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Epigenetics
epigenetics is the study of heritable changes in gene expression that do not 
involve alterations of the dna sequence (Kelly et al., 2010). many of such 
changes involve alterations of the chromatin: the state in which dna is packaged 
in the cell. nucleosomes are the basic units of the chromatin and consist of 
octamers of the four core histone proteins (h2a, h2B, h3 and h4) around which 
147 bps of dna is wrapped. adjacent nucleosomes are separated by 10-50 bps 
of free linker dna and are arranged into higher-order structures by histone h1 
or h5 (Figure 1). The assembly and regulation of chromatin is orchestrated by 
an intricate interplay between enzymes that modify and remodel nucleosomes 
and the dna. nucleosomes are subject to compositional alteration with variant 
histones and translational repositioning by aTp-dependent chromatin remodelers. 
Both nucleosomes and dna are covalently modified by specific enzymes. There 
is substantial crosstalk between these epigenetic modifications, which allows 
a multitude of transcriptional outcomes that are dependent on the timing and 
context of modifications. 

DNA methylation
Cytosine residues of dna can be methylated into 5-methylcytosine. Cytosine 
methylation predominantly occurs in the context of Cpg dinucleotides. 
however, non-Cg methylation as well conversion of 5-methylcytosine (5mC) into 
5-hydroxymethyl-2'-deoxycytidine (5hmC) has recently been identified, adding 

FIGURE 1

Fig.1 Structure of the chromatin
Chromatin is the state in which DNA is packaged inside the cell nucleus. Most of the DNA (indicated in pink) is packaged 
in nucleosomes, which comprise octamers of the four core histone proteins (H2A, H2B, H3 and H4, indicated in  yellow) 
around which 147 bps of DNA is wrapped. Adjacent nucleosomes are separated by 10-50 bps of free linker DNA and are 
arranged into higher-order structures by histone H1 (indicated in purple) or H5.

Figure 1. structure of the chromatin. Chromatin is the state in which dna is packaged inside the 
cell nucleus. most of the dna (indicated in pink) is packaged in nucleosomes, which comprise 
octamers of the four core histone proteins (h2a, h2B, h3 and h4, indicated in  yellow) around 
which 147 bps of dna is wrapped. adjacent nucleosomes are separated by 10-50 bps of free 
linker dna and are arranged into higher-order structures by histone h1 (indicated in purple) or h5.
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increasing complexity to the epigenetic regulation of the dna (Kriaucionis 
and heintz, 2009; Lister et al., 2009; ramsahoye et al., 2000). although Cpg 
dinucleotides are underrepresented in the vertebrate genome (~1%), a 
phenomenon called Cg suppression, there are small genomic regions that are 
highly enriched in Cpg dinucleotides, known as Cpg islands. Cpg islands are 
defined as a ~500 bp long regions of dna with a g+C content of at least 50% 
and an observed to expected Cpg ratio greater than 0.6. many Cpg islands 
(~50%) coincide with promoter regions. Those that are not associated with 
promoter regions are either intergenic or located within the body of coding 
regions (intragenic) and are called orphan Cpg islands (illingworth et al., 2008; 
illingworth et al., 2010).

The genomic pattern of Cpg methylation shows a well-defined distribution: 
most Cpg dinucleotides are methylated except for those found in Cpg islands 
at promoter regions with the exception of imprinted loci and the inactive 
X-chromosome. in general, hypomethylated Cpg islands are associated with 
active transcription (Figure 2). dna hypermethylation occurs predominantly in 
repetitive dna but also throughout regions of actively transcribed genes, which 
may be important for exon definition and splicing regulation (Chodavarapu et 
al., 2010; Zemach et al., 2010). Cytosine methylation may also occur in regions 
of lower Cpg density that lie in proximity (~2 kb) of Cpg islands, referred to as 

FIGURE 2

Fig. 2 DNA methylation patterns
DNA methylation can occur in different regions of the genome. (a) CpG islands at promoters of genes are normally 
unmethylated with the exception of imprinted loci and the inactive X-chromosome, allowing transcription. (b) CpG island 
shores, which are located up to 2 kb upstream of the CpG island, are subject to DNA methylation during development and 
have been suggested to control tissue-specific gene expression (c) Gene body methylation facilitates transcription, 
preventing spurious transcription initiation and may also be important for exon definition and splicing regulation (d) Repetitive
sequences are usually hypermethylated, preventing chromosomal instability, translocations and gene disruption through the 
reactivation of endoparasitic sequences. (adapted from Portela and Esteller, Nature Biotechnology 2010)

Figure 2. dna methylation 
patterns. dna methylation can 
occur in different regions of 
the genome. (a) Cpg islands at 
promoters of genes are normally 
unmethylated with the exception 
of imprinted loci and the inactive 
X-chromosome, allowing tran-
scription. (b) Cpg island shores, 
which are located up to 2 kb 
upstream of the Cpg island, 
are subject to dna methylation 
during development and have 
been suggested to control tissue-
specific gene expression (c) gene 
body methylation facilitates tran-
scription, preventing spurious 
transcription initiation and may 
also be important for exon defi-
nition and splicing regulation (d) 
repetitive sequences are usually 
hypermethylated, preventing 
chromosomal instability, trans-
locations and gene disruption 
through the reactivation of en-
doparasitic sequences. (adapted 
with permission from portela and 
esteller, nature Biotechnology 
2010).
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Cpg island shores (irizarry et al., 2009) (Figure 2). Unlike Cpg islands at promoter 
regions, many orphan Cpg islands and Cpg island shores are subject to dna 
methylation during development and have been suggested to control tissue-
specific gene expression (illingworth et al., 2008; irizarry et al., 2009). 

There are multiple mechanisms by which dna methylation can prevent 
transcription. dna methylation can directly prevent recognition of a target 
sequence by dna binding proteins such as the transcription factor e2F but also 
members of the TFiiC complex (Campanero et al., 2000; perini et al., 2005; watt 
and molloy, 1988). methylated dna can also be recognized by specific chromatin 
modifying enzymes or by methyl-Cpg-binding proteins (mBps), which recruit 
co-repressors and nucleosome remodelers, to induce a suppressive chromatin 
environment. 

dna methyltransferases (dnmTs) catalyze the conversion of cytosine residues 
to 5mC, which can be further converted into 5hmC by the Ten-eleven-Translocation 
family (TeT 1-3) (ito et al., 2010; Tahiliani et al., 2009). 5 dnmTs have been 
identified: dnmT1, dnmT2, dnmT3a, dnTm3B and dnmT3L of which only 
dnmT1, 3a and 3B appear to have catalytic activity. dnmT1 is a maintenance 
methyltransferase that copies the methylation signature of the parent dna 
strand to the daughter strand during replication. dnmT3a and dnmT3B can 
methylate previously unmethylated sites with a predominant role for dnmT3B 
in establishing methylation patters during embryonic development (Borgel et 
al., 2010; okano et al., 1999). dnmT3L guides dnmT3a and dnmT3b to target 
sites and enhances their catalytic activity (ooi et al., 2007; suetake et al., 2004). 
The elongator complex and multiple cellular mechanisms including nucleotide 
excision repair and activation-induced cytidine deaminase activity (aid), known 
to be required for somatic hypermutation and class switch recombination events, 
have been implicated in active dna demethylation (Barreto et al., 2007; Bhutani 
et al., 2010; ma et al., 2009; okada et al., 2010; popp et al., 2010; rai et al., 
2008). it remains to be investigated whether these mechanisms are cell type-
specific, function cooperatively or may act context-dependent. For example, 
gadd45b was suggested to be required for shaping neuronal plasticity, whereas 
the elongator complex and aid were reported to be critical for demethylation of 
the zygotic paternal genome (ma et al., 2009; okada et al., 2010).

Histone modifications
The unstructured n-terminal tails of nucleosomes can be covalently modified on 
more than 60 residues and can also be trimmed by specific endopeptidases, as 
such removing n-terminal tails along with its modifications (Kouzarides, 2007; 
santos-rosa et al., 2009) (Figure 3). examples of histone modifications are 
phosphorylation, ubiquitination, sumoylation, acetylation and methylation. all 
histone modifications are dynamic and histones residues can be modified with 
multiple groups. histone modifications are important for establishing chromatin 
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environments that regulate specific biological processes such as transcription, 
repair and replication. The genome is partitioned into chromatin states that 
are permissive (euchromatin), poised (bivalent chromatin) or are nonpermissive 
for transcription (heterochromatin), which can be distinguished by specific sets 
of histone modifications. in general, euchromatin is characterized by lysine 
hyperacetylation and methylation of h3K4, h3K36 and h3K79 whereas lysine 
hypoacetylation and methylation of h3K9, h3K27 and h4K20 are typical hallmarks 
of heterochromatin. The chromatin marks that are characteristic of euchromatin 
and heterochromatin are often mutually exclusive but may coexist at promoters 
of genes that control pluripotency in embryonic stem cells (bivalent chromatin), 
which functions to poise them for activation (Bernstein et al., 2006; Vastenhouw 
et al., 2010). however, recent studies argue that the current view on chromatin 
segmentation may be too simplistic and propose that the genome is segmented 
in many more chromatin types (ernst and Kellis, 2010; Filion et al., 2010).

histone modifications regulate transcription by disrupting nucleosome 
contacts and by affecting the recruitment of proteins to the chromatin. histone 
modifications disrupt chromatin structure by inhibiting internucleosomal contacts 

FIGURE 3

Fig. 3 Histone modification patterns in normal and cancer cells. 
Mainly along their protruding N-terminal tails, but also within their C-terminal regions, histones can undergo diverse 
post-translational modifications. In the right combination and translated by the appropriate effectors, these 
modifications contribute to establishing the global and local condensed or decondensed chromatin states that 
eventually determine gene expression. This figure depicts the main modifications of the four core histones in normal 
cells. Ac, acetylation; Me, methylation; P, phosphorylation; Ub, ubiquitination. (adapted from Rodriguez-Paredes and 
Esteller, Nature Med 2011) 

Figure 3. histone modification patterns in normal and cancer cells. mainly along their protruding 
n-terminal tails, but also within their C-terminal regions, histones can undergo diverse post-
translational modifications. in the right combination and translated by the appropriate effectors, 
these modifications contribute to establishing the global and local condensed or decondensed 
chromatin states that eventually determine gene expression. This figure depicts the main 
modifications of the four core histones in normal cells. ac, acetylation; me, methylation; p, 
phosphorylation; Ub, ubiquitination. (adapted with permission from rodriguez-paredes and 
esteller, nature med 2011).
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or the interactions between histones and the dna. For example, histone lysine 
acetylation diminishes the electrostatic interaction between negatively charged 
dna and histone proteins, thereby relaxing the chromatin structure. histone 
modifications can locally affect chromatin structure by either promoting or occluding 
proteins to bind to the chromatin, which is determined by the composition of 
histone modifications. proteins bind to the chromatin via specific domains that 
read the histone modifications and can deliver histone modifying and remodeling 
activity. For example, the tripartite motif-containing 24 (Trim24) contains both a 
phd and Bromo domain to read unmodified h3K4 and acetylated h3K23 allowing 
translation of complex histone modifications patterns into specific transcriptional 
outcomes (Tsai et al., 2010). Conversely, histone modifications may also block 
binding of non-histone proteins on the chromatin. For example, h3K4me3 blocks 
binding of the repressor complex mi2-nurd, which ensures maintenance of 
transcription (Zegerman et al., 2002).  Besides enzymes that interpret histone 
modifications there are also enzymes that write or erase histone modifications 
with the enzymes that are involved in histone methylation and phosphorylation 
being most specific. however, the specificity of histone modifying enzymes may 
also be guided by proteins associating with the enzymes. For example, histone 
deacetylyases (hdaCs) are constituents of multiple protein complexes including 
the Co-resT, mi-2/nurd and sin3a complexes.

There is substantial crosstalk between the abundance of histone modifications 
allowing a transcriptional readout that is dependent on the pattern of histone 
modifications (Lee et al., 2010). The configuration of histone modifications may 
affect chromatin-mediated transcription in multiple ways. Firstly, binding of non-
histone proteins may be inhibited by adjacent histone modifications. For example, 
methylation of h3r2 blocks binding of the seT1 methyltransferase to h3K4 and 
thereby abrogates trimethylation of h3K4 (Kirmizis et al., 2007). secondly, histone 
modifications may compromise the catalytic activity of enzymes. For example, the 
methyltransferase seT2 requires binding to specific lysine residue in h4 to induce 
trimethylation of h3K36 (du et al., 2008).  Thirdly, a particular configuration 
of histone modifications may allow an enzyme to recognize its substrate more 
efficiently. For example, CdK8 phosphorylates serine-10 on histone h3, which in 
turn stimulates h3K14 acetylation by gCn5L (meyer et al., 2008). 

ATP-dependent chromatin remodeling enzymes
in addition to covalent modifications, nucleosomes are also subject to 
compositional alteration and translational repositioning. nucleosomes need to be 
dynamically repositioned to ensure dna replication, dna repair and transcription 
and also require to be correctly deposited and spaced after dna replication 
(Clapier and Cairns, 2009) (Figure 4). nucleosome occupancy induces chromatin 
condensation, which leads to occlusion of transcription factor binding sites, but 
also impedes the progress of rna and dna polymerases. Canonical histone 
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proteins can be replaced in a replication-independent manner by variant histones 
such as h3.1, h3.3 and h2aZ (Figure 4). Variant histones can contain small or 
larger changes in their amino acid sequence compared to core histones and can 
consequently have either lost and acquired traits that are important for regulation 
of chromatin function. They function to regulate general transcription, but are 
also involved in specific processes such as dna repair, dna recombination, X 
chromosome inactivation and chromosome segregation. 

specialized chromatin remodeling complexes that contain aTpase activity 
organize nucleosomes by ejecting, reconfiguring or moving nucleosomes to 
alternative positions along the dna. aTp-dependent chromatin remodelers can 
be classified into four classes: swi/snF, iswi, Chd and ino80 (ho and Crabtree, 
2010). members of these families share similar aTpase subunits and core members 
but have a different composition of unique subunits. The non-aTpase subunits are 
required for recognition of dna and histone modifications, regulation of aTpase 
activity and interaction with other chromatin binding proteins or transcription 
factors. The transcriptional outcome of nucleosome remodeling depends on the 
nucleosome remodeling complex involved but is also context-dependent. The 
outcome of swi/snF mediated chromatin remodeling is usually transcriptional 
activation, but swi/snF complexes may also induce gene repression by promoting 

Fig. 4 Outcomes of nucleosome remodelling. 
(a) ATP dependent nucleosome remodelers (green) can assist in chromatin assembly by repositioning nucleosomes to ensure 
DNA replication, DNA repair and transcription. (b) ATP dependent nucleosome remodelers can induce nucleosomal sliding, 
thereby exposing sites (red), initially excluded by histone octamers, for DNA-binding proteins (yellow). (c) ATP dependent 
nucleosome remodelers can remove histones or exchange canonical histones with variant histones such as H3.1, H3.3 and 
H2AZ. These variant histones are important for general transcription, but are also involved in specific processes such as DNA
repair, DNA recombination, X chromosome inactivation and chromosome segregation (adapted from Clapier and Cairns, Annu 
Rev Biochem 2009) .  

FIGURE 4

Figure 4. outcomes of nucleosome remodelling. (a) aTp dependent nucleosome remodelers 
(green) can assist in chromatin assembly by repositioning nucleosomes to ensure dna 
replication, dna repair and transcription. (b) aTp dependent nucleosome remodelers can induce 
nucleosomal sliding, thereby exposing sites (red), initially excluded by histone octamers, for 
dna-binding proteins (yellow). (c) aTp dependent nucleosome remodelers can remove histones 
or exchange canonical histones with variant histones such as h3.1, h3.3 and h2aZ. These variant 
histones are important for general transcription, but are also involved in specific processes such 
as dna repair, dna recombination, X chromosome inactivation and chromosome segregation 
(adapted with permission from Clapier and Cairns, annu rev Biochem 2009).
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binding of transcriptional repressors (monahan et al., 2008). in contrast, iswi 
complexes are predominantly involved in promoting transcriptional repression 
by positioning nucleosomes at promoter regions. however, iswi complexes 
have also been detected at gene body regions and may control transcriptional 
elongation and termination by promoting access of rna polymerase ii (morillon 
et al., 2003; Tirosh et al., 2010).

aTp-dependent chromatin complexes have chromatin-binding domains to 
allow binding to the dna, but can also be recruited to the dna by transcription 
factors, co-repressors and polymerases. For example, the mi2-nurd complex 
is recruited to sites of dna lesions during dna damage to setup a transient 
repressive chromatin structure at sites of dna damage to block transcription and 
facilitate dna repair (Chou et al., 2010; Larsen et al., 2010; smeenk et al., 2010).

Interplay between DNA methylation and nucleosome remodeling
genomic regions that are enriched in hypermethylated dna are often enriched 
in histone modifications characteristic of heterochromatin, which suggests that 
histone modifications and dna methylation are intimately connected. (eden et 
al., 1998; okitsu and hsieh, 2007; weber et al., 2007). indeed, the presence of 
dna methylation stimulates tri-methylation of h3K9 and de-acetylation of h4, but 
inhibits tri-methylation of h3K4 (gilbert et al., 2007; hashimshony et al., 2003). in 
addition, methylated dna is generally enriched in nucleosomes, but specifically 
depleted in regions occupied by the histone variant h2a.Z (Chodavarapu et al., 
2010; Zilberman et al., 2008). Conversely, histone modifications control dna 
methylation. For example, hypermethylated h3K4 blocks de novo dna methylation 
(Ciccone et al., 2009; ooi et al., 2007) and a failure in h2a.Z deposition leads to 
global dna hypermethylation (Zilberman et al., 2008). The crosstalk between 
the epigenetic modifications controls targeting of the epigenetic machinery 
to the chromatin in a manner that is dependent on the pattern of epigenetic 
modifications, but also on the proteins that are associated with them.

histone modifications and histone modifying enzymes guide other epigenetic 
enzymes to specific sequences in the genome. dnmT3 enzymes can directly 
bind to dna via their pwwp domain, which was recently identified as a motif 
that recognizes h4K20me3 and h3K36me3 (Vermeulen et al., 2010; wang et al., 
2009b). alternatively, chromatin modifications may guide dnmTs to their targets 
via dnmT3L (hu et al., 2009; Jia et al., 2007; ooi et al., 2007). dnmT3L, which 
can associate with dnmT3a and dnmT3B, was found to bind the n-terminus 
of histone h3 and selectively recognize un-methylated h3K4, thereby guiding 
dnmT3a and dnmT3B to heterochromatic regions to induce de novo methylation. 
in contrast, hypermethylated h3K4 strongly inhibited dnmT3L binding to h3 (ooi 
et al., 2007). iswi complexes are targeted to transcriptionally inactive regions 
by recognizing nucleosomes that are depleted in acetylated h4K16. in contrast, 
swi/snF complexes have domains that specifically recognize hyperacetylated 
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histones to guide swi/snF complexes to actively transcribed genomic regions. 
in addition to chromatin modifications, multiple histone modifying enzymes have 
been found to recruit the dna methylation machinery to aid in transcriptional 
regulation. several pcg complex constituents, such as eZh2 and CBX7, recruit 
dnmTs to cooperate in stable silencing of pcg-target genes (hernandez-munoz 
et al., 2005; mohammad et al., 2009; Vire et al., 2006). 

Conversely, dna methylation may guide nucleosome remodelers to specific 
sequences in the genome in multiple ways. methylated dna is selectively 
recognized by methyl-Cpg binding zinc-finger proteins and methyl-Cpg binding 
domain proteins (mBds), which recruit nucleosome remodelers to establish 
a repressive chromatin environment (saito and ishikawa, 2002). For example, 
mBd2 and mBd3 recruit the repressor complex mi2-nurd that contains the 
aTp-dependent chromatin remodelers Chd3 and Chd4 as well as the histone 
deactylases hdaC1 and hdaC2 to hyper-methylated dna to reshape the 
chromatin and induce stable silencing (wade et al., 1999; Zhang et al., 1999). 
Conversely, non-methylated dna can also serve as a signal for binding of histone 
methyl transferases and chromatin binding proteins. The h3K36 demethylase 
Kdm2a was found to selectively bind to non-methylated dna in 90% of all Cpg 
islands through its ZF-CxxC domain (Blackledge et al., 2010). another ZF-CxxC 
domain containing protein, CFp1, also selectively recognizes non-methylated 
Cpgs and is required for maintaining h3K4me3 levels in Cpg island promoters 
(Thomson et al., 2010). as previously discussed, h3K4me3 prevents binding of 
dnmT3L and consequently blocks de novo methylation whereas h3K36me3 is 
selectively recognized by the pwwp domain of dnmT3 enzymes. These findings 
suggest a model in which non-methylated dna recruits Kdm2a and CFp1, 
inducing h3K36 de-methylation and h3K4 tri-methylation, thereby blocking 
binding of dnmTs in order to prevent silencing. 

epigenetic enzymes may also regulate expression levels of other epigenetic 
enzymes. The histone methyl transferase seT7 and Lsd1 were found to methylate 
and de-methylate dnmT1, thereby regulating its proteasomal degradation 
(esteve et al., 2009; wang et al., 2009a). in addition, dnmT1 stability may also 
be regulated by coordinated acetylation and ubiquitination (du et al., 2010). swi/
snF complexes were recently reported to regulate expression of eZh2 (wilson et 
al., 2010). a recent comprehensive analysis of acetylation targets revealed that 
the swi/snF, mi2-nurd, ino80 and nUrF complexes are heavily acetylated 
(Choudhary et al., 2009). These acetylation events have functional consequences 
as acetylation of swi/snF by gCn5 leads to dissociation of swi/snF from 
chromatin (Kim et al., 2010).
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sCope oF This Thesis

Cancer genome re-sequencing efforts have identified an impressive and still 
increasing number of epigenetic enzymes that are mutated in many types 
of cancers, which has fueled the development of inhibitors of these. several 
regulators of epigenetic processes have been established as targets for 
therapeutic intervention in a variety of malignancies. in particular, inhibitors 
of dna methylation (dnmTi) and histone deacetylation (hdaCi) are used in 
cancer therapy. in this thesis, we will first discuss how the epigenetic enzymes 
that are potentially drug-able contribute to carcinogenesis and how these can 
be targeted in cancer therapy (Chapter 2). secondly, this thesis describes the 
discovery of novel epigenetic enzymes that regulate key biological processes that 
are frequently deregulated in carcinogenesis which include the cell cycle (p16-
rB-e2F: Chapter 4 and 5), differentiation (wnT, Chapter 4), cell motility (Timps, 
chapter 4) and dna mismatch repair (mLh1, Chapter 4) (Barker and Clevers, 2006; 
du and searle, 2009; Lynch, 2009; stetler-stevenson, 2008). Thirdly, this thesis 
describes the identification of the relevant drug targets of currently used non-
selective hdaCi (Chapter 4). Fourthly, this thesis describes the identification of a 
novel and potentially drug-able epigenetic target in cancer therapy (Chapter 4). 
Finally, this thesis describes the identification of factors that critically determine 
responsiveness of cancer cells to epigenetic therapy with dnmTi (Chapter 5).  
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inTrodUCTion

epigenetics is the study of heritable changes in gene expression that do not 
involve alterations of the dna sequence (Kelly et al 2010). many of these changes 
involve alterations of the chromatin: the state in which dna is stored inside the 
cell. eukaryotic dna is packaged in nucleosomes, which comprise octamers 
of four core histone proteins (h2a, h2B, h3 and h4) around which 147 bps of 
dna is wrapped. The accessibility of dna is determined by repositioning and 
restructuring of the nucleosomes by aTp-dependent chromatin remodellers, 
through covalent modifications of the histones by histone modifying enzymes 
and through modifications on the dna itself by dna modifying enzymes. There 
is substantial interplay between the many epigenetic regulators, which together 
control transcription. globally, chromatin can be in two states, the open state 
(euchromatin) in which dna is available for transcription, and a closed state 
(heterochromatin) in which the dna is tightly packed, precluding its transcription. 

in addition to alterations in the primary dna sequence, cancers often harbour 
multiple epigenetic alterations, here referred to as epimutations, which also affect 
key regulatory signalling pathways that are required for normal cellular physiology. 
moreover, epimutations can outnumber genetic abnormalities and often occur 
early in cancer development (Chen et al 2009, esteller et al 1999, schuebel et al 
2007). such epimutated genes are often tumour suppressor genes (Tsgs) including 
the dna repair proteins mutL homolog 1 (MLH1) and BRCA1, the INK4A-ARF locus 
encoded cell cycle inhibitors (CDKN2A and CDKN2B) and von hippel-Lindau (VHL), 
which controls cell survival and angiogenesis. many epigenetic regulators including 
those responsible for silencing of above mentioned Tsgs are deregulated in cancer. 

recent cancer genome analyses have identified an impressive and still 
increasing number of epigenetic enzymes that are deregulated in many types of 
cancers, establishing a direct link between cancer genetics and cancer epigenetics. 
recurrent loss-of-function and gain-of-function mutations affecting nucleosome 
remodelling complexes, histone modifiers and dna modifying enzymes occur 
in many cancers (Table 1 and discussed below), clearly demonstrating that at 
least three major epigenetic mechanisms are deregulated in cancer. epigenetic 
enzymes are attractive drug targets because of the reversible nature of epigenetic 
modifications. The recognition that epigenetic enzymes are frequently deregulated 
in cancer has fuelled the development of inhibitors of these, referred to here 
as “epigenetic drugs”. epigenetic drugs can be divided into two classes. The 
first class consists of non-selective agents, including the clinically-used inhibitors 
of dna methyltransferases (dnmTs) and histone deacetylases (hdaCs) and the 
more recently discovered inhibitors of eZh2 and Lsd1. of this class, both dnmTi 
and hdaCi are approved for the treatment of cancer. The second class consists of 
more selective inhibitors, including those targeting JaK2, g9a/gLp and doT1L. 
in this review, we will discuss those epigenetic enzymes deregulated in cancer 
and the feasibility to target these for cancer therapy
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dna modiFying enZymes

dnmTs convert cytosine residues of Cpg dinucleotides into 5-methylcytosine, 
which can be further converted into 5-hydroxymethyl-2'-deoxycytidine by the 
Ten-eleven-Translocation family (TeT) (ito et al 2010, Tahiliani et al 2009). Cpg 
dinucleotides are highly enriched in small genomic regions, known as Cpg 
islands, which frequently coincide with promoter regions. most Cpg dinucleotides 
are methylated except for those found in promoter located Cpg islands, 
excluding imprinted loci and the inactive X-chromosome. while the function 
of 5-hydroxylmethylation is unclear, hypermethylation of dna at Cpg islands 
inhibits transcription by preventing recognition by transcriptional activators and 
by serving as a recognition signal for specific chromatin interactors, which in 
turn recruit co-repressors and nucleosome remodellers. of the five dnmTs only 
dnmT1, 3a and 3B have catalytic activity. dnmT3a and dnmT3B can methylate 
previously unmethylated sites, which are then copied to daughter cells by dnmT1 
during replication. 

The cancer epigenome is marked by genome-wide dna hypomethylation and 
site-specific dna hypermethylation. dna hypomethylation promotes genomic 
instability, activates tumour-promoting genes and leads to loss of imprinting, while 
dna hypermethylation blocks transcription factor binding sites and silences Tsgs. 
dna modifying enzymes are overexpressed, mislocalized or mutated in cancer. 
The level and activity of dnmTs appears to be modestly elevated in various cancer 
types, which could lead to aberrant promoter hypermethylation, as DNMT3B 
overexpression in normal mouse colon induces de novo dna methylation of Tsgs 
(steine et al 2011, Ting et al 2006). dnmTs can also be mislocalized in cancer, 
resulting in aberrant hypermethylation. For example, the leukaemia-promoting 
pmL-rarα fusion protein and several polycomb group (pcg) proteins induce 
aberrant promoter hypermethylation by recruiting dnmTs to target promoters 
of Tsgs (di Croce et al 2002, Vire et al 2006). highly recurrent heterozygous 
mutations in DNMT3A, yielding a partially defective enzyme, have recently been 
discovered in acute myeloid leukaemia (amL) and myelodysplastic syndrome 
(mds) and are associated with poor clinical outcome (Ley et al 2010, yan et al 
2011). These mutations were proposed to compromise the binding of dnmT3a 
to chromatin or to proteins associating with dnmT3a. Bi- and monoallelic loss-of-
function mutations in TET2 were identified in many haematological malignancies, 
in association with global 5hmC depletion (delhommeau et al 2009, Ko et al 2010, 
Langemeijer et al 2009). Biallelic Tet2 loss in the mouse impairs hematopoietic 
differentiation and induces myeloid transformation. Tet2 haploinsufficiency 
confers increased self-renewal and myeloproliferation, suggesting that TET2 
functions as a haploinsuffient Tsg (moran-Crusio et al 2011, Quivoron et al 2011).

dnmTi such as the azanucleosides azacitidine (5-azacytidine) and decitabine 
(5-aza’2-deoxycytidine) induce differentiation and/or apoptosis. at low doses, 
azanucleosides sequester and degrade dnmTs after incorporation into 
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dna, leading to global dna demethylation and consequent reactivation of 
promoter hypermethylated genes, including aberrantly silenced Tsgs. however, 
azanucleosides also induce gene expression changes independent of active 
dna demethylation, for example by inducing degradation of the histone 
methyltransferase g9a, which may also contribute to their clinical effectiveness 
(gius et al 2004, wozniak et al 2007). azacitidine and decitabine are clinically 
used in high-risk mds and have demonstrated clinical efficacy in treatment of 
amL (reviewed in (Kelly et al 2010) (Table 2)(Cashen et al.; Fenaux et al., 2009; 
Fenaux et al.; Kantarjian et al., 2006; Kornblith et al., 2002; silverman et al., 2002). 
The many clinical trials testing dnmTi have failed to find other dnmTi responsive 
cancers, in particular solid tumours (reviewed in (Quintas-Cardama et al 2010). only 
some therapeutic benefit of dnmTi treatment was observed in chronic myeloid 
leukaemia (CmL) (aribi et al 2007, wijermans et al 2008). Besides azacitidine and 
decitabine, there are many new dnmTi that are all capable of reverting aberrant 
promoter hypermethylation (Figure 1). azanucleosides s-110 and zebularine 
and the quinoline-based dnmTi sgi-1027 are more stable than azacitidine and 
decitabine and show activity in cancer cell lines and mouse models of cancer 
(Cheng et al 2003, datta et al 2009, yoo et al 2007). isoform-specific inhibitors of 
dnmT1 (rg108) and dnmT3B (nanaomycin a) have been developed, but only 
nanaomycin a appears to have potent antiproliferative effects (Brueckner et al 
2005, Kuck et al 2010). 

hisTone modiFying enZymes

histones can be modified dynamically by multiple chemical groups, including 
acetyl, methyl, phosphoryl and ubiquityl groups. These modifications serve to 
open or close chromatin structure and promote or occlude proteins from binding 
to the chromatin. Broadly, we can discriminate three classes of histone interacting 
proteins. The writers place histone modifications, which can subsequently be 
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Figure 1. inhibitors of dna 
methyltransferases. shown are 
all inhibitors of dnmTs. Writers 
are depicted in yellow, erasers 
in blue and readers in purple. m; 
methylated.
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removed by the erasers. Finally, the readers bind to chromatin via specific domains 
that read the histone modifications and can deliver nucleosome, histone or dna 
modifying enzymes.

Lysine acetylases
Lysine acetyltransferases (KaTs) acetylate lysine residues of histone proteins and 
non-histone proteins, including p53 and e2F1. They can be divided in three 
classes, namely gCn5/pCaF, p300/CBp and mysT/Tip60. The gCn5/pCaF and 
p300/CBp groups mainly function as coactivators for various transcription factors, 
but the mysT family also has roles in other nuclear processes. 

The structural and functional homologues p300/KAT3A and CBP/KAT3B and 
the mysT family members TIP60/KAT5 and MYST3/MOZ/KAT6A are frequently 
mutated or dysregulated in cancer. monoallelic mutation of CBP causes 
rubinstein-Taybi syndrome, a severe developmental disorder that predisposes to 
cancer development (petrij et al 1995). recently, frequent genomic deletions and 
mutations of CBP, all concentrated in the catalytic domain, were detected in B-cell 
non-hodgkin’s lymphoma, bladder cancer and tumours of patients with relapsed 
lymphoblastic leukaemia (gui et al 2011, mullighan et al 2011, pasqualucci et 
al 2011). in B-cell non-hodgkin’s lymphomas, the CBp mutants were unable 
to acetylate p53, thereby compromising its transcriptional activity, and BCL6, 
blocking its transcriptional repressor function. mice with monoallelic ablation of 
Cbp develop highly penetrant leukaemia’s, demonstrating that CBp has tumour 
suppressive activity (Kung et al 2000). CBp and p300 are also dysregulated by 
viral oncoproteins and translocations. The viral oncoproteins e1a and Large T 
misregulate p300 and CBp to activate cell cycle progression-promoting genes 
by histone acetylation, leading thereby contributing to cellular transformation 
(eckner et al 1994, Ferrari et al 2008). in leukemia, p300 and CBP are commonly 
fused to the histone methyltransferase mixed Lineage Leukemia (MLL) (see also 
lysine methyltransferases) and two other KaTs: MYST3 or MYST4/MORF/KAT6B. 
The mLL-CBp fusion protein induces mds in mice (Lavau et al 2000a).

in contrast to CBp and p300, mysT3 appears to have oncogenic properties. 
recurrent amplifications of MYST3 have recently been identified in medulloblastoma. 
(northcott et al 2009b). Unlike mLL-CBp and mLL-mysT4, the mysT3-CBp fusion 
protein functions as a transcriptional repressor by blocking hematopoietic stem 
cell differentiation via inhibition of rUnX1-dependent transcription (Kitabayashi et 
al 2001a). TIP60 may function as a haploinsufficient Tsg as monoallelic losses of 
TIP60 have been detected in lymphomas, breast carcinomas and head and neck 
cancer (gorrini et al 2007). monoallelic loss of Tip60 impairs the Myc-induced dna 
damage response and is sufficient to counteract Myc-induced lymphomagenesis 
in mouse experimental models (gorrini et al 2007). in addition, recurrent mutations 
in the transformation/transcription domain associated protein (TRRAP), encoding 
a cofactor of Tip60 containing complexes, were recently described in melanoma, 
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suggesting that inhibition of Tip60 complexes contributes to carcinogenesis (wei 
et al 2011). apart from the classical KaTs, amplified in breast cancer 1 (aiB1), also 
has intrinsic KaT activity and associates with CBp and p300 (Chen et al 1997). aiB1 
is involved in many signalling pathways important for oncogenesis of breast cancer, 
for example by functioning as a co-activator for oestrogen and progesterone 
signalling (Lahusen et al 2009). amplification of AIB1 frequently occurs in breast 
cancer and ablation of Aib1 in the mouse leads to B-cell lymphoma (anzick et al 
1997, Coste et al 2006). 

inhibitors of p300 and CBp including garcinol, curcumin and anacardic acid 
were reported to kill cancer cells but not non-malignant cells (Balasubramanyam 
et al 2003, eliseeva et al 2007) (Figure 2). in addition, a novel small molecule 
inhibitor of p300 substantially reduced growth of in mice xenografted with patient-
derived oral squamous cell carcinomas, in which, unlike most cancers, histones 
are highly hyperactylated (arif et al 2010). given the tumour suppressive role of 
CBp, p300 is likely the relevant target of these inhibitors. inhibitors of p300 may 
be particularly effective in cancers in which p300 is translocated or dysregyulated. 
a recent study found that inhibition of p300 impaired leukemogenesis in mouse 
models expressing the oncogenic translocation product AML1-ETO by blocking 
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the acetylation of AML1-ETO by p300 (wang et al 2011). of the other KaTs, mysT3 
and aiB1 could represent novel drug targets in cancer therapy, given their pro-
oncogenic role. selective inhibitors of readers of histone lysine acetylation have 
recently been developed. The small molecule JQ1 binds competitively to acetyl-
lysine recognition motifs (bromo domains) of Brd2-4 and BrdT (Filippakopoulos 
et al 2010) (Figure 2). Translocations of BDR4 with nuclear protein in testis (nUT) 
frequently occur in an incurable subtype of squamous carcinoma. JQ1 was 
found to displace the Bdr4 fusion oncoprotein from the chromatin in squamous 
carcinoma cell lines, resulting in tumour regression and prolonged survival in 
xenograft experiments with patient-derived tumour cells expressing BRD4-NUT. 
recently, JQ1 was reported to block leukemogenesis in an amL mouse model in 
which Brd4 was identified as being critically required for tumourigenesis (Zuber 
et al 2011). JQ1 also induced senescence in mouse models of multiple myeloma 
by downregulation of Myc, which was regulated by bromo domain-containing 
proteins (delmore et al 2011). 

