
The results of research on the biochemistry and biol�

ogy of DNA methylation have grown into a sizable body

of scientific information. A single article like this one can,

of course, not even attempt to present an adequate

overview of this rapidly developing field. This chapter has

therefore been restricted to a synopsis of selected work

performed in the author’s laboratory between 1975 and

2004.

For a long time, many colleagues in molecular biol�

ogy resisted recognizing the fact that the fifth nucleotide

in DNA, 5�methyl�deoxycytidine (m5C), exerts decisive

functions in chromatin structure and in genetic control

mechanisms. With m5C, however, the arguments have

finally become irrevocably strong enough not to be

ignored. Nevertheless, text books still preach the exis�

tence of four, instead of five, nucleotides in DNA. Of

course, it is good and essential scientific practice to cast

most critical scrutiny on new claims and demand ample

and definitive experimental proof. A large number of

researchers have now provided this proof, and many of

the findings will be summarized in this volume. My own

group started contributing to the honing of problems

related to DNA methylation in the mid�1970s, and this

article presents a detailed summary of our results which

have been adduced since then and stood the test of time.

For further information, the reader can consult the refer�

ences cited herein and previous reviews, which have been

published as our work proceeded [1�7].

The discovery of m5C [8] in eukaryotic, particularly

in mammalian, DNA has provoked a challenging search

for its functional significance. This search is by no means

completed, and active investigations on numerous

unsolved questions are still continuing. The modification

of cytidine (C) to m5C, apparently the only one among

the nucleotides in mammalian DNA, is introduced

postreplicationally by several DNA methyltransferases

(DNMT) which are chosen depending on the functional

context of their enzymatic activity: DNA can be methy�

lated de novo, still a most enigmatic series of events, or a

given pattern of DNA methylation in the genome can be

maintained upon replication. In this latter mode of main�

tenance methylation, the parental DNA strand with the

m5C residue still in place can serve as the template to

direct the DNMT to modify the newly synthesized DNA
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Abstract—This chapter presents a personal account of the work on DNA methylation in viral and mammalian systems per�

formed in the author’s laboratory in the course of the past thirty years. The text does not attempt to give a complete and

meticulous account of the many relevant and excellent reports published by many other laboratories, so it is not a review of

the field in a conventional sense. The choice of viral model systems in molecular biology is well founded. Over many decades,

viruses have proven their invaluable and pioneering role as tools in molecular genetics. When our interest turned to the

demonstration of genome�wide patterns of DNA methylation, we focused mainly on the human genome. The following top�

ics in DNA methylation will be treated in detail: (i) the de novo methylation of integrated foreign genomes; (ii) the long�term

gene silencing effect of sequence�specific promoter methylation and its reversal; (iii) the properties and specificity of patterns

of DNA methylation in the human genome and their possible relations to pathogenesis; (iv) the long�range global effects on

cellular DNA methylation and transcriptional profiles as a consequence of foreign DNA insertion into an established

genome; (v) the patterns of DNA methylation can be considered part of a cellular defense mechanism against foreign or

repetitive DNA; what role has food�ingested DNA played in the elaboration of this mechanism?
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complement. Although several DNMT have been well

characterized, it is not clear whether any of them by itself

suffices to facilitate either of the two modes of DNA

methylation. In addition to the enzymatic activity prop�

er, the function of these enzymes seems to depend criti�

cally on the conformation of the local chromatin segment

in which the DNA is to be methylated. Since our under�

standing of chromatin structure is incomplete, we cannot

expect to obtain a comprehensive description of the

enzymatic activities of the DNMT. It appears more real�

istic to propose a complex interplay between DNA–

chromatin structure and specific choices of enzymatic

functions in which additional regulatory proteins have to

participate.

In experimental terms, DNA methylation activities

cannot be realistically assessed by relying on the measure�

ment of enzymatic function using a naked DNA tem�

plate, since the actually operational template for DNMT

is a DNA–chromatin complex with site�specific, sto�

chastically malleable functions which are targeted to

individual loci in the genome. It will be some time before

these processes can be elucidated or even mimicked by

current technology. How can we approach a functional

analysis of DNA methylation in eukaryotic, particularly

in mammalian, systems? One important parameter in

understanding this functional DNA modification is to

realize that m5C residues are not introduced randomly by

a fortuitously acting enzymatic mechanism. In contrast,

highly specific patterns in the distribution of m5C residues

exist all over the genome. These patterns appear to be dif�

ferent in each cell type and in each region of the genome.

It will require a major effort to determine these patterns

of DNA methylation in all parts of the mammalian,

specifically in the human, genome.

In recognizing the very significant accomplishment

of determining the nucleotide sequence of the human

genome, I submit that the task has not been completed

without the inclusion of the fifth nucleotide. Of course, it

is technically impossible to differentiate between a C� and

a m5C�residue by the conventional sequencing reaction.

