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Cancer is the result of a multi-step process in 
which cells acquire features that enable them 
to divide uncontrollably and to metastasize. 
Crucial steps in transformation of normal 
cells into malignant cells are the ability of 
cells to be self-sufcient in growth signals 
and to be insensitive to growth-inhibitory 
signals (Hanahan and Weinberg, 2000). As a 
consequence the cell cycle will be deregulated 
in favour of continues growth. The cell cycle 
is the period from one cell division to the 
next and can be divided into four phases. 
In G1, the rst phase, mitogenic stimulation 
results in activation of cell cycle dependent 
kinases like Cyclin D1/CDK4 and Cylin E/
CDK2, which activate proteins involved in 
DNA replication and inhibit proteins that 
retain cells in a non-dividing state (Dulic 
et al., 1992; Koff et al., 1992; Morgan, 
1997; Quelle et al., 1993). Cells that are 
not stimulated to divide in G1 enter the G0 
state and can remain quiescent for longer 
periods of time. However, activated cells will 
enter the second phase, S-phase, in which 
DNA is duplicated and here for the activity 
of cyclin A/CDK2 is required (Rosenblatt et 
al., 1992). A schematic representation of the 
cell cycle and in which stages these different 
CDK/ Cyclin complexes are active is depicted 
in Figure 1. In G2-phase cells ensure that 
the DNA is properly replicated and that the 
conditions are right for the nal separation of 
sister chromatids and cytokinesis in M-phase 
or mitosis (Smits and Medema, 2001).
In cancer the transition from G1-phase to S-
phase is often deregulated due to altered gene 
function. Continues growth signalling can be 
a consequence of mutations in extracellular 
receptors or intracellular signal transducers, 
like the EGF receptor and Ras (Riese et al., 
2007; Schubbert et al., 2007). However, 
it can also be due to amplications of cell 
cycle activating proteins such as Cyclin D1 
and cyclin E or loss of negative regulators of 
the cell cycle such as the CDK inhibitors p21 

and p27 (Malumbres and Barbacid, 2001). 
Also loss of a functional Retinoblastoma (Rb) 
protein, which inhibits cell cycle progression 
by inhibiting the E2F transcription factor 
family that activate genes that are crucial 
for G1/S transition, is a frequent event in 
human cancers (Dannenberg and te Riele, 
2006).
The basis of altered gene function often 
lies in genetic changes, which result in 
activation of oncogenes or repression 
of tumour suppressor genes. However, 
it has become increasingly clear that 
epigenetic abnormalities can contribute to 
tumourigenesis as well by altering patterns 
of gene expression (Jones and Baylin, 2007; 
Lund and van Lohuizen, 2004). Epigenetics 
can be described as the heritable changes in 
gene expression that are not accompanied 
by changes in DNA sequence. These include 
covalent modication of DNA and histone 
proteins, such as methylation. Silencing 
modications will result in recruitment 
of proteins, which change the chromatin 
structure in a densely packed transcriptional 
inactive state. On the other hand activating 
modications will recruit proteins that open 
the chromatin to make it accessible for 

Introduction

Molecular Mechanism of cancer development 

G1

G2 S

M

G0

CDK4/ Cyclin D

CDK2/ Cyclin E

CDK2/ Cyclin A

CDK1/ Cyclin B

Figure 1. Schematic representation of CDK activity 

during different stages of the cell cycle. Lines show 

the overlapping activity ranges of different CDK/ Cyclin 

complexes.



10

the transcription machinery (Kouzarides, 
2007). A marked example of epigenetic 
deregulation is the polycomb repressor gene 
BMI1, which overexpression in mouse cells 
has been shown to silence the INK4A locus 
that encodes for the tumour suppressor 
proteins p16 and p19ARF (Jacobs et al., 
1999). Furthermore, BMI1 has been found 
overexpressed in several human tumours, 
suggesting that alterations in gene silencing 
indeed may contribute to tumourigenesis 
(Sparmann and van Lohuizen, 2006). The 
importance of epigenetic changes versus 
DNA mutations in cancer development was 
further underscribed by studies showing 
hypermethylation and thereby repression of 
promoter regions of tumour suppressor genes 
like Rb, VHL (von Hippel-Lindau), MLH1 and 
p16 (Gal-Yam et al., 2007).  Based on these 
ndings it has been proposed that promoter 
methylation can act in a similar way to gene 
mutation in cancer development.

DNA damage responses
Every cell division has a potential risk of 
creating a mistake in the genetic code. As 
a consequence the risk of developing cancer 
will increase with age (Serrano and Blasco, 
2007). Moreover, the chance of genetic 
mutations is increased by exposure to DNA 
damage inducing agents such as UV light. 
Cells have evolved several mechanisms 
to protect themselves from DNA damage 
induced genetic abnormalities. Proteins like 
ATM and ATR will sense DNA damage and 
activate a genotoxic stress checkpoint that 
induces a cell cycle arrest or activation of 
repair proteins (Bartek and Lukas, 2007). 
Unrestorable damage will result in a 
permanent cell cycle arrest or apoptosis, 
depending on the cell type.  
A central player in the DNA damage response 
is the transcription factor p53. In response 
to double strand breaks ATM will activate the 
CHK2 kinase (Matsuoka et al., 1998) that in 
turn will phosphorylate the p53 N-terminus 
(Chehab et al., 2000; Hirao et al., 2000; 
Shieh et al., 2000). This phosphorylation 
interferes with p53 binding to MDM2 (Chehab 
et al., 1999; Shieh et al., 1997; Siliciano et 
al., 1997). Signicantly, MDM2 functions 

both in inhibiting p53 transcriptional activity 
and as a p53 E3-ligase (Michael and Oren, 
2003). Therefore, phosphorylation of p53 in 
response to DNA damage will allow for its 
stabilization and activation. The key role of 
p53 in a DNA damage induced G1 arrest is 
mediated through its transcriptional target 
gene p21Cip1 (el-Deiry et al., 1993),a cell cycle 
inhibitor that exerts its function by inhibiting 
CDK-cyclin complexes (Harper et al., 1993). 
Additionally, p53 can induce apoptosis by 
inducing transcription of proteins of the 
apoptotic machinery, such as Bax and Puma 
(Miyashita and Reed, 1995; Nakano and 
Vousden, 2001). Further, degradation of 
crucial cell cycle proteins can contribute to 
a G1 cell cycle arrest, such as the increased 
proteolysis of Cyclin D1, Cdc6 and Cdc25A 
(Agami and Bernards, 2000; Duursma and 
Agami, 2005; Mailand et al., 2000).
The importance of a proper DNA damage 
response is clear from a large number of 
heritable human diseases that arise from 
defects in checkpoints or DNA damage repair 
functions (Shiloh, 2003). Examples are the 
mutations in genes as ATM or BRCA1, which 
highly increase the risk of developing cancer. 
Patients with mutated ATM are diagnosed 
with the Ataxia telangiectasis syndrome and 
are immune decient and are particularly 
predisposed to leukaemia’s and lymphomas. 
Patients with a mutation in BRCA1 (Breast 
cancer 1) have an increased risk to develop 
breast cancer or ovarian cancer. Also in non-
heritable forms of cancer genes participating 
in DNA damage responses are often lost. p53 
is considered as one of the most important 
tumour suppressor proteins and its function 
is impaired in a large percentage of human 
tumours (Levine, 1997).

DNA replication
In S-phase, DNA is replicated in a tightly 
regulated manner to ensure proper 
duplication of the genome. In G1-phase of 
the cell cycle DNA replication is initiated at 
origins of replication, by binding of Cdc6 
to the Origin Recognition Complex (ORC) 
(Liang et al., 1995) (Figure 2). This allows 
binding of Cdt1, which is a loading factor for 
the minichromosome maintenance (MCM) 
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complex (Maiorano et al., 2000), a putative 
replicative helicase (Blow and Dutta, 2005). 
This prereplication complex (preRC) is 
triggered for replication at the onset of S-
phase by binding of MCM10 (Wohlschlegel 
et al., 2002) and phosphorylation of preRC 
proteins by CDK2/Cyclin E and Cdc7/Dbf4. 
This facilitates the loading of Cdc45 and DNA 
polymerase-alpha (Arias and Walter, 2007). 
The activation of pre-RCs does not only 
account for accurate timing of replication, 
but also converts pre-RCs into post-RCs, 
which are not competent for initiation of 
replication.
The binding of Cdc6 and Cdt1 to the ORC 
complex in G1-phase is thought to be the 
limiting step in initiation of DNA replication 
and is therefore called replication licensing. 
To ascertain proper timing of origin licensing, 
both Cdt1 and Cdc6 are regulated by multiple 
pathways. Since both genes are targets of 
transcription factors of the E2F family, their 
expression increases in G1 when E2Fs are 
active (Hateboer et al., 1998; Yoshida and 
Inoue, 2004). To prevent re-licensing of 
replication origins Cdt1 is degraded in the 
beginning of S-phase by ubiquitin mediated 
proteolysis. In humans, two E3 ligases 
are involved in Cdt1 degradation, CUL4-
DDB1CDT2 and SCFSkp2 (Li et al., 2003; 
Nishitani et al., 2006). In addition direct 
binding of Cdt1 to Geminin will inhibit its 
function (Wohlschlegel et al., 2000). Cdc6 

protein stability has been shown to be 
regulated by the E3 ligase APCCdh1 (Petersen 
et al., 2000). Interestingly, serine 54 
phosphorylation of Cdc6 by CDK2/ cyclin 
E stabilizes the protein by interfering with 
APCCdh1 mediated regulation (Duursma and 
Agami, 2005), which will be discussed in 
this thesis. Subsequently, it was shown by 
others that phosphorylation of this site by 
cyclin E plays a role in exit from quiescence 
and entrance into the cell cycle (Mailand and 
Difey, 2005).
Cells have evolved several checkpoints that 
prevent DNA replication in case of DNA 
damage. One of these checkpoints inhibits 
origin ring by downregulating the levels of 
licensing proteins. Cdt1 has been described 
to be degraded in response to gamma-
irradiation in an ATM independent manner by 
the Cul4-Roc1 E3 ligase (Higa et al., 2003) 
or in an ATM and ATR dependent manner 
upon treatment with both UV and gamma-
irradiation by the SCFSkp2 E3-ligase (Kondo et 
al., 2004). We found that also the licensing 
protein Cdc6 is degraded upon gamma-
irradiation in a p53-dependent manner 
(Duursma and Agami, 2005) (described 
in this thesis). It has been reported by 
others that Cdc6 can also be degraded 
in a p53 independent manner, possibly 
by the Huwe1 E3 ligase (Blanchard et al., 
2002; Hall et al., 2007). This indicates that 
following DNA damage both Cdt1 and Cdc6 
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protein abundance are regulated by multiple 
pathways as well, perhaps signifying the 
prevention of origin licensing in cells with 
damaged DNA.
Deregulation of initiation of DNA replication 
can be linked to cancer in several ways. It 
was shown that rereplication of the genome 
can be induced by deregulation of licensing 
factors. Overexpression of Cdt1 and Cdc6 
along with Cyclin A resulted in rereplication 
of human cancer cells with inactive p53 
(Vaziri et al., 2003). Further, loss of Geminin 
was shown to induce rereplication in the 
presence of functional p53 (Melixetian et al., 
2004).
Interestingly, a role for aberrant DNA 
replication was suggested in oncogene 
induced senescence (Bartkova et al., 
2006; Di Micco et al., 2006). Oncogene 
activation, such as expression of active 
RasV12, resulted in augmented numbers 
of active replication origins and changes 
in replication fork progression (Di Micco et 
al., 2006). This in turn resulted in a partly 
replicated and rereplicated genome, which 
induced senescence via activation of the 
DNA damage checkpoint. Abrogation of this 
checkpoint could prevent oncogene-induced 
senescence and resulted in tumour growth 
in a mouse model (Di Micco et al., 2006).  

Epigenetics
In mammals, epigenetic gene silencing 
can be regulated by direct modications of 
DNA, but also by modications of histones, 
protein complexes around which the DNA 
is enfolded. DNA can be modied by DNA 
methyltransferases (DNMTs), which transfer 
methyl groups from a S-adenosyl methionine 
(SAM) methyl donor to cytosine residues 
in DNA at CpG dinucleotides. These CpG 
dinucleotides are underrepresented in the 
genome apart from discrete regions with high 
CpG content that are called CpG islands and 
these occur mostly in gene promoter regions 
and in repetitive DNA sequences (Gal-Yam 
et al., 2007). Histones can be modied at 
many sites by many different proteins, but 
two important families of proteins are the 
Polycomb group (PcG) proteins and the 
Thritorax Group (TrxG). The PcG proteins 

are assembled in complexes that can initiate 
repression by methylation of lysines such 
as histone H3 lysine 27 (H3K27) in histone 
tails, and complexes that maintain silencing 
by facilitating additional remodelling of the 
chromatin (Schuettengruber et al., 2007). 
The activity of silencing complexes can be 
counteracted by complexes that promote 
transcriptionally active chromatin. During 
development the Thritorax Group (TrxG) 
antagonizes the effects of PcG group 
proteins by methylating histone H3K4 and 
thereby marking the chromatin as active 
(Schuettengruber et al., 2007). Mixed 
Lineage Leukemia 1 (MLL1) is a human 
TrxG homologue and a novel regulatory 
mechanism of this gene will be discussed in 
chapter 5. 

Genomic DNA methylation of cytosines 
can be established by the ‘de novo’ 
methyltransferases Dnmt3a and Dnmt3b, 
which are able to methylate unmethylated 
DNA during early development and 
gametogenesis (Okano et al., 1999). This 
genomic imprinting coincides with their high 
expression in embryonic stem cells, whereas 
Dnmt3a and Dnmt3b are expressed to a low 
extent in differentiated somatic cells (Okano 
et al., 1998). On the other hand Dnmt1, 
the maintenance DNA methyltransferase, 
is merely expressed in somatic cells. It has 
a strong preference for hemi-methylated 
DNA and was shown to be the factor that 
preserves methylation marks on newly 
synthesized DNA during DNA replication 
(Gruenbaum et al., 1982; Leonhardt et al., 
1992). Inactivation of a single Dnmt in mice 
results in embryonic lethality or the mice die 
shortly after birth, indicating that all three 
methyltransferases are essential for normal 
development (Li et al., 1992; Okano et al., 
1999). 
Although Dnmt3a and Dnmt3b have 
overlapping functions in imprinting of genes, 
Dnmt3b was shown to be essential for 
methylation of centromeric minor satellite 
repeats (Okano et al., 1999; Xu et al., 
1999). Furthermore, inactivating mutations 
in the human Dnmt3b gene were linked 
to the Immunodeciency, Centromeric 
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region instability and Facial anomalies (ICF) 
syndrome (Xu et al., 1999) and in all tissues 
of these patients reduced methylation of 
the minor satellite repeats was observed 
(Jeanpierre et al., 1993). Interestingly, 
lymphocytes of these patients show a high 
frequency of chromosomal abnormalities of 
chromosome 1, 9 and 16 such as centromeric 
decondensation and chromosome and 
chromatid breaks that are mostly restricted 
to the juxtacentromeric regions. In addition, 
multiradiate structures of chromosomes are 
observed (Maraschio et al., 1988; Sumner 
et al., 1998; Tuck-Muller et al., 2000). 
ICF patients are also characterized by low 
numbers of T-cells and this was recapitulated 
in a mouse model for the ICF syndrome. In 
this model an ICF-like mutation in Dnmt3b 
was shown to result in decreased T-cell 
survival (Ueda et al., 2006). From a study 
with conditional Dnmt3b knock-out mice it 
appeared that Dnmt3b is not involved in 
lymphoid lineage differentiation, but it does 
play a critical role in hematopoietic stem cell 
renewal (Tadokoro et al., 2007). 

Initially, aberrant DNA hypomethylation 
was proposed to play a role in cancer, 
since tumour cells were shown to have a 
reduced content of methylated cytosines 
and a reduced amount of methylated genes 
(Feinberg and Vogelstein, 1983; Gama-Sosa 
et al., 1983). This hypomethylation was 
shown to result in reactivation of imprinted 
oncogenes, which in the case of Insulin 
Growth Factor 2 (IGF2) was associated with 
an increased risk for colon cancer (Cui et al., 
2003; Sakatani et al., 2005). In addition, 
DNA hypomethylation was shown to promote 
chromosomal instability and it was shown to 
be sufcient to induce T-cell lymphomas in a 
mouse model (Eden et al., 2003; Gaudet et 
al., 2003).
In contrast, DNA hypermethylation of 
promoter regions was shown to promote 
tumourigenesis by repressing tumour 
suppressor gene activity. CpG islands in 
the promoter of the Rb tumour suppressor 
gene were the rst discovered aberrantly 
methylated sequences in cancer (Greger 
et al., 1989). This was followed by 

several studies showing that promoter 
hypermethylation correlated with reduced 
expression, such as methylation of the p16 
gene in bladder cancer (Gonzalez-Zulueta 
et al., 1995) and the mismatch repair gene 
hMLH1 in colon cancer (Kane et al., 1997). 
From the above it is clear that a tight control 
of DNA methyltransferase abundance is 
required. In chapter 4 of this thesis we 
describe a novel regulatory mechanism of 
Dnmt3b by a miRNA family.

MicroRNAs
MicroRNAs (miRNAs) are endogenous non-
coding single-stranded RNAs of about 19-
25 nucleotides, which function as negative 
regulators of protein coding mRNA sequences 
(Bushati and Cohen, 2007). According to 
computational studies each miRNA can 
regulate hundreds of mRNA targets and more 
than 30% of animal genes may be miRNA 
targets (Brennecke et al., 2005; Krek et al., 
2005; Lewis et al., 2005; Xie et al., 2005). 
Therefore it is not surprising that miRNA 
have been implicated in regulation of many 
biological processes, such as differentiation, 
apoptosis and metabolism (Bushati and 
Cohen, 2007). 
miRNAs are generally transcribed by 
RNA polymerase II into large pri-miRNA 
transcripts (Cai et al., 2004; Lee et al., 
2004), which are processed by the RNase III 
enzyme Drosha and it’s co-factor Pasha into 
a approximately 70 nucleotide pre-miRNA 
that is folded in the characteristic stem-loop 
structure (Lee et al., 2003)(Figure 3). This 
pre-miRNA will be exported to the cytosol by 
RAN-GTP and exportin 5 (Lund et al., 2004; 
Yi et al., 2003), where it will be processed 
further by Dicer, another RNase III enzyme 
(Hutvagner et al., 2001). Dicer cuts the 
loop of pre-miRNAs to generate a double 
stranded mature miRNA of which one strand 
will be loaded onto the miRNA-associated 
multiprotein RNA-induced silencing complex 
(miRISC), which directs the miRNA to its 
target mRNA (Carmell and Hannon, 2004).  
Several studies indicate that nucleotides 2-
8 of the 5’ end of the mature miRNA (the 
miRNA seed) are important in mRNA target 
recognition (Doench and Sharp, 2004; Lewis 
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et al., 2005). In animals, miRNAs exert 
their function by binding with imperfect 
complementarity to the 3’UTR of protein 
coding mRNA sequences. This  results in 
translational repression and enhanced RNA 
decay, possibly through reduced adenylation 
of the mRNA (Standart and Jackson, 2007). 
However, it has also been described that in 
case of near-perfect homology of the miRNA 
with the 3’UTR, the target mRNA can be 
cleaved in manner similar to siRNA-guided 
cleavage (Yekta et al., 2004). Also in plants 
miRNAs bind target mRNA with very high 
sequence complementarity and can induce 
both translational repression or siRNA-
like RNA cleavage (Chen, 2004; Llave et 
al., 2002; Rhoades et al., 2002). However, 
in contrast to mammalian miRNAs, which 
target 3’UTRs, most plant miRNAs target 
protein coding sequences (CDS). Currently, 
no functional miRNA binding sites have been 
identied in mammalian CDS, nevertheless, 
computational approaches predict that CDS 
miRNA targets are present in mammals as 
well (Miranda et al., 2006). In this thesis we 
show for the rst time an example of a human 

miRNA that regulates the protein abundance 
of Dnmt3b by binding to its coding region 
with high sequence complementarity. 

With the possibility of miRNAs to regulate 
key cellular processes like cell growth and 
apoptosis, impaired miRNA expression has 
been implicated in tumourigenesis. Like 
protein encoding genes, deregulation of 
miRNA encoding genes can occur through 
genetic alterations such as amplications, 
deletions and point mutations. One of the 
rst examples was the frequent deletion of 
miR-15a and miR-16-1 in chronic lymphocytic 
leukemia (CLL) (Calin et al., 2002), which 
where shown later to negatively regulate 
the anti-apoptotic oncogene BCL2 (Cimmino 
et al., 2005). Also certain transcripts of 
the let-7 miRNA family were shown to 
be down-regulated in human lung cancer 
and this correlated with decreased post-
operative survival (Takamizawa et al., 
2004). This suggested a role for let-7 as 
a tumour suppressor and this was further 
supported by evidence that the let-7 family 
can negatively regulate Ras (Johnson et al., 
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2005). In addition, it has been shown that 
let-7 can regulate the HMGA2 oncogene (Lee 
and Dutta, 2007; Mayr et al., 2007). Notably, 
HMGA2 translocates in certain leukaemia’s 
thereby losing its 3’UTR with let-7 target 
sites, which renders the HMGA2 fusion 
protein insensitive to let-7 regulation. 
Conversely, the expression of other miRNAs 
was found increased in tumours, such as 
the miR-17-92 cluster on chromosome 13 
that was shown to be amplied in human 
B-cell lymphoma’s (He et al., 2005).  
Remarkably, this cluster was shown to be 
upregulated by MYC and to modulate E2F1 
expression (O’Donnell et al., 2005), but 
also to collaborate with MYC by accelerating 
tumourigenesis in a mouse B-cell lymphoma 
model (He et al., 2005). In addition, miR-
372 and miR-373 have been identied from 
a genetic screen for miRNAs that cooperate 
with oncogenic RAS to transform primary 
human cells, thereby bypassing activation of 
the p53 pathway (Voorhoeve et al., 2006). 
Interestingly, these miRNAs were found to 
be expressed in most testicular germ cell 
tumours, which are wild-type for p53. This 
suggests a role for miR-372 and miR-373 in 
the development of these tumours.  Finally, 
the p27 tumour suppressor was shown to 
be regulated by miR-221 and miR-222 (le 
Sage et al., 2007). High expression of these 
miRNAs was found to correlate inversely 
with reduced expression of p27 in human 
glioblastoma’s and reducing the levels of 
miR-221 in these cells resulted in decreased 
proliferation. 