Lysine deacetylases
histone deacetylases (hdaCs) remove acetyl groups from lysine residues on 
histones and non-histone proteins and are considered to be transcriptional 
repressors. eighteen hdaCs have been identified, that are grouped into four 
classes. Class i, ii and iV hdaCs are Zn2+-dependent enzymes, whereas class 
iii hdaCs, referred to as sirtuins, use nad+ as cofactor. The hdaC isoforms 
function in many cellular processes and have distinct gene expression patterns, 
cellular localization and function (haberland et al 2009b). hdaCs commonly 
interact with dna binding proteins, such as transcription factors, which in turn 
target hdaCs to specific dna sequences. some hdaCs reside in multi-protein 
complexes, which associate with specific genomic loci. For example, hdaC1 and 
2 are constituents of the nurd, sin3a and CoresT repressor complexes and 
hdaC3 is found within the n-Cor and smrT repressor complexes.

The cancer epigenome is hallmarked by a global reduction of lysine 
hypoacetylation and many hdaCs are altered in expression or mislocalized in 
cancer. Class i HDACs (1,2,3 and 8) are over-expressed in many tumours and their 
increased expression correlates with poor outcome in some tumours, suggesting 
that these hdaCs are oncogenes (weichert 2009). Tumour growth of transformed 
fibroblasts can be completely blocked by genetic deletion of both Hdac1 and 2 
(haberland et al 2009a). Transgenic expression of a catalytically inactive Hdac2 
in tumour-prone Apc+/- mice reduced intestinal tumour incidence (Zimmermann 
et al 2007). inactivation of HDAC8 induces differentiation of neuroblastoma 
cells (oehme et al 2009). The role of the other Zn2+-dependent hdaCs in 
carcinogenesis has not been explored thoroughly, with the exception of hdaC6. 
HDAC6 is overexpressed at the protein level in breast cancer and loss of Hdac6 
cooperates with oncogenic Ras in mouse fibroblasts (Lee et al 2008, saji et al 
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2005). similar to dnmTs, hdaCs can be recruited by oncogenic transcription 
factors. BCL6, pmL-rarα, pLZF-rarα and amL-eTo can recruit hdaC-containing 
repressor complexes to repress specific target genes (Bolden et al 2006). 

hdaCi can restore global lysine acetylation levels in cancer cells and induce 
deacetylation of many non-histone proteins (Choudhary et al 2009). however, the 
activities of hdaCi may also be independent of hdaC inhibition as they have 
non-hdaC targets (Bantscheff et al 2011). hdaCi induce apoptosis, differentiation 
and cell cycle arrest in cancer cells and have anti-angiogenic, anti-invasive and 
immunomodulatory properties in vivo (Lane and Chabner 2009). Current hdaCi 
for cancer therapy are structurally very diverse agents that target Zn2+-dependent 
hdaCs and have marked differences in specificity and potency (Bantscheff et al 
2011, Bradner et al 2010). The hdaCi vorinostat (saha) and romidepsin (FK228) 
are clinically used in cutaneous T cell lymphomas (CTCLs) (mann et al 2007b, 
whittaker et al 2010) (Table 2 and Figure 2). many other hdaCi are in clinical 
development with the following being tested in phase 2 clinical trials: belinostat 
(pXd-101), panobinostat (LBh589), sB939, givinostat (iTF2357), entinostat (sndX-
275/ms-275) and mocetinostat (mgCd0103) (wagner et al 2010) (Table 2 and 
Figure 2). most clinical trials testing hdaCi found variable therapeutic benefit of 
hdaCi in cancers other than CTCLs (reviewed in(wagner et al 2010). ongoing 
phase 3 clinical trials are testing the clinical efficacy of vorinostat in advanced 
mesothelioma and panobinostat in hodgkin’s lymphoma and refractory CmL. 
isoform-specific hdaCi targeting oncogenic hdaCs have been developed (Figure 
2). selective inhibitors of hdaC6 or hdaC8 induce tumour cell death by targeting 
pathways regulated by these hdaCs (Balasubramanian et al 2008, hideshima et 
al 2005, namdar et al 2010). hdaCi can also be combined with dnmTi, given 
their ability to more effectively reactivate those Tsgs including CDKN2A and 
MLH1 that are silenced in association with histone hypoacetylation and promoter 
hypermethylation (Cameron et al 1999). moreover, this combination synergizes 
in induction of cancer cell death in vitro and appears to have enhanced clinical 
efficacy in early clinical studies (Blum et al 2007, Braiteh et al 2008, garcia-manero 
et al 2006, gore et al 2006, stathis et al 2011, Voso et al 2009, Zhu et al 2001). 

Lysine methylases
histone lysine methylation can induce gene activation or repression, depending 
on the lysine involved. in general, methylation of h3K4, h3K36 and h3K79 is 
associated with gene activation, whereas methylation of h3K9, h3K27 and 
h4K20 is characteristic of repressed chromatin. Lysine methyltransferases (KmTs) 
methylate lysine residues of histone and non-histone proteins and all have a seT 
domain or structurally-related pr (prdi-BF1 and riZ homology) domain, which 
confers the catalytic activity, with the exception of doT1L/KmT4. some KmTs are 
part of major transcription regulatory protein complexes. The mLL/KmT2 family 
members reside in protein complexes that regulate initiation or elongation of 
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transcription while eZh2/KmT6 is a core subunit of the polycomb protein complex 
2 (prC2), which controls the cell lineage by repressing HOX genes.

many KMTs are mutated, translocated or overexpressed in cancer. The KmT1 
family consists of SUV39H1/KMT1A, SUV39H2/KMT1B, G9a/KMT1C and the 
closely related protein GLP/KMT1D, SETDB1/KMT1E and CLL8/KMT1F of which 
G9a and SETDB1 may function as oncogenes. The KmT1 family of proteins 
methylate h3K9, which induces gene silencing and heterochromatin formation. 
G9a is overexpressed in some tumours, including leukaemia and lung cancer and 
may suppress Tsgs or regulate p53 activity by methylation (Chen et al 2010, 
huang et al 2010). SETDB1 is recurrently amplified in melanoma and cooperates 
with oncogenic BRAF in accelerating oncogenesis, possibly by deregulation 
of HOX genes (Ceol et al 2011). in contrast to the KmT1 family, other h3K9 
methyltransferases such as RIZ1/KMT8, SMYD4 and EHMT1 are inactivated by 
mutations, suggesting that these function as Tsgs. KMT8/RIZ1 is commonly 
inactivated in breast, liver and colon cancers. KMT8 can be silenced by promoter 
hypermethylation, is located on the frequently deleted 1p36 chromosomal locus 
and is subject to pr domain-targeting loss-of-function mutations (Chadwick et 
al 2000, he et al 1998, steele-perkins et al 2001). Kmt8 knockout mice develop 
tumours of a broad spectrum at a high incidence (steele-perkins et al 2001). 
Finally, homozygous deletions in poorly characterized SMYD4 and EHMT1 were 
found in medulloblastoma (northcott et al 2009a). 

The mLL proteins (mLL1-5/KmT2a-e) are h3K4 methyltransferases and 
are considered to be transcriptional activators. Translocations of MLL occur in 
10% of amL and 70% of infant leukaemias and is associated with poor clinical 
outcome (marschalek 2011). 71 mLL fusion partners have been identified that 
behave as dominantly-acting oncogenes that promote leukaemogenesis. many 
of these require the h3K79 methyltransferase doT1L/KmT4 for leukemic cell 
growth by enhancing expression of the HOX genes HOXA9 and MEIS1, which are 
important for mLL-dependent leukaemogenesis (ayton and Cleary 2003, Bernt 
et al 2011, daigle et al 2011, marschalek 2011, nguyen et al 2011). recently, 
recurrent inactivating mutations in MLL2 and MLL3 were detected in non-hodgkin 
lymphoma, renal carcinoma and medulloblastoma, suggesting that mLL2 and 3 
can also function as tumour suppressors (dalgliesh et al 2010, morin et al 2011, 
parsons et al 2011). given that mLL2 and 3 reside in complexes that are essential 
for normal development and differentiation, it was proposed that inactivation of 
MLL2 and 3 might lead to aberrant cellular proliferation (parsons et al 2011). 

The KmT3 family members function as transcriptional activators by methylating 
h3K36 and consist of seTd2/KmT3a, nsd1/KmT3B and smyd2/KmT3C of which 
seTd2 and nsd1 are deregulated in cancer. Truncating mutations in SETD2 were 
recently detected in clear cell renal carcinoma (dalgliesh et al 2010, Varela et al 
2011). deficiency of NSD1 leads to sotos syndrome, an overgrowth condition that 
leads to developmental defects and predisposes to cancer development (rahman 
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2005). NSD1 is also frequently fused to NUP98 in amL and induces leukaemia 
by enforcing expression of the proto-oncogenes HOXA7, HOXA9, HOXA10 and 
MEIS1 (Jaju et al 2001). Finally, NSD1 promoter hypermethylation was detected 
in many neuroblastoma and gliomas and this could predict poor outcome in high-
risk neuroblastoma (Berdasco et al 2009).

eZh2/KmT6 is a h3K27 methyltransferase and together with sUZ12 and eed 
are the core components of the prC2 repressor complex, which frequently induces 
aberrant gene repression in cancer. Firstly, prC2-enriched genes frequently 
acquire aberrant promoter methylation, possibly by recruitment of dnmTs or 
hdaCs by eZh2 and eed (mcgarvey et al 2008, van der Vlag and otte 1999, Vire 
et al 2006). secondly, eZh2 can associate with the melanoma antigen prame, 
which together appear to have a role in inhibiting retinoic acid signalling that is 
known to suppress tumourigenesis (epping et al 2005). EZH2 is overexpressed 
in many cancers (Chase and Cross 2011). EZH2 overexpression is associated 
with aggressive and metastatic disease in both prostate and breast cancer and 
is associated with poor clinical outcome in breast carcinoma (Kleer et al 2003a). 
recently, a gain-of-function mutation in the seT domain of EZH2, resulting in 
enhanced h3K27 trimethylation, was identified in non-hodgkin lymphoma (morin 
et al 2010, yap et al 2011). Besides EZH2, the other prC2 component, SUZ12, can 
be translocated in endometrial cancer (Koontz et al 2001). 
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inhibitors against some of the pro-oncogenic KmTs have been developed 
(Figure 3). BiX-01294 and UnC638 are highly selective inhibitors of g9a and 
gLp, leading to demethylation of h3K9me2 in mouse es cells (Chang et al 
2009, Kubicek et al 2007, Vedadi et al 2011). UnC638 inhibited cell viability 
and growth of breast carcinoma cell lines in association with reduced h3K9 
methylation of g9a regulated genes (Vedadi et al 2011). of all the other h3K9 
methyltransferases, only seTdB1 could represent a potential target for therapy 
of melanoma, perhaps most effectively in combination with a BraF inhibitor, 
given the functional cooperation between seTdB1 and BraF in carcinogenesis. 
Targeting MLL-translocated leukaemias with doT1L inhibitors is a promising 
novel therapeutic strategy. a potent and selective doT1L inhibitor (epZ004777) 
blocked h3K79 methylation and consequent activation of leukaemogenic genes 
including HOXA9 and MEIS1 in leukemic cells bearing the MLL translocations 
(daigle et al 2011). importantly, this lead to selective killing of MLL rearranged 
cells and induced survival in a mouse mLL xenograft model. nsd1 and seTd2 can 
be excluded as drug targets as they appear to function as tumour suppressors. 
eZh2, sUZ12 and eed can be inhibited by 3-deazaneplanocin (dZnep), leading 
to reactivation of prC2-repressed genes and induction of apoptotic cell death 
in cancer cell lines (Tan et al 2007). however, dZnep non-specifically inhibits 
s-adenosyl-L-methionine-dependent activity of histone methyltransferases and 
was reported to globally inhibit histone methylation (miranda et al 2009, Tan et al 
2007). given that prC2 and hdaCs can cooperate in transcriptional repression, 
dZnep and hdaCi synergized in inducing apoptosis in amL cells in association 
with enhanced reactivation of prC2 target genes and in colorectal cancer cells 
by reactivating a wnT inhibitor, repressed by hypoacetylation and h3K27 
trimethylation (Fiskus et al 2009, Jiang et al 2008).

Lysine demethylases
Lysine demethylases (Kdms) remove methyl groups from (non-) histone proteins 
and are divided in two classes: the Kdm1/Lsd family and the Jumonji C (JmjC) 
domain family (Kdm2-Kdm8). Kdm1 family enzymes are Fad-dependent amine 
oxidases that only remove mono- and dimethylated lysines whereas JmjC family 
enzymes are Fe(ii) 2-oxogluterate-dependent enzymes that are also able to 
remove trimethyl groups (pedersen and helin 2010). 

Lsd1/Kdm1a demethylates h3K4me1/2 and h3K9me1/2 and is required 
for development and differentiation (wang et al 2009b). Lsd1 resides in many 
protein complexes that have either tumour promoting or tumour suppressive 
activities. Consequently, both high and low LSD1 expression has been linked to 
carcinogenesis. high LSD1 expression is associated with poor clinical outcome 
of prostate cancer, aggressive biology of er negative breast cancer and poorly 
differentiated neuroblastoma (Kahl et al 2006, Lim et al 2010, metzger et al 2005, 
schulte et al 2009). however, in certain breast cancers LSD1 suppresses metastasis 
when overexpressed (wang et al 2009c). 
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The Kdm4 family consists of JmJd2a/Kdm4a, JmJd2B/Kdm4B, JmJd2C/
Kdm4C and JmJd2d/Kmm4d and catalyses the demethylation of h3K9me2/3 
and h3K36me2/3. a recent study found that the histone kinase JAK2 (see histone 
kinases) and GASC1, which are co-localized on the 9p24 chromosome band that 
is frequently amplified in cancer, cooperate to activate MYC (rui et al 2010). 
enforced GASC1 expression in immortalized mammary epithelial cells leads to 
transformation and depletion of GASC1 inhibits proliferation of oesophageal 
squamous carcinoma cells, harbouring the GASC1 amplification (Cloos et al 2006, 
Liu et al 2009a, wissmann et al 2007). Collectively, these findings suggest a role 
for GASC1 as an oncogene. 

The Kdm5 family consist the h3K4me2/3 demethylases Jarid1a/Kdm5a, 
Jarid1B/Kdm5B, Jarid1C/Kdm5C, Jarid1d/Kdm5d and function as 
transcriptional repressors. JARID1A/KDM5A is commonly fused to NUP98 in 
amL and prevents the differentiation-associated removal of h3K4me3 at many 
loci encoding leukaemogenic transcription factors, leading to their activation 
and consequent induction of leukaemia (wang et al 2009a). JARID1A is also 
overexpressed in gastric cancer and inactivates many senescence-associated 
cell cycle inhibitors, thereby preventing senescence induction (Zeng et al 2010). 
inactivating mutations in KDM5C/JARID1C have been detected in renal cell 
carcinoma, often in association with loss of VHL, which is commonly mutated in 
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these tumours and causal in tumourigenesis (dalgliesh et al 2010, Varela et al 
2011). Jarid1C was proposed to cooperate with VhL in promoting activation 
of the hypoxia-inducible factor (hiF) pathway that promotes cell survival and 
angiogenesis. Knockdown of JARID1C in VHL deleted renal cell carcinoma cells 
lead to reactivation of hiF-responsive genes and enhanced tumour growth in a 
xenograft model (niu et al 2011). 

Kdm6a/UTX and Kdm6B/JmJd3 antagonize pcg mediated gene repression 
by removing h3K27me3. mutations of UTX have been found in many cancers, 
most notably lymphoma, renal cell and bladder carcinoma (dalgliesh et al 2010, 
gui et al 2011, van haaften et al 2009, Varela et al 2011, wartman et al 2011). 
inhibition of Jmjd3 in meFs results in repression of the aforementioned cell-cycle 
inhibitory Ink4a-Arf locus, a known target of the prC1 complex (see histone 
ubiquitinases), inducing their immortalization (agger et al 2009, Barradas et al 
2009, wang et al)

of the Kdms, only gasC1 and Lsd1 are potential drug targets and inhibitors 
of these have been found (Figure 4). specific polyamine analogues inhibit Lsd1, 
leading to increased h3K4me2 levels and reactivation of silenced Tsgs, in 
conjunction with inhibition of cancer cell growth in cell lines and xenograft models 
(huang et al 2007, huang et al 2009). given that silenced Tsgs are often depleted 
in the active marks h3K4me3 and histone acetylation and acquire aberrant Cpg 
island hypermethylation, the combined use of Lsd1 inhibitors and dnmTi or 
hdaCi synergized in Tsg reactivation and inhibited colorectal and breast cancer 
growth (huang et al 2009, huang et al 2011). however, although LSD1 inactivation 
inhibited xenograft growth of LSD1 overexpressing neuroblastoma cells, it induced 
tumourigenesis in Drosophila, raising concerns about effects of Lsd1 inhibition on 
non-cancer cells (eliazer et al 2011, schulte et al 2009). inhibitors of the Kdm4 
family have recently been developed (hamada et al 2010). dual inactivation of 
gasC1 by these compounds and JaK2 by JaK2 inhibitors (see histone kinases) may 
be useful in treatment of lymphomas that have amplified 9p24 as their combined 
inhibition by rnai cooperated in killing these lymphomas (rui et al 2010). 

Arginine methyltransferases
arginine methyltransferases (prmTs) add methyl groups to histone lysine residues 
and, similar to lysine methylation, the outcomes of these modifications depend 
on the arginine residue involved. Currently, there is only little evidence that prmTs 
are deregulated in cancer, although they interact with pro-oncogenic proteins 
(Bedford and Clarke 2009).  

Histone kinases
many histone residues are phosphorylated by kinases including aKT, JaK2 and 
pim1, which have well-established roles in cancer development (Baek 2011). given 
that these kinases regulate many other key signalling pathways, the contribution 
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of their histone kinase activity to tumourigenesis remains to be determined. we 
will therefore restrict our discussion to JaK2, for it has a clear role in chromatin 
signalling and can be targeted in cancer therapy. JaK2 initiates signalling cascades 
involved in the cell cycle and apoptosis. however, JaK2 also phosphorylates h3y41, 
leading to exclusion of heterochromatin proteins 1α (hp1α) from the chromatin, 
thereby activating the haematopoietic oncogene LMO2 (dawson et al 2009). 
Using a similar mechanism, JaK2 also cooperates with gasC1 in activation of MYC 
in leukaemias (see also histone demethylases) (rui et al 2010). JaK2-mediated 
chromatin signalling appears to be critical for es cell self renewal, a process which 
could contribute to the oncogenesis of myeloproliferative diseases, given that 
these are clonal blood stem cell disorders (griffiths et al 2011). JAK2 gain-of-
function mutations (JaK2V617F) are present in 50% of human myeloproliferative 
diseases and are causal in the pathogenesis (Kilpivaara and Levine 2008). several 
JaK2 inhibitors are in clinical development (Figure 5 and Table 2). as much as 
half of patients with myeloproliferative diseases, unselected for JaK2 mutations, 
responded to treatment with small molecules targeting JaK1/2 in phase 1-2 clinical 
trials (pardanani et al 2011, Verstovsek et al 2010). 

Histone ubiquitinating and deubiquitinating enzymes
monoubiquitination of histones h2a and h2B has important transcriptional 
consequences. whereas h2B ubiquitination is mostly associated with 
transcriptional activation and elongation, h2a ubiquitination is associated with 
gene repression. h2B ubiquitination is catalysed by Bre1/rnF20 and h2a 
ubiquitination is catalysed by another pcg complex called prC1 consisting of the 
ubiquitin ligase ring1B/rnF2 and Bmi1, which enhances the catalytic activity 
of ring1B. BMI1 may function as an oncogene as BMI1 is amplified in B-cell 

Figure 5. inhibitors of JaK2. shown are all inhibitors of JaK2. Writers are depicted in yellow, 
erasers in blue and readers in purple. marks associated with gene activation are in green, marks 
associated with gene repression are in red.  y; phosphorylated.
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lymphoma (Bea et al 2001a, rubio-moscardo et al 2005) and Bmi1 cooperates 
with cMyc in enhancing tumour aggressiveness and counteracts cMyc-induced 
apoptosis by repressing the Ink4a-Arf locus (Jacobs et al 1999, van Lohuizen et al 
1991). recently, it was shown that, besides Bre1, the tumour suppressor BrCa1 
also ubiquitinates h2a, but specifically at dna satellite repeats. Loss of BRCA1 
induced h2a deubiquitination accompanied by derepression of satellite dna 
leading to genomic instability (Zhu et al 2011).

Ubiquitin ligases are antagonized by deubiquitylating enzymes (dUBs), which 
remove ubiquitin moieties from protein substrates. There are multiple dUBs 
targeting histones in a gene specific manner. deubiquitination of h2a by Usp16 is 
important for normal cell cycle progression and regulation of HOX genes whereas 
dUB-mediated h2a deubiquitination controls androgen-receptor dependent 
gene activation (Joo et al 2007, Zhu et al 2007). deubiquitination of h2B by 
Usp22/UBp8 is required for saga complex-mediated transcriptional activation, 
whereas the Drosophila h2B dUB Usp36 is important for stem cell maintenance 
(Buszczak et al 2009, henry et al 2003). Usp3 is a h2a and h2B deubiquitylase 
that is involved in the dna damage response (nicassio et al 2007). 

nUCLeosome remodeLLing enZymes

nucleosomes are dynamically repositioned to ensure dna replication, dna 
repair and transcription (Clapier and Cairns 2009). nucleosome occupancy 
induces chromatin condensation, which leads to occlusion of transcription factor 
binding sites, but also impedes the progress of rna and dna polymerases. 
specific complexes that contain aTpase activity organize nucleosomes by 
ejecting, reconfiguring or moving nucleosomes to alternative positions along the 
dna. aTp-dependent chromatin remodellers can be subdivided into four classes: 
swi/snF, iswi, Chd and ino80. each family shares similar aTpase subunits and 
core members, but has a different composition of unique subunits. The non-
aTpase subunits are required for recognition of dna and histone modifications, 
regulation of aTpase activity and interaction with other chromatin binding proteins 
or transcription factors. 

swi/snF stands out as the most frequently deregulated nucleosome 
remodelling complex in cancer (wilson and roberts 2011). There are two swi/
snF complexes, named as BaF (Brg1 or Brahma associated Factors) and pBaF 
(polybromo associated BaF complex), which contain one of the two mutually 
exclusive aTpases Brm or Brg1 and the core subunits snF5/BaF47, BaF155, 
and BaF170 (reisman et al 2009). The variant subunits may direct swi/snF 
complexes to specific loci and these include arid1a/BaF250, which is only found 
in BaF complexes, and pB1/BaF180, arid2/BaF200 and Brd7, which specifically 
resides in pBaF complexes. swi/snF complexes usually promote transcriptional 
activation and regulate many processes like cell cycle progression, differentiation 



2

tarGetinG the epiGenome for the treatment of cancer 39

and dna repair (reisman et al 2009). SNF5, ARID1A, ARID2, PB1, BRG1 and BRM 
are deleted, mutated or silenced in many different tumours at high frequency, 
showing that swi/snF is an important tumour suppressor complex (Table 1). swi/
snF can induce tumourigenesis by many mechanisms and these are likely to be 
cell type-dependent, given that many subunits are tissue-specifically expressed 
(wilson and roberts 2011). This could also explain the distinct range of cancers 
associated with the inactivation of each subunit. SNF5 is frequently homozygously 
deleted or mutated in rhabdoid tumours, which are very aggressive childhood 
cancers (Versteege et al 1998). in addition, one allele of SNF5 can be deleted 
while the other allele is silenced by promoter methylation (Biegel et al 2000b, 
Biegel et al 2002, Biegel and pollack 2004, rousseau-merck et al 1999, Versteege 
et al 1998). SNF5 is also heterozygously deleted in chronic and acute phase of 
CmL (grand et al 1999) and is mutated in hodgkin’s lymphoma (yuge et al 2000). 
genetic ablation of Snf5 in the mouse recapitulates the incidence and phenotype 
of tumours seen in humans (Klochendler-yeivin et al 2000, roberts et al 2000, 
roberts et al 2002). 

Both BRG1 and BRM exhibit high degree of Loh in non-small-lung carcinoma 
and BRM is epigenetically silenced in various cell lines. BRG1 and BRM expression 
is simultaneously lost in 30-40% of lung cancer cell lines and 15-20% of non-small-
cell lung carcinoma (Fukuoka et al 2004, reisman et al 2003, rodriguez-nieto et 
al 2011). Knockout of either Brg1 or Brm leads to cancer development in mice 
with Brg1 functioning as a haploinsufficient Tsg (Bultman et al 2000, Bultman 
et al 2008, glaros et al 2008). recently, high throughput sequencing identified 
highly recurrent mutations in ARID1A, ARID2 and PB1 in many tumours. Loss-
of-function mutations in ARID1A were detected in approximately 50% of ovarian 
clear cell carcinomas, 30% of endometrioid carcinomas and 12% of bladder 
cancers (gui et al 2011, Jones et al 2010, wiegand et al 2010). PB1 is mutated in 
41% of clear cell renal carcinomas and ARID2 is mutated in 18% of hepatocellular 
carcinomas (Li et al 2011, Varela et al 2011). Besides swi/snF, the Chd family 
member CHD5 is also frequently inactivated in cancer. inactivation of CHD5 by 
homozygous deletions and promoter hypermethylation has been detected in 
gliomas, neuroblastomas, colorectal and breast cancers and CHD5 ablation in the 
mouse enhances proliferation and blocks senescence via repression of the Ink4a-
Arf locus (Bagchi et al 2007, Fujita et al 2008, Leary et al 2008, mulero-navarro 
and esteller 2008). 

strategies that restore the function of swi/snF and Chd5 are likely to be of 
therapeutic benefit, given the importance of these complexes in cancer. BRG1, 
BRM and CHD5 can be inactivated by epimutations, raising the possibility that 
epigenetic therapy could also be used to revert these epimutations. indeed, 
hdaCi can restore expression of epimutated BRM and dnmTi can reactivate 
silenced CHD5 in cancer cells (glaros et al 2007, mulero-navarro and esteller 
2008, yamamichi et al 2005). 
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FUTUre direCTions For epigeneTiC Therapy 

we have provided an overview of the epigenetic enzymes that are deregulated in 
cancer and the feasibility to target these for cancer therapy. a bewildering amount 
of epigenetic enzymes, involved in multiple layers of epigenetic regulation, 
including dna (hydroxyl)-methylation, histone modification and nucleosome 
remodelling, are deregulated at high frequency in many cancers (Table 1). 
The clinical successes of dnmTi and hdaCi clearly validate the usefulness of 
epigenetic therapy in cancer treatment and other epigenetic enzymes such as 
mysT3, aiB1, seTdB1, gasC1 and Bmi1 are potential drug targets in cancer 
therapy. while inhibitors of dnmTs, hdaCs, g9a/gLp, Lsd1 and eZh2 restore 
aberrantly silenced signalling pathways, inhibitors of JaK2, doT1L and Brds 
function by blocking those that are aberrantly hyperactivated in cancer. The 
latter are highly selective inhibitors that only appear to kill cancer cells with 
the deregulated epigenetic target, possibly because the resultant epigenetic 
changes may have addicted these cells to altered signalling pathways (daigle 
et al 2011, Filippakopoulos et al 2010, Verstovsek et al 2010). Thus, tumours 
should be classified according to the deregulation of their epigenetic targets 
to allow effective epigenetic therapy. This becomes even more crucial with the 
recognition that some epigenetic enzymes such as mLL2/3 and Lsd1 can function 
both as tumour suppressors and oncoproteins. molecular classification of tumours 
could also guide treatment with broad-acting epigenetic drugs. dnmTi could be 
particularly useful in treating the subset of colorectal, brain and breast tumours 
that have a high degree of Cpg island promoter hypermethylation (Cimp) (Fang 
et al 2011, noushmehr et al 2010, Toyota et al 1999), which is now being clinically 
tested in colorectal cancer patients. 

although dnmTi and hdaCi are clinically effective in some haematological 
malignancies, clinical proof-of-concept for solid tumours remains to be 
established. The clinical failures of current dnmTi and hdaCi are ascribed to 
dosing-related issues, drug delivery problems, intrinsic resistance and the fact 
that these agents have pleiotropic effects. The incorporation of dnmTi is dna 
replication-dependent, meaning that slowly proliferating cancer cells could 
survive dnmTi treatment (issa and Kantarjian 2009). responsiveness to dnmTi 
and hdaCi are critically determined by pharmacogenetic factors that affect the 
uptake and metabolism of these agents (geutjes et al 2011, Voso et al 2009). 
such issues could potentially be avoided with the new dnmTi as they do not 
require metabolic activation or dna replication for their incorporation. Finally, 
global hypomethylation and non-specific hdaC inhibition activates both tumour 
promoting and tumour inhibiting genes in a cell context-dependent manner (gius 
et al 2004, piekarz and Bates 2009). For example, oncogenes such as MYC, EGFR 
and E2F1 were induced in liver cancer cell lines resistant to the dnmTi zebularine, 
but not in those sensitive to zebularine in which Tsgs were reactivated (andersen 
et al 2010). although HDAC3 is overexpressed in many tumours, liver-specific 
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inactivation of Hdac3 in mice culminates in hepatocellular carcinoma (Bhaskara et 
al 2010). it has been proposed that the clinical inefficacy of dnmTi and hdaCi in 
solid tumours is caused by these agents promoting survival rather than apoptosis 
in solid tumours as they have more (epi-) mutations and perhaps also more 
dysfunctional apoptotic pathways than haematological malignancies (nowell 
2002, piekarz and Bates 2009). in support of this, some solid tumours are sensitive 
to the combination of dnmTi or hdaCi with apoptosis-inducing therapy, which 
together more effectively trigger pro-apoptotic signalling pathways (reviewed in 
(Bolden et al 2006, Boumber and issa 2011). Thus, particularly in solid tumours, 
clinical success with dnmTi and hdaCi and possibly other broadly-acting agents 
may require combinations with apoptosis-inducing therapy. 

another approach would be to develop novel agents that selectively reactivate 
epimutated Tsgs while avoiding global gene activation and off-target effects. 
however, for most silenced Tsgs we have not identified the enzymes involved 
and consequently do not know the relevant drug targets. Loss-of-function genetic 
screens with libraries that target chromatin modifiers could be useful in identifying 
such enzymes. rnai screens have identified the mediators of epigenetic silencing 
of RASSF1A and the death receptor FAS (gazin et al 2007, palakurthy et al 2009). 
some of these were constituents of repressor complexes such as pcg. Targeting 
the subunits that are specific to these complexes might lead to reactivation of 
silenced Tsgs while avoiding global effects, perhaps translating into improved 
clinical efficacy. 

The many epimutated Tsgs and deregulated epigenetic enzymes in cancer 
clearly demonstrate that aberrant epigenetic regulation is a significant contributor 
to carcinogenesis. The reversibility of epigenetic abnormalities makes the 
epigenetic enzymes responsible for establishing these modifications good targets 
for therapeutic intervention. molecular classification of tumours should guide 
treatment with epigenetic therapy and can be combined with other anticancer 
agents to enhance clinical efficacy and to overcome or prevent drug resistance. 
The recent findings indicating that many epigenetic enzymes are mutated in 
cancer also suggest that cancer genome resequencing may become helpful to 
guide the choice of epigenetic therapy. 
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Table 1. selection of epigenetic enzymes deregulated in cancer.

Epigenetic 
regulator Function Cancer Type Alteration Reference

DNA modifying enzymes

dnmT3a Converts cyto-
sine residues to 
5-methylcytosine

amL, mds mutations (Ley et al 2010, yan 
et al 2011)

TeT2 Converts meth-
ylcytosine to               
hydroxy methylcytosine

amL, mds, mF deletions, 
missense and 
nonsense 
mutations

(delhommeau et al 
2009, Ko et al 2010, 
Langemeijer et al 
2009)

Histone modifying enzymes

Lysine acetyltransferases

p300/CBp acetylates histones h3, 
h4 and non histone 
proteins

mds, B-cell 
non-hodgkin’s 
lymphoma                                                      
and bladder 
cancer

Translocations,                       
mutations

(gui et al 2011, 
Lavau et al 2000b, 
mullighan et al 
2011, pasqualucci et 
al 2011)

Tip60 histones h2a and h4 Breast 
carcinoma

Loh (gorrini et al 2007)

mysT3 histones h2a and h4 Leukemia, 
medulloblas-
toma

Translocations, 
amplification

(Kitabayashi et al 
2001b, northcott et 
al 2009a)

aiB-1 Co-activator Breast cancer, 
esophageal 
cancer, gastric 
cancer

amplification (anzick et al 1997, 
miller et al 2003, 
sakakura et al 2000)

Trrap adaptor protein for 
haT complexes

melanoma mutations (wei et al 2011)

Lysine deacetylases

hdaC1 deacetylates histones                 
and non histone 
proteins

prostate, 
gastric, colon 
and breast 
cancers

overexpression (Choi et al 2001, 
halkidou et al 2004, 
weichert et al 
2008a, weichert et 
al 2008b, wilson et 
al 2006, Zhang et al 
2005)

hdaC2 deacetylates histones                
and non histone 
proteins

Colorectal, 
cervical and                        
gastric cancers

overexpression (song et al 2005, 
weichert et al 
2008a, weichert et 
al 2008b)

hdaC3 deacetylates non-
histone proteins

ovarian cancer overexpression (Jin et al 2008)

hdaC6 deacetylates non-
histone proteins

Breast cancer overexpression (saji et al 2005)

hdaC8 deacetylates histones                neuroblastoma overexpression (oehme et al 2009)
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Table 1. Continued.

Epigenetic 
regulator Function Cancer Type Alteration Reference

Lysine methyltransferases

g9a/KmT1C histone h3K9 mono 
and dimethylase

Lung and 
hepatocellular 
Carcinoma

overexpression (Chen et al 2010, 
Kondo et al 2008)

seTdB1 histone h3K9 
trimethylase

melanoma amplification (Ceol et al 2011)

mLL1 histone h3h4 
trimethylase

aLL, amL Translocations (Liu et al 2009b, 
marschalek 2011)

mLL2  and 
mLL3

histone h3h4 
trimethylase

non-hodgkin 
lymphoma,                    
renal carcinoma 
and medullob-
lastoma

inactivating 
mutations

(dalgliesh et al 
2010, morin et al 
2011, parsons et al 
2011)

eZh2 histone h3K27
trimethylase

prostate, 
breast, 
endometrium, 
B-cell non-
hodgkin 
lymphoma 
and bladder 
carcinoma

amplification, 
overexpression, 
gain-of-function 
mutation

(arisan et al 2005, 
Kleer et al 2003b, 
matsukawa et al 
2006, raman et al 
2005, sudo et al 
2005, Varambally et 
al 2002, weikert et 
al 2005)

seTd2 histone h3K36 
methylase

Clear cell renal 
carcinoma, 
amL

Truncating 
mutations, 
translocations

(dalgliesh et al 
2010, Varela et al 
2011)

nsd1 histone h3K36 
methylase

sotos syn-
drome, amL, 
neuroblastoma, 
glioma

Translocations, 
mutations, 
promoter 
methylation

(Berdasco et al 
2009, Jaju et al 
2001, Kurotaki et al 
2002)

KmT8/riZ1 histone h3K9 
trimethylase

Colorectal 
cancer, dLBL

missense, frame                   
shift muta-
tions, promoter 
methylation

(Chadwick et al 
2000, he et al 1998, 
steele-perkins et al 
2001)

Lysine demethylases

Kdm1a histone h3K4me1/2 
and h3K9me1/2 
demethylase

prostate 
and breast 
cancer and 
neuroblastoma

overexpression (Kahl et al 2006, Lim 
et al 2010, metzger 
et al 2005, schulte 
et al 2009)

Kdm2B histone h3K4 and K36 
demethylase

Lymphomas 
and adenocar-
cinomas

overexpression (Frescas et al 2008)

Kdm4C h3K9 and h3K36 
demethylase

prostate cancer, 
breast cancer, 
lymphoma, 
medulloblasto-
ma, esophageal 
cancer

amplification, 
overexpression

(ehrbrecht et al 
2006, Liu et al 
2009a, rui et al 
2010, yang et al 
2000)

Kdm5a histone h3K4 
demethylase

amL Translocations (wang et al 2009a, 
Zeng et al 2010)
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Table 1. Continued.

