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1. INTRODUCTION

1.1 Epigenetics
Multicellular organisms develop from a single cell, the zygote, that starts to divide 

and gives rise to daughter cells that subsequently differentiate into specific tissues. The 

differentiated cells will fulfill specific functions in the body such as the formation of blood, 

skin or intestine, and become restricted in their potential to develop into various tissues 

during differentiation. When a cell has differentiated to its final cell type, heritable changes 

of the DNA are being maintained during cell division, in the form of epigenetic information 

(described below). 

Genetic information is stored in the cells in the form of long DNA strands that are folded 

into chromatin. Chromatin is composed of repeating units of 146 bp of DNA wrapped around 

a nucleosome. The DNA connecting the nucleosomes is called linker DNA. A nucleosome 

consists of an octamer of four different histones, two molecules of each histone 2A (H2A), 

histone 2B (H2B), histone 3 (H3), and histone 4 (H4) (Figure 1). Other histone variants are 

H3.3, which can be found on active genes, pericentric heterochromatin and telomeres and 

can replace H3 1; H2A.X is required for efficient DNA double strand break repair, and H2A.Z 

is reducing chromatin stability and is involved in transcriptional control. Both H2A.X and 

H2A.Z can replace H2A 2. Histones are important for chromatin organization and regulating 

gene expression.    

  Chromatin exists as euchromatin, which is loosely packaged and easily accessible 

for transcription, and heterochromatin, which is densely packaged and inaccessible for 

transcription 3. Heterochromatin can be divided into constitutive heterochromatin and 

facultative heterochromatin, with the former being comprised of DNA repetitive elements 

such as satellite repeats and transposons located at centromeres and telomeres, and the 

latter being less condensed and transcriptionally active under specific developmental or 

environmental cues. The chromatin state is dynamically mediated by epigenetic mechanisms. 

Epigenetics was first defined by Waddington 4 in the context of embryonic development, 

as “the branch of biology which studies the causal interactions between genes and their 

products, which bring the phenotype into being.” 5 Currently, epigenetics is defined as a 

heritable change in gene expression that is not accompanied by changes in DNA sequence 
6. These heritable changes include DNA methylation, histone modifications, non-covalent 

mechanisms and RNA silencing, and restrict cells to a certain cell type in the developing 

embryo. Epigenetics plays an important role in embryonic development, genomic imprinting, 
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X chromosome inactivation, and chromosomal stability. Consequently, dysregulation of the 

epigenetic machinery can lead to disease and has been found to be a causative factor in 

cancers, pediatric syndromes, auto-immune diseases and aging 7,8.

Figure 1. Nucleosomes. 
A nucleosome is composed of a DNA strand wrapped around an octamer of histones, which consists 
of H2A, H2B, H3 and H4. The tails of the histones can be modified by methylation, acetylation, 
phosphorylation, ubiquitination, SUMOylation and ADP ribosylation. These modifications are depicted 
as circles on the histone tails. The DNA between two nucleosomes is called linker DNA.

1.1.1 DNA methylation

One epigenetic mechanism is DNA methylation, the process in which a methyl 

group is added to the five position of the pyrimidine ring of cytosine or adenine. DNA 

methyltransferases (Dnmts) catalyze this reaction by using S-adenosyl-methionine (SAM) as 

the source of methyl groups, by converting it to S-adenosyl-homocysteine (SAH) (Figure 2). 

In 1925, Johnson and Coghill first reported about the nucleo-acid 5-methylated cytosine 9; 

two decades later, in 1948, methylated cytosine was purified from a mammalian tissue, calf 

thymus 10. Much later, in 1975, Riggs and Holiday first proposed a model in which methylated 

cytosine plays an important role in gene regulation, suggesting that a pattern of methylation 

that is inherited early in development can be propagated indefinitely 11,12. 

Although DNA methylation is conserved among species, there are interesting differences. 

For example in invertebrates like Ciona intestinalis, DNA methylation is mosaic, meaning 

that confined regions of the genome are heavily methylated interspersed with methylation 
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free regions, whereas in vertebrates it is globally distributed over the whole genome 13,14. In 

eukaryotes, DNA methylation plays a role in gene expression and occurs only at cytosines, 

whereas in prokaryotes, DNA methylation occurs on cytosines and adenines and is important 

for distinguishing invading phage DNA from the host DNA and regulation of the cell cycle 
15,16.
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Figure 2. Chemical basis of cytosine methylation. 
DNA methyltransferases (Dnmts) catalyze the addition of a methyl group to the 5 position of the 
pyrimidine ring of the cytosine. S-adenosyl-methionine (SAM) is the donor of the methyl group, which 
becomes S-adenosyl-homocysteine (SAH) upon losing its methyl group. 

Methylation of cytosine

In mammals, methylation of cytosines occurs mainly at CpG nucleotides, while in 

mammalian embryonic stem cells (ES cells) cytosine methylation also takes place at CpA 

dinucleotides although to a much lower extent when compared to CpG methylation 17-22. In 

plants, however, cytosine methylation occurs at CpG dinucleotides and CpNpG and CpNpN 

(N=A, C, T) sequences 23,24, and in Drosophila melanogaster cytosine methylation occurs 

at CpT and CpA 25,26. In addition to differences in sequence specificity, the density of DNA 

methylation varies widely between species. For example, Schizosaccharomyces pombe 27 

and Saccharomyces cerevisiae 28 have less than 0.1% methylated cytosines in their genome, 

while Neurospora crassa has 1.5% methylated cytosines in its genome 29. At the lower end 

of the spectrum, only 0.05-0.1% of cytosines of the Drosophila melanogaster genome are 

methylated 26,30. The present thesis is focused on DNA methylation in mammals. 
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Interestingly, in the genome of placental mammals, CpG dinucleotides occur at a much 

lower frequency than would be expected due to random chance. The methylated genome 

with a 42% GC content 31 is expected to have C followed by G at 4% of the respective 

sequences. Yet in the human genome, the frequency of CpG dinucleotides is only 1% 32. It 

has been proposed that CpG depletion is due to the high mutability of methylated cytosine, 

causing a CpG to TpG transition, if not repaired by a DNA repair mechanism, based on a 

special DNA glycosylase, which recognizes a mismatched T-G base pair and removes the T 
32-34. Seventy to eighty percent of the CpG cytosines are methylated, which corresponds to 

only 4-6% of total cytosines in the genome 35-37. In other words, less than 1% of the genome 

is composed of methylated cytosine 36. Even though this seems to be a small percentage 

of the genome, methylated cytosines play a highly important role, as described below, in 

controlling gene expressing and genomic stability.  

Methylation often occurs at CpG-poor regions and less frequently at CpG-rich areas 38. For 

example repetitive non-coding DNA such as transposable elements tend to be methylated 39-

41. Transposable elements are transposons and retrotransposons, which are DNA sequences 

that transposition through the genome without or with a RNA intermediate, respectively. 

Transposition could cause genome instability and disrupt the function of a gene. DNA 

methylation of these elements inhibits their transposition 39,41. 

CpG islands were first described as CpG-rich regions in 1985 by Bird et al. 38. Later, in 

2002, Taka and Jones modified the definition of a CpG island, to specify that the islands 

comprise 500 bp regions that contain 55% CpG or GpC with an (observed CpG)/ (expected 

CpG) ratio of greater than 0.6 42. CpG islands are usually located at the 5’ terminus (promoter, 

untranslated region and 1st exon) of a gene 38,43,44 and correlate with gene silencing. 

Approximately 40% of the human genes contain a CpG island 42,45. Gene promoters with CpG 

islands can be subdivided into promoters with high density CpGs (HCP), including genes 

regulating embryonic development and ubiquitously expressed housekeeping genes, and 

low density CpG (LCP) including mainly tissue specific expressed genes 38,46-48. Thus, upon 

differentiation a subset of the promoters acquires DNA methylation 49, thereby inhibiting 

transcription of the corresponding genes (Figure 3). 

Furthermore some CpG islands are also located in differentially methylated promoter 

or regulatory regions the so called imprinted control regions (ICR), which are important 

for genomic imprinting. Genomic imprinting describes a process in which certain genes are 

expressed in a parent-of-origin specific manner 50. More specifically, some genes are only 

expressed from the paternal allele, since the maternal allele is methylated, while other 
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genes are only expressed from the maternal allele due to methylation of the paternal allele 
50. Additionally, there are also imprinted genes that are expressed from the allele of which 

the ICR is fully methylated 50.

While DNA methylation in promoters is associated with gene silencing, it has been 

shown that DNA methylation in the gene body correlates with active transcription 21,22,51,52. 

Additionally, it has been suggested that DNA methylation might play a role in tissue-specific 

transcript splicing since it was observed that DNA methylation sharply changes at intron-exon 

junctions 21,53. However, the weight of the evidence indicates that the majority of methylated 

cytosines detected in CpG-poor repetitive elements function to maintain genome stability; 

methylated cytosines detected in CpG-rich promoter regions promote gene silencing.

Figure 3. DNA methylation at CpG islands. 
Schematics of a gene with a CpG island promoter region. When the CpG nucleotides are methylated, 
the chromatin structure is condensed, thus the transcriptional start site (TSS) is not available for 
transcription and the gene is inactive. When the CpG nucleotides are unmethylated the gene is 
active, since the chromatin is less condensed and the TSS is available for transcription. Adapted 
from:Rodríguez-Paredes and Esteller (2011) 138.

DNA methylation and embryonic development 

For proper development of an organism it is important that the developmental genes 

are available for transcription. The methylation patterns of both the paternal and maternal 

genomes are therefore erased when the sperm fertilizes the egg and the zygote is being 

formed (Figure 4). The paternal genome rapidly loses its DNA methylation through active 

demethylation 54,55, while the maternal genome loses its methylation due to passive 

demethylation during cleavage divisions. Some genomic regions are resistant to this 

wave of demethylation, i.e. the ICR 56, intracisternal A particle (IAP) retrotransposons 57,58 

and pericentromeric heterochromatin 59. Post-implantation, a new methylation pattern is 

established on the embryonic genome by DNA de novo methyltransferases; this methylation 

is important for regulating gene expression and to ensure proper embryonic development. 

A second wave of demethylation occurs during E10.5 and E12.5, but only in the male and 

female primordial germ cells. This second wave is more complete than the first wave, and 
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includes the ICRs; however, IAP retrotransposons remain methylated 57,60. The mechanism 

of DNA demethylation, at either one of the two waves, is unclear. Methylated cytosine can 

be hydroxylated to hydroxymethylated cytosine, which in turn may not be recognized by 

DNA methyltransferase Dnmt1, thereby resulting in loss of the methyl mark 61. During fetal 

development and postnatal life, differentiating somatic cells gain new DNA methylation 

marks in a stepwise manner, and the germ line cells acquire maternal and paternal genomic 

imprints at sex-specific steps of gametogenesis 62. 

Figure 4. DNA methylation during development. 
Demethylation of DNA takes places twice during embryonic development. The relative mean level of 
methylation of genes is shown, meaning that the respective starting level in mature gametes is set at 
1, for different groups of genes. Imprinted genes are represented by the dotted line, non-imprinted 
genes of the paternal genome by the grey line, and non-imprinted genes of the maternal genome by the 
striped line. When the sperm cell fertilizes the egg to form the zygote, both the paternal and maternal 
DNA becomes demethylated with the exception of the imprinted genes. Demethylation happens 
rapidly through active demethylation for the non-imprinted paternal sequences, and slowly for the 
maternal genome due to passive demethylation during cleavage divisions. During primordial germ cell 
development (E10.5-E12.5 in the mouse) the genome undergoes a second wave of demethylation, 
which includes the imprinted genes. The new DNA methylation patterns are established by the de 
novo methyltransferases Dnmt3a and Dnmt3b, both in somatic cells and germ line cells. 

DNA methyltransferases

DNA methyltransferases (Dnmts) are enzymes responsible for catalyzing the DNA 

methylation process. In mammals, there are three DNA methyltransferase; Dnmt1, Dnmt2 

and Dnmt3. Dnmt1 and isoforms of Dnmt3 are catalytically active DNA methyltransferases 
63. Dnmt1 is a maintenance methyltransferase. During replication Dnmt1 copies the DNA 

methylation pattern from the mother strand onto the daughter strand, ensuring the 

maintenance of the DNA methylation. Dnmt3 enzymes are de novo methyltransferase, 

which are important for establishing a DNA methylation pattern during embryonic 
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development (Figure 5). The schematic structure of the Dnmts is depicted in Figure 6. The 

N-terminal domain is important for regulating nuclear localization and binding to interacting 

proteins and DNA. The size of this domain varies widely between the different Dnmts, with 

Dnmt1 having a large N-terminus, Dnmt3 having a small N-terminus, and Dnmt2 lacking 

it completely. The C-terminus, which is conserved between prokaryotes and eukaryotes, 

contains the catalytically active domain. It contains the ADoMet-dependent MTase fold, 

consisting of 10 amino acid motifs, by which all Dnmts can be recognized. Motifs 1 and 

10 of this DNA cytosine-5-methyltransferase domain are important for co-factor binding, 

whereas motifs 4, 6 and 8 are important for catalysis. The region between motifs 8 and 9 is 

not conserved and is known to be important for DNA recognition and specificity (see review 

by Lan et al. 63). 

de novo methylation  
Dnmt3a
and Dnmt3b

maintenance 
methylation  
Dnmt1

DNA replication

DNA replication

passive demethylation

methylated cytosine 

unmethylated cytosine 

Figure 5. Establishing and maintaining DNA methylation. 
During embryonic development, de novo DNA methylation is established by the de novo 
methyltransferases Dnmt3a and Dnmt3b. During DNA replication, the DNA methylation is maintained 
on the daughter strand by maintenance methyltransferase Dnmt1, which prefers to bind to 
hemimethylated DNA. In the absence of Dnmt1, passive demethylation occurs. 
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C-terminal catalytic domain

DNMT1(s)

DNMT1o

DNMT1b

DNMT1ΔE3-6

DNMT2

N-terminal regulatory domain

PBD NLS TRF
Cys rich

CXXC GK repeat

DMAP-1- binding domain

exon 3-6

16 aa

I IV V VIII IX X

DNMT3a

DNMT3a2

DNMT3b1

DNMT3b2

DNMT3b3

DNMT3b4

DNMT3b5

DNMT3b6

DNMT3b8

DNMT3L

DNMT3b7

PWWP ADD I IV V VIII IX X

PBHD
BAH1 BAH2

Figure 6. Schematic representation of the primary protein structures of human DNA 
methyltransferases Dnmt1, Dnmt2, and Dnmt3, and their isoforms. 
DMAP-1-binding domain: DNA methyltransferase 1-associated protein 1 binding domain, PBD: PCNA 
binding domain, NLS: nuclear localization signal, TRF: target replication foci, Cys rich CXXC: cysteine 
rich CCXC domain, PBHD: polybromo homology domain, BAH1: bromo adjacent homology 1 domain, 
BAH2: bromo adjacent homology 2 domain, GK-repeat: glycine-lysine repeat, PWWP: proline-
tryptophan-tryptophan-proline, ADD ATRX-DNMT3-DNMT3L Domain. I, IV, VI, VIII, IX, X conserved 
amino acid motifs 1, 4, 6, 8, 9 and 10 respectively 63,206,207.
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DNA methyltransferase 1

Dnmt1, the first characterized mammalian DNA methyltransferase 64, is a maintenance 

methyltransferase. As described above, a maintenance methyltransferase copies the pre-

existing methylation pattern from the mother strand on the newly synthesized daughter 

strand during DNA replication (Figure 5), which is key to its role in epigenetic inheritance. 

More specifically, during S phase, Dnmt1 is located in the replication foci 65 and recognizes 

hemimethylated DNA in a complex with UHRF1 (ubiquitin-like, containing PHD and RING 

finger domains 1) 66,67. Dnmt1 has a higher affinity to hemimethylated DNA compared 

to unmethylated DNA 68,69. In humans, DNMT1 has four isoforms and one untranslated 

transcript (Figure 6) (reviewed by Lan et al. 2010 63). The most common isoform is DNMT1 

(also called DNMT1s), which is expressed in somatic tissues. DNMT1b has similar catalytic 

activity as DNMT1, but it is expressed at much lower levels than DNMT1. DNMT1DE3-6 is 

another isoform that lacks the region encoded by exons 3-6. This results in a truncated 

DNA methyltransferase 1-associated protein 1 (DMAP1) binding domain and a deleted 

proliferating cell nuclear antigen (PCNA) binding domain. Despite the loss of exons 3-6, 

the encoded DNMT1DE3-6 is catalytically active. The fourth isoform is DNMT1o, an oocyte 

specific isoform. Additionally, untranslated transcript DNMT1p is expressed in pachytene 

spermatocytes 63,70. The most common isoform Dnmt1 has been extensively studied.

Dnmt1 plays an important role in development, as demonstrated by three knockout 

studies. The first study showed that deletion of 900bp encoding the N-terminus of Dnmt1 

(Dnmt1n) results in a hypomorphic allele, with only partial loss of function. Dnmt1n/n 

embryos die in midgestation at the 20-somite stage, and show a 60% reduction of DNA 

methylation 71. In a second study, the authors mutated the domain important for binding 

to the DNA replication fork (Dnmt1s) creating a more severe loss of function allele than the 

Dnmt1n allele 72,73. The third study reported the generation of a null allele for Dnmt1, by 

deleting the catalytic domain in the C terminus (Dnmt1c) resulting in hypomethylation and a 

more severe phenotype 72. The homozygous Dnmt1s/s or Dnmt1c/c embryos die earlier than 

Dnmt1n/n embryos and do not develop further than the 8-somite stage 72,73. Moreover, DNA 

methylation levels in the homozygous Dnmt1s/s or Dnmt1c/c knockout embryos are significantly 

lower than observed for the Dnmt1n/n embryos 72,73. The exact cause of embryonic lethality 

has not been elucidated. It has been hypothesized that loss of Dnmt1 may destabilize the 

replication complex at the DNA replication fork, thereby reducing proliferation and inducing 

apoptosis through p53 74. Similar to Dnmt1c/c embryos, the genome of Dnmt1c/c ES cells 

is hypomethylated compared to the wild type ES cells; however, Dnmt1c/c ES cells grow 



R1
R2
R3
R4
R5
R6
R7
R8
R9

R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39

18

Chapter 1

normally when kept in an undifferentiated state 72. It has further been shown that Dnmt1 

plays a role in several other processes, discussed next.

Dnmt1 is required for X chromosome inactivation in female cells, which results in an 

equal dose of expression of X-linked genes in male and female cells. Inactivation of the X 

chromosome is regulated by the Xist gene, which is silent and methylated on the active 

X chromosome and active and unmethylated on the inactive X chromosome. The Xist 

gene product is an untranslated RNA. Xist expression is low in undifferentiated wild type 

ES cells but is upregulated on the inactive X chromosome. In Dnmt1 knockout ES cells the 

Xist promoter is not properly methylated on the active X chromosome and therefore Xist 

is ectopically expressed in Dnmt1 knockout female ES cells and mutant female embryos. 

Consequently, Dnmt1 mutant embryos and differentiating mutant ES cells have aberrant 

X-inactivation, indicating that Dnmt1 is important for X-inactivation 75,76. 

Dnmt1 is also known to be necessary for maintenance of genomic imprinting. Genomic 

imprints, which are differentially methylated regions between maternal and paternal alleles, 

are established during germ cell development. It has been shown that Dnmt1s and Dnmt1o 

is essential for maintaining imprints, since Dnmt1-/- ES cells and heterozygous embryos from 

Dnmt1o-/- females show loss of imprinting 73. 

In addition, Dnmt1 has been demonstrated to be important for maintaining genome 

stability and silencing of transposons like IAPs. Dnmt1 mutant cells display increased mutation 

rates, mostly due to deletions either by mitotic recombination or due to chromosomal loss 
77. Mice with only 10% Dnmt1 activity developed thymic lymphomas with hypomethylated 

centromeric repeats and trisomy 15 78. Moreover, Eden et al. (2003) showed that reduction of 

Dnmt1 levels in fibroblasts derived from mice prone to develop soft tissue sarcoma leads to 

an increased loss of heterozygosity (LOH) of entire chromosome arms 79. Additionally, Dnmt1 

mutant embryos were demethylated for the IAPs, and expression of these transposons 

is increased 80. Furthermore, mice with only 10% Dnmt1 activity develop thymomas that 

have transposed IAPs 81. In summary, maintenance DNA methyltransferase Dnmt1 activity 

is indispensable for embryonic development and important for X-inactivation, genomic 

imprinting, and maintaining chromosomal stability. 

DNA methyltransferase 2

Dnmt2 was identified as a DNA methyltransferase since it contains all the sequence motifs 

of a DNA (cytosine-5)-methyltransferases, except the N-terminal domain (Figure 6) 82-84. 

Although Dnmt2 is ubiquitously expressed in mouse and human tissues 83, no maintenance 
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or de novo DNA methylase activity has been detected 83,84. However, Dnmt2 methylates 

three transfer RNAs at cytosine 38 in flies 85,86. Two of these three tRNAs have been studied 

more extensively in mice, where they are protected from ribonuclease cleavage when 

methylated 86. Dnmt2 knockout mouse ES cells grow normally and show no abnormalities 

in their DNA methylation status compared to wild type ES cells 84. In accordance with these 

data, Dnmt2 mutant mice are phenotypically normal with an unchanged DNA methylation 

pattern, suggesting that Dnmt2 is not essential for mammalian development. 

DNA methyltransferase 3

Dnmt3 includes two catalytically active enzymes, Dnmt3a and Dnmt3b, and catalytically 

inactive Dnmt3L. De novo methyltransferases Dnmt3a and Dnmt3b are important for 

establishing a methylation pattern in the post-implantation embryo and in germ cells (Figures 

4 and 5) 87,88. Dnmt3a and Dnmt3b have partially redundant de novo methyltransferase 

capacity. For example, proviral DNA becomes methylated in Dnmt3a or Dnmt3b knockout 

ES cells, but it remains unmethylated in Dnmt3a and Dnmt3b double knockout ES cells 88. It 

has further been shown that Dnmt3a and Dnmt3b are important to maintain methylation 

on repetitive elements and genomic imprinted loci, since Dnmt3a and Dnmt3b double 

knockout ES cells lose methylation on these loci over time 89-91.

DNA methyltransferase 3a

Two isoforms of the de novo methyltransferase Dnmt3a have been described, Dnmt3a 

and Dnmt3a2 (Figure 6) 92. Dnmt3a2, expressed from an intronic promoter, is shorter than 

Dnmt3a and localizes with euchromatin, while Dnmt3a localizes with heterochromatin. 

Dnmt3a2 is predominantly expressed in mouse ES cells, germ cells, embryonal carcinomas, 

spleen and thymus, and Dnmt3a is ubiquitously expressed at low levels 88,92,93. Dnmt3a 

knockout mice are runted at birth and die within 4 weeks after birth; nevertheless, the 

global methylation pattern of these animals seems to be normal 88. Dnmt3a and Dnmt3a2 

are important for establishing and maintaining methylation at imprinted loci. For example, 

Dnmt3a-/-, Dnmtb-/- ES cells cultured for a long period are demethylated for the ICR of H19/Igf2 

and the Xist promoter regions 89. Both loci are methylated upon re-introduction of Dnmt3a2 

expression, and Xist promoter region is also methylated upon re-introduction of Dnmt3a 

expression. In addition, deletion of Dnmt3a after day 9.5 of embryonic development results 

in animals that develop to adulthood but these mice cannot deliver live pups, due to impaired 

maternal and paternal imprinting in their germ cells 43. Additionally, it has been shown that 
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the interaction of Dnmt3a with Dnmt3L is important for establishing genomic imprints in 

oocytes 43,94. Further, Dnmt3a methylates major satellite repeats in the pericentromeric 

regions 89. In summary, de novo DNA methyltransferase Dnmt3a and Dnmt3a2 are important 

for embryonic development and are necessary for genomic imprinting.

DNA methyltransferase 3b

Dnmt3b has 8 different isoforms, Dnmt3b1 – 8, which are the result of alternative 

splicing involving exons 10, 11, 21 and 22, as shown in Figure 6 63. Of these isoforms, 

only Dnmt3b1 and Dnmt3b2 are catalytically active 95. Dnmt3b isoforms 4 through 8 are 

catalytically inactive 89,92 and it has been suggested that Dnmt3b3, the most ubiquitously 

expressed isoform, has a regulatory function 96. Further discussion will focus on Dnmt3b1. 

Dnmt3b1 (further referred to as Dnmt3b) is highly expressed in ES cells and in the 

developing mouse embryo 84,88. Moreover, Dnmt3b knockout mice die around 9.5 days 

post coitum (dpc) with multiple developmental defects 88. Additionally, Dnmt3b knockout 

E9.5 embryos and Dnmt3b ES cells have demethylated minor pericentromeric satellite 

repeats in contrast to Dnmt3a knockout embryos, which are demethylated in the major 

pericentromeric satellite repeats. Dnmt3a and Dnmt3b double knockout mice die at 8.5 dpc, 

with lower methylation levels than wild type embryos. Their global methylation, however, is 

not reduced to the extent as observed for Dnmt1 knockout mice. Similarly, ES cells deficient 

for Dnmt3a and Dnmt3b have mildly reduced global methylation, which is less severe than 

observed for Dnmt1 knockout ES cells. 

It is known that mutations in Dnmt3b are connected to human disorders. For example, a 

mutation in Dnmt3b causes immunodeficiency, centromeric instability and facial anomalies 

syndrome (ICF) 88,97,98. The clinical symptoms of this syndrome are severe recurrent infections 

in early childhood, facial abnormalities and mental retardation in 30% of the patients. 

Notably, these patients have hypomethylated pericentromeric satellite repeats 2 and 3 

on chromosomes 1, 9 and 16 99. Thus, de novo methyltransferase Dnmt3b is essential for 

embryonic development and important for methylation of pericentromeric elements, both 

in mouse and human.

DNA methyltransferase 3-Like

Dnmt3-like (Dnmt3L) is a catalytically inactive Dnmt3 that plays an important role in 

regulating DNA methylation. More precisely, Dnmt3L and Dnmt3a form a tetrameric 

complex, which preferentially methylate CpG dinucleotides with 8-10 bp separation100,101. 
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Dnmt3L knockout mice are viable and appear to develop normally; yet, male Dnmt3L 

knockout mice are infertile 94,102,103. Specifically, one week after birth the seminiferous tubuli 

in the testes of Dnmt3L knockout males contain spermatogonia similar to wild type males. 

However, when the Dnmt3L knockout animals become adult, the spermatogonia fail to 

develop into spermatocytes and spermatids, possibly due to demethylation and reactivation 

of retrotransposons elements and meiotic failure 104. Female Dnmt3L knockout mice are 

fertile, but their embryos die around 9.5-10.5 dpc with developmental defects and a smaller 

chorion placenta. Interestingly, the global methylation pattern is unaffected in Dnmt3L 

knockout embryos and ES cells; however, the maternally imprinted loci are demethylated in 

the male and female germ cells as was found for retrotransposons in male germ cells 94,102-104. 

Thus, although Dnmt3L has no catalytic activity, it has important regulatory functions and it 

is essential for establishing maternal genomic imprints. 

Directing de novo Dnmts to DNA

DNA methylation mainly occurs on CpG dinucleotides; however, not all cytosines next 

to a guanine are methylated. The exact mechanism behind the target specificity of de novo 

Dnmts is not well understood. Different groups reported that de novo Dnmts have sequence 

specificity beyond the CpG dinucleotides when methylating CpG dinucleotides. Dnmt3a 

prefers to methylate CpG as RCGY (R=purine, Y=pyrimidine), and Dnmt3b preferably 

methylates cytosines with YCGR as flanking sequence 105,106. It has been shown that not all 

RCGY and YCGR sequences are methylated, indicating that the DNA sequence is not the only 

factor determining which cytosine gets methylated by the Dnmt3a and Dnmt3b 105, other 

factors which maybe involved will be discussed later in this thesis.