From the above it is clear that genetic 
alterations of human miRNAs can play a key 
role in tumourigenesis. However, human 
miRNAs expression can also be altered 
by epigenetic changes such as aberrant 
methylation of CpG islands in promoter 
regions. Treatment of cancer cells with a 
demethylating agent resulted in increased 
expression of miR-127 and BCL6 was 
identied as a target (Saito et al., 2006). 
In another study CpG methylation status of 
miRNAs were analysed in breast tissues and 
here miRNA-9-1 was demonstrated to be 
methylated in breast tumour tissues but not 

Introduction

in normal tissue (Lehmann et al., 2007). 
Lastly, altered transcriptional activation of 
miRNAs might contribute to the process of 
tumourigenesis. This was discussed above 
for the miR-17-92 cluster, which is regulated 
by MYC. However, recent studies identied 
several miRNAs that are regulated by the 
tumour suppressor protein p53 of which 
miR-34 was most prominent (Bommer et 
al., 2007; Chang et al., 2007; Corney et al., 
2007; He et al., 2007; Raver-Shapira et al., 
2007; Tarasov et al., 2007). Signicantly, 
p53 was shown to directly target the miR-
34 promoter region and loss of p53 resulted 
in decreased miR-34 expression. Ectopic 
expression of miR-34 induced apoptosis 
and a cell cycle arrest, thereby suppressing 
tumour cell proliferation. This indicates that 
reduced miRNA expression due to functional 
inactivation of well-known tumour suppressor 
pathways might contribute to the process of 
carcinogenesis as well. 

Outline of this thesis
The studies described in this thesis aimed 
to gain more insight in the regulation and 
function of the Cdc6 and the miR-148/152 
family.
 In Chapter 2 we studied the effect of 
DNA damage on Cdc6 protein stability. We 
identied that phosphorylation of Cdc6 
at Serine 54 by CDK2/ Cyclin E stabilises 
the protein during normal replication. In 
response to DNA damage this kinase complex 
is inhibited in a p53 and p21-dependent 
manner, resulting in decreased Cdc6 protein 
level. In Chapter 3, the implications of these 
ndings will be discussed in more detail. 
Next, we studied several aspects of the 
function of the conserved miR-148/152 
miRNA family. In chapter 4, we describe our 
nding that miR-148 regulates Dnmt3b mRNA 
through interacting with its protein coding 
sequence. Notably, all current described 
mammalian miRNAs target mRNAs by binding 
to mRNA 3’UTRs. In Chapter 5, we extended 
this study by exploring whether miR-148 
mediated regulation of Dnmt3b plays a 
role in early human thymic development. 
Interestingly, we found differential 
expression of miR-148 in plasmacytoid 
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Activation of the tumor suppressor p53 in response to genotoxic stress imposes 
cellular growth arrest or apoptosis. We identified Cdc6, a licensing factor of the pre-
replication complex, as a novel target of the p53 pathway. We show that activation 
of p53 by DNA damage results in enhanced Cdc6 destruction by the anaphase-
promoting complex. This destruction is triggered by inhibition of CDK2 mediated 
CDC6 phosphorylation at serine 54. Conversely, suppression of p53 expression 
results in stabilization of Cdc6. We demonstrate that loss of p53 results in more 
replicating cells, an effect that can be reversed by reducing Cdc6 protein levels. 
Collectively, our data suggest that initiation of DNA replication is regulated by p53 
through Cdc6 protein stability. 
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Introduction

Initiation of DNA replication is a tightly 
regulated process, which is highly conserved 
in eukaryotes. Key to this process is the 
licensing of replication origins for DNA 
replication in which Cdc6 plays a major 
role (Pelizon, 2003). Cdc6 is recruited 
to the origins by the origin recognition 
complex (ORC) during G1 where it serves 
together with Cdt1 as a loading factor for 
the minichromosome maintenance (MCM) 
complex, a putative replicative helicase. 
Together, this pre-replication complex (pre-
RC) renders the genome competent for 
replication, but initiation of replication only 
occurs after activation of the complex by 
cyclin-dependent kinases at the onset of S-
phase. This promotes the loading of Cdc45, 
replication protein A and DNA polymerase-
alpha onto chromatin. After initiation of DNA 
replication, the pre-RCs are converted to 
post-RCs, which are present in S, G2 and 
M-phase and are not competent for initiation 
of replication (Bell and Dutta, 2002; Difey, 
2004; Takisawa et al., 2000). 
Cdc6 has been shown to be essential 
for loading of the MCM-complex onto 
chromatin and therefore for the initiation 
of DNA replication in several eukaryotic 

organisms. First, mutant studies in yeast 
have demonstrated that association of MCMs 
to origins is dependent on Cdc6 (Aparicio et 
al., 1997; Tanaka et al., 1997). Second, it 
was shown in Xenopus laevis that immuno-
depletion of Cdc6 led to loss of MCM origin 
association (Coleman et al., 1996). Last, 
ectopic expression of Cdc6 was sufcient 
to induce stable association of endogenous 
MCM protein with chromatin in mammalian 
cells with low Cdc6 levels as a result of serum 
deprivation (Cook et al., 2002). In addition, 
immuno-depletion of Cdc6 in human cells 
by micro-injection of anti-cdc6 antibody 
could block initiation of DNA replication, 
which suggests that Cdc6 is also limiting 
for DNA synthesis in human cells (Hateboer 
et al., 1998; Yan et al., 1998). Conversely, 
recombinant Cdc6 protein induced premature 
entry into S phase in a mammalian cell-free 
system (Stoeber et al., 1998) and ectopic 
expression of Cdc6 together with Cdt1 
induces rereplication and polyploidy (Vaziri 
et al., 2003). Thus, Cdc6 is crucial for MCM-
loading and therefore involved in regulation 
of S-phase entry. 
In support of an essential function of Cdc6 
in initiation of DNA replication, Cdc6 protein 
abundance is tightly regulated during the 
cell cycle. In human cells, Cdc6 transcription 
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is regulated by the E2F transcription factors 
(Hateboer et al., 1998; Yan et al., 1998). 
In addition cdc6 is targeted for ubiquitin-
mediated proteolysis in early G1 by the E3 
ligase-anaphase promoting complex (APC) 
(Petersen et al., 2000). This is mediated by 
Cdh1, a protein required for both substrate 
recognition and activation of the APC in late 
mitosis/ early G1 (Peger et al., 2001; Reed, 
2003). Typically, Cdh1 associates with its 
substrates via their N-termini and requires 
a well-dened RXXL destruction box (D box) 
or KEN box (Peger and Kirschner, 2000; 
Peger et al., 2001). APCCdh1 dependent 
proteolysis of Cdc6 requires both a D box 
and a KEN box (Petersen et al., 2000).
Several studies have shown that mammalian 
Cdc6 can be phosphorylated in vitro by both 
CyclinE/CDK2 and CyclinA/CDK2 and an 
interaction between the cyclins and Cdc6 
could be detected (Herbig et al., 2000; Jiang 
et al., 1999; Petersen et al., 1999). Moreover, 
Cdc6 can be phosphorylated in vivo at three 
N-terminal sites (ser54, ser74 and ser106) 
that are phosphorylated by CDK2 in vitro 
(Jiang et al., 1999). Together, this strongly 
suggests that mammalian Cdc6 is an in 
vivo CDK2 substrate. However, the role of 
this phosphorylation in Cdc6 regulation 
remains controversial. Based on studies with 
ectopically expressed and tagged wild-type 
Cdc6 or Cdc6 that was mutated in several 
potential CDK2 phosphorylation sites, it 
has been proposed that phosphorylation of 
Cdc6 by CyclinA/CDK2 in S-phase results in 
translocation from the nucleus to the cytosol 
and subsequent degradation (Delmolino 
et al., 2001; Herbig et al., 2000; Jiang et 
al., 1999; Petersen et al., 1999; Saha et 
al., 1998). Now, it has become evident 
that only ectopically expressed Cdc6 or the 
soluble endogenous form is translocated to 
the cytosol, whereas the chromatin bound 
form persist through S and G2 phase 
(Coverley et al., 2000; Mendez and Stillman, 
2000). Furthermore, by using a phospho-
specic antibody it has been shown that 
phosphorylated serine-54 Cdc6 maintains 
high afnity for chromatin during S-phase 
(Alexandrow and Hamlin, 2004).
The DNA-damage response is essential for 

maintenance of genome stability. Genotoxic 
stress activates checkpoints that account for 
a rapid and prolonged cell cycle arrest, DNA-
repair or apoptosis (Iliakis et al., 2003). 
Primary among the checkpoint genes is the 
tumor suppressor p53 (Fei and El-Deiry, 
2003). In response to DNA damage, such 
as induced by ionizing radiation (IR), the 
transcription factor p53 is activated by the 
ATM-CHK2 pathway. A rapid phosphorylation 
at serines 15 and 20 leads to release of 
Mdm2 and stabilization and activation of 
p53 (Shiloh, 2003).  p53 is required for 
the maintenance of the G1 arrest through 
activation of its transcriptional target gene 
p21cip1, induction of apoptosis and for the 
sustained arrest of cells prior to M phase 
(Bunz et al., 1998; Fei and El-Deiry, 2003; 
Motoyama and Naka, 2004). In addition, 
DNA damage initiates a rapid cell cycle arrest 
by inactivation of proteins that promote cell 
cycle progression, such as Cyclin D1 and 
CDC25A (Agami and Bernards, 2000; Falck 
et al., 2001). 
In this study, we determined the effect of DNA 
damage on Cdc6 protein levels. We observed 
a rapid degradation of Cdc6 in response to IR. 
Interestingly, this irradiation-induced Cdc6 
destruction was p53-dependent. Activation 
of p53 caused inhibition of cyclin E/CDK2 
through induction of the cell cycle inhibitor 
p21cip1. This resulted in loss of Cdc6-serine 
54 phosphorylation, which led to accelerated 
proteolysis by the APCCdh1. 
 

Results

p53 dependent down-regulation of Cdc6 
following DNA damage
Since the licensing factor Cdc6 is critical for 
formation of the pre-RC and the initiation 
of DNA replication, we examined the effect 
of IR on the Cdc6 protein levels. Primary 
human BJ broblasts were treated with 
increasing amounts of IR and the cells were 
harvested at various time-points. We found 
reduced Cdc6 protein levels within 2 hours 
after exposure to IR and 2 Gy was sufcient 
to elicit this response (Fig. 1A). Control 
immuno-stainings showed an increase in 
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the p53 transcription factor and its target 
p21Cip1 at these doses, demonstrating that 
p53 was both stabilized and activated after 
DNA damage in these cells. Similar down-
regulation of Cdc6 was observed in other 
cell types, such as MCF-7 cells (Fig. 1B). 
However, this cancer cell line required a 
higher dose of 5-20 Gy to activate a DNA 
damage response that resulted in both Cdc6 
down-regulation and stabilization of p53 
(data not shown). Furthermore, Cdc6 down-
regulation following irradiation in MCF-7 
cells was observed 2-4 hours following 
IR and at these time-points no signicant 

change in cell cycle prole was observed 
(Supplementary Fig. 1A). Interestingly, the 
reduction in Cdc6 levels following IR in MCF-
7 cells was preceded the accumulation of 
p21Cip1 (Fig. 1B). This is likely to be the result 
of p53-independent DNA damage responses, 
such as cyclin D1 and Cdc25A destruction, 
operating early after DNA damage to inhibit 
CDK2 activity (Agami and Bernards, 2000; 
Mailand and Difey, 2005). Indeed, the 
reduction in Cdc6 levels following radiation 
of MCF-7 cells correlated well with the 
reduction in CDK2 activity, which was 
almost completed within 2 hrs after IR 
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(Supplementary Fig. 1B). To estimate the 
quantity of Cdc6 protein reduction following 
IR, we constructed a rey Cdc6-luciferase 
fusion construct driven by the SV40 
promoter and transfected it into MCF-7 cells 
together with a Renilla-luciferase control. 
Treatment with 20 Gy irradiation resulted in 
a reduction of 60% Cdc6-luciferase activity 
after 4 hours, whereas no change in control 
luciferase activity was observed (Fig. 1C). 
Collectively, these results indicate that Cdc6 
protein level is reduced in response to DNA 
damage.
Next, we assessed whether Cdc6 protein 
levels are reduced in G1 phase of the 
cell cycle when pre-RCs are formed. We 
synchronized primary human BJ broblasts 
in G0 by serum starvation and then released 
them to enter synchronously G1 phase 
around 12 hours later and S phase around 16 
and 20 hours later (supplementary Fig. 1C). 
Cells were irradiated (4 Gy) 12, 16 and 20 
hours after the release, harvested one hour 
later and Cdc6 protein level was compared 
to untreated cells by immuno-blot analysis. 
Clearly, potent down-regulation of Cdc6 
following IR occurred when cells were almost 
exclusively in G1 phase of the cell cycle (12 
hr), indicating that Cdc6 protein levels are 
reduced when it is functional (Fig. 1D). Also 
here, Cdc6 down-regulation preceded any 
detectable cell cycle changes induced by 
IR, suggesting that Cdc6 down-regulation 
in G1 contributes to the IR-induced cellular 
responses (Fig. 1D and Supplementary Fig. 
1C). 
The p53 protein is a central player in the 
DNA damage response. We therefore 
investigated whether the decrease in Cdc6 
protein level following IR is p53-dependent. 
We transduced primary human BJ cells 
with the pRS-p53kd that stably suppresses 
p53 expression through RNA interference 
(RNAi) (Voorhoeve and Agami, 2003) and 
monitored Cdc6 protein level following IR. 
Interestingly, immuno-blot analysis showed 
that IR-induced Cdc6 down-regulation was 
completely abrogated in p53kd cells (Fig. 
1E). Control immuno-labeling showed the 
absence of p53 activation and induction of 
its transcriptional target p21Cip1 following 

IR in the p53kd cells. Quantication of the 
Cdc6 reduction in control BJ cells revealed 
that Cdc6 protein level was reduced to 10-
30% following 2 Gy of irradiation, whereas 
no reduction in cdc6 level was observed in 
p53kd cells (data not shown). These results 
demonstrate that the p53 pathway controls 
Cdc6 protein level in human cells in response 
to DNA damage. 

Enhanced Cdc6 proteolysis following 
DNA damage
As a transcription factor, p53 can directly 
repress gene expression (Nakade et al., 
2004) and may therefore switch-off Cdc6 
transcription when activated. However, no 
changes in Cdc6 mRNA level after IR were 
found by northern blot analysis (Fig. 2A). 
Furthermore, Cdc6 protein expressed from 
a heterologous CMV promoter was reduced 
after DNA damage to a similar extent as 
the endogenous protein (data not shown). 
These results indicate that the IR-induced 
Cdc6 down-regulation occurs at the post-
transcriptional level. 
Next, we tested whether the rapid decrease 
in Cdc6 protein level after IR is a result of 
increased proteolysis. We used the protein-
synthesis inhibitor cycloheximide (CHX) 
to monitor Cdc6 half-life. To allow proper 
cell cycle response to DNA damage, CHX 
was added to cells 2 hours after the IR 
treatment. (If CHX was added right after the 
radiation treatment, Cdc6 stability remained 
unchanged following IR, supplementary 
Fig. 2). In MCF-7 cells, Cdc6 protein level 
decreased more rapidly in irradiated cells 
compared to non-irradiated cells (Fig. 2B) 
and quantication analysis showed that the 
half-life of Cdc6 was reduced from 90 min to 
30 min upon IR treatment (supplementary 
Fig. 3A). Also in synchronized G1/S primary 
BJ broblasts we found that the half-life 
of Cdc6 protein is reduced from 25 min to 
12.5 min following DNA damage (Fig. 2C 
and supplementary Fig. 3B). Since Cdc6 
down-regulation following IR appeared 
to be p53-dependent, we monitored 
Cdc6 protein stability in control and p53kd 
MCF-7 cells 2 hours after IR (Fig. 2D and 
supplementary Fig. 3C). Indeed, Cdc6 
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maintained its stability following IR in p53kd 
MCF-7 cells (half-life 90 min) compared to 
control irradiated cells (half-life 25 min). 
The protein stability of cyclin D1 following 
IR was not increased by the reduced level 
of p53, thereby showing the specicity of 
Cdc6 stabilization (Fig. 2D). Last, this p53-
dependent Cdc6 degradation was mediated 
by the proteasome since it was abrogated 
when MCF-7 cells were irradiated in the 
presence of the proteasome inhibitor MG-
132 (Fig. 2E). Taken together, these results 
demonstrate that the proteasome machinery 
mediates the accelerated proteolysis of Cdc6 
following genotoxic stress and that Cdc6 
protein abundance following IR is mainly 
controlled by p53. 

Enhanced destruction of Cdc6 following 
DNA damage is mediated by the E3-
ligase APCCdh1

In early G1, the N-terminal KEN and RxxL 
(D-box) destruction motifs of Cdc6 (Fig. 
3A) mediate its degradation by the E3-
ligase anaphase-promoting complex (APC) 
(Petersen et al., 2000). To determine whether 
Cdc6 destruction following IR involves the 
APC, we suppressed the expression of Cdh1 
and Cdc20 by RNAi. Both proteins act as 
substrate recognition and activating modules 
for the APC (Reed, 2003). Inhibition of Cdh1 
expression completely abrogated IR-induced 
Cdc6 destruction, whereas the Cdc20 
knockdown had no effect (Fig. 3B). The 
reduced expression of both Cdh1 and Cdc20 
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was not accompanied with any signicant 
change in cell cycle prole or p53 activation 
following IR (Supplementary Fig. 4A and 
data not shown). 
The involvement of the APCCdh1 in the p53-
dependent regulation of Cdc6 suggests that 
also the KEN or the RxxL destruction motifs 
play a role in IR-induced Cdc6 destruction. 
Therefore, we constructed Cdc6-GFP 
chimeras with mutations in these destruction 
motifs. Similar to endogenous Cdc6, the 
stability of the transfected Cdc6-GFP fusion 
protein is reduced upon IR treatment (Fig. 3C 
lanes 1-4 and quantied in Fig. 3D). Mutating 
the KEN motif to AAA (KENmut) or the RxxL 
motif to AxxA (RxxLmut) partly prevented 
IR-induced Cdc6 destruction (lanes 5-12 and 
Fig. 3d). However, mutating both destruction 
motifs (R+K) completely abrogated Cdc6 
destruction in response to IR (lanes 13-16). 

This demonstrates that both the KEN and the 
RxxL destruction motifs are involved in the 
p53-dependent Cdc6 destruction following 
IR through the APCCdh1. 

Inhibition of CDK2 activity results in 
enhanced Cdc6 proteolysis
Activation of the p53 transcription factor 
following genotoxic stress results in up-
regulation of the cell cycle inhibitor p21Cip1. 
We therefore asked whether p21Cip1 is 
required for the p53-dependent destruction 
of Cdc6 and transfected MCF-7 cells with 
knockdown constructs targeting p21Cip1, 

p27Kip1 (a homologue of p21Cip1 that is not 
regulated by p53) and p53. Suppression of 
p21Cip1 expression, but not p27Kip1, completely 
abrogated Cdc6 destruction after IR (Fig. 4A 
lanes, 9-16). This effect was in correlation 
with CDK2 activity, as p21Cip1, but not p27Kip1, 
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knockdown cells maintained signicant 
CDK2 activity following IR treatment 
(Supplementary. Fig. 4b). The protection 
from IR-induced destruction of Cdc6 in cells 
with suppressed expression of p21Cip1 was 
comparable to that observed in p53kd cells 
(Fig. 4A, lanes 4-12). This effect was specic 
to Cdc6 as the enhanced degradation of 
cyclin D1, which is p53-independent, was 
still sustained in the p21Cip1 knockdown cells 
(data not shown).
In response to IR, accumulation of p21Cip1 
inhibits CDK2 activity. It was described that 
mammalian Cdc6 is phosphorylated in vivo 
at three N-terminal sites (S54, S74 and 

S106) (Jiang et al., 1999), which can be 
phosphorylated by Cyclin E/CDK2 complex in 
vitro (Herbig et al., 2000; Jiang et al., 1999; 
Petersen et al., 1999). To address the role of 
CDK2 in regulating Cdc6 stability, we treated 
cells expressing the Cdc6-luciferase chimera 
protein with increasing amounts of the CDK2 
inhibitor roscovitin and monitored luciferase 
activity 1 hour later. Roscovitin treatment 
resulted in rapid reduction in luciferase 
activity suggesting a direct connection 
between CDK2 activity and Cdc6 protein 
stability (Fig. 4B). In a second experiment, 
we transfected MCF-7 cells with control, pS-
p53kd or pS-Cdh1kd RNAi vectors, treated 
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Asterisks indicate cross-reacting bands. B MCF-7 cells expressing the Cdc6-luciferase chimera protein were treated with 

the indicated amounts of Roscovitin and harvested for luciferase analysis 1 hour later. C MCF-7 cells were electroporated 

with a control construct and RNAi constructs targeting p53 and Cdh1 and treated with Roscovitin 60 hours later. WCE were 

prepared several time-points after treatment and immuno-blot analysis was performed to detect the indicated proteins. D 

MCF-7 and MCF-7-p53kd cells were electroporated with CDK2-siRNA oligos, irradiated 60 hours later (20 Gy) and harvested 

4 hours later. WCE were made and immuno-blotted with the indicated antibodies. E MCF-7 cells were electoporated with 

cyclin E and control expression vectors. WCE were made and immuno-blotted to detect Cdc6 and Cyclin E proteins. 