Epigenetic 
regulator Function Cancer Type Alteration Reference

Kdm5B histone h3K4 
demethylase

Breast and 
prostate 
Cancer, 
melanoma

overexpression, 
downregulation

(Lu et al 1999, 
roesch et al 2005, 
Xiang et al 2007)

Kdm5C histone h3K4 
demethylase

renal cell 
carcinoma

inactivating 
mutations

(dalgliesh et al 
2010, Varela et al 
2011)

Kdm6a histone h3K27 
demethylase

Lymphoma, 
renal cell 
carcinoma 
and bladder 
carcinoma

inactivating 
mutations

(dalgliesh et al 
2010, gui et al 
2011, van haaften 
et al 2009, Varela et 
al 2011, wartman et 
al 2011)

Ubiquitin ligases

Bmi1 Cooperates with 
ring1B for h2a 
ubiquitination

B-cell 
Lymphoma

amplifica-
tion and 
overexpression

(Bea et al 2001b, 
rubio-moscardo et 
al 2005)

BrCa1 ubiquitinates h2a at 
satellite dna

hereditary 
breast and 
ovarian cancers

Kinases

JaK2 phosphorylates h3y41 mds gain-of-func-
tion mutation

(Kilpivaara and 
Levine 2008)

Chromatin remodelers

arid1a Component of the 
swi/snF complex

ovarian clear 
cell carcinoma, 
endometroid 
carcinoma, 
medulloblas-
toma

Truncating 
mutations, 
homozygous 
deletions

(Jones et al 2010, 
parsons et al 2011, 
Varela et al 2011, 
wiegand et al 2010)

arid2 Component of the 
swi/snF complex

hepatocellular 
carcinoma

mutations (Li et al 2011)

snF5 Component of the 
swi/snF complex

rhabdoid 
tumors, medul-
loblastoma

homozygous 
deletions, non-
sense, missense 
and frame shift 
mutations, 
promoter 
methylation

(Biegel et al 2000a, 
Biegel et al 2000b, 
grand et al 1999, 
Jackson et al 2009, 
rousseau-merck et 
al 1999, sevenet et 
al 1999, Versteege 
et al 1998, yuge et 
al 2000)

Brg1 aTpase subunit of the 
swi/snF complex

non-small-cell-
lung cancer, 
Lung cancer, 
medulloblas-
toma

Truncating 
mutations, mis-
sense mutations 
and nonsense 
mutations, 
promoter 
methylation

(Fukuoka et al 2004, 
medina et al 2004, 
parsons et al 2011, 
reisman et al 2003, 
rodriguez-nieto et 
al 2010)
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Table 1. Continued.

Epigenetic 
regulator Function Cancer Type Alteration Reference

pB1 Component of the 
swi/snF complex

renal cell 
carcinoma

Truncating, 
nonsense, 
missense and 
frame shift 
mutations

(Varela et al 2011)

Brd7 Component of the 
swi/snF complex

Breast cancer genomic 
loss, reduced 
expression

(drost et al 2010)

Chd5 gliomas, 
neuroblasto-
mas, colorectal 
and breast 
carcinomas

homozygous 
deletion, 
promoter 
methylation

(Bagchi et al 2007, 
Fujita et al 2008, 
mulero-navarro and 
esteller 2008)

abbreviations: mds, myelodysplastic syndrome; amL, acute myeloid leukaemia; mF, 
myelofibrosis; mm, multiple myeloma; CmL, chronic myeloid leukaemia; CTCL, cutaneous T cell 
lymphoma; dLBCL, diffuse large B cell lymphoma;
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Table 2. selected clinical trials of epigenetic therapies.

Epigenetic 
target Agent (INN) Marketed by

Study/
indication

Phase of 
study and 
number of 
trials Reference

DNMT 
inhibitors

azacitidine Celgene mds Fda 
approved

(Kaminskas et al 2005)

azacitidine Celgene amL p3 (2) (Fenaux et al 2009, 
Fenaux et al 2010)

azacitidine Celgene mF, mm, 
prostate 
cancer, lung 
cancer

p2 (4) (Quintas-Cardama et al 
2008, sonpavde et al 
2007)

decitabine supergen/
eisai

mds Fda 
approved

(Kantarjian et al 2006)

decitabine supergen/
eisai

amL p3

decitabine supergen/
eisai

(gleevec 
refractory) 
CmL

p2 (7) (issa et al 2005, oki et 
al 2008, wijermans et 
al 2008)

HDAC 
inhibitors

Vorinostat merck CTCL Fda 
approved

(mann et al 2007a)

Vorinostat merck advanced 
mesothelioma

p3

Vorinostat merck many cancers p2 (23) (Bradley et al 2009, 
Crump et al 2008, 
galanis et al 2009, 
Kirschbaum et al 
2011, Luu et al 2008, 
modesitt et al 2008, 
schaefer et al 2009, 
Traynor et al 2009, Van-
steenkiste et al 2008, 
woyach et al 2009)

romidepsin Celgene CTCL Fda 
approved

(piekarz et al 2009, 
whittaker et al 2010)

romidepsin Celgene many cancers p2 (25) (molife et al 2010, 
niesvizky et al 2011, 
otterson et al 2010, 
schrump et al 2008, 
stadler et al 2006, 
whitehead et al 2009)

panobinostat novartis hodgkin 
with Cr after 
chemotherapy

p3 (dickinson et al 2009)

panobinostat novartis CTCL p2/3 (2)
panobinostat novartis refractory 

CmL
p2/3 (2)

panobinostat novartis many cancers p2 (14)
entinostat syndax hodgkin, er+ 

breast cancer, 
melanoma

p2 (hauschild et al 2008)
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Table 2. selected clinical trials of epigenetic therapies.

Epigenetic 
target Agent (INN) Marketed by

Study/
indication

Phase of 
study and 
number of 
trials Reference

mocetinostat methylgene CLL, hodgkin, 
amL, mds

p2 (3) (Blum et al 2009)

sB939 s*Bio sarcoma, 
mF, prostate 
cancer

p2 (3)

givinostat italfarmaco mF p2 (3) (rambaldi et al 2010)
Belinostat Topotarget/ 

spectrum
many cancers p2(9) (giaccone et al 2011, 

ramalingam et al 2009)
JAK2 
inhibitors

ruxolitinib incyte mF p3 (3) (mesa et al 2011, Ver-
stovsek et al 2010)

ruxolitinib incyte prostate 
cancer, 
advanced 
leukaemia

p2 (4)

aZd1480 astraZeneca mF p1/2 (1)
sB1518 s*Bio mF, advanced 

leukaemia
p1/2 (3)

Lestaurtinib Cephalon mF, advanced 
leukaemia

p1/2 (3) (Knapper et al 2006, 
santos et al 2010)

DNMT 
+ HDAC 
inhibitors

azacitidine + 
Vorinostat

amL, mds, 
dLBCL

p2 (3)

azacitidine + 
entinostat

lung, breast 
and colon 
cancer, amL, 
mds, CmL 

p2 (7)

decitabine + 
Valproic acid

amL, mds p2 (2) (garcia-manero et al 
2006, Voso et al 2009)

decitabine + 
panobinostat

amL, mds p1/2 (1)

shown are all clinical trials in which epigenetic drugs are being tested for efficacy (phase 2,3) or 
have been approved (Fda) in cancer therapy as monotherapy or as combination therapy. p (phase) 
and number of trials is depicted in brackets.  abbreviations: mds, myelodysplastic syndrome; 
amL, acute myeloid leukaemia; mF, myelofibrosis; mm, multiple myeloma; CmL, chronic myeloid 
leukaemia; CTCL, cutaneous T cell lymphoma; dLBCL, diffuse large B cell lymphoma; er+, 
oestrogen receptor positive; Cr, complete remission; gleevec, BCr-aBL inhibitor.
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aBsTraCT 

inhibitors of dna methyltransferases (dnmTi) and histone deacetylases (hdaCi) 
can cooperate to reactivate many epigenetically silenced tumor suppressor genes 
(Tsgs) that have dna hypermethylated promoter Cpg islands, but the molecular 
basis for this synergy in Tsg reactivation remains to be elucidated. we discovered 
that dnmTs and the core components of the nurd nucleosome remodeling 
complex, chromo domain helicase dna-binding protein 4 (Chd4), hdaC1 and 
2, occupy the promoters of several of these key hypermethylated Tsgs and 
physically and functionally interact to maintain their silencing. Consistent with 
this, we find an inverse relationship between expression of HDAC1 and these 
Tsgs in a large panel of primary colorectal tumors. we find that depletion of 
CHD4 is synthetic lethal with dnmTi in correlation with reactivation of Tsgs, 
suggesting that their combined inhibition may be beneficial for the treatment of 
colon cancer. since Chd4 has aTpase activity, our data identify Chd4 as a novel 
and potentially drug-able target in cancer.
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inTrodUCTion

Cancer often results from a combination of activation of oncogenes and loss of 
function of Tsgs. To date, the targeted treatment of cancer has focused mainly on 
the inhibition of the products of activated oncogenes. The therapeutic successes 
of drugs like imatinib, trastuzumab and erlotinib are a testament to this approach 
(haber et al, 2011). however, it is far more difficult to restore the lost function of 
Tsgs in cancer by drug treatment (ashworth et al, 2011). in mouse experimental 
models, restoration of tumor suppressor gene function has dramatic therapeutic 
consequences. For instance, hepatocellular carcinomas that are induced by p53 
depletion regress when p53 expression is restored (Xue et al, 2007). recently, a 
small molecule was described that can reactivate mutant p53 (grinkevich et al, 
2009), thus such drugs challenge the current dogma that Tsg function cannot be 
restored by pharmacological intervention. in many cases, the activity of Tsg is not 
lost by mutation, but rather these genes are silenced through potentially reversible 
epigenetic mechanisms often associated with abnormal dna methylation of 
normally unmethylated Cpg island containing promoters (Jones & Baylin, 2007; 
portela & esteller, 2010; Ting et al, 2006). This raises the possibility that such 
silenced Tsgs can be reactivated by drugs that target epigenetic modifying 
enzymes such as dna methyltransferases (dnmTs) and histone deacetylases 
(hdaCs).  

epigenetic silencing is orchestrated by an intricate interplay between histone 
modifications, dna methylation and nucleosome remodeling that act in concert 
to provide transcriptional repression. The resultant chromatin landscape can 
include histone hypoacetylation and methylation of h3K9, h3K27 and h4K20 
(Jones & Baylin, 2007). hypermethylation of promoter Cpg islands often occurs 
in conjunction with this repressive chromatin environment and frequently 
coincides with nucleosome deposition over transcription start sites, leading to 
occlusion of transcription factor binding sites and impedance of transcription 
initiation (Chodavarapu et al, 2010; Choy et al, 2010; Lin et al, 2007; Zhang & 
pugh, 2011). The imposition of dna methylation may be targeted by repressive 
chromatin marks such as trimethylation of h3K9 and deacetylation of key histone 
lysines but may be inhibited by trimethylation of h3K4 (Jia et al, 2007; ooi et 
al, 2007). dna methylation may guide a subgroup of nucleosome remodelers, 
named the nurd (mi-2/nucleosome remodeling and deacetylase) complex, to 
specific sequences in the genome. The subunits of the nurd complex include 
the helicase-like aTpases Chd3/4, histone deacetylases hdaC1/2, methyl-Cpg 
binding domain proteins mBd2/3, the metastasis associated proteins proteins 
mTa1/2/3, histone chaperone proteins rBBp4/7 and gaTad2a/B (denslow and 
wade, 2007). one known mechanism for targeting of the nurd complex is that 
such hypermethylated sequences can be recognized by mBd2, which recruits 
nurd to reposition nucleosomes (morey et al, 2008; wade et al, 1999; Zhang et 
al, 1999). Conversely, proteins that interact with or modify histones may recruit the 
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dna methylation machinery to aid in transcriptional regulation. several polycomb 
group (pcg) complex constituents, such as eZh2 and CBX7, may recruit dnmTs 
to cooperate in stable silencing of pcg-target genes (mohammad et al, 2009; Vire 
et al, 2006). dna-binding transcriptional factors such as the oncogenic fusion 
protein pmL-rarα can recruit dnmTs and the pcg and nurd protein complexes 
to induce transcriptional repression of the Tsg rarß (di Croce et al, 2002; morey 
et al, 2008). 

given that Tsgs are often inactivated by synergistic layers of epigenetic 
regulation, effective reactivation of silenced Tsgs may require inhibition of multiple 
epigenetic processes. many silenced Tsgs, including p16INK4A, are reactivated in 
the colorectal carcinoma cell line hCT116 cells that are hypomorphic for DNMT1 
(~10% expression) and deleted for DNMT3B (dKo) in association with promoter 
demethylation and altered chromatin modifications (espada et al, 2004; rhee et al, 
2002). however, profound chromatin changes including histone hypoacetylation 
lead to re-silencing of p16INK4A in the absence of, and prior to, re-establishment 
of dna promoter methylation (Bachman et al, 2003). Concordantly, drugs that 
interfere with dnmTs such as 5-aza-2’-deoxycytidine (daC) and hdaCs such 
as the non-selective hdaCi trichostatin a (Tsa) synergistically reactivate many 
Tsgs when combined, such as p16INK4A (Cameron et al, 1999; suzuki et al, 2002). 
Besides p16INK4A, many other Tsgs that control critical regulatory pathways in 
colorectal tumors are silenced in association with promoter hypermethylation 
and histone hypoacetylation (Cameron et al, 1999; suzuki et al, 2002) and these 
include: the mutL homolog 1 (MLH1), inactivation of which leads to hereditary 
nonpolyposis colorectal cancer-2, the secreted frizzled protein family (SRFPs), 
which encode for potent inhibitors of the wnT signaling pathway, and the tissue 
inhibitor of metalloproteinases (TIMPs), which inhibit metastasis. Concordantly, 
these silenced Tsgs can be reactivated in a synergistic fashion with dnmTi and 
hdaCi in many colorectal carcinoma cell lines, albeit with different dynamics and 
efficacies, that may also be dependent on drug concentrations and incubation 
time. we previously found that Tsgs, which are not fully silenced, but expressed 
at low levels are induced by hdaCi treatment alone, whereas truly silenced genes 
cannot be reactivated by hdaCi treatment alone (Cameron et al, 1999; suzuki et 
al, 2002). however, all of these Tsgs can be partially reactivated by dnmTi and 
fully reactivated by combining dnmTi and hdaCi, suggesting that dnmTs and 
hdaCs cooperate in the maintenance of Tsg silencing.  

in this work, we set out to elucidate the molecular basis for the synergy between 
dnmTi and hdaCi in Tsg reactivation. Using both a functional genetic approach 
and proteomic analysis by mass spectrometry, we found that these Tsgs are 
silenced by three synergistic layers of epigenetic regulation that involve the dna 
methyltransferases dnmT1 and dnmT3B, the histone deacetylases, hdaC1 and 
hdaC2, and the nucleosome remodeler Chd4. These proteins physically and 
functionally interact to maintain silencing of Tsgs. our work not only provides 
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mechanistic insight into epigenetic silencing of Tsgs in colorectal cancer, but also 
underscores the need to develop more selective hdaC inhibitors and identifies 
Chd4 as a potentially drug-able target.

resULTs

DNMT inhibition and knockdown of HDAC1 and 2 synergize in 
reactivating TSGs
To investigate the molecular mechanism of the synergy between dnmTi and 
hdaCi to reactivate silenced Tsgs in colon cancer, we chose rKo cells as one 
model system, because it is estimated to have the highest number of promoter 
hypermethylation among six studied colorectal cancer cell lines (schuebel et al, 
2007). it also harbors our selected panel of colon cancer Tsgs, which are silenced 
in association with promoter hypermethylation and histone hypoacetylation 
(Cameron et al, 1999; suzuki et al, 2002). some of these could be partially 
reactivated by treatment with the non-selective hdaCi Tsa alone (Figure 1a: 
group 1), whereas others could only be partially reactivated by treatment with the 
dnmTi daC (Figure 1a: group 2). Both group 1 and 2 Tsgs could be reactivated 
in a synergistic fashion by the combined treatment (Figure 1a). we set out to 
identify the hdaC(s) responsible for this epigenetic silencing. we transfected 
rKo cells with sirna pools targeting the 11 Zn2+ dependent HDACs and used 
scrambled sirnas (ConT1-2) as negative controls. only the HDAC sirna 
pools that induced more than 70% knockdown were included in the analysis 
(supplementary Figure 1a). Transfected cells were cultured in the absence or 
presence of daC and analyzed by QrT-pCr for reactivation of Tsgs, using a Log10 
transformation of the data (see methods). Based on our cut-off (values detected 
beyond cycle 35 = 0), there was some basal expression of SFRP1 and TIMP2. 
Concordantly, these Tsgs could be partially reactivated by Tsa treatment alone 
but also by depletion of HDAC1, which was enhanced further by concomitant 
knockdown of HDAC2 (Figure 1a: group 1). daC treatment in combination with 
depletion of HDAC1 resulted in a strongly increased reactivation of all Tsgs 
tested, and this was enhanced even further when HDAC2 was knocked down in 
addition, indicating a major role for these two hdaCs in Tsg silencing (Figure 
1a: group 2 and supplementary Figure 1B). Knockdown of HDAC1 also lead to 
reactivation of p16INK4A in long-term assays using a prolonged incubation with 
daC (supplementary Figure 5C). 

Consistent with previous studies, we found reciprocal compensatory 
mechanisms between hdaC1 and hdaC2 as knockdown of HDAC1 lead 
to induction of hdaC2 protein levels and vice versa, providing a potential 
explanation for the observed synergy between hdaC1 and 2 in reactivation of 
Tsgs observed above (supplementary Figure 1C) (Jurkin et al, 2011; wilting et al, 
2010). all individual sirnas targeting HDAC1 and HDAC2 potently knocked down 
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Figure 1. dnmT inhibition and knockdown of HDAC1 
and 2 synergize in reactivating silenced Tsgs.  (a) 
daC and knockdown of HDAC1 and 2 synergize in 
reactivation of Tsgs. rKo cells were transfected with 
scrambled sirnas (ConT1 and 2) or sirna pools 
targeting HDAC1-11, split and then treated with or 
without 1um daC. only the hdaC sirna pools that 
induced more than 70% knockdown were included in the analysis. rKo cells were also incubated 
with 300nm Tsa in absence and presence of daC. expression of indicated Tsgs was measured 
by QrT-pCr and Log10 transformed, using the lowest value measured (see methods). error bars 
denote standard deviation (sd) of technical replicates. see also supplementary Figure 1a (B) 
overexpression of wildtype mouse Hdac1 but not catalytic dead Hdac1 restores repression of Tsgs 
in HDAC1 knockdown cells. rKo cells were transfected with ConT1 or human-specific HDAC1#1 
sirna, split, treated with 1um daC and transduced with plasmids overexpressing GFP, Hdac1 
or catalytic dead Hdac1 (y303F). restoration of Tsg silencing was determined by QrT-pCr and 
Log10 transformed. error bars denote sd of technical replicates. see also supplementary Figure 
2a. (C) depletion of HDAC1 and 2 enhance daC-induced reactivation of Tsgs in hCT116 cells. 
hCT116 cells were transfected with ConT1, HDAC1 or HDAC2 sirna pools, split and treated 
with or without 100nm daC. Knockdown was verified by analyzing hdaC1 and hdaC2 protein 
expression by western blotting, α-tubulin serves as a loading control (top panel). expression 
of indicated Tsgs was measured by QrT-pCr (panel below). error bars denote sd of technical 
replicates. data presented in Figure 1 are representative of at least three biological independent 
experiments. see addendum Figure 1 for another replicative of these experiments.
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their target mrna, and each of these HDAC1 sirnas reactivated Tsgs, arguing 
against off-target effects (supplementary Figures 1d and e). depletion of HDAC1 
and daC treatment did not lead to induction of the Tsg p53, which is not silenced 
in rKo cells, indicating that hdaC1 does not function as a general repressor of 
Tsgs (supplementary Figure 1F). Finally, we determined whether overexpression 
of mouse Hdac1, which is not targeted by the human-specific HDAC1#1 sirna, 
was able to reconstitute Tsg repression in rKo cells, depleted for HDAC1. rKo 
cells were transfected with scrambled sirna or HDAC1#1 sirna, split, treated with 
daC and transduced with plasmids overexpressing GFP, Hdac1 or a previously 
described catalytic dead Hdac1 (y303F) (wilting et al, 2010). Both wild type and 
mutant Hdac1 were expressed to similar levels (supplementary Figure 2a, right 
panel). overexpression of y303F Hdac1 enhanced Tsg reactivation, which is 
probably caused by competition of mutant hdac1 with endogenous hdaC1 for 
binding to the loci of Tsgs (Figure 1B). overexpression of wild type Hdac1, but not 
the active site Hdac1 mutant, restored repression of Tsgs in HDAC1 knockdown 
cells, confirming a major role for hdaC1 in Tsg repression and showing that the 
catalytic activity of hdaC1 is required for silencing (Figure 1B and supplementary 
Figure 2a, right panel). 

similar to rKo cells, the SFRP family is also silenced in hCT116. however, in 
contrast to rKo cells, the other Tsgs tested above are either expressed (TIMP2), 
inactivated by dna mutations alone (MLH1) or by a combination of dna mutation 
and promoter hypermethylation in hCT116 cells (p16INK4A) (Bachman et al, 2003; 
Kondo et al, 2003; suzuki et al, 2002). nevertheless, combined knockdown 
of HDAC1 and HDAC2 also enhanced daC-induced reactivation of SFRPs in 
hCT116 cells (Figure 1C). Finally, combined knockdown of HDAC1 and HDAC2 
also enhanced daC-induced reactivation of SFRP1 and TIMP3 in hCC1954 cells 
derived from a breast carcinoma, in which promoter hypermethylation of Tsgs 
including SFRPs also frequently occurs (suzuki et al, 2008) (supplementary Figures 
2B and C). Collectively, these data suggest that the role of hdaC1 and hdaC2 
in Tsg silencing is conserved across cell lines derived from solid tumors. we note 
that depletion of HDAC1 or HDAC2 alone was not sufficient to reactivate Tsgs 
in hCT116 and hCC1954 cells, which may be related to differences in protein 
expression levels and/or in function between these two hdaCs across cell lines 
(Jurkin et al, 2011). we conclude that HDAC1 and HDAC2 depletion act in a 
synergistic fashion with the dnmT inhibitor daC to reactivate Tsgs in a variety of 
cell lines derived from solid tumors.

An inverse relationship between HDAC1 expression and TSGs
next, we studied expression of HDAC1 and 2 and our panel of Tsgs in 396 early 
stage primary colorectal cancers (salazar et al, 2011). we found a statistically 
significant inverse relationship between HDAC1 expression and five Tsgs and 
HDAC2 expression and three Tsgs (Figures 2a and B, supplementary Figures 
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FIGURE 2 
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Figure 2. an inverse relationship between hdaC1 expression and Tsgs.  (a-B) inverse correlation 
of HDAC1 and expression of Tsgs. Correlation plots of HDAC1 and SFRP2 (a) or TIMP2 (B) were 
drawn using gene expression datasets of 396 colorectal tumors (salazar et al, 2011). expression 
levels are indicated as Log2-ratios against a colon cancer reference pool. median expression 
levels are indicated by the dashed lines. solid square symbols represent discordant binary 
expression (low- and high-levels) and open circles indicate concordant expression between 
HDAC1 and Tsgs. (C) analysis of SFRP2 mrna expression by QrT-pCr in a panel of cancer cell 
lines. QrT-pCr values were Log10 transformed. error bars denote sd of technical replicates. 
(d-e) overexpression of HDAC1 induces repression of Tsgs in U-118 cells and U-138 cells. U-118 
(d) and U-138 (e) cells were transduced with plasmids overexpressing GFP or HDAC1. protein 
expression of gFp, hdaC1 and hdaC2 was analyzed by western blotting, α-tubulin serves as a 
loading control (top). expression of indicated SFRPs was analyzed by QrT-pCr and normalized to 
control (below). error bars denote sd of technical replicates. (d-e) data presented in Figure 1d 
and e are representative of at least three biological independent experiments. see addendum 
Figure 2 for another replicative of these experiments.
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3a and B and Table i). Collectively, these data demonstrate a strong inverse 
relationship between HDAC1 and to lesser extent HDAC2 and expression 
of Tsgs, in concordance with our finding that hdaC1 has a dominant role in 
Tsg silencing in rKo cells. HDAC1 is overexpressed in many cancers and this 
increased expression has been associated with poor clinical outcome in ovarian, 
endometrioid, hepatocellular, gastric and colorectal carcinomas (weichert, 
2009; weichert et al, 2008). we hypothesized that HDAC1 overexpression may 
contribute to tumorigenesis by inducing repression of Tsgs. To investigate this, 
we first analyzed expression of SFRPs in a panel of cell lines and found most 
of them were expressed in the glioma cell lines U-118 and U-138 (Figure 2C 
and supplementary Figure 3C). overexpression of HDAC1 in these cells induced 
suppression of several SFRPs, albeit not equally (Figures 2d and e). moreover, 
these findings indicate that hdaC1 not only maintains, but also induces repression 
of Tsgs.

HDAC1 requires the NuRD complex for silencing TSGs
of all histone modifying enzymes, haTs and hdaCs are thought to be the least 
specific for their targets as they do not discriminate between individual lysine 
residues (Kouzarides, 2007). however, the specificity of these enzymes can be 
guided by association with other proteins. hdaC1 and 2 are core subunits of the 
repressor complexes CoresT, nurd and sin3a. we investigated the involvement 
of these complexes in Tsg silencing by transfecting rKo cells with sirna pools 
targeting essential components of these repressor complexes. all sirna pools 
induced more than 60% knockdown of their targets (supplementary Figure 4a). 
Knockdown of SIN3A, CHD3 or RCOR1 failed to alter daC-induced re-expression 
of Tsgs (Figure 3a). however, the CHD4 sirna pool, which induces Chd4 
protein depletion, was able to potently reactivate silenced Tsgs in combination 
with daC treatment (Figure 3a and supplementary Figure 4B). we found 3 
individual CHD4 sirnas, each of which depleted CHD4 mrna, but not HDAC1 
mrna, that were able to reactivate Tsgs (supplementary Figures 4C-e). Thus, 
the chromodomain helicase dna-binding protein 4, CHD4, an essential subunit 
of the nurd complex, is a suppressor of Tsgs. importantly, hdaC1 appears to 
require the nurd complex for silencing of Tsgs, since overexpression of mouse 
Hdac1 in cells depleted for CHD4 and treated with daC, could not restore Tsg 
suppression as it did in HDAC1 knockdown cells (Figures 3B and C). in summary, 
these data show that disruption of the nurd complex by knockdown of CHD4 
phenocopies depletion of HDAC1 in reactivating Tsgs and that hdaC1 requires 
the nurd complex for maintaining silencing.  

NuRD interacts functionally with DNMTs to maintain gene silencing
as discussed before, a few studies have reported that the dna methylation 
machinery may interact with protein complexes that have histone modifying 
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Figure 3. hdaC1 requires the nurd 
complex for silencing of Tsgs. (a) daC 
treatment and knockdown of CHD4 induce 
reactivation of Tsgs. rKo cells were 
transfected with scrambled (ConT1 and 
2), HDAC1, HDAC2, CHD3, CHD4, SIN3A 
and RCOR1 sirna pools, split and treated 
with or without 1um daC. expression of 
indicated Tsgs was analyzed by QrT-pCr 
and Log10 transformed. error bars 
denote sd of technical replicates. (B-C) 
hdaC1 requires Chd4 for silencing of 
Tsgs. rKo cells were transfected with 
ConT1, human-specific HDAC1#1 and 
CHD4 sirna pool, split, treated with 
1um daC and transduced with plasmids 
overexpressing GFP or wildtype Hdac1. 
expression of mouse hdac1, human 
hdaC1 and gFp was analyzed by western 
blotting with an antibody recognizing 
gFp and an antibody recognizing both human and mouse hdaC1, α-tubulin serves as a loading 
control (B). expression of indicated Tsgs was determined by QrT-pCr and Log10 transformed 
(C). error bars denote sd of technical replicates. data presented in Figure 3 are representative 
of at least three biological independent experiments. see addendum Figure 1 and 3 for another 
replicative of these experiments.
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activities (di Croce et al, 2002; mohammad et al, 2009; morey et al, 2008; Vire 
et al, 2006). we tested whether the nurd complex and dnmTs cooperate to 
maintain silencing of Tsgs by depleting CHD4 in parental hCT116 cells and the 
isogenic derivatives in which either DNMT1 (hypomorphic) or DNMT3B (deletion) 
have been genetically disrupted, and analyzing expression of Tsgs (Figure 4) 
(rhee et al, 2002). we previously demonstrated that all of these Tsgs can be 
partially reactivated in hCT116 dKo cells (schuebel et al, 2007; suzuki et al, 
2004). we observed a marked synergy between CHD4 knockdown and DNMT1 
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depletion, but not DNMT3B loss, in reactivating TIMP3 (Figure 4, right). in 
contrast, CHD4 knockdown was synergistic with reactivation of SFRP2 and SFRP4 
in DNMT3B Ko but not DNMT1 hypomorphic cells (Figure 4, right). This result 
is consistent with a report that dnmT3B induces epigenetic silencing of SFRP2 
and SFRP4 but not SFRP1 when overexpressed in the mouse colon (Linhart et 
al, 2007). SFRP1, hdaCi responsive in rKo cells, was partially reactivated by 
CHD4 knockdown alone but not enhanced in reactivation in neither the DNMT1 
hypmorphic or DNMT3B Ko cell lines (Figure 4, center). These data demonstrate 
that nurd and dnmTs work in conjunction to maintain silencing Tsgs. moreover, 
these data indicate that dnmTs have specificity for Tsgs in hCT116 cells. 

DNMT1, HDAC1 and CHD4 interact physically and associate with the 
promoters of silenced TSGs
next, we isolated endogenous dnmT1 containing protein complexes from hCT116 
cells and identified dnmT1-interacting partners by mass spectrometry. among 
the proteins specifically associating with dnmT1 we found many components 
of the nurd complex: Chd4, mBd3, mTa1/2, gaTad2a/B, suggesting that 
dnmT1 directly, or indirectly, interacts with nurd (Figure 5a and supplementary 
Table ii). we confirmed these interactions in reciprocal endogenous co-
immunoprecipitation experiments. dnmT1 co-immunoprecipitated with the nurd 

Figure 4. nurd interacts functionally with dnmTs to induce gene silencing. Functional 
cooperation between nurd and either dnmT1 or dnmT3B in silencing Tsgs. wildtype, DNMT1 
hypomorphic or DNMT3B-/- hCT116 cells were transduced with an empty vector or shrnas 
targeting CHD4. Chd4 protein levels were analyzed by western blotting, ß-actin serves as a 
loading control (left). expression of indicated Tsgs was analyzed by QrT-pCr and is represented 
as fold induction over empty vector (center and right). error bars denote sd of technical 
replicates. data presented in Figure 4 are representative of at least three biological independent 
experiments.
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FIGURE 5 

B 

input IgG αDNMT1 

IP 

HCT116 

DNMT3B GFP DNMT3B 

FLAG IP 

GFP 

input 
HCT116 D 

C A 
HCT116 

IgG αDNMT1 

28 
35 

55 
72 

95 

130 

250 
CHD4 
DNMT1 

GATAD2A 
MTA1/2 

MBD3 

WB:  
CHD4 

WB: 
HDAC1 

WB: 
HDAC2 

WB: 
MTA1 

WB: 
MTA2 

WB:DNMT1 

input IgG αNuRD 

IP 

IP: CHD4 

IP: HDAC1 

IP: HDAC2 

IP: MTA1 

IP: MTA2 

HCT116 

WB:DNMT1 

WB:DNMT1 

WB:DNMT1 

WB:DNMT1 

WB:  
CHD4 

WB:  
MTA1 

WB:  
MTA2 

WB:  
HDAC1 

WB:  
HDAC2 

WB:  
RBBP4 
WB:  
RBBP7 

RKO 

0 

0,01 

0,02 

0,03 

0,04 

0,05 

0,06 

oc
cu

pa
nc

y 
(%

 in
pu

t) 

 promoter 

IgG 
HDAC1 
CHD4 
DNMT1 

E 

Figure 5. dnmT1, hdaC1 and Chd4 interact physically and associate with the promoters of 
Tsgs. (a) purification and mass spectrometric analysis of polypeptides associated with dnmT1 
identifies nurd. endogenous dnmT1 was immunoprecipitated from hCT116 cells, resolved by 
sds-page and stained with simply Blue safe stain. igg served as a negative control. protein 
bands were retrieved and analyzed by mass spectrometry. identified proteins are indicated on 
the gel. (B-C) physical interaction between dnmT1 and the nurd complex. nuclear extracts 
from hCT116 cells were immunoprecipitated with antibodies against either dnmT1 (B) or nurd 
complex subunits (C). immunoprecipitates were immunoblotted using the indicated antibodies. 
(d) physical interaction between dnmT3B and the nurd complex. nuclear extracts from DNMT3B 
Ko hCT116 cells, transfected with vectors overexpressing FLag-tagged GFP or DNMT3B, were 
immunoprecipitated with a anti FLag m2 affinity gel. The eluted immunoprecipitates were 
immunoblotted using the indicated antibodies. (e) hdaC1, dnmT1 and Chd4 Chip in rKo 
cells. occupancy of hdaC1, dnmT1 and Chd4 in the proximal promoter region of Tsgs. results 
are presented as percentage of input. rabbit igg served as a negative control. The quantified 
results are the averages of three independent Chip experiments with sd as indicated. data 
presented in Figure 5 are representative of at least three biological independent experiments. 
see addendum Figure 5 for another replicative of the experiments and an endogenous dnmT3B 
immunoprecipitation experiment in the germ cell tumor cell line nCCiT, confirming a physical 
interaction of dnmT3B with nurd.
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core subunits Chd4, hdaC1/2 and mTa1/2 (Figure 5B). Conversely, these nurd 
components co-immunoprecipitated with dnmT1 (Figure 5C). we also tested 
whether dnmT3B can associate with nurd in hCT116 cells. Because these cells 
express only very low levels of DNMT3B, we transiently expressed a FLag-tagged 
DNMT3B construct in hCT116 DNMT3B Ko cells and could show that all nurd 
subunits tested above, as well two other nurd components rBBp4 and rBBp7, 
co-immunoprecipitated with exogenous dnmT3B (Figure 5d). Together these 
data demonstrate that nurd physically and functionally interacts with dnmT1 
and dnmT3B to maintain silencing of Tsgs. we subsequently investigated 
whether the dnmT1-nurd complex directly associates with promoters of Tsgs 
by analyzing dnmT1, hdaC1 and Chd4 occupancy at their promoters with 
chromatin immunoprecipitation (Chip) experiments, using antibodies specific for 
dnmT1, hdaC1 and Chd4, and which have proven efficacy for Chip experiments 
(srinivasan et al, 2006; wang et al, 2009). we found that dnmT1, hdaC1 and 
Chd4 occupy promoters of all four Tsgs tested in these experiments albeit 
with different ratios (Figure 5e). Collectively, our data demonstrate that dnmT1, 
hdaC1 and Chd4 physically interact and occupy promoters of Tsgs to maintain 
and/or induce stable gene silencing.  