1.1.2 Histone modifications

Histone modifications, in addition to DNA methylation, are a part of the epigenetic 

machinery and play regulatory roles in gene expression. Furthermore, there are indications 

that histone modifications and DNA methylation regulate each other. The histones contain 

histone tails, which protrude from the nucleosomes. These tails can be post-translationally 

modified by methylation, acetylation, phosphorylation, ubiquitination, SUMOylation and 

ADP ribosylation (Figure 1). Consequently, the expression of the genes encoded in the DNA 

in close proximity of these histone modifications is regulated. For example, acetylation 

opens up the chromatin for transcription. More specifically, deacetylated histones 3 and 

4 are positively charged and form a tight configuration with negatively charged DNA, 
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consequently this DNA is not accessible for transcription. Acetylation of lysine residues in 

histone tails, mediated by histone acetylation transferase (HAT), neutralizes the positive 

charge of the histones, making chromatin accessible for the transcription machinery 3.

Histone methylation may promote or inhibit gene expression depending on which amino 

acid residue is methylated. For example, methylation of lysine 4 and 36 of histone 3 (H3K4 

and H3K36) are associated with gene expression, while methylation of lysine 9 and 27 (H3K9 

and H3K27) are associated with gene silencing 107. The histone methylation can occur in 

three flavors, mono-, di- and trimethylation, which is mediated by histone methylases 3. 

Interestingly, histone methylation is reversible, which is mediation by histone demethylases3. 

Histone modifications and DNA methylation are highly correlated, and it has been 

suggested that one attracts the other. Certain histone marks may repulse or attract Dnmts 

and thus direct DNA methylation to certain loci. First, DNA methylation positively correlates 

with unmethylated H3K4. Genome wide studies have shown that DNA methylation and 

H3K4 methylation are inversely correlated 108-111. H3K4 trimethylation (H3K4me3) is mostly 

observed at the transcriptional start site (TSS) of active genes, which lack DNA methylation. 

Conversely, chromatin regions which lack H3K4 methylation contain methylated DNA. DNA 

methyltransferases Dnmt3a, Dnmt3b and Dnmt3L contain an ATRX-Dnmt3a-Dnmt3L (ADD) 

domain that binds to unmethylated H3K4 and stimulates Dnmt3a methylation activity in 

vitro 112-115. Additionally, Dnmt3a2 methylates the linker DNA upon binding to unmethylated 

H3K4 112,114. Further evidence that H3K4 methylation inhibits DNA methylation comes from 

studies using a knockout mouse model for Kmd1b, a H3K4 demethylase primarily expressed 

in oocytes 116. Kmd1b-/- oocytes have increased levels of H3K4 dimethylation and Kmd1b-/- 

embryos show impaired imprinting. The studies demonstrated that four out of seven 

maternal imprinted genes analyzed were not methylated in these embryos, suggesting that 

increased H3K4 methylation inhibits DNA methylation. Taken together these data support 

that unmethylated H3K4 promotes DNA methylation, and that H3K4 methylation inhibits 

DNA methylation.

Another histone modification, H3K36trimethylation (H3K36me3), correlates positively 

with DNA methylation as shown by genome wide studies 52,53,117. Additionally, it has been 

shown that the ATRX-DNMT3-DNMT3L (ADD) domain of Dnmt3a binds to the tail of histone 

3 and that the proline-tryptophan-tryptophan-proline (PWWP) motif of Dnmt3a is involved 

in targeting Dnmt3a to H3K36me3 (Figure 7A) 118. The observations indicate that H3K36me3 

directs DNA methylation.
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Moreover, DNA methylation overlaps with histone 3 lysine 9 trimethylation (H3K9me3). 

For example, H3K9me3 methylation and DNA methylation are both located at ICRs, 

centrosomes, transposons, and tandem repeats 117,119. Additionally, major satellite repeats 

are methylated at H3K9 by histone methylases Suv39h1 and Suv39h2 120. Similarly, IAP 

elements, murine leukemia virus and Line1 elements, retrotransposons, major satellite 

repeats and high density CpG promoters (HCP) are methylated at H3K9 by Ga9, which is 

involved in DNA methylation at these loci 121-124. Collectively, these findings indicate that 

enzymes that modify the methylation status of H3K9 promote DNA methylation 120-124. 

Several studies have shown that histone 3 lysine 27 trimethylation (H3K27me3) or 

polycomb repressive complex 2 (PRC2), the complex which establishes this histone mark, 

are correlated with DNA methylation in cancer cells. For example, Vire et al. (2006) showed 

that enhancer of zeste homologue 2 (EZH2), a core component of PRC2, recruits Dnmts to 

certain loci (Figure 7B) 125. Additionally, three studies showed that loci that harbor H3K27me3 

or a component of the PRC2 complex in ES cells are more likely to be hypermethylated in 

cancer cell lines or tumors 126-128. Taken together, a large series of experimental results have 

provided evidence that DNA methylation correlates with specific DNA sequences, and that 

Dnmts interact with or are instructed by histone modifications.

Figure 7. Dnmt complexes. 
A) Schematic drawing showing binding of Dnmt3a to the tail of histone 3 with its ADD domain and to 
H3K36me3 (circle on histone tail) with its PWWP domain (triangle), respectively. Consequently, the 
catalytic domain of Dnmt3a (oval) is in proximity of the linker DNA, where it may methylate the DNA.
B) Schematic drawing showing that Ezh2, as part of the PRC2 complex, recruits Dnmt. The PRC2 complex, 
consisting of Eed, Suz12 and Ezh12, establishes trimethylation on lysine 27 (K27; trimethylation is 
depicted as circle on histone tail). 
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1.1.3 Nucleosome positioning and histone variants

Another epigenetic mechanism affecting gene expression is nucleosome positioning. 

More specifically, active genes have nucleosome-free transcription start sites, enabling 

assembly of the transcriptional machinery (reviewed by Hargreaves and Crabtree, 2011 129). 

Conversely, nucleosomes are located at the transcriptional start site (TSS) of silenced genes, 

inhibiting the assembly of the transcriptional machinery and consequently inhibiting gene 

expression. Nucleosome positioning is regulated by the SWI/SNF chromatin remodeling 

complex through nucleosome remodeling and nucleosome sliding.

Nucleosome positioning is an epigenetic mechanism, in view of an involvement of 

histone modifications and histone variants. Histone variants H3.3, H2A.Z and H2A.X 

influence nucleosome position and consequently gene expression. H3.3 and H2A.Z are 

associated with active promoters 1,2. Importantly, histone variants may be modified adding 

an extra layer of gene regulation. For example, ubiquinated H2A.Z associates with facultative 

heterochromatin 2. Thus, location of nucleosomes and the composition of histones in the 

nucleosome regulate gene expression in a non-covalent manner. 

1.2 Epigenetics and disease
Epigenetics plays an important role in normal and malignant development. Beckwith-

Wiedemann syndrome (BWS) is characterized by prenatal overgrowth, malformations 

and increased risk for developing embyronal tumors such as Wilms tumor. This syndrome 

is associated with microdeletions in one of both imprinted subdomains on chromosome 

11p15; the ICR of H19/IGF2 and the ICR of CDKN1c. For most BWS patients, it has been 

shown that deletions in these regions caused dysregulation of imprinting, resulting in either 

biallelic expression of IGF2 and/or silencing of CDKN1c 130. Other examples of imprinting 

syndromes are Angelman syndrome (AS) and Prader-Willi syndrome (PWS), which are caused 

by microdeletions or epimutations on chromosome 15q11-13 130,131. This region codes for the 

imprinted genes ubiquitin-protein ligase E3A (UBE3A), which is normally expressed from the 

maternal allele, in addition to small nuclear ribonucleoprotein polypeptide N (SNRPN) and a 

cluster of small nucleolar RNAs (SnoRNAs), which are normally expressed from the paternal 

allele. Angelman syndrome patients have lost the maternal allele, resulting in loss of Ube3a 

expression. Conversely, the paternal allele is deleted in PWS patients, and loss of SNORD116 

(one of SnoRNAs) expression is suggested to be the major cause of the symptoms of PWS 

patients 132. AS and PWS are both characterized by mental retardation. Collectively, these 
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syndromes are caused by deletions of a chromosomal region, resulting in misregulated DNA 

methylation. 

Besides epigenetic diseases caused by dysregulation of imprinting, diseases can 

also be the direct consequence of a mutation in genes of the epigenetic machinery. 

Immunodeficiency, centromeric instability and facial anomalies syndrome (ICF) is the 

result of mutations in the DNMT3B gene, usually in the C-terminus (ICF is reviewed by 

Matarazzo, 2009) 88,97,98,133. These patients have reduced serum immunoglobulin levels and 

only immature B-cells, and they suffer from severe immunodeficiency, which is usually 

lethal during childhood. In addition, satellites 2 and 3 of chromosomes 1 and 16 and less 

often chromosome 9 are hypomethylated in these patients, with rearrangements of these 

chromosomes as consequence 98,99. Strikingly, these rearrangements have also been found 

in cancer (reviewed in 134,135). Conversely, cancer is not a common symptom of ICF, although 

it should be kept in mind that ICF patients have a very short life span 134. Furthermore, 

microarray analysis on lymphocytes of ICF patients showed that some genes were 

misregulated, which could explain the symptoms of ICF. Strikingly the corresponding gene 

promoters were not hypomethylated. The authors suggested that the hypomethylation of 

the repetitive sequences resulted in changes in the nuclear architecture, causing the altered 

gene expression. 

DNA methylation and cancer

Aberrant DNA methylation is implicated in cancer. Generally, cancer is considered as a 

disease caused by genetic mutations. Knudson (1971) proposed the ‘two- hit’ model for 

cancer, which requires that both alleles of a tumor suppressor gene must be inactivated 

before a cell can grow out to a cancer (reviewed in Knudson 2000 136). These hits could be 

the result of a genetic mutation, followed by loss of heterozygosity (LOH), which is the loss 

of a normal allele when the other allele is already inactive. Alternatively, the hits could 

involve an epigenetic mutation, either as a first or a second hit (Figure 8) 137. Epigenetic 

mutations, also named epimutations, could silence tumor suppressor genes or activate/

increase oncogene expression, serving as hits in cancer initiation. Cancer is associated 

with a high rate of epigenetic changes and involve global hypomethylation and regional 

hypermethylation (Figure 9) 138. The next paragraphs describe in more detail our knowledge 

of global and gene specific hypomethylation in cancer.



R1
R2
R3
R4
R5
R6
R7
R8
R9

R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39

26

Chapter 1

methylation
�rst hit

mutation

second hit

LOH

biallelic methylationmutation
+

methylation

mutation
+

LOH

methylation
+

LOH

methylation
LOH methylation

second hit

*

*

mutation   

methylated cytosine 

*

Figure 8. Knudson’s ‘two- hit’ model for cancer. 
This model could involve epigenetic mutation, as shown in this schematic drawing. The boxes at the 
top represent two active tumor suppressor genes. The first hit of tumor suppressor gene inactivation 
could be a genetic mutation (left) or promoter DNA methylation leading to gene silencing (right). The 
second hit of tumor suppressor inactivation could be a result of LOH or methylation. Adapted from 
Jones and Laird (1999) 137.

Hypomethylation

Global hypomethylation

In 1983, Feinberg and Vogelstein first reported hypomethylation of certain genes in 

cancer 139. Subsequently, global hypomethylation of repetitive elements and transposable 

elements have been reported, leading to genome instability due to activation and 

translocation of the transposable elements and chromosomal rearrangements between 

repeat elements (Figure 9) 138,140,141. For example, in mice, the reduction of Dnmt1 to 10% of 

its wild type enzymatic activity results in global hypomethylation 78,81. These mice develop 

thymomas with trisomy 15, and the hypomethylated IAPs in these tumors are activated 

and transposed into the Notch1 locus inducing oncogenic Notch1 expression 78,81. Another 

example of genomic instability was shown when Nf1+/-,p53+/- (NPcis) mice that are prone to 

develop soft tissue sarcomas, were found to have a more severe phenotype when Dnmt1 
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activity was reduced to 10% of its wild type levels 79. More specifically, the tumors arise 

at a younger age and the mutant mice die earlier than mice with normal Dnmt1 activity 

levels. Additionally, fibroblasts of these mice have increased loss of heterozygosity of whole 

chromosome arms. Taken together, these studies suggest that hypomethylation-induced 

genomic instability promotes tumor formation. 

Conversely, reduced methylation in Apcmin/+ mice, a colorectal cancer mouse model 142, 

resulted in fewer tumors compared to control mice 143-146. Mutations in the APC gene have 

been found in both sporadic and hereditary human colorectal cancer. Normally, the APC 

protein targets beta-catenin for degradation in the cytoplasm. However, when the APC gene 

is mutated, beta-catenin is not targeted for degradation but is translocated to the nucleus 

where it induces transcription of genes of the Wnt pathway, which causes tumor formation in 

the intestine (reviewed by Clevers 2006 147). The Apcmin/+ (min = multiple intestinal neoplasia) 

mouse carries one wild type Apc allele and one allele with a mutation in codon 850, which 

corresponds to the mutation causing familial adenomatous polyposis (FAP), a form of 

hereditary colorectal cancer 148. Loss of the wild type Apc allele by spontaneous homologous 

recombination in the intestinal mucosa leads to development of microadenomas, which 

may grow out to a macroscopic adenoma. Apcmin/+ mice with 10% Dnmt1 activity of the wild 

type levels have a higher incidence of microadenomas, likely caused by increased LOH of Apc 
143. However, the outgrowth of these microadenomas to macroscopic adenomas is reduced 

due to decreased cell proliferation. Strikingly, these mutant Dnmt1 Apcmin/+ mice develop 

hepatocarcinomas, whereas Apcmin/+ mice that are wild type for Dnmt1 do not develop any 

tumors other than intestinal tumors. The development of hepatocarcinomas in the above 

model is likely due to LOH of Apc. As described above, Gaudet (2003) observed increased 

thymoma incidence due to trisomy 78. These observations demonstrated that loss of global 

methylation has different effects in different tissues; global hypomethylation promotes 

the incidence of thymic and liver tumors by increased genome instability, but suppresses 

outgrowth of macroscopic intestinal tumors 78,143.

Although, various cancers are characterized by global hypomethylation, the timing of 

global hypomethylation in tumor development may differ. Global hypomethylation seems 

to be an early event in colon cancer since hypomethylation of long interspersed nuclear 

element 1 (LINE1) retrotransposons is observed in both the colon tumors and in the intestinal 

mucosa of these patients, while other tissues are unaffected 149. The phenotypically normal 

liver of hepatocellular carcinoma patients has no aberrant methylation, and the degree of 
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hypomethylation correlates with progression of the disease 150. Thus, when hepatocarcinomas 

increase in size or the histological grade progresses, global hypomethylation of the genome 

of the tumor cells is more severe compared to the genome of cells of a smaller tumor or a 

lower histological-graded tumor. For more details about global hypomethylation patterns in 

cancer, the review by Wilson (2007) provides much information 135. 

Gene specific hypomethylation

In addition to global hypomethylation, cancer is associated with aberrant gene specific 

hypomethylation, resulting in gene activation. Regions that are demethylated differ between 

cancers, although certain genes are more commonly hypomethylated than others. Examples 

are MASPIN, a gene coding for serine protease inhibitor; S100A4, encoding a calcium-

binding protein; R-RAS, CYCLIN D2, and microRNA let-7a-3 151-157. Another group of genes 

that is found hypomethylated in cancer cells are the so-called cancer/testis (C/T) genes or 

tumor specific antigen genes. These genes, which are normally only expressed in healthy 

testis, are hypomethylated and aberrantly expressed in tumors. Melanoma antigen family 

a1 (MAGE1) belongs to this group of genes and this gene is hypomethylated and expressed 

in melanoma and glioblastoma 158,159. In conclusion, DNA hypomethylation in cancer can be 

divided into global hypomethylation that causes chromosomal instability and gene specific 

hypomethylation resulting in gene activation.

DNA hypermethylation

In addition to hypomethylation, aberrant promoter specific hypermethylation is 

frequently observed in the cancer epigenome that leads to silencing of the corresponding 

gene (Figure 9). In 1989, Greger et al. showed the first link between hypermethylation of 

a tumor suppressor gene and carcinogenesis 160. In retinoblastomas, the tumor suppressor 

gene retinoblastoma (RB) was found to be frequently hypermethylated in the promoter 

region. Later, the same group and others showed that methylation of the promoter region 

of RB results in reduced RB expression 161,162. Since then, many examples of promoter-

hypermethylation of tumor suppressor genes have been described for cancer cells, i.e. 

cyclin dependent kinase inhibitor p16/INK4A, von Hippel–Lindau (VHL), MLH1, BRCA1 

and RASSF1A 161-170. Interestingly, some tumor suppressor genes, such as p16, are found 

methylated in many types of cancers 168, whereas others such as BRCA1 164 and RASSF1A 
163 correlate with breast and lung cancer, respectively. Hypermethylation can also affect 

genes encoding transcription factors such as GATA4 and GATA5, which are important for 
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gastrointestinal development 171. In general, hypermethylation in cancer occurs at genes, 

which are important for suppression of tumor development. 

Hypermethylation in cancer cells is mostly restricted to small regions of DNA, in contrast 

to global DNA hypomethylation. Frigola et al. (2006) reported an exception to this; they 

found regions of DNA up to 1MB that were hypermethylated 172. Consequently, genes 

located in these stretches were silenced. Interestingly, unmethylated genes flanking the 

hypermethylated region also showed reduced gene expression. One hypothesis is that 

this may be due to chromatin remodeling, such as caused by H3K9 dimethylation, which 

is also associated with gene silencing 172. In conclusion, hypermethylation in cancer quite 

frequently occurs at gene promoters, specifically resulting in gene silencing. 

Loss of imprinting

Loss of imprinting (LOI) is the aberrant expression of a normally silent copy of an 

imprinted gene or the aberrant silencing of a normally active copy of an imprinted gene, 

and has also been implicated in cancer. In tumors, LOI occurs primarily at genes encoding 

growth factors and tumor suppressor genes. Chimeric mice derived from imprint-free ES 

cells (IF-ES cells) develop tumors within 12 months, indicating that LOI can cause cancer 173. 

IGF2 expression is controlled by the ICR H19/IGF2. LOI of IGF2 has been found Wilms tumor, 

which is the most common cancer in children with Beckwith-Wiedemann syndrome (BWS), 

a syndrome associated with deletions in the H19/IGF2 ICR 7,130. In several other cancers LOI 

of IGF2 has been found such as breast cancer, colon cancer, ovarian cancer 174-178. Moreover, 

individuals with LOI of IGF2 have a higher risk of developing colorectal cancer 179. Other 

examples where LOI appears to play a role in cancer are MEST1 in breast cancer and GTL2 

neuroblastoma and Wilm’s tumors 180,181. 
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Figure 9. DNA methylation in normal and cancer cells. 
A) In normal cells, methylation of repetitive elements inhibits transcription and transposition of 
transposons, and lowers chromosomal instability. In cancer cells, hypomethylation of the repetitive 
elements results in aberrant transcription, a higher rate of transposition of transposons, and marked 
chromosomal instability. 
b) In normal cells, promoters (CpG islands) of tumor suppressor genes are unmethylated, consequently 
the genes are available for transcription. In cancer cells, promoters of tumor suppressor genes are 
often methylated; consequently, the TSS of the genes are not available for transcription and the genes 
are inactive. Adapted from Rodríguez-ParedesEsteller (2011) 138.
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Aberrant expression of methyltransferases in cancer

The aberrant DNA methylation patterns observed in cancer cells prompted several 

research groups to investigate whether the levels of Dnmts changed in tumors. One group 

reported early on that the total DNA methylase activity was increased in cancer cells 
182. DNMT1 overexpression has been observed in many cancers, such as colon cancer, 

endometrial cancer, gastric cancer, pancreatic cancer, leukemia, hepatocarcinoma, bladder 

cancer and kidney cancer 183-190. However, cancers are highly proliferative tissues and 

DNMT1 is expressed higher in proliferating tissues. When the proliferation status of the 

tumor tissue is taken into account, DNMT1 overexpresion in tumor tissue is moderate 191 191. 

Additionally, since DNMT1 is a maintenance methyltransferase that preferentially methylates 

hemimethylated DNA, it is reasonable to assume that de novo methyltransferases, rather 

than DNMT1, are responsible for the new methylation patterns observed in cancer cells.

Indeed, de novo methyltransferases DNMT3a and DNMT3b are overexpressed in several 

cancers such as endometrial cancer, bladder cancer, hepatocarcinoma, colon cancer and 

kidney cancer, and leukemia 185,186,188-190,192. Interestingly, it has recently been shown that 

20% of acute monocytic leukemia (AML) patients carry a mutation in DNMT3A 193,194, which 

may suggest it acts as a tumor suppressor. The correlation between DNMT3b and cancer 

has been supported by several studies. For example, there is a positive correlation between 

the differentiation state of tumors and the level of DNMT3b expression 190,192. Another study 

showed that Dnmt3b deficient fibroblasts transduced with SV40 large T antigen and RAS are 

impaired for colony formation in soft agar or tumors when injected into mice, in contrast 

to wild type Dnmt3b fibroblasts 195. Moreover, Lin et al. (2006) showed that Apcmin/+ mice 

deficient for Dnmt3b develop a similar number of microadenomas as wild type mice but 

the number of macroadenomas was reduced 196. Collectively, these studies indicate that 

Dnmt3b promotes tumorigenesis. 

DNA methylation as biomarker

Besides the mere observations of aberrant epigenetic changes in cancer, these changes 

can be of significance in the clinic. The methylation status of loci can be easily determined 

in biopsy specimens and body fluids such as sputum, saliva, serum, urine and stool, and 

the methylation status of loci can be used as biomarkers as reviewed by Taby and Issa 

(2010) and Rodriguez-Paredes and Esteller (2011) 138,197. For example, epigenetic biomarkers 

have some predictive value regarding the risk of lung cancer 198. Moreover, prostate cancer 

can be diagnosed on the basis of the hypermethylation of a single gene, namely (pi)-class 
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glutathione S-transferase GSTP1 199. Importantly, glioma patients with a hypermethylated 

O6-methylguanine-DNA methyltransferase (MGMT) promoter have prolonged survival when 

treated with an alkylating agent, temozolomide in addition to radiotherapy, while patients 

with an unmethylated MGMT promoter do not benefit from temozolomide treatment in 

addition to radiotherapy 200. In conclusion, epigenetic biomarkers can be a very useful tool in 

the clinic, and should be further developed to try to identify individuals with increased risk 

to develop tumors, to diagnose patients, to predict the patients’ prognosis and to determine 

a treatment plan for patients. 

Cancer therapy by epigenetic modulation

Since a large number of hypermethylated genes are silenced in cancer cells, 

demethylation of these loci should reactivate transcription and thus reverse the epigenetic 

mutation and re-establish the gene expression profile of healthy tissue. Therefore, the 

possibility of using demethylating drugs in cancer treatment has been investigated. In 2004 

and 2005, two methylation inhibitors, vidaza (5-azacytidine, azacitidine) and decitabine 

(5-aza-2-deoxycytidine), were approved by the FDA 201,202. Both drugs are used as treatment 

against myelodysplastic syndrome (MDS), which is a heterogeneous group of bone-marrow 

disorders with impaired blood cell formation 201-204. Vidaza and decitabine are nucleoside 

analogues that incorporate into the DNA (vidaza also is incorporated into RNA) and induce 

demethylation by forming an irreversible covalent bond with the Dnmts, consequently 

depleting Dnmts from the cell. In subsequent rounds of replication, the loss of Dnmts 

will lead to demethylation of the DNA in the cell, which reverses the methylation of the 

hypermethylated promoters and thereby restores the normal expression of these genes. 

There is, however, concern that demethylation of imprinted genes, repetitive elements 

and oncogenes could lead to misexpression, chromosomal instability and activation of 

oncogenes. Thus far, data are lacking to conclude whether this is indeed the case. Another 

potential limitation of using these drugs for cancer treatment is the cellular uptake of 

these compounds. Vidaza and decitabine are administrated to leukemia patients, but not 

to patients with solid tumors, although efforts are under way to improve the uptake of 

these drugs into solid tumors 205. As of today, treatment against aberrant DNA methylation 

is directed to reverse the DNA methylation on the whole genome rather than targeted 

to aberrantly methylated loci or to cells with aberrant methylation. Thus, treatment to 

reverse DNA methylation could be improved, and understanding the role of Dnmts and DNA 

methylation in cancer is important for potentially developing new therapies. 
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1.3 Aim and scope of this thesis
Based on the research described in this Introduction, it can be concluded that Dnmt 

expression and DNA methylation are frequently misregulated in cancer cells. However, it 

has not been resolved if aberrant expression of de novo methyltransferases Dnmt3a and 

Dnmt3b and the aberrant DNA methylation are a cause or a consequence of tumorigenesis. 

Further, it has not been elucidated whether DNA methylation occurs either at random loci 

with tumor outgrowth as consequence of clonal selection, or at specific loci. My thesis work 

focused on addressing these questions. In order to study whether ectopic Dnmt expression 

plays a causal role in cancer formation, we generated mouse models that could be induced 

for ectopic de novo methyltransferase expression. We then crossed these mice with an 

intestinal cancer mouse model to analyze the tumor phenotype. Additionally, we performed 

the reciprocal experiment by crossing conditional deletion Dnmt3a or Dnmt3b mice with a 

lung cancer model to study the effect of loss of Dnmt activity. To address whether Dnmts 

methylate loci specifically or randomly, we subjected the tumors and mucosa of the ectopic 

Dnmt3b expressing mice to DNA methylation analysis. These experiments allow us to gain 

insight whether de novo Dnmts have a distinct role in tumorigenesis.

1.4 Outline of this thesis
Chapter 1 introduces the basic concepts of epigenetics, with a focus on DNA methylation 

in healthy tissues and in cancer cells. The study described in Chapter 2 addressed the 

question whether gain of function of Dnmts would play a causal role in tumor formation. To 

this end, transgenic mouse models that can be induced for ectopic de novo Dnmt expression 

were generated and crossed with Apcmin/+ mice, which is an intestinal cancer mouse model. 

In humans, familial adenomatous polyposis (FAP) is caused by mutation of the APC gene 

and such APC mutations have also been found in non-familial cases of colorectal cancer. 

Our mice ectopically expressing Dnmt3b had larger and more adenomas than mice wild 

type for Dnmt3b1 expression. Subsequently, intestinal adenomas and mucosa were isolated 

from these mice and analyzed by loci specific bisulfite sequencing to address whether 

Dnmt3b methylates certain loci specifically, or whether the tumor outgrowth was a result of 

clonal selection. Chapter 3 describes an expanded DNA methylation analysis of tumors and 

intestinal mucosa from Apcmin/+ mice and mucosa from Apc wild type mice. The tissues were 

harvested from mice that were induced for ectopic Dnmt3b expression and from control 

mice. DNA methylation was analyzed by Mass Array platform from Sequenom and by 

reduced representation bisulfite sequencing (RRBS). Our data showed that DNA methylation 
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is not influenced by the genetic background of the mice and that loci methylated upon 

Dnmt3b induction resemble the DNA methylation pattern found in human colon cancer. 

The role of de novo Dnmts in tumorigenesis was further investigated using a lung cancer 

mouse model, K-raslox-stop-lox-G12D that was crossed with a conditional knockout mouse for the 

Dnmt3a gene or the Dnmt3b gene (Chapter 4). This mouse model allows simultaneous de 

novo Dnmt deletion and induction of oncogenic K-ras expression upon Cre-recombinase 

treatment. The data in Chapter 4 suggest that Dnmt3a functions as tumor suppressor in 

lung cancer. In order to investigate whether Dnmt3a plays a similar role in other cancer 

types, we are currently studying the effect of Dnmt3a deletion in intestinal tumorigenesis 

(Addendum 1). 