Asterisks indicate cross-reacting bands.
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them with roscovitin and harvested the 
cells for immuno-blot analyses at various 
time-points. Figure 4c shows that also 
endogenous Cdc6 was rapidly reduced upon 
roscovitin treatment in control-transfected 
cells (lanes 1-4). In addition, Cdc6 was 
down-regulated upon roscovitin treatment 
in p53kd cells (lanes 5-8), although these 
cells are impaired in their ability to enhance 
degradation of Cdc6 following IR (Fig. 1E and 
4A). This indicates that CDK2 is downstream 
of p53 in the IR-induced Cdc6 degradation. 
In contrast, Cdc6 remained stable upon 
roscovitin treatment in cells with suppressed 
Cdh1 levels (lanes 9-12), suggesting that 
the APCCdh1 is downstream of CDK2 in this 
pathway. Notably, this experiment also 
demonstrates that the resistance of Cdc6 to 
IR in p53kd cells is not a result of increased 
mRNA levels.
To further substantiate the role of CDK2 in 
Cdc6 destruction following DNA damage, 
we assessed the effect of IR on Cdc6 
protein level in MCF-7 and MCF-7-p53kd cells 
transfected with control or CDK2 siRNAs. In 
agreement with the observed Cdc6 protein 
reduction upon roscovitin treatment, Cdc6 
protein level was reduced in response to low 
CDK2 levels in both control and p53kd cells 
(Fig. 4D, lanes 1, 3, 5 and 7), Indicating that 
CDK2 plays an essential role in maintaining 
Cdc6 protein level. Furthermore, Cdc6 
protein was down-regulated in control cells 
within 2 hours after irradiation, whereas it 
remained unaffected in irradiated CDK2kd 
cells (Fig. 4D, lanes 1-4). As expected, no 
change in Cdc6 levels was observed in p53kd 
cells after irradiation (lanes 5-8). Last, our 
model predicts that ectopic activation of 
CDK2 should confer signicant resistance 
to Cdc6 from the enhanced destruction 
following DNA damage. To test this 
hypothesis we over-expressed cyclin E, an 
activator of CDK2, in cells that were treated 
with IR. Figure 4e shows that cyclin E over-
expression results in accumulation of Cdc6 
in untreated cells and signicant resistance 
to DNA damage effects. Altogether, these 
results demonstrate the direct requirement 
of CDK2 inhibition in the p53-dependent 
destruction of Cdc6 protein after IR.

Phosphorylation of serine-54 by 
CDK2 inhibits p53-dependent Cdc6 
proteolysis 
It has been proposed that phosphorylation 
of Cdc6 results in translocation from the 
nucleus to the cytosol (Delmolino et al., 
2001; Herbig et al., 2000; Jiang et al., 1999; 
Petersen et al., 1999; Saha et al., 1998). 
In stark contrast, our results indicate that 
phosphorylation of Cdc6 by CDK2 leads to 
its stabilization. Therefore, we aimed to 
map this stabilizing phosphorylation site by 
mutating putative CDK2 phosphorylation 
sites to aspartic acid, thereby mimicking 
their phosphorylated state. The N-terminus 
of Cdc6 harbors three sites that can be 
phosphorylated in vivo, serines 54, 74 
and 106 (Jiang et al., 1999). We chose to 
mutate S54 and S74, as they are the sites 
nearest to the destruction motifs (Fig. 3A). 
We made Cdc6-GFP fusion constructs that 
contain S54D and S74D mutations and 
examined them in a transient transfection 
assay in MCF-7 cells. Mutation of S54 to 
aspartic acid (S54D) completely abrogated 
the p53-induced Cdc6 destruction, whereas 
the S74D mutant was degraded to an extent 
that was comparable to wt Cdc6-GFP and 
to the endogenous protein (Fig 5A. and 
supplementary Fig. 4C). Importantly, the 
expression of the S54D mutant did not 
affect the upstream p53 response, as p21Cip1 
levels accumulated in these cells after DNA 
damage (Fig 5A). This result suggests that 
the phoshorylation of S54 is critical for Cdc6 
stability in non-stressed cells. To examine 
this point we mutated serine 54 to alanine 
(S54A), a change mimics unphosphorylated 
state of Cdc6 at this position. Introduction 
of S54A into cells as a GFP chimera protein 
resulted in very little expression compared 
with wt Cdc6 and its stable S54D mutant 
(Fig. 5B, lanes 1, 3 and 5). Treatment with 
the proteasome inhibitor MG-123 resulted in 
the accumulation of both wt and S54A Cdc6 
whereas S54D remained unchanged (lanes 
2, 4 and 6). This result indicates that in non-
stressed cells, phosphorylation of at serine 
54 protects Cdc6 from rapid destruction.
To further substantiate the connection 
between S54 phosphorylation and the p53-
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dependent destruction of Cdc6, we used an 
anti-phospho-S54 specic Cdc6 antibody 
and monitored the phosphorylation state of 
endogenous Cdc6. We transfected MCF-7 cells 
with pS, pS-p53kd or pS-Cdh1kd constructs 
and subjected them to IR treatment. 
Importantly, we detected phosphorylated-
S54 Cdc6 in whole cell extracts from cycling 
control-transfected cells and these levels 
were reduced following IR (Fig. 5C, lanes 
1-4). In the cells transfected with either 
pS-p53kd or pS-Cdh1kd, Cdc6 protein level 
remained high following DNA damage, 
however the level of phosphorylated S54 
was only stable after IR in the p53kd 
cells (lanes 4-12). In the cdh1kd cells the 
level of S54 phosphorylated Cdc6 was still 
reduced. This result is in full agreement 

with a pathway consisting of upstream p53-
dependent regulation of Cdc6 stability by 
phosphorylation and downstream APCCdh1-
mediated degradation. Last, we examined 
the effect of cyclin E over-expression or 
Cdh1kd on the stability of S54D-Cdc6 in the 
absence of DNA damage. Supplementary Fig. 
4D shows that S54D mutant was unaffected 
by both treatments, suggesting that S54 
phosphorylation is a major determinant of 
Cdc6 stability. Collectively, these results 
reveal that inhibition of S54 phosphorylation 
is the mechanism by which p53 regulates 
Cdc6 stability following DNA damage. 
The importance of this pathway is further 
extended by the fact that both Cdc6 S54 
and the RxxL and KEN destruction boxes are 
evolutionary conserved in mice.
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Figure 5. Phosphorylation of serine-54 by CDK2 inhibits p53-dependent Cdc6 proteolysis. A MCF-7 cells were 

electroporated with wt Cdc6-GFP or S54D and S74D Cdc6-mutant constructs and the experiment was performed as 

described in Figure 3C. B MCF-7 cells were electroporated with wt, S54A and S54D Cdc6-GFP constructs. Forty eight hrs 

after transcfection, the proteasome inhibitor MG-123 (PI) was added, WCE were separated on 10 SDS-PAGE and immuno-

blotted to detect Cdc6. For comparison, long and short (LE and SE, respectively) exposures are shown. C MCF-7 cells 

were electroporated with pS, pS-p53kd and pS-Cdh1kd, irradiated (20 Gy) and harvested at the indicated times. WCE were 

immuno-blotted with anti-phospho-S54-Cdc6, Cdc6 or control Cdk4 antibodies. Asterisk marks a non-specic band. 
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p53-dependent regulation of Cdc6 
protein stability controls cellular 
proliferation
Apart from its role in DNA damage responses, 
p53 regulates cellular proliferation in non-
stressed cells as well, since its suppression 
by RNAi accelerates proliferation of primary 
human cells (Voorhoeve and Agami, 2003) 
and MCF-7 cells (data not shown). Therefore,
we examined the effect of reduced p53 
expression on the cell cycle profile of MCF-7 
cells. Also here we observed that suppression 
of endogenous p53 expression resulted in 
more proliferating cells (6 % increase in S-

phase and 10% decrease in G1, Fig. 6A).
This higher fraction of S-phase population
could be due to earlier assembly of the pre-
RC in G1. Since Cdc6 is regulated by p53
in the DNA damage response, we examined 
the level of Cdc6 in proliferating cells with
suppressed p53 expression. Interestingly, 
we found a higher level of Cdc6 protein in
pRS-p53kd cell extracts compared to control
cells (Fig. 6B). This suggests that Cdc6 is 
more stable in p53-knockdown cells. To test 
this directly, we treated MCF-7 cells with 
CHX and observed that the protein turnover 
of Cdc6 is slower in the p53kd cells (115 min), 
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Figure 6. p53-dependent regulation of Cdc6 protein stability controls cellular proliferation. A Cell cycle analysis

of polyclonal control or p53-knockdown MCF-7 cells. BrdU-labeled cells were analyzed by fluorescence activated cell sorting 

(FACS). The result is the mean of three independent experiments. B Whole cell lysates of control and p53kd MCF-7 cells 

were immuno-blotted to detect Cdc6, p53 and CDK4 protein. C pRS and pRS-p53kd MCF-7 cells were treated with CHX 

as described in Fig 2B. WCE were labeled with Cdc6, p53 and control CDK4 antibodies. D Serum starved BJ cells that 

were released for 13 hours were treated as described in Fig. 2C E The polyclonal pools of pRS and pRS-p53kd cells were 

electroporated with Cdc6 knockdown constructs (#1 and #2), harvested after 72 hours and immuno-blotted to detect

Cdc6, p53 and as loading control CDK4 proteins. F The same experimental setting as in Fig. 5E, but cells were subjected

to flow cytometric analysis. The result is the mean of three independent experiments.
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compared to control cells (70 min, Fig. 6C). 
Control immuno-blot analyses of CDK4 and 
p53 showed equal loading and the extent of 
the p53 knockdown. The same qualitative 
result was also seen in synchronized G1-
phase primary BJ cells where Cdc6 stability 
was raised from 25 min in normal cells 
to 70 min in the BJ-p53kd cells (Fig. 6D). 
To investigate whether Cdc6 stability is 
important for the increased proliferation of 
p53kd cells, we transfected control and stable 
polyclonal p53kd cells with two effective 
knockdown constructs targeting Cdc6. 
Immuno-blot analysis showed reduction of 
Cdc6 expression in pS-Cdc6kd transfected 
cells in both cell types (Fig 6E). Notably, 
the Cdc6kd had no signicant effect on p53 
levels. Flow cytometric analysis of the same 
cell populations repeatedly revealed that 
inhibition of Cdc6 expression altered the cell 
cycle prole of only p53kd cells by increasing 
the fraction of cells in G1 and decreasing 
the fraction of cells in S phase (Fig. 6F). In 
contrast, no signicant change was detected 
in the cell cycle prole of the control MCF-7 
cells. This indicates that the increased Cdc6 
levels observed in the absence of p53 are 
required for the enhanced proliferation of 
these cells. Collectively, our data implies 
that Cdc6 is part of a p53 protein-network 
that regulates cellular proliferation. 

Discussion

In response to genotoxic stress, cells 
activate checkpoints that prevent DNA 
replication and cell cycle progression (Bartek 
and Lukas, 2001). Our results establish a 
novel connection between DNA damage and 
the formation of preRCs in G1 phase (Fig 7). 
Cdc6, an essential protein of the preRC, is 
rapidly degraded upon genotoxic stress. The 
enhanced degradation of Cdc6 following IR 
is not complete, which can be a result of a 
small population of Cdc6 that is protected 
from degradation or that the enhanced is 
restricted to certain phases of the cell cycle. 
A central role in this destruction pathway is 
played by the p53 tumor suppressor gene, 
which controls the rate by which Cdc6 is 

degraded by the APCCdh1. Cdc6 is a licensing 
factor of DNA replication and once bound to 
the ORC-complex at origins of replication 
it recruits together with Cdt1 the MCM-
complex. Our data implies that IR-induced 
down-regulation of Cdc6 contributes to a 
checkpoint that prevents DNA replication 
in cells with damaged DNA. Interestingly, 
DNA damage also induces the destruction 
of the licensing factor Cdt1, but in a p53-
independent manner (Higa et al., 2003; Hu 
et al., 2004; Kondo et al., 2004). Therefore, 
we propose that the destruction of both Cdc6 
and Cdt1 acts in concert to execute a tight 
regulation of pre-RC assembly following 
genotoxic stress. 
We also found that p53-dependent 
regulation of Cdc6 protein stability plays a 
role in non-genotoxic stressed cells. Under 
normal tissue culture conditions Cdc6 
protein stability is increased in p53kd cells. 
We show that reducing Cdc6 protein level by 
siRNAs in p53kd cells results in a reduction of 
replicating cells and a cell cycle distribution 
that is comparable to cells with functional 
p53. However, reducing Cdc6 protein levels 
in control MCF-7 cells did not affect their 
proliferation, which suggests that cells 
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p21

CDK2

Cdc6
S54P

G1 S

IR

Figure 7. Model. A schematic model depicts the p53 

pathway that regulates Cdc6, and thereby S-phase entry, 

both under normal tissue culture conditions (solid lines) 

and following IR (dashed lines).
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without functional p53 are more susceptible 
to reduction in Cdc6 levels. 

It is generally thought that initiation of 
DNA replication is regulated in a two-step 
process to ensure that the DNA is replicated 
only once in each cell cycle (Bell and Dutta, 
2002). First, pre-replication complexes 
are assembled at origins of replication and 
second the origins are red. Notably, the 
regulation of these events varies in different 
organisms. In mammals, CDKs appear to 
have an inhibiting role in pre-RC assembly. 
For both Cdt1 and Orc1 it has been proposed 
that they are targeted for proteolysis in a 
CDK-dependent manner (Liu et al., 2004; 
Mendez et al., 2002; Nishitani et al., 
2004). In addition, it has been proposed 
that cyclinA/CDK2 activity results in Cdc6 
translocation from the nucleus to the cytosol 
and subsequent proteolysis (Delmolino et al., 
2001; Herbig et al., 2000; Jiang et al., 1999; 
Petersen et al., 1999; Saha et al., 1998). In 
contrast to these observations, we found 
that phosphorylation of Cdc6 by cyclinE/
CDK2 results in stabilization of the protein. 
We established that one amino acid (serine 
54) mediates p53-induced Cdc6 destruction. 
Once serine 54 is phosphorylated by CDK2, 
Cdc6 becomes more resistant to APCCdh1 

degradation. Our results are in agreement 
with a report showing that only ectopically 
expressed Cdc6 is translocated to the 
cytosol and that serine 54 phosphorylated 
Cdc6 remains chromatin bound in S-phase 
(Alexandrow and Hamlin, 2004). Therefore, 
we propose that phosphorylation of S54 
by cyclinE/CDK2 is a novel stabilizing 
modication of the Cdc6 protein, which can 
be modulated by the p53 pathway.

Our data implicates that cyclinE/CDK2 
activity might have a positive role in DNA 
replication licensing by stabilizing Cdc6. This 
is consistent with in vitro studies, which 
show that cyclin E cooperates with Cdc6 
to make mammalian G1 nuclei competent 
for replication (Coverley et al., 2002). 
Furthermore, Cdc6 and cyclin E appear to 
have a synergistic effect on inducing S-phase 
entry upon co-transfection in human cells 

(Cook et al., 2002; Hateboer et al., 1998). In 
addition, it was shown that overexpression 
of cyclin E could stabilize Cdc6 protein during 
megakaryocytic endoreplication (Bermejo 
et al., 2002). In these cells cyclin E could 
not stabilize an unphosphorylatable Cdc6 
mutant in which all ve N-terminal putative 
CDK2 phosphorylation sites were mutated 
to alanines. Signicantly, it was also shown 
that cyclin E ablation in mice results in DNA 
replication defects (Geng et al., 2003; Parisi 
et al., 2003). Cells that re-enter the cell 
cycle from quiescence fail to load MCM2-7 
and endoreplication in trophoblast giant cells 
and megakaryocytes is impaired. In view of 
our results it will be interesting to examine 
whether these defects are a consequence of 
reduced Cdc6 stabilization in these cells. 

Both CDKs and the APC are key regulators of 
initiation of DNA replication (Difey, 2004). 
Intriguingly, proteolysis of both the licensing 
factor Cdc6 and geminin, the inhibitor of the 
licensing factor Cdt1 are regulated by the 
APC (McGarry and Kirschner, 1998). It is 
at present unclear how the APC-dependent 
degradation of an activator and an inhibitor 
of DNA replication are coordinated to ensure 
that Cdc6 and Cdt1 are present in the same 
time frame to allow for efcient pre-RC 
assembly. Our results shed new light on this. 
Similar to geminin, Cdc6 is degraded in the 
end of G2/M and in early G1 phase of the cell 
cycle (Petersen et al., 2000). We propose 
that the increased activity of cyclin E/CDK2 
during G1 protects Cdc6 from APCCdh1-
dependent destruction, whereas geminin is 
still degraded. This provides the cells with 
a time frame in which both Cdt1 and Cdc6 
can bind to the origins and recruit the MCM-
complex to assemble the pre-RC.
In conclusion, our ndings give novel 
insights in the regulation of Cdc6 in the 
assembly of pre-RCs. We established that 
phosphorylation of Cdc6 at S54 by cyclinE/
CDK2 stabilizes the protein by protecting 
it from APCCdh1-mediated destruction. The 
rapid and p53-dependent destruction of 
Cdc6 in response to DNA damage suggests 
that it guards the genome for mutations by 
blocking new origin ring. 
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Methods

Materials and antibodies

Irradiation was performed with a 2 x 415 Ci 137Cs 

Source. The proteasome inhibitor MG-132 was purchased 

from Sigma and used at a nal concentration of 10 mM. 

Cycloheximide (Sigma) was used at a nal concentration of 

25 !g/ml and Roscovitin (Sigma) at 25!M. The siRNA oligos 

against luciferase and CDK2 were described (Elbashir et al., 

2001; Tetsu and McCormick, 1999). The antibodies used in 

this report were directed against human Cdc6 (180.2), p-

Cdc6 (Ser 54), p53 (DO-1), p21 (C-19), Cyclin D1 (M-20), 

CDK4 (C-22), Cdc20 (H-175) and CDK2 (M-20) from Santa 

Cruz. Further Kip1/p27 (Transduction Lab.), Cdh1 (Abcam) 

ORC1 (Abcam) and MCM2 (Abcam) antibodies were used.

Constructs

Cdc6 expression constructs were cloned by PCR in pcDNA3.1 

vector (Invitrogen), pGL3 (Promega) or pEGFP-N3 

(Clontech). Cdc6 mutants were generated by site directed 

mutagenesis using PCR and constructs were veried by 

DNA sequence analysis. We used pSuper (pS) constructs 

targeting p53, Cdh1 and Cdc20 that were described 

previously (Brummelkamp et al., 2002b). The other 19 nt 

target knockdown sequences used were: 

p21Cip1: GACCATGTGGACCTGTCAC 

p27Kip1: GGGCAGCTTGCCCGAGTTC 

Cdc6#1: ATGTCCAAACCGTAACCTG 

Cdc6#2: CCTATGCAACACTCCCCAT

 For stable expression siRNAs constructs were cloned in the 

retroviral 480-puro vector (Voorhoeve and Agami, 2003). 

Cell culture and transfection

MCF-7 and BJ cells were grown in DMEM and 10% fetal 

bovine serum. MCF-7 cells carrying the murine ecotropic 

receptor were infected with ecotropic retroviral supernatants 

as described (Brummelkamp et al., 2002a) to generate a 

polyclonal pool of cells. MCF-7 cells were transfected by 

electroporation as described (Agami and Bernards, 2000) 

and about 90% of transfection efciency was obtained. 

Cells were electroporated and seeded, washed 16 hours 

later and harvested 48 hours after washing. 

Western blot, cell cycle profile analysis and luciferase 

assay

For western blots, whole cell extracts were separated on 10% 

SDS-PAGE gels and transferred to polyvinylidene diuoride 

membranes (Milipore). Western blots were developed using 

enhanced chemiluminescence (Amersham Bioscience, 

Inc.). Densitometric quantication of western blots was 

done by using Tina 2.09 software. For bromodeoxyuridine 

(BrdU) labeling, cells were incubated with 2.5 mM BrdU 

40 min prior to harvesting. Cells were xed ON at 4°C 

in ethanol. Fixed cells were treated 30 min at 37°C with 

RNase A (0.5 mg/ml), washed with PBS, incubated 20 min 

in 5M HCl/0.5% Triton solution and neutralized with 0.1 M 

Na2B4O7. Cells were sequentially stained with anti-BrdU 

antibodies (DAKO) and FITC-conjugated goat-anti-mouse 

antibodies (Molecular Probes). Prior to the ow cytometric 

analysis, cells were resuspended in 50!g/ml propidium 

iodide in PBS. In each assay 10,000 single cells were 

analyzed using the Cell Quest program (Becton Dickinson). 

Firey luciferase and Renilla luciferase (internal control) 

activities were measured by employing the Dual Luciferase 

Reagent Assay Kit (Promega).

Northern blot analysis

RNA was isolated from cells using Trizol (Invitrogen) and 

northern blot analysis was performed exactly as described 

(Brummelkamp et al., 2002b) and membranes were 

hybridized with a probe made from the Cdc6 cDNA. 
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Cyclin-dependent kinases (CDKs) play a crucial role in cell cycle progression by 
controlling the transition from G1 phase into S phase where DNA is replicated. Key 
to this transition is the regulation of initiation of DNA replication at replication 
origins. CDKs are thought to regulate origins of replication both positively and 
negatively by phosphorylating replication proteins at origins. Several replication 
proteins that are potentially negatively regulated upon CDK phosphorylation have 
been identified. However, the mechanism by which CDKs activate replication is 
currently less well understood. New observations revealing that the initiation 
protein Cdc6 is stabilized by CDK2-dependent phosphorylation may give more 
insight in this process.

