly less 
transformed than RasV12/c-Myc-MEFs implying an essential difference in RasV12 
induced transformation between wild type and p8-deficient MEFs. Likewise, 
RasV12/Tbx2-MEFsp8 are less prone to transformation than RasV12/Tbx2-MEFs. 
Consequently there were less background colonies observed when we screened 
with p8-defficient MEFs. 

Finding inserts containing c-Myc validates our screening method. however, the 
fact that we found considerably less c-Myc integrations in the RasV12/Tbx2-MEFs 
screen than in the RasV12/Tbx2-MEFsp8 screen hints towards a bigger background 
problem in wild type MEFs than initially expected. It also suggests that the screening 
set-up in p8-deficient MEFs was more stringent. Only three colonies, obtained 
from the RasV12/Tbx2-MEFs screen, proved to be positive for a potentially novel 
transforming cDNA integration after secondary screen. Although the secondary 
screen has allowed us to select for true positive colonies, it also shows that a vast 
majority of the colonies are transformed regardless of the cDNA integrations. This 
highlights the negative impact of background colonies on our screening read-out, 
which has greatly disturbed our ability to find transforming oncogenes.

Nevertheless, in wild type MEFs we identify ILF1, a Fox transcription factor, 
which can transform MEFs in combination with RasV12 and Tbx2. Forkhead 
proteins share a winged-helix DNA-binding domain, but are functionally very 
diverse. Whereas FoxO family members are inhibitors of cellular proliferation 
and transformation (Burgering, 2008), FoxM family members promote cell cycle 
progression (Laoukili et al.,  2007).

ILF1 can rescue wild type MEFs from replicative and RasV12-induced senescence 
and promotes proliferation of RasV12/Tbx2-MEFs significantly. ILF1 is also capable 
of transforming primary MEFs in conjunction with either RasV12 or c-Myc and co-
expression of Tbx2 does not seem to cooperate with ILF1. As mentioned earlier, 
Tbx2 is not able to completely abrogate p19Arf, which explains why RasV12/
Tbx2-MEFs, in contrast to p19Arf-deficient MEFs overexpressing RasV12, are not 
transformed. This suggests that ILF1 can be a p19Arf suppressor, as highlighted by its 
collaboration with either c-Myc or RasV12 in transformation. ILF1 should therefore 
be capable of bypassing c-Myc-induced apoptosis or Ras-induced senescence 
through suppression of p19Arf. In mouse cells, the p19Arf/p53 pathway is more 
favored to become inactivated during immortalization than p16Ink4a/pRb pathway 
(Gil and Peters, 2006). however, to conclude that ILF1 might suppress p19Arf, it is 
necessary to examine the p19Arf and p53 status of cells from several time points 
in 3T3 growth assays representing replicative and RasV12-induced senescence-
bypass. This will exclude the possibility of spontaneous immortalization through 
loss of the Ink4a-Arf or p53 locus and/or function (Lundberg and Weinberg 2000). 
Furthermore, RasV12 overexpressing MEFs, which are retrovirally transduced with 
ILF1, although transformed, grow slower than the same MEFs transduced with 
Tbx2, which are only immortal. Therefore, even if ILF1 is a p19Arf suppressor, it 
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must exert other functions that cooperate with RasV12 or c-Myc in transformation. 
This is underlined by the observation that p19Arf-defficient MEFs overexpressing 
c-Myc alone are not transformed (Taghavi et al.,  2008; chapter 2). 

Previous studies have shown a prominent role for forkhead transcription factors 
in cell cycle regulation (Burgering, 2008; Laoukili et al.,  2007). Like many Fox 
proteins, ILF1 contains a forkhead transactivation domain. Site selection studies 
have shown that with this DNA binding domain, ILF1 is able to recognize the core 
sequence TGTTTAC in the IL2 promoter region and has been suggested to positively 
regulate IL2 expression (Nirula et al.,  1997). Other forkhead transcription factors 
can bind to similar consensus sites containing a TTGTTTAC core sequence known 
as the forkhead binding motif (Furuyama et al.,  2000). Therefore, it remains 
interesting to test whether ILF1 is able to transactivate such a general forkhead 
responsive element.

Although ILF1 did make a good candidate to be involved in cell cycle regulation, 
proliferation and transformation, we were unfortunately not able to prove its 
transforming ability, when it was not fused to the viral Gag protein. The ILF1 
protein is expressed to comparable levels when it is in frame or out of frame 
with Gag. Therefore we can conclude that the reason for observed differences in 
transforming ability likely comes from the differential expression of the Gag-ILF1 
fusion protein rather than being caused by differences in overexpression levels from 
distinct vectors. Furthermore, we cannot exclude that the Gag-ILF1 fusion protein 
might exert dominant negative or dominant positive functions caused by non-
physiological size or unusual interacting partners in this context. Another possible 
explanation could be aberrant localization of ILF1 protein when fused to the viral 
Gag protein. The very N-terminal MA sequence of the Gag protein is essential 
for myristoylation, a lipid based signal which is necessary for proper membrane 
localization and intracellular trafficking of the molecule (Yi and Rosenberg, 2007; 
Yi and Rosenberg, 2008). Some proto-oncogenes encoded by transforming 
retroviruses such as v-Abl are a product of the fusion of a cellular oncogene (c-Abl) 
with the retroviral Gag gene (Rosenberg and Witte, 1988). This fusion protein is 
a constitutively active tyrosine kinase whose localization is now dictated by the 
N-terminally fused Gag protein. Elegant studies have shown that deletions in the 
MA region abrogate the ability of v-Abl to transform cells. Gag sequences are 
thus important for normal signaling, cellular localization (nuclear exclusion) and 
trafficking of v-Abl, which underlie the transforming ability of this fusion protein 
(Yi and Rosenberg, 2007; Yi and Rosenberg, 2008). Likewise the Gag-ILF1 fusion 
protein could be targeted to the plasma membrane or interact with other sub-
cellular compartments where it might exert its transforming function. however, 
ILF1 seems to be a bona fide transcription factor with no predicted enzymatic 
activity, which makes it difficult to speculate by which mechanism its interaction 
with cytoplasmic- or membrane-associated proteins can induce transformation. 
The only obvious possibility could be the recruitment of other proteins to unusual 
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locations that might interfere with cell cycle progression. 
Finally, ILF3, an alternative splice variant of ILF1, does not contain a nuclear 

localization signal. It would be interesting to test whether this protein variant could 
induce transformation due to its nuclear exclusion and the consequent aberrant 
localization. Altogether, we were not able to identify novel proteins cooperating 
with RasV12 in oncogenesis. Nevertheless, our study emphasizes the negative 
impact of background problems during screening and the absolute necessity of 
proper and optimal screening “set-up” in order to minimize false positive hits.

 
Material and Methods

Cell culture, constructs, retroviral production and transduction 
Wild type and p19Arf-deficient MEFs were isolated and cultured as previously described (Jacobs et 
al.,  1999). p8-deficient MEFs were obtained from S. Vasseur (Vasseur et al.,  2002a). Production 
of ecotropic retroviruses and retroviral transductions were performed as previously described 
(Taghavi et al.,  2008; chapter 2). RasV12/Tbx2-MEFs were generated as follows: primary MEFs 
were transduced with retroviruses containing LZRS-Tbx2-iresGFP at passage 1, and subsequently 
transduced with retroviruses containing pBabePuro-RasV12 (Jacobs et al.,  2000) at passage 2. 
Transduced cells were subsequently selected using 4 μg/ml puromycin (Sigma). Other constructs 
used were; LZRS-MychA-iresGFP (positive control) and LZRS-iresGFP or pLib empty vector (negative 
control). For pilot transformation experiments we also used LZRS-E1A12S-iresGFP. human ILF1 cDNA 
(NM_004514) was cloned in the original library retroviral vector pMXsubF, pBabePuro (pBP), LZRS-
iresGFP and pcDNA3.1 viral- and expression vectors. ILF1-pMX (ILF1 cDNA cloned in frame with viral 
Gag in pMXsubF) and ILF1-pMX-OF (ILF1 cDNA cloned out of frame with viral Gag in pMXsubF). The 
pMX constructs contain a 3’FLAG-tagged ILF1 cDNA and pcDNA3.1 constructs contain 3’ or 5’FLAG-
tagged ILF1 cDNA. For all the transductions, empty vector control is used to equalize the number of 
transductions whenever necessary. 

Soft agar assays
Per well of a six-well plate, 6 x 104 cells were resuspended in Dulbecco’s Modified Eagle Medium 
(GIBCO), supplemented with 10% fetal bovine serum (PAA laboratories) and 0.4% low gelling 
temperature agarose (Sigma) and plated on top of a coating bottom-agar (DMEM supplemented 
with 10% FBS, containing 0.6% agarose). Cells were then allowed to grow under standard conditions 
for 2-3 weeks, after which plates were scored relative to the positive and negative controls. All 
experiments were performed at least twice in several independently isolated batches of MEFs. 

Genetic transformation screen
Retroviral cDNA expression libraries used here are: human prostate, human leukocyte, human 
mammary gland, human placenta, human whole brain, all purchased from Clontech and JEG3(1-
3), JEG3(>3) size fractionated human JEG3 choriocarcinoma-derived cDNA library, K562(1-3) and 
K562(>3) size-fractionated K562 human erythroleukemia cDNA library (Jacobs et al.,  2000; Koh et 
al.,  2002). high titer viral supernatants from libraries were freshly collected with 12 h intervals and 
directly used to transduce RasV12/Tbx2-MEFs or RasV12/Tbx2-MEFsp8 each in 2 consecutive rounds 
of transduction of 1-2 x 106 cells plated per 10 cm culture dishes. Empty pMXsubF- or pLib-vectors are 
used as negative controls. Forth-eight hours after library transduction, cells were plated in soft agar 
in 10 cm culture dishes as described above. RasV12/Tbx2-MEFs and RasV12/Tbx2-MEFsp8 transduced 
with retroviruses containing c-Myc were used as positive control. After 2-3 weeks, colonies were 



Oncogenic Cooperation with RasV12

79

picked from cells that were transduced with cDNA libraries. Colonies were expanded as monolayers 
for genomic DNA isolation and secondary screen. Southern blot analysis was performed using a 
conventional protocol. DNA probes were prepared from c-Myc (full length human c-Myc cDNA) and 
N-Myc (786-1342 fragment from human N-Myc cDNA, NM_005378). Secondary screen using wild 
type replication competent MoMuLV was achieved as described before (Jacobs et al.,  2000). Three 
colonies from the RasV12/Tbx2-MEFs screen proved to be positive from which the number and 
pattern of integrations were examined by southern blot analysis using a library specific probe (subF). 
The primary colonies proved to be identical and therefore only one was used for further testing. 
The relevant insert was approximately 4.5 kb, which was similar in all five secondary colonies. The 
cDNA insert was cloned using the ZAP express undigested vector kit (Stratagene) following standard 
Stratagene lambda ZAP protocols and the insert was identified after sequencing. ILF1 cDNA was 
then cloned back into the original construct (pMXsubF) and was re-tested in RasV12/Tbx2-MEFs in 
soft agar. 

Growth curves and 3T3 growth assays
For growth curves, the infected cells were plated in 12-well culture dishes (2.5 x 104 cells per well), in 
triplicate for each time point. The cells were then left to grow and subsequently fixed at various time 
points using 4% formaldehyde (10% formalin) in PBS for 5-10 minutes at RT. Plates were then stained 
with crystal violet (Sigma). Dye extraction is performed using 10% acetic acid and optical density 
is quantified at OD 590 nm. Values are normalized to the density measured at day 0 (24 h after 
plating). For 3T3 growth assays, 4 x105 cells were passaged every 3 days in a 25 cm2 culture flasks. 
The relative increase/population doubling is calculated and graphed (all performed in duplicate and 
in independently isolated batches of MEFs).

Western blot analysis
RasV12/Tbx2-MEFs were either transfected with ILF1-5’FLAG-pcDNA3.1, ILF1-3’FLAG-pcDNA3.1 or 
pcDNA3.1 empty vector using calcium-phosphate co-precipitation method or retrovirally transduced 
with ILF1-3’FLAG-pMX, ILF1-3’FLAG-pMX-OF or pMXsubF empty vector. Forthy-eight hours after 
transduction cells were harvested for protein lysate preparation. Cells were washed with phosphate 
buffered saline (PBS) and lysed using RIPA buffer (150 mM NaCl, 1% NP40, 50 mM Tris·hCl (ph 8.0), 
2 mM EDTA (ph 8.0), 0.5% DOC, 0.1% SDS) supplemented with 1 mM dithiothreitol (DTT), 1 mM 
phenyl-methyl-sulphonyl-fluoride (PMSF), 1 mM NaVO3, 10 mM NaF, 10 mM Pyrophosphate and 
50 mM β-glycerophosphate). Protein expression was analyzed using a conventional Western-blot 
protocol. Primary antibodies were: goat anti-FLAG (Abcam 1:1000) and mouse anti-tubulin (1:500, 
Sigma). Secondary antibodies were: goat anti mouse (1:10000, Zymed) and swine anti goat (1:10000, 
Biosource), both conjugated to hRP.
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Polycomb group (PcG) proteins are epigenetic chromatin modifiers involved in 
heritable gene repression. Two main PcG complexes have been characterized. 
Polycomb repressive complex 2 (PRC2) is thought to be involved in the initiation 
of gene silencing, whereas Polycomb repressive complex 1 (PRC1) is implicated 
in the stable maintenance of gene repression. Here, we investigate the kinetic 
properties of the binding of one of the PRC1 core components, BMI1, with PcG 
bodies. PcG bodies are unique nuclear structures located on regions of pericentric 
heterochromatin, found to be the site of accumulation of PcG complexes in 
different cell lines. We report the presence of at least two kinetically different 
pools of BMI1, a highly dynamic and a less dynamic fraction, which may reflect 
BMI1 pools with different binding capacities to these stable heterochromatin 
domains. Interestingly, PRC2 members EED and EZH2 appear to be essential 
for BMI1 recruitment to the PcG bodies.  Furthermore, we demonstrate that 
the maintenance DNA methyltransferase DNMT1 is necessary for proper PcG 
body assembly independent of DNMT-associated histone deacetylase activity. 
Together, these results provide new insights in the mechanism for regulation of 
chromatin silencing by PcG proteins and suggest a highly regulated recruitment 
of PRC1 to chromatin.