Addendum 2 describes the progress of another ongoing project, which addresses loci 

specificity of Dnmt3b mediated DNA methylation: i) does ectopic Dnmt3b expression induce 

a cancer type specific methylation pattern in tissues other than the mouse colon? and ii) 

is the methylation pattern directed by histone modifications? To address these questions, 

I isolated small intestinal epithelial cells and hepatocytes from mice induced for ectopic 

Dnmt3b expression. These samples were analyzed for their DNA methylation pattern 

by RRBS and histone modifications by ChIP-Seq. Finally, Chapter 6 discusses the results 

summarized in the present thesis. 
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Abstract 

Increased methylation of CpG islands and silencing of affected target genes is frequently 

found in human cancer, however, in vivo the question of causality has only been addressed by 

loss of function studies. To directly evaluate the role and mechanism of de novo methylation 

in tumor development we overexpressed the de novo DNA methyltransferases Dnmt3a and 

b1 in ApcMin/+ mice. We found that Dnmt3b1 enhanced the number of colon tumors in ApcMin/+ 

mice approximately twofold and increased the average size of colonic microadenomas, 

whereas Dnmt3a had no effect. The overexpression of Dnmt3b1 caused loss of imprinting 

and increased expression of Igf2 as well as methylation and transcriptional silencing of 

the tumor suppressor genes Sfrp2, 4 and 5. Importantly we found that Dnmt3b1 but not 

Dnmt3a1 efficiently methylates the same set of genes in tumors and in non-tumor tissues 

demonstrating that de novo methyltransferases can initiate methylation and silencing of 

specific genes in phenotypically normal cells. This suggests that DNA methylation patterns 

in cancer are the result of specific targeting of at least some tumor suppressor genes rather 

than of random, stochastic methylation followed by clonal selection due to a proliferative 

advantage caused by tumor suppressor gene silencing. 
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introduction

Cancer cells show widespread epigenetic changes when compared to their normal 

parental tissue including changes in DNA methylation and chromatin modification (Jones 

and Baylin 2007). The first epigenetic abnormality reported for human cancer was a global 

decrease in genomic cytosine methylation (Feinberg and Vogelstein 1983) most often seen 

in repetitive sequences and intergenic regions. It promotes genetic instability, increases the 

mobility of transposable elements (Walsh et al. 1998) and induces tumorigenesis in several 

different mouse models (Eden et al. 2003; Gaudet et al. 2003; Yamada et al. 2005; Jones and 

Baylin 2007). Thus hypomethylation predisposes to genetic damage and increases the risk 

of tumor development. Conversely in some tissues global hypomethylation can also inhibit 

tumor outgrowth (Laird et al. 1995).

In addition to global hypomethylation, it was also found that the cancer cell genome 

frequently contains regions with increased cytosine methylation (Baylin et al. 1986). This 

regional hypermethylation often affects CpG islands that are associated with promoter 

regions (Herman and Baylin 2003; Feinberg and Tycko 2004; Jones and Baylin 2007). Regional 

hypermethylation attracted attention when it was linked to transcriptional silencing of the RB 

tumor suppressor gene in patients with retinoblastoma tumors (Greger et al. 1989; Greger 

et al. 1994). Multiple follow up studies revealed that in cancer many tumor relevant genes, 

in particular tumor suppressor genes, are transcriptionally silenced by hypermethylation. 

Aberrant DNA methylation patterns are stable and maintained throughout cell division and 

therefore regional hypermethylation has been proposed to contribute to carcinogenesis 

(Herman and Baylin 2003). However when unbiased screens were conducted to identify 

hypermethylated regions in tumor DNA many of the affected genes were not directly 

involved in tumor pathogenesis (Suzuki et al. 2002). These observations stirred a debate 

whether the widespread regional hypermethylation in tumors is a consequence rather 

than a cause of cancer. Two recent discoveries shed more light on the mechanisms and the 

conceptual understanding of regional hypermethylation in tumors. Firstly, it was found that 

Polycomb group (PcG) repressor complexes can directly recruit de novo methyltransferases 

to target genes and promote regional methylation (Vire et al. 2006). Secondly recent studies 

demonstrated that hypermethylation in cancer targets developmental regulator genes that 

are occupied by polycomb repressor complexes in embryonic stem cells (Ohm et al. 2007; 

Schlesinger et al. 2007; Widschwendter et al. 2007). This is consistent with the notion that 

genes marked by PcG complexes during early development may be particularly susceptible 

to methylation mediated silencing.
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Epigenetic silencing of genes in cancer poses a number of as yet unresolved questions. 

For example an important issue is whether de novo methylation of genes in cancer 

is causally involved in tumor development or rather represents an adaptive change 

reflecting the oncogenic phenotype (Bestor 2003). An early in vitro study using the colon 

carcinoma cell line HCT116 suggested a causal role of de novo methylation in carcinogenesis 

(Myohanen et al. 1998). Correlative evidence from human studies is also consistent with 

regional hypermethylation being causally involved in the tumorigenic process. For example 

hypermethylation is already detectable at the earliest stages of tumor development and 

some tumor characteristics correlate well with methylation mediated silencing of certain 

tumor relevant genes (Chan et al. 2006). However most in vivo experiments addressing the 

role of DNA methylation in cancer are loss of function studies using chemical or genetic 

inhibition of maintenance DNA methylation (Robert et al. 2003) and therefore do not directly 

address the causal role of hypermethylation in cancer. Such interventions affect global 

methylation as well as regional methylation complicating the interpretation of results. One 

gain of function study using in vitro overexpression of Dnmt1 in mammalian cells indeed 

supported the idea that hypermethylation can promote cell transformation (Wu et al. 

1993) but attempts to expand this approach into an adult in vivo model were unsuccessful 

(Biniszkiewicz et al. 2002). To prove that de novo methylation is causally involved in tumor 

formation, loss of function studies need to be complemented by gain of function studies in 

vivo.

Other open questions relate to the mechanism and specificity of the de novo methylation 

process: Are altered methylation patterns in tumors the result of sporadic methylation 

events and selection or are certain genes directly and efficiently targeted for methylation? 

Also, the identity and the specificity of DNA methylating enzymes involved in gene silencing 

remain unresolved questions. Both de novo DNA methyltransferases (Dnmt) 3a and 3b are 

frequently expressed in cancer tissue, but their relative contribution to hypermethylation in 

cancer is unclear. A recent study from our lab suggested that Dnmt3b is required for tumor 

development (Lin et al. 2006) but target genes have not been identified. It remains to be 

clarified which of the known de novo methyltransferases is involved in tumor associated 

hypermethylation in vivo and whether these enzymes have inherent target specificity. To 

address these questions we generated several mouse strains that allow for conditional 

overexpresssion of Dnmt3a1, Dnmt3b1 and isoforms of Dnmt3b1 and studied the effect 

of these enzymes on tumorigenesis in the ApcMin/+ mouse model for intestinal neoplasia. 

Both Dnmt3a and 3b have been shown to mediate de novo methylation of previously 



R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39

49

Dnmt3b promotes tumorigenesis

2

unmethylated double stranded DNA. For example during embryogenesis expression of 

Dnmt3a and 3b coincides with periods of high de novo methylation activity and this process 

is impaired by genetic deletion of these enzymes (Okano et al. 1998; Okano et al. 1999). 

Both enzymes are therefore considered the major de novo DNA methyltransferases of 

mammalian cells (Goll and Bestor 2005). 

Results

Transgenic mice with inducible Dnmt3a and Dnmt3b transgenes

We generated tetracycline inducible alleles of the DNA methyltransferases 3a1 and 3b1 

and two isoforms of Dnmt3b1, Dnmt3b3 and Dnmt3b6 (Figure 1 A, B) that are produced 

by alternative splicing. The isoforms Dnmt3b3 and 3b6 are truncated versions of the full 

length protein Dnmt3b1 and lack part of motif IX of the catalytic domain (Chen et al. 2003). 

These isoforms are enzymatically inactive and were included in our experiment to allow for 

a distinction between methylation related and non methylation related effects of Dnmt3b1. 

The tetracycline inducible Dnmt3 transgenes were targeted to the 3’ UTR of the collagen 

I gene and the tetracycline responsive transactivator (M2-rtTA) was inserted into the 

ROSA26 locus as described previously (Beard et al. 2006). To analyze the effect of Dnmt3a 

and 3b activation on tumorigenesis, the respective transgene was crossed into the ApcMin/+ 

mouse model for intestinal neoplasia, which is heterozygous for the mutant Min allele 

of the adenomatus polyposis coli (Apc) tumor suppressor gene (Su et al. 1992). Previous 

experiments from our lab detected increased expression of Dnmt3b in some intestinal 

adenomas (Figure 1C) and showed that deletion of Dnmt3b protects against intestinal 

tumor initiation (Lin et al. 2006). All Dnmt transgenic strains were first backcrossed into 

the C57BL/6 background and then crossed with ApcMin/+ mice to generate the experimental 

genotype M2-rtTA +/-, Dnmt transgene +/-, ApcMin/+. 
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Figure 1. Transgene constructs. 
A: Strategy used to generate transgenic mice with tetracyline inducible Dnmt‘s: M2-rtTA was targeted 
to the ROSA26 locus and is under control of the endogenus ROSA26 promotor. An expression cassette 
containing the respective Dnmt cDNA under control of a tetracycline responsive promotor was inserted 
~500bp downstream of the 3‘UTR of the collagenA1 gene. SA: splice acceptor, pA: polyadenylation 
signal, TetOP: tetracycline responsive operator. Arrows indicate the transcriptional start site (Beard 
et al. 2006). B: Diagram of the Dnmt cDNA constructs used: The position of the conserved PWWP 
domain, ATRX homology domain, putative NLS‘s, the methyltransferase motifs (I, IV, VI, IX) and sites 
of alternative splicing are shown. Numbers represent amino acids (Chen et al. 2003). C: Colon section 
of a control ApcMin/+ mouse, stained with a Dnmt3b antibody (left 10x, right 40x). Regions with normal 
mucosa (M) showed weak expression of Dnmt3b, whereas regions with adenoma tissue (A) showed 
strong expression of Dnmt3b.
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Inducible transgene expression 

For transgene induction the experimental animals were fed doxycycline in the drinking 

water, starting at 4 weeks of age and were compared to the control group that received 

regular drinking water. The top four sections of Figure 2A show transverse sections of colon 

samples derived from the four DOX treated mice stained with antibodies against Dnmt3a 

(top left) or Dnmt3b. Each section covers areas with both normal intestinal mucosa and 

tumor tissue. The immunostaining demonstrated strong transgene expression in normal 

epithelial cells of the intestinal mucosa and neoplastic tissue in all experimental groups. 

The third row illustrates transgene expression in the colon mucosa at higher magnification 

from treated (left) and untreated (right) animals. The doxycycline treated mice showed 

strong transgene expression with the expected nuclear localization (Figure 2A) whereas 

very little or no nuclear staining was detectable in the uninduced mice. Also, Dnmt3b1 

was overexpressed in spleen of doxycycline treated animals (bottom row). In general Dnmt 

transgene expression was low or undetectable in the non-epithelial cells of the intestinal 

wall. To compare transgene expression in the different anatomic regions of the intestine 

we harvested epithelial cells from the proximal, middle and distal small intestine and 

colon from induced and uninduced mice. We found that transgene expression was lower 

in the proximal small intestine and increased towards the distal intestine, with the highest 

expression observed in the colon (Figure 2B and Figure S1). Dnmt3 mediated de novo 

methylation is thought to require association with the Dnmt3L isoform (Ooi et al. 2007). To 

assess whether Dnmt3b1 overexpression also induces Dnmt3L, we performed quantitative 

PCR analyses. Figure S2 shows that Dnmt3b1 induction did not alter Dnmt3L expression.
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Figure 2. Transgene expression analysis. 
A: Colon and spleen sections of transgenic mice induced with doxycycline and stained with a Dnmt3a 
(top left) or Dnmt3b antibody. All strains showed clearly visible doxycycline induced transgene 
expression in both normal mucosa and adenoma tissue (first and second panel, 10X). The third panel 
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demonstrates appropriate nuclear localization of the transgene product (Dnmt3b1 third panel left, 
40X), whereas mucosa from an uninduced control mouse showed weak to no nuclear Dnmt3b staining 
(third panel right, 40X). The bottom panel demonstrates that the Dnmt3b1 transgene is also widely 
expressed in the spleen. B: Western blot demonstrating doxycycline inducible protein expression of 
transgenic mouse strains in different regions of the intestinal mucosa. Top panel stained with Dnmt3a 
antibody, other panels stained with Dnmt3b antibody, Gapdh as loading control. In each case protein 
from wild type ES cells (ES WT) was used as a positive control and protein from ES cells knocked out 
for Dnmt3b (ES 3bKO) was used as a negative control. CTRL protein was extracted from immortalized 
and doxycycline induced tail tip fibroblasts derived from the same respective mouse strain. All strains 
showed doxycycline inducible transgene expression. In general Dnmt expression was lowest in the 
proximal small intestine (SI) and highest in the colon. This is particularly the case with Dnmt3b1. The 
weak band in the ES 3bKO lane (runnning slightly above the Dnmt3b1 band) that is seen in blots with 
Dnmt3b antibody, is most likely nonspecific.

Dnmt3b1 activation increases the number of intestinal adenomas

When analyzing the colon of experimental mice at 5 months of age, we found a more than 

twofold increase in macroscopic tumors in transgenic mice expressing full length Dnmt3b1 

when compared to controls (11.7 ± 1, versus 5.3 ± 0.3 colon tumors/mouse; p < 0.0002, Mann-

Whitney U test) and this difference was statistically significant. All other transgenic strains 

either showed very small or no changes in colon tumor numbers when compared to controls 

(Figure 3A). Expression of full length Dnmt3b1 also significantly increased the number of 

small intestinal adenomas (39.5 ± 3.7 versus 25.3 ± 3.6 small intestinal tumors/mouse; n = 12 

each, p < 0.01, Mann Whitney), with the relative increase being less pronounced than in the 

colon, possibly due to lower expression of the transgene (Figure 3B). Tumor formation in the 

intestine occurs in two stages: microscopic adenomas and macroscopic adenomas where 

microadenomas are considered precursor lesions to macroscopic tumors (Yamada et al. 

2002; Lin et al. 2006; Yamada and Mori 2007). To evaluate whether Dnmt3b1 overexpression 

affects these early tumor stages, we analyzed the morphology of microadenomas in the 

colon of Dnmt3b1 expressing mice using horizontal en face sections of the colon mucosa. 

Figure 4A and B show that the average size of microadenomas was increased almost twofold 

in mice expressing Dnmt3b1 when compared to controls (364µm ± 38 versus 211µm ± 25; 

n=58 and n=70 respectively, p< 0.0005, Mann-Whitney). No difference was found in the 

ratio of microscopic to macroscopic adenomas when comparing control mice to Dnmt3b1 

expressing mice (ratio microdaenomas/macroadenomas control: 3.6 ± 1.9 and Dnmt3b1: 

4.8 ± 1.6, n = 5 each, p = 0.75). These findings suggest that Dnmt3b1 overexpression affects 

the earliest stages of tumor development.
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Figure 3. Dnmt3b1 overexpression increases the number of intestinal tumors.
A: Number of macroscopic colon tumors per mouse. Increased expression of Dnmt3b1 caused a 2.2 
fold increase in the number of colon tumors per mouse (11.7 ± 1 versus 5.3 ± 0.3 colon tumors/
mouse; p < 0.0002, Mann-Whitney test). Other mouse strains showed small changes (Dnmt3b3 1.3 
fold increase, p< 0.02 and Dnmt3a 0.68 fold decrease, p<0.01) or no change (Dnmt3b6) in colon 
tumor numbers. B: Number of small intestinal adenomas per mouse. Expression of Dnmt3b1 caused 
a 1.6 fold increase in small intestinal adenomas (39.5 ± 3.7 versus 25.3 ± 25.3 small intestinal tumors/
mouse; p < 0.02, Mann-Whitney test). Values are given as mean ± SE.

Dnmt3b1 promotes loss of imprinting of igf2 

The increased tumorigenesis by Dnmt3b1 overexpression but not by enzymatically 

inactive isoforms is consistent with silencing of genes involved in tumor formation by 

hypermethylation. To identify possible target genes we analyzed genes that are known to 

be silenced in cancer by de novo methylation. Insulin-like growth factor II (Igf2) has been 

shown to promote intestinal tumorigenesis in mouse models and increased Igf2 expression 
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in humans due to loss of imprinting has been linked to an increased risk of colon cancer (Cui 

et al. 2003). To analyze whether overexpression of Dnmt3b1 caused loss of imprinting and 

increased expression of Igf2 we first compared the Igf2 expression in colon tumors from 

control mice with Igf2 expression in tumors derived from Dnmt3b1 overexpressing mice 

using quantitative PCR. Figure 4C shows that Igf2 expression was increased almost twofold 

in tumors from Dnmt3b1 expressing mice when compared to tumors from control mice. 

Bisulfite sequencing analysis of the H19 DMR showed that tumors from Dnmt3b1 expressing 

mice were hypermethylated at this locus, when compared to controls (Figure 5A). Analysis 

of the non tumor bearing mucosa also showed a slight increase in H19 DMR methylation 

in Dnmt3b1 expressing mice but to a lesser degree than in the macroscopic tumors (Figure 

5A). Both the expression and the bisulfite sequencing data are consistent with bi-allelic 

expression of Igf2 due to loss of imprinting. We used liquid chromatography coupled to 

a mass spectrometer (LC-MS/MS) to assess whether Dnmt3b1 overexpression altered the 

overall DNA methylation level. Figure S3 shows that the 5-methylcytosine content of DNA 

from Dnmt3b1 overexpressing mice did not differ from control samples, suggesting that 

global DNA methylation was not affected by Dnmt3b1 overexpression.

Methylation of the Snurf/Snrpn imprinting center

To evaluate, whether Dnmt3b1 expression also affects imprinted regions that do not 

promote cell growth and are therefore not subject to positive selection, we analyzed 

methylation of the differentially methylated region 1 (DMR1) of the Snurf/Snrpn imprinting 

center. This imprinting center is normally methylated on the suppressed maternal allele, 

with the umethylated paternal allele being expressed. Methylation of this imprinting center 

negatively controls expression of the Snurf/Snrpn genes, which are predominantly expressed 

in the developing and adult brain (Reinhart et al. 2006). Bisulfite sequencing analysis indeed 

showed that in contrast to the H19 DMR, the monoallelic methylation pattern of this region 

was not significantly altered in Dnmt3b1 overexpressing mice (Figure 5B). 
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Figure 4. Dnmt3b1 overexpression increases the size of colonic microadenomas, increases expression 
of Igf2 and decreases expression of Sfrp2, 4 and 5 in colon tumors.
A: Horizontal en face sections of colon mucosa derived from a control and Dnmt3b1 expressing mouse 
(H/E stain, 10X). Arrows indicate microadenomas, LF: lymph follicule. The size of microadenomas in 
the mouse with increased Dnmt3b1 expression was much larger than in the control mouse. B: The 
average size of colonic microadenomas in Dnmt3b1 expressing mice was increased 1.7 fold when 
compared to controls (364µm ± 38 versus 211µm ± 25 colon; p< 0.0005). Values represent mean 
± SE. C: Quantitation of Igf2 expression in colon tumors normalized to Gapdh expression using real 
time PCR. The relative Igf2 expression in tumors derived from Dnmt3b1 mice (2.9 ± 0.6, n=10) was 
significantly higher than Igf2 expression in control mice (1.3 ± 0.4, n=11), p<0.03 Mann Whitney U test. 
D: Quantitation of Sfrp expression in colon tumors normalized to Gapdh expression using real time 
PCR. To facilitate comparisons in one graph measurements of each Sfrp RNA were normalized to the 
average value of the respective control group. The expression of Sfrp2, 4 and 5 was significantly lower 
in tumors derived from Dnmt3b1 mice (Sfrp2 p<0.002, control 1 ± 0.3, n = 10 / Dnmt3b1 0.35 ± 0.2, n 
= 10; Sfrp4 p<0.05: control 1 ± 0.3, n = 9, Dnmt3b1+ 0.26 ± 0.15, n = 10; Sfrp5 p<0.003: control 1 ± 0.3, 
n=9 / Dnmt3b1+ 0.29 ± 0.1, n=10, Mann-Whitney U test). Values represent mean ± SE.
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Figure 5. Dnmt3b1 overexpression causes biallelic methylation of the H19 DMR but does not affect 
methylation of the Snrpn DMR1.
A: Bisulfite sequencing analysis of the H19 DMR of tumor DNA and colon mucosa DNA derived from 
control (right columns) and Dnmt3b1 (left columns) expressing mice (five tumors each and three 
colon mucosa samples each). The region analyzed covers 16 CpG sites. Each horizontal line represents 
one individual sequence, each block of sequences represents data from one sample. Black boxes: 
Methylated CpG’s, white boxes unmethylated CpG’s. For each sample the biallelic or monoallelic status 
of the methylation pattern was assumed from the ratio of methylated and unmethylated alleles. Four 
out of five Dnmt3b1 expressing tumors showed clearly increased H19 DMR methylation, whereas all 
control tumors showed mostly mono allelic methylation. B: Bisulfite sequencing analysis of the Snrpn 
DMR1 of tumor DNA and colon mucosa DNA derived from control (right column) and Dnmt3b1 (left 
column) expressing mice (five tumors each and three colon mucosa samples each). 16 CpG sites were 
analyzed. Only one Dnmt3b1 expressing tumor showed clear hypermethylation at this site. A second 
tumor was possibly hypermethylated, however the number of sequences is low. All colon mucosa 
samples show monoallelic methylation.

binding, methylation and transcriptional downregulation of Sfrp family members by 

Dnmt3b1

Activation of the Wnt pathway is a key component of most intestinal tumors (Clevers 

2006). We therefore investigated whether Dnmt3b1 expression contributed to epigenetic 

silencing of secreted frizzled related protein (Sfrp) genes which are considered Wnt pathway 

inhibitors (Suzuki et al. 2004). We first analyzed the expression of Sfrp 1, 2, 4 and 5 in colon 
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tumors from experimental and control mice using quantitative PCR. Figure 4D shows that 

expression of Sfrp 2, 4 and 5 was significantly downregulated in tumors derived from 

Dnmt3b1 expressing mice when compared to controls. Based on this finding we conducted 

bisulfite sequencing analysis of the promoter regions of Sfrp2, 4 and 5. Figure 6A shows that 

methylation of Sfrp2 and 5 genes was significantly increased in Dnmt3b1 expressing tumors, 

when compared to controls. Methylation of Sfrp4 was also increased as shown in Figure S4. 

Importantly, analysis of the tumor free mucosa also showed a significant increase in Sfrp2 and 

Sfrp5 methylation in samples derived from Dnmt3b1 overexpressing mice and for Sfrp2 this 

finding was confirmed in Apc wildtype mice (Figure 6B). This suggests that overexpression 

of Dnmt3b1 directly targets Sfrp2, 4 and 5 for de novo methylation and silencing without 

clonal selection of cells carrying randomly silenced tumor suppressor genes being involved. 

In contrast to Dnmt3b1, Dnmt3a1 overexpression did not cause significant methylation of 

Sfrp2 (Figure 6A). Sfrp2 was not de novo methylated in spleen (Figure S5), suggesting tissue 

specificity of gene silencing. 

To further evaluate the target specificity of Dnmt3b1 we analyzed the methylation 

pattern of three CpG islands associated with the Cdx2 promoter region. The tumor 

suppressor gene Cdx2 is transcriptionally downregulated in tumors from ApcMin/+ mice and 

therefore a potential target for de novo methylation. However, in contrast to the Sfrp genes 

we found that the Cdx2 associated CpG islands were completely unmethylated in Dnmt3b1 

overexpressing tumors (Figure S6) supporting the hypothesis that Dnmt3b1 targets specific 

sequences. To screen for additional tumor relevant targets of Dnmt3b1 we also analyzed 

the methylation status of Mlh1, Mgmt, Cdkn2b, Apc, Rb1, Vhlh and Brca1 by MALDI-TOF 

mass spectrometry, using the previously identified targets Sfrp2 and 4 as positive controls. 

Figure 7 demonstrates that none of these additional loci was methylated by Dnmt3b1, 

whereas methylation of Sfrp2 and 4 was confirmed, supporting the concept that this 

enzyme targets only specific loci. We also analyzed whether Dnmt3b1 was directly bound to 

methylated target loci using chromatin immunoprecipitation. The results (Figure S7) show 

that the Dnmt3b1 protein was physically associated with the DMRs of the methylated target 

loci Sfrp2, 4, 5 and H19 but not with the control loci Cdx2 and beta-actin consistent with 

Dnmt3b1 binding to selected target genes.
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Figure 6. Dnmt3b1 causes hypermethylation of Sfrp2 and Sfrp5 in both tumors and normal colon 
epithelial cells. 
A: Bisulfite sequencing analysis of the Sfrp2 and Sfrp5 promoter region of tumor DNA derived from 
control mice, Dnmt3b1 expressing mice and Dnmt3a expressing mice (Sfrp2). In each case five colon 
tumors from five different mice were analyzed. In the case of Sfrp2 fourteen CpG sites were analyzed 
and in the case of Sfrp5 twenty CpG sites were analyzed. Four out of five Dnmt3b1 expressing 
tumors showed clearly increased methylation at the Sfrp2 promoter, and all five such tumors showed 
increased methylation at the Sfrp5 promoter, when compared to control tumors. No significant 
methylation of Sfrp2 was detected in tumors derived from Dnmt3a1 overexpressing mice B: Bisulfite 
sequencing analysis of the Sfrp2 and Sfrp5 promoter region of DNA derived from non tumor bearing 
colon epithelial cells (colon mucosa). Sfrp2 methylation was analyzed in four Apc heterozygote mice 
(+/-) and in three Apc wildtype mice with Dnmt3b1 overexpression. Both Apc wildtype mice and Apc 
heterozygote mice show a clear increase in Sfrp2 methylation following Dnmt3b1 expression when 
compared to controls, suggesting that Dnmt3b1 directly methylates this target in the absence of 
coexisting pathology. Methylation of Sfrp5 is also increased in colon epithelial cells from Dnmt3b1 
expressing mice when compared to controls (bottom right). 
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Figure 7. Dnmt3b1 does not cause hypermethylation of the tumor relevant genes Mlh1, Mgmt, 
Cdkn2b, Apc, Rb1, vhlh, Brca1.
The methylation status of seven tumor relevant target genes (Mlh1, Mgmt, Cdkn2b, Apc, Rb1, Vhlh, 
Brca1) was analyzed by MALDI-TOF mass spectrometry, using two previously identified methylation 
targets (Sfrp2 and 4) as positive controls. We analyzed DNA from colon epithelial cells and colon 
tumors derived from Dnmt3b1 overexpressing mice and uninduced control mice (Dnmt3b1+ colon n 
= 4, control colon n = 3, Dnmt3b1+ tumors n = 5, control tumors n = 4) . The average CpG methylation 
rate was calculated for each amplicon (one amplicon per gene) of each experimental group and these 
averages are shown in the bar graph. The data demonstrate that none of these seven genes show 
signs of increased methylation upon overexpression of Dnmt3b1, whereas methylation of Sfrp2 and 4 
is confirmed, further suggesting that Dnmt3b1 only methylates specific genetic loci.   

Apc lOH analysis

The ApcMin/+ mouse strain contains one wildtype (+) and one mutant (Min) allele of 

the Apc tumor suppressor. Loss of function of Apc is an important component of tumor 

development in these mice and loss of heterozygosity (LOH) of this gene has been detected 

in the majority of intestinal tumors. We therefore investigated whether epigenetic 

inactivation of the Apc wildtype allele (+) might have contributed to the increased tumor 

load found in Dnmt3b1 expressing mice. We isolated DNA from colon tumors with Dnmt3b1 

overexpression and from control tumors and analyzed the frequency of Apc LOH. Figure S8 

shows that in both groups almost all tumors showed loss of the wildtype Apc allele. This 

indicates that epigenetic loss of Apc function is unlikely to contribute to the increased tumor 

load of Dnmt3b1 expressing mice and supports the methylation analysis of the Apc locus, 

which suggested that this gene was not methylated by Dnmt3b1 (Figure 7). Only one tumor 

in the Dnmt3b1 group appeared to have retained the wildtype allele. It is possible that in 
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this particular tumor aberrant methylation contributed to silencing of the wildtype allele 

and loss of Apc function, however the low frequency of this event cannot account for the 

observed increase in tumor numbers.