Origin determination
Prior to cell division, the eukaryotic genome 
is duplicated during S-phase of the cell 
cycle. To ensure that only one single round 
of DNA replication occurs per cell cycle, a 
strict regulation is imposed. Replication 
initiates at specic sites that are distributed 
throughout the genome, called origins of 
replication (Bell and Dutta, 2002; Cvetic and 
Walter, 2005). These origins were initially 
identied in Saccharomyces cerevisiae as 
autonomously replicating sequences (ARS). 
Further characterization revealed an 11 
base-pair (bp) ARS consensus sequence 
as the most important element of origins 
in S. cerevisiae. Interestingly, no elements 
analogous to ARS sequences were identied 
in Schizosaccharomyces pombe. The 
domains that control replication in S. pombe 
appear to be larger in size (500-1500 bp) 
and they consist of multiple elements, which 
contribute to origin activity. These elements 
are heterogeneous, although they contain 
an unusually high A-T content. At present, 
the complexity of the metazoan genomes 
seems to hamper the identication of 
replication and characterization origins and 
therefore no specic initiation sequence 

could be uncovered. However, several 
studies suggested that origin localization is 
determined by both epigenetic modications 
and transcriptional activity (Antequera, 2004; 
MacAlpine et al., 2004). Further progress 
awaits a large-scale origin characterization 
in mammalian genomes. 

Origin recognition
The lack of knowledge of metazoan replication 
origins is in sharp contrast to the insight 
gained on the proteins involved in recognizing 
origins and regulating DNA replication (Blow 
and Dutta, 2005; Takeda and Dutta, 2005). 
This is due to the fact that these proteins 
are to a large extent evolutionary conserved 
from yeast to mammals and most initiation 
factors were initially identied in yeast. 
Origins are marked by the origin recognition 
complex (ORC), which consists of multiple 
proteins. In mammalian cells the ORC 
complex appears to be bound to origins 
throughout the cell cycle, except Orc1 that is 
cell cycle regulated (Mendez et al., 2002). In 
G1/S phase of the cell cycle, pre-Replication 
Complexes (preRCs) are assembled at origins 
of replication. During G1 the protein levels of 
both Cdc6 and Cdt1 increase, and they bind 
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to the ORC complex. Since Cdc6 and Cdt1 
are essential for the subsequent loading of 
the minichromosome maintenance (MCM) 
complex, which is a putative replicative 
helicase, these factors are thought to license 
the cell for replication. It has been established 
that not all origins are activated at the same 
time in S-phase. Some origins appear to be 
activated early in S-phase, which has been 
shown to correlate with active transcription, 
whereas other origins are activated late in 
S-phase. Therefore, in the existing model 
preRCs are individually activated and red. 
This ring is thought to be executed through 
phosphorylation of the preRC components 
by cyclin dependent kinases (CDKs) and the 
Cdc7-Dbf4 kinase (Lei and Tye, 2001). Once 
preRCs are activated, DNA unwinding takes 
place and Cdc45, replication protein A and 
DNA polymerase-alpha are loaded onto the 
chromatin. Apart from its role in activating 
DNA replication, CDK phosphorylation 
inhibits the formation of new replication 
complexes and inactivates components of 
the red preRCs. Only at the end of mitosis 
CDK activity decreases due to degradation 
of mitotic cyclins, which allows new preRC 
formation in the G1 phase of the next cell 
cycle. 

Origin firing by CDK activity
How exactly CDK activity both activates 
the initiation of replication at origins and 
inhibits the ring of origins that have already 
been activated is at present not clear. This 
control mechanism has been referred to as 
a ‘replication switch’ (Jallepalli and Kelly, 
1997). It has been proposed that the level 
of CDK activity is the primary determinant 
of this switch. Low kinase levels would 
be sufcient to trigger origin activation, 
whereas high CDK activity would result in 
disassembly of pre-RCs and inhibition of 
new preRC formation. However, this model 
would have the risk of aberrant regulation at 
intermediate levels of CDK activity. 
Another possibility would be that the specic 
phosphorylation of replication proteins 
determines whether the origin is activated 
or inhibited. Whether these proteins are 
phosphorylated or not depends on their 

availability or their accessibility. In this 
model E3-ubiquitin ligase proteins like the 
anaphase promoting complex (APC) and the 
Skp1-cullin-F box SCF complex could play a 
central role in determining the availability 
of the initiation proteins by regulating their 
cell cycle dependent destruction. At present 
several proteins of the mammalian preRC 
have been described to be phosphorylated 
by CDKs and as a result degraded or 
inactivated. First, human Orc1 was shown 
to be phosphorylated by cyclin A/CDK2 
and degraded in a SCFSkp2-dependent 
manner (Mendez et al., 2002). Second, it 
was demonstrated that cyclin A-dependent 
Cdt1 phosphorylation in S-phase induces 
its SCFSkp2-dependent degradation (Li et al., 
2003; Liu et al., 2004; Sugimoto et al., 2004). 
Notably, Cdt1 activity remained regulated by 
geminin in G2/M and G1-phase of the cell 
cycle. Third, CDK phosphorylation decreases 
the helicase activity of the MCM-complex 
(Ishimi, 1997). However, phosphorylation of 
an initiation protein by CDK2 that is essential 
for activation of DNA replication has not 
been revealed. 

CDK2 dependent stabilization of Cdc6
Intriguingly, in addition to Orc1, Cdt1 and 
the MCM proteins also the licensing protein 
Cdc6 was previously recognized as a CDK 
target. Cdc6 phosphorylation by Cyclin-
A/CDK2 was described to occur in S-phase 
and to result in its translocation from the 
nucleus to the cytosol and subsequent 
degradation (Delmolino et al., 2001; Herbig 
et al., 2000; Jiang et al., 1999b; Petersen et 
al., 1999; Saha et al., 1998). However, these 
studies were all performed with ectopically 
expressed and tagged wild-type (wt) Cdc6 
or Cdc6 that had been mutated in several 
phosphorylation sites. Later on, this model 
has been challenged by the nding that only 
ectopically expressed Cdc6 or the soluble 
endogenous form are translocated to the 
cytosol, whereas the chromatin-bound form 
persist through S and G2 phases (Coverley 
et al., 2000; Mendez and Stillman, 2000). 
Notably, serine 54 phosphorylated Cdc6 was 
also shown to remain chromatin bound in 
S-phase (Alexandrow and Hamlin, 2004). 
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Nevertheless, Cdc6 failed to be recognized 
as a positive regulator of DNA replication. 
Interestingly, latest observations establish
Cdc6 as the first example of a key replication 
initiation protein whose stability is increased 
by CDK phosphorylation. We recently 
observed that the licensing protein Cdc6 is 
phosphorylated and thereby stabilized by 
CDK2/cyclin E activity (Duursma and Agami, 
2005). In particularly, phosphorylation of 
one amino acid (serine 54) protects Cdc6 
from APCCdh1 mediated destruction. In line 
with our results, Mailand et al showed that 
phosphorylation of Cdc6 prevents it Cdh1-
dependent ubiquitination (Mailand and
Diffley, 2005).
The fact that Cdc6 stability is controlled by
CDK2 implies regulation through the p53
pathway in stress responses. DNA damage 
induces stabilization and activation of the
p53 transcription factor, which results in 
increased synthesis of the CDK inhibitory 
protein p21Cip1 (Fei and El-Deiry, 2003).
Indeed, we observed enhanced Cdc6 

destruction following DNA damage in a p53 
and p21Cip1-dependent manner (Duursma 
and Agami, 2005). Interestingly, we also 
revealed that Cdc6 is regulated in a p53-
dependent manner in non-stressed cells. 
We demonstrate that siRNA mediated
reduction of p53 protein levels results in 
more replicating cells, an effect that can be
reversed by reducing Cdc6 protein level.

Controlling the stability and activity of 
the licensing factors
Both Cdc6 and Cdt1 are the licensing factors 
of DNA replication. Therefore, this key step 
in initiation of DNA replication appears to be 
regulated by several independent pathways.
Whereas the protein abundance of Cdc6 in 
G1/S phase is positively regulated by cyclin 
E/CDK2 phosphorylation through protecting 
it from APCCdh1-dependent degradation, 
Cdt1 is negatively regulated during S-phase
by Cyclin A phosphorylation in a SCFSkp2-
dependent manner (Li et al., 2003; Liu et al.,
2004; Sugimoto et al., 2004). However, this 
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Figure 1: A schematic model of the regulation of DNA replication licensing in G1 phase of the cell cycle.

Licensing of replication origins occurs in a time-frame where geminin is degraded by the APC, resulting in active Cdt1, and 

Cdc6 is protected from APC-dependent degradation by CDK2/ cyclin E phosphorylation of serine 54.
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model is more complex since Cdt1 activity is 
also inhibited by geminin (Sugimoto et al., 
2004). As both Cdc6 and geminin (McGarry 
and Kirschner, 1998) are regulated by the 
APC a paradox emerges. How is the APC-
dependent destruction of both an activator 
(Cdc6) and an inhibitor (geminin) of DNA 
replication coordinated to ensure that Cdc6 
and Cdt1 are present in the same time-
frame to allow efcient pre-RC assembly? 
Based on our results and those of Mailand 
et al, we propose the following model for 
the assembly of preRCs (Figure 1). Geminin 
is degraded in an APC-dependent manner 
at the end of G2/M and in early G1 phase 
of the cell cycle. Due to the degradation 
of Geminin the levels of Cdt1 will rise 
during G1. Cdc6 transcription is regulated 
by E2F transcription factors (Hateboer et 
al., 1998; Yan et al., 1998), hence Cdc6 
transcription increases in G1 phase. Yet, 
Cdc6 protein levels will only be stabilized in 
the course of G1 as the activity of CDK2/

cyclin E increases. Phosphorylation of Cdc6 
at serine 54 will protect Cdc6 from APCCdh1-
dependent destruction and the protein is 
allowed to accumulate. This provides the 
cells with a period in which both licensing 
factors Cdt1 and Cdc6 are present. Binding 
of these proteins to the ORC-complex at 
origins results in recruitment of the MCM-
complex and formation of a preRC. Thus, 
phosphorylation of Cdc6 serine 54 could be 
the primary determinant of the timing of 
preRC formation at G1/S transition.
Another question that arises is whether the 
CDK2-dependent phosphorylation of Cdc6 
not only stabilizes the protein but also plays 
a role in recruitment of the MCM-complex. 
Interestingly, defective MCM loading was 
observed in mouse embryonic broblasts 
(MEFs) lacking both cyclin E1 and E2. Cells 
that re-entered the cell cycle from quiescence 
showed chromatin bound Cdc6 but not 
MCM2 (Geng et al., 2003). In addition, it was 
shown that a phospho-mimicking mutant 
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Figure 2. A proposed model for the regulation of initiation of DNA replication. Geminin and Cdc6 are both degraded 

by the APC, until Cdc6 is stabilized by CDK2/ Cyclin E activity in course of G1 phase. We propose that this is the step in 

origin ring that requires CDK activity. Once Cdc6 and Cdt1 license the chromatin, the MCM-complex will be recruited. We 

suggest that the subsequent loading of Cdc45 and DNA-polymerase-alpha occur in a CDK independent manner, but what 

is required for this loading remains to be determined.  
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of Cdc6 that was co-expressed with Cdt1 
under conditions where the endogenous 
licensing proteins were absent, could 
enforce chromatin loading of MCM6 (Mailand 
and Difey, 2005). Together, a model can be 
depicted whereby phosphorylation of Cdc6 
plays a crucial role in MCM recruitment to 
the chromatin.

Controlling initiation of DNA replication: 
the model
We propose here a model for regulation of 
initiation of DNA replication in mammalian 
cells which is based on the nding that 
Cdc6 is stabilized by CDK phosphorylation 
and the observation that phosphorylation 
of Cdc6 was sufcient to load MCM6 to the 
chromatin (Figure 2). In this model, Cdc6 is 
a key CDK2/cyclin E target in the replication 
complex for activation of origins in G1-phase. 
Stabilization of Cdc6 by phosphorylation 
together with the destruction of geminin 
results in binding of both Cdc6 and Cdt1 to 
the ORC complex at origins of replication 
leading to the loading of the MCM-complex. 
Next, independent of further CDK activity, 
the MCM complex recruits Cdc45, which 
in turn recruits DNA polymerase. Thus, 
opposing the hypothesis that CDK-dependent 
phosphorylation of MCM proteins results in 
origin ring, we propose that CDK activity 
is crucial for activating replication origins by 
phosphorylating Cdc6.
This model is consistent with the fact that all 
CDK-phosphorylated MCM proteins identied 
until now are negatively regulated by this 
modication (Hendrickson et al., 1996; 
Ishimi, 1997). However, this hypothesis 
disagrees with the suggested requirement of 
CDK activity between the assembly of MCM 
in the preRC and the loading of Cdc45, which 
was mainly based on studies in yeast and in 
vitro studies with Xenopus egg extracts. In 
yeast it was shown that association of Cdc45 
with chromatin correlated with activation of 
S-phase CDK activity at G1/S transition (Zou 
and Stillman, 1998). Nevertheless, chromatin 
binding of yeast Cdc45 in G1 was reported 
by others (Aparicio et al., 1997). Further, in 
vitro experiments with Xenopus egg extracts 
and sperm chromatin showed that addition 

of p21Cip1 or p27Kip1 could block Cdc45 loading 
whereas MCM was still recruited (Mimura and 
Takisawa, 1998; Walter and Newport, 2000). 
Thus, to our knowledge direct evidence for 
CDK activity in the loading process of Cdc45 
in mammalian cells is lacking and therefore 
interesting to be determined. 
CDKs were also proposed to re individual 
origins, resulting in early and late replicating 
origins. Therefore, if CDKs do not play a role 
in activating individual preRCs, what then 
determines the activation of individual origins 
at different time-points during S-phase? One 
possibility is the activity of Cdc7-Dbf4 kinase 
which was shown to phosphorylate MCM2 
and to be required for activation of DNA 
replication in mammalian cells (Jiang et al., 
1999a). Moreover, it has been proposed that 
this kinase acts locally at individual origins 
(Jares et al., 2000). Therefore, it would be 
interesting to nd out what determines the 
activation of individual replication origins and 
whether the Cdc7-Dbf4 kinase is involved.

Concluding remarks
Cdc6 has emerged as the rst positively 
regulated target of CDK2/cyclin E activity 
within the initiation of DNA replication, since 
its phosphorylation results in stabilization 
of the protein. CDK2/ cyclin E activity is 
inhibited during stress responses due to the 
p53-p21Cip1 pathway and as a consequence 
Cdc6 is subjected to increased degradation. 
However, p53-dependent regulation of Cdc6 
protein abundance also appears to play a 
role in non-stressed cells. The increase in 
replicating cells due to loss of p53 can be 
reverted by reducing the levels of CDC6. 
Many tumors lost p53 activity or have 
elevated levels of cyclin E. Therefore it would 
be interesting to determine whether these 
cells have increased Cdc6 expression and 
whether this plays a role in tumorigenesis. 
Then, Cdc6 might emerge as a novel target 
in cancer therapy.  
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MicroRNAs (miRNAs) are small non-coding RNA molecules of 20-24 nucleotides 
that regulate gene expression. In animals, miRNAs form imperfect interactions with 
sequences in the 3’ Untranslated region (3’UTR) of mRNAs, causing translational 
inhibition and mRNA decay. In contrast, plant miRNAs mostly associate with 
protein coding regions. Here we show that human miR-148 represses DNA 
methyltransferase 3b (Dnmt3b) gene expression through a region in its coding 
sequence. This region is evolutionary conserved and present in the Dnmt3b splice 
variants Dnmt3b1, Dnmt3b2 and Dnmt3b4, but not in the abundantly expressed 
Dnmt3b3. Whereas overexpression of miR-148 results in decreased DNMT3b1 
expression, short-hairpin RNA mediated miR-148 repression leads to an increase 
in DNMT3b1 expression. Interestingly, mutating the putative miR-148 target site 
in Dnmt3b1 abolishes regulation by miR-148. Moreover, endogenous Dnmt3b3 
mRNA, which lacks the putative miR-148 target site, is resistant to miR-148 
mediated regulation. Thus, our results demonstrate that the coding sequence of 
Dnmt3b mediates regulation by the miR-148 family. More generally, we provide 
evidence that coding regions of human genes can be targeted by miRNAs and 
that such a mechanism might play a role in determining the relative abundance of 
different splice variants. 

Introduction

MiRNAs are small non-coding RNAs that 
have been identied as post-transciptional 
regulators of mRNA expression in many 
multi-cellular organisms such as plants, 
insects and mammals. In animals, miRNAs 
have been shown to inhibit mRNA translation 
and to decrease mRNA stability by binding 
sequences in the 3’UTR (Standart and 
Jackson, 2007; Wu et al., 2006). Perfect 
binding of nucelotides 2-7, the miRNA ‘seed’, 
to the target mRNA is considered to play a 
key role in target recognition (Doench and 
Sharp, 2004; Lewis et al., 2005). Binding of 
other miRNA nucleotides has been suggested 
to be involved in mRNA repression as well, but 
in this instance no perfect complementarity 
is required (Grimson et al., 2007).
In plants, most described miRNAs bind the 
protein coding sequence (CDS) of their 

target mRNAs with very high sequence 
complementarity and this induces 
translational repression or RNA degradation 
in a way similar to RNA interference (Chen, 
2004; Llave et al., 2002; Rhoades et al., 
2002). The existence of miRNA binding 
sites in animal CDS has been predicted by 
computational approaches. By analyzing 
mRNAs for conserved complementarity to 
the miRNA seed sequence, about a thousand 
target sites were predicted to occur in 
vertebrate CDSs (Lewis et al., 2005) and 
a similar approach in ies predicted sites 
in the CDSs as well (Stark et al., 2007). 
Furthermore, by combining computational 
approaches and human mRNA expression 
data, effective miRNA sites were detected 
in human CDS (Grimson et al., 2007). In 
an experimental assay, let-7 mediated 
repression was observed in zebrash 
embryos when a let-7 target site was fused 
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to the GFP CDS (Kloosterman et al., 2004). 
Furthermore, a miRNA pull-down of mRNAs 
and subsequent validation of predicted CDS 
sites of these mRNAs in reporter assays, 
showed that y miRNAs can target CDSs 
(Easow et al., 2007). Yet, to our knowledge 
no functional miRNA binding sites have been 
described in mammalian coding regions. 
DNA methylation is an epigenetic 
modication, which is involved in gene 
silencing, chromatin remodeling and 
genome stability (Jones and Baylin, 2007). 
In mammals, DNA methyltransferases 
attach methyl groups to cytosine residues 
of long stretches of CpG dinucleotides (CpG 
islands) that occur in repetitive sequences 
or in gene promoter regions (Gal-Yam et 
al., 2007). DNMT3a and DNMT3b have been 
identied as ‘de novo’ methyltransferase, 
which methylate DNA during early 
development and gametogenesis (Okano et 
al., 1999). Inactivation of Dnmt3b results in 
embryonic lethality and Dnmt3a knock-out 
mice die shortly after birth (Okano et al., 
1999). Although DNMT3a and DNMT3b have 
overlapping functions in imprinting of genes, 
DNMT3b was shown to be essential for 
methylation of centromeric minor satellite 
repeats (Okano et al., 1999). Furthermore, 
mutations in the human Dnmt3b gene have 
been linked to the ICF (Immunodeciency, 
Centromere instability and Facial anomalies) 
syndrome (Xu et al., 1999).  Lymphocytes 
from these patients display hypomethylation 
of centromeric repeat sequences, chromatin 
decondensation and genomic instability 
(Jeanpierre et al., 1993; Tuck-Muller et 
al., 2000). In cancer, single nucleotide 
polymorphisms in the Dnmt3b promoter 
that were hypothesized to result in elevated 
Dnmt3b expression, have been correlated 
with an increased risk of lung cancer (Lee et 
al., 2005; Shen et al., 2002). Interestingly, a 
recent paper showed direct regulation of the 
Dnmt3a and Dnmt3b 3’UTRs by miR-29 and 
reduced expression of miR-29 correlated 
inversely with increased expression of these 
Dnmts in lung cancer tissue (Fabbri et al., 
2007). 
Dnmt3b has several splice variants of which 
Dnmt3b1 and Dnmt3b3 are expressed 

most abundantly (Robertson et al., 1999). 
DNMT3b1 and DNMT3b2 have been shown 
to be catalytically active (Okano et al., 
1998), whereas the role of DNMT3b3 in 
DNA methylation is not fully understood.  
Murine DNMT3b3 is catalytically inactive 
both in vitro (Aoki et al., 2001) and in 
vivo (Chen et al., 2003), however, the 
DNA methyltransferase activity of human 
DNMT3b3 depended on which substrate 
was chosen (Chen et al., 2005; Soejima et 
al., 2003). This discrepancy might reect a 
change in target preference since Dnmt3b3, 
but also Dnmt3b4, lack a motif that could 
be responsible for target recognition 
(Kumar et al., 1994). Interestingly, high 
expression of splice variant Dnmt3b4 has 
been associated with DNA hypomethylation 
at pericentromeric satellite regions (Saito et 
al., 2002). This could be a result of dominant 
negative regulation or an example of changed 
target preference. The latter could result in 
altered gene expression and this was indeed 
observed by micro-array analysis in cells that 
exogenously expressed Dnmt3b7, a splice 
variant that was found highly expressed in 
cancer cells (Ostler et al., 2007). Another 
possibility would be that DNMT3b3 stimulates 
DNMT3b1 catalytic activity in a similar way 
to the DNMT3b related protein DNMT3L that 
also lacks methyltransferase activity (Chen 
et al., 2005).
Here, we describe our nding that human 
miR-148 regulates DNMT3b expression 
through interaction with a conserved site in 
its protein coding sequence. Interestingly, 
the target site is absent in the abundantly 
expressed Dnmt3b3 splice variant, making 
it resistant to miRNA-mediated regulation. 
Thus, the expression of miR-148 changes 
the relative abundance of DNMT3b splice 
variants.