Knockdown of CHD4 is synthetic lethal with DNMT inhibition, in 
correlation with reactivation of TSGs
given the functional and physical interaction of nurd and dnmTs, we tested 
whether knockdown of the nurd catalytic subunit CHD4 was able to induce 
synthetic lethality with daC treatment. To test this, rKo cells were transduced with 
an shrna knockdown vector targeting CHD4, seeded for long-term proliferation 
assays and analyzed for Tsg reactivation. rKo cells transduced with the CHD4 
knockdown vector proliferated slower, even in the absence of daC treatment, and 
produced a late, synthetic lethal effect, when combined with daC, with induced 
reactivation of four Tsgs (Figures 6a-C). in addition, we found that knockdown 
of HDAC1 by two independent functional HDAC1 knockdown vectors in rKo 
cells further increased a late cell depletion effect of daC treatment, which was 
correlated with enhanced re-expression of SFRP1 and p16INK4A (supplementary 
Figures 5a-C). Collectively, these findings demonstrate that depletion of the 
nurd components HDAC1 or CHD4 is synthetic lethal with daC treatment and 
that this lethality occurs temporally with reactivation of silenced Tsgs. 

disCUssion

we identify here a critical role for a nurd-dnmT chromatin-remodeling complex 
in the silencing of pivotal Tsgs that contribute to colorectal carcinogenesis upon 
inactivation. Using functional genetic, genomic and proteomic approaches, we 
discovered that dnmTs and the nucleosome remodeling complex nurd occupy 
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the promoters of these Tsgs and physically and functionally interact to induce 
and/or maintain their silencing. The most effective reactivation of Tsgs requires 
inhibition of all these synergistic layers of epigenetic regulation. Finally, we show 
that depletion of the nurd complex subunits HDAC1 or CHD4 is synthetic 
lethal with daC treatment and leads to reactivation of Tsgs. as such, our study 
identifies the nurd complex, and more specifically the Chd4 component of it, 
as a potential novel drug target. we note that Chd4 has aTpase activity, which is 
required for nucleosome sliding and remodeling. as inhibitors of specific aTpases 
have been successfully developed, Chd4 is a potentially drug-able target for 
cancer therapy (huss & wieczorek, 2009).
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Figure 6. daC and knockdown of CHD4 are synthetic lethal, in correlation with reactivation of 
Tsgs. (a) CHD4 shrna induces depletion of CHD4. rKo cells were transduced with an empty 
vector or an shrna targeting CHD4. CHD4 knockdown was verified by examining CHD4 mrna 
levels by QrT-pCr. error bars denote sd. (B) Knockdown of CHD4 sensitizes rKo cells to daC 
treatment. rKo cells expressing empty vector or CHD4 shrna were seeded for proliferation 
assays according to the 3T3 protocol in absence of drug or presence of 1um daC. error bars 
denote sd of triplicate independent experiments.  (C) synergistic reactivation of Tsgs in cells 
treated with daC and depleted for CHD4. expression of indicated Tsgs were examined by 
QrT-pCr on daC treated samples harvested on day 13 of (B) of the proliferation assay. Values are 
represented as fold induction over empty vector. error bars denote sd of technical replicates. data 
presented in Figure 6 are representative of at least three biological independent experiments. 
see addenda to Figure 6 for another replicative of these experiments and experimental proof 
that daC and knockdown of CHD4 is also synthetic lethal in hCT116 cells.
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a potential complication in the use of the current generation of hdaCi in 
cancer therapy is their limited target selectivity. inactivation of some hdaCs that 
are also targeted by current hdaCi contributes to carcinogenesis, which advocates 
for developing more selective hdaCi (Bhaskara et al, 2010; rad et al, 2010). as 
a consequence of the poor mechanistic understanding of the role of hdaCs in 
tumorigenesis, it is currently unclear which hdaC(s) are the relevant drug targets 
in cancer therapy.  herein, we set out to unravel the molecular mechanism for the 
synergy between hdaCi and dnmTi in reactivation of silenced Tsgs.  By using a 
functional genetic approach, we discovered that dnmTi treatment and depletion 
of HDAC1 leads to reactivation of many silenced colorectal Tsgs. interestingly, 
hdaC1 protein expression was reported to be a marker of poor outcome in colon 
cancer (weichert et al, 2008). we find an inverse relationship between HDAC1 
and to lesser extent HDAC2 mrna levels and expression of Tsgs in colorectal 
tumors. moreover, we demonstrate that hdaC1 induces repression of Tsgs in 
multiple cell lines, a process for which hdaC1 specifically requires the nurd 
complex but not other repressor complexes that contain hdaC1 and 2. we 
suspect that the overexpression of hdaC1 in colorectal tumors may promote the 
abnormal assembly and targeting of nurd to Tsg promoters, resulting in their 
silencing. Collectively, our data demonstrate an inverse relationship between 
HDAC1 levels and expression of Tsgs, which may explain the frequently observed 
overexpression of HDAC1 in colorectal tumors. Finally, we find that depletion 
of HDAC1, together with dnmTi treatment, induces synthetic lethality, which is 
correlated with reactivation of silenced Tsgs. These data have potential clinical 
relevance as they provide evidence for hdaC1 as the relevant drug target for 
Tsg re-activation within the larger hdaC gene family. as such, our data make 
the case for the development of selective hdaC1 inhibitors. our data therefore 
indicate that combining dnmTi and selective inhibitors of hdaC1 may be useful 
in the treatment of colon cancer.

it was recently reported that methylation and silencing of the MLH1 promoter 
is accompanied by enhanced nucleosome occupancy, which was proposed to 
contribute to silencing of MLH1 (Lin et al, 2007). in this study, we find that silenced 
MLH1 can be reactivated by daC treatment and disruption of the nurd complex, 
suggesting that nurd might be responsible for nucleosome compaction at the 
MLH1 promoter. in support of this, a very recent study showed that nurd is 
the predominant protein complex binding to methylated dna (Bartke et al, 
2010). interestingly, Lin et al. found that erasure of dna methylation by daC 
treatment leads to restoration of acetylation levels, nucleosome eviction at the 
MLH1 promoter and consequent re-expression of MLH1. however, similar to the 
observation that p16INK4A is re-silenced in the absence of the dna methylation 
machinery, reactivation of MLH1 was only transient, underscoring the notion 
that effective reactivation of MLH1 requires inhibition of multiple epigenetic 
processes. herein, we demonstrate that dnmT1, hdaC1 and Chd4 occupy the 
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MLH1 promoter and physically and functionally interact to maintain silencing of 
MLH1, further demonstrating that dna hypermethylation works in conjunction 
with nucleosome remodeling and histone deacetylation to orchestrate silencing 
of MLH1. moreover, our synthetic lethality experiments suggest that inhibition 
of multiple epigenetic mechanisms including dna hypermethylation, histone 
deacetylation and nucleosome remodeling induce more efficient reactivation 
of Tsgs than inhibition of each of these mechanisms alone, corresponding to 
enhanced tumor cell death. 

our data also suggest that reactivation of silenced Tsgs might be more 
effectively accomplished by disruption of the nurd-dnmT complex rather than 
just the combined use of dnmTi and hdaCi. daC treatment and combined 
knockdown of HDAC1 and HDAC2 was markedly more potent in reactivating 
most of the Tsgs than combined daC and Tsa treatment (Figure 1a). while 
Tsa targets additional substrates, these findings might also be explained by 
fundamental differences between the mechanism of action of Tsa and HDAC1 
and 2 sirnas. The latter induce a depletion of hdaC1 and hdaC2 protein rather 
than just enzyme inhibition, which may disrupt the many protein complexes in 
which hdaC1 and hdaC2 reside. For example, deletion of HDAC1 was recently 
reported to reduce hdaC activity of hdaC1 containing repressor complexes in 
embryonic stem cells (dovey et al, 2010). as such, sirna-induced depletion of 
HDAC1 could reduce activity of the nurd complex, resulting in more effective 
reactivation of Tsgs. Finally, our data suggest an essential and dominant role 
for the nurd complex in silencing Tsgs as hdaC1 was unable to reconstitute 
silencing of Tsgs in CHD4 knockdown cells (Figure 3C). our findings thus suggest 
that combining dnmTi with therapeutic strategies that inactivate the nurd 
complex may be a novel treatment option in tumors that have silenced these Tsgs. 
given that hdaCs are involved in many cellular processes, dnmTi treatment in 
combination with inhibition of Chd4 may represent a more selective epigenetic 
combination therapy than combined treatment with hdaCi and dnmTi, perhaps 
translating into enhanced clinical efficacy in cancer therapy.

an unresolved question is whether aberrant dna methylation in cancer 
is targeted to specific genomic regions or the result of stochastic methylation 
followed by clonal selection. our identification of a nurd-dnmT complex that 
silences specific Tsgs in colorectal cancer cell lines supports the notion that cancer-
specific dna methylation can be a targeted process. our data are in agreement 
with a very recent report demonstrating that transgenic expression of DNMT3B in 
normal mouse colon or colon epithelial cells induces de novo dna methylation of 
genes that frequently become methylated in human colorectal cancers including 
the SFRPs (steine et al, 2011). These findings might also suggest that dnmTs have 
a dominant role in priming specific genomic loci for de novo methylation, which is 
supported by our preliminary data that indicates that dnmTs have specificity for 
Tsgs in hCT116 cells (Figure 4). Thus, at least some cancer-specific methylation 
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may be attributable to targeting of specific sequences by a nurd-dnmT complex 
rather than random methylation followed by clonal selection. it is highly likely 
that additional proteins, capable of interacting or modifying chromatin, exist 
that can bridge dnmTs with hdaCs and nurd or target them to chromatin. The 
identification of such proteins should be a focus of future studies.

maTeriaLs and meThods

Compounds
daC (5’-aza-2’deoxycytdine; decitabine, sigma) was dissolved in 50% acetic acid/
dh2o and stored at -80oC. Tsa (trichostatin a, sigma) was dissolved in dmso 
and stored at -80oC. 

Plasmids
Vectors (pLKo.1) expressing shrnas targeting HDAC1 and CHD4 were retrieved 
from the mission® TrC-hs 1.0 library (sigma), sequences can be found in 
supplementary Table ii. pQCXip vectors (promega) expressing GFP, wildtype or 
catalytic dead Hdac1 (y303F) were kind gifts of drs. m. holzel and J.h. dannenberg 
and have been described elsewhere (wilting et al, 2010).

Cell culture and viral transduction
all cell lines used in this study except for rKo cells were from the laboratory 
collections of dr. r. Bernards and were maintained in medium recommended by 
aTCC. rKo cells were purchased from aTCC. all media were supplemented with 
10% FBs (greiner), 1% glutamine (gibco) and 1% penicillin/streptomycin (gibco). 
hCT116 deleted for DNMT1 or DNMT3B have been generated previously (rhee et 
al, 2002). For all studies with retroviral infection presented, the subclones of each 
relevant line expressing the murine ecotropic receptor were generated. retroviral 
transductions were performed in three rounds using phoenix cells as producers of 
viral supernatants as described (huang et al, 2009a). Lentiviral transductions were 
performed in three round using heK293T cells as producers. heK293T cells were 
transfected with the pLKo.1-vectors and 3rd generation LV packaging plasmid 
(pmdLg/prre + prsV-rev + phcmV-g) by Capo4 precipitation. infected cells 
were selected for successful retroviral or lentiviral integration using 2-4 μg/ml of 
puromycin.

Cell Proliferation Assays
growth curves were performed in triplicate according to the standard 3T3 protocol 
in the absence or presence of 1um daC. Cells were counted using the Casy Cell 
Counter (scharfe system) or TC10 Cell Counter (Biorad).
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siRNA transfections
all sirnas were purchased from dharmacon and used at a final concentration of 
50 nm. 5 x 105/well rKo or 2 x 105/well hCT 116 cells were reverse transfected in 
6-well format with Lipofectamine 2000 (1:100 in opti-mem, invitrogen) according 
to the dharmacon protocol. 2 x 105/well hCC1954 cells were reverse transfected 
in 6-well format with dharmafect1 (1:100 in dmem, dharmacon). For Tsg 
reactivation assays, transfected cells were split at day 3 and either untreated or 
treated with 100nm daC (hCT116) or 1um daC (rKo, hCC1954) for 2 days. 
as a positive control, cells were treated with 300nm Tsa overnight (o/n) at day 
4. Cells were processed for Tsg expression analysis by QrT-pCr as described 
below. For reconstitution experiments with sirnas targeting HDAC1 and CHD4, 
transfected rKo cells were washed next day with mem containing 1um daC. 
Cells were split in mem with 1um daC at day3, transduced on 2 consecutive 
days with pQXCip vectors overexpressing GFP, wildtype or y303F mutant Hdac1 
and stringently selected with 4 ug puromycin o/n. Cells were processed for Tsg 
expression analysis by QrT-pCr as described below. all relevant assays were 
performed independently at least three times.

RNA isolation and cDNA synthesis
rna was isolated using Trizol (invitrogen) according to the manufacturer’s 
protocol. 2μg total rna was converted to cdna using superscript ii (invitrogen) 
according to the manufacturer’s protocol. cdna was diluted 1:6 in mQ. primer 
sets were designed to include exon-exon boundaries and tested for specificity 
by performing a meltcurve. all QpCr runs included standards to allow absolute 
quantification. Faststart Universal syBr green master (roX) (roche) was used for 
QrT-pCr according to the manufacturer’s protocol. QrT-pCr was performed on 
the 7500 Fast real-Time pCr system (applied Biosystems) under the following 
conditions: 95 C for 10 minutes, 40 cycles of 95 C for 3 seconds and 60 C for 30s. 
relative mrna levels of each gene shown were normalized to the expression of 
at least two house keeping genes: GAPDH, PGK, RPL4 or ACTIN. QrT values 
measured above cycle 35 were considered as 0. For rKo cells, the data was 
Log10 transformed using the lowest QrT values measured. sequences are 
enlisted in supplementary Table ii. data presented are representative of at least 
three independent experiments.

Chromatin immunoprecipitation experiments
Chip experiments were performed using the simpleChip enzymatic chromatin ip 
kit (Cell signaling technologies) using the manufacturer’s instructions with some 
minor adjustments, listed below. 107 rKo cells were fixed with 1% formaldehyde 
(merck) for 15’ room temperature (rT) at a rotating platform. nuclei were 
incubated with 7ul micrococcal nuclease for 30’ at 37 C. nuclei were sheared 
with the diagenode Biorupter using the low output setting and 15 cycles (30s 
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on, 30s off) of sonication. antibodies recognizing dnmT1 (5 ul, d4692, sigma), 
hdaC1 (3ul, ab7028, abcam), Chd4 (20ul, sc-11378, santa Cruz) or rabbit igg 
(3 ul, santa Cruz) were used for immunoprecipitation. after de-crosslinking, 
dna was extracted with phenol: Chloroform: isoamyl alcohol (sigma) using the 
manufacturer’s protocol. QrT-pCr was performed on the 7500 Fast real-Time 
pCr system (applied Biosystems) under the following conditions: 95 C for 10 
minutes, 40 cycles of 95 C for 10 seconds and 60 C for 30s. The primers for 
SFRP2, MLH1 and p16INK4A were previously used in Chip experiments (huang et 
al, 2009b; Kondo et al, 2003). sequences are enlisted in supplementary Table 
ii. data presented are representative of at least three independent experiments 
with each experiment being a combination of three Chip experiments on one 
chromatin fraction.

Protein Extraction and Western Blotting
Cell pellets were resuspended in ripa lysis buffer (150 nm naCl, 50 mm Tris 
ph 8.0, 1 % np40, 0.5 % doC, 0.1 % sds) and rocked for 30’ at 4 C. Cell 
lysates were cleared by centrifugation at 14.000 rpm for 10’ at 4 C. Cell lysates 
were processed and loaded (40ug/sample) on nupage Bis-Tris precast gels 
(invitrogen) according to the manufacturer’s protocol. gels were transferred to 0.2 
micron pVdF membranes (millipore) for 2hrs at 4 C using 450ma. western blots 
were incubated with antibodies targeting hdaC1 (Cell signaling Technology: 
(10e2) #5356, 1:1000 in 5% milk/TBsT), hdaC2 (Cell signaling Technology:  
#2540, 1:1000 in 5% Bsa/TBsT), Chd4/mi2 beta (Bethyl Laboratories, a301-
083a, 1:1000 in 5% Bsa/TBsT), mTa1 (sigma m7693, 1:1000 in 5% milk/TBsT), 
mTa2 (sigma m7569, 1:1000 in 5% milk/TBsT), rBBp4 (epitomics, #2566, 1:1000 
in 5% milk/TBsT), rBBp7 (sigma r4279, 1:1000 in 5% milk/TBsT), α-tubulin 
(santa Cruz: sc-5286, 1:5000 in 5% Bsa/TBsT), gFp (santa Cruz: sc-8334, 1:5000 
in 5% Bsa/TBsT), ß-actin (sigma, a2547, 1:5000 in 5% Bsa/TBsT), dnmT1 
(1:1000, abcam, 5% milk/TBsT) o/n at 4 C. The Chemidoc Xrs system (Biorad) 
was used to quantify luminescence of target proteins, which was subtracted by 
luminescence of loading controls. data presented are representative of at least 
three independent experiments.

Co- Immunoprecipitation
To prepare cell extracts, cells were washed with cold pBs, resuspended in 
cytoplasmic extract buffer (10 mm hepes [ph 8], 10 mm KCl, 2mm CaCl2, 0.34 
m sucrose, 10% glycerol, 0.2% np40 and protease inhibitors) and incubated on 
ice for 10 min. samples were centrifuged at 4000 rpm for 5 min at 4°C. The pellet 
was then resuspended in a modified ripa buffer (50 mm Tris ph7.5, 100 mm 
naCl, 3 mm edTa, 0.5% np40 and protease inhibitors), sonicated for 20 pulses, 
then ethidium bromide was added to the final concentration of 10 μg/μL. The 
lysate was rotated at 4oC for 1 hour, and cleared by high speed centrifugation (30 
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min, 14,000 rpm, 4oC).  nuclear lysates were rotated with antibody overnight at 
4oC.  protein a/g-agarose beads (dnmT1 and dnmT3B co-ips – santa Cruz) or 
anti-FLag m2 affinity gel  (FLag-dnmT3B co-ip – sigma) were added and the 
samples were rotated for 3 hour at 4oC.  For FLag ips, the immunoprecipitated 
protein complexes were eluted with FLag peptide for 1 hour at 4oC according 
to the manual. other than that, then protein a/g beads were washed five times 
with modified ripa buffer (50 mm Tris ph7.5, 150 mm naCl, 5 mm edTa, 0.5% 
np40, 0.5% TritonX-100 and protein inhibitors) for 5 minutes at 4oC.  proteins 
were extracted from protein a/g beads by boiling in 1 x Lds gel loading buffer.  
data presented are representative of at least three independent experiments.

Endogenous DNMT1 immunoprecipitation and tandem mass 
spectrometry analysis
sigma dnmT1 antibody (d4692) was used to immunoprecipitate the endogenous 
dnmT1 protein complexes from hCT116 cells. To prepare cell extracts, cells 
were washed with cold pBs, resuspended in 10 cell pellet volume of cytoplasmic 
extract buffer (10 mm hepes [ph 7.5], 10 mm KCl, 1.5mm mgCl2, 0.5% np40 and 
protease inhibitors) and incubated on ice for 5 min. Cells were lysed by gentle 
vortexing and then centrifuged at 4000 rpm for 5  min at 4°C. The pellet was 
first washed with nuclei wash buffer (10 mm hepes [ph 7.5], 10 mm KCl, 1.5mm 
mgCl2 and protease inhibitors) and then resuspended in 4 pellet volumes of ip 
buffer (25 mm hepes ph8, 150 mm naCl, 0.5 mm edTa, 10% glycerol, 1% Triton 
X-100, 1mm dTT and protease inhibitors) and sonicated for 20 pulses. The lysate 
was cleared by high speed centrifugation (30 min, 14,000 rpm, 4oC).  nuclear 
lysates were rotated with antibody overnight at 4oC.  protein a/g-agarose beads 
(santa Cruz) was added and the samples were rotated for 3 hour at 4oC.  protein 
a/g beads were then washed five times with a modified ripa buffer (50 mm Tris 
ph7.5, 150 mm naCl, 5 mm edTa, 0.5% np40, 0.5% TritonX-100 and protein 
inhibitors) for 5 minutes at 4oC.  proteins were extracted from protein a/g beads 
by boiling in 1 x Lds gel loading buffer and separated by sds-page.  The gel was 
stained with simplyBlue (invitrogen). protein gel bands were cut, de-stained with 
25 mm nh4hCo3/50% acetonitrile and then dried by speed Vacuum. The samples 
were in-gel digested by trypsin (promega, madison, wi) overnight at 37 ºC. The 
resulting peptides were extracted using 70% acetonitrile/0.1% trifluoroacetic acid 
under sonication and lyophilized. The extracted peptides from each gel band 
were analyzed by reversed-phase nanoflow LC-tandem mass spectrometry (rp 
nanoLC-ms/ms) according to the method described previously (yu et al, 2007). 
The raw ms/ms data were searched using the seQUesT cluster running under 
Bioworks (rev. 3.3.1 sp1) (Thermo electron, san Jose, Ca) against a human ipi 
proteome database downloaded from the european Bioinformatics institute (eBi) 
(http://www.ebi.ac.uk) for the identification of peptides and proteins within each 
gel band.
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Statistical analysis
The relationship between HDAC1 and 2 expression levels and indicated Tsgs was 
determined in gene expression datasets of 396 primary colorectal tumor samples 
(salazar et al, 2011). expression levels are indicated as Log2-ratios against a 
colon cancer reference pool. expression levels of indicated Tsgs were correlated 
(pearson correlation) with levels of HDAC1. 

aCKnowLedgemenTs

we thank J.h. dannenberg for the gift of Hdac1 plasmids. we thank Jh 
dannenberg, p Kumar, and members of the Bernards and Baylin lab for discussions. 
This work was supported the spinoZa grant from the netherlands organization 
for scientific research (nwo) to rB, and by national Cancer institute grant 
Ca043318, national institute of environmental health sciences grant es011858 
to sBB. The views presented in this article do not necessarily reflect those of the 
U.s. Food and drug administration.

aUThor ConTriBUTion 

e.J.g, y.C. and h.m. designed experiments. e.J.g., y.C., L.B., L.r.y, J.B. and 
h.m. executed experiments.  e.J.g., y.C., p.m., h.m., s.B. and r.B. analyzed and 
interpreted experiments. e.J.g., y.C., s.B. and r.B. wrote paper.

reFerenCes
ashworth a, Lord CJ, reis-Filho Js (2011) 
genetic interactions in cancer progression and 
treatment. Cell 145: 30-38

Bachman Ke, park Bh, rhee i, rajagopalan h, 
herman Jg, Baylin sB, Kinzler Kw, Vogelstein 
B (2003) histone modifications and silencing 
prior to dna methylation of a tumor suppressor 
gene. Cancer Cell 3: 89-95

Bartke T, Vermeulen m, Xhemalce B, robson 
sC, mann m, Kouzarides T (2010) nucleosome-
interacting proteins regulated by dna and 
histone methylation. Cell 143: 470-484

Bhaskara s, Knutson sK, Jiang g, 
Chandrasekharan mB, wilson aJ, Zheng s, 
yenamandra a, Locke K, yuan JL, Bonine-
summers ar, wells Ce, Kaiser JF, washington 
mK, Zhao Z, wagner FF, sun Zw, Xia F, holson 
eB, Khabele d, hiebert sw (2010) hdac3 is 
essential for the maintenance of chromatin 
structure and genome stability. Cancer Cell 
18: 436-447

Cameron ee, Bachman Ke, myohanen s, 
herman Jg, Baylin sB (1999) synergy of 
demethylation and histone deacetylase inhibi-
tion in the re-expression of genes silenced in 
cancer. Nat Genet 21: 103-107

Chodavarapu rK, Feng s, Bernatavichute 
yV, Chen py, stroud h, yu y, hetzel Ja, Kuo 
F, Kim J, Cokus sJ, Casero d, Bernal m, 
huijser p, Clark aT, Kramer U, merchant ss, 
Zhang X, Jacobsen se, pellegrini m (2010) 
relationship between nucleosome posi-
tioning and dna methylation. Nature 466: 
388-392

Choy Js, wei s, Lee Jy, Tan s, Chu s, Lee Th 
(2010) dna methylation increases nucleo-
some compaction and rigidity. J Am Chem Soc 
132: 1782-1783

di Croce L, raker Va, Corsaro m, Fazi F, Fanelli 
m, Faretta m, Fuks F, Lo Coco F, Kouzarides 
T, nervi C, minucci s, pelicci pg (2002) 
methyltransferase recruitment and dna 
hypermethylation of target promoters by an 



3

chapter 384

oncogenic transcription factor. Science 295: 
1079-1082

dovey om, Foster CT, Cowley sm (2010) 
histone deacetylase 1 (hdaC1), but not 
hdaC2, controls embryonic stem cell differ-
entiation. Proc Natl Acad Sci U S A 107: 
8242-8247

espada J, Ballestar e, Fraga mF, Villar-garea a, 
Juarranz a, stockert JC, robertson Kd, Fuks 
F, esteller m (2004) human dna methyltrans-
ferase 1 is required for maintenance of the 
histone h3 modification pattern. J Biol Chem 
279: 37175-37184

grinkevich VV, nikulenkov F, shi y, enge m, 
Bao w, maljukova a, gluch a, Kel a, sangfelt 
o, selivanova g (2009) ablation of key onco-
genic pathways by riTa-reactivated p53 is 
required for efficient apoptosis. Cancer Cell 
15: 441-453

haber da, gray ns, Baselga J (2011) The 
evolving war on cancer. Cell 145: 19-24

huang s, Laoukili J, epping mT, Koster J, 
holzel m, westerman Ba, nijkamp w, hata 
a, asgharzadeh s, seeger rC, Versteeg r, 
Beijersbergen rL, Bernards r (2009a) ZnF423 
is critically required for retinoic acid-induced 
differentiation and is a marker of neuroblas-
toma outcome. Cancer Cell 15: 328-340

huang y, stewart Tm, wu y, Baylin sB, marton 
LJ, perkins B, Jones rJ, woster pm, Casero ra, 
Jr. (2009b) novel oligoamine analogues inhibit 
lysine-specific demethylase 1 and induce reex-
pression of epigenetically silenced genes. Clin 
Cancer Res 15: 7217-7228

huss m, wieczorek h (2009) inhibitors of 
V-aTpases: old and new players. J Exp Biol 
212: 341-346

Jia d, Jurkowska rZ, Zhang X, Jeltsch a, 
Cheng X (2007) structure of dnmt3a bound to 
dnmt3L suggests a model for de novo dna 
methylation. Nature 449: 248-251

Jones pa, Baylin sB (2007) The epigenomics of 
cancer. Cell 128: 683-692

Jurkin J, Zupkovitz g, Lagger s, grausenburger 
r, hagelkruys a, Kenner L, seiser C (2011) 
distinct and redundant functions of histone 
deacetylases hdaC1 and hdaC2 in prolifera-
tion and tumorigenesis. Cell Cycle 10

Kondo y, shen L, issa Jp (2003) Critical role of 
histone methylation in tumor suppressor gene 
silencing in colorectal cancer. Mol Cell Biol 23: 
206-215

Kouzarides T (2007) Chromatin modifications 
and their function. Cell 128: 693-705

Lin JC, Jeong s, Liang g, Takai d, Fatemi 
m, Tsai yC, egger g, gal-yam en, Jones pa 
(2007) role of nucleosomal occupancy in the 
epigenetic silencing of the mLh1 Cpg island. 
Cancer Cell 12: 432-444

Linhart hg, Lin h, yamada y, moran e, steine 
eJ, gokhale s, Lo g, Cantu e, ehrich m, he 
T, meissner a, Jaenisch r (2007) dnmt3b 
promotes tumorigenesis in vivo by gene-
specific de novo methylation and transcrip-
tional silencing. Genes & development 21: 
3110-3122

mohammad hp, Cai y, mcgarvey Km, easwaran 
h, Van neste L, ohm Je, o’hagan hm, Baylin 
sB (2009) polycomb CBX7 promotes initiation 
of heritable repression of genes frequently 
silenced with cancer-specific dna hypermeth-
ylation. Cancer Res 69: 6322-6330

morey L, Brenner C, Fazi F, Villa r, gutierrez 
a, Buschbeck m, nervi C, minucci s, Fuks F, 
di Croce L (2008) mBd3, a component of the 
nurd complex, facilitates chromatin alteration 
and deposition of epigenetic marks. Mol Cell 
Biol 28: 5912-5923

ooi sK, Qiu C, Bernstein e, Li K, Jia d, yang 
Z, erdjument-Bromage h, Tempst p, Lin sp, 
allis Cd, Cheng X, Bestor Th (2007) dnmT3L 
connects unmethylated lysine 4 of histone h3 
to de novo methylation of dna. Nature 448: 
714-717

portela a, esteller m (2010) epigenetic modi-
fications and human disease. Nat Biotechnol 
28: 1057-1068

rad r, rad L, wang w, Cadinanos J, Vassiliou 
g, rice s, Campos Ls, yusa K, Banerjee 
r, Li ma, de la rosa J, strong a, Lu d, ellis 
p, Conte n, yang FT, Liu p, Bradley a (2010) 
piggyBac transposon mutagenesis: a tool for 
cancer gene discovery in mice. Science 330: 
1104-1107

rhee i, Bachman Ke, park Bh, Jair Kw, yen rw, 
schuebel Ke, Cui h, Feinberg ap, Lengauer 
C, Kinzler Kw, Baylin sB, Vogelstein B (2002) 
dnmT1 and dnmT3b cooperate to silence 
genes in human cancer cells. Nature 416: 
552-556

salazar r, roepman p, Capella g, moreno V, 
simon i, dreezen C, Lopez-doriga a, santos 
C, marijnen C, westerga J, Bruin s, Kerr d, 
Kuppen p, van de Velde C, morreau h, Van 
Velthuysen L, glas am, Van’t Veer LJ, Tollenaar 
r (2011) gene expression signature to improve 
prognosis prediction of stage ii and iii color-
ectal cancer. J Clin Oncol 29: 17-24

schuebel Ke, Chen w, Cope L, glockner sC, 
suzuki h, yi Jm, Chan Ta, Van neste L, Van 
Criekinge w, van den Bosch s, van engeland m, 



3

nurd and dnmts are required for tsG silencinG 85

Ting ah, Jair K, yu w, Toyota m, imai K, ahuja 
n, herman Jg, Baylin sB (2007) Comparing 
the dna hypermethylome with gene muta-
tions in human colorectal cancer. PLoS Genet 
3: 1709-1723

srinivasan r, mager gm, ward rm, mayer 
J, svaren J (2006) naB2 represses transcrip-
tion by interacting with the Chd4 subunit of 
the nucleosome remodeling and deacety-
lase (nurd) complex. J Biol Chem 281: 
15129-15137

steine eJ, ehrich m, Bell gw, raj a, reddy 
s, van oudenaarden a, Jaenisch r, Linhart 
hg (2011) genes methylated by dna meth-
yltransferase 3b are similar in mouse intestine 
and human colon cancer. J Clin Invest 121: 
1748-1752

suzuki h, gabrielson e, Chen w, anbazhagan 
r, van engeland m, weijenberg mp, herman 
Jg, Baylin sB (2002) a genomic screen for 
genes upregulated by demethylation and 
histone deacetylase inhibition in human color-
ectal cancer. Nat Genet 31: 141-149

suzuki h, Toyota m, Carraway h, gabrielson 
e, ohmura T, Fujikane T, nishikawa n, sogabe 
y, nojima m, sonoda T, mori m, hirata K, imai 
K, shinomura y, Baylin sB, Tokino T (2008) 
Frequent epigenetic inactivation of wnt 
antagonist genes in breast cancer. Br J Cancer 
98: 1147-1156

suzuki h, watkins dn, Jair Kw, schuebel Ke, 
markowitz sd, Chen wd, pretlow Tp, yang B, 
akiyama y, Van engeland m, Toyota m, Tokino 
T, hinoda y, imai K, herman Jg, Baylin sB 
(2004) epigenetic inactivation of sFrp genes 
allows constitutive wnT signaling in colorectal 
cancer. Nat Genet 36: 417-422

Ting ah, mcgarvey Km, Baylin sB (2006) The 
cancer epigenome--components and func-
tional correlates. Genes Dev 20: 3215-3231

Vire e, Brenner C, deplus r, Blanchon L, Fraga 
m, didelot C, morey L, Van eynde a, Bernard 
d, Vanderwinden Jm, Bollen m, esteller m, 
di Croce L, de Launoit y, Fuks F (2006) The 
polycomb group protein eZh2 directly controls 
dna methylation. Nature 439: 871-874

wade pa, gegonne a, Jones pL, Ballestar 
e, aubry F, wolffe ap (1999) mi-2 complex 
couples dna methylation to chromatin 
remodelling and histone deacetylation. Nat 
Genet 23: 62-66

wang Z, Zang C, Cui K, schones de, Barski 
a, peng w, Zhao K (2009) genome-wide 
mapping of haTs and hdaCs reveals distinct 
functions in active and inactive genes. Cell 
138: 1019-1031

weichert w (2009) hdaC expression and clin-
ical prognosis in human malignancies. Cancer 
Lett 280: 168-176

weichert w, roske a, niesporek s, noske a, 
Buckendahl aC, dietel m, gekeler V, Boehm 
m, Beckers T, denkert C (2008) Class i histone 
deacetylase expression has independent 
prognostic impact in human colorectal cancer: 
specific role of class i histone deacetylases in 
vitro and in vivo. Clin Cancer Res 14: 1669-1677

wilting rh, yanover e, heideman mr, Jacobs 
h, horner J, van der Torre J, depinho ra, 
dannenberg Jh (2010) overlapping functions 
of hdac1 and hdac2 in cell cycle regulation 
and haematopoiesis. EMBO J 29: 2586-2597

Xue w, Zender L, miething C, dickins ra, 
hernando e, Krizhanovsky V, Cordon-Cardo C, 
Lowe sw (2007) senescence and tumour clear-
ance is triggered by p53 restoration in murine 
liver carcinomas. Nature 445: 656-660

yu Lr, Zhu Z, Chan KC, issaq hJ, dimitrov ds, 
Veenstra Td (2007) improved titanium dioxide 
enrichment of phosphopeptides from heLa 
cells and high confident phosphopeptide 
identification by cross-validation of ms/ms 
and ms/ms/ms spectra. J Proteome Res 6: 
4150-4162

Zhang y, ng hh, erdjument-Bromage h, 
Tempst p, Bird a, reinberg d (1999) analysis of 
the nurd subunits reveals a histone deacety-
lase core complex and a connection with dna 
methylation. Genes Dev 13: 1924-1935

Zhang Z, pugh BF (2011) high-resolution 
genome-wide mapping of the primary struc-
ture of chromatin. Cell 144: 175-186



3

chapter 386

Supplementary Figure 1 
A B 

F 

HDAC1 
HDAC2 
β-actin 

D 

E 

HDACs (RKO) RKO 

TSGs (RKO) 

HDAC1/2 (RKO) p53 (RKO) 

MLH1 (RKO+DAC) C 

0 

25 

50 

75 

100 

H
D

A
C

1 
H

D
A

C
2 

H
D

A
C

3 
H

D
A

C
4 

H
D

A
C

5 
H

D
A

C
6 

H
D

A
C

7 
H

D
A

C
8 

H
D

A
C

10
 

H
D

A
C

11
 

ta
rg

et
 m

R
N

A
 re

la
tiv

e 
to

 
co

nt
ro

l (
%

) 

siRNA 

0 
1 
2 
3 
4 
5 

C
O

N
T1

 

H
D

AC
1+

2 

re
la

tiv
e 

M
LH

1 
m

R
N

A
  

siRNA 

0 

0,7 

1,4 

2,1 

2,8 

3,5 

C
O

N
T1

 

C
O

N
T2

 

H
D

A
C

1.
1 

H
D

A
C

1.
2 

H
D

A
C

1.
3 

H
D

A
C

1.
4 

H
D

A
C

2.
1 

H
D

A
C

2.
2 

H
D

A
C

2.
3 

H
D

A
C

2.
4 

C
O

N
T1

 

C
O

N
T2

 

H
D

A
C

1.
1 

H
D

A
C

1.
2 

H
D

A
C

1.
3 

H
D

A
C

1.
4 

H
D

A
C

2.
1 

H
D

A
C

2.
2 

H
D

A
C

2.
3 

H
D

A
C

2.
4 

mock DAC 

LO
G

10
 T

SG
s 

m
R

N
A

 

siRNA 

SFRP1 
SFRP2 
TIMP2 
TIMP3 

0 

0,4 

0,8 

1,2 

1,6 

C
O

N
T1

 