Introduction

Polycomb group (PcG) proteins are part of a conserved cellular memory system 
that prevents changes in cell identity by repressing the transcriptional state of 
several loci in the genome. Biochemical and genetic studies indicate that PcG 
proteins exist in at least two separate protein complexes both in Drosophila and 
mammalian cells: Polycomb repressive complex 2 (PRC2) and Polycomb repressive 
complex 1 (PRC1) (Lund and van Lohuizen, 2004; Ringrose and Paro, 2004). 
PRC2 consisting of EED, EZh2, YY1 and SU(Z)12, is thought to be required at the 
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initiating stage of silencing, whereas PRC1, containing PcG proteins such as hPh, 
RING1, BMI1, and hPC, is continuously required for the stable maintenance of the 
initiated PcG repression on specific target loci. An additional EZh2/EED complex, 
Polycomb repressive complex 3 (PRC3), has recently been reported in human cells 
(Kuzmichev et al.,  2004). PRC2 and PRC3 exhibit differential targeting of specific 
histones for lysine methylation that relies on the function of the distinct EED 
protein isoforms within each complex (Kuzmichev et al.,  2004).

Although PRC1 and PRC2 complexes have different functions, EZh2/EED-
mediated nucleosome methylation increases in vitro binding of the chromodomain 

protein Polycomb (Pc) to the chromatin (Cao et al.,  2002; Czermin et al.,  2002; 
Kuzmichev et al.,  2002), and it has been shown that both complexes can interact 
with one another at least transiently (Poux et al.,  2001). 

 Polycomb response elements (PREs) have been identified in the regulatory 
regions of several genes in Drosophila (Chan et al.,  1994; Simon et al.,  1993) and 
recent advances have clarified the sequence requirements for Drosophila PREs 
(Ringrose and Paro, 2004). however, the sequences that define the mammalian 
counterparts have been elusive and the mechanisms involved in recruitment of 
PcG proteins and assembly of the repressive complexes remain unclear. 

It has been shown that the maintenance of gene silencing by PcG proteins 
requires  modifications in chromatin compaction (Francis et al.,  2004) and locking of 
the inactive genes in a heterochromatin-like environment (Orlando and Paro, 1995). 
A functional link between PcG-dependent gene silencing and the organization of 
inactive chromatin domains is shown in Drosophila and Saccharomyces cerevisiae 
(Laible et al.,  1997). In mammals, members of the PRC1 not only localize to 
euchromatic regions, but also accumulate at pericentric heterochromatin as 
discrete nuclear foci called PcG bodies (Saurin et al.,  1998; Voncken et al.,  1999). 
In contrast to the broad hP1 association to constitutive heterochromatic regions, 
PcG bodies display preferential localization to pericentric chromosome territories, 
specifically to the pUC1.77 probe-hybridizing domains of the human 1q12 region 
and to 1q12-related sequences on chromosomes 9, 15 and 16 (Saurin et al.,  1998; 
Voncken et al.,  1999). This unique localization of PcG bodies suggests that the 
human complex might be specifically targeted to these repetitive DNA sequences. 
PcG bodies colocalize with these specific pericentric heterochromatin domains in a 
variety of transformed and primary human cell lines. The functional significance of 
these nuclear domains remains unknown, but pericentric heterochromatin integrity 
in general is essential for proper chromosome segregation, genomic stability and 
transcriptional silencing (Peters et al.,  2001; Taddei et al.,  2001). 

heterochromatin domains generally are associated with a condensed 
appearance, late replication timing, low level of meiotic recombination and highly 
methylated DNA. Such regions are gene poor (although not devoid of genes), 
being made up primarily of repetitive sequences (Maison and Almouzni, 2004). 
Methylation of lysine 9 on histone h3 (h3K9) is required for the formation of 
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heterochromatin from yeast to mammals (Nakayama et al.,  2001; Rea et al.,  2000). 
Fundamental to histone h3K9 methylation, providing a stable epigenetic mark, is 
the ability to recruit the nuclear protein hP1 (Bannister et al.,  2001; Lachner et al.,  
2001). Similarly, the PRC2 component EZh2, containing histone methyltransferase 
(hMTase) activity, is able to deliver another specific histone methylation mark for 
inactive chromatin on lysine 27 of histone h3 (h3K27), which can be recognized 
by chromodomain containing Pc homologs in PRC1 (Cao et al.,  2002; Czermin et 
al.,  2002; Kuzmichev et al.,  2002). 

 Recent discoveries suggest that the PcG-mediated silencing is a dynamic 
process where activators and repressors coexist in the same region (Orlando, 
2003; Ringrose and Paro, 2004). however, little is known about the mobility of 
the PcG proteins in the nucleus. BMI1 is one of the most studied PRC1 members 
and has been shown to be important not only for embryonic development but 
also for numerous other biological functions where flexible reprogramming of 
cellular transcription is crucial, such as stem cell fate decisions, differentiation 
and tumorigenesis (Bruggeman et al.,  2005; Leung et al.,  2004; Valk-Lingbeek et 
al.,  2004). The present study investigates the dynamic properties of BMI1 within 
PcG bodies and the factors involved in the recruitment of BMI1 to the pericentric 
heterochromatin-associated PcG bodies. 

Results

Kinetics of BMI1 binding to the pericentric heterochromatin-associated PcG 
bodies
PcG bodies appear as stable domains that can be observed in many transformed 
cell lines and some primary cell types (Saurin et al.,  1998; Voncken et al.,  1999). 
We questioned whether these sites of retention of PcG proteins form static or 
dynamic structures. To visualize BMI1 in living cells, we generated a U2OS cell line 
stably expressing BMI1-GFP chimeric protein at approximately the same level of 
the endogenous BMI1 protein (Figure 1a). As expected, the BMI1-GFP U2OS cell 
line showed nuclear GFP signal concentrated in several defined domains, the PcG 
bodies. A smaller amount of GFP was detected throughout the rest of the nucleus, 
likely representing euchromatin-bound and free BMI1 (Figure 1b). The distribution 
of BMI1-GFP is identical to the previously described localization of endogenous 
BMI1 in U2OS and in other human tumor cell lines (Saurin et al.,  1998; Voncken 
et al.,  1999). Furthermore the BMI1-GFP fusion protein colocalized with the 
endogenous hPC2 in PcG bodies (Figure 1c) as described previously (Satijn et al.,  
1997). 

To validate the use of the BMI1-GFP fusion protein for further analysis we 
evaluated the behavior of this fusion protein during the cell cycle, as chromatin 
association of BMI1 is cell cycle regulated (Saurin et al.,  1998; Voncken et al.,  
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Figure 1. GFP-tagged BMI1 is correctly targeted to PcG bodies and closely resembles the endogenous 
BMI1 localization. a) BMI1-GFP expression level is close to endogenous BMI1 expression level. 
Western blot analysis was conducted using extracts from parental and BMI1-GFP-expressing U2OS 
cells, hybridized with the BMI1 antibody. *, unspecific band. b) BMI1-GFP protein is targeted to PcG 
bodies, PcG-related pericentric heterochromatin foci, in U2OS cells, as shown by GFP fluorescence. 
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1999).  BMI1-GFP expressing U2OS cells were synchronized by a double thymidine 
block and subsequently released and analyzed at different time points. As Figure 
1d shows, BMI1-GFP bodies become reduced in size and number, but remain 
associated to pericentric heterochromatic regions throughout mitosis, and 
reassemble again as large intense foci in interphase, as previously described (Saurin 
et al.,  1998; Voncken et al.,  1999). In addition, BMI1-GFP is able to complement 
growth defects of Bmi1-deficient mouse embryonic fibroblasts (data not shown), 
confirming that BMI1-GFP behaves like endogenous BMI1. 

The changes in chromatin association of BMI1 during the cell cycle could 
reflect differences in the dynamic properties of PcG bodies. To examine this, we 
used the BMI1-GFP cell line to study the kinetics of BMI1 protein in living cells in 
two different stages of the cell cycle, G1 and G2, by fluorescence recovery after 
photobleaching (FRAP) and fluorescence loss in photobleaching (FLIP) analysis. 
BMI1-GFP-expressing U2OS cells were either synchronized by a double thymidine 
block and released for 12 h in order to enrich for cells in G2 or blocked with 
nocodazole and released for 6 h in order to enrich for cells in G1. 

In FRAP experiments, we measured the time required for fluorescence to 
recover by time-lapse confocal microscopy after photobleaching individual PcG 
bodies. Photobleaching of BMI1-GFP destroys GFP and results in irreversible loss 
of fluorescence. Fluorescence recovery thus requires that mobile unbleached 
BMI1-GFP molecules from the surrounding environment move into the bleached 
region, replacing the bleached BMI1-GFP molecules (Figure 2a). The recovery 
of fluorescence after photobleaching was plotted against time (Figure 2b). 
Calculating the best-fit parameters allowed the determination of the half time of 
recovery (t1/2; the time in which the fluorescence intensity reached half of the final 
recovered intensity in the bleached spot) and the mobile fraction (the percentage 
of maximally recovered BMI1-GFP) (Figure 2c) as described previously (Reits and 
Neefjes, 2001). 

No full recovery of the initial fluorescence is observed in any case, suggesting 
that a considerable fraction of the BMI1-GFP pool within photobleached PcG bodies 
shows relatively slow recovery kinetics and can not be exchanged completely 
within the time measured. The BMI1-GFP fluorescence intensity in G2 recovered 
to 55% of the prebleach intensity, whereas the fluorescence recovery in G1 cells 

In addition, lower levels of green fluorescence in the regions between these foci are detected, 
indicating that BMI1-GFP is also present in euchromatic areas. c) Confocal fluorescence microscopy 
demonstrating colocalization of BMI1-GFP with hPC2 (polyclonal anti-hPC2 immunostaining) in large 
nuclear domains (PcG bodies) of U2OS cells stably expressing BMI1-GFP. d) Cell cycle-dependent 
chromatin association of BMI1-GFP in U2OS cells closely resembling endogenous BMI1 association 
(57). Cells were synchronized in early S phase by a double thymidine block and subsequently released. 
Representative fluorescence images were made at indicated time points after release.
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Figure 2. BMI1 is dynamically associated with PcG bodies. a) Representative examples of a FRAP 
profile from BMI1-GFP-expressing U2OS cells. Cells were synchronized in G1 by a nocodazol treatment 
followed by release from the blockade or in G2 by a double thymidine block and subsequent release. 
Pseudo-colored images show the fluorescence signals and recovery with time. Arrowheads point 
to the bleached PcG bodies. b) FRAP plots. Recovery of fluorescence in the bleached spots was 
plotted with time for the G1 and G2 cell cycle phases. The prebleach fluorescence was set at 100%, 
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appeared to be less complete, reaching only 32% of the initial fluorescence 
intensity. Notably, the t1/2 of BMI1-GFP was reproducibly found to be relatively 
reduced in G1 compared to G2 (Figure 2c). Although the differences between 
PcG bodies studied in G1 and G2 do not appear to be significant due to the high 
experimental variation, it is essential to mention that the measured intensities of 
approximately 35% of the studied PcG bodies in G1 could not be included in the 
t1/2 and recovery curve calculations, since no recovery after photobleaching was 
observed (Figure 2d). This, however, was not the case for the studied PcG bodies 
in G2, which indicates that BMI1-GFP in the PcG bodies during G1 is remarkably 
less mobile. 

The recovery plots deduced from the FRAP experiments (Figure 2b) in addition 
suggest a biphasic recovery containing at least two mobile fractions behaving very 
different: a fraction with fast recovery kinetics, which is responsible for the initial 
quick and accelerating recovery, and a fraction with slow recovery kinetics, which 
is responsible for the slow and gradual recovery of fluorescence seen at later time 
points.

The kinetics of BMI1-GFP was also tested in FLIP experiments. To this end, 
fluorescence loss from PcG bodies was determined in a nonbleached region after 
photobleaching of a defined area of the nucleus (corresponding to approximately 
50% of the x-y plane). Using this technique, we were only able to study and confirm 
the kinetics of the slower mobile fraction revealed by FRAP experiments, since the 
recovery information of the fast mobile fraction is lost during the repeated region 
photobleaching. The loss of fluorescence with time was plotted (Figure 2e). As 
expected, for cells arrested in both G1 and G2, a major part of the studied fraction 
(the fraction from which the slope of the fluorescence recovery curve in FRAP 
experiments was declined) of BMI1-GFP in PcG bodies seemed to be mobile but 
with very slow kinetics. To quantify the loss of fluorescence in FLIP experiments 

and the fluorescence intensity for each time point was averaged and normalized relative to the 
prebleach intensities after correcting for background and bleaching during scanning procedure. c) 
Quantifications of the recovery time (t1/2) and mobile fraction deduced from the best-fit analysis 
of the recovery plots. BMI1 has a slightly reduced t1/2 and mobile fraction in G1 versus G2 cell 
cycle phase. d) Percentage of PcG bodies that showed any BMI1-GFP fluorescence recovery after 
photobleaching, indicating that BMI1-GFP is considerably less mobile in G1 than in G2. e) FLIP 
plots. Loss of fluorescence with time from PcG bodies in a nonbleached region after photobleaching 
of a defined area of the nucleus was plotted for the G1 and G2 cell cycle phases. The prebleach 
fluorescence was set at 100%, and the fluorescence intensity for each time point was averaged and 
normalized relative to the prebleach intensities after correcting for background and bleaching during 
the scanning procedure. f) Relative left fluorescence intensities at 240 s postbleaching are shown for 
G1 and G2 (± standard error of the means; SEM). Prebleach fluorescence intensitiy was set at 100%. 
Loss of fluorescence in G2 is significantly faster than in G1, indicating the presence of a more mobile 
BMI1-GFP fraction on PcG bodies in G2.
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for G1 and G2, the fluorescence intensities measured at 240 s postbleaching were 
normalized to the prebleach fluorescence intensities which were set at 100%. As 
shown in Figure 2f, in G1 PcG bodies retained 83% of their initial fluorescence 
intensity 240 s after bleaching, whereas in G2, PcG bodies contained only 71% of 
their initial fluorescence intensity (P = 0.0014).