Results and Discussion

In plants, most miRNAs regulate mRNA 
expression by interacting with highly 
homologous CDS (Rhoades et al., 2002). 
We identied a site in the Dnmt3b CDS 
(nucleotides 2384-2411), which is highly 
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homologous to the miR-148 family (Figure 
1A). This region has the potential to interact 
with all 22 nucleotides of miR-148a and 
b (leaving only one gap) and therefore 
resembles miRNA target interactions 
observed in plants. Importantly, the target 
site (referred to as site #1) is conserved in 
rhesus, mouse, rat, dog, horse and armadillo 
Dnmt3b1, Dnmt3b2, and Dnmt3b4, 
suggesting that this sequence is retained 
through evolution (Figure 1A). However, 
this particular sequence is not present in 
the Dnmt3b3 splice variant (Figure 1B and 
data not shown). Another site (#2) that 
contains complementarity to the miR-148 
family is situated between nucleotides 1424 
and 1439 (determined using targetscanS 
and RNA22)(Figure 1B). Although it has a 
good match of the miRNA seed sequence 
(nucleotides 2-7), which is thought to specify 
miRNA targets in 3’UTRs (Doench and 
Sharp, 2004; Lewis et al., 2005), extensive 
complementarity such as observed with site 
#1 is not seen. 
Next, we designed experiments to study the 
regulation of Dnmt3b by miR-148. First, we 
used miR-Vec-148a, a miRNA-expression 
vector for ectopic expression of miR-148a 
(Voorhoeve et al., 2006). Using an RNase 

protection assay (RPA) for miR-148 in HeLa 
cells, which were previously shown to be 
negative for miR-148 (Barad et al., 2004), 
transient and stable introduction of miR-Vec-
148a led to high expression of this miRNA 
(Figure 2A). Second, we determined whether 
we could identify cell lines that endogenously 
express miR-148 by quantitative real-time 
(qRT) PCR specic for mature miR-148a. 
We observed high miR-148 expression in 
the 2102EP testicular germ cell line, 293T 
cells, Jurkat T cells, but not in HeLa, MCF-
7 cells and diploid BJ broblasts that were 
immortalized with telomerase (Figure 2B). 
Notably, the high expression observed in 
the transient transfected miR-148a HeLa 
cells was very similar to the endogenous 
expression of miR-148a found in Jurkat cells 
(2B). In contrast to miR-148a, we were 
unable to detect endogenous expression 
miR-148b (which was originally cloned from 
rat) in human cell lines (data not shown). 
Third, we co-transfected miR-Vec-148a with 
an expression vector containing the coding 
region of for Dnmt3b1 downstream of the 
green uorescent protein (GFP-Dnmt3b1), 
and performed immuno-blotting analysis for 
GFP.  Notably, Dnmt3b was cloned in-frame 
with GFP, which was veried by sequencing.  

Figure 1. Schematic representation of 

putative miR-148 sites in the Dnmt3b1 

coding region. A miR-148a and b are 

highly complementary to nucleotides 2382 

to 2412 of human Dnmt3b. This potential 

miR-148 target site is conserved in rhesus, 

mouse, rat, dog, horse and armadillo. 

This site is referred to as target site #1. 

B Schematic representation of 2 possible 

miR-148 target sites in the Dnmt3b coding 

region.

A

B
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Furthermore, the translational fusion 
product was detected at the appropriate 
size by Immunoblotting analysis (data not 
shown). We observed a marked reduction of 
60% of GFP-DNMT3b1 expression, but not of 
co-transfected H2B-GFP, in cells expressing 
miR-148 (Figure 2C). As expected from
the sequence similarity between miR-148a 
and miR-148b, a similar reduction of GFP-
DNMT3b1 expression in cells expressing 
miR-148b was observed (Figure 2D). These 
results suggest that the presence of miR-148 
represses the expression of DNMT3b1.

To determine whether the observed
reduction in DNMT3b1 expression by miR-
148 is dependent on the putative miR-148 
target sites, we mutated these regions
to significantly reduce recognition by the 
miRNAs. Importantly, mutating these sites
did not change the frame of the fusion
proteins, as was verified by sequencing and 
Immunoblotting analysis (data not shown).
Transient co-transfection experiments 
revealed that mutating the highly homologous 
target site #1 almost completely abrogated 
miR-148-mediated regulation (Figure 2E). 
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However, a mutant of target site #2, which 
has much less complementarity to miR-148, 
still retained sensitivity to miR-148. This 
suggests that miR-148 targets Dnmt3b1 
through a highly complementary sequence
in the Dnmt3b1 coding region.
The results above imply that the Dnmt3b3 
splice variant, which lacks miR-148 target
site #1, is resistant to miR-148 mediated 
regulation. To examine this issue, we
designed primers for qRT-PCR that 
distinguish endogenous Dnmt3b3 from
Dnmt3b1 and other variants that express 
the targeted exon such as Dnmt3b2 and
Dnmt3b4 mRNA (Figure 3A). This analysis
revealed that stable expression of miR-
148a in HeLa cells resulted in small but
significant reduction (p<0.001) in Dnmt3b1 
mRNA levels of 25%, while no reduction in 
Dnmt3b3 mRNA levels was observed (Figure
3A). Thus, the expression of miR-148a 
affects the mRNA stability of Dnmt3b1, but

Figure 3. miR-148 reduces endogenous Dnmt3b1 mRNA and protein level. A qRT-PCR of either miR-Vec-148 or 

control (Ctrl.) transfected HeLa cells. Specific primers were used to detect Dnmt3b1 and Dnmt3b3 as shown schematically. 

Error bars represent standard deviation, n=4 and *** p<0.001. B 2102EP cells were electroporated with the indicated 

constructs and subjected to immunoblot analysis for Dnmt3b and Tubulin.

not Dnmt3b3, leading to a relative increase 
in the abundance of Dnmt3b3 compared
to Dnmt3b1 and all other Dnmt3b splice
variants that express the targeted site. 
DNMT3b protein is highly expressed in 
undifferentiated embryonic stem cells, 
whereas its expression level is much reduced 
in somatic cells (Okano et al., 1998). To 
study the effect of miR-148a on endogenous 
DNMT3b protein expression we attempted 
to detect it in several tumor cell lines using 
immuno-blot analysis.  In our hands, only 
2102EP testicular germ cell tumor cells 
expressed endogenous DNMT3b in sufficient 
amount to allow detection by western blot 
(data not shown). Furthermore, these cells
express moderate level of miR-148a (Figure 
2B). To assess whether increasing miR-148
level would result in reduced endogenous 
DNMT3b1 protein level, we electroporated
the miR-148 expression vector into 2102EP 
cells and subjected them to immunoblotting 
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analysis with a specific anti-Dnmt3b 
antibody. In line with the results above, 
over-expression of miR-148a reduced
DNMT3b1 protein level up to 70 % compared
to two different miRNA control constructs 
(Figure 3B). We used two short-hairpin RNA 
(shRNA) constructs targeting Dnmt3b and 
an expression vector for Dnmt3b1 to control
for the specificity of the Dnmt3b antibody 
(Figure 3B).
Lastly, we asked whether inhibition of 
miR-148a activity would elevate DNMT3b1 
expression. We designed two shRNA 
constructs targeting the miR-148 precursor 
RNA. Electroporation of 21202EP cells 
with these constructs showed that one
construct, miR-148kd#2, was functional in
reducing endogenous miR-148 level as 
determined by RPA analysis (Figure 4A). 
Western blot analysis of cells electroporated 
with miR-148kd#2 indeed revealed increase
in the DNMT3b1 protein level (Figure 4B). 
We therefore conclude that endogenous
DNMT3b1 expression is controlled by miR-
148a in 2102EP cells.
Our data reveal a novel function of miRNA-
mediated regulation. miRNA targeting of 
human coding regions in addition to 3’UTRs 
not only extends the range of potential target 
sites, but also allows for splice variant specific
regulation. Significantly, different DNMT3b 
splice variants might play a role in regulating 
DNMT3b activity or target site preference.

This could be an additional mechanism to
the regulation of splice variant abundance
by alternative splicing. Our results rule out 
the possibility that alternative splicing is
induced by miR-148 targeting, since miR-148 
reduced expression of exogenous DNMT3b-
GFP in a site-specific manner.
It is interesting that only the high affinity
miR-148 target site in Dnmt3b1 was affected
by miR-148. In the future, it will be important 
to determine whether miRNA binding to CDS
requires more complementarity with the target 
than interactions with 3’UTRs. Plant miRNAs
interact with high sequence complementarity
with their target CDS eliciting in most of 
the cases an RNA interference-mediated
cleavage of the target mRNA (Llave et al., 
2002; Rhoades et al., 2002).  Although we
observed reduction of Dnmt3b mRNA in the
presence of miR-148, the reduction was less
prominent than the observed reduction on 
protein level. This suggests that miR-148 
induces both translational repression and 
mRNA degradation of Dnmt3b1. Further 
experiments should approach this point.

The mechanism by which miRNAs mediate 
repression is not completely understood. 
Whereas some evidence exists for interference
with initiation of translation, others suggest 
that miRNAs prevent the ‘closed loop’ mRNA
configuration induced by interaction of poly-
A binding proteins with initiation factors at
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the 5’ cap (Standart and Jackson, 2007). 
The latter enhances translation efciency. 
miR-148 targets Dnmt3b1 approximately 
150 nucleotides before the stop codon in 
the CDS, which is near the 3’UTR and the 
poly(A)-tail. Therefore, the location of miR-
148 target site might allow for miRNA-
mediated repression in a similar fashion as 
3’UTR binding miRNAs. On the other hand, 
experiments with miRNA target sites cloned 
in the 5’UTR of a luciferase construct showed 
miRNA mediated repression (Lytle et al., 
2007), suggesting that repression might be 
independent of the target site location.  The 
exact mechanism through which miR-148 
targets Dnmt3b1 remains to be explored. 
In conclusion, we present evidence for 
a functional interaction of human miR-
148 with the Dnmt3b1 CDS. It would be 
interesting to see whether miRNA-mediated 
regulation of protein coding regions turn out 
to be a common theme in miRNA targeting 
of mammalian mRNAs or the exception that 
conrms the rule. 

Material and methods

Constructs and antibodies

Dnmt3b expression constructs were cloned by PCR in 

pEGFP-C2 (Clontech). Dnmt3b mutant constucts were 

generated by site-directed mutagenesis using PCR and 

constructs were veried by DNA sequence analysis. 

Mutant#1 1429TACTGCACTG1438 was replaced by 

TTCTCGTCA. Mutant#2 2398TTGTGGTGCACT2409 was 

replaced by TTAGCCGCGACC. All miRNAs were expressed 

from a retroviral miR-Vec vector as described before 

(Voorhoeve et al., 2006). We used pSuper short-hairpin 

constructs (Brummelkamp et al., 2002) targeting Dnmt3b 

and miR-148: Dnmt3bkd#1 AGATGACGGATGCCTAGAG  

Dnmt3bkd#2 (AGGTAGGAAAGTACGTCGC) miR-

148kd#1 ACTCTGAGTATGATAGAAG miR-148kd#2 

GTCAGTGCACTACAGAACT. Antibodies against Dnmt3b (H-

230, Santa Cruz), Tubulin (YL1/2, ECACC) and NFkB p65 

(C-20 Santa Cruz) and GFP (a gift from J. Neefjes) were 

used. 

Cell culture and transfection

Hela, 2102EP, 293T, MCF-7, U2OS, BJ ET primary broblasts 

(expressing the ecotrophic receptor and human telomerase) 

were grown in Dulbecco Modied Eagle Medium  and Jurkat 

cells in Iscove’s Modied Dulbecco’s Medium suplemented 

with 10% fetal bovine serum. Hela cells were transfected 

with Fugene (Roche) using manufacturer’s protocol. 2102 

EP cells were transfected by electroporation as described 

(Agami and Bernards, 2000). A Gene Pulser Xcell 

Electroporation System (Bio-Rad) was used at 120 volts, 

10 times 1.5 ms burst duration and 1 s interval.

Immuno-blotting 

For Western blot analysis whole-cell extracts were 

separated at 6% SDS-PAGE mini-gels and transferred to 

polyvinylidene diuoride membranes (Millipore). Western 

blots were developed using enhanced chemiluminescence 

(Amersham Biosciences). Densitometric quantication of 

Western blot assays was done by using Tina (version 2.09f) 

software. 

RNA isolation, RPA and real-time RT PCR

RNA was isolated from cells using Trizol (Invitrogen). 

RNase protection assays (RPAs) were performed 

using the mirVana miRNA probe construction and 

detection kits (Ambion) according to manufacturers 

protocol. 5 !g of RNA was used per assay and a 

ATAGAAGTCAGTGCACTACAGAACTTTGTCTCCCTGTCTC 

primer was used to make a miR-148a probe. Quantication 

was performed by densitometry.

cDNA was prepared from 1.5 !g of RNA using random 

hexamer primers (Superscript III rst-strand synthesis 

system for RT-PCR, Invitrogen). Quantitative RT-PCR was 

performed with a standard 2-step amplication protocol 

of a MiniOpticon System (Bio-Rad) apparatus using a 

SYBRgreen PCR master mix (Applied Biosystem) and 

specic primers.  

Dnmt3b1 forward GCCGTTCTTCTGGATGTTTGAG 

Dnmt3b1 reverse ATCCTATTGTATTCCAAGCAGTCC

Dnmt3b3 forward ATCTCACGGTTCCTGGAGTG

Dnmt3b3 reverse AAGCCAAAGATCCTGTTCATCC

Beta Actin forward CCTGGCACCCAGCACAAT 

Beta Actin reverse GGGCCGGACTCGTCATACT

The mirVana qRT-PCR miRNA detection kit (Ambion) was 

used to detect miRNA expression by quantitative RT-PCR. 

Specic miR-148a and U6 RT and PCR primers were used 

(Ambion) and 25 ng of RNA was used per reaction. 
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MicroRNAs (miRNAs) have been implicated in several cellular processes, such as 
cell proliferation, differentiation and apoptosis. miR-148 was found expressed in 
the spleen and enriched in human cell lines of hematopoietic origin. Interestingly, 
we identified Dnmt3b and MLL (mixed lineage leukaemia) as possible miR-148 
targets and they both appear to be involved in T cell development and survival. 
To study whether miR-148 mediated repression of Dnmt3b and MLL plays a role in 
human lymphoid development, we determined the expression of miR-148, Dnmt3b 
and MLL in different lymphoid subsets isolated from human postnatal thymus. 
Whereas miR-148 is highly expressed in CD34+CD1a- early thymic progenitor cells 
and remains expressed in all subsets of T cell committed lineages, its expression 
is significantly decreased in natural killer (NK) cells and plasmacytoid dendritic 
cells (pDCs). However, we found that Dnmt3b and MLL mRNA levels are reduced in 
these subsets as well. This suggests that relieve of miR-148 mediated repression 
of Dnmt3b and MLL is not a key step in pDC and NK development. Instead, miR-
148 might play a role in fine-tuning the expression of these targets in lymphoid 
development. To test whether reduction of miR-148 level is essential for pDC 
development we exogenously expressed miR-148 in mTPCs and performed in vitro 
pDC differentiation assays. Interestingly, miR-148 overexpression resulted in a 
dramatic increase in both percentage and number of pDCs.

Introduction

Currently, several hundreds of miRNAs 
have been identied, and they have been 
implicated in many cellular processes 
such as cell proliferation, apoptosis and 
differentiation (Carleton et al., 2007). 
Whereas some miRNAs are broadly 
expressed, others are expressed in a tissue-
specic manner (Landgraf et al., 2007). To 
gain more insight in the role of miRNAs in 
development and differentiation, a number of 
studies examined the expression of miRNAs 
in cells of the immune system. In a rst large-
scale attempt to identify miRNAs involved in 
mammalian hematopoiesis approximately 

100 miRNAs were cloned from mouse bone 
marrow (Chen et al., 2004). Three of these 
miRNAs showed preferential expression in 
hematopoietic tissue compared to tissues 
of other origins. Ectopic expression in a 
hematopoietic precursor cell of one of these 
miRNAs, miR-181, resulted in a signicant 
increase in B cell development (Chen et al., 
2004).  In another study, several miRNAs 
were shown to be down-regulated following 
in vitro differentiation from CD34+ bone 
marrow cells to megakaryocytes (Garzon 
et al., 2006). Further, miR-155 expression 
was shown to regulate the germinal center 
reaction, a specic differentiation processes 
in the immune response (Thai et al., 2007). 
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Finally, miR-150, which is specically 
expressed in mature lymphocytes and not 
in their progenitors was shown to control 
B cell differentiation by regulating its 
target c-Myb (Xiao et al., 2007). miR-150 
overexpression in B-cell progenitors resulted 
in down-regulation of c-Myb and in a partial 
block of early B-cell development. Together, 
these studies indicate that miRNAs can 
play an important role in differentiation of 
hematopoietic cells. 
Human miR-148a (which we will refer to 
as miR-148) was originally cloned from the 
mouse spleen. This expression appeared to 
be specic, since no clones were derived 
from heart, liver, small intestine, colon or 
brain tissue (Lagos-Quintana et al., 2002). In 
humans miR-148 was also found expressed 
in the spleen and enriched in human cell 
lines of hematopoietic origin (Landgraf et al., 
2007). This is in accordance with our nding 
that miR-148a is expressed to the highest 
extent in Jurkat T cells compared to other 
cancer cell lines (Chapter 4). Interestingly, 
we identied a number of miR-148 targets 
that might play a role in T cell survival and 
development, such as Dnmt3b (Chapter 4). 
Dnmt3b mutations in humans were linked 
to the Immunodeciency, Centromeric 
region instability and Facial anomalies (ICF) 
syndrome (Xu et al., 1999). ICF patients are 
characterized by low serum immunoglobulin 
levels and low numbers of peripheral blood B 
and T cells (Ehrlich, 2003). A mouse model 
of the ICF syndrome implied that the low 
number of T cells are the result of T cell death, 
thereby suggesting that Dnmt3b expression 

might play a role in T cell survival (Ueda et 
al., 2006). Furthermore, gene expression 
proling by micro-array analysis revealed 
that Dnmt3b is differentially expressed in 
consecutive stages of T cell development. 
Whereas Dnmt3b was highly expressed in 
early thymic progenitor cells, its expression 
gradually decreased at more mature stages 
of development (Dik et al., 2005). Another 
possible miR-148 target mRNA is MLL (mixed 
lineage leukaemia) as will be shown here. 
MLL was identied as a common breakpoint 
in human leukaemia’s and subsequently was 
shown to be involved in myeloid and lymphoid 
cancers through its fusion with many genes 
of other chromosomes (Daser and Rabbitts, 
2005). Although less is known about its role 
in normal hematopoiesis, MLL appears to 
be essential, since MLL heterozygous mice 
displayed hematopoietic abnormalities (Yu 
et al., 1995).  Furthermore, MLL is a major 
activator of class I homeobox (HOX) gene 
expression, by interacting directly with 
HOX promoter regions (Milne et al., 2002; 
Nakamura et al., 2002). For HOX genes 
also several lines of evidence exist for their 
involvement in hematopoiesis (Daser and 
Rabbitts, 2005). 
Several cell subsets have been characterized 
in human thymic development (Figure 1). 
CD34+CD1a- cells are early multipotent 
thymic progenitor cells (mTPCs), which 
have the capacity to give rise to T cells, NK 
(natural killer) cells and pDCs (plasmacytoid 
dendritic cells). Upregulation of CD1a 
resulting in CD34+CD1a+ cells, is associated 
with T cell commitment, since these cells 

Figure 1. Schematic representation of human thymocyte differentiation.
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have little capacity to develop into NK cells 
and completely lost their pDC developmental 
potential (Spits et al., 2000). CD34+CD1a+ 
cells develop into CD4 immature single 
positive (ISP) cells, CD3- double positive 
(DP) cells that are positive for both the CD4 
and CD8 receptor, CD3+ DP cells and nally 
they develop into CD4 mature single positive 
T cells (Blom and Spits, 2006). 
We were intrigued by the overlap of miR-148 
expression in hematopoietic cells and the 
possible functions of its targets Dnmt3b and 
MLL in T cell development and survival. In 
this study we aimed to analyse the potential 
role of miR-148 and its targets in more detail 
in human thymic development. 