Discussion

Our study focused on three main goals: To evaluate a possible cause effect relationship 

between de novo methylation and tumor development, to establish an experimental system 

that can unmask and help identify genes susceptible to de novo methylation and to analyze 

how different de novo methyltransferases affect regional DNA methylation in vivo.

To address these questions we generated four transgenic mouse strains that allow for 

conditional overexpression of full length Dnmt3a1, full length Dnmt3b1 and two isoforms 

of Dnmt3b1 and studied the effect of overexpression on tumor development in the ApcMin/+ 

model. We found that full length Dnmt3b1 increased the number of intestinal adenomas 

and microadenomas, whereas the truncated isoforms Dnmt3b3 and Dnmt3b6 had a small if 

any effect on the tumor number. Both Dnmt3b3 and 3b6 have no enzymatic activity because 

they lack part of the methyltransferase catalytic domain (Chen et al. 2002; Chen et al. 2003). 

It is therefore likely that the observed tumor promoting effect of Dnmt3b1 is mediated by 

DNA methylation. This distinction is important because it had been shown that Dnmt3b can 

suppress transcription in the absence of DNA methylating activity (Bachman et al. 2001). 

When evaluating possible molecular targets of Dnmt3b1 mediated methylation we followed 

a candidate approach. We selected genes for expression and methylation analyses that are 

relevant for intestinal tumor development and are known targets for de novo methylation 

in cancer. 

Igf2 is an imprinted gene encoding a single chain polypetide with paracrine and autocrine 

activity that promotes mitosis mostly through signaling via the Igf-1 receptor (Dupont et 

al. 2003). Igf2 has been shown to promote tumor development in mouse models (Hassan 

and Howell 2000; Sakatani et al. 2005) and its increased expression in humans correlates 

with an increased risk for tumor development, in particular colorectal cancer (Cui et al. 

2003; Woodson et al. 2004). Monoallelic expression of Igf2 depends on the methylation 

status of the imprinting control region located between the Igf2 and the H19 gene (H19 

DMR). The unmethylated maternal allele allows binding of the CTCF insulator protein which 

blocks downstream enhancer sequences from interacting with the upstream Igf2 gene. 

Methylation of this sequence inhibits binding of the insulator protein and allows expression 
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of the respective Igf2 allele. Thus, de novo methylation of the H19 DMR results in loss of 

imprinting and increased expression of Igf2 (Bell and Felsenfeld 2000; Hark et al. 2000; 

Kurukuti et al. 2006). In a recent study it was demonstrated that loss of imprinting (LOI) 

and biallelic expression of Igf2, due to deletion of the H19 DMR on the maternal allele, 

causes a twofold increase in intestinal tumors in ApcMin/+ mice (Sakatani et al. 2005), which 

is similar to the relative tumor increase that we observed. This suggests that the H19 DMR 

hypermethylation and increased Igf2 expression is partially responsible for the increased 

tumor load found in Dnmt3b1 expressing mice. Enhanced Igf2 expression is also a possible 

explanation for the increased size of microscopic adenomas observed in these animals. Our 

observations provide direct in vivo evidence that loss of imprinting of Igf2 can be caused by 

de novo methylation, as opposed to genetic rearrangements that cause loss of the maternal 

and duplication of the paternal Igf2 allele (Haddad and Held 1997; Cooper et al. 2007). 

Deletion of Dnmt3b did not affect size or number of microadenomas suggesting that the 

phenotype of the Dnmt3b1 overexpressing mice is not complementary to the phenotype of 

the Dnmt3b knock-out model (Lin et al. 2006).

To evaluate whether Dnmt3b1 expression results in general loss of imprinting we 

analyzed the differentially methylated region 1 (DMR1) of the Snurf/Snrpn imprinting 

center (Reinhart et al. 2006). Snurf/Snrpn is a bicistronic imprinted gene encoding two 

polypeptides: The SmN splicing factor which is involved in RNA processing and the Snurf 

polypeptide of unknown function. Snrpn also encodes a long (~460 kb) alternatively spliced 

RNA transcript that contains several families of snoRNAs. A direct effect on cell proliferation 

has not been reported for the products of this locus, suggesting that growth mediated 

selection of methylation events at this imprinting center is unlikely (Rodriguez-Jato et al. 

2005). In contrast to the H19 DMR we found that most samples from Dnmt3b1 expressing 

mice maintained normal imprinting patterns at this site. This suggests that the H19 DMR is 

either inherently more susceptible to de novo methylation by Dnmt3b1 or that cells with LOI 

of Igf2 have a selective growth advantage.

In addition to Igf2 we also analyzed the expression and methylation status of secreted 

frizzled related protein (Sfrp) genes. Five members of this protein family have been 

identified (Sfrp1-5). They contain regions homologous to the frizzled receptor, including 

a cysteine rich domain, which allows for binding and sequestering of Wnt ligands. These 

proteins are, therefore, considered inhibitors of the Wnt pathway (Jones and Jomary 2002). 

Importantly, it has been shown that the Sfrp proteins 1, 2, 4 and 5 inhibit the activity of 

the Wnt pathway even in the presence of downstream activating mutations, such as loss 
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of function of Apc (Suzuki et al. 2004). Each of these genes is associated with a CpG island 

that meets the formal criteria published by Takai and Jones (Takai and Jones 2002). We 

found that Sfrp2, 4 and 5 are significantly downregulated in tumors derived from Dnmt3b1 

mice and that the promoter regions of Sfrp2, 4 and 5 are significantly de novo methylated 

in tumor samples from Dnmt3b1 mice when compared to controls. Importantly, increased 

methylation of Sfrp2 and 5 was already detectable in the normal intestinal mucosa. Since 

Sfrp proteins can inhibit the Wnt pathway and methylation and downregulation of Sfrp 

genes is strongly associated with colorectal cancer in human patients (Caldwell et al. 2004; 

Suzuki et al. 2004), these observations suggest that epigenetic silencing of these targets 

contributed to the increased tumor load of Dnmt3b1 expressing mice. Our results show 

that de novo DNA methylation can induce silencing of Sfrp genes supporting the view that 

DNA methylation is a cause rather than a consequence of transcriptional silencing (Gu et 

al. 2006). This concept is also supported by the observation that the Cdx2 gene remained 

unmethylated in Dnmt3b1 overexpressing tumors even though it is transcriptionally 

downregulated in ApcMin/+ tumors. To further evaluate the specificity of de novo methylation 

by Dnmt3b1 we analyzed the methylation status of seven additional tumor relevant genes, 

selecting candidates from different functional categories, such as DNA repair (Mlh1, Mgmt, 

Brca1), Cdk inhibitor (Cdkn2b) and tumor suppressor genes (Apc, Rb1, Vhlh). None of these 

loci was hypermethylated upon Dnmt3b1 overexpression, supporting the hypothesis that 

Dnmt3b1 targets and methylates specific genetic loci. 

Little is known about the relative role of different de novo methyltransferases in cancer. 

In contrast to Dnmt3b1, Dnmt3a1 overexpression did not cause any significant methylation 

of Sfrp2, which is consistent with the observation that Dnmt3a1 overexpression did not 

enhance tumor development. Several studies have shown different roles for Dnmt3a and 

Dnmt3b in development. For example Dnmt3a is required for methylation of imprinted loci 

during gametogenesis, whereas Dnmt3b is not (Kaneda et al. 2004). Also major satellite 

repeats of the pericentromeric region are preferentially methylated by Dnmt3a, whereas 

minor satellite repeats are methylated by Dnmt3b (Chen et al. 2003). A recent study 

identified a specific gene (Fgf-1) that is preferentially methylated by Dnmt3a and not by 

Dnmt3b (Oka et al. 2006). Our findings suggest that these differences may be significant 

for tumor development and that Dnmt3b1 is possibly a more relevant mediator of de novo 

methylation in cancer than Dnmt3a. 

Our analysis of Apc LOH in colon tumors shows that the majority of tumors derived from 

Dnmt3b1 expressing mice lost the Apc wild type allele, which is similar to control mice. 
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It is, therefore, unlikely that epigenetic silencing of the Apc wildtype allele contributed to 

the increased tumor load of Dnmt3b1 overexpressing mice. Hypermethylation of the APC 

gene has been reported for selected cases of intestinal tumors in FAP patients, where loss 

of APC function was documented and at the same time LOH of the APC gene was excluded 

(Esteller et al. 2000; Esteller et al. 2001). However even though hypermethylation of the APC 

gene was found in these selected cases, it was not detected in unbiased screens to identify 

methylation targets in tumors and in our own study we also did not detect any methylation 

of this locus (Weber et al. 2005; Keshet et al. 2006; Widschwendter et al. 2007). 

An important question is whether the epigenetic changes induced by Dnmt3b1 

overexpression correspond to stochastic epimutations with subsequent selection due 

to proliferative advantage or whether the enzyme specifically targets some genes more 

efficiently than others. Our observations suggest that the aberrant DNA methylation in 

our model is localized and not stochastic. First, analysis of Dnmt3b1 overexpressing tissue 

showed no increase in global 5-methylcytosine content, when compared to control tissue, 

supporting the idea that this DNA methyltransferase affects regional methylation and not 

global methylation (Figure S3). Secondly, we found that overexpression of one de novo 

methyltransferase (Dnmt3b1) causes hypermethylation of Sfrp2, whereas overexpression 

of another de novo methyltransferase (Dnmt3a1) does not, suggesting differential 

targeting of these enzymes. Third and more importantly, methylation of affected target 

regions by Dnmt3b1 was not only detectable in clonal tumor tissue but also in normal 

colon mucosa. Because in normal mucosa selection for tumor suppressor gene silencing 

is unlikely, our results support the hypothesis that Dnmt3b1 can cause sequence specific 

de novo methylation of some tumor suppressor genes. This concept is further supported 

by the methylation screen of seven additional tumor relevant target loci, which did not 

show de novo methylation in mucosa or tumor samples from Dnmt3b1 overexpressing 

mice. In contrast to the normal intestinal mucosa, Sfrp2 was not methylated in the spleen, 

even though the Dnmt3b1 transgene was expressed in this tissue. This suggests that the 

specificity of Dnmt3b1 mediated de novo methylation may be influenced by tissue specific 

chromatin states of target genes. 

The results of our study raise several interesting questions with regard to the mechanisms 

that mediate specific targeting of Dnmt3b1 to certain loci. Is targeting specificity an inherent 

property of Dnmt3b1 or are additional binding partners such as Dnmt3L required for 

recruitment? What role does the DNA sequence play and which chromatin states of target 

genes are required for this process? Reports on the DNA sequence specificity of methylation 
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targets in cancer are conflicting. One study suggested enrichment of certain sequence motifs 

in tumor related methylation targets (Keshet et al. 2006) whereas another study could not 

detect any sequence specificity of de novo methylation in cancer (Weber et al. 2005). In 

contrast to DNA sequence specificity recent studies found good correlations between the 

chromatin state of genes and their methylation frequency in cancer, in particular H3K27 

marks correlated with an increased frequency of DNA methylation in tumors (Schlesinger 

et al. 2007; Widschwendter et al. 2007). Sfrp 2, 4 and 5 are reported targets of Polycomb 

complexes and are marked by H3K27 methylation in mouse and human embryonic stem 

cells (Boyer et al. 2006; Lee et al. 2006a). Similarly, when the expression of Runx3 was 

analyzed, which is also a PcG target and in humans is frequently methylated in colon 

cancer (Widschwendter et al. 2007) we found reduced expression in tumors derived from 

Dnmt3b1-overexpressing mice (data not shown). On the other hand we could not detect 

any methylation of the Cdx2 gene, which is occupied by PcG complexes in ES cells (Boyer et 

al. 2006; Lee et al. 2006a) and the H19 DMR, which was methylated in our study, reportedly 

does not contain any H3K27 marks (Mikkelsen et al. 2007). Clearly methylation analysis 

of more regions combined with histone mapping is necessary to allow a more detailed 

correlation of Dnmt3b1 mediated de novo methylation and histone modifications. 

At this point it is unclear whether binding of Dnmt3b1 to specific target sites is an inherent 

property of the protein itself, or if additional mediators such as Dnmt3L are required for this 

process (Ooi et al. 2007). However, Dnmt3L expression was not increased upon overexpression 

of Dnmt3b1. Initial chromatin immunoprecipitation experiments suggested that Dnmt3b1 

was indeed physically bound to the same loci that were found to be methylated (Figure S7) 

consistent with its role in de novo methylation of specific target genes. Our results support 

recent models on the contribution of epigenetic changes to tumor development: Based on 

the finding that epigenetic suppression of tumor relevant genes is often already detectable 

in pre-neoplastic tissue, it has been proposed that regional hypermethylation predisposes 

these tissues to later tumor development (Baylin and Ohm 2006; Feinberg et al. 2006; Jones 

and Baylin 2007). In our model Dnmt3b1 expression establishes a methylation pattern that 

is already detectable in non-tumor bearing tissues. This is consistent with the hypothesis 

that epigenetic rather than genetic alterations may be the very first changes in the process 

that converts a normal to a malignant cell (Baylin and Ohm 2006; Feinberg et al. 2006; Jones 

and Baylin 2007). Further analyses will also help clarifying whether inappropriate activation 

of Dnmt3b is the molecular basis for the CpG island methylator phenotype (CIMP) which is 

found in a subset of human cancers (Weisenberger et al. 2006). 
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Methods

DNA constructs and targeting of ES cells

Plasmids containing the coding region of the respective Dnmt’s were kindly provided by 

Dr. En Li, Novartis Institute of Medicine, Cambridge, USA. Briefly: The respective Dnmt cDNA 

was cloned into the HindIII-EcoRI sites (for Dnmt3a1) or the BamhI-EcoRI sites (for Dnmt3b1 

and isoforms) of the recipient plasmid pcDNA6/V5-HisA (Invitrogen), (Chen et al. 2002). In 

our lab these coding regions were released from pcDNA6/V5-HisA using HindIII/EcoRI (for 

Dnmt3a1) and BamHI/EcoRI (for Dnmt3b1 and isoforms) and inserted into the EcoRI site of 

the targeting vector pBS31 via blunt end ligation. All final targeting vectors were verified 

by sequencing, before transfection into ES cells. Targeting of transgenes to the ColA1 locus 

of KH2 cells was conducted as previously described (Beard et al. 2006). Properties of the 

targeting vector are detailed in the methods supplement. Clones with correct integration 

of the targeting vector into the homing site of KH2 cells were identified by hygromycin 

resistance and southern blotting.

Generation of mice, genotyping, transgene induction

Transgenic ES cells were used to generate mice as as previously described (Beard et 

al. 2006). Mice with tet-inducible Dnmt alleles were backcrossed to the C57BL/6 strain for 

four generations prior to crossing with ApcMin/+ mice. C57BL/6 ApcMin/+ mice were obtained 

from The Jackson Laboratory. All final experimental mice analyzed in this study had been 

backcrossed for at least 6 generations to the C57BL/6 background. For genotyping DNA from 

tail tips was PCR amplified using primers and conditions listed in the methods supplement. 

For transgene induction, mice were fed 0.5 mg/ml doxycycline in the drinking water 

supplemented with 10 mg/ml sucrose. Control mice received regular drinking water.

Tissue harvesting, tumor analysis

All experimental mice were sacrificed at 5 months of age and macroscopic and 

microscopic adenomas were analyzed as previously described (Yamada et al. 2005). 

Counting was conducted blind with regard to genotype, p values were obtained using the 

Mann-Whitney U test. Colon epithelial cells were harvested from tumor free colon samples 

as previously described (Fujimoto et al. 2002). 
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Histological analysis, immunostaining, western blotting, chromatin immunoprecipitation

Paraffin sections (5 μm) were used for hematoxylin and eosin (H&E) staining and 

immunohistochemical analysis. Primary antibodies for immunostaining were anti-Dnmt3a 

(monoclonal, 1:150 dilution, Imgenex) and anti-Dnmt3b (monoclonal, 1:150 dilution, 

Imgenex). For western blotting we used anti-Dnmt3a (chicken polyclonal, 1:2000 dilution, 

Abcam), anti-Dnmt3b (monoclonal, 1:500 dilution, Imgenex) and anti-GAPDH (rabbit 

polyclonal, 1:2000, Abcam). Chromatin immunoprecipitation (CHIP) was conducted 

as previously described (Lee et al. 2006b), using the Dnmt3b antibody ab2851 (rabbit 

polyclonal, Abcam). Primer pairs used for quantitative PCR following CHIP are listed in the 

methods supplement.

cDNA and real time PCR

cDNA was generated from total RNA using oligo dT primers. For each sample a minus 

RT reaction was generated and pooled minus RT reactions were used as negative controls 

for quantitative PCR reactions (SYBR Green, Invitrogen). For quantitation standard dilution 

curves were included on each plate. All samples were analyzed in triplicates, β-actin was 

used as an endogenous control. Individual data were converted to relative values based on 

the standard curve and then normalized to the β-actin values of the same sample. Primers 

used are listed in the methods supplement. 

bisulfite sequencing, methylation screen, 5-methylcytosine quantitation and Apc lOH 

analysis

For bisulfite sequencing analysis DNA was mutagenized using the Epitect kit (Qiagen). 

Target regions were PCR amplified, subcloned and minipreps of individual colonies were 

sequenced. Only sequences with more than 95% non CpG C conversion were used for 

analysis. Primers and PCR conditions for individual loci are listed in the methods supplement. 

Methylation screening using MALDI-TOF MS was conducted as previosuly described (Ehrich 

et al. 2005). Primer pairs used for this analysis are listed in the methods supplement. 

Quantitative analysis of 5-methylcytosine content of DNA was measured by LC-MS/MS as 

described previosuly (Crain 1990). 2’-deoxycytidine (dC), and 5-methyl-2’-deoxycytidine 

(5mdC) were monitored in the analysis and 2’-deoxycytidine (15N3) was used as an internal 

standard. LOH of the Apc gene was analyzed by PCR as described previously (Yamada et al. 

2002).
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Figure S1. Doxycycline dependent Dnmt3b1 transgene expression in different regions of the mouse 
intestine. 
Western Blot of intestinal epithelial cells from proximal small intestine (PSI), middle small intestine 
(MSI), distal small intestine (DSI) and colon. – indicates samples from a transgenic mouse that received 
no doxycycline and + indicates samples from a transgenic mouse that received doxycycline in the 
dirnkineg water, wildtype ES cells (ES WT) were used as a positive control. The figure demonstrates 
doxycyline dependent expression of the Dnmt3b1 transgene in all regions of the intestine.

Figure S2. Dnmt3b1 overexpression does not cause increased expression of Dnmt3l. 
Dnmt3L expression was measured by quantititave PCR in colon epithelial cells (n = 3) and colon tumors 
(n = 4) derived from control mice (ctr) or Dnmt3b1 overexpressing mice (+). Beta-actin was used 
as reference and cDNA from wildtype ES cells (ES-WT) was included as a positive control. The data 
demonstrate that the tissues from Dnmt3b1 overexpressing mice did not show a consistent increase 
in Dnmt3L expression when compared to controls.
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Figure S3. Dnmt3b1 overexpression does not global increase in DNA cytosine methylation. 
Global DNA 5-methylcytosine content was measured by mass spectrometry (LC-MS/MS) in colon 
epithelial cells and colon tumors derived from either control mice (ctr) or Dnmt3b1 overexpressing 
mice(=), n = 3 each. As controls we included DNA from Dnmt1 knock-out ES cells (ES-KO) and from 
combined Dnmt3a and 3b knock-out ES cells with additional RNAi-induced knockdown of Dnmt1 (ES-
TKO). These data demonstrate that Dnmt3b1 overexpression did not cause a measurable increase in 
global DNA cytosine methylation in colon epithelial cells or colon tumors. 

Figure S4. Dnmt3b1 overexpression caused hypermethylation of Sfrp4. 
Bisulfite sequencing analysis of the Sfrp4 promoter region of tumor DNA dereived from control mice 
and Dnmt3b1 overexpressing mice. In each case three colon tumors from three different mice were 
analyzed. In total 19 CpG sites were studied. All Dnmt3b1 overexpressing tumors showed increased 
methylation of the Sfrp4 promoter region when compared to control tumors. This suggests that Sfrp4, 
in addition to Sfrp2 and 5, also represents a target of Dnmt3b1.
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Figure S5. Dnmt3b1 overexpression does not cause hypermthethyaltion of Sfrp2 in the spleen. 
Bisulfite sequencing analyis of Sfrp2 promoter region of spleen DNA derived from control mice and 
Dnmt3b1 overexpressing mice. In each case samples from five different mice were analyzed with the 
analysis covering a total of 14 CpG sites. The promoter region of Sfrp2 remained mostly unmethylated 
in both control and Dnmt3b1 overexpressing mice. This is in contrast to intestinal epithelial cells where 
Sfrp2 was strongly methyalted by Dnmt3b1, suggesting that the specificity of Dnmt3b1 mediated 
methylation may be influenced by the tissue specific chromatin state of a target gene.
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Figure S6. Dnmt3b does not methylate Cdx2. 
Bisulfite sequencing analyis of Cdx2 promoter region of colon tumor DNA derived from control mice and 
Dnmt3b1 overexpressing mice. One colon mucosa sample from Dnmt3b1 overexpressing mouse was 
also included in the analysis. Cdx2 was chosen for analysis because it functions as a tumor suppresor 
in the intestinal mucosa and is transcriptionally silenced in adenomas of APC Min mice. It has been 
proposed that DNA methylation is the consequence rather than the cause of transcriptional silencing. 
According to this hypothesis the promoter region of the Cdx2 gene should be susceptible to DNA 
methylation in adenomas where this gene is transcriptionally silent. In total four CpG islands that are 
associated with the Cdx2 promoter region were studied. Black circles represent methylated CpG’s and 
open circles represent unmethylated CpG sites. The figure demonstrates that Dnmt3b1 overexpression 
did not cause methylation of this target. This is in contrast to the Sfrp genes studied, which were 
methylated even though they were transcriptionally active. This suggests that transcriptional silencing 
is not a prerequisite for methylation, nor does it neccesarily promote methylation.
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Figure S7. Dnmt3b1 binds to methylated target sequences. 
To evaluate direct binding of Dnmt3b1 to methylated target regions in intestinal epithelial cells of 
Dnmt3b1 overexpressing mice we conducted chromatin immunoprecipitation with a Dnmt3b 
antibody followed by quantitative PCR. A: Western Blot stained with Dnmt3b antibody of wildtype 
ES cells (ES WT), Dnmt3b knock-out ES cells (ES KO), whole cell extract from intestinal epithelial cells 
(input) and Dnmt3b immunoprecipitated intestinal whole cell extract (IP). The figure demonstrates 
that Dnmt3b protein was succesfully immunoprecipitated. B: Quantitative PCR of two control regions 
(beta-actin and Cdx2) and four methylated regions (H19 DMR, Sfrp2, Sfrp4, Sfrp5) using extract from 
intestinal epithelial cells (input) and Dnmt3b immunoprecipitated extract (output) from a Dnmt3b1 
overexpressing mouse. The data show that methylated target sequences were enriched three to four 
fold by Dnmt3b immunoprecipitation, when compared to the two control regions, suggesting that 
Dnmt3b1 directly binds to these methylated regions.

Figure S8. Dnmt3b1 overepression does not affect the frequency of Apc lOH in colon tumors. 
Apc LOH analysis of 16 tumors derived from control mice (top panel) and of 16 tumors derived from 
Dnmt3b1 expressing mice (bottom panel). The Apc LOH analysis was conducted as previously described 
(1). In each panel the upper band represents the mutant Min allele and the bottom band represents 
the wildtype (+) allele. Almost all tumors showed loss of the wildtype band, suggesting LOH. Only one 
of the tumors derived from Dnmt3b1 expressing mice appeared to have retained the wildtype allele. 

1.  Yamada, Y., K. Hata, Y. Hirose, A. Hara, S. Sugie, T. Kuno, N. Yoshimi, T. Tanaka, and H. Mori. 2002. 
Microadenomatous lesions involving loss of Apc heterozygosity in the colon of adult Apc(Min/+) 
mice. Cancer Res 62: 6367-70.
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Abstract

We demonstrate that transgenic expression of DNA methyltransferase 3b (Dnmt3b) in 

the mouse colon initiates de novo DNA methylation of genes that are similar to genes that 

become methylated in human colon cancer. This is consistent with the notion that aberrant 

methylation in cancer may be due to targeting of specific sequences by Dnmt3b rather 

than due to random methylation followed by clonal selection. We also show that Dnmt3b 

induced aberrant DNA methylation is maintained in regenerating tissue even in the absence 

of continuous Dnmt3b expression. This supports the concept that transient stressors can 

cause permanent epigenetic changes in somatic stem cells that accumulate over the lifetime 

of an organism in analogy to DNA mutations.
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introduction

Regional hypermethylation of DNA is frequently found in human cancer, causes 

transcriptional silencing of affected genes and promotes tumor formation (1, 2). An 

unresolved question is whether aberrant DNA methylation of cancer is caused by stochastic 

DNA methylation followed by clonal selection or whether specific sequences are targeted 

by the de novo methyltransferases (3). Furthermore it is unknown whether “cancer specific” 

DNA methylation only occurs in neoplastic cells or whether it can also occur in normal cells. 

Another important question is whether aberrations in DNA methylation are maintained in 

the absence of the initiating cause.

Abundant evidence indicates that Dnmt3b is involved in de novo methylation of 

mammalian cells during development, is frequently activated in human tumors and 

promotes tumor development in Apcmin/+ mice (4, 5). To address whether Dnmt3b targets 

specific sequences for de novo methylation we used transgenic mice that allow tetracycline 

inducible expression of the DNA methyltransferase 3b in wild-type mice and in Apcmin/+ mice, 

a model of intestinal tumorigenesis.

Results and discussion

To determine whether aberrant de novo methylation is a stochastic or a targeted 

process we compared DNA methylation of colon tumors, representing a mono-/oligoclonal 

cell population with normal colon epithelial cells of Apcmin/+ mice that had been induced 

to express the Dnmt3b transgene by exposure to doxycycline (dox). We analyzed DNA 

methylation of 23 candidate genes that are either frequently methylated in human colon 

cancer or represent classical tumor suppressor genes (6). Three imprinted loci were 

included as control regions and embryonic stem (ES) cells deficient for Dnmt1 (ES c/c), ES 

cells deficient for Dnmt1, Dnmt3a and Dnmt3b (ES tko) and wild-type ES cells (ES wt) were 

included as control samples. For methylation analysis we used gene specific amplification of 

bisulfite treated DNA followed by reverse transcription and matrix-assisted laser desorption 

ionization time-of-flight (MALDI-TOF) analysis (7). As demonstrated in Figure 1A, an almost 

identical methylation pattern was seen in all tumor samples and non-tumor cell samples from 

Dnmt3b-induced mice. A significant increase in DNA methylation (defined as methylation 

increase ≥ 0.1 and p ≤ 0.05, t-test) was detected in 11/26 candidate regions (including 

imprinted loci) in both tumor samples and non-tumor samples and pairwise analysis of 
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methylation data confirmed a strong correlation of de novo methylation patterns amongst 

all Dnmt3b expressing samples (correlation between induced sample pairs 0.76-0.97, mean 

r = 0.90; Figure 1B). The observation that clonal and non-clonal cell populations showed the 

same de novo methylation pattern across multiple samples strongly suggests that de novo 

methylation by Dnmt3b is not random but targets specific genetic loci. The data shown in 

Figure 1A also support the hypothesis, that de novo methylation of targets such as Abpa2 

(also known as Mint2), Hic1, Gata4, Gata5, Cacna1g, Neurog1 that are considered to be 

hallmarks of methylated genes in cancer (6), can occur prior to tumor formation in normal 

cells (also see Supplemental Table 1). 