Together, these results indicate the existence of at least two kinetically distinct 
populations of BMI1 in the observed PcG bodies. FRAP experiments show the 
exchange rate dynamics of both BMI1 pools in the observed biphasic recovery, 
the slow mobile fraction and the fast mobile fraction (regardless of the differences 
between G1 and G2). Concurrently, FLIP experiments show a significant difference 
in the off-rate of the slow mobile fraction between G1 and G2.

PRC2 is required for recruitment of BMI1 to PcG bodies
having assessed that PcG body formation is a dynamic and therefore possibly 
a regulated process, we next investigated which factors could be crucial for the 
recruitment of PRC1 members to PcG bodies.

The processes responsible for the transmission of epigenetic marks and higher 
order structure of heterochromatin domains are not entirely clear, but protein 
deposition and enzymatic modifications coupled to semiconservative DNA 
replication are possible mechanisms that could faithfully maintain this higher 
order organization after replication fork passage or mitosis (Quivy et al.,  2004). 
Previous studies have indicated that pericentric heterochromatin is relatively stable, 
requiring prolonged treatment of the cells with the histone deacetylase (hDAC) 
inhibitor, trichostatin A (TSA), before hP1 is no longer localized to heterochromatic 
foci (Liang et al.,  2002; Taddei et al.,  2001), notwithstanding the recently proved 
high hP1 mobility (Cheutin et al.,  2003; Festenstein et al.,  2003). Therefore, 
we used a retrovirus-based RNA interference (RNAi) approach in order to stably 
silence endogenous gene expression of candidate proteins that could be involved 
in the recruitment of BMI1 to PcG bodies in U2OS cells. 

 h3K9 methylation by Suv39h methyltransferases is a characteristic mark for 
heterochromatin and provides binding sites specifically for hP1, one of the major 
heterochromatin proteins (Bannister et al.,  2001; Fischle et al.,  2003; Lachner et 
al.,  2001). Likewise, Ezh2 has been shown to have hMTase activity, preferentially 

methylating h3K27, which is specifically recognized by the chromodomain protein 
Pc (Cao et al.,  2002; Czermin et al.,  2002; Fischle et al.,  2003; Kuzmichev et 
al.,  2002; Min et al.,  2003; Muller et al.,  2002). This suggests a function for 
EZh2 within PRC2 to regulate the binding of the Pc/PRC1 to specific pericentric 
heterochromatic regions, even though EZh2 protein has not been described to 
specifically accumulate in the PcG bodies (Sewalt et al.,  1998). To study this 
possibility, effective downregulation of EZh2 expression by RNAi in U2OS cells was 
verified (Supplementary Figure 1a). Subsequently, BMI1-GFP expressing cells were 
transduced with EZh2 RNAi, and were kept in culture under selection for 4, 7 or 10 
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days. As Figure 3e shows, downregulation of the endogenous EZh2 protein led to a 
dispersion of the nuclear localization of BMI1-GFP, without any apparent decrease 
in total fluorescence levels. Notably, the dispersion of the BMI1-GFP signal was 
gradual from 4 to 10 days posttransduction and became most clear at later time 
points, with only occasional cells still showing some PcG bodies possibly due to 
incomplete knockdown. The role of EZh2 and EED in cellular proliferation, acting 
as essential downstream mediators of E2F function, has recently been reported, 
and inhibition of EZh2 and EED expression by transfecting small interfering RNA 
(siRNA) oligonucleotides into U2OS cells results in reduced proliferation (Bracken 
et al.,  2003). In our hands, the number of cells that survived after selection was 
lower in the EZh2 RNAi- than in the mock RNAi-treated cells (data not shown). 
This observation indicates that the BMI1-GFP expressing cells can tolerate EZh2 
downregulation to some extend. The reduced levels of EZh2 appear to be low 
enough to have an effect on BMI1 recruitment to PcG bodies without affecting 
cell viability. 

To rule out off-target effects of the EZh2 RNAi, the cells were transduced with 
an independent EZh2 RNAi, and the same dispersion in the BMI1-GFP nuclear 
signal was observed (Supplementary Figure 1b). Furthermore, overexpression of 
EZh2 induced a strong increase in the recruitment of BMI1 to PcG body-related 
pericentric regions that is reflected both in the number and in the fluorescence 
intensity of the PcG bodies (Figure 3e, frame +EZh2). These results indicate that 
EZh2 is required for the spatial organization and maintenance of PcG bodies 
containing PRC1 proteins.

To test whether the PcG body-retaining ability of EZh2 relies on its catalytic 
activity, we made the EZh2-h694L mutant, which carries an inactivating mutation 
in the SET domain. The enzymatic activity of EZh2-h694L was tested in hMTase 
assays on core histones. hEK293 cells were transfected with Myc-tagged EZh2 
or EZh2-h694L or were mock transfected, and Myc-immunoprecipitations were 
subsequently used for Western analysis and hMTase assays. As shown in Figure 
3a, both EZh2 and EZh2-h694L are able to form complexes with the regulating 
cofactor EED, which appears to be responsible for proper EZh2 function and the 
PRC2 hMTase activity (Montgomery et al.,  2005; Nekrasov et al.,  2005). EZh2 
is able to form a functional complex with EED as demonstrated by histone h3 
methylation (Figure 3a). In contrast, EZh2-h694L, although perfectly able to bind 
to EED, is enzymatically inactive and unable to methylate h3K27 (Figure 3a). 
hence, EZh2-h694L could potentially titrate away the endogenous EED from 
the endogenous PRC2 complex, thus acting in a dominant-interfering manner. 
This was further validated by quantifying the h3K27 methylation levels using 
immunofluorescence experiments. U2OS cells transduced with EZh2, EZh2-h694L 
or EZh2 RNAi or mock treated (expression levels shown in Figure 3b), were stained 
with h3K27 methyl-specific antibody (Figure 3c) and quantified for cells positive 
for h3K27me3 nuclear foci. As shown in Figure 3d, EZh2-h694L is able to decrease 
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Figure 3. PRC2 member EZH2 
is required for PcG body 
association of BMI1. a) EZh2-
h694L (SET domain mutant) 
is enzymatically inactive but 
still able to interact with EED. 
hEK293 cells were transiently 
transfected with EZh2 or EZh2-
h694L or were mock transfected. 
Anti-Myc immunoprecipitated 
complexes were used for in vitro 
hMTase assays on core histone, 
shown in the third row from 
the top of the panel. The same 
immunoprecipitated complexes 
were probed with EZh2 and 
EED antibodies to confirm the 
pull-downs and functional 
PRC2 complex formation (the 
two upper rows). The bottom 
row shows Coomassie Brilliant 
Blue (CBB) staining for equal 
loading of the hMTase assay. b) 
Western blot analysis showing 
expression levels of EZh2, EED 
and BMI1 in U2OS cells used 
for immunostainings. Anti-CDK4 
is used to show equal loading. 
Note that the EZh2-h694L 
is moderately overexpressed 
compared to endogenous 
EZh2. c) EZh2-h694L works 
in a dominant-interfering 
manner. Representative 
immunofluorescence images 
of U2OS cells transduced with 
EZh2, EZh2-h694L or EZh2 RNAi1 
or mock treated, using anti-
trimethyl-h3K27 (h3K27me3), 
indicating that EZh2-h694L 
is able to reduce the h3K27 
methylation levels in vivo by 
competing with endogenous wild 
type EZh2. d) Graph depicting 
quantifications of h3K27me3 
immunofluorescence in U2OS 
cells transduced with EZh2, 
EZh2-h694L or EZh2 RNAi1-3 
or mock treated. Cells with 
h3K27me3 foci were counted (n 
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> 500 cells counted per condition from three independent experiments ± standard deviation; SD). e) 
Epifluorescence images of U2OS cells stably expressing BMI1-GFP, after transduction with EZh2 RNAi 
or mock treatment for the times indicated (upper row), or with EZh2, EZh2-h694L, EED or EED RNAi1 
10 days after transduction and selection with puromycin (lower row). f) Immunofluorescence images 
of U2OS cells stained for di- and trimethylated h3K9 or trimethylated h3K27 and co-stained with 
anti-BMI1. Confocal single optical sections are shown. Note that PcG-associated heterochromatin is 
differentially recognized by antibodies against h3K9 and h3K27 methylation.

the h3K27me3 levels as efficiently as the different EZh2 RNAi’s tested.
Once the EZh2-h694L mutant was characterized, we tested whether the catalytic 

activity of EZh2 is responsible for the PRC1 recruiting ability. BMI1 localization 
on PcG bodies was further tested using EZh2-h694L. BMI1-GFP-expressing U2OS 
cells that were transduced with EZh2-h694L and selected for 10 days displayed a 
fluorescence pattern that closely resembled the downregulation of EZh2 by RNAi, 
with very few and small PcG bodies and massive dispersion of the fluorescence 
throughout the nucleus (Figure 3e). This indicates that the hMTase activity of 
EZh2 is essential for PRC1 recruitment to PcG bodies. Interestingly, EZh2-h694L 
overexpression did not lead to any unusual phenotype or cell death, which we 
along with others (Bracken et al.,  2003) observed when EZh2 expression was 
substantially abrogated by RNAi.   

It has recently been shown that Eed is required to direct the Ezh2 hMTase 
to the inactive X (Xi) chromosome. In addition, loss of methylation of h3K9 or 
h3K27 was observed on the Xi of embryos homozygous for an Eed mutation that 
disrupts the interaction between Eed and Ezh2 (Silva et al.,  2003). We therefore 
investigated whether EED could act as a recruiting factor for BMI1 to PcG bodies. 
EED downregulation in the BMI1-GFP U2OS cell line did indeed reduce the BMI1 
localization to the PcG bodies leaving fewer and smaller PcG bodies. In contrast, 
cells overexpressing EED displayed bright PcG bodies similar to EZh2 overexpression 
(Figure 3e). An independent RNAi for EED confirmed the specificity of the observed 
effect (Supplementray Figure 1b). 

To confirm the BMI1-GFP results for endogenous BMI1, experiments similar to 
those mentioned above were carried out in the parental U2OS cell line, and the PcG 
bodies were visualized with antibodies specific for BMI1. The distribution of the 
endogenous BMI1 localization in the U2OS cells mirrored exactly the patterns found 
for BMI1-GFP fusion protein mentioned above for each condition (Supplementary 
Figure 2). In addition, no changes could be observed in the immunofluorescence 
pattern of BMI1 in cells transduced with an RNAi targeted against MEL18, a PRC1 
protein which is highly related to BMI1 (Supplementary Figure 2), validating the 
specificity of the RNAi constructs used.

The reported changes in BMI1 fluorescence patterns do not result from a loss 
of BMI1 from nuclei, since total nuclear amounts were found to be unchanged 
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(data not shown). Seemingly, they reflect a change in the pattern of histone 
modifications that do not allow BMI1 to be maintained at a high local concentration 
on pericentric heterochromatin. These data suggest that the EZh2/EED complex 
is actively required to place the mark that is necessary for stable maintenance of 
the PcG bodies.

BMI1 colocalizes with methylated H3K27 in early S phase
Next, we investigated the histone h3 methylation pattern underlying the PcG 
bodies. Whereas Suv39h-hP1 related pericentric heterochromatin is enriched 
in di- and trimethylated h3K9, a robust hallmark of constitutive and facultative 
heterochromatin (Guenatri et al.,  2004; Lachner et al.,  2001; Maison et al.,  
2002; Nakayama et al.,  2001; Peters et al.,  2001), EZh2/EED complexes catalyze 
preferentially the methylation of h3K27. Moreover, the h3K27 methyl-specific 
antibody marks the Xi chromosome (Cao et al.,  2002; Czermin et al.,  2002; 
Kuzmichev et al.,  2002; Muller et al.,  2002; Plath et al.,  2003; Silva et al.,  2003). 
We therefore carried out immunofluorescence stainings using antibodies that 
detect di- and trimethyl-h3K9 (h3K9me) or trimethyl-h3K27 (h3K27me3). U2OS 
cells revealed an overall nuclear h3K9me staining, which was granular and broad 
and with some nuclear dots in all the cells (Figure 3f). In contrast, staining for 
h3K27me3 resulted in a diffuse nuclear pattern and only in a small subset of cells 
(12%; n > 400); prominent nuclear dots could be observed both in BMI1-GFP 
and the parental U2OS cells (Figure 4a). Interestingly, all the h3K27me3-defined 
domains were underlying PcG bodies as detected by BMI1-GFP localization (Figure 
3f and 4a).