Results and discussion

miR-148 and Dnmt3b 
To study the role of miR-148 and Dnmt3b in 
early hematopoiesis, cells in different stages 
of thymic development were isolated from 
post natal human thymus tissue by ow 
cytometric sorting. The expression level of 
several markers was used to isolate cells 
from different developmental stages as 
depicted in Figure 1. In addition to these T 
cell committed cells, pDC  (BDCA2+CD123hi) 
and NK cells (CD56+CD3-) were isolated, 
which both can arise from mTPCs (Figure 
1). We isolated RNA from sorted cell 
populations, prepared cDNA and performed 
quantitative Real-Time (RT) PCR analysis 
for miR-148. We found that mTPCs contain 
high miR-148 levels (Figure 2A and data not 
shown). Moreover, the CD34+CD1a+ T cell 
committed cells showed an increase of miR-
148 expression of 2,5 times. However, apart 
from a slight increase observed in DP CD3- 
cells compared to mTPCs, we did not observe 
a signicant change of miR-148 expression 
in other analysed T cell subsets.
We previously showed that miR-148 regulates 
Dnmt3b1 expression through interaction with 
its coding region (Chapter 4). Therefore, the 
same RNA was subjected to quantitative RT-
PCR analysis for Dnmt3b1 expression (Figure 
2B). Also Dnmt3b1 was highly expressed in 
mTPCs, however, its expression gradually 

decreased in developing T lymphocytes. This 
result is in line with previously published 
micro-array data, were similar T cell subsets 
from the human thymus were analysed 
for mRNA expression (Dik et al., 2005). 
Compared to CD34+CD1a- cells Dnmt3b1 
mRNA level decreases in the CD34+CD1a+ 
cells whereas miR-148 level goes up. Yet, in 
other early T cell subsets no clear correlation 
was observed. 
Next, we analysed miR-148 expression in 
pDC and NK cells, which arise from the same 
mTPC (Figure 1). Interestingly, we detected 
a seven fold and a ve fold reduction in 

Figure 2. Relative miR-148 and Dnmt3b expression in 

thymic T cell subsets. A Freshly isolated thymic subsets 

were analyzed by quantitative RT-PCR for the presence 

of miR-148 (n=3). Values were calculated relative to 

CD34+CD1a- cells. Error bars represent standard error of 

the mean. B As descibed in A but analyzed for Dnmt3b1 

mRNA expression (n=2). Error bars represent standard 

deviation. * P<0.05 *** P<0.001
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miR-148 expression in pDC and NK cells, 
respectively (Figure 3A). Since miR-148 
expression increased 2,5 times in T cell 
committed CD34+CD1a+ cells (Figure 2A), 
this result shows differential expression of 
miR-148 in different early thymic subsets, 
which all arise from the same pool of 
progenitor cells.
In addition, we examined Dnmt3b1 
expression in the pDC and NK cells and found 
a reduction of its expression in both pDC and 
NK cells (Figure 3B). This suggests that also 
in pDC and NK cells Dnmt3b1 mRNA level 
is regulated by other means than miR-148 
expression. 
We previously described that miR-148 
targets a site in the Dnmt3b1 coding region 
that is absent from the Dnmt3b3 splice 
variant mRNA (Chapter 4). Dnmt3b3 mRNA 

expression appears to be down-regulated 
in pDC and NK cells as well (Figure 3C). 
However, whereas the ratio of Dnmt3b1 
and Dnmt3b3 was similar in CD34+CD1a- 
cells and CD34+CD1a+ cells, the relative 
abundance of Dnmt3b1 to Dnmt3b3 increased 
dramatically in pDC and NK cells (Figure 
3D). This alteration in balance of Dnmt3b 
splice variants, could reect the signicant 
reduced miR-148 expression in pDC and NK 
cells. Yet, a role of changed splicing activity 
in the different hematopoietic subsets can 
not be excluded.
Currently it is unknown whether Dnmt3b 
splice variants play a role in Dnmt3b function. 
The role of the highly expressed and miR-
148 resistant Dnmt3b3 splice variant in DNA 
methylation is particularly interesting. Some 
discrepancy has been reported on whether 

Figure 3. Relative miR-148, Dnmt3b1 and Dnmt3b3 expression in early thymic subsets. A Freshy isolated thymic 

subsets were analyzed by quantitative RT-PCR for the presence of miR-148 (n=3). Values were calculated relative to 

CD34+CD1a- cells. Error bars represent standard error of the mean. B and C As described in A but analyzed for Dnmt3b1 

and Dnmt3b3 (n=2). D Relative Dnmt3b1/Dnmt3b3 ratio calculated from Dnmt3b1 and Dnmt3b3 values relative to 

CD34+CD1a- Dnmt3b1. ** P<0.01 *** P<0.001
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human Dnmt3b3 is catalytically active 
or inactive depending on the substrate 
chosen (Chen et al., 2005; Soejima et 
al., 2003). This could reect a change in 
target preference compared to Dnmt3b1 
since Dnmt3b3 lacks a motif that could be 
involved in target recognition (Kumar et 
al., 1994). Further, it is interesting to note 
that overexpression of the Dnmt3b4 splice 
variant has been associated with dominant 
negative regulation, since hypomethylation 
of pericentromeric satellite regions was 
observed (Saito et al., 2002). Alternatively, 
this lack of satellite methylation could 
reect a change in target preference. Since 
Dnmt3b3 and Dnmt3b4 lack the same target 
recognition motif, it would be interesting to 
determine whether Dnmt3b3 like Dnmt3b4 
regulates target preference or has dominant 
negative activity. If so, it would be interesting 
to study the altered balance of Dnmt3b1 
and Dnmt3b3 in more detail in pDC and NK 
development. 

miR-148 and MLL
MLL was predicted by Targetscan 3.0 to 
be a likely miR-148 target. To test this 
experimentally, the MLL 3’UTR was cloned 
behind Luciferase in the pGL3 vector. Co-
transfection of this vector with miR-148 
resulted in a reduction of Luciferase activity 
of almost 50% compared to the empty 
pGL3 vector (Figure 4A). According to the 
prediction, two miR-148 target sites exist 
in the MLL 3’UTR. Deletion of 140 basepairs 
surrounding these sites of the 3 kb total 
MLL 3’UTR, completely abolished miR-148 
dependent MLL regulation (Figure 4A). This 
suggests that miR-148 is indeed able to 
directly regulate MLL mRNA expression by 
interacting with at least one of these sites 
in its 3’UTR.
To test whether miR-148 could induce 
degradation of endogenous MLL mRNA, miR-
148 was transfected into HeLa cells. Three 
days after transfection, RNA from these 
cells was isolated and cDNA was prepared 

Figure 4. miR-148 mediated regulation of MLL and MLL expression in early thymic subsets. A miR-148 represses 

pGL3-Luc expression with the wild-type MLL 3’UTR (MLL) but not a mutant with mutated miR-148 target sites (MLL 

mutant). Expression was calculated relative to a co-transfection with a control miRNA. A representative experiment is 

shown. Error bars represent standard deviation. B Representative quantitative RT-PCR of endogenous MLL expression 

in HeLa cells transfected with a control miRNA or with miR-148. Error bars represent standard deviation. C Relative MLL 

expression was calculated in freshly isolated early thymic subsets (n=1). Error bars represent standard deviation.
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for quantitative RT-PCR. The expression of 
MLL was 30% reduced in the presence of 
miR-148 suggesting that at least part of 
the miR-148 regulation is mediated through 
decreased mRNA stability (Figure 4B).
Next, we tested by quantitative RT-PCR 
whether MLL mRNA expression was affected 
in pDC or NK cells. Although miR-148 was 
considerably decreased in pDC and NK cells 
compared to mTPCs, we observed both in 
pDC and NK cells a down-regulation of MLL 
expression (Figure 4C). No change in MLL 
mRNA level was observed in CD34+CD1a+ 
cells compared to mTPCs. 
The down-regulation of MLL expression in 
pDC and NK cells was less pronounced than 
the Dnmt3b down-regulation in these cells 
(Figure 3B). Nevertheless, it is a similar trend 
for both miR-148 targets. This suggests that 
miR-148 is highly expressed in cells with 
high Dnmt3b and MLL mRNA levels and low 
expressed in cells with low Dnmt3b and MLL 
mRNA levels. Notably, also human stem cell 
like testicular germ cells express high levels 
of miR-148 and these cells express high 
levels of Dnmt3b (Chapter 4 and data not 
shown). 
Different kind of miRNA and mRNA interactions 
have been described so far (Plasterk, 2006). 
Some interactions might result in cell-fate 
switches during development and these 
interactions are under positive evolutionary 
pressure. Although the targeting of 
Dnmt3b and MLL by miR-148  appears to 
be evolutionary conserved (chapter 4 and 
Targetscan 3.0), these interactions are most 
likely not part of a switch in pDC and NK cell 
development from mTPCs. 
Alternatively, it has been proposed that 
miRNAs and their targets can be induced by 
the same pathway. It has been suggested 
that this mechanism controls the ne-
tuning of target gene expression (Hornstein 
and Shomron, 2006). An example is c-Myc 
that simultaneously induces the expression 
of E2F1 and of miR-17-5p and miR-20a 
that target E2F1 (O’Donnell et al., 2005). 
Likewise, miR-148, Dnmt3b and MLL might 
be co-regulated and miR-148 might play a 
role in ne-tuning the expression of these 
targets in early thymic subsets. 

Exogenous miR-148 expression 
results in increased pDC cell 
numbers 
Since miR-148 is down-regulated in pDC 
cells compared to CD34+CD1a- mTPCs, 
we were interested to determine the 
effect of miR-148 overexpression on pDC 
development. To study this we made use 
of an in vitro pDC differentiation assay 
(Schotte et al., 2003; Spits et al., 2000). 
We transduced CD34+CD1a- mTPCs 
derived from human post natal thymus 
with miR-148. The mixture of transduced 
and non-transduced cells were allowed to 
differentiate into pDC by coculturing with 
the murine bone marrow stromal cell line 
OP9 in the presence of the cytokines IL-
7 and Flt3L. miR-147 and a construct 
containing a non-functional part of human 
Telomerase RNA (hTR) were used as 
controls and all three vectors contained 
a YFP marker. Transduced mTPCS were 
counted and analysed for YFP expression 
on day 0 and day 11. A slight increase 
in YFP positive cells was observed at 
day 11 in both control transduced cells. 
However, in the miR-148 transduced cells 
a dramatic increase in the percentage of 
YFP positive cells of almost 8 fold was 
observed (data not shown). A similar 
increase was observed for absolute cell 
numbers (data not shown). Staining for 
the pDC markers CD123high BDCA2+ 
showed increased percentages of pDCs 
(Figure 5A). Interestingly, calculating 
the absolute cell number of pDCs in the 
transduced populations revealed that 
forced miR-148 expression gave rise to 
15-fold higher numbers of pDCs compared 
to the hTR and miR-147 expressing cells 
(Figure 5B).
miR-148 transduced YFP positive cells 
that were not positive for the pDC 
markers showed only a slight increase 
of four times in relative expansion (data 
not shown), indicating that the observed 
effect was most pronounced in pDC cells. 
Together, these results show that 
overexpression of miR-148 strongly 
increases the number of pDCs that are 
derived from CD34+CD1a- mTPCs. 
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Whether this effect is due to enhanced
differentiation, proliferation or survival 
of pDCs remains to be determined.
Furthermore, these results imply that miR-
148 is down-regulated in pDCs to limit the
number of pDCs in the human thymus. 
The main function of pDCs in the immune
response is their capacity to produce high 
levels of type I interferons, which directly 
inhibits viral replication and triggers T cell 
mediated responses (Blom et al., 2002; 
Kadowaki et al., 2000). However, in the 
thymus pDC activation has recently been
shown to impair thymic T cell development 
(Schmidlin et al., 2006). Therefore, miR-148
downregulation in pDCs could ensure proper 
thymic T cell development by keeping the 
numbers of pDCs low. In case miR-148
expression leads to increased survival
and/or proliferation of pDCs it would be 
interesting to test pDC leukemic cells for 

expression of miR-148 (Chaperot et al., 
2001). What remains to be determined is via 
which targets miR-148 exerts this function 
in pDCs and whether reduced Dnmt3b1 or 
MLL are involved.  Furthermore, considering 
the similar expression profile of miR-148 
and its targets in pDCs and NK cells it would 
be interesting to see whether miR-148 
has a similar stimulatory effect on NK cell
development as it has on pDCs. 
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Figure 5. miR-148 overexpression results in an increased number of pDCs. A hTR, miR-147 and miR-148 transduced 

CD34+CD1a- cells were cocultered with OP9 cells in the presence of IL-7 and Flt3L and analysed after 11 days for the 

presence of pDCs (CD123highBDCA2+) B Relative expansion of pDC cells. Fold expansion in absolute cell numbers of the 

pD subset in the transduced population was calculated on basis of total numbers of cells harvested from the cultures after 

11 days, percentages of transduced cells, and percentages of each population corrected for the number of input cells

Material and Methods

Constructs

All miRNAs were expressed from a retroviral miR-Vec 

vector expressing Blastacidin or YFP as described before 

(Voorhoeve et al., 2006). The MLL 3’UTR was cloned 

downstream the luciferase gene in AatII and AgeI sites 

generated in the pGL3 constructs. The following primers 

were used to clone MLL from genomic DNA: 
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MLL 3’UTR for 

GCGCGACGTCAGCTGCTCTTCTCCCCCAGTGT  

MLL 3’UTR rev 

GATCACCGGTGGGGGATTCTTGGGAATGACCCATC

MLL mutant was generated by using endogenous SpeI 

and EcoRI sites. Digestion and religation deleted 140 

nucleotides.

Cell culture and transfection

Hela cells were grown in Dulbecco Modied Eagle 

supplemented with 10% fetal bovine serum. Hela cells were 

transfected with Fugene (Roche) using manufacturer’s 

protocol. For luciferase assays cells were cultured in 24-

well plates and transfected one day after seeding with 5 

ng pcDNA3-Renilla, 50 ng of the indicated pGL3 Luciferase 

construct and 200 ng of miR-Vec-148a or a control miRNA 

construct. Luciferase activity was measured 48 hours 

after transfection using the Dual-Luciferase reporter assay 

system (Promega).

RNA isolation and quantitative RT-PCR

RNA was isolated from cells using Trizol (Invitrogen) and 20 

!g of glycogen was used for precipitation. Standard cDNA 

was prepared from 1.5 !g RNA of Hela cells, 0.5 or 1 !g 

RNA of T cell subsets of RNA using the standard protocol 

with 2 ul of random hexamer primers (Superscript III rst-

strand synthesis system for RT-PCR, Invitrogen). DTT was 

not added to the cDNA reaction to prevent interference 

with SYBRgreen. Real-time RT-PCR was performed with 

a standard 2-step amplication protocol of a MiniOpticon 

System (Bio-Rad) apparatus using a SYBRgreen PCR master 

mix (Applied Biosystem) and specic primers.  

Dnmt3b1 forward GCCGTTCTTCTGGATGTTTGAG 

Dnmt3b1 reverse ATCCTATTGTATTCCAAGCAGTCC

Dnmt3b3 forward ATCTCACGGTTCCTGGAGTG

Dnmt3b3 reverse AAGCCAAAGATCCTGTTCATCC

MLL forward CATTGATGCAGGTGAGATGG

MLL reverse GTGATTGATGAAGCGTGCAG

Beta Actin forward CCTGGCACCCAGCACAAT 

Beta Actin reverse GGGCCGGACTCGTCATACT

The mirVana qRT-PCR miRNA detection kit (Ambion) was 

used to detect miRNA expression by quantitative RT-PCR. 

Specic miR-148a and U6 RT and PCR primers were used 

(Ambion) and 25 ng of RNA was used per reaction. 

Reagents and monoclonal antibodies

Monoclonal antibodies to CD3, CD4, CD8, CD45RA and 

CD123, conjugated to FITC, PE, PeCy7, APC, or APCCy7 

were purchased from Becton Dickinson (BD, San Jose, 

CA). CD1a-PE was obtained from Coulter/Immunotech 

(Luminy, France). FITC or APC conjugated anti-BDCA2 and 

anti-BDCA4 was obtained from Miltenyi Biotec (Bergisch 

Gladbach, Germany). 

Isolation of postnatal thymic subsets

The use of postnatal thymus tissue was approved by the 

Medical Ethical Committee of the Academic Medical Center. 

Thymocytes were obtained from surgical specimens 

removed from children up to 3 years of age undergoing 

open heart surgery, with informed consent from patients 

in accordance with the Declaration of Helsinki. The tissue 

was disrupted by mechanical means and pressed through 

a stainless steel mesh to obtain a single-cell suspension, 

which was left overnight at 4°C. The following day 

thymocytes were isolated from a Ficoll-Hypaque density 

gradient (Lymphoprep; Nycomed Pharma, Oslo, Norway). 

Subsequently, thymic subsets were isolated by MACS 

separation and subsequent cell sorting using a FACSAria 

(BD) as described below. Purity of the sorted cells in all 

experiments was greater than 99%.

CD34+1a- and CD34+1a+ subsets

CD34+ cells were enriched by immunomagnetic cell 

sorting, using a CD34 cell separation kit (varioMACS, 

Miltenyi Biotec). The CD34+ thymocytes were stained with 

antibodies against CD34, CD1a, CD56, and BDCA2. CD56-

BDCA2- CD34+CD1a- (CD34+CD1a-) and CD56-BDCA2- 

CD34+CD1a+ (CD34+CD1a+) populations were sorted to 

purity. 

CD4ISP and CD4SP T cells

CD4 immature single positive (CD4ISP) and mature CD4 

single positive (CD4SP) T cells were sorted after CD8+ 

enrichment using a CD8 separation kit (Miltenyi Biotec) 

CD56-BDCA2-CD8-CD4+CD1a+ (CD4+CD1a+) and CD56-

BDCA2-CD8-CD4+CD1a- (CD4+CD1a-) respectively.

CD3- and CD3+ DP T cells

Without prior MACS selection CD3- and CD3+ double positive 

T cells were sorted based on CD56-BDCA2-CD4+CD8+CD3- 

(CD3- DP) and CD56-BDCA2-CD4+CD8+CD3+ (CD3+ 

DP).

Natural Killer (NK) cells

CD56 positive cells were enriched by using the CD56 

separation kit (Miltenyi Biotec) and subsequently sorted for 

NK cells on basis of CD56+CD3-. IL7R+ NK cells (described 

by Vosshenrich, Nature Immunology, 2006) were excluded 

by sorting negative for CD127. 
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Eukaryotic cells have evolved several mechanisms to ensure proper proliferation. 
Upon detection of aberrant replication or DNA damage, cells activate an intra-S 
phase or a G2 phase checkpoint, which arrest cells to allow for repair and to prevent 
entry into mitosis. MicroRNAs (miRNAs) are small RNA molecules of approximately 
22 nucleotides that bind to target mRNAs and inhibit translation. miRNAs have 
been implicated in many cellular processes, but only a few miRNAs have been 
shown to be involved in cell cycle regulation. In this study we aimed to study the 
role of miR-152 in diploid BJ ET fibroblasts by using antagomirs, which inhibit 
miRNA function. Interestingly, we observed that inhibition of miR-152 resulted 
in an increase of the relative percentage of S-phase and G2/M–phase cells. More 
detailed analysis revealed that these cells arrested in G2-phase. Together these 
results suggest that endogenous expression of miR-152 is required for proper cell 
cycle progression.

Introduction

Eukaryotic cells have evolved several 
mechanisms to ensure proper DNA replication 
and to prevent genomic instability and cancer. 
A crucial role is played by checkpoints that 
delay cell cycle progression in the presence 
of damaged DNA (Nyberg et al., 2002). 
This allows time for DNA repair or when the 
damage is unrepairable in a permanent cell 
cycle arrest or apoptosis.  Detection of DNA 
damage during DNA replication in S-phase, 
will activate an intra-S-phase checkpoint 
in early S-phase, which suppresses ring 
of late replication origins and stabilizes the 
replication fork (Bartek et al., 2004). Cells 
that enter G2 with incompletely replicated 
DNA or with damaged DNA trigger the 
G2/M checkpoint that arrests cells in G2 
and prevents entry into mitosis (Lobrich 
and Jeggo, 2007; O’Connell and Cimprich, 
2005). 
These responses are primarily controlled by 
the ATM (Ataxia Telangiectasia-Mutated) and 
ATR (ATM and Rad-3 related) protein kinases 
(Lobrich and Jeggo, 2007). ATM is activated 
by double strand breaks (DSBs) that are often 
induced by ionizing radiation (IR), whereas 

ATR can be activated by multiple types of 
DNA damage. ATR appears to be triggered 
by single stranded DNA, which is generated 
in response to ultraviolet (UV) radiation, DNA 
replication inhibitors, but also by processed 
DSBs. In S-phase, stalled or collapsed 
replication forks activate ATR, leading to 
the phosphorylation of its main effector 
Chk1, resulting in the phosphorylation and 
degradation of Cdc25A (Mailand et al., 2000; 
Paulsen and Cimprich, 2007). This in turn 
prevents activation of CDK2/ Cyclin E, which 
inhibits initiation of new replication origins. 
In G2-phase, activation of both ATR and ATM, 
with its downstream effector Chk2, result in 
a similar signalling cascade towards Cdc25. 
Inactivation of Cdc25 phosphases inhibits 
CDK1/ Cyclin B activity that is required for 
progression into mitosis (Lobrich and Jeggo, 
2007). 
MicroRNAs (miRNAs) are small RNA 
molecules of approximately 22 nucleotides, 
which inhibit mRNA translation through 
binding to target mRNA sequences (Bushati 
and Cohen, 2007). Most described target 
sequences are located in the 3’ untranslated 
region (3’UTR), although regulation through 
binding of the protein coding region has 
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been found as well (Llave et al., 2002) (and 
this thesis Chapter 4). miRNAs have been 
described to be involved in several processes, 
such as apoptosis and differentiation, but 
only a few have been shown to play a role in 
cell cycle progression (Carleton et al., 2007). 
Overexpression of both miR-34 and miR-16 
were shown to induce a G1 arrest and were 
shown to regulate multiple target genes 
that are involved in cell cycle progression 
(He et al., 2007; Linsley et al., 2007).  On 
the other hand, inhibition of miR-221 and 
miR-222 in cancer cell lines, resulted in a 
G1 arrest through relief of miR-221 and 
miR-222 mediated p27 repression (le Sage 
et al., 2007). Inhibition of another miRNA 
that was found widely expressed in cancer 
cells, miR-27a, resulted in an increase of 
G2/M cells (Mertens-Talcott et al., 2007). 
This was thought to be a result of increased 
expression of the miR-27a target Myt-1, 
which phosphorylates and inactivates Cdc2.
We detected specic expression of miR-152 in 
diploid BJ ET broblasts. To study its function 
we made use of antagomirs, antisense 2’-O-
methylated RNA oligonucleotides that inhibit 
miRNA function (Krutzfeldt et al., 2005; 
le Sage et al., 2007). Interestingly, we 
observed that inhibition of miR-152 resulted 
in an increase in the relative number of S-
phase cells and a G2 arrest.