C
O

N
T2

 

C
O

N
T1

 

C
O

N
T2

 

H
D

A
C

1.
1 

H
D

A
C

1.
2 

H
D

A
C

1.
3 

H
D

A
C

1.
4 

H
D

A
C

2.
1 

H
D

A
C

2.
2 

H
D

A
C

2.
3 

H
D

A
C

2.
4 

mock DAC 

re
la

tiv
e 

H
D

A
C

1/
2 

m
R

N
A

 

siRNA 

HDAC1 HDAC2 

0 
0,4 
0,8 
1,2 
1,6 

C
O

N
T1

 
C

O
N

T2
 

H
D

AC
1 

H
D

AC
2 

H
D

AC
1+

2 
C

O
N

T1
 

C
O

N
T2

 
H

D
AC

1 
H

D
AC

2 
H

D
AC

1+
2 

mock DAC 

re
la

tiv
e 

p5
3 

m
R

N
A

 

siRNA 

Supplementary Figure 1 Validation of hdaC1 as a repressor of Tsgs. (a) Knockdown efficiency 
of the hdaC sirna library. The knockdown abilities of the sirna pools targeting HDAC1-11 are 
depicted as the relative mrna remaining compared to scrambled sirna pools (see also Figure 
1a). HDAC9 is not expressed in rKo cells. (B) HDAC1 and HDAC2 sirna pools enhance daC-
induced reactivation of MLH1.  rKo cells were transfected with scrambled sirna or a sirna 
pools targeting MLH1, split and then treated with or without 100nm daC. MLH1 expression was 
determined by QrT-pCr and normalized to control. C) HDAC1 and HDAC2 sirna pools induce 
depletion of hdaC1 and hdaC2 protein levels. rKo cells were transfected with scrambled, 
HDAC1 and/or HDAC2 sirna pools. hdaC1 and hdaC2 protein expression was analyzed 
by western blotting (d-e) all four HDAC1 sirnas induce reactivation of Tsgs in combination 
with daC and induce knockdown of HDAC1. rKo cells were transfected with scrambled or 
deconvoluted HDAC1 or HDAC2 sirna pools, split and treated with or without 1um daC. 
expression of indicated Tsgs (d), HDAC1 and 2 (e) was determined by QrT-pCr. Tsg QrT-pCr 
values were Log10 transformed, HDAC1 and 2 QrT-pCr values were normalized to control. (F) 
HDAC1 and HDAC2 sirna pools do not affect expression of p53. rKo cells were transfected and 
treated with or without 1um daC. p53 expression was analyzed by QrT-pCr and normalized to 
control. data presented in supplementary Figure 1 are representative of at least three biological 
independent experiments.
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Supplementary Figure 2 

Supplementary Figure 2 Validation of hdaC1 as a repressor of Tsgs in multiple cell lines. (a) 
overexpression of wildtype mouse Hdac1 but not catalytic dead Hdac1 restores repression of 
Tsgs in HDAC1 Kd cells. rKo cells were transfected with scrambled (ConT1) or human-specific 
HDAC1#1 sirna, split, treated with 1um daC and transduced with plasmids overexpressing GFP, 
Hdac1 or catalytic dead Hdac1 (y303F). Knockdown of human HDAC1 was verified by QrT-pCr, 
QrT values were normalized to control (left panel). overexpression of Hdac1 was determined by 
QrT-pCr and Log10 transformed (right panel). error bars denote sd of technical replicates. see 
also Figure 1B. (B-C) HDAC1 and HDAC2 sirna pools enhanced daC-induced reactivation of 
Tsgs in hCC1954 cells. hCC1954 cells were transfected with indicated sirnas and treated with 
or without 1um daC. expression of indicated Tsgs (B), HDAC1 and HDAC2 (C) was analyzed by 
QrT-pCr. QrT-pCr values of HDAC1 and 2 were normalized to control. error bars denote sd 
of technical replicates. data presented in supplementary Figure 2 are representative of at least 
three biological independent experiments.
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Supplementary Figure 3

Supplementary Figure 3 an inverse relationship between hdaC1 expression and Tsgs. (a-B) 
inverse correlation of HDAC1 and expression of Tsgs. Correlation plots of HDAC1 and SFRP1 
(a) or HDAC1 and TIMP3 (B) were drawn using gene expression datasets of 396 colorectal 
tumors (salazar et al, 2011). expression levels are indicated as Log2-ratios against a colon 
cancer reference pool. median expression levels are indicated by the dashed lines. solid square 
symbols represent discordant binary expression (low- and high-levels) and open circles indicate 
concordant expression between HDAC1 and the Tsgs. (C) analysis of SFRP1 mrna expression 
by QrT-pCr in a panel of cancer cell lines. QrT-pCr values were Log10 transformed. error bars 
denote sd of technical replicates.  data presented in supplementary Figure 1C are representative 
of at least three biological independent experiments.
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Supplementary Figure 4 

Supplementary Figure 4 hdaC1 requires the nurd complex for silencing of Tsgs. (a) Knockdown 
efficiency of sirnas targeting essential subunits of repressor complexes that contain hdaC1 & 2. 
The knockdown abilities of the sirna pools used in Figure 3a are depicted as the relative mrna 
remaining compared to scrambled sirna pools. (B) CHD4 sirna pools induce depletion of 
Chd4. rKo cells were transfected with scrambled (ConT1 and 2), HDAC1, HDAC2, CHD3 and 
CHD4 sirna pools. Chd4 protein expression was analyzed by western blotting, ß-actin serves 
as a loading control. (C-e) Three CHD4 sirnas induce knockdown of CHD4 but not HDAC1 and 
reactivate Tsgs expression in combination with daC. rKo cells were transfected with scrambled 
(ConT1), and deconvoluted CHD4 sirna pools, split and treated with or without 1um daC.  
expression of indicated Tsgs (C), CHD4 (d) and HDAC1 (e) was determined by QrT-pCr. Tsg 
QrT-pCr values were Log10 transformed, CHD4 and HDAC1 QrT-pCr values were normalized 
to control. error bars denote sd of technical replicates. data presented in supplementary Figure 
4 are representative of at least three biological independent experiments.



3

chapter 390

HDAC1 

HDAC2 

α-tubulin 

A 

1.00 0.22 

1.00 1.39 

RKO B 

0 

4 

8 

12 

16 

1 4 7 10 
cu

m
ul

at
iv

e 
pa

ss
ag

e 
do

ub
lin

g 
days 

empty (mock) 
sh_HDAC1.2 (mock) 
empty (DAC) 
sh_HDAC1.2 (DAC) 

HDAC1 

HDAC2 

α-tubulin 

1.00 0.02 

1.00 1.84 

0 

4 

8 

12 

16 

1 4 7 10 13 

cu
m

ul
at

iv
e 

pa
ss

ag
e 

do
ub

lin
g 

days 

sh_empty (mock) 

sh_HDAC1.1 
(mock) 
sh_empty (DAC) 

RKO 

C 

0 

4 

8 

12 

16 

SFRP1 p16INK4A 

fo
ld

 in
du

ct
io

n 
re

la
tiv

e 
to

 c
on

tr
ol

 

TSG 

sh_empty 

sh_HDAC1#1  

TSGs (RKO+DAC, day 13) 

Supplementary Figure 5 

Supplementary Figure 5 Knockdown of HDAC1 is synthetic lethal with daC treatment. 
(a) HDAC1 shrnas induces depletion of hdaC1. rKo cells were transduced with an empty 
vector or shrnas targeting HDAC1 (#1 and #2). hdaC1 protein level was analyzed by western 
blotting, α-tubulin serves as a loading control. (B) Knockdown of HDAC1 sensitizes rKo cells 
to daC treatment. The rKo cells expressing empty vector or HDAC1 shrnas were seeded for 
proliferation assays according to the 3T3 protocol in absence of drug or presence of 1um daC. 
error bars denote sd of triplicate independent experiments. (C) enhanced reactivation of Tsgs 
in cells treated with daC and depleted for HDAC1. expression of indicated Tsgs were examined 
by QrT-pCr on daC treated samples of (B) harvested on day 13 of the proliferation assay with 
rKo cells transduced with empty vector or HDAC1#1. Values are represented as fold induction 
over empty vector. error bars denote sd.
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Supplementary Table 1. nurd complex components identified by tandem mass spectrometry from 
the dnmT1 immunoprecipitate of hCT116 cells.

Gene Protein P (pro) Score

Scan # Peptide MH+
DeltaM 
(ppm) z P (pep) XC DeltaCn

CHD4 Chromodomain-helicase-dna-binding protein 4 3.38e-09 220.23
674 K.Faem*eer.F 927.39 -1.42 2 3.15e-03 2.68 0.36
802 K.Faem*eer.F 927.39 -1.42 2 8.97e-03 2.53 0.44
949 r.KeeeeeddddddsKepK.s 2051.80 -0.60 3 7.31e-08 4.13 0.88
973 K.QVnyndgsQedr.d 1424.60 2.06 2 5.56e-06 2.75 0.69
997 r.Teepm*eTepK.g 1206.52 -0.61 2 1.60e-03 2.73 0.58
1126 K.erTeepm*eTepK.g 1491.66 0.06 2 9.23e-03 2.96 0.56
1127 K.erTeepm*eTepK.g 1491.66 0.06 2 6.57e-04 3.04 0.50
1178 r.eeem*geeeeVer.e 1510.58 -0.22 2 1.12e-06 3.09 0.66
1179 r.eeem*geeeeVer.e 1510.58 -0.22 2 3.20e-07 3.74 0.69
1180 r.eeem*geeeeVer.e 1510.58 -0.22 2 1.34e-06 3.86 0.68
1283 r.idggiTgnm*r.Q 1049.50 -0.44 2 3.01e-06 3.23 0.53
1284 r.VeLspm*QK.K 947.49 -0.09 2 1.83e-03 2.63 0.35
1286 r.idggiTgnm*r.Q 1049.50 -0.44 2 5.53e-06 3.49 0.53
1376 K.gaadVeKVeeK.s 1174.60 -0.30 2 7.30e-04 3.80 0.43
1442 K.eVm*LQngeTpK.d 1261.61 0.60 2 8.72e-04 2.57 0.36
1444 K.eVm*LQngeTpK.d 1261.61 0.60 2 7.15e-03 3.03 0.36
1501 K.VaQyVVr.e 834.48 1.10 1 1.80e-03 2.04 0.43
1532 r.apepTpQQVaQQQ.- 1421.70 -0.07 2 9.04e-04 3.17 0.53
1534 r.apepTpQQVaQQQ.- 1421.70 -0.07 2 2.44e-04 3.66 0.55
1618 r.wQdiQndpr.y 1171.55 -0.89 2 1.34e-07 3.13 0.45
1619 r.wQdiQndpr.y 1171.55 -0.89 2 2.10e-06 3.48 0.46
2355 K.QLeeLLsdm*K.a 1221.60 0.35 2 1.55e-03 2.70 0.35
2357 K.QLeeLLsdm*K.a 1221.60 0.35 2 5.45e-04 2.89 0.34
2493 r.eneFsFednair.g 1470.65 -0.57 2 6.03e-07 3.50 0.63
2494 r.eneFsFednair.g 1470.65 -0.57 2 3.26e-07 3.82 0.58
2635 K.aFLnaim*r.y 951.51 -0.65 2 9.79e-05 2.84 0.35
2637 K.aFLnaim*r.y 951.51 -0.65 2 4.07e-03 2.74 0.30
2700 K.saidLTpiVVedK.e 1399.77 0.16 2 3.38e-09 3.68 0.53
2703 K.saidLTpiVVedK.e 1399.77 0.16 2 9.24e-08 3.52 0.50
2755 K.aFLnaim*r.y 951.51 -0.65 2 7.04e-04 2.72 0.28
2829 r.VggnieVLgFnar.Q 1345.72 0.05 2 6.54e-04 4.12 0.54
2904 r.VggnieVLgFnar.Q 1345.72 -0.23 2 2.13e-04 3.60 0.54
3006 r.igVm*sLir.K 904.53 -0.16 2 5.52e-03 2.58 0.39
3367 K.LLeQaLVieeQLr.r 1553.89 1.08 2 7.83e-09 4.52 0.50
3371 K.LLeQaLVieeQLr.r 1553.89 1.00 2 7.45e-09 3.93 0.49
3456 K.LLeQaLVieeQLr.r 1553.89 0.68 2 3.01e-06 3.80 0.54
3579 r.gggnQVsLLnVVm*dLK.K 1659.87 0.38 2 9.76e-06 4.09 0.63
3580 r.gggnQVsLLnVVm*dLK.K 1659.87 0.38 2 8.28e-06 3.97 0.63
3694 r.gggnQVsLLnVVm*dLK.K 1659.87 0.31 2 7.15e-07 4.05 0.58
4060 K.gpFLVsapLsTiinwer.e 1900.03 0.67 2 4.95e-08 3.27 0.70
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Supplementary Table 1. Continued.

Gene Protein P (pro) Score

Scan # Peptide MH+
DeltaM 
(ppm) z P (pep) XC DeltaCn

MTA1 metastasis-associated protein mTa1 1.97e-07 70.20
1170 r.aLdC#sssVr.Q 994.46 0.91 2 7.59e-04 2.93 0.41
1846 K.niydisK.a 852.45 1.94 1 6.81e-03 1.89 0.07
2503 r.LpeasQspLVLK.Q 1281.74 0.65 2 4.14e-06 3.65 0.38
2711 K.C#sVTLLneTesLK.s 1493.75 2.24 2 1.97e-07 3.73 0.21
2949 r.yQadiTdLLK.e 1179.63 1.83 2 2.54e-05 2.94 0.18
2968 K.sVssVLssLTpaK.V 1275.72 1.85 2 3.06e-07 3.24 0.46
3314 r.dissTLiaLadK.h 1246.69 2.14 2 1.31e-05 3.08 0.69
3316 r.dissTLiaLadK.h 1246.69 2.14 2 5.88e-05 4.03 0.68
GATAD2A Transcriptional repressor p66-alpha 5.05e-10 60.21
845 r.aTeaTam*am*gr.g 1141.50 1.81 2 4.11e-06 3.64 0.65
1091 r.dpTeddVesK.K 1134.48 1.47 2 2.24e-07 3.40 0.60
1096 r.dpTeddVesK.K 1134.48 1.47 2 1.88e-07 3.59 0.65
1178 K.psLQTssar.m 946.50 1.15 2 5.08e-06 2.75 0.28
1181 K.psLQTssar.m 946.50 1.15 2 1.35e-03 2.88 0.27
1418 r.LLQQgTapaQaK.a 1225.69 1.86 2 9.65e-05 3.35 0.61
1419 r.LLQQgTapaQaK.a 1225.69 1.86 2 1.88e-07 3.64 0.60
1422 r.LLQQgTapaQaK.a 1225.69 1.86 2 2.87e-06 3.90 0.59
1563 K.aLQQeQeieQr.L 1371.69 2.79 2 4.68e-07 3.10 0.55
1892 K.LQnsasaTaLVsr.T 1317.71 2.86 2 5.32e-10 3.85 0.67
1895 K.LQnsasaTaLVsr.T 1317.71 2.86 2 5.05e-10 4.28 0.68
MTA2 metastasis-associated protein mTa2 7.51e-13 40.19
954 r.LVegesdnr.n 1018.48 1.73 2 1.33e-06 2.87 0.58
1427 K.TpTQLegaTr.g 1073.56 2.01 2 9.83e-05 2.75 0.50
2167 K.TLLadQgeir.V 1115.61 1.32 2 1.21e-05 2.78 0.57
2764 K.LnpadapnpVVFVaTK.d 1652.90 4.31 2 7.51e-13 3.19 0.67
2765 K.LnpadapnpVVFVaTK.d 1652.90 4.31 2 1.55e-09 3.72 0.71
GATAD2B Transcriptional repressor p66-beta 1.00e-30 40.29
1453 K.enindepVdm*sar.r 1505.65 1.99 2 1.98e-08 3.72 0.75
1455 K.enindepVdm*sar.r 1505.65 1.99 2 3.81e-07 4.38 0.74
1535 K.aLQQeQeieQr.L 1371.69 1.81 2 3.76e-07 3.21 0.54
2036 r.ViapnpaQLQgQr.g 1391.78 0.57 2 3.80e-11 2.97 0.77
2140 r.LQQQaaLspTTapaVssVsK.Q 1984.07 0.57 2 1.00e-30 4.63 0.69
2142 r.LQQQaaLspTTapaVssVsK.Q 1984.07 0.57 2 9.92e-09 5.77 0.77
MBD3 methyl-Cpg-binding domain protein 3 2.27e-10 30.24
1507 r.KQeeLVQQVr.K 1256.70 0.87 2 9.96e-04 3.32 0.38
1510 r.KQeeLVQQVr.K 1256.70 0.87 2 2.22e-03 3.30 0.35
2157 K.gKpdLnTaLpVr.Q 1280.73 0.95 2 6.55e-08 3.57 0.63
2159 K.gKpdLnTaLpVr.Q 1280.73 0.95 2 4.26e-07 3.47 0.61
3909 K.LsgLnaFdiaeeLVK.T 1618.87 6.58 2 2.27e-10 4.65 0.69
3911 K.LsgLnaFdiaeeLVK.T 1618.87 6.58 2 2.03e-09 4.77 0.65
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endogenous dnmT1 was immunoprecipitated from nuclear extracts of hCT116 cells and captured 
by protein a/g beads. immunoprecipitates were extracted from protein a/g beads and resolved 
on sds-page. protein gel bands were cut and in-gel digested with trypsin. extracted peptides 
were analyzed by reversed-phase nanoflow LC-tandem mass spectrometry. The raw ms/ms data 
were searched using the seQUesT cluster against a human ipi proteome database. m*, methionine 
oxidation; C#, cysteine carboxyamidomethylation; mh+, monoisotopic mass of peptide with one 
proton; deltam (ppm), mass measurement error in terms of ppm; z, charge of peptide molecular 
ions; p (pro), probability for proteins; p (pep), probability for peptides; XC, cross-correlation score; 
deltaCn, the difference of XCs between the top-matched peptide and second top-matched peptide.

Supplementary Table 2. List of oligonucleotide sequences used in this study.

qRT-PCR primers

TargeT gene sense (5’-3’) anTisense (3-5’)
gapdh aaggTgaaggTCggagTCaa aaTgaaggggTCaTTgaTgg
rpL4 gCTCTggCCagggTgCTTTTg aTggCgTaTCgTTTTTgggTTgT
pgK aTTagCCgagCCagCCaaaaTag TCaTCaaaaaCCCaCCagCCTTCT
hprT aCCCTTTCCaaaTCCTCagC gTTaTggCgaCCCgCag
p16inK4a gggTCgggTgagagTgg CgaaTagTTaCggTCggagg
sFrp1 ggCTTCTTCTTCTTggggaC aTCTCTgTgCCagCgagTTT
sFrp2 TCTTgCTCTTggTCTCCagg CgaCaTaaTggaaaCgCTTTg
sFrp4 CCCggaggaTgTTaagTggaT gCTgagaTaCgTTgCCaaagTT
sFrp5 CTTTTTCTgggCTCCaaTCa agCagaTgTgCTCCagTgaC
mLh1 CCaCgaaggagTggTTaTgC aTgaCTgCagCTTgTaCCCC 
hdaC1 aCCCggaggaaagTCTgTTaC ggTagagaCCaTagTTgagCagC
hdaC2 gCTCTCaaCTggCggTTCag agCCCaaTTaaCagCCaTaTCag
hdaC3 gCaaggCTTCaCCaagagTC CTgTgTaaCgCgagCagaaC 
hdaC4 gaCCTgaCCgCCaTTTgC gggagaggaTCaagCTCgTTT
hdaC5 gggaaCCaTCCTTggaaaTC gaaCTgggCaTggCTCTTg 
hdaC6 CCggagggTCCTTaTCgTag gCggTggaTggagaaaTaga 
hdaC7 agCagCTTTTTgCCTCCTgTT TCTTgCgCagagggaagTg
hdaC8 TTTgagCgTaTTCTCTaCgTgga aCaCTgTagTaCCgTCCCTTC
hdaC9 gagTaCCTTgaagCaTTCaggaC CgTCaCTTTgTaCCCTCCTagag
hdaC10 gCTaCCaCCTggagTCaCTg CTCTagggCaCTCTgaCaTgg
hdaC11 gCaCaCgaggCgCTaTCTTa aaggaagTTggggaggaaga 
Timp2 aaCgaCaTTTaTggCaaCCCT CTTCTCaggCCCTTTgaaCaT
Timp3 aTggTgTagaCCagCgTgC aggaCgCCTTCTgCaaCTC
rCor1 gaTTgggTgaCCagaCCaaC gTCggaCCCCagTaCCag
Chd4 aTgTTCaagTaagCagCCCg CCaTCCTCaaTgagCCTTTC 
Chd3 gaaCTCTCTCCaTTTggCCC aaagCCTTCagCCagTTCaT
sin3a TgCTCagggaTgCaCTaCaa gCTgagagggaCaCgCagT 
gapdh aaggTgaaggTCggagTCaa aaTgaaggggTCaTTgaTgg
hdaC1  
(human specific)

aggaCTgTCCagTaTTCgaTgg CTCggaCTTCTTTgCaTggTg

p53 CCgCagTCagaTCCTagCg aaTCaTCCaTTgCTTgggaCg
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Supplementary Table 2. Continued.

ChIP primers

TARGET 
PROMOTER SENSE (5’-3’) ANTISENSE (3-5’)

sFrp1 gCaCCgCagCTagagaaCCga CTgCTTCCTaaTTTCaaC-
CaaCagCCC

sFrp2 TggCaaCCCagCagaaaCTTC aCgCgCTTgCTggaagggaaTTC
mLh1 CCCagCaaCCCaCagagTTgag CggaagTgCCTTCagCCaaTC
p16inK4a gaTTaTagaCgTgagCCaCCgC aggCaggagaaTCgCTTgaaC

pLKO.1 knockdown vectors 

TARGET FULL HAIRPIN SEQUENCE

hdaC1#1 CCgggCCggTCaTgTCCaaagTaaTCTCgagaTTaCTTTggaCaTgaC-
CggCTTTTT

hdaC1#2 CCggCCgCaagaaCTCTTCCaaCTTCTCgagaagTTggaagagTTCTT-
gCggTTTTT

Chd4#1 CCgggCTgaCaCagTTaTTaTCTaTCTCgagaTagaTaaTaaCTgTgT-
CagCTTTTT

Chd4#2 CCgggCgggagTTCagTaCCaaTaaCTCgagTTaTTggTaCTgaaCTC-
CCgCTTTTT
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addenda

Addendum to figure 1
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Addendum to figure 2
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Addendum to figure 3
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Addendum to figure 5
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Addendum to figure 6 (1/2)
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Addendum to figure 6 (2/2)
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(Kdm5b) is a novel component of the rb 
pathway and associates with e2f-tarGet 
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aBsTraCT

senescence is a robust cell cycle arrest controlled by the p53 and rb pathways 
that acts as an important barrier to tumorigenesis. senescence is associated with 
profound alterations in gene expression, including stable suppression of e2f-
target genes by heterochromatin formation. some of these changes in chromatin 
composition are orchestrated by rb. in complex with e2f, rb recruits chromatin 
modifying enzymes to e2f target genes, leading to their transcriptional repression. 
To identify novel chromatin remodeling enzymes that specifically function in 
the rb pathway, we used a functional genetic screening model for bypass of 
senescence in murine cells. we identified the h3K4-demethylase Jarid1b as novel 
component of the rb pathway in this screening model. we find that depletion of 
Jarid1b phenocopies knockdown of Rb1 and that Jarid1b associates with e2f-
target genes during cellular senescence. These results suggest a role for Jarid1b 
in rb-mediated repression of cell cycle genes during senescence. 
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inTrodUCTion

senescence is a robust cell cycle arrest that can be triggered by various stress 
signals such as telomere attrition, oncogene activation or dna damage, which 
functions to protect cells against malignant transformation [1,2]. senescent 
cells undergo a series of events leading to marked morphological changes, the 
expression of senescence-associated β-galactosidase (sa-β-gal) and profound 
changes in gene expression, including activation of the INK4A-ARF locus. The 
INK4A-ARF locus is a potent activator of the p53 and rB tumor suppressor 
networks that enforce an intricate program including the repression of e2F-target 
genes required for proliferation [3,4]. not surprisingly, the p53 and rB proteins 
are commonly inactivated by viral oncoproteins such as e1a or sV40LT thereby 
contributing to cellular transformation. in human fibroblasts it has been found 
that senescence induction is associated with dramatic changes in chromatin 
organization and several chromatin modifying enzymes have been identified that 
modulate the senescence response [5]. Both the INK4A–ARF  locus and genes 
controlled by rB and e2F are major targets of epigenetic regulation during 
senescence. The INK4A-ARF locus is repressed by concerted action of polycomb 
group proteins (pcg), which impose trimethylation of histone h3 Lysine 27 
(h3K27me3) and histone demethylases Jarid1a (Kdm5a) and ndy1 (KdmB2B) 
that remove h3K4me3 and h3K36me3 from this locus respectively [6,7,8,9,10]. 
pcg-mediated repression of the INK4A-ARF locus is counteracted by JmJd3 
which actively removes methylation on h3K27 [11,12]. in addition, the promoter 
regions of e2F-target genes become enriched for h3K9me3 and depleted for 
h3K4me3 during senescence, which is important for gene silencing and correct 
execution of the senescence response by the rB tumor suppressor network [13]. 
rB can be regarded as an adaptor protein that recruits several histone modifiers 
to create a repressive complex to silence e2F-target genes during senescence [5]. 
For example, rB has been shown to recruit hdaC1, dnmT1, sUV39h1 and the 
swi/snF complex to e2F-target gene promoters [5,14,15].  it has been reported 
that inactivation of Suv39h1 prevents induction of oncogene-induced senescence, 
which underscores h3K9 trimethylation as a critical feature of senescence [16]. 
These observations suggest a role for rB in heterochromatinization of e2F-target 
genes in senescent cells. Concordantly, rB depletion prevents heterochromatin 
formation in human diploid fibroblasts [13]. recently, it has been found that rB 
has a specific and non-redundant role during senescence in the repression of 
transcription of e2F-target genes involved in dna replication [17]. moreover, an 
rB mutant that is unable to associate with chromatin modifying enzymes cannot 
repress dna replication during oncogene-induced senescence [18]. however, this 
rB mutant was not compromised in its ability to repress dna replication during 
quiescence or differentiation, underscoring the significant role of chromatin 
modifying enzymes in repression of dna replication during senescence. 
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 Based on the observations described above and the association of rb with 
several different chromatin remodeling enzymes, we argued that rb may recruit 
additional chromatin remodeling enzymes that contribute to the suppression of 
e2f-target genes. The identification of such enzymes is potentially compromised 
by the notion that inactivation of the rB pathway only is not sufficient to bypass 
senescence in both murine and human cells [1]. Using a functional genetic screen 
in murine models in which abrogation of the rb pathway is sufficient to bypass 
senescence we discovered that the histone demethylase Jarid1b (Kdm5b) is a 
critical component of the rb-e2f pathway. in addition, we found that Jarid1b  
associates with e2f-target genes during senescence, suggesting it may contribute 
to the repression of e2f-target genes during senescence. 

resULTs

A screen for bypass of senescence in MN-tsLT cells identifies Jarid1b 
To identify novel chromatin remodeling enzymes that specifically cooperate 
with rb in tumor suppression, we used a senescence model in which abrogation 
of the rb pathway is sufficient to bypass senescence (Figure 1a). The primary 
mouse striatum cell line mn-tsLT has been conditionally immortalized through 
the expression of a temperature-sensitive mutant (tsa58) of sV40 large-T antigen 
(tsLT) [19]. at the permissive temperature mn-tsLT cells proliferate rapidly but they 
enter into a synchronous senescence-like arrest when shifted to the non-permissive 
temperature (39°C). mn-tsLT cells arrested at 39°C display several hallmarks 
of cellular senescence including sa-β-gal positivity, senescent morphology, 
decreased expression of e2f-target genes and activation of the p53 target gene 
and cell cycle inhibitor Cdkn1a (p21cip1) (Figure 2C and d, supplementary Figure 
s1B-e). however, similar to murine embryonic fibroblasts (meFs) and in contrast 
to human cells [13], senescence-associated heterochromatin foci (sahF) cannot 
be detected in mn-tsLT cells. it has been shown previously that inhibition of the 
p19arF-p53 pathway is sufficient to bypass senescence in this model [20,21,22]
(Figure 1a). we tested whether loss of Rb1 expression in mn-tsLT cells was 
sufficient to bypass senescence. as can be seen in Figure 1, the expression of 
an shrna targeting Rb1 (supplementary Figure s1a) results in the rescue of 
the senescence phenotype analogous to inactivation of the Ink4a-Arf locus or 
knockdown of p53. as such, the dependency on either p53 or rb in mn-tsLT cells 
offers an opportunity to find novel components of the p16inK4a-rb pathway. 

For this purpose we constructed a retroviral shrna library consisting of multiple 
independent shrnas directed against 50 known and putative chromatin binding 
and modifying enzymes: Jumonji C (JmjC)-domain-containing proteins, the lysine 
specific demethylase 1 (Lsd1)-like family members, methyl Cpg binding proteins 
and dna methyltransferases [23,24]. The shrnas were pooled in 50 sets of 4 
vectors, in which each set of vectors was designed to target a single transcript 
(supplementary Table 1). 
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mn-tsLT cells were transduced at 32 ºC with the 50 individual sets of shrnas in 
a single-well format and seeded for long term clonogenic outgrowth assays (Figure 
1B). as a positive control we used a functional shrna targeting p53 that was used 
in previous studies [21,22].  we used an shrna targeting green fluorescent protein 
(GFP) as a negative control throughout this study. as expected, knockdown of p53 
prevented senescence induction of mn-tsLT cells (Figure 1a and 1C). Clonogenic 
outgrowth was quantified by measuring crystal violet absorption. only wells with 
an absorption value greater than the median plus 2x standard deviation were 
considered as hits (Figure 1C). except for the positive control, only the shrna 

Figure 1 a functional shrna screen in conditionally immortalized cells. (a) Colony formation 
assay at 39ºC of mn-tsLT cells transduced with prs-GFP, prs-Ink4a (targeting both Ink4a and 
Arf), prs-p53 and prs-Rb (B) schematic outline of the senescence bypass screen using mn-tsLT 
cells. Cells were transduced at the permissive temperature (32ºC) with 50 pools of retroviral 
knockdown vectors targeting candidate chromatin binding and modifying enzymes. each pool 
contains 4 unique shrnas targeting a single transcript. The transduced cells were seeded at the 
non-permissive temperature (39ºC) for a colony formation assay. after 2 weeks cells were fixed 
and stained with crystal violet. (C) Quantification of the colony formation assay of the shrna 
screen in mn-tsLT cells shown are the average absorption and 2x standard deviations (sd) from 
the median of the samples.
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pool targeting Jarid1b (Kdm5b,, plu-1, 
rbp2-h1) [25,26] fitted these criteria. 
Jarid1b is a member of the Jarid1 family 
of h3K4 demethylases [27,28,29,30,31]. 
This family encompasses four 
members (Jarid1a-d) with a high 
degree of homology [32] ,all capable 
to demethylate tri- and di-methylated 
h3K4 and function as transcriptional 
repressors. although shrna pools 
against Jarid1 family members a, c and 
d were present in the library they did not 
score as hits. on one hand, this could 
be due to inefficient knock-down of 
their respective targets but, in contrast 
to Jarid1b, we did not detect expression 
of Jarid1a, c or d in mn-tsLT cells (data 
not shown).   

To rule out off target effects [33], 
each of the individual knockdown 
vectors of the Jarid1b shrna pool were 
introduced into mn-tsLT cells and tested 
for their ability to bypass senescence 
and their efficiency of knocking down 
Jarid1b. we found two independent 
shrnas targeting Jarid1b (prs-
Jarid1b#1 and #3) that allowed bypass 
of senescence in mn-tsLT cells. Both 
shrnas reduced Jarid1b mrna levels, 
confirming Jarid1b as an on-target hit 
(Figures 2a and B). in addition, we found 
that Jarid1b mrna expression is highly 
induced when mn-tsLT cells are shifted 
to the non-permissive temperature, 
suggesting a role for Jarid1b in the 
execution of senescence (Figure 2B). 

Figure 2 multiple Jarid1b-targeting shrnas prevent senescence induction of mn-tsLT cells. 
(a) Colony formation assay of mn-tsLT transduced with two independent Jarid1b shrnas 
derived from the pool (#1 and #3). prs-GFP was used as a negative control, prs-p53 was used 
as a positive control. (B) relative Jarid1b mrna expression levels determined by rT-qpCr. 
samples are derived from cells shown in (a) and mrna values were normalized to Gapdh and 
proliferating cells at 32 ºC. (C) β-galactosidase assay of mn-tsLT cells from (a). (d) Quantification 
of β-galactosidase positive cells from (C).
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importantly, the expression of Jarid1b is not a surrogate marker for the absence 
of cellular proliferation as mn-tsLT cells that express knockdown vectors against 
p53, and cycling at 39 ºC, retain high levels of Jarid1b. 

next, we analyzed mn-tsLT cells transduced with the two functional Jarid1b-
knockdown vectors for typical senescence markers [1]. whereas the negative 
control vector transduced cells stained highly positive for β-galactosidase, cells 
expressing the functional Jarid1b-knockdown vectors did not or stained weak for 
β-galactosidase (Figures 2C and 2d).  moreover, Jarid1b-knockdown cells did not 
show a typical senescent morphology observed in the control vector-transduced 
cells (supplementary Figure s1B). expression of two bona fide cell cycle markers 
Ccna1 and Pcna was restored in Jarid1b knockdown cells (supplementary 
Figure s1C and s1d). remarkably, levels of Cdkn1a, a marker of slowly cycling 
and senescent cells, remained high in proliferating Jarid1b-knockdown cells 
(supplementary Figure s1e). Taken together, these data demonstrate that 
mn-tsLT cells with Jarid1b knockdown do not undergo senescence when shifted 
to the restrictive temperature. 

Jarid1b functions in the Rb pathway
suppression of either the p16inK4a-rb or the p19arF-p53-p21cip1 pathways can 
mediate bypass of senescence in mn-tsLT cells (Figure 1a). To determine in 
which of these two pathways Jarid1b operates, we examined gene expression 
profiles of senescent mn-tsLT cells and mn-tsLT cells with knockdown of p53, 
Rb1, Ink4a (Ink4a-Arf locus) or the Jarid1b shrna pool. Unsupervised hierarchical 
clustering of mrna expression profiling revealed that the transcriptional profiles 
of Jarid1b-knockdown and Rb-knockdown cells were highly similar (Figure 3a), 
suggesting that rb and Jarid1b may operate in the same pathway. Concordantly, 
expression of established e2f-target genes was downregulated in senescent 
cells but restored in Rb1 and Jarid1b-knockdown cells similar to p53-knockdown 
cells (Figure 3B). To ask whether Jarid1b also functions in the p53 pathway we 
looked for the expression of bona fide p53-target genes in our micro-array 
data sets. as expected, p53-target genes were upregulated in senescent cells 
and downregulated in p53-knockdown cells (Figure 3C). in contrast, p53-target 
genes were induced in both Rb1-knockdown and Jarid1b-knockdown cells to a 
similar extent as in senescent mn-tsLT cells. These data may indicate that Jarid1b 
does not function in the p19arF-p53-p21cip1 pathway. moreover, Jarid1b is not a 
transcriptional target of p53 as knockdown of p53 does not affect the expression 
of Jarid1b in mn-tsLT cells (Figure 2B).

 interestingly, it was previously reported that the protein product of a JARID1B 
splice variant binds to rB in co-immunoprecipitation experiments in mCF7 
human breast cancer cells [35]. however, the functional significance of Jarid1B 
in rB-mediated suppression of e2F-target genes was not explored. This is not 
a trivial question as over 150 proteins are known to interact with rB (www.
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Figure 3 Jarid1b operates in the rb pathway. (a) Unsupervised hierarchical clustering of mrna 
expression of mn-tsLT cells stably transduced with the indicated knockdown vectors grown under 
the permissive or non-permissive temperature. (B) relative expression of e2f-target genes from 
expression profiles from (a). (C) relative expression of p53 target genes from expression profiles 
from (a). Values were normalized to mn-tsLT cells cycling at 32 °C. (d) Co-immunoprecipitation 
of rb and Jarid1b. protein fractions were isolated from mn-tsLT cells cultured for 4 days at 39 
ºC followed by immunoprecipitation of Jarid1b. immunoprecipitated samples were analyzed by 
western blot and probed with anti-rb antibody.
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hprd.org) but many of those do not modulate e2F-target gene expression. To 
further substantiate the interaction between Jarid1b and rb, we performed a 
co-immunoprecipitation experiment in senescent mn-tsLT cells using an antibody 
against Jarid1b. indeed we were able to detect endogenous rb in the Jarid1b 
immunoprecipitation by western blotting using an rb antibody, demonstrating 
that Jarid1b physically interacts with rb in senescent mn-tsLT cells (Figure 3d). 
The expression data together with the interaction of Jarid1b and rb may suggest 
that Jarid1b is involved in rb-, but not p53, mediated execution of senescence 
in mn-tsLT cells. 