The low percentage of cells with the h3K27me3 signal could indicate the cell 
cycle regulation of this mark. Since other proteins involved in maintenance of 
higher order chromatin are recruited to the replication fork during S phase, we 
investigated this possibility by pulsing an asynchronous population of cells for 1 h 
with BrdU. Subsequently, cells were fixed and stained with BrdU and h3K27me3 
antibodies. Cells with poor BrdU staining were profiled in very early S phase, 
those with dense BrdU labeling in early S phase, those with ring-shaped labeling 
in mid-late and late S phase, and those with few large dots mainly at the nuclear 
periphery in late S phase. Within the BrdU-positive cells with profiles typical of 
very early S phase, 48% of the cells displayed intense and bright h3K27me3 dots, 
whereas 26% of cells in early S phase had these nuclear domains. Only 3% of 
the cells in mid-late and late S phase displayed the h3K27me3 nuclear aggregates 
(Figure 4b). Twenty-three percent of the cells with h3K27me3 failed to incorporate 
BrdU. These results reveal that h3K27 methylation enrichment is not only limited 
to the Xi chromosome (Plath et al.,  2003; Silva et al.,  2003), but also is present in 
a dynamic cell cycle-dependent manner in the pericentric heterochromatic regions 
associated with the PcG bodies.
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Figure 4. H3K27 trimethylation colocalizes with Polycomb bodies in a cell cycle-dependent manner. 
a) Asynchronously growing parental and BMI1-GFP-expressing U2OS cells were fixed and stained 
with h3K27me3 antibody, and with the BMI1 antibody (upper row, parental U2OS cells). Merges 
of BMI1 and h3K27me3 signals show perfect overlap of the h3K27me3 with the PcG bodies. b) 
Asynchronously growing U2OS cells were treated with 10 μM BrdU for 1 h. The cells were fixed and 
stained with antibodies against BrdU and h3K27me3, and with DAPI (see Materials and Methods). 
Based on the staining of the incorporated BrdU into the nascent DNA, different stages of S phase were 
recognized. In the figure, representative images of different patterns of distribution of replication 
sites are shown. In early S phase, replication sites are distributed throughout the nucleus. As cells 
proceed from early to mid S phase, nuclei show no unlabelled areas and a fairly uniform staining of 
the nucleus. In the late S phase, replication of the bulk of heterochromatin follows, appearing as a 
pattern of large discrete foci. More than 200 cells positive for h3K27me3 foci were scored from at 
least eight random fields, and classified into these different stages of the S phase. 
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DNMT1 is essential for BMI1 recruitment to PcG bodies
A hallmark of mammalian heterochromatin is CpG methylation within satellite DNA 
sequences, and the evolutionary conserved link between the Suv39h-hP1 histone 
methylation system and DNA methylation has been demonstrated (Lehnertz et 
al.,  2003). Both layers of epigenetic control can stabilize repressed chromatin 
domains, thereby safeguarding the integrity and gene expression profiles of 
complex genomes. This DNA modification is mediated by DNA methyltransferases 
(DNMT) and three active DNMTs, namely DNMT1, DNMT3a and DNMT3b, are 
required for the establishment and maintenance of genomic methylation patterns. 
DNMT3a and DNMT3b primarily methylate DNA de novo (Okano et al.,  1999). 

Mock

DNMT1 
RNAi

RING1BBMI1-GFP Merge

+ DNMT1 RNAi

4d 7d 10ddays after infection:
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a

b

BM
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Figure 5. Reduced DNMT1 levels disrupt BMI1 and RING1B recruitment to PcG body-associated 
pericentric heterochromatin domains. a) U2OS cells stably expressing BMI1-GFP were transduced 
with DNMT1 RNAi, and selected with puromycin. Cells were fixed at different time points (4, 7 and 
10 days posttransduction), and the fluorescence was analyzed. b) U2OS cells stably expressing BMI1-
GFP were transduced with DNMT1 RNAi, and selected with puromycin. Cells were fixed ten days 
posttransduction and stained with anti-RING1B to detect endogenous RING1B localization.
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In contrast, DNMT1 principally maintains heritable methylation patterns during 
DNA replication, and Dnmt1-deficient embryonic stem cells have extensive loss of 
methylation at pericentric major satellite regions (Lei et al.,  1996; Okano et al.,  
1999). Therefore, we asked whether DNMT1 activity was crucial for the recruitment 
or maintenance of PcG bodies. To address this question, we transduced BMI1-
GFP expressing and parental U2OS cells with DNMT1 RNAi, previously shown to 
downregulate DNMT1 protein in heLa cells (Sui et al.,  2002). Transduced cells were 
puromycin selected and kept in culture for 4, 7 or 10 days after the transduction. 
The achieved level of DNMT1 downregulation did not result in toxicity or cell 
death (data not shown). Interestingly, DNMT1 appeared to be required for BMI1 
recruitment to the PcG body-associated pericentric regions, since downregulation 
resulted in diffuse distribution of the BMI1 fluorescence throughout the nucleus 
(Figure 5a and Supplementary Figure 2). Importantly, DNMT1 knockdown also led 
to mislocalization of endogenous RING1B, another PRC1 protein present in PcG 
bodies which is an essential binding partner of BMI1 (Figure 5b), suggesting a 
general role for DNMT1 in PRC1 recruitment.

To further substantiate the role of the DNA methyltransferase, U2OS cells were 
cultured in the presence of low doses of the DNA methylation inhibitor 5-Aza-2’-
deoxycytidine (5-Aza-dC) for 4 days. Cells treated with this inhibitor displayed an 
altered BMI1 pattern, with most of the signal dispersed in the nucleus, and loss of 
PcG body staining (Figure 6a and Supplementary Figuer 2).

DNMTs also repress transcription independent of their methylation activity. 
This repression is partially dependent on hDAC activity, and prolonged treatment 
of mammalian cells with deacetylase inhibitors induces loss of recognition of 
pericentric heterochromatin by hP1 (Fuks et al.,  2000; Robertson et al.,  2000; 
Rountree et al.,  2000). To examine whether hDAC activity is involved in BMI1 
recruitment, prolonged treatment of the U2OS cells with the hDAC inhibitor 
TSA was performed. however, even at high and sublethal doses, BMI1 staining 
revealed a normal localization to PcG bodies (Figure 6a). These data suggest that 
DNMT1 activity is required for BMI1 recruitment to PcG bodies, independent from 
DNMT1-associated hDAC activity.

H3K27me3 signal is not affected by reduced levels of DNA methylation
The interplay between DNA and histone methylation is supposedly a mechanism 
that insures a self-reinforcing repressive chromatin state, but the relative timing 
of these two events is currently under debate. h3K9 methylation mediated by 
the histone methyltransferases Suv39h directs DNA methylation to major satellite 
repeats at pericentric heterochromatin (Lehnertz et al.,  2003). Consistently, the 
Suv39h double-null embryonic stem cells display an altered DNA methylation profile 
at pericentric satellite repeats, but not at other repeat sequences (Lehnertz et al.,  
2003). In contrast, DNA methylation at centromeric repeats occurs independent of 
SUV39h methyltransferases function in human cancer cell lines and treatment of 



100

Chapter 4

these cell lines with the DNMT inhibitor 5-Aza-dC results in reversal of repressive 
histone methyl marks at silenced loci encoding tumor suppressor and cell cycle-
related genes (Fahrner et al.,  2002; Kondo et al.,  2003; Nguyen et al.,  2002). We 
therefore analyzed whether h3K27 trimethylation at pericentric heterochromatin 
is affected in the DNA methylation inhibitor-treated cells. Comparative 
immunofluorescence analysis of interphase chromatin in control versus 5-Aza-dC 
treated BMI1-GFP expressing and parental U2OS cells confirmed reduced retention 
of BMI1 on PcG bodies, but showed no changes in focal enrichment for h3K27 

a

b

BMI1

Control 5-Aza-dC

DAPI

TSA

H3K27me3BMI1-GFP DAPI

Control

5-Aza-dC

Figure 6.  BMI1 localization to PcG bodies is disrupted by the DNA methylation inhibitor 5-Aza-
dC, whereas H3K27 methylation is not affected by DNA methylation inhibitor 5-Aza-dC. a) 
Representative immunoflourescence images of parental U2OS cells treated with 5-Aza-dC or with 
TSA for 4 days, fixed and stained with BMI1 antibody. BMI1 localization on PcG bodies is not affected 
by the hDAC inhibition. however, it is severely disrupted in cells treated with the DNA methylation 
inhibitor. b) Untreated and 5-Aza-dC treated BMI1-GFP-expressing U2OS cells were immunostained 
with h3K27me3 antibody. Representative immunofluorescence images show h3K27 trimethylation 
persisting after 5-Aza-dC treatment. Whereas BMI1-GFP fluorescence is dispersed in the nucleus in 
the 5-Aza-dC treated cells, the nuclear distribution of h3K27me3 is clearly not affected. 
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trimethylation at these PcG-related pericentric heterochromatic loci (Figure 6b 
and Supplementary Figure 3). 

Taken together, these results show that although DNMT1 activity is involved in 
stable maintenance of PcG bodies, it is dispensable for the h3K27 trimethylation 
pool. Nevertheless, since a reduction in h3K27 also leads to reduced BMI1 
localization to PcG bodies, BMI1 apparently requires both marks for proper 
localization to these heterochromatic loci.

Discussion

Dynamics of BMI1 binding to PcG bodies associated with pericentric 
heterochromatin
The packaging of silenced genes into repressive heterochromatin domains is an 
important mechanism for epigenetic gene regulation. Interestingly, recent reports 
demonstrated that the major heterochromatin protein hP1 is highly dynamic within 
stable pericentric heterochromatin domains (Cheutin et al.,  2003; Festenstein et 
al.,  2003). 

Several PcG proteins including BMI1, RING1, hPh1 and hPC2 are also associated 
with specific sequences in heterochromatic regions near the human chromosome 
1 centromere and related sequences on several other chromosomes, forming 
the so-called PcG bodies (Satijn et al.,  1997; Saurin et al.,  1998; Voncken et 
al.,  1999). however, this PcG body-related pericentric heterochromatin is 
different from hP1-related constitutive pericentric heterochromatin. Pericentric 
heterochromatic regions that are decorated by PcG bodies are enriched for the 
h3K27 methylation mark, whereas pericentric heterochromatin domains enriched 
for h3K9 methylation coincide within Suv39h-hP1 silenced regions.

We have studied the kinetic properties of BMI1 association within PcG bodies 
in living cells, using FRAP and FLIP. Our data indicate that the BMI1 pool in the PcG 
bodies does not contain a static component but, rather, it contains two kinetically 
different pools, one highly mobile and the other relatively less mobile which 
may reflect the chromatin-bound fraction of BMI1. FRAP experiments followed 
the exchange rate of BMI1 in both fractions, the very mobile and the relatively 
less mobile fractions. In addition, FLIP experiments followed the off-rate of BMI1, 
which was mostly determined by the less mobile fraction. Interestingly, the off-
rate of the less mobile fraction appeared to be significantly faster in G2 than in G1 
cells. This was reflected by the steeper slope of the loss of fluorescence curve with 
time in G2. Since the equilibrium rate is not different in both phases of the cell 
cycle, the on-rate should be faster in G2 as well, which is reflected by the relatively 
larger mobile fraction in FRAP experiments.

The dynamic nature of different BMI1 fractions in G1 and in G2 supports 
the notion  that  a  high  degree of plasticity in heterochromatin is required 



102

Chapter 4

for appropriate reorganizations during cell cycle progression. In contrast to the 
extremely mobile character and continuous exchange of hP1 (Cheutin et al.,  
2003; Festenstein et al.,  2003), the recovery kinetics of the PcG body-associated 
BMI1 is much slower, again suggesting that PcG-silenced chromatin is distinct from 
hP1-guarded heterochromatin. Moreover, the two different dynamic fractions 
described here can reflect the flexible nature of PcG-induced silencing. The 
different components of the BMI1 pool could allow BMI1 to play diverse roles 
in PcG-related pericentric heterochromatin maintenance. This supports a model 
in which the relatively slow moving BMI1 molecules are important for the stable 
maintenance of PRC1 on the PcG bodies. At the same time, the highly mobile BMI1 
molecules dissociate faster from these silenced chromatin loci, allowing other 
possible binding partners to interact and form Polycomb complexes with different 
composition and capacity. This implies that PcG bodies are more receptive for 
changes in their surrounding environment in G2, since the less mobile fraction is 
relatively more mobile in G2 than in G1, rendering PcG bodies more adaptable 
during this phase in the cell cycle.

 Previous results from our group have shown that chromatin association of 
BMI1 correlates with its phosphorylation status in a cell cycle-dependent manner 
(Voncken et al.,  1999). Differential phosphorylation could account for the presence 
of two kinetically different BMI1 pools. Other posttranslational modifications 
such as ubiquitination and sumoylation could also be relevant for BMI1 kinetic 
properties within the PcG bodies. This possibility is further supported by reports 
showing the requirement of sumoylation of SOP-2 (the functional analogue of 
PcG protein Polyhomeotic hPh) for in vivo hox gene regulation and for proper 
localization of this PcG protein to distinct nuclear bodies in Caenorhabditis elegans 
(Zhang et al.,  2004b). Furthermore, we have recently reported that BMI1 can 
be ubiquitinated (hernandez-Munoz et al.,  2005). Together, these observasions 
suggest that PcG recruitment to heterochromatic loci can be regulated during 
the cell cycle by posttranslational modifications of different members, thereby 
influencing the composition of the complexes. 

The unique role of BMI1 in PcG complex composition and activity has been 
extensively illustrated by biochemical and genetic approaches. Mice deficient for 
Bmi1 display specific homeotic transformations of the axial skeleton, and a strictly 
controlled Bmi1 dose is required to regulate proper repression of hox and other 
target genes (Akasaka et al.,  2001; Jacobs et al.,  1999). BMI1 dosage affects the 
maintenance of cell identity and neoplastic transformation. This is essential for the 
proper function of stem cells or committed progenitors and in the pathogenesis of 
tumors originating from the neoplastic transformation of these cells (Bruggeman 
et al.,  2005; Leung et al.,  2004; Valk-Lingbeek et al.,  2004).  