Results 

We analyzed the expression of miR-152 by 
quantitative Real-time PCR in several cell 
lines and detected signicant expression in 
human immortalized diploid BJ ET broblasts 
(Figure 1). Low expression of miR-152 was 
detected in U2OS cells while other tested 
cell lines where negative. This result is in 
line with miR-152 expression data derived 
from small RNA library sequencing (Landgraf 
et al., 2007). Notably, BJ ET cells expressed 
only very low amounts of miR-148a, a 
conserved member of the miR-152 family, 
whereas miR-148b was undetectable (data 
not shown). This enabled us to study the 
role of miR-152 in broblasts.
To study the function of endogenous miR-152 
in BJ ET broblasts we designed antagomirs, 
molecules that were previously shown to 
inhibit miRNA function (Krutzfeldt et al., 
2005; le Sage et al., 2007). These inhibitors 
are 2’-O-methylated RNA oligonucleotides 
that are complimentary to a specic miRNA 
and contain a cholesterol group at the 5’ 
or 3’ end enabling cellular uptake through 
membranes. To test our designed miR-152 
antagomiR (antagomiR-152) we made use 
of a luciferase assay in which the 3’UTR 
of Dnmt1, a veried target of miR-152, 
was cloned downstream luciferase. Co-
transfection of HeLa cells with miR-152 and 
a Luciferase-Dnmt1 wild-type-3’UTR (Dnmt1 
wt) resulted in 2-fold reduced Luciferase 
expression relative to cells transfected with 
a control miRNA (Figure 2A). This effect was 
abrogated when the miR-152 target site 
in the Dnmt1 3’UTR was mutated (Dnmt1 
mut), demonstrating the specicity of the 
miR-152 Dnmt1 3’UTR interaction. To test 
the inhibitory effect of antagomiR-152, cells 
were co-transfected with miR-152 and the 
Luciferase-Dnmt1-3’UTR construct. 16 hours 
after transfection either antagomiR-152 or a 
scrambled control was added to the culture 
medium and cells were harvested 48 hours 
later. An almost 2-fold increase of Dnmt1-
3’UTR wt Luciferase activity was detected 
in antagomiR-152 treated cells compared 
to antagomiR-control treated cells. This 
indicated that antagomiR-152 is a useful tool 

Figure 1. miR-152 is expressed in BJ ET primary 

fibroblasts. miR-152 expression was determined in several 

cell lines by quantitative RT-PCR.
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to inhibit miR-152 activity. 
Interestingly, we noted a decrease in cell 
proliferation upon administering antagomiR-
152 to BJ ET cells. To quantify this effect 
we seeded cells in equal amounts and 
treated them with either antagomiR-152 
or a scramble control and counted cells on 
days 0, 2 and 4. Whereas control treated 
cells continued proliferating, we observed 
a complete block in proliferation after 2 
days in antagomiR-152 treated cells (Figure 
3A). After 4 days, cell numbers decreased 
compared to day 0, which is indicative of cell 
death. 
To examine whether the block in proliferation 
was due to an arrest in a specic stage of 
the cell cycle, we determined the cell cycle 
prole of asynchronous dividing cells after 
24 hours of antagomiR-152 treatment. 
Cells were xed and labelled with propidium 
iodide (PI) and subsequently analyzed by 
ow cytometry. Interestingly, we observed 
a 3-fold increase in S-phase and an almost 
4-fold increase in G2/M when cells were 
treated with antagomiR-152 (Figure 3B). No 
detectable effect on proliferation was seen 
with antagomiR-control. Further, G1-phase 
was signicantly reduced in antagomiR-152 
treated cells compared to control treated 
cells. Notably, the cell cycle prole of control 
treated cells was identical to untreated cells 

(data not shown), implying that the observed 
changes in cell cycle distribution in response 
to antagomiR-152 treatment were due to 
inhibition of endogenous miR-152 activity. 
Taken together, the ability of antagomiR-
152 to inhibit proliferation and the dramatic 
increase in cells in G2/M suggest that cells 
lacking functional miR-152 are not able to 
divide. 
To distinguish between G2 and M phases, we 
performed the same experiment 24 hours of 
antagomiR treatment) only in the presence 
of nocodazole, which inhibits mitosis. Cells 
were harvested and labelled with PI and the 
MPM-2 antibody that specically recognizes 
mitotic phospho-epitopes. Flow cytometric 
analysis revealed separate mitotic and G2 
percentages. While 41% of control treated 
cells accumulated in mitosis, this was 
reduced to 17% in antagomiR-152 treated 
cells. Most important, inhibition of miR-152 
resulted in a more than 2-fold increase of 
cells in G2-phase. Whereas 13% of control 
cells were shown to be in G2-phase, 33% 
of antagomiR-152 related cells appeared in 
G2, suggesting that these cells are in a G2 
arrest. In summary, these results illustrate 
the requirement of miR-152 for proper cell 
cycle progression through G2 phase. 
The similar total percentage of cells in G2 
and M-phase in cells treated with nocodazole 

Figure 2. AntagomiR-152 inhibits miR-152 activity towards a Luciferase-Dnmt1-3’UTR. A miR-152 represses 

pGL3-Luc expression with the wild-type Dnmt1 3’UTR (Dnmt1 wt) but not a mutant with a mutated miR-152 target site 

(Dnmt1 mut). Expression was calculated relative to a co-transfection with a control miRNA. B AntagomiR-152 represses 

miR-152 mediated regulation of Dnmt1. Cells transfected with miR-152 and Dnmt1 were treated with AntagomiR-152  or 

a Scrambled control. Error bars represent standard deviation.
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Figure 3. Inhibition of endogenous miR-152 in BJ ET diploid fibroblasts results in a G2 arrest. A Inhibition 

of miR-152 by AntagomiR-152 results in reduced proliferation. BJ ET cells were seeded and counted on day 0, 2 and 4 

after AntagomiR-152 treatment. A Scrambled AntagomiR was used as control B Inhibition of miR-152 by AntagomiR-152 

results in increased S-phase and G2/M. Asynchronously dividing BJ ET cells were treated 24 hours with AntagomiR-152 

or a Scrambled controls and xed and labelled with PI. Cells were analysed by ow cytometry. C Inhibition of miR-152 by 

AntagomiR-152 results in a G2 arrest. Cells were treated for 24 hours with AntagomiR-152 or a Scrambled control in the 

presence of Nocodazole. Cells were harvested and labelled with PI and MPM-2 and analysed by ow cytometry.
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(scramble 54%, antagomiR-152 50%) 
suggests that antagomiR-152 and control 
treated cells divide with comparable kinetics. 
However, also an increase in S-phase was 
observed in antagomiR-152 treated cells 
(Figure 2B). To test whether cells entered S-
phase faster in the absence of miR-152, BJ 
ET cells were serum starved for 48 hours to 
synchronize cells in G0. Cells were released 
in the presence of antagomiRs upon addition 
of serum and harvested 12, 16, and 21 hours 
later. Cells were labelled with PI and cell 
cycle distribution was analyzed. As depicted 
in Figure 4 no signicant change in S-phase 
entry was observed, demonstrating that 
miR-152 is not involved in G1/S transition. 

Discussion

Some miRNAs are widely expressed, 
whereas other miRNAs are only expressed 
in specic cell types (Landgraf et al., 2007). 
We observed that miR-152 was particularly 
expressed in BJ ET diploid broblasts 
(Figure 1). Low expression was detected in 
U2OS osteosarcoma cells but other tested 
cancer cell lines were considered negative 
for miR-152 expression (Figure 1). This is 
in line with data derived from small RNA 
library sequencing that also revealed high 
expression of miR-152 in broblasts and low 
expression in U2OS cells (Landgraf et al., 
2007). This study also revealed considerably 
miR-152 expression in tissues from the 
Thyroid, Uterus, Prostate and Epididymis 
and Unrestricted Somatic Stem cells. 
Notably, this indicates that miR-152 is only 
expressed in a minority of the total of 250 
tissues and tumour samples screened in this 
study. Therefore, miR-152 expression might 
be restricted to certain cell types and there it 
might have a specialised function. 
To study the role of miR-152 in BJ ET 
broblast we inhibited its function by 
antisense antagomirs. Antagomirs were 
previously shown to be highly specic and to 
function both in vivo and in vitro in inhibiting 
miRNAs (Krutzfeldt et al., 2007; Krutzfeldt 
et al., 2005; le Sage et al., 2007). We 
demonstrated functionality of our designed 

antagomiR-152 by showing relief of miR-152 
mediated repression in a luciferase reporter 
assay.  
Interestingly, we noticed that long-term 
inhibition of miR-152 resulted in decreased 
cell proliferation and eventually in reduced 
number of cells, indicative of cell death 
(Figure 2A). Cell cycle prole analysis 
revealed a major increase in the number 
of cells in S-phase and G2/M-phase (Figure 
2B). More specic analysis showed a clear 
increase of cells in G2-phase, suggesting 
that these cells are in G2 arrest. 
The G2 arrest prevents cells with damaged 
DNA or with DNA that is not fully replicated 
from entering mitosis (Lobrich and Jeggo, 
2007). Since we observed an increase in the 
percentage of cells in S-phase, this could 
mean that the observed G2 arrest was due 
to problems during S-phase. Alternatively, 
the increased number of S-phase could 
be a result of increased proliferation. To 
distinguish between these possibilities, cells 
were synchronized in G0 by serum starvation 
and released in the presence of a control or 
miR-152 antagomir. No difference in kinetics 
of S-phase entry was observed, suggesting 
that the relative increase in S-phase cells 
is most likely not due to more replicating 
cells. The increase rather reects a slow-
down of replication in the absence of miR-
152 or an S-phase arrest. Activation of the 
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not result in increased S-phase entry. BJ ET cells were 

synchronized by serum starvation in G0 for 48 hours. Cells 

were released by addition of serum in the presence of 

AntagomiR-152 or a Scrambled control.
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intra-S-phase checkpoint prevents ring of 
late replicating replication origins, therefore 
arresting cells in early S-phase (Bartek et 
al., 2004).  The observed increase in S-
phase appears to be predominant in late S-
phase (Figure 2B), implying that it is not the 
intra-S-phase checkpoint that is activated. 
Together these data could indicate that DNA 
damage accumulates during S-phase and 
that cells slow down end S-phase and arrest 
in G2 to prevent entry of mitosis. However, 
another possibility is that cells accumulate 
due to aberrant activation of checkpoint 
proteins or due to lack of a cell cycle protein 
that is essential for progression to mitosis. 
To clarify the function of miR-152 in S-phase 
and G2 progression, it is obligatory to identify 
the targets that are involved. We previously 
identied Dnmt3b, Dnmt1 and MLL as miR-
152 targets. Inactivation of Dnmt1 was 
shown to result in mitotic catastrophe in 
human cancer cells (Chen et al., 2007). In 
future, it would therefore be interesting to 
determine whether increased expression of 
Dnmt1 or our other identied targets, have 
an effect on G2-phase progression. 

Material and Methods

Cell culture and antagomiRs

All cells were grown in Dulbecco Modied Eagle 

supplemented with 10% fetal bovine serum. For serum 

starvation cells were sultered 72 hours in 0,5% fetal bovine 

serum and released in the normal medium. BJ ET cells 

expressing the Ecotropic Receptor and Human Telomerase 

were used for antagomiR assays. Cells were seeded 6 hour 

prior to addition of antagomiR and treated for the indicated 

times. AntagomiRs were used at concentrantions of 6 uM. 

Scramble and miR-152 antagomiRs were purchased from 

Dharmacon. Sequences are: 

Scramble

 Chl-AAUCCUCGGUCUUGCGUUAUGCGCAAUAAG

antagomiR-152 

Chl-CCGGGCCCAAGUUCUGUCAUGCACUGACUGCU

Chl is the 5’ cholesterol modication and all nucleosides 

where 2’-O-methyl modied.

RNA isolation and quantitative RT-PCR

RNA was isolated from cells using Trizol (Invitrogen) and 

20 !g of glycogen was used for precipitation. The mirVana 

qRT-PCR miRNA detection kit (Ambion) was used to detect 

miRNA expression by quantitative RT-PCR. Specic miR-

152 and U6 RT and PCR primers were used (Ambion) and 

25 ng of RNA was used per reaction. Real-time RT-PCR was 

performed using the MiniOpticon System (Bio-Rad). 

Luciferase assays

The Dnmt1 3’UTR was cloned from genomic DNA using the 

forward primer 

GATCGACGTCTTCTGCCCTCCCGTCACCCCTGTTTCTG 

and reverse primer 

GATCACCGGTGGTTTATAGGAGAGATTTATTTGAAGAAAT. 

The Dnmt1 mutant was generated by using a different 

foward primer:

GATCGACGTCTTCTGCCCTCCCGTCACCCCTGTTTCTGGCAC-

CAGGAATCCCCAACAAAGCTTCATGTTGTGTTTTTAAC. 

The Dnmt1 3’UTR was cloned downstream the luciferase 

gene in AatII and AgeI sites generated in the pGL3 con-

structs. Hela cells were used for Luciferase assays and 

transfected with Fugene (Roche) using manufacturer’s pro-

tocol. Cells were cultured in 24-well plates and transfected 

one day after seeding with 5 ng pcDNA3-Renilla, 50 ng of 

the indicated pGL3 Luciferase construct and 200 ng of miR-

Vec-152 or a control miRNA construct. Luciferase activity 

was measured 48 hours after transfection using the Dual-

Luciferase reporter assay system (Promega).

Flow Cytometry

For cell cycle analysis cells were trypsinized, collected by 

centrifugation and resuspended in PBS containing 0.6% 

NP-40, 50 ug/ml RNaseA and 50 mg/ml propidium iodide 

for 10 min. For the MPM2 staining cells were cultured 24 

hrs in the presence of Nocodazole (30 ng/ml). Cells were 

harvested and xed in ice-cold ethanol ON. Next cells were 

blocked with PBS-0.05% Tween in 1% BSA (Sigma) and 

stained 2 hrs with MPM-2 antibody (Upstate) and Allexa 

488 anti-mouse (Molecular Probes). Flow cytrometric 

analysis was performed using a FACSCalibur ow cytometer 

(Becton Dickinson) and analysed with Cell Quest software 

(Becton Dickinson).
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Cancer is a result of multiple genetic and epigenetic alterations, which together 
change the balance of cellular regulatory mechanisms towards uncontrolled 
proliferation. Crucial mechanism to prevent cancer are cell cycle checkpoints and the 
DNA damage response (DDR) that prevents cell cycle progression in the presence 
of DNA damage or aberrantly replicated DNA. How cells protect themselves from 
DNA damage and how the cell cycle is regulated are consequently key questions 
in current cancer research. Furthermore, the role of epigenetic DNA modifications 
have received attention for their role in regulating gene expression and genome 
stability. This thesis describes several aspects of these topics by studying Cdc6 
and the miR-148/152 family. In the following section I will discuss the major 
findings and their relevance to oncogenesis.

General Discussion

Dual function of Cdc6 in DNA damage 
checkpoints
The rst study described in this thesis 
(Chapter 2), reveals a novel mechanism 
that is used by cells to prevent DNA 
replication in the presence of DNA damage. 
We demonstrated that Cdc6, an essential 
protein for initiation of DNA replication, is 
downregulated upon ionizing radiation (IR) 
in a p53-dependent manner. In particular, 
we found that serine 54 phosphorylation 
of Cdc6 by CDK2/ Cyclin E stabilizes the 
protein by inhibiting recognition by the E3-
ligase APCCdh1. Yet, following DNA damage, 
p53 induced upregulation of p21 inhibits this 
kinase and as a result Cdc6 is destabilized. 
Since Cdc6 is essential for initiation of DNA 
replication, these data suggest that DNA 
damage-dependent regulation of Cdc6 might 
play a role in preventing DNA replication in 
cells with damaged DNA. 
Also p53-independent mechanism of CDC6 
destruction after DNA damage have been 
described. Cdc6 was found to be degraded 
following treatment with the alkylating 
agents adozelesin (Blanchard et al., 2002) 
methyl methane sulfonate (MMS) and 
ultraviolet (UV) radiation (Hall et al., 2007). 
This regulation was proposed to involve 
Cdc6 ubiquitination by Huwe1 since Cdc6 
was shown to be ubiquitinated in vitro and a 
Huwe1 knockdown rescued Cdc6 degradation 
following UV (Hall et al., 2007). Since the 
latter was shown in cells with non-functional 

p53 it would be of interest to determine the 
relative contribution of p53 and Huwe1 to 
Cdc6 degradation in cells with wild-type 
p53. 
In contrast to these ndings, a positive role 
for Cdc6 in the DDR has been described as 
well. First, a role of the ssion yeast Cdc6 
ortholog Cdc18 was described in checkpoint 
activation, since its deletion not only blocked 
DNA replication, but also allowed cells to 
enter mitosis without prior DNA replication 
(Kelly et al., 1993; Piatti et al., 1995). More 
recent, several studies reported a similar 
role of Cdc6 in checkpoint activation in 
higher eukaryotes. First, a study in Xenopus 
egg extracts demonstrated the requirement 
of Cdc6 for Chk1 activation in response to 
replication inhibition (Oehlmann et al., 2004). 
Second, overexpression of Cdc6 in human 
G2-phase cells prevented entry into mitosis in 
a Chk1-dependent manner (Clay-Farrace et 
al., 2003). Third, RNA interference mediated 
depletion of Cdc6 in human cells that where 
synchronized in S-phase inhibited ATR-Chk1 
activation, although these cells displayed 
inefcient DNA replication that resulted in 
mitotic failure (Lau et al., 2006). Thus, this 
positive role of Cdc6 in checkpoint activation 
appears conserved from yeast to human. 
Interestingly, recent ndings in ssion yeast 
suggested direct checkpoint activation by 
Cdc6, as Cdc18 was shown to anchor the 
ATR ortholog Rad3 to chromatin and to 
activate it in the absence of DNA replication 
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structures (Fersht et al., 2007; Hermand and 
Nurse, 2007). Taken together, these results 
strongly suggest that Cdc6 plays a role in 
the S/M checkpoint in addition to its role in 
origin licensing in G1. Thus, in separate cell 
cycle stages Cdc6 plays opposing roles in 
the DNA damage response (DDR). Whereas 
Cdc6 is a DNA damage checkpoint target 
in G1 and its degradation prevents entry 
into S-phase its presence in G2 plays a 
role in checkpoint activation. Since Cdc6 
is not degraded in G2-phase of the human 
cell cycle but in M-phase in a APCCdh1-
dependent manner (Petersen et al., 2000) it 
would be of interest to determine how Cdc6 
activates a checkpoint in G2 in response to 
DNA damage. One possibility would be that 
Cdc6 is modied in this particular phase of 
the cell cycle in response to DNA damage. 

The role of Cdc6 in cell proliferation and 
tumourigenesis
The rst step in initiation of DNA replication 
involves the binding of Cdc6 and Cdt1 to 
replication origins and has been referred 
to as origin licensing. The Cdk2/Cyclin E 
dependent serine 54 phosphorylation and 
subsequent stabilization of Cdc6 that we 
identied (Chapter 2) has also implications 
for the licensing process. An outstanding 
question regarding the mechanism of origin 
licensing was how both an activator of 
licensing, Cdc6, and inhibitors of licensing, 
Geminin and Cyclin A, could be targeted 
by the same E3-ligase APCCdh1. We now 
demonstrated that phosphorylation of Cdc6 
serine 54 by CDK2/ Cyclin E in early G1 
protects the protein from negative regulation 
by APCCdh1(Chapter 2). This allows for a 
window of time where Cdc6 can accumulate 
before the replication inhibitors Geminin 
and Cyclin A, which enables licensing 
of replication origins by Cdc6 and Cdt1 
(discussed in Chapter 3). This mechanism of 
Cdc6 protection was also shown to play a 
critical role in exit from quiescence (Mailand 
and Difey, 2005).
Recently, Cdc6 caught attention by 
its proposed roles in oncogenesis. 
Cdc6 transcription is regulated by E2F 
transcription factors (Hateboer et al., 1998) 

and since inactivation of the negative 
regulators of E2F activity p16 and Rb are 
common in cancer cells, it is not surprising 
that increased Cdc6 levels are observed in 
many cancers (Borlado and Mendez, 2007). 
The p53 tumour suppressor is often lost 
in cancers as well and in line with p53-
dependent regulation of Cdc6, we observed 
increased Cdc6 protein level in p53 knock-
down (kd) primary broblast. Interestingly, 
we observed that the increase in replicating 
cells in p53kd primary broblasts could be 
reversed by simultaneous downregulation 
of Cdc6, further stressing the importance 
of p53-mediated regulation of CDK2/ Cyclin 
E in regulation of Cdc6 protein abundance 
(Chapter 2). Together, these results suggest 
that the upregulated Cdc6 protein level 
commonly observed in cancer cells could 
in part be responsible for the increased 
proliferation of these cells.
Another proposed role for Cdc6 in 
oncogenesis is that Cdc6 overexpression 
drives aberrant DNA replication, which results 
in genomic instability. The rst evidence for 
such a mechanism came from a study that 
demonstrated that overexpression of Cdc6 
and Cdt1 along with CDK2/ Cyclin A induced 
rereplication of the genome in the absence 
of p53 (Vaziri et al., 2003). Interestingly, it 
was also shown that expression of activated 
H-RasV12 in normal human cells, induced 
increased Cdc6 expression. Furthermore, 
these cells showed reduced inter-origin 
distances and rereplicated DNA, which 
eventually resulted in activation of the DDR 
and oncogene induced senescence (OIS) (Di 
Micco et al., 2006). A second study showed 
that Cdc6 overexpression in human primary 
broblasts triggered the DDR and subsequent 
OIS (Bartkova et al., 2006). With regards to 
the dual roles that have been described for 
Cdc6 in the DDR it would be of interest to 
determine in more detail whether increased 
Cdc6 level activates the DDR due to aberrant 
DNA replication or through direct activation 
of the checkpoint response. 
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The miR-148/152 family and regulation 
of its targets
The second part of this thesis describes the 
role of the miR-148/152 family in multiple 
processes (Chapter 4-6). We identied 
several target proteins of this miRNA family, 
respectively the DNA methyltransferases 
Dnmt3b and Dnmt1 and the histone 
methyltransferase MLL. However, many more 
targets might exist as a single miRNA has 
been predicted to regulate the expression of 
hundreds of mRNAs (Krek et al., 2005).
Current described mammalian miRNAs 
regulate their target mRNAs through binding 
of the 3’ untranslated region (3’UTR) and 
thereby inhibit mRNA translation and 
decrease mRNA stability (Bushati and 
Cohen, 2007). Indeed, the miR-148/152 
family regulates Dnmt1 and MLL through 
interaction with their 3’UTR (Chapter 5 and 
Chapter 6 and data not shown). However, 
Dnmt3b appeared to be targeted through a 
region with high sequence complementarity 
to the miRNA in its protein coding sequence 
(CDS). Interestingly, this is to our knowledge 
the rst example of a mammalian miRNA 
that regulates its target expresssion through 
interaction with the CDS. Yet, targeting of 
the CDS by a miRNA with high sequence 
complementarity is the most common 
mechanism of miRNA mediated regulation 
in plants (Rhoades et al., 2002), which 
implies that this is a conserved regulatory 
mechanism. In addition, we demonstrated 
that a Dnmt3b splice variant lacking the 
target sequence, Dnmt3b3, is resistant to 
miR-148 mediated regulation (Chapter 4). 
This enables miR-148 to regulate the relative 
abundance of Dnmt3b splice-variants. It 
would be interesting to determine whether 
miRNA targeting of CDS in mammals, and 
with this the possibility to regulate splice-
variants expression, is a more general 
mechanism of mammalian miRNA-mediated 
regulation. 