Jarid1b knockdown phenocopies loss of Rb in Rb-dependent 
senescence models
To confirm that Jarid1b functions in the rb pathway we tested whether loss of 
Jarid1b could bypass senescence in another senescence model in which abrogation 
of the rb pathway is sufficient for bypass. primary meFs with knockdown of p53 
are unable to undergo senescence whereas knockdown of Rb1 does not result in 
bypass of senescence. Transduction of primary meFs with the Jarid1b shrna pool 
did not result in  bypass of senescence (supplementary Figure s2a). it has been 
shown previously that meFs deficient for all three pocket proteins Rb1, Rbl1 and 
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Rbl2 are unable to undergo senescence [36,37]. in contrast, meFs only deficient 
for Rbl1 and Rbl2 retain the ability to undergo senescence [38], suggesting that 
in these double knockout meFs (dKo meFs) rb is the only retinoblastoma gene 
family member that executes the senescence program. we subsequently tested 
whether our knockdown vectors against Jarid1b could replace knockdown of 
Rb1 to override cellular senescence in these dKo meFs. indeed, depletion of 
Jarid1b or Rb1 prevented cellular senescence in dKo meFs (Figure 4a). Unlike 
senescent dKo meFs, Rb1 and Jarid1b-knockdown cells did not stain positive 
for β-galactosidase (Figure 4B and supplementary Figure s2B) and did not 
show a senescent morphology (supplementary Figure s2C). mutations in Ink4a, 
Arf and p53 can lead to spontaneous immortalization of meFs [1]. To exclude 
that Jarid1b-knockdown dKo meFs were spontaneously immortalized (spi), we 
assessed the status of the p53 pathway by treating cells with the dna-damaging 
agent cisplatin and subsequently analyzed the expression of the p53 target gene 
Cdkn1a (Figure 4C). in contrast to spi colonies derived from prs-gFp transduced 
dKo meFs, Cdkn1a expression was potently induced in Jarid1b-knockdown dKo 
meFs after treatment with cisplatin. Collectively, these results show that Jarid1b-
knockdown can phenocopy Rb1-knockdown in the bypass of cellular senescence 
in both mn-tsLT cells and dKo meFs. 

Figure 4 Jarid1b-knockdown is able to bypass cellular 
senescence in meFs deficient for Rbl1 and Rbl2. (a) 
meFs, deficient for Rbl1 and Rbl2 (dKo meFs), were 
transduced with functional Jarid1b or Rb1 retroviral 
knockdown vectors and seeded for a colony formation 
assay. prs-GFP was used as a negative control. (B) 
β-galactosidase quantification of dKo meFs from (s2B). 
(C) western blot analysis of p21cip1 in dKo meFs from (a) 
treated with cisplatin o/n. prs-GFP sample in first two 
lanes are early passage (e.p.) dKo meFs. spontaneously 
expanded colony outgrowths of prs-GFP (spi: 
spontaneously immortalized) transduced dKo meFs 
from (a) were used as a control. Cdk4 staining serves as 
a loading control.
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Jarid1b associates with E2f-target genes during senescence
Using chromatin immunoprecipitation (Chip) with an rB antibody followed by 
deep sequencing it was shown that rB associates with e2F-target genes involved 
in dna replication and cell cycle progression in senescent diploid human 
fibroblasts [17]. rB orchestrates the senescence response by recruiting chromatin 
modifying enzymes to induce and maintain a repressive state of heterochromatin 
surrounding e2F-target genes [39,40]. Jarid1B has been shown to function as a 
transcriptional repressor by demethylating the active transcription mark h3K4me3 
[41,42]. we hypothesized that Jarid1b associates with rb during senescence to 
remove the activating h3K4-trimethyl mark at promoters of e2f-target genes. 
To test whether Jarid1b associates with e2f-target genes during senescence we 
determined Jarid1b occupancy at e2f binding sites of e2f-target gene promoters 
in cycling and senescent meFs by performing a Chip experiment with an antibody 
specific for Jarid1b. we confirmed that meFs at passage 8 (p8) were senescent 
as they displayed hallmarks of senescence that were not observed in passage 5 

Figure 5 Jarid1b associates with the promoters of e2f-target genes during senescence. (a) 
analysis of cycling, passage 5 (p5) and senescent, passage 8 (p8), primary meFs for hallmarks of 
senescence. shown are a proliferation curve of meFs according to the 3T4 protocol (left panel, 
results shown as means ± sd), β–galactosidase staining of p5 and p8 meFs (center panel) and 
quantification of β–galactosidase positive cells (right panel). (B) analysis of mrna expression of 
the indicated genes from p5 and p8 meFs. Values are normalized to p5 and shown as means ± 
sd. (C) Jarid1b Chip in p5 meFs and p8 meFs. The degree of enrichment at indicated promoters 
of e2f-target genes and control genes was measured by qpCr, non-specific binding of rabbit igg 
controls was subtracted and results are presented as percentage of bound / input normalized to 
p5 samples for each gene. (d) h3K4me3 Chip in p5 meFs and p8 meFs, performed as in (C). non-
specific binding of rabbit igg controls was subtracted and quantification of h3K4me3 samples 
was normalized to h3-immunoprecipitations in the same experiment. pd: passage doubling, p: 
passage. 
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(p5) meFs, such as positive staining for β-galactosidase, induction of senescence-
associated tumor suppressor genes Ink4a, Arf and Cdkn1a, and downregulation 
of e2f-target genes Ccne1, Mcm3, Pcna and Rbl1 (Figures 5a and B). in support 
of our hypothesis, we found an increased association of Jarid1b with promoters of 
e2f-target genes but not at promoters of control genes in senescent meFs (Figure 
5C). next, we tested whether Jarid1b occupancy at e2f-target gene promoters was 
correlated with decreased h3K4 methylation at these promoters, by performing 
a Chip with an antibody specific for h3K4me3 in the same chromatin factions. 
indeed, we found that h3K4me3 was severely depleted at promoters of e2f-target 
genes in senescent cells (Figure 5d). similar to meFs, we observed an enhanced 
occupancy of Jarid1b at e2f-target gene promoters in senescent mn-tsLT cells 
associated with depletion of h3K4me3 levels (supplementary Figure s3a and 
s3B). Taken together, these results demonstrate that there is increased binding of 
Jarid1b to e2f-target genes during senescence, which is correlated with a strong 
reduction of h3K4me3 of these e2f-target genes.

disCUssion

Chromatin is extensively modified during senescence to allow selective repression 
of e2F-target genes that control cellular proliferation. e2F-target gene promoters 
become targets for heterochromatin formation that are enriched for h3K9 
methylation but depleted in h3K4 methylation [3,13]. h3K4me3 is exclusively 
associated with the 5’ regions of practically all active genes whereas h3K9me3 
is invariably enriched in transcriptionally silent regions [43,44]. several studies 
suggest that the formation of an epigenetic landscape that induces silencing 
of e2F-target genes during senescence is orchestrated by rB. in contrast to 
proteins responsible for h3K9 methylation of e2F-target genes, it is unknown 
which enzymes selectively demethylate h3K4me3 of e2F-target genes. our data 
suggest that Jarid1b functions in a repressive complex with rb to remove the 
h3K4 activation mark from e2f-target genes, a process that could contribute to 
their stable silencing during senescence in murine cells. 

recently, Lowe and colleagues, identified a non-redundant role for rB, but not 
p107 and p130, in promoting senescence by specifically repressing e2F-target 
genes involved in dna replication [17], providing a rationale for why rB, but 
not its family members p107 and p130, is disabled in many, if not all, tumor cells 
[45]. although near complete loss of rB may delay senescence induction [17], 
inactivation of rb is not sufficient to bypass senescence in almost all models of 
senescence [46,4]. we find here that suppression of Jarid1b can substitute for 
Rb1 loss in override of senescence in mouse fibroblasts that can be bypassed by 
knockdown of Rb1 alone, indicating a role for Jarid1b in the rb pathway. 

Jarid1B has been implicated as an oncogene in breast and prostate cancer 
but as a tumor suppressor in melanoma, which may be attributed to tissue-specific 
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regulation of genes that control carcinogenesis by Jarid1B. For example, 
Jarid1B was reported to transcriptionally regulate BRCA1 in breast cancer, via 
direct interaction with promoter sites [41,42,47]. JARID1B is highly expressed in 
benign human melanocytic nevi, which invariably harbor oncogenic mutations 
but are protected from progressing into malignant tumors by oncogene-induced 
senescence [48,49]. importantly, it was found that the rB tumor suppressor 
network and not the p14arF-p53-p21cip1 axis has a key role in the induction of 
senescence in naevi [49]. This study provided a rationale for the frequent genetic 
alterations in the p16inK4a-rB pathway in melanoma and the genetic predisposition 
of patients with germline mutations of the p16inK4a-rB tumor suppressor network 
to melanoma [50]. it was reported that rB recruits hdaC1, hp1g and sUV39h1 to 
induce senescence in naevi [40]. we speculate that Jarid1B assists rB in senescent 
naevi to aid in the execution of senescence. indeed, JARID1B is downregulated in 
malignant melanoma that progressed from a senescent naevus, while restoration 
of JARID1B expression in malignant melanoma inhibits proliferation [51]. it was 
recently found that in contrast to the bulk of melanoma tumor cells expressing 
very low levels of JARID1B, a small slow-growing subpopulation expresses high 
levels of JARID1B. The JARID1B expressing subpopulation was found to act as 
tumor-initiating cells, giving rise to highly proliferative progeny with low JARID1B 
expression [48]. we speculate that the high proliferation rate of melanoma cells 
with low JARID1B expression may be caused by depression of e2F-target genes 
and the consequential activation of the cell cycle.

in conclusion, we identified a novel component of the rb-repressor complex 
that associates with e2f-target genes during senescence correlating with a strong 
decrease of h3K4me3 at the same promoters. Jarid1b binds to rb in senescent 
cells and Jarid1b-knockdown can substitute for Rb1-knockdown in senescence 
models that are solely dependent on functional rb. we speculate that one of 
the functions of Jarid1b is to repress e2f-target genes, providing a possible 
explanation for the differential expression of JARID1B in distinct tumors although 
additional research is needed to dissect the functional role of the plasticity in 
JARID1B expression in different tumor types.

maTeriaLs and meThods

shRNA Library Design 
design of oligonucleotides was done as previously described [52]. multiple 
independent oligonucleotides (4 oligos/transcript) were designed to target the 
Jumonji C (JmjC)-domain-containing proteins, the lysine specific demethylase 1 
(Lsd1)-like family members, methyl Cpg binding proteins and dna methylases 
(see supplemental table 1 for sequences). The oligonucleotides were pooled in 
50 sets of 4 vectors, where each set of vectors was designed to target a single 
transcript, and cloned into the prisC retroviral vector as previously described 
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[52,53]. more information and protocols on the oligo design and vector can be 
found at: http://www.screeninc.nl. (see supplementary Table 1 for sequences).

Cell Lines and Cell Culture 
all cell lines were cultured in dulbecco’s modified eagle’s medium supplemented 
with 10% fetal calf serum and antibiotics. mn-tsLT mouse striatum cells express 
a mutant version of the huntingtin protein with an expanded polyglutamine 
repeat from a knock-in mn-tsLT allele and a stably introduced temperature 
sensitive mutant (tsa58) of sV40T antigen [19]. primary meFs deficient for the 
pocket proteins encoding genes Rbl1 and Rbl2 (dKo meFs) were obtained from 
dannenberg [38]. 

Viral Transduction
retroviral supernatants for each shrna-pool were produced by transfection of 
phoenix packaging cells using the calcium-phosphate precipitation method. 
Forty-eight hours post-transfection, supernatants were harvested, filtered through 
a 0.45-μm filter and used for infection of target cells. 

shRNA library Screen, Colony Formation and Proliferation Assays 
mn-tsLT cells grown at the permissive temperature (32°C) were seeded at a 
density of 2x105 cells per well of a 6-well dish and used for viral infection the next 
day. after infection cells were selected with puromycin (1 mg/ml) for 2 days. The 
puromycin selected mn-tsLT cells were seeded at a density of 1x104 cells per well 
of a 6-well dish and 6hrs after plating shifted to the non-permissive temperature 
39°C. after 2 weeks, cells were fixed with 4% formaldehyde, stained with 0.1% 
crystal violet and photographed. Crystal violet was extracted using 10% acetic 
acid and quantified at od 590 nm. 

primary meFs of FVB genetic background were transduced with retroviral 
shrna constructs at passage 3, selected for two passages and subsequently 
seeded at a density of 1x104 per 10 cm Ø dish for a colony formation assay. Cells 
were fixed and stained after 3 weeks. growth curves were performed according 
to the 3T4 protocol and counted every 4 days. dKo meFs (passage 2) were 
transduced with retroviral shrna constructs at passage 3 and selected for two 
more passages with puromycin (1 mg/ml). passage 5 dKo meFs were seeded 
1x104 cells per well of a 6-well plate for a colony formation assay. Cells were fixed 
and stained after 2 weeks. 

Chromatin Immunoprecipitation 
Chip assays were performed using a commercially available Chip assay kit (simple 
Chip Cell signaling Technology, #9002) following the manufacturer’s instructions. 
in short, meFs and mn-tsLT cells were cultured in 15 cm Ø dishes and fixed 
with 1% formaldehyde (sigma-aldrich) for 10 min, followed by 2 washes with 
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ice-cold pBs containing 1 mm pmsF. For each sample 4x107 isolated nuclei were 
resuspended in 1 ml buffer B and treated with 6 ml micrococcal nuclease (2000 
gel units/ml) for 20 min at 37°C, followed by sonication with a Branson sonifier 
250 for 3 times 10 s with 30 s-off interval times at output setting 2 for meFs, and 
5 times 15 s with 30 s-off interval times at output setting 2 for mn-tsLT cells. 
dna was recovered from immune complexes on protein a-agarose beads with 
the following antibodies: Jarid1b (#3273, Cell signaling Technology), h3K4me3 
(ab1012, abcam), h3 (#4620, Cell signaling Technology) and normal rabbit igg 
(#2729, Cell signaling Technology). real-time qpCr was performed using Faststart 
Universal syBr green master (roche) in a 7500 Fast real-Time pCr system 
(applied Biosystems). Chip primers used are derived from Blais [54], rowland 
[55] and Barradas [12] and listed in supplementary Table 1. data are presented as 
percentage of bound minus igg controls divided by input and normalized to the 
proliferating condition (p5 for meFs and 32°C for mn-tsLT cells) of 3 independent 
Chips on a single chromatin fraction. For mn-tsLT cells, the experiments were 
performed in 3 biological triplicates and for the meFs in biological duplicates. 

Protein Extraction, Co-Immunoprecipitation and Western Blotting
Cells were lysed on ice with  ripa (150 mm naCl, 50 mm Tris ph 8.0, 1% np40, 
0.5% sodium deoxycholate (doC), 0.1% sodium dodecyl sulfate (sds)). Total 
protein (20-40mg) was used for western analysis with antibodies for p21 (F-5, 
santa Cruz Biotechnology) and CdK4 (C-220, santa Cruz Biotechnology). Co-
immunoprecipitation was performed using total cell lysate of 8x106 senescent 
mn-tsLT cells after culture for 4 days at 39°C. Binding of Jarid1b to rb, was analyzed 
by immunoprecipitation with 8 μl Jarid1b (#3273, Cell signaling Technology) in 
eLB (250 mm naCl, 50 mm hepes ph 7.3, 0.1% np40 and Complete protease 
inhibitor cocktail from roche) and subsequent western analysis with an antibody 
against rb (#554136, Bd pharmingen). 

Quantitative RT-qPCR
rna was extracted using TriZoL (invitrogen) according to the manufacture’s 
protocol. cdna synthesis and subsequent quantitative rT-pCr assays were 
performed to measure mrna levels of genes using the 7500 Fast real-Time pCr 
system as previously described [53]. relative mrna levels of each gene shown 
were normalized to the expression of Rpl4, Gapdh, Actin or Rpl13 as indicated. 
The sequences for the primers for assays using syBr green master mix are listed 
in supplementary Table 1. 

β-Galactosidase Staining
Cells were washed with pBs and fixed with 0.5% gluteraldehyde (in pBs) for 15’ 
at rT. Fixed cells were washed with pBs supplemented with 1 mm mgCL2. Cells 
were subsequently incubated 4-6 hrs (for mn-tsLT cells) or 10-12 hrs (for meFs) at 
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37°C in staining solution (pBs ph 6.0, 5 mm K4Fe(Cn)6 *3h2o, 5 mm K3Fe(Cn)6 
, 1 mm mgCl2, 1 mg/ml X-gal). all cells were processed simultaneously to allow 
comparison. a total of 1000 cells were counted per plate and scored for sa-β 
-gal positive cells. For all sa-β -gal stainings, the representative of at least two 
independent experiments is shown.

Unsupervised Hierarchical Clustering
mn-tsLTcells were transduced with the indicated shrnas, puromycin selected 
and shifted to the non-permissive temperature as indicated. rna samples were 
made in TriZoL (invitrogen) according to the manufacturer’s instructions, rna 
was cleaned with the rneasy mini kit (#74106, Qiagen) and dnase treated with 
the rnase-free dnase set (#79254, Qiagen) according to the manufacturer’s 
protocols. rna was amplified using the illumina Totalprep rna amplification Kit 
(part number amiL 1791) and subsequently hybridized to an illumina humanwg-
6 V3 beadchip (Bd-101-0603). Unsupervised hierarchical clustering analysis was 
performed after background subtraction and normalization with Beadstudio 
analysis software from illumina. 

aCKnowLedgemenTs

we thank menno Creyghton for design of the demethylase rnai library, prasanth 
Kumar, sidong huang and Undine hill for technical assistance, Tinke Vormer 
for dKo meFs and ron Kerkhoven and marja nieuwland for supporting gene-
expression studies. 

reFerenCes
1. Campisi J, d’adda di Fagagna F (2007) 

Cellular senescence: when bad things 
happen to good cells. nat rev mol Cell 
Biol 8: 729-740.

2. prieur a, peeper ds (2008) Cellular senes-
cence in vivo: a barrier to tumorigenesis. 
Curr opin Cell Biol 20: 150-155.

3. adams pd (2007) remodeling of chro-
matin structure in senescent cells and its 
potential impact on tumor suppression 
and aging. gene 397: 84-93.

4. Courtois-Cox s, Jones sL, Cichowski K 
(2008) many roads lead to oncogene-
induced senescence. oncogene 27: 
2801-2809.

5. macaluso m, montanari m, giordano 
a (2006) rb family proteins as modula-
tors of gene expression and new aspects 
regarding the interaction with chromatin 
remodeling enzymes. oncogene 25: 
5263-5267.

6. Bracken ap, Kleine-Kohlbrecher d, dietrich 
n, pasini d, gargiulo g, et al. (2007) The 
polycomb group proteins bind throughout 
the inK4a-arF locus and are disassoci-
ated in senescent cells. genes dev 21: 
525-530.

7. dietrich n, Bracken ap, Trinh e, schjerling 
CK, Koseki h, et al. (2007) Bypass of senes-
cence by the polycomb group protein 
CBX8 through direct binding to the 
inK4a-arF locus. emBo J 26: 1637-1648.

8. pasini d, hansen Kh, Christensen J, agger 
K, Cloos pa, et al. (2008) Coordinated 
regulation of transcriptional repression 
by the rBp2 h3K4 demethylase and 
polycomb-repressive Complex 2. genes 
dev 22: 1345-1355.

9. Tzatsos a, pfau r, Kampranis sC, Tsichlis 
pn (2009) ndy1/Kdm2B immortalizes 
mouse embryonic fibroblasts by repressing 

117



4

chapter 4

the ink4a/arf locus. proc natl acad sci U s 
a 106: 2641-2646.

10. pfau r, Tzatsos a, Kampranis sC, 
serebrennikova oB, Bear se, et al. (2008) 
members of a family of JmjC domain-
containing oncoproteins immortalize 
embryonic fibroblasts via a JmjC domain-
dependent process. proc natl acad sci U s 
a 105: 1907-1912.

11. agger K, Cloos pa, rudkjaer L, williams K, 
andersen g, et al. (2009) The h3K27me3 
demethylase JmJd3 contributes to the 
activation of the inK4a-arF locus in 
response to oncogene- and stress-induced 
senescence. genes dev 23: 1171-1176.

12. Barradas m, anderton e, acosta JC, Li s, 
Banito a, et al. (2009) histone demethy-
lase JmJd3 contributes to epigenetic 
control of inK4a/arF by oncogenic ras. 
genes dev 23: 1177-1182.

13. narita m, nunez s, heard e, Lin aw, hearn 
sa, et al. (2003) rb-mediated hetero-
chromatin formation and silencing of e2F 
target genes during cellular senescence. 
Cell 113: 703-716.

14. Ferreira r, naguibneva i, pritchard LL, 
ait-si-ali s, harel-Bellan a (2001) The 
rb/chromatin connection and epige-
netic control: opinion. oncogene 20: 
3128-3133.

15. Kuilman T, michaloglou C, mooi wJ, 
peeper ds (2010) The essence of senes-
cence. genes dev 24: 2463-2479.

16. Braig m, Lee s, Loddenkemper C, rudolph C, 
peters ah, et al. (2005) oncogene-induced 
senescence as an initial barrier in lymphoma 
development. nature 436: 660-665.

17. Chicas a, wang X, Zhang C, mcCurrach 
m, Zhao Z, et al. (2010) dissecting the 
unique role of the retinoblastoma tumor 
suppressor during cellular senescence. 
Cancer Cell 17: 376-387.

18. Talluri s, isaac Ce, ahmad m, henley sa, 
Francis sm, et al. (2010) a g1 checkpoint 
mediated by the retinoblastoma protein 
that is dispensable in terminal differentia-
tion but essential for senescence. mol Cell 
Biol 30: 948-960.

19. Trettel F, rigamonti d, hilditch-maguire 
p, wheeler VC, sharp ah, et al. (2000) 
dominant phenotypes produced by the 
hd mutation in sThdh(Q111) striatal cells. 
hum mol genet 9: 2799-2809.

20. Brummelkamp Tr, Kortlever rm, Lingbeek 
m, Trettel F, macdonald me, et al. (2002) 
TBX-3, the gene mutated in Ulnar-
mammary syndrome, is a negative regu-
lator of p19arF and inhibits senescence. J 
Biol Chem 277: 6567-6572.

21. dirac am, Bernards r (2003) reversal of 
senescence in mouse fibroblasts through 
lentiviral suppression of p53. J Biol Chem 
278: 11731-11734.

22. epping mT, meijer La, Krijgsman o, 
Bos JL, pandolfi pp, et al. (2011) TspyL5 
suppresses p53 levels and function by 
physical interaction with Usp7. nat Cell 
Biol 13: 102-108.

23. shi y, whetstine Jr (2007) dynamic regu-
lation of histone lysine methylation by 
demethylases. mol Cell 25: 1-14.

24. Kouzarides T (2007) Chromatin modifica-
tions and their function. Cell 128: 693-705.

25. Vogt T, Kroiss m, mcClelland m, gruss 
C, Becker B, et al. (1999) deficiency of a 
novel retinoblastoma binding protein 
2-homolog is a consistent feature of 
sporadic human melanoma skin cancer. 
Lab invest 79: 1615-1627.

26. Lu pJ, sundquist K, Baeckstrom d, 
poulsom r, hanby a, et al. (1999) a novel 
gene (pLU-1) containing highly conserved 
putative dna/chromatin binding motifs is 
specifically up-regulated in breast cancer. 
J Biol Chem 274: 15633-15645.

27. Christensen J, agger K, Cloos pa, pasini 
d, rose s, et al. (2007) rBp2 belongs to a 
family of demethylases, specific for tri-and 
dimethylated lysine 4 on histone 3. Cell 
128: 1063-1076.

28. iwase s, Lan F, Bayliss p, de la Torre-Ubieta 
L, huarte m, et al. (2007) The X-linked 
mental retardation gene smCX/Jarid1C 
defines a family of histone h3 lysine 4 
demethylases. Cell 128: 1077-1088.

29. Klose rJ, yan Q, Tothova Z, yamane K, 
erdjument-Bromage h, et al. (2007) The 
retinoblastoma binding protein rBp2 is an 
h3K4 demethylase. Cell 128: 889-900.

30. seward dJ, Cubberley g, Kim s, 
schonewald m, Zhang L, et al. (2007) 
demethylation of trimethylated histone h3 
Lys4 in vivo by Jarid1 JmjC proteins. nat 
struct mol Biol 14: 240-242.

31. Xiang y, Zhu Z, han g, ye X, Xu B, et al. 
(2007) Jarid1B is a histone h3 lysine 4 
demethylase up-regulated in prostate 
cancer. proc natl acad sci U s a 104: 
19226-19231.

32. Cloos pa, Christensen J, agger K, helin 
K (2008) erasing the methyl mark: histone 
demethylases at the center of cellular 
differentiation and disease. genes dev 22: 
1115-1140.

33. echeverri CJ, Beachy pa, Baum B, Boutros 
m, Buchholz F, et al. (2006) minimizing the 
risk of reporting false positives in large-scale 
rnai screens. nat methods 3: 777-779.

118



4

Jarid1b functions in the rb pathway and is involved in senescence 

34. Zeng J, ge Z, wang L, Li Q, wang n, et 
al. (2010) The histone demethylase rBp2 
is overexpressed in gastric cancer and its 
inhibition triggers senescence of cancer 
cells. gastroenterology 138: 981-992.

35. roesch a, Becker B, meyer s, wild p, 
hafner C, et al. (2005) retinoblastoma-
binding protein 2-homolog 1: a retino-
blastoma-binding protein downregulated 
in malignant melanomas. mod pathol 18: 
1249-1257.

36. dannenberg Jh, van rossum a, schuijff L, 
te riele h (2000) ablation of the retinoblas-
toma gene family deregulates g(1) control 
causing immortalization and increased cell 
turnover under growth-restricting condi-
tions. genes dev 14: 3051-3064.

37. sage J, mulligan gJ, attardi Ld, miller a, 
Chen s, et al. (2000) Targeted disruption 
of the three rb-related genes leads to loss 
of g(1) control and immortalization. genes 
dev 14: 3037-3050.

38. dannenberg Jh, schuijff L, dekker m, 
van der Valk m, te riele h (2004) Tissue-
specific tumor suppressor activity of 
retinoblastoma gene homologs p107 and 
p130. genes dev 18: 2952-2962.

39. narita m, Krizhanovsky V, nunez s, Chicas 
a, hearn sa, et al. (2006) a novel role for 
high-mobility group a proteins in cellular 
senescence and heterochromatin forma-
tion. Cell 126: 503-514.

40. Bandyopadhyay d, Curry JL, Lin Q, 
richards hw, Chen d, et al. (2007) dynamic 
assembly of chromatin complexes during 
cellular senescence: implications for the 
growth arrest of human melanocytic nevi. 
aging Cell 6: 577-591.

41. scibetta ag, santangelo s, Coleman J, hall 
d, Chaplin T, et al. (2007) Functional anal-
ysis of the transcription repressor pLU-1/
Jarid1B. mol Cell Biol 27: 7220-7235.

42. yamane K, Tateishi K, Klose rJ, Fang J, 
Fabrizio La, et al. (2007) pLU-1 is an h3K4 
demethylase involved in transcriptional 
repression and breast cancer cell prolifera-
tion. mol Cell 25: 801-812.

43. ruthenburg aJ, allis Cd, wysocka J (2007) 
methylation of lysine 4 on histone h3: 
intricacy of writing and reading a single 
epigenetic mark. mol Cell 25: 15-30.

44. mikkelsen Ts, Ku m, Jaffe dB, issac B, 
Lieberman e, et al. (2007) genome-wide 
maps of chromatin state in pluripotent 
and lineage-committed cells. nature 448: 
553-560.

45. Burkhart dL, sage J (2008) Cellular 
mechanisms of tumour suppression by the 

retinoblastoma gene. nat rev Cancer 8: 
671-682.

46. serrano m, Lin aw, mcCurrach me, Beach 
d, Lowe sw (1997) oncogenic ras provokes 
premature cell senescence associated with 
accumulation of p53 and p16inK4a. Cell 
88: 593-602.

47. Tan K, shaw aL, madsen B, Jensen K, 
Taylor-papadimitriou J, et al. (2003) 
human pLU-1 has transcriptional repres-
sion properties and interacts with the 
developmental transcription factors 
BF-1 and paX9. J Biol Chem 278: 
20507-20513.

48. roesch a, Fukunaga-Kalabis m, schmidt 
eC, Zabierowski se, Brafford pa, et al. 
(2010) a temporarily distinct subpopula-
tion of slow-cycling melanoma cells is 
required for continuous tumor growth. Cell 
141: 583-594.

49. michaloglou C, Vredeveld LC, soengas 
ms, denoyelle C, Kuilman T, et al. (2005) 
BraFe600-associated senescence-like 
cell cycle arrest of human naevi. nature 
436: 720-724.

50. halaban r (2005) rb/e2F: a two-edged 
sword in the melanocytic system. Cancer 
metastasis rev 24: 339-356.

51. roesch a, Becker B, schneider-Brachert 
w, hagen i, Landthaler m, et al. (2006) 
re-expression of the retinoblastoma-
binding protein 2-homolog 1 reveals 
tumor-suppressive functions in highly 
metastatic melanoma cells. J invest 
dermatol 126: 1850-1859.

52. Berns K, hijmans em, mullenders J, 
Brummelkamp Tr, Velds a, et al. (2004) 
a large-scale rnai screen in human cells 
identifies new components of the p53 
pathway. nature 428: 431-437.

53. huang s, Laoukili J, epping mT, Koster J, 
holzel m, et al. (2009) ZnF423 is critically 
required for retinoic acid-induced differen-
tiation and is a marker of neuroblastoma 
outcome. Cancer Cell 15: 328-340.

54. Blais a, van oevelen CJ, margueron r, 
acosta-alvear d, dynlacht Bd (2007) 
retinoblastoma tumor suppressor protein-
dependent methylation of histone h3 
lysine 27 is associated with irreversible cell 
cycle exit. J Cell Biol 179: 1399-1412.

55. rowland Bd, denissov sg, douma s, 
stunnenberg hg, Bernards r, et al. (2002) 
e2F transcriptional repressor complexes 
are critical downstream targets of 
p19(arF)/p53-induced proliferative arrest. 
Cancer Cell 2: 55-65.

119



4

chapter 4

Supplemental table 1. prsi_shrna library directed against genes involved in epigenetic 
regulation

Name No: Mol.Weight (kDa) ORF(bps)

JmjC-domain-containing histone lysine demethylases

1 Jhdm1a nm_012308 133 3500
2 Jhdm1B nm_032590 152 4000
3 JmJd5 nm_024773 47 1200
4 Fih nm_017902 40 1000
5 hr nm_005144 130 3600
6 hspBap1 nm_024610 22 600
7 Jarid1a nm_005056 196 5166
8 Jarid1B nm_006618 190 5100
9 Jarid1C nm_004187 176 4700

10 Jarid1d nm_004653 174 4600

11 Jarid2 nm_004973 139 3750
12 Jhdm2a nm_018433 147 4000
13 Jhdm2B nm_016604 191 5300
14 Jhdm2C nm_004241 285 7600
15 Jhdm3a nm_014663 121 3100
16 Jhdm3B nm_015015 122 3300
17 Jhdm3C nm_015061 120 3200
18 Jhdm3d nm_018039 58 1600
19 JmJd3 nm_001080424 183 5000
20 JmJd4 nm_023007 52 1400
21 phF2 nm_005392 36 1000
22 phF8 nm_015107 118 3200
23 pTdsr nm_015167 46 1200
24 UTX nm_021140 154 4200
25 UTy nm_007125 150 4000
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Supplemental table 1. Continued.

Name No: Mol.Weight (kDa) ORF(bps)

non-JmJC domain containing histone lysine demethylases (LSD1 family)

26 Lsd1 nm_001009999/nm_015013 (short 
isoform)

92 2500

27 aoF1 nm_153042 22 600
28 ppoX nm_000309 51 1400
29 maoa nm_000240 60 1600
30 maoB nm_000898 59 1600
31 smoX nm_175839 62 1700
32 paoX nm_152911 70 1900
33 iL4i1 nm_152899 63 1700
34 Lao1 

(mouse)
nm_133892 58 1600

Methyl CpG binding proteins

35 kaiso nm_006777 74 2000
36 mBd1 nm_015846 67 1800
37 mBd2 nm_003927 43 1200
38 mBd3 nm_003926 33 900
39 mBd4 nm_003925 66 1700
40 mBd5 nm_018328 160 4400
41 mBd6 nm_052897 101 3000
42 meCp2 nm_004992 53 1500
43 BaZ2a nm_013449 208 5600
44 BaZ2B nm_013450 220 5900
45 seTdB1 nm_012432 82 2200
46 seTdB2 nm_031915 82 2200
47 dnmT1 nm_001379 183 4800
48 dnmT3a nm_175629 102 2700
49 dnmT3B3 nm_006892 96 2600
50 CgBp nm_014593 76 2000
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Supplementary Figure S1 (a) protein expression of rb in senescent mn-tsLT cells transduced 
with a control vector (prs-GFP) or an Rb1-knockdown vector (prs-Rb). l.c.: loading control. 
(B) Brightfield images of mn-tsLT cells transduced with the indicated knockdown vectors and 
cultured at 39°C. prs-GFP was used as a negative control. prs-p53, and prs-Rb were used 
as positive controls. The shrna pool targetting Jarid1b and the two most potent Jarid1b 
knockdown vectors (#1 and #3) were tested. Cells transduced with negative control vectors show 
a typical round and flat morphology, characteristic of senescent cells. (C, d and e) rT-qpCr 
analysis shows relative mrna expression of Ccna1 (cyclin a) (C), PcnA (d) and Cdkn1a (e) as 
described in figure 2B.

a

C

e

d
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Supporting Information figure 2

DKO MEFs

DKO MEFs

Supplementary Figure S2 Jarid1b-knockdown can replace Rb1-knockdown to prevent cellular 
senescence in Rb1wt, Rbl1-/-, Rbl2-/- (dKo) meFs. (a) Colony formation assay of primary meFs 
transduced with the indicated knockdown vectors. Late passage infected meFs were seeded at 
low density in a 10 cm dish allowed for colony formation for 2 weeks and colonies were visualized 
by crystal violet. (B) β–galactosidase staining of dKo meFs from Figure 4a. (C) Brightfield images 
of dKo meFs transduced with the indicated constructs. as a negative control prs-GFP was used. 
The negative control shows a round and flat morphology, which is typical of senescent cells.

a

B
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Supplementary Figure S3 Jarid1b associates with the promoters of e2f-target genes during 
senescence. (a) Jarid1b Chip in mn-tsLT cells when cycling (32°C) or in senescence (39°C). The 
degree of enrichment at indicated promoters of e2f-target genes and control genes was measured 
by qpCr, non-specific binding of rabbit igg controls was subtracted and results are presented 
as percentage of bound / input normalized to 32°C samples. (b) h3K4me3 Chip in mn-tsLT cells 
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igg controls was subtracted and quantification of h3K4me3 samples was normalized to h3-
immunoprecipitations performed in the same experiment on the same samples.  
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aBsTraCT

only a minority of breast cancer patients responds to chemotherapy and we lack 
predictive biomarkers that help to select a patient-tailored therapy that takes into 
consideration the molecular heterogeneity of the cancer type. responsiveness to 
the clinically important nucleoside analogs gemcitabine and decitabine may be 
critically determined by DCK expression as this enzyme is required to convert the 
inactive prodrugs into their pharmacologically active forms. here, we examined 
whether DCK is differentially expressed in breast cancer and evaluated whether 
DCK expression levels control responsiveness to these nucleoside analogs in vitro 
by experimentally modulating DCK expression levels. 

we examined DCK expression in gene expression datasets of breast tumors 
including the series of 295 consecutive patients that have been classified into 
low or high risk for recurrence using the mammaprint 70 gene profile. we found 
that DCK is expressed at higher levels in patients having poor clinical outcome as 
judged by the mammaprint assay. as such, patients that have a poor prognosis 
may thus be susceptible to treatment with nucleoside analogs. in support of 
this, we found a causal relationship between DCK levels and sensitivity to these 
nucleoside analogs in breast cancer cell lines. our data indicate that breast 
cancers that are at high risk of recurrence express higher levels of dCK, which we 
find to be strongly correlated to a favorable response to nucleoside analogs. our 
data suggest that DCK expression in breast cancer could be exploited to select 
patients that are likely to respond to treatment with nucleoside analogs. 