In brief, our studies using FRAP and FLIP analysis on PcG bodies in U2OS cells, 
are the first efforts to address the kinetics of PcG proteins in mammalian systems, 
and shed new light on understanding the dynamic association of the critical 
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core component BMI1 with other PRC1 members on PcG-related pericentric 
heterochromatin. 

EZH2 and EED are essential for the recruitment of BMI1 to PcG bodies, and the 
EZH2-specific H3K27me3 signal colocalizes with PcG bodies in S phase
Mammalian PcG proteins of the PRC1 maintenance complex harbor an intrinsic 

capacity to stabilize a repressive chromatin structure and counteract SWI/SNF 
chromatin remodeling complexes in vitro (Francis et al.,  2001; Shao et al.,  1999). 
however, the in vivo mode of action is not well understood. Recent studies from 
our laboratory suggest a functional link between Ring1B-containing PRC1 protein 
complexes and Ezh2/PRC2 type complexes during early mammalian development, 
as is illustrated by highly similar loss-of-function phenotypes (Voncken et al.,  2003). 
Another link between PRC1 and PRC2 is the binding of Pc to the h3K27me3 mark 
set by the hMTase EZh2 (Cao et al.,  2002; Czermin et al.,  2002; Kuzmichev et al.,  
2002). Currently, we report that downregulation of two PRC2 members, EED and 
EZh2, impairs the recruitment of BMI1 to the pericentric-associated PcG bodies. 
Remarkably, these two proteins have not been reported to accumulate specifically 
in PcG bodies, but are diffusely localized through the nucleoplasm (Sewalt et al.,  
1998). Apparently, this diffuse subnuclear localization does not exclude more 
transient dynamic interactions of PRC2 components with PcG bodies. In agreement 
with a functional connection between PRC2 and PRC1, we also demonstrate that 
the catalytic core of EZh2, the SET domain, is crucial for the ability of EZh2 to 
recruit BMI1, and that EZh2 overexpression leads to the massive recruitment of 
BMI1 to pericentric PcG foci. The role of EZh2 in heterochromatin silencing is in 
agreement with previous data that suggested the direct structural involvement in 

the reorganization of repressive chromatin domains by E(z)-related proteins (Laible 
et al.,  1997; Platero et al.,  1996; Rastelli et al.,  1993).

Using immunofluorescence, we have shown that PcG body distribution correlates 
with chromosomal regions enriched in h3K27 methylation for a large subset of 
PcG bodies and that these defined nuclear domains enriched for this mark are 
present mainly in early S phase. Although we cannot exclude that EZh2/EED 
hMTase complexes act indirectly to maintain PcG bodies, the simplest explanation 
favors a direct role in PcG body maintenance as assayed by BMI1 localization on 
PcG bodies. In this model, during a very small window in early S phase, the PRC2 
hMTase activity causes a transient wave of h3K27 methylation on PcG-related 
pericentric heterochromatic regions. This facilitates PRC1 protein recruitment via 
chromodomains of Pc homologs in this complex and inheritance of this higher 
order structure across many replication cycles. Although heterochromatic regions 
replicate late in S phase, our results indicate that the EZh2/EED-related histone 
methylation mark is deposited mainly early in S phase. We hypothesize that the 
addition of this posttranslational modification could be linked to replication-
coupled histone deposition, as has been proposed for lysine 5 and 12 in histone 
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h4 (Mello and Almouzni, 2001; Sobel et al.,  1995). however, the exact timing of 
this event relative to DNA replication and histone deposition would need more 
thorough examination. Accordingly, we have observed that, in mammalian female 
cells, PRC1 recruitment to the Xi chromosome is also cell cycle regulated and takes 
place during S phase (hernandez-Munoz et al.,  2005).

The transient activity of EZh2/EED complex during the early S phase versus the 
stable association of BMI1 with PcG bodies during the cell cycle could suggest the 
presence of other mechanisms involved in the maintenance of PcG bodies on PcG-
related heterochromatic regions throughout the cell cycle. This would mean that 
PRC1 needs the h3K27 methylation mark only temporarily to localize to regions 
of interest. Subsequent stabilization and maintenance of the PRC1 on PcG bodies 
throughout the cell cycle would then no longer depend on EZh2/EED hMTase 
activity but on other mechanisms, such as DNA methylation. 

Furthermore, the transient nature of the h3K27 methylation mark could formally 
be explained by epitope masking by PRC1, although the dynamic nature of PcG 
bodies shown in this study argues against this concept. Since the h3K27 methylation 
happens mainly in early S phase, histone exchange and/or demethylation of the 
methylated histone h3 could likely account for this short-lived posttranslational 
modification (Bannister et al.,  2002; Kubicek and Jenuwein, 2004; Shi et al.,  2004), 
although to this date no demethylating enzymes or mechanisms are known that 
could remove methyl groups from h3K27.

These results also raise questions about the sequence context, conformation, 
or other recruiting marks or proteins that PRC2 might use to recognize these 
specific pericentric regions to subsequently allow their enrichment in PRC1 bodies. 
Alternatively, interactions between PcG-mediated and other gene silencing systems 
have been reported, which might also play a role in PRC1 recruitment (Sewalt et 
al.,  2002; Yamamoto et al.,  2004).

 
DNMT1 is essential for PRC1 maintenance on specific pericentric heterochroma-
tin domains
The data presented here indicate that downregulation of the maintenance 
DNA methyltransferase DNMT1 results in a substantial loss of PcG bodies, as 
detected by loss of localization of BMI1 and RING1B from these loci. In contrast, 
DNMT1 impairment did not account for a defective recruitment of the cell cycle-
dependent h3K27 methylation activity, ruling out major cell cycle alterations or 
toxic effects of DNMT1 RNAi that could affect chromatin conformation. Moreover, 
EZh2/EED activity is necessary but not sufficient to maintain all the observed PcG 
bodies, indicating that other mechanisms would additionally be required for PRC1 
recruitment and maintenance on PcG bodies. Therefore, an attractive model is that 
the histone methyltransferase activity by PRC2/EZh2 would somehow recruit the 
DNA methyltransferase activity required for the replication and/or maintenance 
of the PcG-related heterochromatin domains. A clear precedent for such a model 
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is the involvement of Suv39h for recruitment of Dnmt activity to major satellite 
repeats at pericentric heterochromatin (Lehnertz et al.,  2003). Even though we 
could not visualize specific DNA methyltransferase enrichment at PcG bodies 
in U2OS cells (data not shown), similar to EZh2/EED localization, this does not 
discredit the model. Yet another explanation would be that the effect of DNMT1 
depletion on PcG bodies reflects an indirect effect, such as by downregulation of 
the level of a critical PRC1 recruiting protein.

Finally, it is important to remark the absence of detectable DNA methylation in 
Drosophila except for a window during early fly development. This appears to rule 
out an essential role for DNA methylation in PRE function or recruitment of PRE-
binding proteins that have been identified in flies but not in mammals (Ringrose 
and Paro, 2004). These observations, together with the redundancy of PcG 
proteins in mammals as a result of evolutionary gene amplification, indicate that 
the mechanisms responsible for PcG recruitment are more complex in mammals. 
Since no mammalian equivalents of Drosophila PREs have been identified so far, it 
remains possible that binding or recruitment of PRC1 complexes is fundamentally 
different between these species. 

In summary, we describe two different pools of BMI1 in PcG bodies. One 
is highly mobile, allowing dynamic interactions, and the other is less mobile, 
presumably representing a relatively more strongly bound fraction within the PcG-
related heterochromatin domains. We show that PRC2 members EED and EZh2 
are required either directly or indirectly for the recruitment of PRC1 proteins to 
PcG-related pericentric heterochromatin and that the hMTase activity of EZh2 
is essential for this recruiting ability. Immunostaining analysis confirmed the 
preferential localization of PcG bodies on trimethyl-h3K27 foci, which is seen 
intriguingly mainly during early S phase. This highlights the dynamic nature of 
PcG complexes. In addition, we find that DNMT1 is necessary for proper PcG body 
assembly independent of the DNMT-associated hDAC activity. Interestingly, the 
h3K27me3 is not influenced by DNA methylation. This could suggests a role for 
DNA methylation as a link between histone methylation and PcG recruitment or 
maintenance, but it could also suggest an independent role for DNA methylation 
next to histone methylation in recruitment of PcG proteins to the target loci. On 
another note, a role for RNA intermediates in PcG-mediated silencing has been 
postulated before, where SOP-2 is shown to contain an RNA-binding domain which 
is essential for hOX gene repression (Zhang et al.,  2004a). however, so far no 
direct evidence for the role of RNAs and RNAi in PcG recruitment or PcG-mediated 
silencing has been reported.

Together, these results suggest the existence of distinct types of heterochro-
matin, namely, the PcG-related silenced chromatin and the SUV39h-hP1-related 
silenced chromatin. Our results contribute to elucidate the PcG protein-mediated 
silencing mechanisms and open new interesting areas for future research exploring 
the possible links between the DNA methyltransferases and PRC1 recruitment.
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Material and Methods

Plasmid constructs 
A green fluorescent protein (GFP)-tagged BMI1 expression vector was generated using standard PCR 
methods and the pEGFP-N3 plasmid (Clontech) and verified by sequencing. RNA interference (RNAi) 
constructs carrying short hairpin RNA sequences expressed under the control of the U6 or the h1 
promoter were essentially made as previously described (Brummelkamp et al.,  2002; Sui et al.,  
2002). The RNAi sequences for EZh2, EED, and MEL18 are available upon request. The expression 
construct for DNMT1 RNAi was obtained from Y. Shi (Sui et al.,  2002). The EZh2-h694L mutant was 
made using the QuickChange Site-Mutagenesis kit (Stratagene). 

Antibodies
hPC2 polyclonal and EED monoclonal antibodies were obtained from A.P. Otte, EZh2 monoclonal 
antibody was from K. helin, RING1B monoclonal antibody was from h. Koseki and the di- and trimethyl-
h3K9 (h3K9me) and trimethyl-h3K27 (h3K27me3) polyclonal antibodies were from T. Jenuwein. The 
BMI1 monoclonal antibody was purchased from Upstate and bromodeoxyuridine (BrdU) antibody 
(BU20a) was from DAKO. Myc antibody (A-14) was purchased from Santa Cruz. Secondary antibodies 
used for immunofluorescence were Alexa-568-conjugated anti-rabbit and Alexa-488-conjugated anti-
mouse antibodies from Molecular Probes. 

Cell culture, transfections and retroviral transductions
Parental U2OS and U2OS stably expressing BMI1-GFP cells were grown in Dulbecco’s Modified Eagle 
Medium (GIBCO) supplemented with 10% fetal bovine serum (MP-Biomedicals) under standard 
conditions. Phoenix producer cells were used to generate retroviral stocks (calcium phosphate 
transfection method), and U2OS cell were transduced with viral supernatant in the presence of 
polybrene (4 µg/ml; Sigma). Puromycin selection (2 µg/ml) was started 24 h after transfection or 
transduction. Synchronization of the cells in G1 and G2 was attained by a double thymidine block 
or nocodazole and subsequently released, as previously described (Voncken et al.,  1999). When 
indicated, the cells were exposed to 5-aza-2’-deoxycytidine (5-Aza-dC; 4 days at 100 nM) or to 
Trichostatin A (TSA; 4 days at 25 ng/ml).

FRAP and FLIP analysis 
Fluorescence recovery after photobleaching (FRAP) and Fluorescence loss in photobleaching (FLIP) 
analysis were performed using a Leica TCS SP confocal laser scanning microscope equipped with 
an Ar/Kr laser. Green fluorescence was detected at 520 to 560 nm after excitation at 488 nm, 
as previously described (Cheutin et al.,  2003; Festenstein et al.,  2003). For FRAP experiments, 
a prebleach image was made at 8% laser power, and subsequently photobleaching was acquired 
on a single spot for 1 s at 100% laser power, resulting in 80 to 90% reduction of the fluorescent 
signal. Sequential images were then collected at 8% laser power at 1.6-s intervals for 40 frames 
and thereafter at 4-s intervals for 50 frames to minimize further photobleaching for a period up to 
260 s.  For FLIP experiments, prebleach and postbleach images were taken as described for FRAP 
experiments. Photobleaching was acquired on a region of interest, covering approximately 50% of 
the total nuclear surface area of the chosen focal plane, for 16 s at 100% laser power. Calculations 
and data analysis were done using MATLAB student version 6.0 software. Prebleach values were set 
at 1, and postbleach values were normalized to their corresponding prebleach values after correction 
for background and bleaching during measurements. FRAP data were fitted with an exponential 
curve. The best-fits for the recovery curves were determined followed by calculations of half time 
of recovery (t1/2) values. The mobile fraction was calculated based on the predicted plateau from 
the best-fit analysis. For FLIP experiments we did not use the best-fit analysis because the loss of 
fluorescence with time was very slow and did not reach a plateau during the time measured. To 
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quantify the FLIP data, the measured intensities at a fixed time point, 240 s postbleaching, were 
averaged relative to their corresponding prebleach values and plotted for G1 and G2, representing 
loss of fluorescence from PcG bodies with time.