To further compare DNA methylation in the mouse model with human colon cancer 

we analyzed additional candidate genes that were previously reported as methylated or 

unmethylated in human colon cancer (6). To confirm that de novo methylation of cancer 

specific targets can occur in normal cells the expanded candidate gene analysis was 

conducted using Apc wild-type mice as opposed to the previously studied mutant Apcmin/+ 

mice. Indeed, the Dnmt3b induced DNA methylation pattern in Apc wild-type mice fully 

reproduced the DNA methylation pattern previously detected in Apcmin/+ mice (Figure 1C). 

This shows that the de novo methylation patterns obtained in Figure 1A do not require 

the presence of a mutant Apc allele. Further, the expanded candidate gene analysis 

(Figure 1C) demonstrates that human cancer related methylation targets were consistently 

methylated in mice with Dnmt3b expression: The target list of Figure 1C includes 31 genes 

that are frequently methylated in human colon cancer (6). 26 of these 31 human cancer 

methylation targets were also significantly methylated when Dnmt3b was induced in the 

colonic mucosa of wild-type mice (absolute increase in DNA methylation ≥ 0.1 and p ≤ 0.05, 

t-test), (Supplemental Table 1). Conversely 8/8 candidate genes reportedly unmethylated 

in human colon cancer also remained unmethylated in the Dnmt3b mouse model (de novo 

methylation ≤ 0.1 and p ≥ 0.05, Supplemental Table 1). 
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Figure 1. DNA methylation analysis of colon tumors and colon epithelial cells +/- Dnmt3b transgene 
expression. 
4 Mo dox = Dnmt3b induction, no dox = no Dnmt3b induction. ES wt = wild-type ES cells , ES c/c = 
ES cells deficient for Dnmt1, ES tko = ES cells deficient for Dnmt1, 3a and 3b, grey color = no data. 
Heat map data were generated by MassARRAY analysis and subjected to sample based unsupervised 
hierarchical clustering. (A): Tumors and mucosa samples with Dnmt3b induction showed reproducible 
de novo DNA methylation of specific genomic loci. Imprinted regions (Nespas, Peg3 and H19 DMR) were 
partially methylated, ES tko and ES c/c cells showed loss of DNA methylation. (B): Pairwise correlation 
of methylation data, confirmed similar de novo methylation in all samples with Dnmt3b induction (r = 
0.76-0.97, mean r = 0.90). (C): Dnmt3b mediated DNA methylation in colon mucosa of Apc wild-type 
mice closely resembles de novo methylation reported for human colon cancer (Supplemental Table 
1), suggesting that Dnmt3b can induce cancer specific de novo methylation in normal cells (red = 
methylated genes, blue = unmethylated genes, black = control/imprinted regions). 
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To complement this candidate gene approach and to further explore the similarities 

between de novo methylation in our transgenic model and aberrant DNA methylation 

of colon cancer we next conducted genome wide analysis of Dnmt3b mediated de novo 

methylation using reduced representation bisulfite sequencing (RRBS) (8). Using three 

colon mucosa samples with three months of Dnmt3b induction and three samples from age 

matched control mice, we scored Dnmt3b mediated de novo methylation in 13361 promoter 

regions. In analogy to the previous experiments (Figure 1) we observed almost identical de 

novo methylation patterns amongst all three induced samples (pairwise correlation between 

induced sample pairs: r > 0.95, Supplemental Figure 2). This further supports the concept 

that Dnmt3b directly targets certain promoter regions. Interestingly, a discrete subset of 

genes (11.7 %, 1564/13361) showed a strong methylation gain upon Dnmt3b expression 

(absolute methylation gain > 0.5, FDR p value < 0.01, 1 = complete methylation), whereas the 

majority of promoter regions remained unmethylated in both test and control DNA (Figure 

2A, B). This suggests that a subgroup of genes in the genome is inherently “methylation 

sensitive”. Importantly, in agreement with the results of the candidate gene analysis, we 

again found a strong concordance when comparing the murine Dnmt3b mediated de novo 

methylation data with published data from human colon cancer (6): For the human cancer/

mouse comparison we selected human genes from the study of Widschwendter et al. (6) 

that were classified as either cancer related methylation targets (absolute methylation gain 

> 0.1 in tumors, PMR gain in tumors > 10) or classified as “non targets” (tumor methylation 

gain < 0.1, genes with baseline methylation in human control tissue > 100% (PMR < 100) were 

excluded). Mouse RRBS data were available for 44 human colon cancer methylation targets 

and for 71 non targets (115 total). As shown in Supplemental Tables 2 and 3, 84% (37/44) 

of genes methylated in human colon cancer were also methylated by Dnmt3b (methylation 

gain > 0.1 and FDR p < 0.01) and conversely 92% (65/71) of genes not methylated in human 

colon cancer were also not methylated by Dnmt3b (methylation gain < 0.1). This supports 

the concept that Dnmt3b targets the very same set of genes that are frequently methylated 

in human cancer. In addition, the similarity between murine and human data suggests 

conservation of DNA methylation-sensitivity across species.
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Figure 2. Reduced representation bisulfite sequencing (RRbS) analysis of colon epithelial cells +/- 
Dnmt3b transgene expression in vivo. 
RRBS data from colon epithelial cells +/- Dnmt3b transgene expression (n = 3 each) were used to calculate 
de novo methylation in 13361 annotated promoter regions. (A) The scatter plot demonstrates Dnmt3b 
mediated hypermethylation of a distinct subpopulation of promoter regions (11.7% of promoters 
showed a methylation gain > 0.5 in Dnmt3b expressing tissue, lines parallel to the diagonal indicate 
the position of 0.1 methylation gain or loss). (B) The histogram further illustrates the appearance of a 
discrete subpopulation of hypermethylated promoters in Dnmt3b expressing samples (blue), whereas 
the control samples (brown) contained only few promoters regions with a methylation score > 0.5. 
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Previous studies had shown a strong correlation between genes methylated in human 

cancer and genes targeted by the polycomb repressive complex 2 (PRC2) in embryonic stem 

cells (6, 9). We therefore used published data on mouse ES cells (10) to compare the PRC2 

occupancy of genes targeted by Dnmt3b (methylation gain > 0.5) with the PRC2 occupancy 

of genes not targeted by Dnmt3b (methylation gain < 0.1). In analogy to previous reports we 

defined genes associated with either Suz12, Eed or H3K27 methylation in mouse embryonic 

stem cells as PRC2 targets. Interestingly the ES cell PRC2 occupancy was 71 % (721/1015) 

for genes targeted by Dnmt3b and only 13% (716/5564) for genes not targeted by Dnmt3b 

(Supplemental Tables 4 and 5). This strong enrichment of PRC2 targets (in ES cells) amongst 

genes methylated by Dnmt3b is in good agreement with the reported enrichment of 

PRC2 targets in genes methylated in human cancer (6) and further supports the concept 

that Dnmt3b targets the same genes that are methylated in cancer. Taken together, our 

results indicate that colon epithelial cell methylation in the Dnmt3b model predicts DNA 

methylation of human colon cancer with high confidence. 

After having established that Dnmt3b can induce a cancer specific signature of de 

novo methylation in healthy tissue we next analyzed the stability of such alterations. Such 

information would help resolve the question whether altered DNA methylation is a potential 

initiating cause of disease rather than only an effect of disease. For this we induced de 

novo methylation in the colon of transgenic mice by adding dox to the drinking water for 

five months and analyzed maintenance of these methylation marks after four months of 

dox withdrawal and silencing of transgene expression. The epithelial cell layer of the colon 

fully renews every five to seven days (11) and is therefore ideal to test maintenance of 

epimutations in vivo. As demonstrated in Figure 3A, Dnmt3b expression in transgenic mice 

was rapidly activated by dox in the drinking water and quickly returned to baseline within 

one week of dox withdrawal. Importantly, as shown in Figure 3B, de novo methylation of 

individual genes was almost identical in mice on doxycyline (On) when compared to mice 

that were maintained in the absence of dox for four months (On/Off). This supports the 

hypothesis that aberrant de novo DNA methylation is maintained in regenerating healthy 

tissue even in the absence of the initiating cause. To test whether this was possibly caused by 

de novo methylation of the intestinal stem cell compartment we used RNA FISH analysis to 

measure Dnmt3b transgene expression in colonic epithelial cells that express the intestinal 

stem cell marker Lgr5 (11, 12), (Supplemental Figure 1): Indeed, Dnmt3b expression in 

Lgr5 positive cells of a dox induced transgenic mouse was approximately two fold higher 

than in a littermate control (control: 0.0037 ± 0.00063 Dnmt3b particles/µm3, Dnmt3b 
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overexpressor: 0.0076 ± 0.00124 Dnmt3b particles/µm3, p ≤ 0.001), supporting the concept 

that transgene mediated de novo methylation of intestinal stem cells contributed to the 

irreversible epigenetic alteration of the colonic mucosa. 

Several previous studies have shown a strong correlation between cell proliferation and 

the acquisition of aberrant de novo DNA methylation (8, 13), suggesting that infrequently 

dividing cells, such as somatic stem cells, are possibly less sensitive to Dnmt3b mediated 

de novo methylation than more rapidly dividing cells. To address this question we analyzed 

Dnmt3b mediated de novo methylation of proliferating and growth arrested (mitomycin C 

treated or irradiated) mouse embryonic fibroblasts after 14 days of dox induced transgene 

expression. The data in Figure 3C failed to show a significant difference between de novo 

methylation of actively dividing cells and growth arrested cells (p = 0.23 for mitomycin C 

treated and p = 0.41 for gamma-irradiated cells, when comparing with proliferating cells, 

paired t-test). This further supports the concept that Dnmt3b activation in the slow cycling 

stem cell compartment can contribute to permanent epigenetic alterations in regenerating 

tissues.

In summary, our results show that Dnmt3b induction in the mouse colon generates 

de novo methylation that closely resembles aberrant DNA methylation of human colon 

cancer. We demonstrate that “cancer specific” DNA methylation can be a targeted process 

and may not be the result of stochastic methylation followed by clonal selection in the 

incipient tumor cell population. Importantly, our results show that de novo methylation 

can occur in normal cells, suggesting that regional hypermethylation may contribute to 

the earliest stages of tumor formation. Finally, we demonstrate that transient induction of 

aberrant DNA methylation, most likely in intestinal stem cells, causes permanent epigenetic 

alterations of the intestinal mucosa. This supports the concept that transient stressors can 

cause permanent epigenetic changes in somatic stem cells that accumulate over the lifetime 

of an organism in analogy to DNA mutations. 
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Figure 3. Transient expression of Dnmt3b in vivo causes permanent epigenetic alterations of colonic 
mucosa. 
(A) Dnmt3b transgene expression in colon epithelial cells in vivo was activated within 2 days of dox 
administration and returned to baseline within 1 week of dox withdrawal (quantitative PCR analysis, 
mean +/- stdev, n = 2 each, off = dox withdrawal). (B) Dnmt3b was induced in transgenic mice for five 
months (On, n = 6) and a subset was followed up for an additional period of four months after dox 
withdrawal (On/Off, n = 6, control mice = age matched to On/Off group, n = 4). Almost all genes that 
undergo significant de novo methylation (p < 0.01, t-test) were equally methylated in the “On” group 
and “On/Off” group (C) Dnmt3b mediated de novo methylation was analyzed in dividing (prolif) and 
non-dividing mouse embryonic fibroblasts (mitomycin C treated = mit or γ-irradiated = irrad) after 14 
days of dox induced Dnmt3b transgene expression. The box plot shows combined methylation data of 
genes with significant de novo methylation in proliferating cells (p < 0.05, n = 25, paired t-test), line = 
median, boundaries = first and third quartile, whiskers extend to 1.5 x the interquartile range and dots 
are outliers from that range. Significant Dnmt3b mediated de novo methylation was detectable in both 
proliferating and growth arrested cells, suggesting that cell division is not required for this process.

Methods

Transgenic mice 

All mice used in this study and the genotyping protocol were described previously (5). 

Transgene induction was achieved by administering doxycycline (dox) in the drinking water 

(0.5g/liter). All animal studies were reviewed and approved by the Comittee on Animal Care 

at MIT, under protocol number 1107-088-10 (Department of Comparative Medicine, MIT, 77 

Mass. Ave, Cambridge, MA 02139).
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Tissue harvesting

Colon tumors from Apcmin/+ mice were harvested under the dissecting microscope. Colon 

epithelial cells from tumor free colon samples of Apcmin/+ mice and Apc wild-type mice were 

harvested as described previously (14). 

Mouse embryonic fibroblasts 

Double homozygous embryos (Dnmt3b transgene +/+ and Rosa-rtTA +/+) were harvested 

12.5 days post conception. Growth arrest of cells was achieved by irradiation with 24 Gy 

or treatment with Mitomycin C respectively and verified using BrdU staining. After 14 

days of dox treatment cells were harvested for DNA methylation analysis. For details see 

supplemental methods.

lgr5 and Dnmt3b mRNA FISH

Frozen sections of colon samples were hybridized with labeled probes targeting mouse 

Lgr5 and Dnmt3b mRNA (12).  Individual mRNA molecules were located using the semi-

automated method described in (12). Lgr5 positive cells were manually identified to 

calculate Dmnt3b mRNA density in intestinal stem cells. For details and probe sequences 

see supplemental methods.

cDNA and quantitative PCR

cDNA production and quantitative PCR was conducted as described previously (5). For 

details and primer sequences see supplemental methods. 

DNA methylation analysis (MassARRAy platform)

Genomic DNA was sodium bisulfite converted and PCR amplified. When feasible, 

amplicons were designed to cover CpG islands in the same region as the 5`UTR. MassCLEAVE 

biochemistry, Mass spectra acquisition and methylation ratio analysis was performed as 

previously described (7). A list of primers is provided in the Supplemental Methods.    

DNA methylation analysis (reduced representation bisulfite sequencing)

RRBS methylation analysis was conducted as described previously (8). Briefly, mouse 

genomic DNA was digested with MspI and resulting fragments between 40-220 bp were 

subjected to sequencing (Illumina genome Analyzer II).(8) Sequence reads that mapped 

to a promoter region (defined as 2 kb up- and downstream of the transcription start site) 
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were then used to calculate promoter methylation. Raw data and processed RRBS data were 

deposited at the GEO database, accession number GSE26758, link: http://www.ncbi.nlm.

nih.gov/geo/query/acc.cgi?token=hrepveuqoqcgqdu&acc=GSE26758. For further details 

see supplemental methods.

Statistics

All correlations were performed using the Pearson correlation. Significant difference in 

methylation fraction for the RRBS data was assayed with the moderated t-test (two-tailed), 

corrected for False Discovery Rate, with significance defined as FDR < 0.01. Significant 

difference for colon MassARRAY methylation data was assayed by t-test (two-tailed) and for 

cell culture MassARRAY data by paired t-test (two-tailed). For RNA FISH we obtained errors 

by bootstrap resampling and for p-values we computed the fraction of events that the null 

hypothesis (no difference) would be satisfied given a random resampling of the dataset. In 

all cases p values < 0.05 were considered significant.
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LGR5 Dnmt3bControl

Dnmt3b inducedLGR5 Dnmt3b

Supplemental Figure 1. illustration of RNA FiSH analysis.
Illustration of RNA FISH analysis of Lgr5 (left panel) and Dmnt3b expression (right panel) in colon 
crypts isolated from a wild-type (top row) and Dmnt3b induced (bottom row) mouse. Particulate 
signals represent individual LGR5 (left) or Dmnt3b (right) molecules. Nuclei stained with DAPI (purple). 
Lgr5 was used to identify crypt stem cells and Dmnt3b expression was quantified in Lgr5 positive cells. 
Dnmt3b expression in crypt stem cells of the dox induced transgenic mouse was on average ~ 2 fold 
higher than in the littermate control mouse.
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Supplemental Figure 2. Methylation fraction of methylation fractions: pairwise correlations.
Pairwise correlation of promoter methylation in colon epithelial cells +/-Dnmt3b transgene expression 
(+ = Dnmt3b transgene induction, - = no Dnmt3b induction). Promoter methylation fractions were 
calculated using reduced representation bisulfite sequencing data. The strong correlation of de novo 
methylation amongst samples with Dnmt3b induction supports the concept that Dnmt3b directly 
targets certain promoter regions.
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 Δ meth. p value human (references) 

Alox15 0.40 < 0.001 6 
 Apba2 0.58 < 0.001 2 
 Boll 0.18 < 0.001 3 
 Cacna1g 0.42 < 0.001 1 
 Cdkn2a 0.32 < 0.001 5 
 Efemp1 0.35 < 0.001 3 
 Gad1 0.50 < 0.001 1 
 Gata3 0.31 < 0.001 1 
 Gata4 0.12 < 0.001 1, 2 
 Gata5 0.51 < 0.001 1 
 Gnb4 0.47 < 0.001 3 
 H19.DMR 0.24 < 0.001 9 
 Hic1 0.39 < 0.001 1 
 Hoxa1 0.15 < 0.001 1 
 Hoxd1 0.48 < 0.001 3 
 Lrp2 0.50 < 0.001 4 
 Myod1 0.39 < 0.001 1, 4 
 Neurog1 0.50 < 0.001 1 
 Nr3c1 0.32 < 0.001 1, 2 
 Otx1 0.19 < 0.001 2 
 Rbp1 0.69 < 0.001 1 
 Sfrp2 0.48 < 0.001 1 
 Sfrp4 0.47 < 0.001 1 
 Tert 0.21 < 0.001 1, 4 
 Thbs2 0.49 < 0.001 4 
 Timp3 0.31 < 0.001 1, 4 
 

mouse data 

 

 Δ meth. p value human (references)* 
Apc 0.00 0.622 1 

 Bcl2 0.03 < 0.001 1, 2 
 Brca1 0.00 0.739 7 
 Cdh1 0.01 0.020 1 
 Cdkn2b 0.02 < 0.001 1 
 Chfr 0.00 0.505 1 
 Dapk1 0.03 0.006 1 
 Mgmt 0.03 < 0.001 1, 8  
 Mlh1 0.01 < 0.001 1 
 Pten 0.00 0.801 1 
 Rb1 0.03 < 0.001 1 
 Socs1 0.01 0.127 1 
 Vhlh 0.01 0.173 1 
 

mouse data 

Supplemental Table 1. Comparison of DNA methylation in colon epithelial cells of Dnmt3b 
overexpressing mice with DNA methylation of human colon cancer. 
The mouse data show the absolute increase in DNA methylation caused by Dnmt3b overexpression 
(from 0 to 1) and the corresponding p value (comparison no dox versus plus dox, n = 5 each, t-test). 
Genes with an absolute increase ≥ 0.1 and p ≤ 0.05 were defined as methylated and are colored 
in red, unmethylated genes are colored in blue. The column with human data shows the respective 
literature reference, red fields indicate genes that were reported as methylated in human colon cancer 
and blue fields indicate genes that were reported as unmethylated. In the case of Mgmt, labeled 
yellow, one reference indicates methylation and one reference indicates no methylation. To facilitate 
the comparison, genes with more than one promoter in human or mouse were not included in the 
analysis.
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Gene 
Symbol Dnmt3b Colon 

Cancer (1)   
Gene 

Symbol Dnmt3b Colon 
Cancer (1)

Gata5 0.69 479   HoxA1 0.00 52
Sfrp5 0.75 443   Chfr 0.02 51
Igf2 0.56 366   Sez6l 0.67 50
Twist1 0.66 284   Mt3 0.08 49
Ebf3 0.51 273   Timp3 0.61 49
Hic1 0.61 266   Neurog1 0.61 44
Sfrp2 0.65 179   Rbp1 0.89 44
Sfrp1 0.60 148   Cdkn1c 0.29 43
Neurod2 0.70 147   Epm2aip1 0.01 42
Gata4 0.45 94   Crabp1 0.63 38
Nr3c1 0.16 93   Bdnf 0.66 36
Gata3 0.22 89   Cdh13 0.53 36
Tert 0.34 89   Socs1 0.17 30
Itga4 0.46 84   Gabra2 0.43 29
Kl 0.67 84   Esr2 0.23 24
Cacna1g 0.51 79   Pgr 0.59 23
Sfrp4 0.60 70   Cyp27B1 0.45 23
Bcl2 0.01 64   Mlh1 0.01 23
Tmeff2 0.67 60   Mgmt 0.19 19
MyoD1 0.50 57   Drd2 0.61 14
Gad1 0.63 54   Gstp1 0.01 13
Gdnf 0.55 52   Thbs1 0.26 10

 
Supplemental Table 2. The table shows a comparison of DNA methylation data from colon epithelial 
cells of Dnmt3b expressing mice as measured by RRbS with published DNA methylation data of 
human colon cancer (1). 
The mouse RRBS data are shown in the column “Dnmt3b” with numbers indicating the absolute 
methylation gain induced by Dnmt3b expression (0= no methylation, 1= complete methylation). 
Human colon cancer data are shown in the column “colon cancer” with numbers indicating percent 
of methylated reference (PMR, 0= no methylation, 100 = methylation equals methylated reference). 
The supplemental table S1 of Widschwendter et al. (1) lists 77 genes with a significant methylation 
increase in human colon cancer. For comparison with Dnmt3b data human genes with <0.1 absolute 
gain in human colon cancer (PMR gain in tumors < 10) or baseline methylation > 100% (PMR>100) were 
excluded. Based on these criteria 62 genes were eligible for the Dnmt3b/colon cancer comparison. 
Dnmt3b RRBS data were available for 44/62 eligible human genes. 37/44 (84%) of these genes were 
methylated both by Dnmt3b and in human colon cancer (red color), only 7/44 (16 %) were methylated 
in colon cancer and not methylated by Dnmt3b model. 
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Genet 39:157-158.
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Gene 
Symbol Dnmt3b Colon 

Cancer (1)   
Gene 

Symbol Dnmt3b Colon 
Cancer (1)

Smad3 0.001 1.970   Prkar1a 0.003 0.000 
Apc 0.003 1.850   Uqcrh 0.000 0.000 
Jup 0.000 0.970   Cdk2ap1 0.002 0.000 
Rpa3 0.000 0.530   Axin1 0.000 0.000
Grin2b 0.610 0.490   Rb1 0.010 0.000
Smad6 0.050 0.340   Tgfbr2 0.002 0.000
Rpa2 0.000 0.320   App 0.001 0.000
Stk11 0.013 0.080   Smad2 0.002 0.000
Xpa 0.018 0.020   Faf1 0.001 0.000
Atm 0.009 0.020   Tnfrsf10b 0.023 0.000
Ercc4 0.001 0.010   Smad9 0.170 0.000
Ctnnb1 0.043 0.010   Xpc 0.000 0.000
Ercc2 0.002 0.000   Rad23A 0.000 0.000
Msh2 0.005 0.000   Xab2 0.010 0.000
Dph1 0.066 0.000   Atr 0.001 -0.010 
Stat1 0.003 0.000   Pttg1 0.016 -0.010 
Ctsd 0.002 0.000   Ercc6 0.002 -0.020 
Cxadr 0.001 0.000   Hsd17b4 0.005 -0.030 
Pparg 0.000 0.000   Mbd2 0.000 -0.040 
Clic4 0.005 0.000   Vdr 0.002 -0.050 
Ncl 0.000 0.000   Ercc5 0.000 -0.070 
Ung 0.002 0.000   Ldlr 0.000 -0.090 
Mbd4 0.050 0.000   Ccdn1 0.010 -1.030 
Ogg1 0.003 0.000   Psen1 0.000 -0.230 
Apex1 0.011 0.000   Psat1 0.030 -0.270 
Xrcc1 0.060 0.000   Cdkn2b 0.079 -1.130 
Parp1 0.005 0.000   Dapk1 0.048 -1.400 
Parp2 0.005 0.000   Cdh1 0.004 -1.990 
Ercc8 0.003 0.000   Msh4 0.110 -2.340 
Ddb1 0.013 0.000   Erbb2 0.005 -3.310 
Brca2 0.011 0.000   Ptgs2 0.440 -3.510 
Pold1 0.020 0.000   Onecut2 0.620 -4.490 
Pten 0.000 0.000   Dnajc13 0.001 -5.870 
Arpc1b 0.001 0.000   Mthfr 0.267 -6.490 
Vhl 0.001 0.000   Sash1 0.001 -10.040 
Tgfvbr1 0.002 0.000   

    
Supplemental Table 3. Genes not methylated in human colon cancer are also largely not methylated 
by Dnmt3b. 
The table shows a comparison of DNA methylation data from colon epithelial cells of Dnmt3b 
expressing mice as measured by RRBS with published DNA methylation data of human colon cancer 
(1). The mouse RRBS data are shown in the column “Dnmt3b” with numbers indicating the absolute 
methylation gain induced by Dnmt3b expression (0= no methylation, 1= complete methylation). 
Human colon cancer data are shown in the column “colon cancer” with numbers indicating percent 
of methylated reference (PMR, 0= no methylation, 100 = methylation equals methylated reference). 
The supplemental table S1 of Widschwendter et al. (1) lists 100 genes with no significant methylation 
increase in human colon cancer. For comparison with Dnmt3b data human genes with baseline 
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methylation > 100% (PMR>100) were excluded. Based on these criteria 94 genes were eligible for 
the Dnmt3b/colon cancer comparison. Dnmt3b RRBS data were available for 71/94 eligible human 
genes. 65/71 (92 %) of these genes were not methylated in colon cancer and also not methylated by 
Dnmt3b (blue color). Only 6/71 (8 %) genes were methylated by Dnmt3b (red) and not methylated in 
colon cancer. 

Reference Supplemental Table 3:

1.   Widschwendter, M., Fiegl, H., Egle, D., Mueller-Holzner, E., Spizzo, G., Marth, C., Weisenberger, 
D.J., Campan, M., Young, J., Jacobs, I., et al. 2007. Epigenetic stem cell signature in cancer. Nat 
Genet 39:157-158.
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Summary

In previous studies (described in Chapter 3) we observed that ectopic expression of 

Dnmt3b in the mouse colon induced a specific DNA methylation pattern, and that genes 

that became methylated are also methylated in human colon cancer. Using the same 

mouse model, here we describe that loci methylated upon ectopic Dnmt3b expression 

differ across small intestine and liver. Most loci that became methylated were associated 

with trimethylated lysine 27 of histone 3 (H3K27me3, a histone mark associated with gene 

silencing). Most genes with CpG promoters were found to be already silenced prior DNA 

methylation. In addition, we found that a small subset of the genes which carried H3K27me3 

prior DNA methylation loses H3K27me3 when those genes become DNA methylated. The 

biological relevance of this latter finding still needs to be resolved. The present study indicates 

that it is warranted to perform additional and more detailed studies on the mechanism and 

consequences of Dnmt3b-mediated DNA methylation.
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introduction

Silencing of tumor suppressor genes by promoter methylation is frequently observed 

in cancer 1,2. In agreement with this, we have demonstrated that over-expression of the de 

novo methyltransferase Dnmt3b in the Apcmin/+ mouse model of colon cancer resulted in an 

increased number and size of intestinal adenomas 3 (Chapter 2) . When we analyzed the DNA 

methylation pattern in tumors from these mice, we found that DNA methylation induced by 

Dnmt3b occurred at specific loci, rather than in a stochastic manner. Interestingly, when we 

examined DNA methylation in the phenotypically normal mucosa of the Apcmin/+ mouse, we 

found that DNA methylation occurred at the same loci in both normal and tumor tissue. 

The DNA methylation pattern found is not simply attributable to the genetic background, 

as we observed that the same loci are methylated in cells of the intestinal mucosa when 

we induced Dnmt3b ectopically in a wild type Apc mouse. The human homologs of these 

loci are also hypermethylated in human colon cancer, indicating that the methylation 

sensitive loci in the intestine are conserved across species 4 (Chapter 3). Conversely, ectopic 

Dnmt3b expression in the spleen does not induce methylation at the colon epithelial 

specific methylation target Sfrp2 3 (Chapter 2). Taken together, DNA methylation patterns 

are a consequence of targeting of specific loci, which are conserved across species. The 

unmethylated Sfrp2 promoter in the spleen indicates that DNA methylation patterns might 

be tissue specific, at least for a number of genes. Possibly, the chromatin state of a given cell 

type might dictate which loci can be de novo methylated.