Keywords: dCK, gemcitabine, nucleoside analogs, breast cancer, biomarker
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inTrodUCTion

one in 8 women will develop breast cancer over a lifetime. although mortality 
rates have been declining due to improved diagnostics and treatment, 500.000 
women died of breast cancer worldwide in 2004 (1% of all deaths) [1]. a major 
impediment to the effective treatment of breast cancer is the difficulty to predict 
which patients will respond to a given therapy. most patients are subjected 
to a combination of surgery, irradiation and adjuvant systemic therapy with 
chemotherapeutic and/or targeted agents. The choice of therapy is not based 
on any real consensus, which is underscored by the fact that treatment regimens 
can differ dramatically for women with tumors that score identical for clinical 
parameters such as tumor size, grade and lymph node (micro) metastases. 
moreover, treatment is often surprisingly ineffective, for example radiotherapy 
and adjuvant polychemotherapy each individually increases 10 years survival by 
only 5% [2,3]. This clearly illustrates the need for patient-tailored cancer therapy. 
moreover, we need to identify the right therapy at an early stage before more 
malignant clones that have acquired traits that allow metastasis arise within the 
tumor mass [4,5]. as metastatic breast cancer is practically incurable, it is therefore 
of utmost importance to choose the most effective therapy at an early stage. 
selection of the right therapeutic strategy requires the availability of predictive 
biomarkers that help foretell responses to specific therapies [6]. 

The difficulty in predicting responsiveness to therapy is most readily explained 
by tumor heterogeneity and a poor ability to identify distinct molecular subtypes 
by appropriate diagnostics [6,7]. The sequential acquisition of epigenetic and 
genetic alterations results in deregulation of specific signaling pathways in the 
tumor that can critically alter drug responsiveness. as such, patients with (epi-)
genetically distinct tumors may have similar tumors on macromolecular level but 
often respond differently to identical treatment regimens. For example, her2 
positive breast cancer patients that are treated with the her2/neU targeting 
antibody trastuzumab (~15%) are unlikely to respond to trastuzumab-based 
treatment when they have additional downstream mutations that activate the 
pi3K/aKT pathway [8]. These and other findings suggest that characterization of 
signaling pathways deregulated in the tumor may help in selecting the optimal 
therapeutic regimen. indeed, breast tumors with BRCA1 or BRCA2 mutations 
(~10%) appear to be exquisitely sensitive to treatment with parp-inhibitors 
[9]. however, for most of the conventional chemotherapeutic anticancer drugs 
used in the clinic the critical determinants of drug responsiveness are unknown 
[10,6]. Thus, besides developing agents that target signaling pathways frequently 
deregulated in breast cancer, there should be an equal investment in finding 
biomarkers that predict chemotherapy responsiveness as this type of intervention 
is still the mainstay of cancer treatment in the clinic today.

in the past decade, several multi-gene diagnostic tests have been developed 
to help identify those early stage breast cancer patients that are at high risk for 
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metastatic disease and hence require adjuvant chemotherapy. we previously 
published a 70-gene signature that classifies breast tumors as low or high risk 
for recurrence [11,12]. deoxycytidine kinase (DCK) is among the 70 genes in this 
mammaprint prognostic signature. dCK is the rate-limiting enzyme for activation 
of deoxyribonucleoside prodrugs, which interfere with dna synthesis and repair. 
several nucleoside analogs such as ‘5-aza’-3-deoxycytidine (5-azadC; decitabine), 
2'-deoxy 2',2'difluorocytidine (dFdC; gemcitabine) and arabinofuranosyl cytidine 
(araC; cytarabine) are important anticancer drugs and are substrates for dCK. 
The pharmacological activity of these nucleoside analogs is dependent on 
phosphorylation by dCK. as such, several studies have suggested that dCK activity 
is a critical determinant of responsiveness to nucleoside analogs [13-17]. we report 
here that poor outcome breast cancers express DCK at higher levels than good 
outcome breast tumors. we therefore hypothesized that these patients might be 
more sensitive to treatment with these nucleoside analogs than patients having 
a good prognosis breast cancer. we report here that experimental modulation of 
DCK levels in various breast cancer cell lines critically alters sensitivity to 5-azadC, 
dFdC and araC. These results thus suggest a novel treatment option for patients 
with a mammaprint 70 gene high risk profile.

resULTs

Deoxycytidine kinase is overexpressed in breast cancer and is 
associated with poor outcome
DCK is one of the 70 genes used in the mammaprint prognostic classifier to identify 
primary breast cancer patients that are at high risk for recurrence [11]. we examined 
DCK expression in the series of 295 consecutive patients that have been classified 
into low or high risk for recurrence (mammaprint low risk vs mammaprint high risk) 
[12]. we found that DCK is expressed at significantly higher levels in tumors of 
patients that have a mammaprint high risk profile compared to those having a low 
risk profile, regardless of whether patients received adjuvant treatment (Fig. 1a; 
p = 8.5 x 10-7 and p= 4.3 x 10-4). we subsequently analyzed DCK expression in the 
oncomine database (www.oncomine.org), a cancer-profiling database containing 
data from over >10,000 microarrays [21].  analysis of breast-derived datasets 
showed that DCK is overexpressed in ductal breast carcinoma in comparison with 
normal breast tissue (Fig. 1B; p=3.09 x 10-6) [22]. To confirm these findings, we 
analyzed DCK mrna levels in a primary breast epithelial cell line (mCF10a) and 
various breast cancer carcinoma cell lines  (hCC1954, BT-474, mda-mB-231, sK-
Br-3, mCF7 and T47d) by QrT-pCr. Consistent with the oncomine data, cell 
lines derived from malignant breast cancer lesions all displayed a clear induction 
of DCK expression (Fig. 1C).
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Deoxycytidine kinase expression predicts sensitivity to nucleoside 
analogs in untransformed breast epithelial cells
as dCK is essential for the pharmacological activation of 5-azadC and dFdC, we 
hypothesized that DCK expression is a causal factor in determining responsiveness 
of breast cancer cell lines to 5-azadC and dFdC. To test this, we retrovirally 
transduced mCF10a cells that have relatively low levels of DCK expression (Fig. 
1C) with two different shrna knockdown vectors targeting DCK (prs-DCK.2 
and prs-DCK.4) or a DCK expression vector (pQXCip-DCK). we used a shrna 
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Fig. 1.  DCK is overexpressed in poor outcome breast cancer. (a) analysis of DCK mrna 
expression in mammaprint high risk patients (n=180) and mammaprint low risk patients (n=115) 
showing that DCK is overexpressed in mammaprint high risk patients. (B) analysis of DCK mrna 
expression in ductal breast carcinoma (n=40) compared to normal breast (n=7) documents 
upregulation of DCK in ductal breast carcinoma (C) analyis of relative DCK levels by QrT-pCr in 
a panel of breast epithelial and breast carcinoma cell lines showing that DCK is upregulated in 
breast cancer cell lines.



5

chapter 5132

vector targeting green fluorescent protein (prs-GFP) or a GFP expression vector 
(pQXCip-GFP) as negative controls throughout this study. First, we confirmed 
that the two independent DCK shrna vectors downregulated DCK mrna levels 
and that dCK was expressed at higher levels in cells transduced with pQXCip-
DCK (Fig. 2a). next, we determined sensitivity of DCK knockdown cells to dFdC. 
The two individual shrna vectors targeting DCK conferred potent resistance to 
dFdC in long-term colony formation assays (Fig. 2B). we could recapitulate these 
findings by performing 3T3 proliferation assays of mCF10a expressing prs-GFP, 
prs-DCK.2 or prs-DCK.4 in absence or presence of dFdC (Fig. 2B). moreover, 
DCK knockdown cells were much less sensitive to 5-azadC (Fig. 2B). importantly, 
the knockdown efficiency of the two vectors was directly correlated to their ability 
to induce resistance to dFdC and 5-azadC (Figs. 2a and 2B). Conversely, we found 
that over-expression of DCK sensitized mCF10a cells to both dFdC and 5-azadC 
in long-term colony formation and proliferation assays (Fig. 2C). Collectively, 
these data show that DCK expression crisply predicts responsiveness to multiple 
nucleoside analogs in mCF10a cells, consistent with a direct and causal role for 
this enzyme in activating these produgs. 

Deoxycytidine kinase expression predicts sensitivity to nucleoside 
analogs in malignant breast cancer cells
next, we assessed whether modulation of DCK levels in hCC1954 breast cancer 
cells that express higher levels of DCK can also alter sensitivity to 5-azadC and 
dFdC.  we thus generated both DCK knockdown and DCK over-expressing 
hCC1954 cells (Fig. 3a). we subsequently examined sensitivity of DCK knockdown 
and DCK over-expressing hCC1954 cells to both dFdC and 5-azadC. similar to 
mCF10a cells, the two individual shrna vectors targeting DCK induced potent 
resistance to dFdC and 5-azadC in both long term colony formation assays and 
proliferation assays (Fig. 3B).  Conversely, over-expression of DCK sensitized 
hCC1954 cells to both dFdC and 5-azadC (Fig. 3C). however, the hypersensitivity 
to nucleoside analogs by overexpression of DCK in hCC1954 cells was not as 
pronounced as in mCF10a cells, suggesting that dCK enzyme levels are less 

Fig. 2. DCK expression predicts sensitivity to nucleoside analogs in mCF10a cells. (a) mCF10a 
cells were transduced with shrnas targeting GFP or DCK (#2 and #4). The knockdown abilties of 
the shrnas were determined by examing relative DCK mrna by QrT-pCr (left panel). error bars 
denote standard deviation (sd). mCF10a cells were transduced with plasmids overexpressing GFP 
or DCK. overexpression was verified by analyzing dCK and gFp protein expression by western 
blotting (right panel), α-tubulin serves as a loading control. (B) The shrna transduced mCF10a 
cells were seeded for a colony formation assay in the absence of drug or indicated concentrations 
of dFdC. Cells were fixed, stained and scanned after 14 days (left panel). alternatively, mCF10a 
cells expressing shrnas targeting GFP or DCK were seeded for proliferation assays according to 
the 3T3 protocol in absence of drug, presence of dFdC (10 nm) or 5-azadC (500 nm) (right panel). 
error bars denote sd of triplicate independent experiments.  (C) mCF10a cells, transduced with 
plasmids overexpressing GFP or DCK, were seeded for a colony formation assay (left panel) or 
examined by proliferation curves (right panel) using the same conditions as in (B). error bars 
denote sd of triplicate independent experiments
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rate-limiting in hCC1954 cells for prodrug conversion as compared to mCF10a 
cells (see Fig. 1C). in summary, these findings demonstrate that modulation of 
DCK levels can critically affect responsiveness to nucleoside analogs in both 
primary breast epithelial cells and malignant breast carcinoma cells.

Deoxycytidine kinase expression predicts sensitivity to nucleoside 
analogs in both breast cancer cells and lung carcinoma cells.
we then investigated whether the relation between DCK expression and 
responsiveness to nucleoside analogs is also applicable to other breast cancer 
cell lines. we thus knocked down DCK in mCF7 breast carcinoma cells (Fig. 
4a). similar to mCF10a and hCC1954 cells, the two individual shrna vectors 
targeting DCK induced potent resistance to dFdC and 5-azadC but also araC in 
long term colony formation assays and proliferation assays (Fig. 4B). 

at present, the use of dFdC is only considered when patients with metastatic 
breast cancer relapse from treatment with anthracyclins. however in lung cancer, 
dFdC is commonly used in combination with carboplatin as a first line treatment. 
we therefore also examined whether DCK knockdown provides resistance to dFdC 
in lung carcinoma cells. we transduced a549 lung carcinoma cells with our shrna 
vectors targeting GFP and DCK and assessed sensitivity to dFdC, to 5-azadC 
and araC (Fig.4a and 4C). similar to breast epithelial and breast carcinoma cell 
lines, knockdown of DCK in a549 cells resulted in marked resistance to multiple 
nucleoside analogs (Fig.4C). in conclusion, these data clearly demonstrate that 
DCK levels critically determine sensitivity of multiple cancer cell lines to nucleoside 
analogs.   

Fig. 3. DCK expression predicts sensitivity to nucleoside analogs in hCC1954 cells. (a) hCC1954 
cells were transduced with shrnas targeting GFP or DCK (#2 and #4). The knockdown abilties of 
the shrnas were assessed by examing relative DCK mrna by QrT-pCr (left panel). error bars 
denote standard deviation (sd). hCC1954 cells were transduced with plasmids overexpressing 
GFP or DCK. overexpression was verified by analyzing dCK and gFp protein expression by 
western blotting (right panel), α-tubulin serves as a loading control.  (B) The shrna transduced 
hCC1954 cells were seeded for a colony formation assay in the absence of drug or indicated 
concentrations of dFdC or 5-azadC. Cells were fixed, stained and scanned after 14 days (left 
panel). alternatively, hCC1954 cells expressing shrnas targeting GFP or DCK were seeded for 
proliferation assays according to the 3T3 protocol in absence of drug or presence of dFdC (5 nm) 
or 5-azadC (250 nm) (right panel). error bars denote sd of triplicate independent experiments. 
(C) hCC1954 cells, transduced with plasmids overexpressing GFP or DCK, were seeded for a 
colony formation assay (left panel) or examined by proliferation curves (right panel) using the 
same conditions as in (B). error bars denote sd of triplicate independent experiments.
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Figure 4 
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disCUssion

The present study was inspired by the observation that DCK is one of the 70 
genes in the mammaprint breast cancer prognosis signature, which can foretell 
disease outcome in early stage breast cancer [12,23]. in this study, we found 
that DCK expression is significantly higher in breast tumors having a high-risk 
mammaprint prognosis profile, as compared to those having the low risk profile. 
as dCK is essential for pharmacological activation of nucleoside analogs that are 
frequently used in cancer therapy, we hypothesized that poor outcome patients 
may benefit from treatment with nucleoside analogs. in support of this, we 
demonstrate that DCK levels determine responsiveness to nucleoside analogs in 
multiple breast and lung cancer cell lines. Collectively, these findings suggest that 
the heterogeneity in DCK expression in breast cancer can be exploited to guide 
effective treatment with nucleoside analogs. 

dCK has previously been found to be important for mediating sensitivity to 
nucleoside analogs in leukemic, pancreatic, lung, colorectal and glioma cell lines. 
Loss of DCK expression by de novo mutations or gene knockdown has been 
reported to confer resistance to dFdC, araC or 5-azadC [24,17,25,13,26,15]. 
Conversely, DCK over-expression can induce hypersensitivity to these nucleoside 
analogs [16,27-29,14,17]. however, the relation of DCK with responsiveness 
to nucleoside analogs has not been explored in breast cancer. we provide 
mechanistic evidence for treatment of breast cancer patients with nucleoside 
analogs by demonstrating that the strong correlation between DCK levels and 
sensitivity to nucleoside analogs is also applicable to breast cancer cell lines.  our 
data thus suggests a novel adjuvant treatment option for poor outcome breast 
cancer patients for which treatment guidelines currently do not encourage the 
use of nucleoside analogs. 

patients with pancreatic cancer usually receive adjuvant dFdC therapy after 
surgical resection. remarkably, and in contrast with our findings in breast cancer, 
low levels of dCK protein expression were found to correlate significantly with 
poor clinical outcome in pancreatic cancer [30]. in breast cancer, mitotic index is a 

 Fig. 4. DCK expression predicts sensitivity to nucleoside analogs in mCF7 and a549 cells. (a) 
mCF7 and a549 cells were transduced with shrnas targeting GFP or DCK (#2 and #4). The 
knockdown abilties of the shrnas were assessed by examing relative DCK mrna by QrT-pCr. 
error bars denote standard deviation (sd). (B) The shrna transduced mCF7 cells were seeded for 
a colony formation assay in the absence of drug or indicated concentrations of dFdC, 5-azadC or 
araC. Cells were fixed, stained and scanned after 14 days (left panel). alternatively, mCF7 cells 
expressing shrnas targeting GFP or DCK were seeded for proliferation assays according to the 
3T3 protocol in absence of drug or presence of dFdC (10 nm) (right panel). error bars denote sd 
of triplicate independent experiments. (C) The shrna transduced a549 cells were seeded for a 
colony formation assay in the absence of drug or indicated concentrations of dFdC, 5-azadC or 
araC. Cells were fixed, stained and scanned after 14 days (left panel). alternatively, a549 cells 
expressing shrnas targeting GFP or DCK were seeded for proliferation assays according to the 
3T3 protocol in absence of drug or presence of dFdC (10 nm) (right panel). error bars denote sd 
of triplicate independent experiments
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significant prognostic factor in predicting disease outcome [31]. our finding that 
DCK, an enzyme in the nucleoside biosynthetic pathway, is expressed at higher 
levels in poor outcome breast cancer patients, is consistent with this notion. in 
contrast to the reported inverse correlation between DCK expression and overall 
survival in pancreatic cancer, but in support of our in vitro data in breast cancer, 
sebastiani et al. and another independent study showed that low levels of dCK 
protein expression correlate significantly with poor clinical outcome in patients 
with resected pancreatic cancer who received dFdC as adjuvant therapy [30,32]. 
moreover, a recent study reported that the quantitative analysis of DCK mrna 
using FFpe tissue samples can be used to predict the sensitivity to gemcitabine-
based adjuvant therapy in patients with pancreatic cancer. Collectively, these 
studies not only support the utility of DCK expression as a biomarker to predict 
responsiveness to nucleoside analogs but also suggest that both dCK protein 
levels and DCK mrna expression may serve as biomarkers to predict nucleoside 
analog sensitivity [33] .   we are currently setting up a retrospective study in which 
we correlate DCK expression of dFdC-treated breast cancer patients to clinical 
outcome to further study the utility of DCK expression for individualized cancer 
therapy. 

maTeriaLs and meThods

Compounds, culture conditions.
nucleoside analogs 5’-aza-2’deoxycytdine (5-azadC, sigma), 2'-deoxy 
2',2'difluorocytidine (dFdC, sigma) and arabinofuranosyl cytidine (araC, sigma) 
were dissolved in 50% acetic acid/dh2o and stored at -80oC. stock solutions 
(20mm/L) were diluted with the medium to the desired concentrations for specific 
experiments. mCF7 breast carcinoma cells, hCC1954, mda-mB-231, sK-Br-
3, BT-474, T47d breast carcinoma cells and a549 lung carcinoma cells were 
purchased from aTCC and maintained in dmem supplemented with 10% FBs 
(greiner), 1% glutamine (gibco) and 1% penicillin/streptomycin (gibco). mCF10a 
breast epithelial cells were purchased from aTCC and maintained in dmem/
F12 (1:1, gibco), supplemented with 10% FBs, 1% glutamine, 1% penicillin/
strepotomycin, 20ng/ml egF (Bd Biosciences), 0.2% amphotericin B (gibco), 50 
ug/ml hydrocortisone (sigma) and 10 ug/ml insulin (sigma).

shRNA design and plasmid construction
design of oligonucleotides was done as previously described [18]. multiple 
independent synthetic oligonucleotides were designed to target the deoxycytidine 
Kinase (dCK) transcript and purchased from invitrogen. The oligonucleotides 
were cloned into the prs retroviral vector as previously described [18].  more 
info and protocols on the oligo design and vector can be found at: http://
www.screeninc.nl. The rnai target sequences that were used for this study 
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are as follows: prs_dCK.2, 5’-gggaagaaaTgaagagCaa-3’; prs_dCK.4, 
5’-ggaTgTTaaTgaagaCTTT-3’.

a penTr221 vector expressing DCK was obtained from invitrogen (Ultimate 
orF clone collection). The DCK coding sequence was subcloned into a gateway 
compatible pQCXip vector (promega) using gateway cloning according to the 
manufacturer’s protocol (invitrogen). 

Viral transduction
For all studies with retroviral infection presented, the subclones of each relevant 
line expressing the murine ecotropic receptor were generated. retroviral 
transductions were performed in three rounds using phoenix cells as producers of 
viral supernatants as described (http://www.stanford.edu/group/nolan/retroviral_
systems/phx.html). infected cells were selected for successful retroviral integration 
using 2 μg/ml of puromycin. 

Cell Proliferation Assays
single-cell suspensions were seeded into 6-well plates (5-10× 103 cells/well) for 
colony formation assays. Cells were refreshed every 3 days with new medium in 
absence or presence of increasing concentrations of 5-azadC, dFdC or araC. at 
the endpoints of colony formation assays, cells were fixed with 4% formaldehyde 
(merck), stained with 0.1% crystal violet (sigma) and scanned. The growth curves 
were performed in triplicate according to the standard 3T3 protocol in the 
absence or presence of dFdC or 5-azadC. 

RNA isolation and cDNA synthesis
rna was isolated using Trizol (invitrogen) according to the manufacturer’s proto-
col. 2μg total rna was converted to cdna using superscript ii (invitrogen) accord-
ing to the manufacturer’s protocol. cdnas were diluted 1:6 in dh2o. primer sets 
were designed to include exon-exon boundaries and tested for specificity by per-
forming a meltcurve. QrT-pCr analysis was performed in a total volume of 20μl, 
using 8μl of the diluted cdna, 1μl of each primer [10 um stock] and 10μl Faststart 
Universal syBr green master (roX) (roche). QrT-pCr was performed on the 7500 
Fast real-Time pCr system (applied Biosystems) under the following conditions: 
95 C for 10 minutes, 40 cycles of 95 C for 3 seconds and 60 C for 30s. relative 
mrna levels of each gene shown were normalized to the expression of at least 
two house keeping genes: GAPDH, PGK, RPL4 or ACTIN. The sequences of the 
primers for assays using syBr green master mix (roche) are as follows: gapdh_
QpCr_Forward, 5’-aaggTgaaggTCggagTCaa-3’; gapdh_QpCr_reverse, 
5’-aaTgaaggggTCaTTgaTgg-3’; rpL4_QpCr_Forward,5’-gCTCTggCCag-
ggTgCTTTTg-3’; rpL4_QpCr_reverse,5’- aTggCgTaTCgTTTTTgggTTgT-3’; 
pgK_QpCr_Forward, 5’- aTTagCCgagCCagCCaaaaTag-3’; pgK_QpCr_
reverse, 5’- TCaTCaaaaaCCCaCCagCCTTCT-3’; aCTin_QpCr_Forward, 
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5’-gCTggCaCCCagCaCaa-3’; aCTin_QpCr_reverse, 5’-gCCgaTCCaCaCg-
gagTaCT-3’; dCK_QpCr_Forward, 5’- gaCCaTCgTTCaggTTTCTCa-3’; dCK_
QpCr_reverse, 5’- TCCTgaaCCTgTTgCCagaT-3’.

Protein Extraction and Western Blotting
Cell pellets were resuspended in ripa lysis buffer (150 nm naCl, 50 mm Tris ph 
8.0, 1 % np40, 0.5 % doC, 0.1 % sds) and rocked for 30’ at 4 C. Cell lysates 
were cleared by centrifugation at 14.000 rpm for 10’ at 4 C. Cell lysates were 
corrected for protein concentration by performing a BCa protein concentration 
determination assay (pierCe). Cell lysates were processed and loaded (40ug/
sample) on nupage Bis-Tris precast gels (invitrogen) according to the 
manufacturer’s protocol. gels were transferred to a pVdF membrane (milipore) 
for 2hrs at 4 C using 450ma. western blots were incubated with antibodies 
targetting dCK (santa Cruz: sc-81245, 1:1000 in 5% Bsa/TBsT), α-tubulin (santa 
Cruz: sc-5286, 1:5000 in 5% Bsa/TBsT) or gFp (santa Cruz: sc-8334, 1:5000 in 
5% Bsa/TBsT) o/n at 4 C.

Microarray analysis-NKI-AvL Cohort
For the mammaprint profiles, the mrna level of DCK was retrieved from gene 
expression data sets of 295 patients with primary breast carcinomas. Values 
are presented as log2 dCK ratios versus mammaprint reference pool (mrp) 
[19].  Central line indicates median, the upper side and the lower side of the 
box indicate upper quartile and lower quartile, respectively. Two black whiskers 
extend from the box out to the value of 1.5 * interquartile range. outliers are 
indicated as crosses. The corresponding mammaprint prognosis profiles of these 
295 patients were previously reported [12]. The analysis of dCK as a tumor marker 
was in full concordance with the remarK guidelines [20].

Microarray analysis-Oncomine
The mrna levels of DCK were retrieved from gene expression data of 7 normal 
breast samples and 40 ductal breast carcinoma samples using oncomine [21]. The 
thick bars in the boxes are average expression levels. The error bars are above 
or below the boxes, and the range of expression levels is enclosed by two dots. 
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epigenetic gene silencing occurs in many important biological processes 
including differentiation, senescence and imprinting. in most cases, epigenetic 
silencing is orchestrated by an intricate interplay between dna methylation, 
histone modifications and nucleosome remodeling that act in concert to provide 
transcriptional repression (Jones and Baylin, 2007) (described in Chapter 1). 
epigenetic gene silencing is deregulated in cancer, often leading to inactivation 
of genes that control key regulatory pathways in the cancer cell, which include 
many tumor suppressor genes (Tsgs) (Ting et al., 2006). The enzymes involved in 
epigenetic silencing of Tsgs are often deregulated in cancer. in support of this 
notion, the recent cancer genome analyzes have identified an impressive and still 
increasing number of epigenetic enzymes to be subject to mutations in many 
types of cancer (discussed in Chapter 2).  epigenetic modifications are reversible, 
making the enzymes responsible for establishing these modifications promising 
targets for therapeutic intervention (Kelly et al., 2010). This notion together with 
the recognition that epigenetic enzymes are frequently deregulated in cancer 
has fueled the development of inhibitors of epigenetic enzymes (discussed in 
Chapter 2). The usefulness of epigenetic therapy in cancer treatment has been 
clearly validated by the therapeutic successes of dnmTi and hdaCi in some 
hematological malignancies. 

The combination of dnmTi and hdaCi in cancer therapy is being tested in 
clinical trials, given the ability of these agents to more effectively reactivate silenced 
Tsgs (Cameron et al., 1999; suzuki et al., 2002). moreover, this combination 
therapy may also compensate for lack of potency and prevent dose-related drug 
toxicities that can occur with these agents as monotherapy (piekarz and Bates, 
2009). indeed, the combination of dnmTi and hdaCi appears to induce more 
robust clinical responses in several early phase clinical trials (Blum et al., 2007; 
Braiteh et al., 2008; garcia-manero et al., 2006; gore et al., 2006; stathis et al.; 
Voso et al., 2009). one potential complication in the use of the current generation 
of hdaCi and dnmTi in cancer therapy is their limited target selectivity and off-
target effects. Consequently, current hdaCi and dnmTi induce global effects on 
gene expression that control many cellular pathways that can be either supporting 
or inhibiting tumor growth, which might explain the heterogeneous clinical 
responses of tumors to these agents (Bantscheff et al., 2011; Flotho et al., 2009; 
gius et al., 2004; wozniak et al., 2007) (discussed in Chapter 2). as such, effective 
epigenetic therapy with these agents may benefit from identifying the relevant 
drug targets within these larger enzyme families to allow the development of 
more selective inhibitors. another approach would be to develop novel agents 
that can selectively restore expression of epigenetically silenced Tsgs while 
avoiding global gene activation and off-target effects. however, for most of these 
epimutated Tsgs we have not identified the enzymes involved and consequently 
do not know the relevant drug targets. 
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The findings of this thesis address many of the issues described above and 
may therefore have important implications for epigenetic therapy in treatment of 
cancer.  in chapter 3 and 4, we discover epigenetic regulators of key biological 
processes including dna repair, cell cycle, senescence and tissue remodeling 
that are frequently deregulated in cancer.  we elucidate the molecular mechanism 
for the synergy between hdaCi and dnmTi in reactivation of silenced Tsgs 
and identify the relevant targets of currently used hdaCi in Tsg reactivation 
(Chapter 3). moreover, we identify the nucleosome remodeler Chd4 as a 
novel and potentially drug-able target in cancer therapy. Finally, we describe a 
pharmacokinetic factor that may determine responsiveness to epigenetic therapy 
with currently used dnmTi decitabine in breast cancer (Chapter 5). 

Identification of epigenetic regulators of key regulatory processes in 
colorectal cancer
in colorectal tumors, several key Tsgs that control critical cellular pathways 
including dna repair (MLH1), wnT signaling (SFRPs), rB-e2F (p16INK4A) and 
extracellular matrix remodeling (TIMPs) are silenced in association with promoter 
hypermethylation and histone hypoacetylation (Cameron et al., 1999; suzuki et 
al., 2002) (Fig. 1). dnmTi and hdaCi can cooperate to reactivate these silenced 
Tsgs, but the molecular basis for this synergy in Tsg reactivation remained to 
be elucidated. in Chapter 3, we describe the discovery of the enzymes that are 
responsible for the silencing of these colorectal Tsgs. we find that dnmT1 and 
3B and the core components of the nurd nucleosome-remodeling complex, 
Chd4, hdaC1 and 2, occupy the promoters of these Tsgs and physically and 
functionally interact to maintain their silencing (Fig.1). Future studies should 
investigate which major signaling pathways are repressed the dnmT-nurd 
complex and whether the dnmT-nurd complex is also involved in aberrant gene 
silencing in other tumor types. a genome wide analysis of transcripts reactivated 
upon disruption of the dnmT-nurd complex in combination with genome wide 
mapping studies should provide more insight into which genes are targeted by 
the dnmT-nurd complex. our preliminary data indicates that dnmTs orchestrate 
the recruitment of the dnmT-nurd complex to target loci. This could be tested 
by analyzing the recruitment of nurd complex in cells depleted for DNMT1 
and/or DNMT3B. it is highly likely that additional proteins exist that can bridge 
dnmTs with nurd or target them to chromatin. Loss-of-function genetic screens 
with whole genome targeting rnai libraries or specialized rnai libraries, for 
example targeting proteins that interact or modify chromatin, could be used 
to identify these proteins. Finally, although it is known that MLH1, and most 
likely also other Tsgs, are silenced in association with enhanced nucleosome 
occupancy, we did not test whether nurd remodels nucleosomes at these Tsg 
promoters (Lin et al., 2007). 
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Identification of epigenetic regulators of senescence
senescence is a robust cell cycle arrest controlled by the p53 and rB tumor 
suppressive networks that acts as an important barrier to tumorigenesis (Campisi 
and d’adda di Fagagna, 2007). senescence is associated with profound 
alterations in gene expression, including stable suppression of e2F-target 
genes by heterochromatin formation (narita et al., 2003). rB can be regarded 
as an adaptor protein that recruits several chromatin modifying and remodeling 
enzymes to create a repressive complex to silence e2F-target genes during 
senescence (macaluso et al., 2006). e2F-target gene promoters become targets for 
heterochromatin formation that are enriched for h3K9 methylation but depleted 
in h3K4 methylation (narita et al., 2003). in contrast to proteins responsible for 
h3K9 methylation of e2F-target genes, it is unknown which enzymes selectively 
demethylate h3K4me3 of e2F-target genes. in Chapter 4, we identify the h3K4-
demethylase Jarid1b as a novel component of the murine rb pathway, which 
associates with e2f-target genes during cellular senescence. moreover, Jarid1b 
knockdown can substitute for Rb1 knockdown in murine senescence models that 
are solely dependent on functional rb. in summary, our findings may indicate that 
Jarid1b functions in a repressive complex with rb to remove the h3K4 activation 
mark from e2f-target genes, a process that is likely to contribute to their stable 
silencing during senescence (Fig.2). 
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Fig.1 Proposed Model for the silencing of colorectal TSGs. 
(A) Epigenetic landscape of transcribed colorectal TSGs. Expressed TSGs have unmethylated CpG island containing 
promoters in conjunction with hyperactylated histone residues, specific trimethylation of histone 3 lysine 4 (H3K4me3) and an
open nucleosome structure, allowing access of Pol ΙΙ and transcription factors. (B) Epigenetic landscape of silenced TSGs. 
Silenced TSGs have methylated CpG island containing promoters in conjunction with hypoactylated histone residues, often 
specific trimethylation of histone 3 lysine 9 or 27 (H3K9me3, H3K27me3) and a condensed nucleosome structure, leading to 
occlusion of transcription factor binding sites and impedance of transcription initiation. In this thesis, we found that DNMT1, 
DNMT3B and the NuRD complex are required for silencing of TSGs. We hypothesize that the NuRD-DNMT complex is also 
responsible for the establishment of these repressive epigenetic modifications. 

Fig. 1. proposed model for the silencing of colorectal Tsgs. (a) epigenetic landscape of 
transcribed colorectal Tsgs. expressed Tsgs have unmethylated Cpg island containing promoters 
in conjunction with hyperactylated histone residues, specific trimethylation of histone 3 lysine 4 
(h3K4me3) and an open nucleosome structure, allowing access of pol ii and transcription factors. 
(B) epigenetic landscape of silenced Tsgs. silenced Tsgs have methylated Cpg island containing 
promoters in conjunction with hypoactylated histone residues, often specific trimethylation of 
histone 3 lysine 9 or 27 (h3K9me3, h3K27me3) and a condensed nucleosome structure, leading 
to occlusion of transcription factor binding sites and impedance of transcription initiation. in this 
thesis, we found that dnmT1, dnmT3B and the nurd complex are required for silencing of 
Tsgs. we hypothesize that the nurd-dnmT complex is also responsible for the establishment 
of these repressive epigenetic modifications. 
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it should be investigated whether rb recruits Jarid1b or vice versa and whether 
rb requires Jarid1b for repression of e2f target genes during senescence. in 
addition, future studies should determine whether Jarid1b also functions in the 
rB pathway in human cells, preferably in melanoma, as the rB tumor suppressor 
network, in contrast to other tumor types, plays a key role in the induction of 
senescence in melanoma (halaban, 2005; michaloglou et al., 2005). interestingly, 
JARID1B is highly expressed in benign human melanocytic nevi, which invariably 
harbor oncogenic mutations but are protected from progressing into malignant 
tumors by rB-dependent oncogene-induced senescence (roesch et al., 2005; 
roesch et al., 2006). we suspect that Jarid1B assists rB in senescent naevi to 
aid in the execution of senescence.  in contrast, JARID1B is downregulated in 
malignant melanoma that progressed from a senescent naevus, while restoration 
of JARID1B expression in malignant melanoma inhibits proliferation (roesch et 
al., 2006). whereas the bulk of melanoma tumor cells express very low levels of 
JARID1B, a small slow-growing subpopulation was found to express high levels 
of JARID1B (roesch et al., 2010). The JARID1B expressing subpopulation was 
found to act as tumor-initiating cells, giving rise to highly proliferative progeny 
with low JARID1B expression (roesch et al., 2010). we speculate that the high 
proliferation rate of melanoma cells with low JARID1B expression may be caused 
by depression of e2F-target genes and the consequential activation of the cell 
cycle.
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suppression of E2F target genes. Jarid1b removes the transcriptional active mark H3K4-trimethylation and acts 
in concert with SUV39H1, which trimethylates H3K9. These series of events create a suppressive epigenetic 
environment at promoters of E2f-target genes in senescent cells. 