Immunostainings 
U2OS cells were grown on glass slides and fixed in 4% paraformaldehyde (PFA) for 10 min and 
permeabilized for 5 min in 0.2% Triton X-100 in phosphate-buffered saline (PBS). Subsequently, cells 
were incubated in blocking solution (5% goat serum, 0.2% fish skin gelatin, 0.2% Tween-20-PBS) for 
30 min before incubating with primary antibody. Cells were then washed in 0.2% Tween-20-PBS and 
incubated with secondary antibody. Next the cells were washed with 0.2% Tween-20-PBS, stained 
with 4’-6-diamidino-2-phenylindole (DAPI), and mounted with Vectashield (Vector Laboratories). 
To detect h3K27me3 throughout the cell cycle, unsynchronized U2OS cells were incubated for 1 h 
with medium containing 10 µM BrdU. After the immunostaining for h3K27me3, cells were refixed 
for 10 min in 4% PFA at room temperature (RT), washed with PBS, and incubated with blocking 
solution. DNA was denatured by a 30-min incubation with 2 N hCl-0.5% Triton X-100 at RT. Cells 
were subsequently washed once with 0.1 M Na2B4O7 (ph 8.5) for 5 min and twice with PBS and 
then incubated with BrdU antibody. After being washed with PBS and with blocking solution, cells 
were incubated with Alexa-488-conjugated anti-mouse antibody. Cells were then washed with PBS, 
stained with DAPI and mounted with Vectashield. 

Fluorescence microscopy and image acquisition 
Stained cells and cells stably expressing BMI1-GFP were viewed by epifluorescence microscopy 
using a Zeiss microscope or by confocal laser microscopy using a Leica microscope. Epifluorescent 
images were captured with a cooled charge-coupled-device camera and processed using Image I 
software and Adobe Photoshop 3.0. Quantification of the percentage of cells was performed with a 
40× objective. For h3K27me3 quantification throughout cell cycle, more than 200 cells positive for 
h3K27me3 were scored for BrdU profiles from at least eight random fields. 

Western blot analysis 
Cells were lysed using lysis buffer containing 0.15 mM NaCl, 0.05 mM Tris-hCl (ph 7.2), 1% Triton 

X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), supplemented with 1 mM 
dithiothreitol (DTT) and 50 μM phenyl-methyl-sulphonyl-fluoride (PMSF). Protein expression was 
analyzed using a conventional Western blot protocol.

Histone methyltransferase assay (in vitro) 
hEK293 cells were transfected using calcium-phosphate precipitation method with Myc-EZh2-pBabe-
puro, Myc-EZh2-h694L-pBabe-puro or were mock transfected and harvested 48 h posttransfection, in 
mild lysis buffer (250 mM NaCl, 50 mM hEPES (ph 7.0), 5 mM EDTA, 0.1% NP40) supplemented with 
1 mM DTT and 50 μM PMSF, sonicated for 10 pulses of 50% at level 4, and centrifuged (20,000×g) for 
15 min at 4°C. Equal amounts of protein per condition were used for anti-Myc immunoprecipitation. 
Myc-tagged immunocomplexes were immobilized on a mixture of protein G- and A-agarose beads 
(Amersham Pharmacia) and washed four times with the lysis buffer and once with hMTase buffer (50 
mM Tris (ph 8), 20 mM KCl, 10 mM MgCl2, 10 mM β-mercaptoethanol, 1mM PMSF). The beads were 
subsequently incubated at 30°C for 1 h in the hMTase buffer supplemented to 10% glycerol and with 
20 μg core histones (Roche) as substrate and 2 μCi/reaction S-adenosyl-[methyl- 14C]-L-methionine 
(Amersham Biosciences) as methyl donor, in a total volume of 25 µL. The reaction was stopped 
by the addition of SDS-sample buffer and then fractionated on 4 to12% gradient NuPAGE Bis-Tris 
precast Western gel (Invitrogen). The upper part of the gel was separated and transferred onto a 
nitrocellulose membrane (Protran; Amersham Biosciences), used for further antibody probing. The 
histones on the lower part of the gel were visualized by Coomassie Brilliant Blue (CBB) staining, the 
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gel was treated with Amplify (Amersham Biosciences), dried and used for an overnight exposure 
(Kodak Biomax MS).
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Supplementary Figure 1. Confirmed knockdowns and overexpressions. a) Western blot analysis 
showing effective knockdowns by EZh2 RNAi1 and EED RNAi1, and overexpression of EZh2, EZh2-
h694L and EED in U2OS cells. b) Fluorescence images of BMI1-GFP-expressing U2OS cells transduced 
with independent RNAi constructs for EZh2 and EED, to exclude unspecific and off-target effects.
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Supplementary Figure 2. PcG body association of BMI1 in parental U2OS cells under different 
conditions, confirming the behavior of BMI1-GFP. U20S cells were transduced with the indicated 
viral supernatants, and grown under puromycin selection for 7 days, or treated with 100 nM 5-Aza-
dC for 4 days. Cells were then fixed and stained for endogenous BMI1. 
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Supplementary Figure 3. DNA methylation inhibitor, 5-Aza-dC, treatment decreases PcG body 
association of BMI1 but does not affect H3K27 trimethylation. Parental U2OS cells were treated 
with 100 nM 5-Aza-dC for 4 days, fixed and stained with the BMI1 and h3K27me3 antibodies. 
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Summary and General Discussion

Cancer is a highly complex and heterogeneous disease and most probably unique 
in each individual patient. Numerous genetic lesions are required to turn a normal 
cell into a cancer cell. It is crucial to uncover cooperations between the causal 
lesions and to understand the mechanisms by which they synergize and induce 
tumorigenesis in order to uncover common cancer-related pathways that could 
be targeted for therapy. Research described in this thesis focuses partly on our 
search for novel oncogenes that cooperate with c-Myc or Ras in tumorigenesis, 
and partly on the mechanism of action of one of the oncogenic collaborators of 
c-Myc, Bmi1. 

Although, c-Myc and Ras are affected in many human cancers, aberrant activation 
of each of them alone is not sufficient to induce transformation. These oncogenes 
always act in combination with other activated oncogenes or inactivated tumor 
suppressors. One of the tumor suppressors, which can protect the cell against 
the oncogenic activity of c-Myc or Ras is p19Arf. In chapters 2 and 3, we have 
described different genetic gain-of-function screens set up to find oncogenes that 
can cooperate with c-Myc or RasV12 under conditions in which p19Arf levels are 
compromised. We have taken advantage of Tbx2, a known repressor of p19Arf, to 
modulate Arf levels in MEFs. Co-expression of either c-Myc/Tbx2 or RasV12/Tbx2 
immortalizes MEFs and renders them prone to transformation. The addition of a 
single hit is then enough to transform these cells. 

In chapter 2, we report on genes that we have found to cooperate with c-Myc 
and Tbx2. Among 12 genes belonging to different cellular pathways, we found LPA 
receptor 2 (LPA2). LPA is a lipid growth factor inducing many growth stimulatory 
pathways through its receptors, which trigger diverse biological processes 
(Moolenaar et al.,  2004). When extending our study to other LPA receptor family 
members, we found that in addition to LPA2, LPA1 and LPA4, but not LPA3, are 
able to induce transformation in collaboration with c-Myc and Tbx2 in vitro and 
in vivo. We showed that this transformation is mechanistically dependent on the 
Gi-linked ERK and PI3K signaling pathways. Altered expression of LPA receptors 
and deregulated LPA signaling have been implicated in tumor progression and 
metastasis in various human malignancies (van Meeteren and Moolenaar, 2007). 
however, our study is the first to reveal a direct role for LPA receptor signaling 
in tumor initiation arguing against deregulated LPA signaling being a secondary 
event, which only contributes to tumor progression (Murph and Mills, 2007). 
This could be of particular interest for research on ovarian cancer, in which 
aberrant LPA signaling is known to contribute to tumor progression. Notably, Myc 
overexpression and p53 ablation belong to the frequently found genetic lesions in 
these tumors (Ozols et al.,  2004).

A great deal of recent research on LPA signaling has been focused on the role of 
autotaxin (ATX), the LPA-generating exo-enzyme (Tokumura et al.,  2002; Umezu-
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Goto et al.,  2002). Much evidence is accumulating linking ATX to angiogenesis 
and tumor progression (van Meeteren and Moolenaar, 2007). Since ATX is 
responsible for the production of LPA in vivo, it is important to test whether this 
enzyme contributes to tumor formation and transformation as well. Although 
our in vitro experiments suggest that an excess of LPA is not sufficient to induce 
transformation in combination with c-Myc and Tbx2 in MEFs, we can not exclude 
that hyperactivation or overexpression of ATX in vivo is tumorigenic by itself or 
in combination with other lesions. Future research using inducible transgenic 
mouse models could help us to understand the contribution of ATX at different 
stages of cancer ranging from tumor initiation to metastasis. In addition to ATX, it 
is important to extend our interest to the newly discovered LPA receptors, GPR92 
(LPA5), GPR87 and P2Y5, and examine their oncogenic potential (Lee et al.,  2006a; 
Murph et al.,  2006; Pasternack et al.,  2008). Finally, the study we described 
in chapter 2 brings us one step further towards gathering direct evidence that 
link LPA signaling to initiation of cancer. Therefore, our findings emphasize the 
possibility for developing specific targeted drugs to interfere with this pathway 
(Murph and Mills, 2007).

For most of the additional genes found in this screen, such as Actn4, Dbs, FosB, 
hrs, Map3k3 and PdgfB, there have been reports linking their action directly or 
indirectly to tumorigenesis. It nevertheless remains interesting to explore the 
molecular mechanisms by which these genes induce transformation in specific 
combination with c-Myc and Tbx2. Notably, 4 out of 12 genes found in this screen 
(Actn4, Agrn, Dbs and FlnC) are either members of cytoskeleton proteins or are 
involved in regulating cytoskeletal rearrangement (Bowe and Fallon, 1995; Feng 
and Walsh, 2004; honda et al.,  1998; Schmidt and hall, 2002). Cytoskeletal 
changes are directly linked to altered cellular morphology and increased motility, 
which are in turn associated with aberrant migrative and invasive characteristics of 
cancer cells. hence, it is interesting that our unbiased genetic screen has revealed 
these genes to induce transformation.

Furthermore, for some genes found in this screen, clearly more extensive 
research is needed to reveal their contribution to tumorigenesis. This holds true 
for Grhl1, that is originally identified as a laminin binding protein. Grhl1 is now 
recognized as a member of the CP2 transcription factor family, which is conserved 
from fly to human. Grh transcriptional activators in flies have been reported to 
participate in cell cycle regulation and development (Kokoszynska et al.,  2008). 
In mammals, recent studies have revealed their key role during embryonic 
development in particular in neuronal tube closure (Auden et al.,  2006; Ting et al.,  
2003). Grhl transcription factors are known to regulate the cadherin gene family 
and steroid biosynthesis and are linked to the PI3K-PKC pathway (henderson et 
al.,  2007; Wilanowski et al.,  2008). To our knowledge, not much is known about 
Grhl transcription factors in tumorigenesis, a subject which evidently deserves 
more investigation. Another interesting gene found in our screen is Nek6, a serine/
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threonine kinase that is reported to be involved in cell cycle progression and DNA-
damage-induced cell cycle arrest. Inhibition of Nek6 decreases cell cycle rate and 
induces apoptosis in cancer cells (Lee et al.,  2008; O’regan et al.,  2007; Yin et 
al.,  2003). Although there is evidence to support its involvement in cell cycle 
progression and possibly cancer (Lee et al.,  2008; Rapley et al.,  2008; Takeno et 
al.,  2008; Yin et al.,  2003), our study provides a first direct link between Nek6 
and transformation. Clearly, extensive future studies are required to confirm our 
findings in vivo and clarify the mechanism through which transformation and 
tumorigenesis is mediated by these potential oncogenes.

Chapter 3 of this thesis is focused on our search for new oncogenic partners 
of Ras when p19Arf levels are reduced. We performed two independent genetic 
screens in different genetic backgrounds. We only found one gene (ILF1) to 
cooperate with RasV12 and Tbx2 in transformation. ILF1 was able to induce 
transformation only when it was fused to the viral Gag gene in the original library 
retroviral construct. hence, even though ILF1, a member of the Fox transcription 
factors, seemed an appropriate candidate to be involved in cellular transformation 
at first, it proved to be a false positive hit. The high background problem, which 
we unfortunately encountered during screening, is most likely the main reason for 
the low success rate of this screen.

Although we were not able to find novel genes cooperating with RasV12 in 
transformation in this study, it nevertheless remains interesting to continue 
searching for such oncogenic cooperations. Activation of Ras leads to the 
downstream activation of the Raf-Mek-Erk pathway, which is one of the most 
important regulatory pathways controlling cellular proliferation and differentiation 
(Shields et al.,  2000). Myc is known to act in a complementary pathway, which 
cooperates not only with activated Ras, but also with Ras-pathway members, such 
as activated Raf or Mek (Adhikary and Eilers, 2005; Taghavi et al.,  2008; chapter 2). 
Therefore, screening for genes that cooperate with the Ras pathway in oncogenesis 
could still hold interesting outcomes since screening for Ras collaborators could 
possibly unravel Myc-pathway components. This is of special interest since a lot 
of knowledge has been gathered on the role of classic oncogenes such as Ras or 
c-Myc in tumorigenesis, while little is known about pathways activating Myc or 
targets activated downstream of Myc, that are specifically involved in this process. 
Of note, finding single oncogenes acting downstream of Myc will prove to be 
challenging, as Myc is now known to globally regulate transcription rather than 
affecting single genes (Knoepfler, 2007). These screens could, however, provide us 
with more insight into factors acting upstream of Myc. 

Using activated Ras in our screen induced stronger transformation than we 
expected, resulting in a vast number of background colonies. To solve this problem 
and yet to be able to screen in a similar pathway, it might be more feasible to 
use conditionally activated Raf-1 (ΔRaf-1) or Mek1 (ΔMek1 ΔN3-S218E-S222D), 
which are likely to be weaker transforming genes than RasV12 (Bosch et al.,  
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1997; Mansour et al.,  1994; Pritchard et al.,  1995). Moreover, using an inducible 
expression system would allow modulating the background, if necessary. 