Promoter DNA methylation usually correlates with gene repression, and this also 

correlates for some histone modifications, such as trimethylation of lysine 27 of histone 

3 (H3K27me3). This histone modification is catalyzed by polycomb repressive complex 2 

(PRC2), consisting of the core components Eed, Ezh2, Suz12 5. Previous studies have shown 

that genes methylated in human colon cancer are marked by PRC2 proteins in human ES 

cells 6-8. These reports suggested that genes that carry PRC2 complex proteins in ES cells 

are more susceptible to DNA methylation in cancer. Moreover, in our previous study, we 

observed that DNA hypermethylated loci in the colon are enriched for PRC2 complex targets 

in mouse ES cells 4 (Chapter 3). It should be noted, however, that not all DNA methylated 

loci carried a PRC2 component in ES cells, suggesting that there could be other components 

involved. 
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The presence of an unmethylated Sfrp2 promoter in the spleen suggested that there are 

tissue specific differences in DNA methylation 3 (Chapter 2). As every tissue has a distinct 

chromatin landscape, it is conceivable that Dnmt3b-catalyzed DNA methylation occurs at 

loci marked by specific modified histones. For example, the histone modification H3K27me3 

is established and maintained by Ezh2. Vire (2006) showed that EZH2 binds DNMT3b and 

is essential for the DNMT3b-mediated DNA methylation of EZH2 targets 9. In addition, for 

prostate cancer cells, Gal-Yam et al. (2008) observed that loci that are H3K27me3 targets in 

normal cells lose this mark and become CpG methylated upon transformation 10. Preliminary 

ChIP-on-Chip experiments carried out in our laboratory (unpublished) suggested that 

H3K27me3 marks in small intestinal epithelial cells are lost globally upon increased Dnmt3b 

expression. Consequently, we asked whether the loci that become methylated upon ectopic 

expression of Dnmt3b are marked by H3K27me3 prior to DNA methylation, and whether the 

Dnmt3b methylated targets lose H3K27me3 upon DNA methylation. Additionally, since DNA 

methylation in the promoter region is associated with gene silencing, we also investigated 

the expression changes upon Dnmt3b methylation to analyze which genes change expression 

upon DNA methylation. Finally, the observation that Dnmt3b overexpression could induce 

a colon cancer-associated DNA methylation pattern on normal colon tissue (Chapter 3) 

raised the question whether ectopic Dnmt3b expression might induce a cancer specific 

methylation pattern depending on the tissue in which it is expressed. 

To address these questions, we analyzed DNA methylation patterns and histone 

modifications on a global level using reduced representation bisulfite sequencing (RRBS) 

and ChIP-Seq. Since ChIP-Seq experiments require a large amount of material, we decided 

to use mouse small intestinal epithelial cells and liver, tissues from which vast amounts of 

material can be harvested. In addition, it has been shown that transgene expression induced 

by doxycycline is efficient in these mouse tissues 11. Finally, and most importantly, these 

tissues are relevant in carcinogenesis, since it is known that aberrant Dnmt3b expression 

can be found in cancer of these tissues in human 12-14. 
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Results

CpG islands are important regulators of gene expression and are known to be dynamically 

regulated during cancer. Therefore, we were interested to study the regulation of these 

loci in our mouse model with ectopic Dnmt3b expression. We used reduced representation 

bisulfite sequencing (RRBS) to analyze the CpG islands that become methylated upon 

induction of Dnmt3b 15. After confirming ectopic Dnmt3b expression in the hepatocytes and 

the small intestinal epithelial cells by QRT-PCR and immunohistochemistry (Figure 3.1), we 

subjected the samples to RRBS analysis, which yielded more than 66 million high quality 

reads. Previously, it has been reported that high density CpG areas in the genome are mainly 

unmethylated, while low density CpG areas are highly methylated 15,16. 

To validate whether our data are consistent with these observations, we divided our 

sequences in high density CpG areas > 10 CpGs per 1 kb region and low CpG density areas 

with <10 CpGs per 1 kb region. We were able to confirm that the high density CpG areas 

were mainly unmethylated and low CpG density areas were highly methylated (data 

not shown). For subsequent analysis, we grouped the promoters in previously defined 

high density promoters (HCP) and low density promoters (LCP) 17. Most promoters are 

classified as HCP, which regulate genes that are important for embryonic development 

and ubiquitously expressed housekeeping genes. LCP mainly regulate tissue specific genes. 

Unclassified promoters are referred to as intermediate CpG promoters (ICP). We observed 

that DNA methylation level did not change in most promoters (Figure 3.2). A quarter of the 

HCP promoters increased in methylation by more than 10%; however, the highest average 

methylation change occurred in the LCP group. When we analyzed the liver and the intestine 

side by side, we observed that twice as many promoters became methylated in the liver 

than in the intestine. Interestingly, while most promoters methylated in the intestine were 

common with the promoters methylated in the liver, a substantial number of promoters 

were specifically methylated in the intestine. 
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Figure 3.1. Transgene expression analysis. 
RT-PCR data showing the fold change of Dnmt3b expression in liver (A) and small intestinal epithelial 
cells (B) of 6 mice induced for Dnmt3b expression, compared to control mice. Dnmt3b expression 
analyzed by IHC in liver (C and D) and small intestinal epithelial cells (E and F) from induced mouse # 6 
(D and F) and control mouse (C and E).
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Figure 3.2. Average percentage of cytosine methylation in promoters.
Average percentage of cytosine methylation in the promoters in liver (A) and in small epithelial 
intestinal cells (B). The average methylation level of the CpGs in each promoter is shown on the y-axis. 
Dark gray bars denote Dnmt3b induced mice and light gray bars denote control mice. Promoters are 
grouped in high density CpG promoters (HCP), low density CpG promoters (LCP) and intermediate 
CpG promoters (ICP). Box represents interquartile range; line within box represents median; whiskers 
represent 1.5× interquartile range.

Since we hypothesized that the chromatin landscape has a guiding role in DNA 

methylation we set out to find chromatin marks, which correlate with sites that are DNA 

methylated upon ectopic Dnmt3b expression. By ChIP-Seq, we investigated the localization 

of H3K27me3 and H3K4me3 genome wide in the liver and intestine. In this analysis, we 

also incorporated an H3K4me3 liver ChIP-Seq dataset previously performed in our lab 

(unpublished results). In liver, we observed that promoters that become DNA methylated 

upon Dnmt3b expression were H3K27me3 targets in the non-induced sample. In liver, we 

also observed that DNA methylation increased upon ectopic Dnmt3b expression at bivalent 

promoters; these loci are trimethylated at lysine 4 and lysine 27 of histone 3 and their 

corresponding genes are poised 18 (Figure 3.3). Additionally, both in the liver and intestine, 

we observed a reduced number of H3K27me3 peaks in the more DNA methylated Dnmt3b 

induced sample compared to the less DNA methylated control sample (Figure 3.4). Further 

research is needed to confirm whether H3K27me3 is lost from the promoters that are DNA 

methylated upon ectopic Dnmt3b expression. 
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Figure 3.3. Average percentage of cytosine methylation in the promoters overlapping with H3K4me3 
targets, H3K27me3 targets, or both targets, and for promoters not overlapping with any of these 
modifications, prior to ectopic Dnmt3b expression. 
The HCP (A), ICP (B), LCP (C) promoters of the liver of the Dnmt3b induced mice are shown in dark 
gray and control mice in light gray. Promoters with H3K27me3 become methylated upon Dnmt3b 
induction.
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Figure 3.4. Average percentage of cytosine methylation in the promoters overlapping with H3K27me3 
peaks that are only present in the control samples, but not in the Dnmt3b induced sample. 
Dnmt3b induced (dark gray) and control sample (light gray). In both the liver (A) and intestine (B), 
the promoter methylation level of genes that lose the H3K27me3 upon ectopic Dnmt3b expression is 
increased.

Since DNA hypermethylation of gene promoters is associated with gene silencing, we 

decided to investigate the expression levels of genes that became DNA methylated upon 

ectopic Dnmt3b expression. In the intestine we did not found an expression change upon 

DNA methylation (Figure 3.5). For genes that became methylated, the expression levels 

were low prior and after DNA methylation. Interestingly, this was also the case for Dnmt3b 

mediated DNA methylated genes marked only with H3K4me3, a histone modification, which 

is generally associated with active genes.
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Figure 3.5. No change in gene expression upon DNA methylation in the intestine. 
Expression data were analyzed for genes with HCP promoters that get methylated upon ectopic 
Dnmt3b expression (methylated) and for all genes (all genes) in the liver. Dnmt3b induced samples are 
depicted as dark gray bars, control samples are depicted as light gray bars. Genes that are methylated 
upon ectopic Dnmt3b expression tend to be lowly expressed genes. Notably most H3K4me3 targets are 
active genes, but H3K4me3 targets that acquire DNA methylation are expressed at lower levels than 
genes for which DNA methylation is not changed upon Dnmt3b expression. LCP and ICP promoters 
show similar results as HCP promoters (data not shown). 



R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39

109

Loci methylated by ectopic expression of Dnmt3b are enriched for H3K27me3 and vary between tissues

3

Discussion

Here, we found that the LCP promoters had the highest average DNA methylation change 

upon Dnmt3b induction in small intestinal epithelial cells and hepatocytes. Most promoters 

that became DNA methylated upon Dnmt3b induction were classified as HCP, the largest 

promoter group. Further, we observed Dnmt3b induced DNA methylation varies per tissue. 

The present data suggest that the Dnmt3b induced DNA methylation is not specifically 

directed to either HCP or LCP promoters. 

Next, we investigated the correlation of chromatin marks and Dnmt3b mediated 

DNA methylation. We observed that most loci that are methylated upon ectopic Dnmt3b 

expression carried the gene silencing histone modification H3K27me3 prior DNA methylation. 

Interestingly, upon DNA methylation the number of H3K27me3 targets was reduced; 

however, further research is needed to study whether the loss of H3K27me3 and increase 

of DNA methylation occurs at the same locus. Conversely, some loci that were methylated 

upon Dnmt3b expression carried the gene activating histone modification H3K4me3. Other 

loci that were methylated upon ectopic Dnmt3b expression did not carry any of the above 

histone modifications. Possibly another chromatin mark recruits Dnmt3b to these loci. 

For example, DNA methylation occurs on loci marked with H3K9me2 19. Additionally, we 

cannot exclude that other components such as nucleosomes might direct Dnmt3b mediated 

DNA methylation, as previously suggested 20. Moreover, it has recently been shown that 

chromatin regions associated with DNA hypermethylation in colon cancer associates with 

nuclear lamina. How this mechanism exactly works remains to be elucidated, but if this 

is studied, this mechanistic aspect could potentially shed light on regulation of Dnmt3b 

mediated DNA methylation 21. 

Ultimately, promoter DNA methylation is correlated with gene silencing. Interestingly, 

when we analyzed the gene expression changes upon DNA methylation we saw that most 

genes were not or minimally expressed prior DNA methylation, which is consistent with 

observations reported previously. For example, Keshet (2006) reported that genes that 

become methylated in cancer are usually already silenced before they become methylated 
22. In addition, Choi et al. (2011) observed that when Dnmt3b was overexpressed in HEK 293T 

cells, only 10% of genes that became DNA methylated were changed in their expression 

levels 23. Other interesting questions could address which genes become DNA methylated in 

different tissues. Are there commonalities between these genes? Are these genes relevant 

to the respective tissues, and possibly involved in tumorigenesis?
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In conclusion, the loci DNA methylated upon ectopic Dnmt3b expression differ per tissue, 

and further research should address possible functional implications of specific methylation 

of these loci. 
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Materials & methods

Transgenic mice

All transgenic mice and genotyping protocols used in this study were described  

previously 3. Briefly, the doxycycline inducible Dnmt3b transgenic mice are generated from 

ES cells where the doxycycline inducible transgene was targeted to the collagen A1 locus 

(ColA1) and the reverse transactivator M2-rtTA was targeted to the Rosa26 locus (R26-rtTA). 

The sample mice were heterozygous for both alleles; the control mice were heterozygous for 

R26-rtTA and wild type for the ColA1 locus. All animal studies were reviewed and approved 

by the Committee on Animal Care (protocol 1110-096-13, Department of Comparative 

Medicine, MIT).

Treatment of mice

All mice were fed 2mg/ml doxycycline in drinking water supplemented with 10mg/

ml sucrose for 11 weeks, for transgene induction or to control for side effects of the 

transactivator M2-rtTA. When harvesting the tissues, livers and intestines of six mice were 

pooled for RRBS, microarray and ChipSeq experiments. Performing these experiments in 

triplicate on three individual mouse samples would likely yield data reflecting differences 

at the level of biological random fluctuations, ‘noise’, between individual mice, Therefore, 

we pooled samples of several mice and executed our ChIP experiments on these samples.
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Tissue harvesting

Mice were sacrificed and perfused with PBS to wash out the blood, which could cloud 

the analysis. For RNA samples the tissue was immediately dissolved in trizol and snap 

frozen, for DNA methylation analysis, the liver was homogenized and washed with ice cold 

PBS. Equal aliquots of 6 livers were pooled and snap frozen for DNA. Small intestinal samples 

were harvested as previously described 24. Samples for RNA, protein and DNA were frozen 

separately. For IHC, samples were fixed in 10% buffered formaline for 24h at 4oC. 

RNA isolation 

Total RNA was isolated using trizol reagent (Invitrogen) according to manufacturer’s 

protocol. After DNAse treatment (R1028, Zymo), cDNA was synthesized by Superscript III 

first strand synthesis supermix (Invitrogen). Quantitative PCR analysis was performed in 

triplicate at an ABI Prism7900 (Applied biosystem) using Sybr green master (Roche). For 

Dnmt3b quantification we used primers Dnmt3b forward: GTTCGAGCTGGCAAGACCTT 

and Dnmt3b reverse: TGGTCCTCCAGTGACTCTCCA and for Gapdh we used primers Gapdh 

forward: TTCACCACCATGGAGAAGGC and Gapdh backward: CCCTTTTGGCTCCACCCT. All 

samples were analyzed in triplicate, and Gapdh was used as an endogenous control. The 

Dnmt3b expression was converted to the fold change of Dnmt3b expression compared to 

the control samples. 

ChIP

Cells were chemically cross-linked by 1.1% formaldehyde solution (1 mM EDTA, 0.5 mM 

EGTA, 50 mM Hepes-KOH, and 100 mM NaCl) for 15 minutes at RT. Samples were washed 

twice with PBS, and snap frozen. 108 cells were resuspended in lysis buffer 1 (50 mM Hepes-

KOH, 140 mM EDTA, 10% glycerol, 0.5% Igepal and 0.25% triton), rocked at rotating platform 

for 10 min at 4 oC, and spun down at 2500 rpm for 5 min at 4 oC. Next, cells were lysed in 

lysis buffer 2 (200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, and 10mM Tris), rocked at rotating 

platform for 10 min at 4 oC, and spun down at 2500 rpm at 4 oC. Cells were resuspended in 

3 ml sonication buffer (20 mM TrisHCl, 150 mM NaCl, 2 mM EDTA and 0.1% SDS, 1% triton). 

Samples were sonicated for 30 sec ON, 60 sec OFF at 27 Watt for 12 cycles by using Misonix 

sonicator 3000 at 4 oC. Samples were cleared by 14000 rpm, 10 minute spin at 4 oC. As input 

50 ul of the lysate was stored; at 4 oC overnight, the rest of the lysate was incubated on a 

rocking platform with 100 ul magnetic dynal beads, which were preincubated with 10 mg 

antibody (H3K727me3: ab6002). Beads were then first washed once with the sonication 
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buffer, secondly with wash buffer 1 (20 mM Tris, 500 mM NaCl, 2 mM EDTA, 0.1 % SDS, 1% 

Triton), thirdly with wash buffer 2 (10 mM Tris, 250 mM LiCl, 1 mM EDTA, 1% Igepal), and 

last with Tris-EDTA buffer supplemented with 50mM NaCl. Next, bound protein complexes 

were eluted from the beads in elution buffer (50 Tris, 10 EDTA, 1% SDS), by heating the 

beads in elution buffer at 65 oC for 20 minutes and vortexing the beads every 2-3 minutes. 

After transferring the elution buffer to a new tube, the protein-chromatin complexes were 

reversed-cross-linked at 65 oC overnight. The immunoprecipitated DNA was diluted with TE 

buffer (1:1) and RNAse treated (0.2 ug/ul) for 2 hours at 37oC followed by treatment with 

proteinase K (0.2 ug/ul) supplemented with CaCl for 2 hours at 55oC. DNA was twice phenol-

chloroform extracted using phaselock tubes. Libraries for the Genome analyzer II genome 

sequencer were prepared with the Illumina ChIP-Seq prep kit according to manufacturers 

protocol. 150-250 bp fragment was gel selected and run on the analyzer. H3K4me3 ChIP 

was preformed at wild type mice, according to the same protocol using H3K4me3 antibody 

(Upstate 07-473). 

IHC

After antibody retrieval by boiling the sections (5 um) in EDTA (zymed), immunostaining 

was performed with envisionTM + System–HRP (DAB) (Dakocytomation K4010). Peroxidase 

activity was quenched with peroxidase block for 5 min at RT, sections were incubated with 

antibody Dnmt3b (1:3000, Imgenex 184A) for 30 minutes at RT, followed by 30 minute 

incubation with labeled polymer for 30 minutes at RT, and 5 minute incubation with DAB as 

chromogen. Hematoxylin was used as counter staining. 

Reduced representation bisulfite sequencing (RRbS)

The library was constructed with the DNA sample kit (Illumina, IP-102-1001). Five 

microgram Msp1 (50U) digested genomic DNA was run on a 3% nusive gel to isolate small 

and a large size fragment bands, 40-120 and 120-220 bp, respectively. Phenol:chloroform 

extracted DNA was end-repaired and adenylated and ligated to the 3’T-overhang methylated-

cytosine-containing adapters. Subsequently DNA was bisulfite treated with Epitect kit 

(Qiagen) with two extra bisulfite conversion cycles. Bisulfite-treated DNA was PCR amplified 

for 24 cycles. The small and large fragment libraries were gel purified and size selected (120-

220 and 220-310 bp, respectively.) on a 3% nusive gel. Libraries were sequenced on the 

Genome Analyzer II (Illumina).



R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39

113

Loci methylated by ectopic expression of Dnmt3b are enriched for H3K27me3 and vary between tissues

3

Analysis ChiP-Seq

We used the promoter classification described in Mikkelsen (2007)17. High density CpG 

promoters (HCPs) contain a 500-bp interval within -0.5 kb to +2 kb of the transcription start 

site with a (G+C)-fraction greater or equal to 0.55 and a CpG observed to expected ratio (O/E) 

greater or equal to 0.6. LCPs contain no 500-bp interval with CpG observed to expected ratio 

greater or equal to 0.4. Promoters not meeting either of the criteria above were classified 

as a set of intermediate CpG content promoters (ICP). Mikkelsen et al. (2007) had classified 

promoters using mm8 coordinates; we converted these coordinates to the mm9 release 

using liftover. Of the 17762 promoters classified we recovered mm9 coordinates for 17745. 

Liftover changed the length of 35 promoters, of those five were longer than 2.5 kb (2790 bps 

was the longest promoter kept) and 10 were smaller than 2490 pb, the smallest promoter 

being 2388 bps. 

We performed H3k27me3 ChIP-Seq two different times in duplicate each time. We 

analyzed the two data sets separately. We combined the reads from the two replicas and 

if the number of reads was very different between IP and whole cell extract we selected a 

subset of reads from the sample with the highest number of reads to have a comparable 

number of reads to input to MACS. We mapped the reads with Bowtie, allowing mapping to 

only one place on the genome, and used MACS 1.4.1 to call regions bound. We combined 

the peaks found in both experiments by keeping only peaks present in both experiments, 

using bed tool “intersectBed” with default settings. Box represents interquartile range; line 

within box represents median; whiskers represent 1.5× interquartile range.

Analysis reduced representation bisulfite sequencing 

A bisulfite-aware short-read aligner was used to align reads to the appropriate RRBS 

library, allowing up to 2 mismatches. The RRBS library was generated by in silico MspI 

digestion, fractionation, and conversion. Mapped reads were assigned to promoters using 

“intersectBed” from Bed tools. Promoters were defined as in Mikkelsen 2007 except that 

coordinates were lifted over from mm8 to mm9 17. A CpG was defined as scorable if it was 

assayed by at least 5 reads, and a promoter with least 5 scorable CpGs was itself defined 

as scorable. In each sample, the methylation fraction of a promoter was calculated as the 

mean of scorable CpGs.
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Abstract

Alterations in DNA methylation have been associated with genome-wide hypomethylation 

and regional de novo methylation in numerous cancers. De novo methylation is mediated 

by the de novo methyltransferases Dnmt3a and 3b but only Dnmt3b has been implicated in 

promoting cancer by silencing of tumor suppressor genes. In this study we have analyzed the 

role of Dnmt3a in lung cancer using a conditional mouse tumor model. We show that Dnmt3a 

deficiency significantly promotes tumor growth and progression but not initiation. Changes 

in gene expression show that Dnmt3a deficiency affects key steps in cancer progression, 

such as angiogenesis, cell adhesion and cell motion, consistent with accelerated and more 

malignant growth. Our results suggest that Dnmt3a may act like a tumor suppressor gene in 

lung tumor progression and may be a critical determinant of lung cancer malignancy. 



R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39

119

Deletion of the de novo DNA methyltransferase Dnmt3a promotes lung tumor progression

4

introduction

Changes in the DNA methylation status are among the most common molecular 

alterations in cancer (1, 2). Genome-wide hypomethylation and promoter hypermethylation 

are hallmarks of a great variety of cancers contributing to tumorigenesis. Global 

hypomethylation can result in increased genomic instability, reactivation of silenced 

parasitic genes and loss of imprinting (3, 4) whereas hypermethylation of CpG islands in 

gene promoters can silence tumor suppressor genes and affect critical cellular processes, 

such as cell-cycle control, apoptosis, DNA repair, cell-cell interaction and angiogenesis (5).

The de novo methyltransferases Dnmt 3a and 3b are highly expressed during early 

embryonic development and down-regulated in most differentiated somatic cells (6). In 

human cancers, however, Dnmt3b is frequently overexpressed (7, 8), consistent with the 

notion that inappropriate expression of Dnmt3b may silence tumor suppressor genes and 

thus contribute to tumorigenesis. Based upon tissue-specific gene deletion and induction, 

Dnmt3b has been identified in mouse models to carry out de novo methylation of genes 

that are typically silenced in human colon cancer and to promote intestinal tumor formation 

(9-11). In contrast to Dnmt3b, the role of Dnmt3a in cancer is far less understood. DNMT3A 

was found to be overexpressed in some human cancers (12) and in a mouse xenograft 

model, the knockdown of Dnmt3a was shown to suppress melanoma growth and metastasis 

(13). In contrast, induction of Dnmt3a in Apcmin/+ mice had no effect on intestinal tumor 

formation (9). The role of DNMT3A in human cancer was highlighted by reports of DNMT3A 

mutations in approximately 20% of patients with acute myeloid leukemia (AML)(14, 15). 

The occurrence of these mutations correlated with reduced enzymatic activity and genomic 

regions with decreased methylation. DNMT3A mutations were also identified in 8% of 

patients with myelodysplastic syndrome (16). In all these reports the DNMT3A mutations 

correlated with poor prognosis.

Lung cancer is the leading cause of cancer death in the US (17) and can be divided into 

four types: adenocarcinoma, squamous cell carcinoma, large cell carcinoma and small cell 

lung carcinoma with adenocarcinoma being the most common type. Both genetic and 

epigenetic factor have been implicated in lung cancer. The mutation of K-ras is one of the 

most common genetic lesions and can be found in a large fraction of lung cancers. Promoter 

hypermethylation is perhaps the best characterized epigenetic aberration and can be used 

as a screening marker for early detection, prevention and prognosis (18, 19).
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In this study we have established an experimental system to investigate the role of 

Dnmt3a in lung adenocarcinoma. We show that deletion of Dnmt3a in mutant K-ras induced 

lung tumors significantly promotes tumor progression suggesting that this gene functions 

like a tumor suppressor.

Results

Dnmt3a deletion accelerates tumor growth

In order to test the effect of Dnmt3a deletion on lung cancer, we generated mice 

carrying a conditional K-rasLSL-G12D allele (20) and 2Lox alleles of Dnmt3a (21) (K-rasLSL-G12D 

/ Dnmt3a2Lox/2Lox, Figure 1A). Oncogene activation and Dnmt3a deletion were induced by 

intratracheal infusion with adenoviral Cre recombinase (Ad-Cre) (22). 

The lungs of infected animals were removed and prepared for histology at weeks 8, 16 

and 24 after Ad-Cre administration. No significant differences in tumor number and size 

were seen in lungs of animals at week 8. In contrast, Dnmt3a deficient [knockout (KO)] and 

wild type (WT) mice showed a dramatic difference at weeks 16 and 24 after infection. While 

most tumors in lungs of Dnmt3a WT animals were small (up to 0.2 cm in diameter), lungs of 

Dnmt3a deficient mice were characterized by a significant increase in the number of large 

tumors (Figure 1B). This was confirmed on histological sections of the lungs (Figure 1C). As 

summarized in Figure 1D, the average size of Dnmt3a deficient tumors was about 4 times 

larger at week 16 and 6 times larger at week 24 as compared to WT tumors. Similarly, the 

fraction of the total lung area occupied by Dnmt3a deficient tumors was about 4 times larger 

than that occupied by WT tumors at weeks 16 and 24 (Figure 1E). However, the total number 

of tumors (adenoma and adenocarcinoma, AD) and atypical adenomatous hyperplasia (AH, 

a pre-tumor lesion) did not vary significantly between Dnmt3a deficient and control animals 

at weeks 8 and 16 (Figure 1F, Table S1 and S2). These results suggest that Dnmt3a deficiency 

does not affect the initiation of K-ras induced lung tumors but significantly promotes tumor 

growth. 
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Figure 1. Dnmt3a deficiency accelerates lung tumor growth in K-rasG12D mouse. 
(A) Schematic representation of the engineered locus in K-ras conditional knock-in and Dnmt3a 
conditional deletion mice before and after Cre-mediated recombination [modified from references 
(20) and (21)]. Positions of the PCR primers to detect recombination and the positions of 3 pairs of 
qRT-PCR primers to detect Dnmt3a mRNA expression are also indicated. stop : siliencing element; 1 
: exon and its number; *: G12D mutation; : loxP site; : frt site;  and : PCR primers; > and < : 
qRT-PCR primers. (B) Tumors in lungs of Dnmt3a deficient mice were significantly larger than those 
in Dnmt3a WT mice at weeks 16 and 24 after Ad-Cre infection. Scale bar, 5mm. (C) Representative 
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H&E stained sections of lungs in Dnmt3a deficient and WT mice at weeks 8, 16 and 24 after Ad-cre 
infection. The tumors are seen as blue areas because of crowded nuclei stained blue by hemotoxylin. 
Dnmt3a deficient mice had an increased number of large tumors. Scale bar, 6mm. (D,E) Comparison 
of tumor size (area) and fraction of lung area occupied by tumors. Both tumor size and tumor area 
fraction were significantly larger in Dnmt3a deficiency mice than in WT mice at weeks 16 and 24. ×: 
comparisons that are significantly different. (Tumor size: week 16, p < 0.0001; week 24, p = 0.0012. 
Tumor area fraction: weeks 16 and 24, p < 0.0001). (F) Comparison of number of tumor (adenoma and 
andenocarcinoma, AD) and atypical adenomatous hyperplasia (AH) at weeks 8 and 16. No singnificant 
difference was detected. n=4 for both Dnmt3a KO and WT at weeks 8 and 24; n=5 for both KO and WT 
mouse at week 16. Error bar, SEM. 