Fig. 2. proposed model for the role of Jarid1b in rb-mediated silencing of e2f-target genes. (a) in 
cycling cells, cyclin dependent kinases (Cdks) inactivate rb by phosphorylation. e2f-target gene 
promoters are enriched for h3K4 trimethylation but depleted in h3K9 trimethylation, allowing 
active transcription and consequent activation of the cell cycle. (B) activation of p16INK4a and 
p21Cip1 during senescence results in inhibition of Cdks and converts rb into its active form that is 
now able to bind to e2f-transcription factors. rb then recruits histone modifiers like sUV39h1 and 
Jarid1b to enforce stable suppression of e2F target genes. Jarid1b removes the transcriptional 
active mark h3K4-trimethylation and acts in concert with sUV39h1, which trimethylates h3K9. 
These series of events create a suppressive epigenetic environment at promoters of e2f-target 
genes in senescent cells. 
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Implications for current epigenetic therapy of cancer
a potential complication in the use of the current generation of hdaCi in cancer 
therapy is their limited target selectivity (Bantscheff et al., 2011; Lane and Chabner, 
2009). inactivation of some hdaCs that are also targeted by current hdaCi 
contributes to carcinogenesis, which advocates for developing more selective 
hdaCi (Bhaskara et al., 2010; rad et al., 2010). as a consequence of the poor 
mechanistic understanding of the role of hdaCs in tumorigenesis, it is currently 
unclear which hdaC(s) are the relevant drug targets in cancer therapy. in Chapter 
3, we identify hdaC1 as the relevant drug target for Tsg re-activation within the 
larger hdaC gene family, making the case for the development of more selective 
hdaCi, which should then be used in combination with dnmTi. we demonstrate 
that HDAC1 controls expression of Tsgs and find an inverse relationship between 
HDAC1 mrna levels and expression of Tsgs in colorectal tumors, which may 
explain the frequently observed overexpression of HDAC1 in colorectal tumors. 
Finally, we find that depletion of HDAC1, together with dnmTi treatment, induces 
synthetic lethality, which is correlated with reactivation of silenced Tsgs. it is likely 
that there is no synthetic lethal interaction between hdaC1 and dnmT inhibition 
in cell lines in which dnmTi treatment and depletion of HDAC1 alone is not 
sufficient to induce Tsg reactivation, such as hCT116 cells. synthetic lethality in 
such cell lines may only be achieved by dnmTi treatment and combined targeting 
of hdaC1 and 2, with more selective hdaCi such as romidepsin and entinostat 
(described in Chapter 2). 

The synthetic lethal interaction between combined inactivation of BRCA1 
or 2 and parp has been successfully exploited in cancer therapy (Farmer et al., 
2005). Tumors with BRCA1 or BRCA2 mutations appear to be exquisitely sensitive 
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Fig. 3. synthetic lethal interaction between dnmTi treatment and inhibition of nurd. (a) The 
nurd-dnmT chromatin remodeling complex occupy the promoters of Tsgs and physically and 
functionally interact to maintain their silencing. (B) disruption of the nurd-dnmT chromatin-
remodeling complex by dnmTi treatment and depletion of CHD4 induces synthetic lethality and 
leads to reactivation of Tsgs. 
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to treatment with parp-inhibitors, almost regardless of genetic background 
(ashworth et al., 2011). similarly, it would make sense to use dnmTi and hdaCi 
in tumors that have silenced many cancer-relevant genes in association with 
promoter hypermethylation and histone hypoacetylation. dnmTi could be 
particularly useful in treatment of a subset of colorectal, brain and breast tumors 
that have a high degree of Cpg island promoter hypermethylation (Cimp) (Fang et 
al., 2011; noushmehr et al., 2010; Toyota et al., 1999). it is likely that at least some 
silencing in Cimp+ colorectal tumors and perhaps also other Cimp+ tumors may 
be attributed to dnmTs and hdaC1 and 2. as such, the combined use of dnmTi 
and hdaCi could be particularly useful in treatment of Cimp+ colorectal tumors 
and possibly also Cimp+ gliomas. however, all other reported synthetic lethal 
interactions, such as for those involving oncogenic ras, appear to be dependent 
on cell type, context and genetic background (ashworth et al., 2011). Thus, it 
should first be assessed whether inhibition of HDAC1 together with dnmTi 
treatment is sufficient to induce synthetic lethality in other colorectal cancer cell 
lines of different genetic backgrounds. interestingly, almost all colorectal tumors 
that have an oncogenic BRAF mutation are Cimp+, indicating that these tumors, 
at least partially, have a shared epigenetic and genetic etiology (weisenberger 
et al., 2006). as these are features that are favorable for exploitation of synthetic 
lethal interactions, these tumors might thus be sensitive to treatment with dnmTi 
and selective hdaCi. 

Discovery of new epigenetic drug targets for cancer therapy
dnmTs and hdaCs play key roles in a multitude of cellular processes that can 
support or antagonize tumor development. as such, azanucleosides and hdaCi 
induce global effects on gene expression that control many cellular pathways 
that can sometimes cause tumor cell death and sometimes promote tumor cell 
survival in a cell-context dependent manner, which may also be dependent on 
(epi)-genetic background (gius et al., 2004; piekarz and Bates, 2009). on that 
notion, it has been proposed that dnmTi and hdaCi may promote survival rather 
than apoptosis in solid tumors because these in general have more mutations 
and perhaps also more dysfunctional apoptotic pathways than hematological 
malignancies (nowell, 2002; piekarz and Bates, 2009). effective epigenetic 
therapy in tumors may thus benefit from developing agents that more selectively 
target the enzymes that are critical for epigenetic silencing. however, for most of 
the genes silenced by epigenetic mechanisms we have not identified the enzymes 
involved and consequently do not know the relevant drug targets. in chapter 
3, we demonstrate that disruption of the nurd-dnmT chromatin-remodeling 
complex by dnmTi treatment and depletion of CHD4 induces synthetic lethality 
and leads to reactivation of Tsgs. in addition, our data suggests that reactivation 
of silenced Tsgs might be more effectively accomplished by dissociation of the 
nurd-dnmT complex rather than just the combined use of dnmTi and hdaCi. 
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Thus, our study identifies the nurd complex component Chd4, which has aTpase 
activity, as a potential novel drug target. as inhibitors of specific aTpases have 
been successfully developed, Chd4 is a potentially drug-able target for cancer 
therapy (huss and wieczorek, 2009). however, future studies should assess the 
feasibility of developing selective Chd4 inhibitors, given that Chd4 is member 
of a family of structurally related proteins. it should also be investigated whether 
inhibition of CHD4 together with dnmTi treatment is sufficient to induce synthetic 
lethality in other colorectal cancer cell lines and cell lines derived from other solid 
tumors. another unresolved question is whether the genes that are reactivated in 
colorectal cancer cells by treatment with dnmTi and hdaCi or upon disruption 
of the dnmT-nurd complex are responsible for the tumor cell death that results 
from the combination therapy. The identification of the complete repertoire of 
genomic targets dnmT-nurd targets may aid in resolving this question. one 
could functionally test whether the dnmT-nurd target genes are required for 
cell death induction upon destruction of the dnmT-nurd complex. however, 
it is plausible that a combination of some of such target genes contribute to 
the induction of cell death. Loss-of-function genetic screens with whole genome 
targeting rnai libraries or specialized rnai libraries can be used to identify 
additional proteins that are critical for epigenetic silencing (gazin et al., 2007; 
palakurthy et al., 2009). such identified proteins could be tested for synthetic 
lethality with dnmTi in knockdown experiments.

Identification of determinants of responsiveness to epigenetic 
therapy
not all cancer patients respond to epigenetic therapy with dnmTi and hdaCi 
and we lack predictive biomarkers that help to select those that will respond 
to treatment with these agents (Lane and Chabner, 2009; mund and Lyko, 
2011). responsiveness to dnmTi and hdaCi may be critically determined by 
pharmacogenetic differences between cancer patients, for example the ones that 
affect the access and metabolism of these agents in tumor cells.  in support of this, 
individuals with the Cyp2C19*2 variant of cytochrome p450 require higher doses 
of the hdaCi valproic acid (Vpa) to achieve the target Vpa plasma concentrations 
(Voso et al., 2009). deoxycytidine kinase (dCK) is required to process clinically-
relevant nucleoside analog produgs, such as gemcitabine and the dnmTi 
decitabine, to their pharmacologically active forms (Blackstock et al., 2001; hapke 
et al., 1996). in chapter 5, we find that DCK is differentially expressed in breast 
cancer and controls responsiveness to these nucleoside analogs in vitro (geutjes 
et al., 2011). our data thus suggests that DCK expression in breast cancer and 
perhaps also other cancers could be exploited to select patients that are likely to 
respond to treatment with nucleoside analogs. 

The utility of DCK expression as a biomarker for responsiveness to nucleoside 
analogs should be tested in retrospective studies of breast cancer patients treated 
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with nucleoside analogs in which DCK expression can be correlated to clinical 
outcome. Currently, there are no treatment guidelines that encourage the use 
of dnmTi in breast cancer. however, bona fide Tsgs such as p16INK4A, RASSF1A, 
BRCA1 and the SFRPs are frequently inactivated by promoter hypermethylation 
in breast cancer (parrella, 2010). For example, inactivation of BRCA1 by promoter 
hypermethylation has been reported in 10-20% of sporadic breast cancers 
(Bianco et al., 2000; Catteau and morris, 2002; esteller et al., 2000). moreover, 
as discussed before, Cimp occurs in a subgroup of breast cancers (Fang et al., 
2011). Consequently, these silenced Tsgs in breast cancers may be restored by 
treatment with dnmTi. indeed, BRCA1 expression could be restored by use of 
decitabine in a breast cancer cell line (wei et al., 2005).  This reactivation was 
enhanced by combining decitabine with hdaCi, similar to our finding that SFRPs 
and TIMPs can be reactivated by dnmTi treatment and depletion of HDAC1 in 
the breast cancer cell line hCC-1954 (Chapter 5). interestingly, breast cancers can 
become resistant to estrogen receptor (er) antagonist tamoxifen due to promoter 
hypermethylation and consequent inactivation of er (sharma et al., 2006; yang 
et al., 2001). Consequently, the combined use of azanucleosides and hdaCi can 
restore sensitivity to the tamoxifen in breast cancer cell lines. The usefulness of 
combining azanucleosides and/or hdaCi in restoring sensitivity to tamoxifen in 
hormone refractory breast cancers is currently being explored in clinical trials and 
some encouraging preliminary results have recently been reported (munster et 
al., 2011). Based on the findings presented in chapter 5, clinical trials testing 
the use of dnmTi either as single agent or in combination with other treatments 
may want to analyze expression levels of DCK to exclude patients that have low 
DCK expression and are consequently unlikely to respond to therapy with dnmTi. 
Conversely, patients with DCK overexpressing tumors may be hypersensitive to 
such treatments.
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nederLandse samenVaTTing (KorTe Versie)

ons dna bevat 25.000 genen, die coderen voor eiwitten die bepalend zijn voor 
activiteiten in de cel. Zogeheten epigenetische mechanismen bepalen welke genen 
worden gebruikt. Veel epigenetische mechanismen beïnvloeden de verpakking 
van het dna in de cel. specifieke klassen van enzymen, die de cellulaire processen 
uitvoeren, bepalen de toegankelijkheid tot het dna. de verpakking van het dna 
kan in twee toestanden verkeren: de “open” staat waarin genen gebruikt kunnen 
worden, en een “gesloten” staat waarin het dna zeer dicht verpakt is, wat het 
gebruik van genen verhindert. Fouten in het dna (mutaties) en de verpakking 
daarvan (epimutaties) dragen bij aan het ontstaan van kanker, bijvoorbeeld omdat 
genen die beschermen tegen kankervorming uitgeschakeld kunnen worden. Veel 
“epigenetische” enzymen, die dus de toegankelijkheid tot het dna bepalen, 
zijn ontregeld in kanker, wat leidt tot epimutaties. Voor specifieke leukemieën 
worden met succes middelen ingezet die epigenetische enzymen inactiveren. 
deze remmers herstellen epimutaties, maar activeren echter ook vele andere 
genen, die tumorgroei kunnen bevorderen. een verklaring hiervoor is deze 
middelen vele niet-relevante epigenetische enzymen als ook andere cellulaire 
factoren remmen. effectieve epigenetische therapie zou er dus gebaat bij zijn om 
alleen de epigenetische enzymen te remmen die de epimutaties veroorzaken. in 
dit proefschrift identificeren we de epigenetische enzymen die verantwoordelijk 
zijn voor sommige cruciale epimutaties in dikke darm kanker waardoor we nu dus 
nu in staat zijn om een betere epigenetische therapie te ontwikkelen. Bovendien 
vinden we een biologische indicator die ons kan helpen om de kankerpatiënten 
te selecteren die reageren op deze behandeling.. 
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nederLandse samenVaTTing (Lange Versie)

het genetische materiaal, het dna, bevat 3,2 miljard bouwstenen ofwel 
“baseparen”. Collecties van deze baseparen vormen onze genen, waarvan we er 
ongeveer 25.000 hebben: de helft minder dan planten, die er ongeveer 50.000 
hebben. de genen coderen voor eiwitten die bepalend zijn voor activiteiten in de 
cel en vormen daarmee de basis voor het normaal functioneren van biologische 
processen. Lang niet alle genen worden afgeschreven of met andere woorden 
“tot expressie gebracht”, maar het hangt per cel type af welke genen worden 
gebruikt. naast de minimaal vereiste zogeheten “huishoud” genen worden er 
bijvoorbeeld door hersencellen en huidcellen ieder voor zich specifieke genen 
aangesproken. daarnaast speelt ook de situatie waarin de cel zich bevindt een 
belangrijke rol. in een huidcel worden bijvoorbeeld specifieke genen tot expressie 
gebracht als het wordt blootgesteld aan ultraviolette straling (met bruinwording 
als gevolg) net als bij hersencellen ook specifieke genen worden afgeschreven bij 
neuronale prikkeling (met bijvoorbeeld geheugenvorming als gevolg). Vergelijk 
het met een computer. naast de standaard software programmas (word, gmail, 
explorer) die iedereen gebruikt, zal ieder persoon specifieke software gebruiken. 

de regulatie van deze cel type en context afhankelijk genexpressie 
programma’s vindt plaats door zogeheten epigenetische mechanismen. dit type 
mechanismen induceren overerfelijke veranderingen in genexpressie zonder 
daarbij de baseparen van het dna te veranderen. epigenetische mechanismen 
spelen een belangrijke rol in de regulatie van belangrijke biologische processen 
waaronder cel differentiatie (specialisatie van een cel in een bepaald cel type) en 
de veroudering en vernieuwing van cellen. Veel van deze veranderingen betreffen 
wijziging van het chromatine: de staat waarin het dna is verpakt in de cel.  in één 
enkele cel zit twee meter dna verpakt: dat komt neer op de vouwing van vier 
kilometer draad in een knikker. het dna is verpakt in zogeheten nucleosomen, 
die bestaan uit zogeheten histon eiwitten waarom heen 147 baseparen dna zit 
gewikkeld. om genen af te schrijven is het belangrijk dat het dna toegankelijk 
is. dat is in beginsel al een moeilijke opgave, gezien hoe onwaarschijnlijk 
compact het dna verpakt in de cel is. de toegankelijkheid tot het dna wordt 
bepaald door specifieke klassen van eiwitten die “enzymen” worden genoemd. 
dit zijn de werkpaardjes van de cel, die verantwoordelijk zijn voor de uitvoering 
van cellulaire processen. Zo zijn er enzymen die nucleosomen herpositioneren 
en herstructeren (nucleosome “remodelers”), enzymen die histonen aanpassen 
(modificeren) en tenslotte enzymen die het dna zelf modificeren. er zijn zeer veel 
interacties tussen deze zogeheten epigenetische enzymen, die in veel gevallen 
samenwerken om gen expressie te reguleren.  globaal gezien kan het chromatine 
in twee toestanden verkeren: de “open” staat waarin het dna beschikbaar is 
voor gen afschrijving, en een “gesloten” staat waarin het dna zeer dicht verpakt 
is, wat gen afschrijving verhindert.
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Fouten (mutaties) in de baseparen van het dna liggen ten grondslag aan 
het ontstaan van kanker. echter, in kanker komen naast genetische afwijkingen, 
ook veel epigenetische afwijkingen, ook wel epimutaties genoemd, voor. net 
als genetische mutaties vestoren epigenetische afwijkingen cellulaire processen 
die cruciaal zijn voor het normaal functioneren van de cel. Zulke geëpimuteerde 
genen zijn vaak zogeheten “tumor suppressor genen”, zoals het dna schade 
herstel eiwit mutL homolog 1 (mLh1) en de remmer van de celdeling cyclin-
dependent kinase 2a (CdKn2a, ook wel p16inK4a genoemd). deze genen 
beschermen tegen het ontstaan van kanker (vandaar de term” tumor suppressor 
genen”).  Tumor suppressor genen zijn vaak gemuteerd in kanker en mensen die 
mutaties in dit soort type genen overerven, hebben vaak een verhoogde kans om 
gedurende hun leven kanker te krijgen (in sommige gevallen tot wel 90% kans).  
maar naast genetische mutaties zijn deze genen dus ook vaak door epigenetische 
mechanismen uitgeschakeld, wat er in feite op neer komt dat het lokale 
chromatine die deze tumor suppressor genen verpakt in gesloten staat is, terwijl 
het eigenlijk in open staat had moeten staan. de afgelopen jaren is gebleken dat 
veel epigenetische enzymen, die dus de toegankelijkheid tot het dna bepalen,  
waaronder de bovengenoemde nucleosome remodelers, histon modificerende 
enzymen en dna modificerende enzymen, ontregeld zijn in kanker (hoofdstuk 
2). dit leidt aan de ene kant tot het uitstaan van genen die niet uit moeten staan 
waaronder dus de tumor suppressor genen, maar ook tot het verhoogd aanstaan 
van genen die niet verhoogd tot expressie hadden moeten komen, welke de 
tweede klasse van kanker-relevante genen vormt: de oncogenen.

ondanks vele inspanningen van wetenschappers en medicijnmakers zijn 
mutaties in het dna vooralsnog niet te herstellen. epimutaties, dus fouten in 
de chromatine structuur, zijn echter wel degelijk te herstellen. het is daarom 
niet verwonderlijk dat de aandacht van wetenschappers en medicijnmakers voor 
de rol van epigenetica in kanker exponentieel is toegenomen. Voor specifieke 
vormen van leukemie worden al met succes middelen ingezet die epigenetische 
enzymen inactiveren en daarmee epimutaties kunnen herstellen. deze middelen 
bestaan uit remmers van histone deacetylases (hdaCs), enzymen die histonen 
modificeren, en remmers van dna methyl transferases (dnmTs), enzymen die 
het dna modificeren. deze remmers van hdaCs en dnmTs blijken in combinatie 
zelfs nog beter in staat te zijn om geëpimuteerde tumor suppressor genen te 
reactiveren, waarschijnlijk omdat ze elk op een ander niveau de toegankelijkheid 
van het dna vergroten. Bovendien blijkt deze combinatie ook beter en bij meer 
kankerpatiënten aan te slaan.  

het probleem van dnmT en hdaC remmers is dat ze meerdere enzymen 
remmen uit hun klasse. Verder blijken deze remmers ook aan andere eiwitten dan 
hdaCs of dnmTs te binden. het resultaat is dat zowel dnmT als hdaC remmers 
grootschalige veranderingen in gen expressie induceren die zowel tumorgroei 
kunnen remmen als bevorderen, wat de grote verschillen in respons van tumoren 
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op deze middelen zou kunnen verklaren. effectieve epigenetische therapie met 
deze middelen zou er dus gebaat bij zijn om de hdaCs en dnmTs te identificeren 
die daadwerkelijk bijdragen aan het ontstaan van kanker. een andere strategie zou 
zijn om middelen te ontwikkelen die specifiek in staat zijn geëpimuteerde tumor 
suppressor genen te herstellen zonder daarbij grootschalige veranderingen in 
gen expressie te veroorzaken. Voor veel van de  geëpimuteerde tumor suppressor 
genen zijn de epigenetische regulatoren echter nog niet geïdentificeerd. 

de bevindingen in dit proefschrift pakken deze problemen op verschillende 
punten aan en hebben dus belangrijke implicaties voor het gebruik van 
epigenetische therapie in kanker. in hoofdstuk 3 en 4 identificeren we de 
epigenetische regulatoren van cruciale biologische processen waaronder dna 
schade herstel, cel deling en cel veroudering, welke vaak ontregeld zijn in kanker.  
Zo ontdekken we in hoofdstuk 3 dat de epigenetische enzymen dnmT1, dnmT3B, 
hdaC1, hdaC2 en de nucleosome remodeler Chd4 met elkaar interacteren 
en samenwerken in dikke darm kanker om tumor suppressor genen waaronder 
eerdergenoemde mLh1 en CdKn2a te inactiveren. dit is één van de eerste studies 
dat beschrijft dat tumor suppressor genen door samenwerking van maar liefst drie 
epigenetische mechanismen geëpimuteerd zijn. door de ontdekking van dnmT1 
en dnmT3B als de relevante aangrijppunten voor de dnmT remmers en hdaC1 
en hdaC2 voor de hdaC remmers, kunnen medicijnmakers nu medicijnen maken 
die alleen deze enzymen remmen. wij verwachten dat dit tot betere resultaten zal 
leiden bij kankerpatiënten. een andere mogelijkheid zou zijn om Chd4 te remmen. 
onze experimenten lijken er op te wijzen dat remming van Chd4 in combinatie 
met dnmT remmers superieur is aan de combinatie van dnmT en hdaC remmers. 
wij denken dat deze combinatie veel minder grootschalige veranderingen in gen 
expressie zal induceren dan de combinatie van dnmT en hdaC remmers. het is 
in ieder geval duidelijk dat Chd4 een potentieel nieuwe aangrijppunt vormt voor 
nog te ontwikkelen remmers in  de behandeling van kanker.

in hoofdstuk 4 ontdekken we een nieuwe epigenetische regulator van cel 
veroudering, wat een belangrijk beschermingsmiddel is tegen ongecontroleerde 
celdeling. deze celveroudering treedt bijvoorbeeld wanneer oncogenen 
geactiveerd worden. we identificeren Jarid1b, een enzym dat net als de hdaCs, 
histonen kan modificeren als een cruciale factor in de totstandkoming van cel 
veroudering. Uitschakeling van Jarid1b, een fenomeen dat voorkomt in agressieve 
huidkankers, leidt tot ongecontroleerde celdeling.  deze bevinding vormt een 
belangrijke bijdrage aan het begrijpen van de epigenetische mechanismen die 
cel veroudering reguleren. 

het is duidelijk dat niet alle kankerpatiënten die worden behandeld met 
dnmT of hdaC remmers reageren op deze middelen. we zouden er erg gebaat 
bij zijn om een biologisch indicator of “biomarker” te ontwikkelen die ons kan 
helpen om de kankerpatiënten te selecteren die werkelijk baat hebben bij deze 
behandeling. de respons op dnmT en hdaC remmers zou wellicht bepaald 
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kunnen worden door factoren die de toegang en de verwerking van de middelen in 
de kankercellen beïnvloeden. deoxycytidine kinase is  essentieel om zogenaamde 
nucleoside analogen, waaronder ook de huidige generatie van dnmT remmers 
valt, te verwerken tot hun actieve vorm. in hoofdstuk 5 vinden we dat tumoren van 
borstkankerpatiënten met een slechte prognose wat betreft genezing zeer veel  
deoxycytidine kinase hebben, waarschijnlijk omdat het celgroei bevordert.  wij 
vinden dat borstkankercellen met veel deoxycytidine kinase erg gevoelig zijn voor 
dnmT remmers, terwijl  borstkankercellen met weinig deoxycytidine kinase juist 
ongevoelig zijn voor dnmT remmers.  op dit moment worden dnmT remmers 
nog niet gebruikt in borstkanker, hoewel ook in dit type kanker epimutaties veel 
voorkomen. onze studie laat zien dat een behandeling met dnmT remmers in 
borstkankerpatiënten met een slechte prognose misschien goed aan zou kunnen 
slaan. Vervolgstudies zullen dit moeten testen op borstkankerpatiënten.

samenvattend heeft mijn onderzoek ertoe bijgedragen dat we beter begrijpen 
hoe epigenetische veranderingen in kanker, het epigenoom van kanker, ontstaan. 
dit begrip heeft directe implicaties voor de behandeling van kanker. Bestaande 
epigenetische therapie kan verbeterd kunnen worden en we hebben een nieuw 
aangrijppunt voor epigenetische therapie geïdentificeerd. Ten slotte beschrijven 
we een biomarker dat kan voorspellen of behandeling met dnmT remmers aan 
zal slaan in borstkankerpatiënten en voorspellen we dat dnmT remmers een 
nieuwe behandeling zou kunnen zijn voor borstkankerpatiënten met een slechte 
prognose. 
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CUrriCULUm ViTae

ernst-Jan (roepnaam ernst) geutjes werd geboren op 31 juli 1982 in het 
academische Ziekenhuis Utrecht te Utrecht. in 2000 behaalde hij het 
gymnasium diploma aan het mendelcollege te haarlem, waarna hij Biomedische 
wetenschappen ging studeren aan de Universiteit van amsterdam (Uva). Tijdens 
de specialisatiefase van deze studie liep hij stage in de onderzoeksgroep van 
prof. dr. Ben Berkhout in het academisch medisch Centrum (amC) te amsterdam. 
hier heeft hij gewerkt aan het ebola Virus en is hij betrokken geweest bij de 
ontdekking van virale suppressors van rna interferentie, een belangrijk cellulair 
mechanisme om virussen uit te schakelen. Vervolgens heeft hij stage gelopen in 
de groep van prof. dr. hidde ploegh aan harvard medical school te Boston in de 
Verenigde staten. hij was hier betrokken bij de implementatie en optimalisatie 
van een chemische tool om lipidaties van eiwitten zichtbaar te maken, waarvoor hij 
in 2006 de Unilever research price ontving. Tenslotte heeft hij onder begeleiding 
van prof. dr peter peters aan het nederlands Kanker instituut (nKi) te amsterdam 
een scriptie geschreven over prion eiwitten, die de basis van vormen van enkele 
fatale neurodegeneratieve aandoeningen waaronder de ziekte van Creutzfeldt-
Jakob. in 2006 studeerde hij cum laude af in de Biomedische wetenschappen. 
Vervolgens begon hij met zijn promotieonderzoek in de onderzoeksgroep van 
prof. dr. rené Bernards aan het nederlands Kanker instituut (nKi) te amsterdam, 
waarvan de resultaten in dit proefschrift beschreven staan.
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danKwoord

er zijn veel personen die ik dankbaar ben voor de totstandkoming van dit 
proefschrift en waarschijnlijk ontbreken  helaas nog veel mensen in dit dankwoord.

rené, bedankt voor het geven van een kans om in jouw onderzoeksgroep  te 
mogen werken en het bieden van een enorme vrijheid voor het opzetten van 
wetenschappelijke projecten. ik bewonder je ongeëvenaarde pragmatisme, 
daadkracht, flexibiliteit, je ogenschijnlijke immuniteit voor stress en het vermogen 
optimistisch te blijven bij tegenslagen. 

steve and yi, thanks for the productive and pleasant collaboration. your efforts 
and expertise were of great importance in moving our shared project forward. 
steve, i greatly admire your work. There are many epigenetic secrets out there 
that are waiting to be discovered!  

ik wil Janneke en Lucas (destijds studenten) heel erg bedanken voor hun 
bijdrage aan het dnmT-nurd project en Undine (ook student) bedanken voor haar 
bijdrage aan het Jarid1b project. het zijn uiteindelijk mooie papers geworden! ik 
ben blij dat jullie een mooie stageplek hebben kunnen vinden en wens jullie al het 
beste met de rest van jullie carrière.

annette en mirjam, bedankt voor het mij op sleeptouw nemen in de eerste 
jaren van mijn onderzoek om mij de fijne kneepjes van het vak te leren.  in het 
bijzonder annette, voor de grote betrokkenheid bij het apoptose project, dat 
helaas met een stille dood ten onder is gegaan, al onze inspanningen ten spijt. 
we hebben veel leuke feestjes gehad. ik herinner mij bijvoorbeeld ons leuke 
congres aan het garda meer! daarnaast was je altijd bereid om andere dingen te 
bespreken, gerelateerd aan carrière, maar ook het meer persoonlijke vlak. ik wens 
je heel geluk met je lieve vriendin en je toekomstige plannen! 

Jeroen, die het Jarid1b project na 1,5 jaar vruchteloze experimenten uit het 
slop heeft getrokken, terwijl ik de handdoek eigenlijk al in de ring had gegooid. 
Zonder jou was er geen publicatie van gekomen. Jammer dat het na al onze 
inspanningen geen beter lot vergaan is wat betreft het journal.  ik bewonder je 
enorme optimisme in moeilijke tijden en vermogen geduld te hebben met lastige 
personen en situaties. ook waardeer ik onze vele gesprekken, die over carrière 
in het bijzonder. 

Bedankt mariëlle voor alle leuke gesprekken: ik ben ergens wel jaloers op alles 
wat je al van de wereld gezien hebt en meegemaakt hebt!  Katrien, bedankt voor 
het al dan niet altijd vrijwillig willen aanhoren van mijn soms cynische uitspraken 
omtrent de wereld van de wetenschap in moeilijkere tijden en bedankt voor 
je nuttige carrière adviezen. sid, i greatly enjoyed having you as a colleague. i 
appreciate all our nice discussions and admire your kindness, efficiency and work 
ethics. you have recently proven to have leadership skills as well. i am sure there 
will be a bright future ahead of you. guus, succes met de rest van je promotie. ik 
ben blij dat je eindelijk aan een project werkt waar iets uit lijkt te komen. Johan, 
je bent er bijna jongen, nog even aanpoten. met jouw bewonderenswaardige 
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pragmatisme en hands-on mentaliteit gaat dat wel lukken. armida en Jasper, 
na jullie vertrek is het een stuk rustiger geworden op B7. Veel succes met het 
afmaken van jullie postdocs in new york! prasanth, although i really hated your 
prince music, you have been a fun colleague to work with. i hope you are still 
enjoying the Queen “we will rock you” toothbrush. Chong, i have seen you 
transform from a quiet Chinaman into an outgoing person with a good sense of 
humor, keep up the good work!  anirudh, you lucky bastard, already a big paper 
with Chong and sid in your first year. Congratulations, you can now go on holiday 
for the remaining three years! michael, Zengh, wouter, Bram, Cor, pasi, Jordi, 
Ben, menno, roderik, piet, michiel, Valentina, en de mensen van het wolthuis lab, 
bedankt en succes met jullie carrière! 

Chiel, we hebben een onwijs leuk congres gehad in Canada (vooral die avond 
met die gangsters in Vancouver was memorabel), hoop snel weer eens een 
biertje met je te drinken. niek en rogier, goede gasten, hoop jullie weer eens 
ergen tegen te komen. andrej, i really enjoyed hanging out with you, although 
we haven’t done so the last few years. Too bad, we should have done so a lot 
more! rieuwert, het allerbeste jongen met het afmaken van je promotie, nog even 
volhouden! sietske en Chris, we hebben de eer van het nKi hooggehouden in 
milaan, dat avondje in die arrogante modellen en voetbalsterren disco en het ritje 
daarna in die illegale taxi was onvergetelijk. Bedankt alle leden van het nKi-avL 
hockeyteam waar ik 2 jaar aanvoerder van ben geweest. 

dan nu een dankwoord voor alle mensen buiten het nKi. Toegegeven, ik heb 
nogal wat periodes in sociale afzondering doorgebracht. er zijn vele weekenden 
geweest dat ik aan het werk was. ik vind het nog steeds moeilijk de balans 
tussen werk en sociale activiteiten te vinden. Bedankt leden van het gezellige 
cluppie (te veel om op te noemen) voor alle gezelligheid. we hebben zulke 
gave evenementen georganiseerd waarin iedereen zijn eigen steentje aan bij 
droeg, echt uniek!  guido, anne en annemarie, bedankt voor alle leuke etentjes, 
borreltjes en jullie inzet bij alle festiviteiten! ook wil ik annemarie bedanken voor 
haar enorme vriendelijkheid, of het nou om wasjes of tickets voor de space en 
amnesia was, alles regelde jij. emiel, Ferdinand, Jorn, Floris, rachel, Vyan, Linda, 
Quentin, Bregje, Caz, Jay, marco, bedankt voor alle gave feesten! ook stapmaatje 
Bert (de beuker): jij wist altijd de sfeer op feestjes positief te beïnvloeden.

Liat, leuk dat we de laatste tijd meer contact hebben en dat je het 
bohemiens-achtige leven van mijn vriendenkring ingerold bent. ik bewonder je 
ondernemingsdrang en wens je veel succes met je bedrijfjes! ethan, we have 
been in contact since Boston, by now you’ve probably seen more european 
places than i did. i hope you manage to find something more permanent in the 
near future! hope to pay you a visit in paris soon!  robert, bedankt voor alle 
feestjes en de leuke reis naar midden-amerika. hoop dat je nog eens bij de top10 
van nederland komt wat betreft schermen en dat het wat wordt met die nieuwe 
chick (s) van je! ;-)
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reshma, bedankt voor alle gezellige etentjes en activiteiten! Leuk om te zien 
dat je bedrijfje zo goed loopt! sameer, fijn om te zien dat je de afgelopen jaren 
persoonlijk zo gegroeid bent. succes met de laatste loodjes van je promotie en 
het besluiten welke kant je op gaat! Thijs, bewonderenswaardig om te zien hoe 
jij van de maVo hebt opgewerkt naar (bijna) thoraxchirurg nu. ongelofelijk wat 
een doorzettingsvermogen jij hebt! mensen van het amusediner cluppie: bedankt 
voor alle culinaire hoogstaande diners. Leuk om te zien dat de lat bij elke editie 
weer wat omhoog gaat. 

dieuwke, we delen onze (bijna perfectionistische) passie voor wijn en koken. ik 
heb diepe bewondering voor hoe jij je leven laat leiden door je passies. Bedankt 
voor alle leuke etentjes en activiteiten die we ondernomen hebben! Jolita, we 
hebben ons vaak vervloekt om onze ambitie en perfectionisme, diep respect wat 
je inmiddels bereikt hebt. we hebben op de werkvloer veel lol gehad en buiten 
het nKi heel veel leuke dingen ondernomen waaronder behoorlijk wat techno 
feestjes! ik hoop dat we nog veel leuke dingen gaan ondernemen. Kasper, wij 
lijken veel op elkaar, alhoewel ik graag wat van jouw daadkracht zou willen hebben. 
Bedankt voor alle leuke diners, borrels, feestjes, je bent een goede vriend! mark, 
we kennen elkaar al 12 jaar inmiddels. ik vind je echt top en bewonder je sociale 
intelligentie en assertiviteit. 

Lieve diana, we hebben echt onwijs veel lol samen, je bent een hele goede 
vriendin. Bedankt voor alles wat je voor me hebt gedaan: het is teveel om op te 
noemen. Je assertiviteit en organisatie talenten zijn ongeëvenaard. ik hoop dat 
we nog vele mooie tijden zullen beleven.

Lieve mam, pap en Lot, ik ben jullie oneindig dankbaar voor alle 
ondersteuning en vertrouwen in mij. Zonder dat was ik waarschijnlijk een soort 
van holleeder geworden. ;-) mam en pap, van jullie heb ik de ambitie en het 
doorzettingsvermogen meegekregen. 

Tenslotte, Kristel, mijn lieve vriendin. ik ben zo ontzettend blij met jou. Je hebt 
veel moeten verdragen. ik had geen tijd voor je doordeweeks en vaak moest ook 
in het weekend nog aan de slag. Vrijdagavond was ik vaak niet zo relaxed, zo 
diep zat ik met mijn hoofd in mijn werk. Je kon me daar altijd goed uithalen met 
je optimisme en vrolijkheid. ik bewonder je vermogen om met werkelijk iedereen 
te willen en kunnen communiceren en je vermogen om in elke situatie de sfeer 
positief te beïnvloeden. we moeten wel leren meer te ontspannen en minder te 
ondernemen: de afgelopen vakantie presteerden we het binnen 5 dagen 2000 
km te rijden. ;-) Binnenkort gaan we een mooie en welverdiende verre reis maken!  
ik hoop snel met je samen te wonen.  we hebben nu een hele fijne tijd met elkaar 
en zie ook een hele mooie toekomst met jou!
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