Finally, it is worth to mention that recent developments in the RNA interference 
field allow us to design loss-of-function screens in order to identify tumor 
suppressors associated with certain pathways using shRNA-, siRNA- or miRNA- 
based retroviral libraries (Brummelkamp and Bernards, 2003; Voorhoeve et al.,  
2006). These new tools could be applied in transformation screens similar to the 
screens performed in chapters 2 and 3 of this thesis.

In addition to searching for new oncogenes and genetic lesions that cooperate 
in tumorigenesis, it is also crucial to understand the mechanism by which these 
oncogenes act. In chapter 4, we described our study on association dynamics of 
Bmi1 and its recruitment to PcG-related pericentric heterochromatin with the 
ultimate goal to provide more insight into its function. Bmi1 is one of the most 
extensively studied members of the PcG proteins and was originally identified to 
collaborate with c-Myc in tumorigenesis through transcriptional repression of the 
Ink4a-Arf tumor suppressors (Jacobs et al.,  1999; van Lohuizen et al.,  1991). PcG 
proteins form different multimeric protein complexes that are functionally and 
biochemically divided into initiation- (PRC2) and maintenance- (PRC1) complexes 
(Schwartz and Pirrotta, 2007). Although PcG-related transcriptional silencing was 
considered more transient and dynamic than stable repression of hP1-related 
constitutive heterochromatin, little was reported on the actual kinetics of PcG 
proteins within the PRCs on chromatin. 

Using confocal microscopy imaging and photobleaching, we studied the stability 
and dynamic properties of Bmi1-GFP association with PcG bodies during G1 and 
G2 of the cell cycle. PcG bodies are defined subnuclear foci, where some PcG-
related pericentric heterochromatic regions are clustered. Although these loci 
were shown to represent repetitive DNA sequences homologous to chromosome 
region 1q12 (Saurin et al.,  1998; Voncken et al.,  1999), it is not entirely clear 
if other chromosomal domains or protein complexes are included. Moreover, it 
remains intriguing that these foci are mainly found in cancer cell lines rather than 
in primary cells. It is therefore interesting to explore the content and the function 
of these so called “silencing bodies” in cancer cells, which may presumably involve 
coordinated transcriptional silencing of tumor suppressor genes.

Our results indicated that the Bmi1 pool that is associated with these target 
sites is exchangeable and is composed of at least two distinct mobile fractions. 
FRAP experiments examined the association rate of Bmi1 and revealed a highly 
mobile fraction and a less mobile fraction. FLIP experiments demonstrated the 
dissociation rate of the slow mobile fraction. This supports the notion that Bmi1 
possibly acts in functionally distinct PcG complexes with different dynamics. The 
highly mobile fraction could be related to transient interactions, whereas the slow 
mobile fraction could represent the relatively stable and static interactions. PcG 
proteins are involved in maintenance and inheritance of transcriptional states 
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through cell divisions, hence changes in complex composition and dynamics 
of these proteins are possibly coupled to the cell cycle (Voncken et al.,  1999). 
Our study reveals that the Bmi1 pool associated with PcG bodies during the G2 
phase of the cell cycle is significantly more mobile than during the G1 phase. This 
could allow more flexibility and dynamic interactions during G2 after the DNA 
content is duplicated and when the epigenetic transcriptional state should be 
propagated before committing mitosis. Likewise, changes in PcG protein mobility 
has been reported for the Cbx family members during embryonic stem (ES) cell 
differentiation very recently (Ren et al.,  2008). The Cbx proteins become more 
mobile at the onset of differentiation, but the mobility decreases as differentiation 
progresses. This reflects the necessity of more dynamic and transient interactions 
during initiation of differentiation, when PcG proteins should be relocating to new 
target genes, thereby directing differentiation and determining the transcriptional 
identity of the differentiated cell (Pietersen and van Lohuizen, 2008). Altogether, 
we and others show that PcG-related repression is flexible and based on continuous 
exchange. This reflects a dynamic competition model, where PcG proteins must 
compete with other chromatin binding proteins for interaction with chromatin 
and argues against heterochromatin composing a stable and static structure with 
immobilized components.

In addition to the dynamic properties of Bmi1, we have investigated factors 
involved in its recruitment to PcG-associated heterochromatic target loci. Although 
many studies in the fly have investigated the recruitment of PRC1 by PRC2 to 
polycomb response elements through h3K27 methylation (Ringrose and Paro, 
2004), at the time only a limited number of studies were reported confirming 
this model in mammalian systems (Cao et al.,  2002; Kirmizis et al.,  2004; 
Kuzmichev et al.,  2002). We have provided further evidence that Ezh2 and Eed, 
the core components of PRC2, are crucial for Bmi1 (PRC1) recruitment to PcG 
bodies in a human cell line. This Bmi1 recruitment is partly dependent on the 
histone methyltransferase activity of Ezh2. We found that the accumulation of the 
Ezh2-dependent h3K27me3 mark on PcG bodies is cell cycle regulated, reaching 
a peak during very early S phase. These results confirm the conservation of the 
PRC1 recruitment mechanism by PRC2-dependent h3K27me3 from fly to human. 
Moreover, they suggest the involvement of additional recruitment mechanisms, 
given the transient and partial colocalization of the h3K27me3 mark with Bmi1 on 
PcG-related heterochromatin loci. Although more recent studies reinforce the link 
between PRC2-dependent h3K27me3 and the recruitment of PRC1 to a subset of 
PcG target loci in flies and mammals (Boyer et al.,  2006; Bracken et al.,  2006; 
Bracken et al.,  2007; Lee et al.,  2006b; Schwartz and Pirrotta, 2007; Tolhuis et 
al.,  2006), accumulating evidence argues for additional recruitment pathways in 
particular in mammalian systems (Francis et al.,  2004; Klymenko et al.,  2006; 
Papp and Muller, 2006; Pasini et al.,  2007; Puschendorf et al.,  2008; Ren et al.,  
2008; Schoeftner et al.,  2006; Shao et al.,  1999; Vincenz and Kerppola, 2008).
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When searching for alternative recruitment mechanisms for PRC1, we found 
that the DNA methyltransferase Dnmt1 is also required for proper Bmi1 and Ring1b 
localization to heterochromatin domains without affecting the Ezh2-dependent 
h3K27 methylation. Our study was the first to couple PcG proteins to the DNA 
methylation machinery. Interestingly, a functional link between Ezh2 and Dnmts 
was reported shortly hereafter, proposing that Ezh2 is required for the recruitment 
of Dnmts (Dnmt1, Dnmt3a and Dnmt3b) to certain Ezh2 target loci. This recruitment 
seems to be essential for subsequent DNA methylation and silencing of these loci 
(Vire et al.,  2006). Although this study suggests an appealing mechanism which 
directly links PcG-mediated repression to DNA methylation, it remains rather 
controversial. It is surprising that Ezh2 is able to directly interact with all three 
Dnmts equally in vitro and in vivo, while the different Dnmts fulfill distinct roles 
in development and cellular viability (Li, 2002). Moreover, no other studies have 
found Dnmts in purified PcG complexes from flies to mammals so far. Clearly, this 
direct interaction between Dnmts and PRC2 should be explored more thoroughly 
in the future, particularly since only very few PcG targets have been shown to be 
effected by this mechanism. Nevertheless, Dnmt recruitment by Ezh2 can stabilize 
the repressed transcriptional state by CpG methylation of the surrounding DNA, 
but it can also function as an intermediary sequential recruitment mechanism for 
PRC1 (Taghavi and van Lohuizen, 2006). 

however, more recent reports do verify a connection between the DNA 
methylation machinery and PcG-mediated gene silencing. For instance, PRC1 
proteins are frequently found associated with DNA methylation pathway members, 
such as Dnmt-associated proteins (Dmap) or methylated DNA binding domain 
(MBD) proteins, and thereby cooperate with maintenance and/or de novo DNA 
methylation in gene silencing (Negishi et al.,  2007; Sakamoto et al.,  2007; Xi et 
al.,  2007). Moreover, other studies demonstrate a mutually reinforcing interaction 
between PcG-mediated chromatin remodeling and DNA methylation in gene 
silencing in cancer cells (Gal-Yam et al.,  2008; Ohm et al.,  2007; Schlesinger et 
al.,  2007; Tanay et al.,  2007; Widschwendter et al.,  2007; Wu et al.,  2008). 
Although there seems to be a formal link between PcG-mediated transcriptional 
repression and DNA methylation, the exact molecular mechanism coupling these 
two silencing machineries needs to be investigated more carefully. 

The connection between PcG transcriptional repression and DNA methylation 
also introduces a mechanism for the propagation of PcG-related expression patterns 
through cell divisions by maintenance Dnmts in order to preserve cellular identity 
(Taghavi and van Lohuizen, 2006). Another interesting mechanism for transmission 
of the PcG-mediated epigenetic mark through the cell cycle was proposed recently. 
The maintenance of the h3K27me3 mark seems to occur by PRC2 self sufficiently 
in proliferating cells (hansen et al.,  2007). Although this model explains the 
inheritance of established PRC2-mediated h3K27 methylation in proliferating 
differentiated cells, it remains unclear if the PRC1-mediated inactive h2AUb1191 



Summary and General Discussion

125

mark is co-conducted during this process and how these marks are relocated and 
transmitted during differentiation. 

It is worth mentioning that PRC1 and PRC2 seem to function independently 
on occasions. PRC1 can be recruited to chromatin independent from PRC2 and/or 
h3K27me3. Likewise, PRC2 might not need PRC1 for maintenance of repression, 
given the recruitment of other repression mechanisms such as DNA methylation 
(Pasini et al.,  2007; Schoeftner et al.,  2006; Schuettengruber et al.,  2007; Vincenz 
and Kerppola, 2008; Vire et al.,  2006).

While much has been said about the sequential recruitment of PRC1 by PRC2 
and other potential intermediary recruitment mechanisms, the initial recruitment 
of PRC2 to PcG target loci in mammalian systems is still a black box. DNA 
sequence specific transcription factors, although appealing, have not been found 
in mammals to direct PcG proteins to target loci, which is perhaps reflected in the 
nonredundant nature of PcG binding sites (Schuettengruber et al.,  2007). Initial 
recruitment and residence of PcG proteins at the Ink4b-Arf-Ink4a locus and the 
transcriptional silencing of Ink4a and Ink4b were recently proposed to be caused 
by the absence of the Swi/Snf chromatin remodeling complex at the same locus. 
This study indicates that PcG proteins can be indirectly targeted to loci where and 
when transcriptional activators are absent (Kia et al.,  2008).

In addition to this, non-coding RNA (ncRNA) is a suitable candidate to direct 
PcG recruitment (Zaratiegui et al.,  2007). In fact, many PcG proteins, such as Ezh2, 
Eed, Suz12, Sop-2/hph1 and Cbx7, have been found to encompass RNA binding 
potential (Bernstein et al.,  2006; hall, 2005; Rinn et al.,  2007; Zhang et al.,  2004; 
Zhao et al.,  2008). Notably, small regulatory ncRNA-related pathways, such as the 
RNAi and miRNA machinery, have been connected to PcG-mediated transcriptional 
gene silencing recently (Grimaud et al.,  2006; Kim et al.,  2006; Kim et al.,  2008). A 
prominent example of long ncRNA-associated epigenetic silencing by PcG proteins 
is the mammalian X chromosome inactivation instigated by Xist RNA (Masui and 
heard, 2006). Although the detailed mechanism by which Xist induces silencing 
remains unclear, this ncRNA is linked to PRC2 recruitment and h3K27 methylation 
during X chromosome inactivation (Plath et al.,  2003). Just recently a repetitive 
RNA sequence, RepA, which is encoded by Xist, was discovered to interact with 
PRC2 and was shown to be required for PRC2-dependent h3K27 methylation 
and X chromosome inactivation (Zhao et al.,  2008). Another elegant study 
strengthened the link between ncRNAs and PcG recruitment and transcriptional 
silencing by identifying the ncRNA, hOTAIR, within the human hoxC locus. hOTAIR 
RNA interacts with PRC2 and is required for PRC2 recruitment, h3K27 methylation 
and the subsequent silencing of the human hoxD locus in trans (Rinn et al.,  
2007). Additionally, two recent studies demonstrate an important role for another 
regulatory ncRNA, Kcnq1ot1, in recruitment and establishment of PcG-induced 
gene silencing of imprinted Kcnq locus in placenta (Pandey et al.,  2008; Terranova 
et al.,  2008). Altogether, ncRNAs appear to be suitable as recruiting factors for 



126

Chapter 5

PcG proteins and the PcG-mediated transcriptional silencing and therefore are an 
important area of future research. 

ncRNAs are of particular interest due to the possibility of the combination of 
variable DNA sequence recognition and many tertiary structure-conformation 
possibilities, making it more probable to adapt to and interact with diverse protein 
complexes and DNA at the same time. This highly adaptable recruitment mechanism 
can possibly explain the current non conserved interactions of PcG proteins with 
chromatin and the regulatory diversity and complexity of PcG-mediated epigenetic 
programming.