Deletion of Dnmt3a in tumors

To verify Dnmt3a deletion we used PCR with primers flanking the Lox-P sites to detect 

recombination (Figure 1A). Figure 2A shows that all tumors tested had evidence for Dnmt3a 

deletion. This was confirmed by qRT-PCR using primers located 5’ to the deletion (primer 

pair 1), within the deletion (primer pair 2) and 3’ to the deletion (primer pair 3). Figure 2B 

demonstrates that primer pairs 1 and 3 detected a relatively high level of mRNA whereas 

primer pair 2 generated a >10-fold lower signal in Dnmt3a deficient tumors. This is consistent 

with efficient Cre mediated deletion of exons 17 to 19 which encode essential residues of 

the catalytic center of Dnmt3a and with the production of a shortened Dnmt3a mRNA from 

the deletion allele. The low level of RNA detected in Dnmt3a deficient tumors by primer pair 

2 is likely due to the presence of some stromal cells in the tumor samples. 

To confirm that the deletion affects Dnmt3a protein expression we performed 

immunohistochemical analyses on lung sections of Dnmt3a deficient and WT mice using 

an antibody that recognizes the amino-terminal region of the Dnmt3a protein. Figure 

2C showed strong nuclear as well as weak cytoplasmic staining in Dnmt3a WT tumors. 

In contrast, Dnmt3a deficient tumors lacked nuclear staining and revealed only weak 

cytoplasmic immunoreactivity (Figure 2D). This difference in staining pattern suggests that, 

while Dnmt3a mutant cells may produce low levels of truncated Dnmt3a protein, they do 

not express functional protein that can localize to the nucleus and thus would be unable to 

methylate genomic DNA. 
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Figure 2. Deletion and expression of Dnmt3a. 
(A) The targeted segment of Dnmt3a is deleted in Dnmt3a deficient tumors. The expected 380bp 
recombination bands (arrowhead) were detected in all the tumors tested (40 tumors from 9 Dnmt3a 
KO mice). - : negative control. (B) Relative Dnmta3a mRNA abundance by quantitative RT-PCR. 
Primer pairs (PP) 1 to 3 are located to the 5’ side, within, and to the 3’ side of the targeted deletion 
respectively (see Figure 1A ). Primer pair 2, which detects the segment removed in the deleted mRNA, 
gave a significantly lower signal (indicated by *) in Dnmt3a deficient tumors than those in normal 
lungs and WT tumors (p < 0.0001), indicating efficient deletion of the targeted segment. Primers pairs 
1 and 3 detected a relatively high level of Dnmt3a mRNA in Dnmt3a deficient tumors, suggesting 
production of a shortened Dnmt3a mRNA. Tumor number, KO: n=19; WT, n=20. Error bar, SEM. (C, D) 
Immunohistochemical staining for Dnmt 3a protein with an Ab recognizing the amino-terminal region 
of Dnmt3a. In WT tumors (C), positive cells showed strong nuclear staining (indicated by arrowheads) 
with weak cytoplasmatic signals, whereas in Dnmt3a KO tumor cells (D), no typical nuclear signal 
was detected with only occasional weak cytoplasmatic staining (indicated by arrowheads). Strong 
nuclear signals were observed in 78 out of 170 WT tumors (6 mice) and no typical nuclear staining was 
detected in 160 Dnmt3a KO tumors (6 mice). Also note that some stromal cells in Dnmt3a deficient 
tumor tissue display nuclear signals indicated by arrows (D). Scale bar, 50mm.
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Dnmt3a deletion facilitates tumor progression and shortens life span

To assess tumor progression and malignancy we classified the tumors into three grades 

according to tumor differentiation [modified from reference (23)]. Grade 1 tumors were well 

differentiated and the tumor cells resembled type 2 pneumocytes with small round nuclei 

and granular cytoplasm. In contrast, grade 3 tumors represented poorly differentiated 

tumors with marked cellular and nuclear pleomorphism, high nucleus to cytoplasm ratio, 

prominent nucleoli and numerous mitotic figures. Grade 2 tumors were moderately 

differentiated, with a degree of differentiation between grade 1 and 3. As summarized in 

Figure 3A, a significantly higher fraction of tumors in Dnmt3a deficient animals at weeks 16 

and 24 after infection was of grade 2 and 3 as compared to tumors in Dnmt3a WT mice (also 

see Table S2 and S3). . 

We also evaluated the tumor growth pattern. Two types of tumor growth, a solid and 

a papillary growth patterns, can be distinguished in mouse lung tumor, with the papillary 

growth pattern being considered as characteristic for advanced tumors (24, 25). In solid 

tumors, tumor cells proliferate in a nest- or sheet-like fashion, whereas in papillary tumors, 

the cells grow around a fibrovascular core (Figure 3B). Compared with solid growth pattern, 

the papillary structure enables tumor cells to access blood circulation more efficiently, which 

is critical for tumor growth and progression. Figure 3B shows that Dnmt3a deficient mice 

had a significantly higher percentage of tumors with papillary structure (papillary tumors) 

at weeks 16 and 24 after infection than control mice (also see Table S2 and S3). Finally, we 

observed tumor invasion in four Dnmt3a deficient tumors (Figure 3C) but no invasion was 

detected in WT tumors. 

Consistent with the high tumor load and with the more malignant tumor phenotype, 

lifespan of Dnmt3a deficient mice was significantly shorter than that of Dnmt3a 

heterozygous or WT mice (Figure 3D). No significant difference was observed between 

Dnmt3a heterozygous and WT mice. Autopsies of about 70 animals revealed lung tumors as 

the most likely cause of death. 
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Figure 3. Dnmt3a deficiency leads to more advanced tumors. 
(A) Dnmt3a deficient mice had more grade 2 and grade 3 tumors than WT mice. Photomicrographs 
show the morphology of tumors of the three histological grades (arrowhead : a mitotic figure). Bar 
graph demonstrates that Dnmt3a deficient mice had significantly higher percentage of grade 2 + 3 
tumors at weeks 16 and 24 (week 16: p = 0.0019; week 24, p < 0.0001) and grade 3 tumors at week 24 
( p=0.0034). (B) Dnmt3a deficient mice had more papillary tumors than WT mice. Photomicrographs 
show morphology of solid and papillary growth pattern. Bar graph demonstrates that Dnmt3a deficient 
mice had significantly higher percentage of papillary tumors at weeks 16 and 24 (week 16, p = 0.026; 
week 24, p = 0.0062). n=4 for both Dnmt3a KO and WT at week 8 and 24; n=5 for both KO and WT at 
week 16. (C) Representative section showing invasion into a bronchiole (arrow) in a Dnmt3a deficient 
tumor. (D) Dnmt3a deficient (homozygous KO) mice have significantly shorter lifespan than Dnmt3a 
heterozygous and WT mice (p < 0.0001). No significant difference was detected between Dnmt3a 
heterozygous and WT mice (p=0.63). WT: Dnmt3a wild type, n=29; Homo: Dnmt3a homozygous KO, 
n=23; Hetero: Dnmt3a heterozygous, n=24. ×: comparisons that are significantly different (p values, 
see above). Photomicrographs, H&E staining. Scale bar, 50mm (A, B), 200mm (C).
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Dnmt3a deficient tumors have a high proliferation index 

To investigate the possible basis of the accelerated growth of Dnmt3a deficient tumors, 

we examined the cell proliferation and apoptosis indexes by immunostaining for proliferation 

marker Ki67 and apoptosis marker cleaved caspase-3. Figure 4A and 4B show that 

significantly more cells per unit area in Dnmt3a deficient tumors were positive for Ki67 than 

in WT tumors, indicating that mutant tumors were characterized by a higher proliferation 

index. In contrast, cells positive for cleaved caspase-3 were rare and no significant difference 

was detected between Dnmt3a deficient and WT tumors (Figure 4C). These results suggest 

that the increased growth of Dnmt3a deficient tumors is due to increased proliferation 

rather than decreased apoptosis. 

Gene expression and DNA methylation in Dnmt3a deficient tumors

To gain insights into overall gene expression changes we performed transcriptional 

profiling analyses using whole mouse genome microarrays. A comparison between 12 pairs 

of Dnmt3a deficient and WT tumors revealed that mRNA abundance of about 1970 genes 

was significantly different between Dnmt3a deficient and WT tumors (FDR < 0.05) with 

approximately 1020 genes expressed at a higher and 940 genes expressed at a lower level in 

Dnmt3a deficient tumors (Figure 5A). Gene ontology enrichment analysis (26) revealed that 

the top three biological processes affected most significantly by these differentially expressed 

genes were blood vessel formation, cell adhesion and regulation of cell motion (Figure 5B). 

These processes are key steps in cancer progression(27), consistent with the morphological 

findings that Dnmt3a deficient tumors appear to be larger and more advanced. Also, no 

significant difference (using a raw p-value threshold of 0.05) of the mRNA abundance was 

detected in Dnmt1 (p=0.46) or Dnmt3b (p=0.34) between Dnmt3a deficient and WT tumors.
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Figure 4. Dnmt3a deficient tumors have a higher proliferation index. 
(A, B) Representative photomicrographs of immunohistochemical staining for proliferation marker 
Ki-67 in Dnmt3a WT (A) and KO mice (B). The positive signal localizes to the nuclei. (C) Plotting of 
proliferation index (positive nuclei/mm2) against tumor size (mm2). Dnmt3a deficient tumors 
had significantly higher proliferation index compared with WT tumors [p = 0.0006, proliferation 
index was also influenced by tumor size (p = 0.032)]. (D) A representative photomicrograph of 
immunohistochemical staining for apoptosis marker cleaved caspase-3, showing that positive cells are 
rare in both Dnmt3a deficient or WT tumors. The insert shows the details of two positive cells with 
cytoplasmatic staining. Scale bar, 50mm (A, B) and 200mm (D).
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To examine whether Dnmt3a deficiency resulted in genomic methylation changes we 

performed an unbiased methylome analysis. Methylated DNA isolated from three Dnmt3a 

deficient and two WT tumors was immunoprecipitated and subjected to high throughput 

sequencing (MeDIP-Seq), producing a total of 101 million reads. Due to the CpG density 

dependency of MeDIP, we only analyzed relative methylation levels comparing the two 

exact same regions in Dnmt3a deficient and WT tumors. To identify differentially methylated 

regions (DMRs) we mapped the reads and scanned the genome in 1 kb windows with 100 

bp overlap (see Materials and Methods). We observed that 99.6% of the DMRs were less 

methylated in the Dnmt3a deficient compared to the WT tumors (Table S4). Based on their 

overall distribution on the genome, a higher than expected percentage of less methylated 

regions (LMRs) overlapped gene bodies, particularly exons (Table S4). We further tested 

all genes and promoter regions for differential methylation (see methods) and observed 

that genes that were less expressed in Dnmt3a deficient tumors tended to have lower 

methylation levels in gene bodies (Figure S1A). In contrast, gene expression changes did 

not correlate with promoter methylation (Figure S1B). These results are consistent with 

a previous report showing a positive relation between gene body methylation and gene 

expression in Dnmt3a deficient neural cultures, suggesting that Dnmt3a mediated non-

promoter methylation facilitates gene expression (28).

A previous study found methylation changes of repetitive sequences in established 

Dnmt3a mutant ES cells (29). We therefore performed Southern blot-based methylation 

assays to compare the DNA methylation status of minor satellite repeats and detected no 

obvious differences between Dnmt3a deficient and WT tumors (Figure S2). This suggests 

that Dnmt3a dependent methylation changes of these sequences become manifest only 

after extensive cell passage and cell proliferation.
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5A
Fig  5

5B Cluster 1. Enrichment Score: 3.50
Process GO id Count PValue Benjamini

blood vessel morphogenesis GO:0048514 34 1.91E-04 0.114
blood vessel development GO:0001568 39 2.74E-04 0.117
angiogenesis GO:0001525 25 4.23E-04 0.126
vasculature development GO:0001944 39 4.47E-04 0.122

Cluster 2. Enrichment Score: 3.01
Process GO id Count PValue Benjamini

cell adhesion GO:0007155 75 1.58E-04 0.154
biological adhesion GO:0022610 75 1.68E-04 0.125
cell-cell adhesion GO:0016337 30 0.035 0.672

Cluster 3. Enrichment Score: 2.67
Process Term Count PValue Benjamini

regulation of cell motion GO:0051270 22 2.94E-04 0.111
regulation of cell migration GO:0030334 17 0.005 0.319
regulation of locomotion GO:0040012 19 0.006 0.328

Cluster 4. Enrichment Score: 2.62
Process GO id Count PValue Benjamini

cellular macromolecule catabolic 
process GO:0044265 77 7.07E-04 0.149
modification-dependent 
macromolecule catabolic process GO:0043632 65 0.001 0.168
modification-dependent protein 
catabolic process GO:0019941 65 0.001 0.168

Cluster 5. Enrichment Score: 2.41
Process GO id Count PValue Benjamini

regulation of body fluid levels GO:0050878 19 5.34E-04 0.123
coagulation GO:0050817 16 8.09E-04 0.149
blood coagulation GO:0007596 16 8.09E-04 0.149

Cluster 6. Enrichment Score: 2.17
Process GO id Count PValue Benjamini

negative regulation of molecular 
function GO:0044092 30 2.24E-06 0.007
negative regulation of catalytic 
activity GO:0043086 23 4.20E-05 0.065
negative regulation of kinase 
activity GO:0033673 14 3.04E-04 0.102

log  (KO/WT) -2 0 1-1 2
2

1 2 3 4 5 6 7 8 9 10 11 12

Figure 5. Gene expression in Dnmt3a deficient and WT tumor. 
(A) Global expression profiling using whole mouse genome microarrays arrays. Heat map showing 
the top 1967 differentially expressed genes between Dnmt3a deficient and WT tumors (FDR<0.05). 
Columns represent 12 matched KO-WT tumor pairs and rows differentially expressed genes. (B) Gene 
enrichment analysis of the differentially expressed genes (FDR<0.05) by Functional Annotation Tool 
in DAVID using default thresholds. Shown are the top 6 clusters in biological process. Only the top 3 
annotation terms are shown in Cluster 4 to 6.
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Discussion

The role of DNA methylation in the Apcmin/+ model of intestinal tumors has been well 

established with Dnmt3b deletion protecting against tumorigenesis and over-expression 

increasing tumor load by de novo methylation and silencing of tumor suppressor genes (9, 

10). In contrast, no role of Dnmt3a in Apcmin/+ tumor formation has been established. Here 

we find that deletion of Dnmt3a promotes tumor growth and progression but not tumor 

initiation suggesting that this gene, counter to expectation, acts like a tumor suppressor 

rather than like a cancer-promoting gene as has been shown for Dnmt3b. Expression of 

genes involved in processes such as angiogenesis, cell adhesion and cell motion were 

significantly altered in Dnmt3a deficient tumors, consistent with an effect on tumor growth 

and progression.

The methylation status of DNA may affect cancer by several mechanisms. (i) Global 

hypomethylation may increase genomic instability (3, 4). (ii) Hypermethylation of promoters 

can mediate tumor suppressor gene silencing (5, 9). However, the mechanism of how 

Dnmt3a affects gene expression and tumor formation is unclear. The genome of embryonic 

stem cells, in contrast to that of somatic cells, has methylated cytosine residues at non-

CpG contexts, which has been suggested to be due to the activity of Dnmt3a (30). More 

recently, whole-genome profiles of DNA methylation at single base pair resolution of ES 

cells detected non-CpG methylation in gene bodies, which was positively correlated with 

gene expression (31). Another study demonstrated that Dnmt3a–dependent gene body 

methylation correlated with expression of genes involved in neural differentiation (28). 

Consistent with this observation we found that gene bodies were less methylated in Dnmt3a 

deficient tumors than in WT tumors, which also correlated with lower gene expression. 

Given that tumors in the mutant K-ras lung cancer model may arise from stem cells giving 

rise to more differentiated cells in the tumor (32), it is possible that Dnmt3a-dependent gene 

body methylation may be important for expression of genes that promote differentiation in 

a fraction of the tumor cells. Though mechanistic insights are lacking, our observation that 

Dnmt3a deficient mice harbored more poorly differentiated and more advanced tumors 

is consistent with the notion that Dnmt3a deficiency interferes with the differentiation 

process in tumor cells promoting the formation of less mature and more malignant tumors.
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The majority of DNMT3a mutations found in myeloid neoplasm patients are missense 

mutations and some of the mutations have been shown or predicted to result in reduced 

translation (14-16). However, because nearly all patients are heterozygous for the mutant 

allele it is not clear whether the DNMT3a mutations have dominant negative effects or cause 

hemizygous insufficiency. In this context our data using a Dnmt3a null allele are of interest 

as they argue against the possibility that hemizygous insufficiency affects lung tumors. 

Based on the well-established role of de novo DNA methylation mediated gene silencing 

in cancer, inhibitors of methyltransferases are being actively investigated (33) and two drugs, 

vidaza and decitabine, have been approved by the FDA for treatment of myelodysplastic 

syndrome (34, 35). Our data raise the possibility that such treatments, in addition to 

activating silenced tumor suppressor genes, may have the unintended consequence of 

inhibiting DNMT3A and thus affect its proposed tumor suppressor function. Therefore, it 

will be of great importance to elucidate the molecular mechanisms of how this gene affects 

cancer progression. The availability of a genetically defined experimental system will greatly 

facilitate these efforts.

Materials and methods

Animal models

K-rasLSL-G12D mice, which were kindly provided by Dr. Jacks (20) ,were crossed with the 

Dnmt3a conditional KO mice (21) to generate mice with the following genotypes: K-rasLSL-

G12D/WT/Dnmt3a2lox/2lox, K-rasLSL-G12D/WT/Dnmt3aWT/WT and K-rasLSL-G12D/WT/Dnmt3a2lox/WT. After Ad-

Cre–mediated recombination, mice were generated with lung cells that carried the K-ras 

mutation and were homozygous (KO), heterozygous and WT at the Dnmt3a locus. 

Ad-Cre (Gene Transfer Vector Core, University of Iowa) was delivered via intratracheal 

approach (22). Briefly, 8 to 12 weeks old mice were anesthetized by intra-peritoneal injection 

of avertin (~0.4mg/g body weight) and suspended on a bar of a mouse platform via their 

front teeth. A Fiber-lite Illuminator was used to illuminate the opening of the trachea and 

an IV catheter (22 gauge) was inserted into the trachea until the top of the catheter was 

near the mouse’s front teeth, 60ul Ad-Cre (5X107 PFU in MEM containing 10mM CaCl2) was 

directly delivered into the catheter. In some of the microarray studies we also used intranasal 

infection approach. The procedure was similar to the intratracheal approach except that the 
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virus was directly pipetted over the opening of one nostril of the mouse instead of delivering 

Ad-Cre via a catheter into the trachea. 

Animal care was in accordance with institutional guidance and all animal studies were 

reviewed and approved by the Committee on Animal Care, Department of Comparative 

Medicine, MIT.

Mouse examination, tissue preparation and histological examination

For histological comparison, the mice were euthanized at weeks 8, 16 and 24 after 

Ad-Cre infection (number of mice analyzed: week 8, Dnmt3a WT=4, KO=4, 3 pairs were 

littermates; week 16, WT=5, KO=5, 4 littermate pairs; week 24, WT=4, KO=4, 3 littermates 

pairs). During dissection, each organ was carefully examined with particular attention to 

mediastinal structures, especially lymph nodes. Any abnormal tissue was sampled for 

histological examination. The lungs were fixed by infusion of 10% formalin. After infiltrated 

by paraffin, the left lobe was trisected and the other lobes were bisected, then they were 

embedded in paraffin, sectioned (4mm) and stained by hematoxylin and eosin (H&E). Thus, 

each mouse’s lungs were represented by 11 sections that were used for histopatholological 

comparisons. In the survival study, mice were euthanized at end stage (mouse number: 

Dnmt3a WT=29, homozygous=23, heterozygous=24). Before tissue fixation, representative 

lung tumors and normal tissue were flash-frozen in liquid nitrogen and stored at -80°C for 

genomic DNA and RNA extraction. Tumor image was captured and analyzed by Pixel Link 

Capture SE (Pixel Link). 

Immunohistochemistry

Immunohistochemistry was performed using Vectastain Elite ABC kit (Vector) following 

manufacturer’s instruction, with primary antibodies: anti-Dnmt3a (sc-20703, 1:200 dilution, 

Santa Cruz), anti-Ki-67 (Clone TEC-3, 1:50 dilution, DakoCytomation), anti-Cleaved Caspase-3 

(#9661, 1:1000 dilution. Cell Signaling). Dnmt3a staining was performed on 160 tumors in 6 

Dnmt3a deficient mice and 170 tumors in 6 WT mice. Ki-67 and cleaved caspase-3 staining 

were performed on 57 Dnmt 3a deficient tumors from 2 mice and 69 WT tumors from 2 

mice.
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PCR and RT-PCR

We used regular PCR to detect Cre-medicated recombination in tumors of Dnmt3a KO mice. 

The sequences of the PCR primes were (see also Figure 1A): sense: 5’ggcttttcctcagacagtgg3’; 

antisense: 5’ tcaatcatcacggggttaga3’. PCR program was 95˚C 2min, 95˚C 30sec-60˚C 30sec-

72˚C 45sec, 30cycles; 72˚C 6min. Forty tumors with tumor diameter from 0.1cm to 0.4cm 

were tested from 9 Dnmt3a KO mice. Either genomic DNA (for big tumors) or tumor lyses 

(for small tumors) was used as template. Genomic DNA was isolated with AllPrep DNA/RNA 

mini kit (Qiagen). Lyses solution: proteinase K 0.5 mg/ml, 50 mM KCl, 10 mM Tris-HCl (pH 

8.3), 2 mM MgCl2, 0.1 mg/ml gelation, 0.45% Nonidet P40, 0.45% Tween20. 

The Dnmt 3a mRNA abundance was analyzed in 19 tumors in 4 KO mice and 20 tumors 

in 6 WT mice by qRT-PCR. Three pairs of qRT-PCR primers were designed to detect Dnmt3a 

mRNA using primers located 5’ to the deletion (primer pair 1), within the deletion (primer 

pair 2) and 3’ to the deletion (primer pair 3). The primer sequences are, primer pair 1: 

5’ggagccaccagaagaagaga3’, 5’gctctttctgggtttcttgg3’; primer pair 2: 5’cctgcaatgacctctccatt3’, 

5’cggccagtaccctcataaag3’; primer pair 3: 5’gaacgagaggacggagaaaa3’, 5’tcctcctctgtggtttgctt3’. 

Total RNA was isolated with AllPrep DNA/RNA mini kit (Qiagen). First strand cDNA was 

synthesized using Superscript III First-Strand Synthesis Supermix (Invitrogen). Real time 

PCR was performed on 7900HT Fast Real-Time PCR System (Applied Biosystems) using 

SYBR Green Master (Roche), following manufacturers’ protocols. The expression data was 

analyzed by comparative C
T method. 

Microarray

Total RNA was isolated from 12 matched Dnmt3a KO ~WT tumor pairs from eight pairs 

of Dnmt3a KO ~ WT mice. Each pair of mice shared at least one parent. These 12 pairs 

of tumors included six pairs of large tumors ( > 0.4cm in diameter) and six pairs of small 

tumors ( < 0.25 cm in diameter). The hybridization was performed on Agilent Whole Mouse 

Genome 4 x 44K Microarrays (Two-channel) by Whitehead Genome Technology Core.

The two-color microarray raw data were normalized across channels by loess (locally 

weighted scatterplot smoothing, using spot quality weights) and between arrays by 

quantile normalization of average intensities (“Aquantile”) using Bioconductor. Following 

summarization of replicate probes by median, differential expression was assayed by 

moderated t-test and corrected for false discovery rate, as implemented by the limma 

package in Bioconductor.
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For gene enrichment analysis, we used DAVID (the Database for Annotation, Visualization 

and Integrated Discovery)(26) to analyze the differentially expressed genes list between 

Dnmt 3a deficient and WT tumors (FDR <0.05). 

DNA methylation assays

MeDIP-seq was performed on three Dnmt3a deficient and two WT tumors using the 

Magmedip kit (Diagenode) according to manufacturers’ protocol. Libraries were sequenced 

on the genome analyzer II (Illumina). Data Analysis was similar to the one described by Bock 

et al. (36).

Details of MeDIP-Seq and Southern blot analysis were provided in SI Materials and 

Methods. 

Statistical analysis

We used Prism 5 (GraphPad Software) to perform statistical analysis, with two-tailed 

Student’s t Test for the comparison of tumor number, size, grade, growth pattern, invasion 

and fraction of tumor area; Kaplan-Meier survival analysis for comparison of lifespan; 

two-way ANOVA for comparison of proliferation and apoptosis indexes. Unless indicated 

otherwise, 0.05 was used as the p-value threshold for statistical significance.
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Figure S1. Genes with lower expression in the Dnmt3a-deficient tumors are less methylated in the 
gene body. 
Shown are the cumulative distributions of methylation changes for different subsets of genes. Each 
line shows the percentage of genes (y axes) that have a log2 fold change (FC) (Dnmt3a-deficient/WT) 
of methylation lower than or equal to the value shown on the x axes. (A) Genes with lower expression 
(log2FC ≤ −0.7; red) in the Dnmt3a-deficient tumors are significantly less methylated in gene bodies 
(P = 1.54 °— 10−9, ks-test); genes with higher expression (log2FC ≥ 0.7; blue) show no significant 
difference in methylation (P = 0.32, ks-test); all genes on the array are shown in black. (B) Changes in 
gene expression are not associated with changes in methylation of promoter regions (1 kb upstream 
of TSS). The figure is otherwise as in A.
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Figure S2. Dnmt3a-KO and WT tumors show no obvious difference in the methylation status of 
minor satellite repeats. 
Southern blot analysis: genomic DNA from six Dnmt3a-KO and five WT tumors (KO1-6, WT1-5) were 
digested with HpaII and probed for minor satellite repeats (pMR150). Genomic DNA from Dnmt1-KO 
ES cells digested with HpaII and that from V6.5 ES cells digested with MspI were used as control.
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Mouse AH AD

WT
11 33 4
22 23 3
13 93
14 16 6

Subtotal 65 82
KO

191 6
262 7

23 30 8
294 1

Subtotal 44 102

All tumors at week 8 are grade 1 and solid tumors. AD, adenoma/adeno-
carcinoma; AH, atypical adenomatous hyperplasia.

Table S1. Comparison of lesion number of Dnmt3a WT and KO mice at week 8 after Ad-Cre infection.

Mouse AH AD

Grade Growth pattern

1 2 3 Solid Papillary

WT
1 46 58 57 1 0 58 0
2 21 118 112 6 0 116 2
3 91 137 135 2 0 137 0
4 25 99 97 2 0 99 0
5 15 46 46 0 0 46 0
Subtotal 198 458 447 11 0 456 2

KO
1 33 118 61 40 17 111 7
2 19 170 138 29 3 156 14
3 38 142 111 29 2 141 1
4 10 106 86 19 1 101 5
5 20 68 44 24 0 67 1
Subtotal 120 604 440 141 23 576 28

AD, adenoma/adenocarcinoma; AH, atypical adenomatous hyperplasia.

Table S2. Comparison of lesion number of Dnmt3a WT and KO mice at week 16 after Ad-Cre infection.
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Mouse AD

Grade Growth Pattern

1 2* 3* Solid Papillary*

WT
1 299 279 18 2 298 1
2 239 225 12 2 237 2
3 266 244 19 3 264 2
4 182 165 17 0 181 1
Subtotal 986 913 66 7 980 6

KO
1 219 113 84 22 182 37
2 150 58 58 34 106 44
3 140 61 41 38 117 23
4 176 97 53 26 160 16
Subtotal 685 329 236 120 565 120

AD, adenoma/adenocarcinoma.
*Statistically signi fi cant: grade 2 + 3, P < 0.0001; grade 3, P = 0.0003; pap-
illary, P = 0.0043.