A possible role for miR-148 in early 
hematopoietic development
miR-148 was shown to be predominantly 
expressed in cells of hematopoietic origin 
and by comparing the expression of multiple 

cancer cell lines we found the highest 
expression of miR-148 in Jurkat T cells 
(Chapter 4). Moreover, all three identied 
miR-148 targets were known to play a role 
in hematopoiesis, most notably Dnmt3b of 
which an inactivating mutation results in a 
human immunodeciency syndrome (Xu et 
al., 1999). Therefore, we set out to study 
the role of miR-148 in early hematopoiesis 
and isolated cells in different stages of 
thymic development (Chapter 5). Indeed, 
we found high expression of miR-148 in 
early multipotent progenitor cells (mTPCs) 
and all subsets derived from these mTPCs 
that were committed to T-cell development. 
Intriguingly, we observed major reduction of 
miR-148 expression in plasmacytoid dendritic 
cells (pDCs) and natural killer (NK) cells, 
which both arise from the same mTPCs. This 
could indicate that increased expression of 
miR-148 targets is a prerequisite for pDC and 
NK development. Therefore, we determined 
the expression of Dnmt3b, MLL and Dnmt1 
(Chapter 5 and data not shown) and found 
that these miR-148 targets were reduced in 
pDCs and NK cells as well. This suggests that 
miR-148 and its targets Dnmt3b, Dnmt1 and 
MLL are not part of a developmental switch in 
pDC and NK cell development. Nonetheless, 
this could point to a ne-tuning function of 
miR-148 towards the expression of these 
targets. Such a function of miRNAs has been 
previously described for miR-17-5p and miR-
20a and their target E2F1 that are all co-
regulated by c-Myc (O’Donnell et al., 2005). 

Potential functions of miR-148/152 in 
cell proliferation 
In Chapter 6 we studied the role of miR-152 
in diploid broblasts by using antagomiRs and 
surprisingly we found that inhibition of miR-
152 resulted in decreased cell proliferation 
and eventually in cell death. More detailed 
analysis of the cell cycle prole of antagomiR-
152 treated broblasts showed that within 
24 hours cells were arrested in G2-phase. 
The G2/M checkpoint arrest cells in G2 to 
prevent entry into mitosis of cells that have 
incompletely replicated or damaged DNA 
(O’Connell and Cimprich, 2005). Since an 
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increased population of late S-phase cells 
was observed, this suggests that cells 
encountered problems while replicating their 
DNA and subsequently arrested in G2-phase. 
Alternatively, inhibition of miR-152 resulted 
in direct activation of checkpoint proteins. 
In either case, these data imply that 
endogenous miR-152 is involved in proper 
S-phase progression in primary broblasts. 
Interestingly, overexpression of miR-148 
resulted in a strong increase of the number 
of pDCs derived from mTPCs in an in vitro 
pDC differentiation assay (Chapter 5). This 
increased number of pDC could be due to 
enhanced differentiation, proliferation or 
survival of pDCs. Yet, in light of our ndings 
with antagomiR-152 it is tempting to 
speculate that miR-148 overexpression has 
the opposite effect and results in increased 
proliferation of pDCs or pDC progenitor cells. 
Furthermore, this would be in line with the 
high endogenous miR-148 expression of 
thymic subsets of the T-cell lineage that 
have a highly proliferative nature, while pDC 
cells that express low levels of miR-148 have 
a low proliferative capacity ((Kabashima et 
al., 2005) and data not shown). 
An outstanding question is which miR-
148/152 targets or combination of targets 
are responsible for the observed effects in 
S and G2-phase. It would be of interest to 
test whether in case of miR-152 inhibition 
Dnmt3b and Dnmt1 upregulation are 
involved. It has been reported in human 
cells that a Dnmt1 knock-down activated a 
replication stress checkpoint (Unterberger et 
al., 2006) and complete inactivation resulted 
in a G2 arrest and eventually in mitotic 
catastrophe (Chen et al., 2007). Although 
Dnmt1 would be upregulated in antagomiR-
152 treated cells, these data do implicate 
that disturbing the balance of Dnmt1 levels 
in cells will result in DNA replication stress 
and mitotic failure. Also MLL proteins have 
been suggested to play a role in cell cycle 
progression, although it is less clear whether 
this would favor cell division. MLL has been 
associated with activation of E2F dependent 
genes (Takeda et al., 2006; Tyagi et al., 
2007), which promotes proliferation, as well 
as activation of CDK inhibitors that prevent 

cell cycle progression (Milne et al., 2005). 
Interestingly, we recently performed a 
micro-array study of BJ ET cells that were 
treated 6 hours with antagomiR-152 to 
reveal possible miR-152 targets among the 
upregulated genes. We identied signicant 
upregulation of the ID3 helix-loop-helix 
protein, suggesting that it is a target of the 
miR-148/152 family (data not shown). ID 
proteins negatively regulate the function 
of basic-helix-loop-helix transcription 
factors, which are involved in cell growth 
and differentiation (Engel and Murre, 2001; 
Zebedee and Hara, 2001). Remarkably, ID3 
overexpression was shown to inhibit pDC 
development (Spits et al., 2000) in the 
same in vitro pDC differentiation assay we 
performed for overexpression of miR-148 
(Chapter 5). Thus, it would be extremely 
interesting to test whether ID3 is directly 
regulated by the miR-148/152 family and 
whether this regulation is involved in pDC 
development. Moreover, since ID proteins 
are involved in cell cycle proliferation it 
would also be of signicance to determine 
its role in cell cycle control of human diploid 
broblasts. 

Potential roles of miR-148/152 in 
oncogenesis
Many studies have described a correlation of 
Dnmt3b expression and cancer. Signicantly, 
we demonstrated in this thesis that Dnmt3b 
can be regulated by the miR-148/152 family 
(Chapter 4). In cancer, reduced Dnmt3b 
expression resulted in increased oncogene 
expression and in genomic instability, whereas 
increased Dnmt3b protein level was found 
to repress tumour suppressor expression 
(Feinberg et al., 2006). In addition, a 
recent report indicated that alterations in 
the relative abundance of Dnmt3b splice-
variants could be involved in oncogenesis. 
Dnmt3b7 was found overexpressed in 
human cancers and in a human cell line 
enhanced Dnmt3b7 expression was shown 
to alter gene expression (Ostler et al., 2007). 
Interestingly, we demonstrated that miR-
148/152 can alter the relative abundance 
of Dnmt3b splice variants by targeting 
Dnmt3b1, Dnmt3b2 and Dnmt3b4 but not 
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Dnmt3b3 and Dnmt3b7 (Chapter 4 and data 
not shown). 
It has been reported that the Dnmt3b4 
splice-variant has dominant negative 
activity based on observed hypomethylation 
of pericentromeric satellite regions (Saito et 
al., 2002). However, in line with the changed 
gene expression in cells that overexpress 
Dnmt3b7 this might also reect a changed 
target specicity, as Dnmt3b4 lacks a target 
recognition motif. Interestingly, Dnmt3b3 
lacks the same motif and it has been 
shown that its catalytic activity depends on 
the substrate chosen (Chen et al., 2005; 
Soejima et al., 2003). Therefore, is possible 
that Dnmt3b3 as well as Dnmt3b4 regulate 
genomic methylation patterns by inuencing 
target specicity. Thus, it would be of 
interest to determine whether miR-148-
mediated regulation of Dnmt3b splice-variant 
abundance plays a role in oncogenesis. 
A potential tumour suppressive role of 
miR-148 involves loss of miRNA-mediated 
repression of MLL. The MLL protein has 
attracted attention for its role in human 
leukemia of lymphoid and myeloid origin 
and more particularly for the many MLL-
translocations that can be involved in this 
disease (Daser and Rabbitts, 2005). MLL 
translocations result in fusion proteins with up 
to 60 different fusion partners. Intriguingly, 
these partners can be of diverse origin 
among which transcription factors but also 
cytoplasmic proteins. How all these different 
fusion proteins can induce tumourigenesis is 
a subject of current research and until now 
not known. Signicantly, the MLL 3’UTR is 
lost in all fusion proteins. Moreover, these 
translocations occur in cell types that 
most likely express miR-148 most likely 
to a high extend (Chapter 4 and data not 
shown). Therefore, it would be interesting 
to determine whether part of the oncogenic 
activity of the diverse MLL fusion proteins 
can be explained by the fact that in all cases 
the 3’UTR is lost and subsequently miR-148-
mediated regulation. This would be similar 
to the mechanism that has been described 
for the oncogenic fusions of Hmga2 that 
disrupt miRNA-mediated repression of the 
Let-7 miRNA (Lee and Dutta, 2007; Mayr 

et al., 2007). In conclusion, these data 
suggest possible roles for miR-148/152 in 
oncogenesis and it would be of great interest 
to further explore this. 

Concluding remarks
This thesis describes that Cdc6 is degraded 
upon ionizing radiation in a p53-dependent 
manner. Molecular unravelling of the 
pathway resulting in Cdc6 degradation 
revealed a novel regulatory mechanism of 
Cdc6 by CDK2/Cyclin E.  Phosphorylation by 
this kinase results in stabilization of Cdc6 
during the normal cell cycle, yet, upon DNA 
damage this activity is blocked through p53 
and p21. Almost half of the human cancer 
cells lost p53 (Levine, 1997) indicating that 
Cdc6 is aberrantly regulated in these cells. 
Indeed, we found elevated levels of Cdc6 in 
p53 knock-down diploid human broblasts, 
and this increase of Cdc6 appeared to 
be partially responsible for the increased 
proliferative capacity of these cells. Taken 
together, these ndings give insight in the 
essential role of Cdc6 in the regulation of 
initiation of DNA replication in the normal 
cell cycle and following DNA damage. 
In the second part of this thesis, the function 
of the miR-148/152 family was studied. 
We identied three mRNA targets of this 
miRNA family, Dnmt3b, Dnmt1 and MLL. 
Signicantly, Dnmt3b appeared not to be 
regulated through its 3’UTR but through a 
highly homologous target site in its CDR. 
This is a novel miRNA-mediated regulatory 
mechanism in mammalian cells. Furthermore, 
the target site of miR-148/152 is only 
present in specic Dnmt3b splice-variants, 
which enables miR-148/152 to regulate the 
relative splice-variant abundance. To further 
characterise the biological function of the 
miR-148/152 family we studied the role of 
miR-148 in early T cell development and 
miR-152 in primary broblast, since these 
are the cell types that preferentially express 
the seperate miRNA family members. We 
found that miR-148 expression was reduced 
in pDC cells compared to expression of 
its progenitor. Interestingly, we found 
that overexpression of miR-148 strongly 
increases the number of pDC derived from 
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mTPC in an in vitro differentiation assay. 
This effect could be due to enhanced 
proliferation, differentiation or survival. On 
the other hand, we found that inhibition 
of miR-152 in diploid broblasts resulted 
in increased numbers of late S-phase cells 
and a G2 block. These results suggest that 
miR-152 is required for accurate S-phase 
progression and that interfering with miR-
152 results in aberrant DNA replication, 
DNA damage and a G2 block. Combining 
the results derived from miR-152 inhibition 
in broblasts and miR-148 overexpression 
in pDC development, makes it tempting 
to speculate that miR-148 overexpression 
results in increased proliferation of pDC cells 
or a progenitor. In summary, our studies 
on the miR-148/152 family resulted in 
novel insights in the function of a current 
uncharacterized miRNA-family. It would be 
of interest to further explore its potential 
function in regulation of cell proliferation 
and to determine which of its targets are 
involved in this process. 

In conclusion, this thesis describes a molecular 
dissection of the function of Cdc6 and the 
miR-148/152 family. We demonstrated that a 
specic Cdc6 modication plays a key role in 
the regulation of initiation of DNA replication 
in the normal cell cycle and in response to 
DNA damage. Furthermore, we revealed 
a novel mechanism of miRNA targeting by 
the miR-148/152 family and found a role 
for these miRNAs in regulation of proper S-
phase progression and proliferation as well. 
Thus, both studies described here impinge 
on cell proliferation, which is one of the 
most fascinating characteristics of a cell and 
a feature that is found deregulated in all 
human cancers. 
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Een gezonde cel heeft meerdere 
regulatiemechanismen die ervoor zorgen dat 
een cel zich op een gecontroleerde manier 
deelt. Deze regulatie ligt vast in de code van 
het erfelijk materiaal van een cel, het DNA. 
Bij elke celdeling is er een kleine kans dat het 
DNA niet helemaal goed gerepliceerd wordt 
en kan er een mutatie ontstaan. Wanneer er 
een mutatie ontstaat in een van de cellulaire 
controlemechanismen, kan het gebeuren dat 
cellen zich in het lichaam ongecontroleerd 
vermenigvuldigen. Wanneer deze cellen zich 
uitbreiden naar andere weefsels noemen we 
dit kanker. 
Om te voorkomen dat er DNA-schade en 
dus kanker ontstaat heeft een cel meerdere 
overlappende controlemechanismen die 
DNA-schade kunnen vaststellen en hier 
vervolgens adequaat op reageren. Deze 
reactie wordt de DNA-schaderesponse 
genoemd, en deze response zorgt ervoor 
dat een cel onmiddellijk stopt met delen 
en begint met de reparatie van het DNA. 
Hierna zal een cel weer verder delen, tenzij 
de schade zo aanzienlijk is dat reparatie niet 
meer mogelijk is. In dat geval zal een cel 
in permanente groeiarrest blijven of dood 
gaan. 

De genetische code van het DNA wordt 
in een cel vertaald naar RNA, dat weer 
vertaald wordt naar eiwitten. Mutaties in 
het DNA van een gen dat voor een bepaald 
eiwit codeert, kan de functie van dat eiwit 
veranderen, maar kan ook tot veranderde 
expressie (de hoeveelheid eiwit die van RNA 
en DNA wordt gemaakt) daarvan leiden. 
Ook andere veranderingen in een cel die tot 
veranderde eiwitexpressie leiden kunnen 
een rol spelen bij het ontstaan van kanker, 
zoals veranderingen in bepaalde modicaties 
van het DNA of eiwitten die aan het DNA 
binden, de zogenaamde epigenetische 
veranderingen. 
Recentelijk zijn er kleine RNA moleculen van 
20-25 nucleotiden ontdekt waarvan geen 
eiwit wordt gemaakt. Deze moleculen, de 

zogenaamde microRNAs (miRNAs) binden 
aan grotere target-RNA moleculen waarvan 
wel eiwit wordt gemaakt. Hierdoor kan 
de vertaling van RNA naar eiwit worden 
geremd en kan het target-RNA ook worden 
afgebroken. Doordat miRNAs de expressie 
van RNA naar eiwit reguleren, kunnen ook 
deze kleine regulatoren een rol spelen bij 
het ontstaan van kanker.

In het eerste deel van dit proefschrift 
(Hoofdstukken 2 en 3) wordt het effect 
van DNA-schade op de stabiliteit van 
Cdc6, een belangrijk DNA replicatie-eiwit, 
beschreven. Hoofdstuk 2 laat zien dat 
serine 54 fosforylatie van Cdc6 door CDK2/ 
Cycline E het Cdc6 eiwit stabiliseert. Deze 
modicatie voorkomt herkenning door de 
E3-ligase APCCdh1 die voor de afbraak van 
Cdc6 zorgt. Na DNA-schade wordt CDK2/ 
Cycline E activiteit echter geblokkeerd op 
een p53-afhankelijke manier, waardoor ook 
Cdc6 instabiel wordt en wordt afgebroken. 
De belangrijke rol die Cdc6 speelt in de 
initiatie van DNA-replicatie suggereert dat 
de afbraak van Cdc6 een rol zou kunnen 
spelen in het voorkomen van celdeling in 
cellen met DNA-schade. P53 is een van de 
belangrijkste tumor-suppressors in een cel, 
en p53 is in heel veel tumoren gemuteerd. 
Behalve de p53-afhankelijke regulatie van 
Cdc6 na DNA-schade laat Hoofdstuk 2 zien 
dat dit regulatiemechanisme ook een rol 
speelt tijdens normale celdeling. Cellen met 
verlaagde expressie van p53 groeien sneller, 
een effect dat teniet gedaan kan worden 
door gelijktijdig ook de expressie van Cdc6 
te verlagen. Deze bevindingen geven meer 
inzicht in de essentiële rol van Cdc6 in de 
initiatie van DNA-replicatie en hoe Cdc6 
wordt gereguleerd in de normale celcyclus 
en na DNA-schade. In Hoofdstuk 3 worden 
deze bevindingen en de implicaties hiervan 
verder bediscussieerd.

In het tweede deel van dit proefschrift 
(Hoofdstukken 4, 5 en 6) wordt de functie 
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van de miR-148/152 miRNA familie ontrafeld. 
In Hoofdstuk 4 wordt een nieuw miRNA 
regulatiemechanisme beschreven. Tot nu 
toe werd gedacht dat miRNAs hun target-
RNAs reguleren door aan de 3’UTR van dat 
RNA te binden, het gedeelte dat niet in eiwit 
vertaald wordt. Dit hoofdstuk laat zien dat in 
het geval van Dnmt3b en miR-148/152 deze 
regulatie plaatsvindt in het eiwit coderende 
gedeelte van het RNA. Dit heeft als belangrijk 
gevolg dat een Dnmt3b mRNA splice-variant 
die dit gedeelte niet tot expressie brengt, ook 
niet gereguleerd kan worden door de miR-
148/152 familie. Om verder de biologische 
functie van de miR-148/152 familie te 
karakteriseren hebben we de functie van 
deze miRNAs onderzocht in vroege humane 
T-cel ontwikkeling (witte bloedcellen uit de 
thymus) en in primaire broblasten, omdat 
dit de celtypes zijn waar deze miRNAs met 
name tot expressie komen. miR-148 bleek 
hoog tot expressie te komen in multipotente 
voorlopercellen en in alle vroege T-cellen 
die uit deze voorlopercel ontstaan. miR-148 
expressie is echter aanzienlijk verlaagd in 
plasmacytoide dendritische cellen (pDCs) 
en natural killer cellen die uit diezelfde 
multipotente voorlopercellen ontstaan. 
Wanneer miR-148 tot overexpressie wordt 
gebracht in voorloper cellen die vervolgens 
in vitro naar pDCs worden gedifferentieerd 
neemt het aantal pDCs dramatisch toe 
(Hoofdstuk 5). Aan de andere kant vonden 
we dat inhibitie van miR-152 in broblasten 
het doorlopen van een celdelingscyclus 
remde (Hoofdstuk 6). Samen suggereren 
deze data dat de miR-148/152 een rol zou 
kunnen spelen in celdeling.

In dit proefschrift getiteld “Moleculaire 
ontrafeling van Cdc6 en de miR-148 familie” 
komen twee verschillende onderzoekslijnen 
aan bod. In het eerste gedeelte wordt de 
rol van een specieke modicatie van het 
DNA replicatie-eiwit Cdc6 onderzocht tijdens 
de normale celdelings cyclus en na DNA-
schade. In het tweede gedeelte worden de 
functies van een bepaalde miRNA familie, 
de miR-148/152 familie, ontrafeld. Net als 
Cdc6 speelt ook deze miRNA familie mogelijk 
een rol in de regulatie van celdeling. Beide 

studies grijpen dus aan op een van de meest 
fascinerende regulatiemechanismen van een 
cel, het celdelings controlemechanisme, dat 
in alle humane tumoren gedereguleerd is. 
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