 Finally, various recruitment possibilities, protein complex diversity and the 
dynamic association of PcG proteins with chromatin, render the PcG-mediated 
transcriptional program extremely flexible. This flexibility is prerequisite to the 
concerted epigenetic regulation during embryogenesis but also to maintain stable 
transcriptional states, while staying receptive and adaptable to environmental 
changes in adult life. 
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Een kankercel ontstaat wanneer het genexpressie patroon van een gezonde cel 
zodanig verandert dat deze cel een nieuwe identiteit aanneemt. Dit wordt ook wel 
transformatie genoemd en is verantwoordelijk voor ongeremde celdeling zonder 
juiste communicatie tussen de groeiende cel en zijn extracellulaire omgeving. 
Om een gezonde cel te kunnen transformeren in een kankercel, moeten er 
verscheidene veranderingen in het genoom van de gezonde cel plaatsvinden. De 
voor de ontspoorde groei en deling van kankercellen verantwoordelijke genetische 
en epigenetische mutaties kunnen simpelweg gezien worden als veranderingen 
die oncogenen (kanker bevorderende genen) aanzetten en/of tumor suppressor 
genen (kanker remmende genen) uitzetten. hoewel deze mutaties willekeurig 
plaatsvinden, is er continu een selectie voor die mutaties die met elkaar 
gedurende de tumorgenese een steeds meer maligne fenotype van de tumor 
veroorzaken. het is essentieel om samenwerking tussen de verschillende kanker 
veroorzakende mutaties te vinden én om het mechanisme te begrijpen hoe deze 
mutaties samenwerken en tumorgenese induceren. Deze kennis is cruciaal om 
gemeenschappelijke kanker gerelateerde pathways te kunnen ontdekken die 
vervolgens met nieuwe en specifiekere medicijnen getarget kunnen worden. 
het model van “oncogene samenwerking” werd een aantal jaren geleden ge-
ïntroduceerd toen bleek dat de additie van twee oncogenen (Myc en Ras) 
voldoende was om gezonde (knaagdier) cellen te transformeren. 

Gemuteerde Ras of Myc oncogenen werden daarna al snel gevonden in een 
breed scala aan humane tumoren, waardoor deze oncogenen het onderwerp 
van intensief onderzoek werden. Een gedeelte van het onderzoek beschreven in 
dit proefschrift behandelt de zoektocht naar nieuwe oncogenen die in staat zijn 
om met c-Myc of Ras samen, tumorgenese te induceren. Daarnaast omvat het 
onderzoek in dit proefschrift het achterhalen van het werkingsmechanisme van 
een van de oncogene collaborateurs met c-Myc, Bmi1.

hoewel c-Myc en Ras legitieme oncogenen zijn, is de afwijkende expressie of 
activiteit van elk van deze oncogenen afzonderlijk niet voldoende om tumorvorming 
te induceren. Deze oncogenen werken altijd samen met andere geactiveerde 
oncogenen of geïnactiveerde tumor suppressor genen. Een van de tumor 
suppressor genen die de cel beschermt tegen de oncogene activiteit van c-Myc 
of Ras, is p19Arf. In hoofdstuk 2 en 3 beschrijven we verschillende genetische 
“gain-of-function” screens opgezet om potentiële oncogenen te ontdekken die 
samenwerken met c-Myc of RasV12 (constitutief geactiveerde vorm van Ras), als 
de tumor suppressor p19Arf nauwelijks aanwezig is. We hebben van Tbx2, een van 
de p19Arf repressors, gebruik gemaakt om p19Arf expressie in embryonale muis 
fibroblasten (MEFs) te verlagen. Co-expressie van c-Myc en Tbx2, of van RasV12 en 
Tbx2, leidt tot immortalisatie van MEFs en maakt ze gevoeliger voor transformatie. 
Met dit celsysteem konden we cDNA expressie libraries screenen voor genen die 



136

Nederlandse Samenvatting

in combinatie met de bovengenoemd aanwezige genen transformatie konden 
veroorzaken.

In hoofdstuk 2 behandelen we de gevonden genen die collaboreren met c-Myc 
en Tbx2. Van de 12 genen die tot verschillende cellulaire pathways behoren, is er 
een die we als lysophosphatidic acid receptor 2 (LPA2) geïdentificeerd hebben. LPA 
is een lipide groeifactor die verschillende groei stimulerende pathways aanzet die 
verantwoordelijk zijn voor diverse biologische processen. Nadat we deze studie 
uitbreidden naar andere LPA receptor familieleden, vonden we dat naast LPA2, 
LPA1 en LPA4, maar niet LPA3, in staat waren om transformatie te induceren in 
combinatie met c-Myc en Tbx2, zowel in vitro als in vivo. Deze studie toont verder 
aan dat de beschreven transformatie in mechanistische zin afhankelijk is van Gi-
linked Erk en PI3K signalering pathways. Veranderde LPA receptor expressie en 
ontregelde LPA signalering is eerder in verband gebracht met tumor progressie 
en metastase van verschillende humane maligniteiten. Onze studie is echter de 
eerste die een directe rol van LPA receptor signalering laat zien bij de initiatie 
fase van tumorvorming. Dit gegeven is vooral interessant voor onderzoek 
naar eierstokkanker waarbij afwijkende LPA signalering, Myc overexpressie en 
afwezigheid van the p53 tumor suppressor (downstream target van p19Arf) tot de 
vaak in deze tumoren gevonden afwijkingen behoren. het onderzoek beschreven 
in hoofdstuk 2 brengt ons een stap verder bij het verzamelen van direct bewijs 
voor een link tussen LPA signalering en het ontstaan van kanker, en benadrukt 
daarmee het belang van de ontwikkeling van specifieke medicijnen die op deze 
pathway aangrijpen.

Hoofdstuk 3 van dit proefschrift beschrijft het onderzoek naar nieuwe 
oncogene partners van Ras, wanneer p19Arf niveaus laag zijn. We hebben 
twee onafhankelijke genetische screens uitgevoerd in verschillende genetische 
achtergronden waarin we een gen (interleukin enhancer binding factor 1, ILF1) 
vonden dat samenwerkt met RasV12 en Tbx2 gedurende transformatie. hoewel 
ILF1, een lid van de forkhead box (Fox) transcriptie factor familie, in eerste 
instantie een goede kandidaat betrokken bij cellulaire transformatie leek, bleek 
het om een vals positieve “hit” te gaan. De meest voor de hand liggende reden 
waarom we weinig succes hadden met deze screens is de hoge transformatie 
achtergrond. Desalniettemin, is het onderzoek naar oncogene partners van Ras 
nog steeds interessant. Ras en Myc functioneren in complementaire pathways 
die nauw samenwerken gedurende transformatie en oncogenese. Er is echter 
weinig bekend over de specifieke pathways die Myc activeren of die door Myc 
geactiveerd worden tijdens tumorgenese. Daarom kan het screenen van genen, 
die met de Ras pathway samenwerken tijdens oncogenese nog steeds interessante 
resultaten opleveren, omdat het screenen voor Ras collaborateurs mogelijk nieuwe 
componenten in de Myc pathway oplevert. Echter dan zal een andere strategie 
gebruikt moeten worden dan in dit hoofdstuk beschreven.

Behalve het zoeken naar nieuwe oncogenen en genetische mutaties die tijdens 
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tumorgenese samenwerken, is het ook van belang het werkingsmechanisme van 
oncogenen te achterhalen. In hoofdstuk 4 beschrijven we onze studie van het 
oncogen Bmi1. Bmi1 is een van de meest bestudeerde leden van de PcG eiwitten 
die oorspronkelijk geïdentificeerd werd door zijn samenwerking met c-Myc tijdens 
tumorgenese. Deze samenwerking is gebaseerd op de epigenetische downregulatie 
van de Ink4a-Arf tumor suppressors door Bmi1. In dit hoofdstuk hebben we de 
associatie kinetiek van Bmi1 op de heterochromatine loci en het mechanisme 
waarmee Bmi1 wordt gerekruteerd naar deze loci bestudeerd om zo meer inzicht 
in de functie van Bmi1 te verkrijgen. 

PcG eiwitten behoren tot een grote familie van epigenetische transcriptie 
repressors, welke functioneren als hoofdregulatoren van genexpressie en 
verantwoordelijk zijn voor het onderhouden en overerven van zogenaamde 
onderdrukte genexpressie patronen. Epigenetische controle van genexpressie om-
vat alle mechanismen die genexpressie beïnvloeden zonder dat de DNA sequentie 
wordt veranderd. hierbij behoort ook DNA methylatie dat verantwoordelijk is 
voor stabiele repressie van genexpressie. Zoals gezegd, is het genexpressiepatroon 
essentieel voor de cellulaire identiteit tijdens ontwikkeling en ziekte. Van PcG 
eiwitten wordt gedacht dat ze betrokken zijn bij stamcel identiteit en kanker door 
het bepalen van de identiteit van een cel tijdens proliferatie en differentiatie. 
Deze eiwitten bevinden zich in multimere eiwitcomplexen die functioneel en 
biochemisch in initiatie- (PRC2) en onderhouds- (PRC1) complexen kunnen worden 
verdeeld. hoewel er werd gedacht dat PcG-gerelateerde transcriptionele silencing 
dynamisch en flexibel moest zijn, was er weinig bekend over de eigenlijke kinetiek 
van de interacties van PcG eiwitten op het chromatine.

Wij hebben de stabiliteit en dynamische eigenschappen van Bmi1 tijdens G1 
en G2 van de cell cyclus bestudeerd met behulp van photobleaching en confocale 
laser microscopie. We hebben zogenaamde PcG bodies (PcG-geassocieerde 
heterochromatine target loci) in humane kanker cellen als model gebruikt voor 
PcG eiwit target loci. Dit zijn domeinen in de celkern waar vermoedelijk PcG eiwit 
target loci samen zijn geclusterd. 

Onze resultaten laten zien dat het Bmi1 dat is geassocieerd met deze 
bindingsplaatsen, uitwisselbaar is en bestaat uit twee verschillende mobiele fracties; 
een snelle en een langzame mobiele fractie. Dit ondersteunt de hypothese dat 
Bmi1 mogelijk werkt in verschillende functionele PcG complexen met verschillende 
dynamische eigenschappen. Verder laat onze studie ook zien dat de mobiliteit van 
Bmi1 in associatie met PcG bodies verandert gedurende de verschillende stadia 
van de cel cyclus. Deze vinding kan ondermeer belangrijk zijn voor het overerven 
van genexpressiepatronen tijdens de celdeling.

Naast de dynamische eigenschappen van Bmi1, hebben we factoren 
onderzocht die betrokken zijn bij de rekrutering van Bmi1 naar PcG-geassocieerde 
heterochromatine target loci. Een van de rekruteringsmodellen voor PcG 
eiwitten naar hun target loci is de opeenvolgende rekrutering van PRC1 door 
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PRC2. Dit mechanisme wordt geactiveerd door het methyleren van histonen 
(h3K27me3 merk) op het chromatine door het enzymatisch actief PRC2-lid 
Ezh2. PRC1 wordt vervolgens gerekruteerd naar deze loci door binding van Cbx 
eiwitten aan gemethyleerde histonen. hoewel dit mechanisme is aangetoond 
voor het rekruteren van PcG eiwitten naar sommige loci in de vlieg, waren er 
destijds weinig studies die dit principe in zoogdier cellen getest hadden. Wij 
hebben aangetoond dat de belangrijkste componenten van PRC2, Ezh2 and 
Eed, cruciaal zijn voor Bmi1 (PRC1) rekrutering naar PcG bodies in humane 
cellen. Bmi1 rekrutering is hier afhankelijk van de histon methyltransferase 
enzymatische activiteit van Ezh2. Wij hebben verder gevonden dat accumulatie 
van Ezh2 afhankelijke histon methylatie markering, gereguleerd is tijdens de cel 
cyclus en zeer vroeg in de S-fase een piek bereikt. Deze resultaten bevestigen 
de conservering van het PRC1 rekruteringsmechanisme door PRC2 afhankelijke 
h3K27me3 van vlieg tot mens. Bovendien suggereren onze resultaten dat 
alternatieve rekruteringsmechanismen hierbij betrokken moeten zijn, omdat 
de h3K27me3 markering tijdelijk en gedeeltelijk met Bmi1 colokaliseert op PcG-
gerelateerde heterochromatine loci. Tijdens ons onderzoek naar alternatieve 
rekruteringsmechanismen voor PRC1, vonden we dat Dnmt1, een enzym 
verantwoordelijk voor het onderhouden van DNA methylatie patronen, nodig is 
voor juiste Bmi1 en Ring1b (een ander PRC1 eiwit) lokalisatie op PcG bodies. 

Samengevat heeft deze studie aangetoond dat PcG gestuurde repressie 
flexibel en dynamisch is, en bevestigt dat PRC1 door PRC2 wordt gerekruteerd 
naar PcG-gerelateerde heterochromatine loci in humane cellen. Verder wordt er 
een additioneel rekruteringsmechanisme door de DNA methylatie machinerie 
voor PRC1 gepostuleerd, waarbij verschillende epigenetische regulatie 
mechanismen met elkaar in verband kunnen worden gebracht.

In essentie laat het onderzoek gepresenteerd in dit proefschrift op de eerste 
plaats de zoektocht naar nieuwe oncogene partners van c-Myc en Ras zien. Wij 
vonden dat LPA receptor signalering samenwerkt met c-Myc tijdens transformatie 
en tumorgenese zowel in vitro als in vivo, wanneer p19Arf tumor suppressor 
niveaus gereduceerd zijn. het tweede deel van dit proefschrift behandelt het 
onderzoek naar de dynamiek en het rekruteringsmechanisme van Bmi1, een van 
de oncogene partners van c-Myc. hoewel de gevonden resultaten een belangrijke 
bijdrage leveren aan onze kennis op welke wijze PcG eiwitten interacteren en 
gerekruteerd worden naar bepaalde target loci, is verder onderzoek nodig om 
de functionele activiteit van PcG eiwitten aan hun dynamische eigenschappen 
te kunnen koppelen. Bovendien zal een meer gedetailleerde analyse de initiële 
rekrutering van PRC2 leden moeten ophelderen en het biologische belang van 
de link tussen DNA methylatie en PcG-gerelateerde transcriptionele silencing voor 
het voetlicht moeten brengen.
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