Table S3. Comparison of tumor number of Dnmt3a WT and KO mice at week 24 after Ad-Cre infection.

Region
Percentage of total regions

tested
Percentage o� ess methylated regions (4,382) in

Dnmt3a KO tumors
Percentage of more methylated regions (19) in

Dnmt3a KO tumors

Gene body 46.6 65.5 31.6
Intron 28.7 33.3 31.6
Coding exon 16.4 29.4 0.0
5�UTR 0.4 0.8 0.0
3�UTR 1.1 2.0 0.0
Promoter 1.2 1.8 5.3
Intergenic
region

52.2 32.7 63.2

Table S4. Distribution of DMRs.
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Summary

Dnmt3a acts as a tumor suppressor in lung cancer development; however, it is unknown 

if this is a general function of Dnmt3a in all tumor types. In this study, we have deleted the 

Dnmt3a gene in the intestinal stem cells of Apcmin/+ mice, which develop intestinal adenomas. 

The generation of this compound mouse model would allow us to examine the function 

of Dnmt3a in intestinal tumor progression, and to determine whether Dnmt3a suppresses 

tumorigenesis in cancer types other than lung cancer.
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introduction

Dnmt3a deletion in a lung cancer mouse model (K-raslox-stop-lox-G12D) results in bigger and 

more invasive tumors compared to Dnmt3a wild type tumors, suggesting that Dnmt3a 

suppresses lung cancer development 1. Furthermore, when Dnmt3a was ectopically 

expressed in the intestine of Apcmin/+ mice no significant effect on intestinal tumor formation 

was observed, indicating that Dnmt3a does not promote tumorigenesis in the intestine 2. In 

contrast, ectopic expression of Dnmt3b in Apcmin/+ mice promotes intestinal tumorigenesis 2. 

These data suggest that Dnmt3a and Dnmt3b have distinct roles, where Dnmt3a functions 

as a tumor suppressor in lung cancer and Dnmt3b promotes tumorigenesis in the intestine. 

To further investigate whether Dnmt3a might suppress tumor development also for other 

types of cancer, we aim to assay the effects of Dnmt3a deficiency on progression of the 

intestinal tumors of Apcmin/+ mice. 

experimental design

To study the role of Dnmt3a in intestinal tumor progression, we used the Apcmin/+ mouse 

model (Chapter 2). When intestinal cells of these mice spontaneously lose their wild type 

Apc allele, they develop microadenomas which may grow out to adenomas 3. The intestinal 

adenomas in Apcmin/+ mice arise from intestinal stem cells 4, which are marked by leucine-

rich-repeat-containing G protein-coupled receptor 5 (Lrg5) 5. In order to study the function 

of Dnmt3a in intestinal tumorigenesis, Dnmt3a will be deleted in the intestinal stem cells by 

Cre-recombinase expressed under control of the Lrg5 promoter (Lrg5-EGFP-IRES-creERT2) 5. 

Dnmt3a deletion should occur before or at the same time the cell loses the wild type Apc 

allele and develops a microadenoma 6. To assay the Cre-recombinase efficiency in our mice, 

we will utilize the Cre-activatable Rosa26-lacZ reporter 7. LacZ is expressed from this allele 

when the stop-cassette in front of the LacZ gene is deleted by Cre-recombinase. The tumors 

of Apcmin/+, Dnmt3a 2lox/2lox, Lrg5-EGFP-IRES-creERT2, Rosa26R LacZ mice will be analyzed 

and compared to the tumors of Apcmin/+, Lrg5-EGFP-IRES-creERT2, Rosa26R LacZ mice (Figure 

4.1). 

Dnmt3a deficiency in lung tumors of the K-raslox-stop-lox-G12D mice reduced survival of 

these mice, as compared to K-raslox-stop-lox-G12D mice carrying wild type Dnmt3a alleles 1. 

We hypothesized that Dnmt3a deletion would have a similar effect on Apcmin/+ mice, 

Consequently, the life span of Dnmt3a deficient Apcmin/+ mice might be considerably 
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shortened, as compared to the life span of Apcmin/+ mice. Apcmin/+ mice typically die at an age 

of 4-5 months due to tumor development 6. In order to compare the tumors of the Dnmt3a 

deficient and Dnmt3a wild type mice, both on the Apcmin/+ background and of the same age, 

the colon will be dissected and analyzed at 3 months. If Dnmt3a deficient mice have a more 

severe tumor phenotype (such as larger tumors or more invasive tumors), we will perform 

additional experiments to examine the role of Dnmt3a in intestinal cancer in more detail.

Progress

We have bred the mice to obtain Apcmin/+, Dnmt3a 2lox/2lox, Lrg5-EGFP-IRES-creERT2, 

Rosa26R LacZ mice for this tumor study. In order to delete Dnmt3a prior the loss of the wild 

type Apc allele, we decided to treat two-week-old mice with tamoxifen, which is significantly 

earlier than the Lgr5-EGFP-IRES-creERT2 mice were treated in previous studies. In published 

protocols, 6-8 week old Lrg5-EGFP-IRES-CreER mice were injected intraperitoneally (IP) with 

100 ul of 20 mg/ml tamoxifen for 7 consecutive days, which is close to the maximum dose 

for adult mice (personal communication Pekka Katajisto and Omer Yilmaz, laboratory of 

David Sabatini). However, this protocol is not tolerated by two-week-old mice. Therefore, 

we are currently determining the optimal treatment with tamoxifen to induce Dnmt3a 

deletion in younger mice. We adapted the protocol to subcutaneous injections, since the 

tamoxifen will be absorbed in the body more slowly. Further, we are injecting the mice every 

other day for a total of 4 injections. Additionally, we are testing whether 50 ul of a 40 mg/

ml solution is better tolerated than 100 ul of a 20 mg/ml solution to improve survival. Since 

tamoxifen treatment dehydrates mice, the mice are supplemented with IP saline injections 

every day during the treatment period. We will assay the Cre-recombinase-inducing 

efficiency of the different injection conditions using the LacZ reporter, to determine optimal 

tamoxifen treatment for deletion of the gene. Once a protocol for tamoxifen administration 

in two-week-old mice is established, we will begin our analysis of the function of Dnmt3a in 

intestinal tumors. 

We hypothesize that the Dnmt3a deficient Apcmin/+ mice will develop a more severe 

phenotype than Apcmin/+ mice with wild type Dnmt3a expression, resulting in a shorter 

survival time. This phenotype may include more tumors, larger tumors and more invasive 

tumors. If this is observed, the tumors will be dissected to analyze the gene expression and 

DNA methylation changes compared to tumors from Dnmt3a wild type mice. The results of 

this analysis should shed more light on the role of Dnmt3a in tumorigenesis.
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tamoxifen injections sacrifice  

IRESLrg5 5’UTR EGFP CreERT2 + tamoxifen

16 17-19 20Dnmt3a

STOPRosa26 SA LacZ

16 20Dnmt3a

IRESLrg5 5’UTR EGFP CreERT2

Rosa26 SA LacZ

3 monthsbirth 2 weeks

> analysis 

Figure 4.1. Schematic representation of genetic strategy (top) and experimental outline (bottom).
Schematic representation of the genetic strategy to delete Dnmt3a and the reporter gene LacZ in the 
intestinal stem cell. The tamoxifen dependent Cre-recombinase is expressed under control of the Lrg5 
promoter. Exon 17-19 of Dnmt3a and the stop cassette in front of LacZ reporter gene under Rosa26 
control are excised upon tamoxifen treatment. 
Experimental outline. Tamoxifen (arrow) will be given subcutaneously every other day for 4 times in 
total to two-week-old mice. Animals will be sacrificed and analyzed at 3 months of age.
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5. General discussion

5.1 Overview of our findings
The expression and activities of maintenance and de novo DNA methyltransferases are 

frequently deregulated in cancer cells. As a consequence, the epigenome of cancer cells 

is often globally hypomethylated while specific promoter regions are hypermethylated. 

Previous studies have shown that lack of maintenance methyltransferase Dnmt1 both 

suppresses and promotes tumorigenesis, as lack of this enzymatic activity, hence a 

reduced level of DNA methylation, correlates with higher expression of tumor suppressor 

genes, but also with increased genome instability and possibly with a higher expression 

of oncogenes in specific tissues 1-4. As described in the present thesis, we investigated the 

function of de novo methyltransferases Dnmt3a and Dnmt3b in tumorigenesis. To do this, 

we performed loss- and gain-of-function studies for these de novo methyltransferases 

using lung and colon cancer mouse models. Apcmin/+ mice ectopically expressing Dnmt3b 

developed more and larger intestinal tumors, whereas ectopic expression of Dnmt3a did 

not promote tumorigenesis, in this mouse model 5. These results indicate that only Dnmt3b 

promotes intestinal tumorigenesis. K-raslox-stop-lox-G12D mice deficient for Dnmt3a in the lung 

developed larger and more invasive lung tumors than tumors found in Dnmt3b deficient or 

wild type Dnmt mice 6. These results suggest that Dnmt3a suppresses lung tumorigenesis. 

In conclusion, de novo methyltransferases have distinct roles in these tumor types; Dnmt3b 

promotes intestinal tumorigenesis and Dnmt3a suppresses lung tumorigenesis. 

To investigate whether ectopic Dnmt3b expression promotes intestinal tumor formation 

as a result of clonal outgrowth of cells with randomly methylated loci, or might be due to 

methylation of specific genes, we analyzed the DNA methylation of a few loci 5. We observed 

that the same loci are methylated in the intestinal tumor as in the intestinal mucosa, when 

Dnmt3b was ectopically expressed, indicating that the Dnmt3b mediated DNA methylation 

is loci specific. By analyzing more loci in tumors and mucosa of Apcmin/+ and Apc wild type 

mice, we showed that Dnmt3b methylation is specific to certain loci and that the genetic 

background of the mice does not influence DNA methylation 7. Further, we found that upon 

ectopic expression of Dnmt3b the same loci in the mouse intestine become methylated 

as in human colon cancer. These results indicate that DNA methylation sensitive loci are 

conserved across species and that our mouse model provides a great tool to study Dnmt3b 

mediated methylation 7. 
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To investigate the mechanism that regulates the target specificity of Dnmt3b, we 

analyzed DNA methylation data and H3K27me3 and H3K4me3 ChIP-seq data in liver and 

small intestinal epithelial cells. We observed that most loci that are DNA methylated upon 

ectopic Dnmt3b expression already had H3K27me3 modification prior to Dnmt3b mediated 

DNA methylation, suggesting that H3K27me3 might attract Dnmt3b to its targets. However, 

not all loci had H3K27me3 before DNA methylation, thus additional histone modifications or 

factors may direct Dnmt3b to specific loci. 

Since it is known that genes are silenced when their promoter is methylated, we 

examined the gene expression profiles of liver and small intestinal epithelial cells before 

and after ectopic Dnmt3b expression. We observed that most loci methylated upon ectopic 

Dnmt3b expression were already expressed at low levels preceding DNA methylation. 

This could potentially be explained by the fact that most loci carried H3K27me3, a histone 

modification associated with gene silencing.

Additionally, it remains to be determined whether the genes, that are silenced upon 

ectopic Dnmt3b expression have some common characteristics; i.e. to answer the question 

if these genes belong to the same functional group. Further research will be needed to 

resolve these questions. 

5.2 Specificity of de novo DNA methylation by Dnmt3b
One of the challenges in this evolving field concerns the question how Dnmt3b’s loci 

specificity is regulated. In order to unravel the mechanism regulating Dnmt3b loci specificity, 

it would be relevant to study components and aspects related to chromatin, such as histone 

modifications, positioning of nucleosomes, and interaction with the nuclear lamina. 

It is known that DNA methylation is influenced by histone modifications, as H3K27me3, 

H3K9me2, H3K9me3 and unmethylated H3K4 have been shown to positively correlate with 

DNA methylation 8-13. Indeed, we also observed a positive correlation between H3K27me3 

and DNA methylation in our analysis. It would be possible to generate genome maps of 

different histone modifications in samples that are induced for ectopic Dnmt3b expression, 

compared to control samples. These maps could then be analyzed in combination with our 

Reduced representation bisulfite sequencing (RRBS) data, which would yield information 

about whether Dnmt3b-mediated DNA methylation correlates with any specific type of 

histone modification. The limitation of our obtained RRBS data is that yields only information 

of 5% of the total cpG, which included 90% of the CpG islands. As an alternative for using the 

RRBS data, ectopic Dnmt3b expressing and control samples could be analyzed by genome 
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wide bisulfite sequencing to obtain information about the DNA methylation covering the 

entire genome. These genome wide maps might provide better insight into whether histone 

modifications direct Dnmt3b to the loci it methylates. Further, it has been shown that Dnmt3a 

and Dnmt3b preferentially bind to nucleosomes which are associated with methylated CpG 

islands and DNA repetitive elements 14. Thus, one could assess whether and how aspects 

of nucleosome dynamics influence Dnmt3b methylation. In addition, specific regions of 

chromatin are organized by the nuclear lamina, which is a fibrillar structure composed 

of lamins and lamin-associated proteins, located near the inner nuclear membrane and 

the peripheral chromatin. It has recently been reported that, in colon cancer cells, DNA 

hypermethylation occurs in long stretches of hypomethylated regions which are associated 

with the nuclear lamina 15. From this, it can be suggested that the nuclear lamina might be 

involved in Dnmt3b targeting. To investigate this, maps of nuclear lamina interactions with the 

chromatin could be generated with DamID (DNA adenine methyltransferase identification) 

to Lamin B 16, and overlapped with DNA methylation data. Taken together, investigation of 

all these chromatin-related components and dynamic aspects may potentially clarify the 

mechanism, which directs Dnmt3b to specific loci.

The mechanism of Dnmt3b loci specificity could also be addressed by investigating 

whether Dnmt3b has interaction partners that guide Dnmt3b to its DNA methylation 

targets. For example, a yeast two-hybrid assay could be performed to screen for possible 

interaction partners of Dnmt3b. However, this method usually yields many false positives. 

In an alternative approach, interacting proteins could be identified by immunoprecipitating 

Dnmt3b and potential interacting proteins followed by mass spectrometry analysis. In order 

to immunoprecipitate Dnmt3b it is crucial to generate a good Dnmt3b antibody, as it is not 

commercially available. Alternatively, one could tag Dnmt3b and immunoprecipitate Dnmt3b 

by using an antibody against its tag. Once potential interacting proteins are identified, further 

studies should verify the putative binding partners and investigate whether they determine 

which loci Dnmt3b methylates. Additionally, RRBS data or preferentially genome wide 

bisulfite sequencing data could be examined for enrichment for DNA methylated sequence 

motifs. The obtained motifs could be compared to DNA binding motifs of transcription 

factors, and thus it could suggest whether Dnmt3b is directed by certain transcription 

factors. Last, it has been reported for plants that siRNAs guide DNA methyltransferases to 

DNA 17. Such a mechanism might also implicate small RNAs in guiding Dnmts to specific loci 

in mammalian cells. One could perform a RIP-Seq (RNA immunoprecipitation-sequencing) 

to investigate whether small RNAs interact with Dnmt3b. If an interaction is detected, one 
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could analyze whether the complementary sequences of the respective small RNAs are 

methylated in the genome. These experiments should shed more light on the mechanism 

that directs Dnmt3b to the specific loci. 

5.3 More on the role of Dnmts in cancer
In our studies, Dnmt3a was found to suppress lung tumorigenesis 6. However, whether 

Dnmt3a plays a tumor suppressive role also in other types of cancer remains to be determined. 

A recent report that 20% of the acute monocytic leukemia (AML) patients harbor a mutation 

in the DNMT3A gene suggests that Dnmt3a may act as a tumor suppressor also in other 

cancers 18,19. On the other hand, in many human cancer types increased DNMT3A expression 

has been detected 20-24. It is however unclear whether the increased DNMT3A protein levels 

have a function in human tumorigenesis. While we demonstrated that ectopic Dnmt3a 

expression in the Apcmin/+ mouse does not promote intestinal tumorigenesis 5, Samuel et al. 

(2011) reported that ectopic Dnmt3a expression promotes intestinal tumorigenesis 25. The 

different transgenic systems used in the studies may explain the contradicting results. In our 

study, we induced Dnmt3a in the mice at 4-6 weeks of age by using the tet(O) system, with 

the rtTA in the Rosa26 locus 26. Using this system Dnmt3a is ectopically expressed in most 

tissues at 4-6 weeks, but prior to induction Dnmt3a is normally expressed. In the Samuel 

et al. (2011) study, Dnmt3a was knocked-in the A33 locus 25. A33 glycoprotein is expressed 

in the ICM of the blastocyst and in intestinal epithelium. Consequently, Dnmt3a is ectopic 

expressed earlier in their study than in ours. Of note, Dnmt3b knocked-in the A33 locus 

was embryonic lethal 25. To further elucidate the function of Dnmt3a in intestinal cancer 

development, we are currently investigating the role of Dnmt3a deletion in the intestine of 

Apcmin/+ mice. 

Our analysis of the DNA methylation and gene expression patterns in lung tumors did 

not reveal the mechanism for Dnmt3a tumor suppression 6. To unravel the mechanism of 

the suppressive function of Dnmt3a, one could analyze the lung tumors using genome wide 

bisulfite sequencing in order to find aberrantly methylated loci in Dnmt3a deficient tumors. 

These loci may identify a tumor suppressor gene or a group of genes, which would help 

to explain how Dnmt3a suppresses lung tumorigenesis. Additionally, if Dnmt3a suppresses 

intestinal tumorigenesis, one could also examine these tumors using whole genome 

bisulfite sequencing. Identification of changes in DNA methylation in the same regions in 

the intestinal and lung cancer tumors might give new insights into the role of Dnmt3a in 

tumorigenesis. 
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5.4 DNA methylation as target to treat cancer
Since DNA methylation is reversible, there is a huge opportunity to improve cancer 

treatment by targeting this type of epigenetic modification or the proteins catalyzing DNA 

methylation. We observed that Dnmt3b expression promotes intestinal cancer progression 

and that ectopic Dnmt3b expression induces methylation of the same genes that are known 

to be methylated in human intestinal tumors 5,7. Vidaza and Decitabine are demethylating 

drugs currently used to treat patients suffering from blood disorders 27,28. However, these 

drugs are rather inefficient in penetrating solid tumors and cause significant hematological 

and gastrointestinal side effects. In addition, one potential problem with these compounds 

is that demethylating drugs act genome wide, and might cause genome instability or 

imbalanced gene expression. The observation that Dnmt3a suppresses lung cancer 

development suggests that global demethylation could lead to tumor progression rather 

than inhibition 6. Consequently, it may be better to develop drugs that selectively target 

DNMT3b and DNMT1 rather than global DNA methylation. Since Dnmt1 has been shown to 

promote and inhibit tumor formation 1,3,4, drugs against DNMT1 should specifically target 

tumor tissue, since global demethylation in other tissues may favor tumor progression. 

Therefore, DNMT3b promises to be the best target for cancer treatment, since Dnmt3b 

promotes intestinal cancer tumorigenesis and is aberrantly expressed in many types 

of cancer cells, but Dnmt3b has no significant role in somatic tissues 20-24,29. Further, no 

tumors were observed when Dnmt3b was deleted in the intestine or in the lungs of mice 
5,6, suggesting that loss of Dnmt3b does not lead to other complications. Taken together, it 

appears a matter of urgency to promote further research, which aims to elucidate the role 

of DNA methylation and DNA methyltransferases in tumorigenesis, as it has a promising 

perspective to improve cancer treatment.
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SUMMARy

The human body contains many different cell types with different characteristics, but 

all cells contain the same genetic code so called DNA. Gene expression is regulated by the 

mode of packaging of the DNA, which differs between different cell types and ensures 

expression of tissue specific genes. Certain parts of the DNA in a cell are condensed and 

inaccessible for the transcription machinery, whereas other parts of the DNA are accessible 

for the transcription machinery, resulting in gene expression. The packaging of the DNA is 

controlled by epigenetic modifications, which are heritable through cell divisions, but do not 

alter the base sequence of the DNA. These modifications ensure that a daughter cell receives 

developmental information from its mother cell, and it is known that these modifications are 

important for normal development. In turn, dysregulation of these epigenetic additions may 

lead to all kind of problems for cells and tissues, including uncontrolled cell divisions and 

cancer. Several modifications of DNA have been well described, but additional knowledge 

is necessary to understand how they contribute to health and disease; this thesis focuses 

on de novo methyltransferases Dnmt3a and Dnmt3b and their role in cancer development.

DNA methylation describes the addition of a methyl (CH3) group to the DNA, which in 

most cases renders DNA inaccessible for gene expression. DNA methyltransferases (Dnmts) 

are responsible for DNA methylation. Dnmts can be subdivided in 1) maintenance DNA 

methyltransferase that copies the DNA methylation pattern of the mother DNA strand to 

the daughter DNA strand, and 2) de novo methyltransferases that add a methyl group to 

DNA that has not been methylated before. 

In the experiments described in this thesis. we showed that ectopic expression of 

Dnmt3b causes more and larger intestinal tumors in a mouse model for colon cancer, 

and that increased Dnmt3b expression is a cause for tumor development, rather than a 

consequence. We further demonstrated that Dnmt3b methylated specific DNA loci and 

that this methylation pattern is established before the tumor develops. Thus, upon ectopic 

Dnmt3b expression, DNA methylation is induced at specific loci rather than at random loci. 

We subsequently extended our analysis in order to study the DNA methylation of more genes. 

We demonstrated that mouse homologs of genes that are found to be methylated in human 

colon cancer are also methylated in our mouse model. We further observed that genes once 

methylated remain methylated even when Dnmt3b induction has been terminated. These 

data indicate that epimutations may play a similar role in cancer development as mutations 

of the DNA.
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We next investigated the role of Dnmt3a in lung cancer, by deletion of Dnmt3a in a lung 

cancer mouse model. We observed that lung tumors deficient for Dnmt3a were larger and 

more invasive than the lung tumors from mice wild type for Dnmt3a. Our data indicate that 

de novo methyltransferase Dnmt3a acts as a tumor suppressor in lung cancer development. 

Currently, we are investigating whether Dnmt3a has a similar role in intestinal tumorigenesis. 

Since DNA methylation is a reversible modification, it is important to investigate the 

role of DNA methylation in cancer in more detail. The goal is try to develop novel tools and 

compounds that can be used to for diagnosis and treatment of cancer.
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Samenvatting

SAMeNvATTING

Het menselijk lichaam is opgebouwd uit veel verschillende celtypes met verschillende 

eigenschappen, maar alle cellen bevatten dezelfde genetische code in de vorm van DNA. 

Genexpressie is gereguleerd door de uiteenlopende manier van het verpakken van het DNA 

in verschillende celtypes. Dit verzekert de expressie van weefsel-specifieke genen. Bepaalde 

delen van het DNA in een cel zijn gecondenseerd en niet toegankelijk voor het transcriptie-

apparaat, terwijl andere delen van het DNA wel toegankelijk zijn voor het transcriptie-

apparaat, wat resulteert in genexpressie. De verpakking van het DNA is gereguleerd door 

epigenetische modificaties, die overgeërfd worden door verschillende celdelingen, maar 

niet gebaseerd zijn op een verandering van de volgorde van de baseparen in het DNA. Deze 

modificaties zorgen ervoor dat de dochtercel de ontwikkelingsinformatie van haar moedercel 

ontvangt. Aangezien dit belangrijk is voor normale ontwikkeling, kan misregulatie van deze 

epigenetische toevoegingen leiden tot allerlei verschillende problemen voor de cellen en 

weefsels, inclusief ongecontroleerde celdeling en kanker. Verscheidene modificaties van 

het DNA zijn goed beschreven, maar meer kennis is noodzakelijk om te begrijpen hoe deze 

modificaties bijdragen aan gezondheid en ziekte. Dit proefschrift is gericht op de de novo 

methyltransferases Dnmt3a en Dnmt3b en hun rol in kanker-ontwikkeling. 

DNA methylatie beschrijft de toevoeging van een methylgroep aan het DNA, dat in de 

meeste gevalllen het DNA ontoegankelijk maakt voor genexpressie. DNA methyltransferases 

(Dnmts) zijn verantwoordelijk voor DNA methylatie. Dnmts kunnen worden onderverdeeld 

in 1) onderhouds DNA methyltransferase, dat  het DNA methylatiepatroon van de moeder 

DNA keten op de dochter DNA keten kopieert, en 2) de de novo methyltransferases, die een 

methylgroep toevoegen aan DNA wat nog niet gemethyleerd was. 

In de experimenten beschreven in dit proefschrift hebben we laten zien dat verhoogde 

expressie van Dnmt3b in een muismodel voor dikke darmkanker meer en grotere 

darmtumoren veroorzaakt, en dat de verhoogde Dnmt3b expressie eerder een oorzaak 

dan een gevolg van kankerontwikkeling is. Bovendien konden we aantonen dat Dnmt3b 

specifieke DNA loci methyleert en dat dit methylatiepatroon tot stand wordt gebracht 

voordat een tumor zich ontwikkelt. Dus, als Dnmt3b verhoogd aanwezig is, wordt DNA 

methylatie geïnitieerd op specifieke loci in plaats van random loci. Vervolgens hebben we 

onze analyse uitgebreid, zodat we de DNA methylatie van meer genen konden bestuderen. 

We lieten zien dat de muis-homologen van de genen die in dikke darmkanker van mensen 

gemethyleerd zijn, ook gemethyleerd zijn in ons muismodel. We observeerden verder dat 
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als de genen éénmaal gemethyleerd zijn, ze gemethyleerd blijven zelfs als de verhoogde 

Dnmt3b expressie wordt afgebroken. Deze data wijzen er op dat epimutaties (epigenetische 

mutaties) een belangrijke rol in kankerontwikkeling kunnen spelen, vergelijkbaar met het 

effect van DNA mutaties.

Vervolgens onderzochten we de rol van Dnmt3a in longkanker door middel van het 

verwijderen van Dnmt3a in een longkanker muismodel. We vonden dat longtumoren 

deficiënt voor Dnmt3a groter en invasiever waren dan de longtumoren van muizen met wild 

type Dnmt3a. Onze data duiden aan dat de novo methyltransferase Dnmt3a als een tumor 

suppressor functioneert in longkanker ontwikkeling. Op het moment van het schrijven van 

dit proefschrift, betrof lopend onderzoek de vraag of Dnmt3a een vergelijkbare rol heeft bij 

dikke darmkankerontwikkeling.

Aangezien DNA methylatie een reversibele modificatie is, is het van belang dat we de 

rol van DNA methylatie in kanker in meer detail onderzoeken. Het doel is om te proberen 

nieuwe methoden en medicijnen te ontwikkelen, die gebruikt kunnen worden om kanker te 

diagnosticeren en te behandelen.
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AS: Angelman syndrome

BWS: Beckwith-Wiedemann syndrome

DPC: days post coitum

Dnmt: DNA methyltransferases (Dnmts)

ES: embryonic stem cell

GK repeat: glycine-lysine repeat

H3K4: histone 3 lysine 4 

H3K4me3: H3K4 trimethylation 

H3K9: histone 3 lysine 9

H3K9me3: histone 3 lysine 9 trimethylation

H3K27: histone 3 lysine 27

H3K27me3: histone 3 lysine 27 trimethylation

H3K36: histone 3 lysine 36

H3K36me3: H3K36 trimethylation 

HAT: histone acetylation transferase

HCP: high density CpG promoters

IAP: intracisternal A particle

ICP: intermediate CpG promoter

ICR: imprinted control region

KO: knockout

LCP: low density CpG promoters

LOH: loss of heterozygosity

LOI: loss of imprinting

NLS: nuclear localization signal

PBD: PCNA binding domain (PCNA: proliferating cell nuclear antigen)

PWS: Prader-Willi syndrome

PWWP: proline-tryptophan-tryptophan-proline

SAM: S-adenosyl-methionine 

SAH: S-adenosyl homocysteine 

TRF target replication foci

TSS: transcription start site
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