The application of the bisulfite protocol of the genomic

sequencing reaction [9, 10] is a demanding project, par�

ticularly when it has to be extended to many kilobases of

DNA sequence. Nevertheless, this method is, at least for

the time being, the only reliable procedure to ascertain

levels and patterns of DNA methylation. By applying the

bisulfite reaction, one can detect all m5C residues in a

sequence. The human epigenome project has just been

initiated on an exploratory basis and will have to cope

with the fact that patterns of DNA methylation can be

different from cell type to cell type and, of course, in each

segment of the genome [11]. In my laboratory, we have

investigated methylation patterns in several areas of the

human genome to obtain a first impression of the types of

patterns. The structure of the genome inside its chro�

matin casing and its regulatory functions appear to

depend on these patterns of DNA methylation. The func�

tion of the genome will not be understood before the

completion of the analysis of these patterns. Hence, the

study of more complex biomedical problems will

undoubtedly escape a thoroughly informed experimental

approach before this analysis has been finished. Presently

available data imply that in 90 human genes in the major

histocompatibility complex (MHC) of multiple tissues

and individuals, the majority of regions were hypo� or

hypermethylated. The patterns were tissue�specific,

interindividually variable, and correlated with gene

expression [12].

The following Gedankenmodell may aid the concep�

tual visualization of a more general function of patterns of

DNA methylation across the entire genome. The model is

based upon the notion that m5C residues are modulators

of DNA–protein interactions, as proposed earlier [2],

and these modulators could facilitate and enhance or

abrogate such interactions. The direction, in which these

modulations work, depends on the type of protein and

DNA sequences in functionally crucial interactions.

Imagine a bare wall represented here by the plain

nucleotide sequence of A, C, G, and T residues onto

which elaborate decorations have to be attached.

Chromatin proteins then are the decorations, which

eventually contribute to the chromatin structures and

could be specific for different segments of the genome.

Now, we insert into the blank wall the m5C “pegs” to

which proteins bind or are prohibited from binding. With

this first and essential set of DNA–protein interactions, a

central genome�associated scaffold will be generated

which then will be able to inaugurate further protein

and/or RNA assemblies until the final, yet enigmatic,

chromatin structure has been established.

Local specificities in this structure will, of course, be

determined by the site�specific pattern of DNA methyla�

tion, which thus assumes a functionally crucial role in this

assembly process. There are several, but one particular,

problem with this model: it is not apparent whether the

generation of a given pattern of DNA methylation arises

before or after chromatin formation. Possibly, both events

are interdependent and develop concomitantly. Upon

DNA replication, an established and inheritable pattern

of DNA methylation is, of course, maintained by the

array of m5C residues, which are still preserved after DNA

replication in the parental strand and which can serve as

a template for the insertion of methyl groups in the newly

synthesized DNA complement. In this way, patterns of

DNA methylation are propagated and inherited. The

methylation patterns in turn promote the site�specific

chromatin structures.

A further tantalizing aspect arises from the fact that

DNA methylation patterns are erased early in embryonic

development and are thereupon re�imposed by an

unknown mechanism of de novo DNA methylation,

which cannot avail itself of the template pattern on the
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complementary strand of DNA. Conversely, the fixation

of de novo methylation patterns on integrated foreign

DNA or in the course of embryonic development might

be directed by local chromatin structures, which then

would have to be “remembered” even in the absence of

the fifth nucleotide. It is this crucial interdependence

between methylation pattern and chromatin structure

that we cannot yet satisfactorily explain. RNA could con�

ceivably serve as a mediator for this functional gap in time

and structure. This model is based on the fact that each

individual segment of the genome is tightly associated

with a given pattern of DNA methylation and, conse�

quently, of chromatin structure. The same or a very simi�

lar site�specific pattern can also be conveyed to foreign

DNA subsequent to its insertion into a specific segment

of the mammalian genome.

In part, this model has been deduced from the obser�

vation that the site�specific re�integration of an

unmethylated mouse gene, the B lymphocyte tyrosine

kinase (BLK) gene, into the mouse genome by homolo�

gous recombination leads to the re�establishment of the

original and authentic DNA methylation pattern in the

integrate at its authentic site [13]. In contrast, when the

BLK gene randomly hits host DNA sequences and

recombines there by a non�homologous mechanism, pat�

terns of DNA methylation are completely different from

the authentic pattern in the BLK gene. For a working

hypothesis, we assume that each genome segment is

characterized by a “methylation memory”. Its biochem�

ical correlate is not known but must somehow be related

to topical chromatin structure as well as local DNMT

type, concentrations, and activities as well as auxiliary

functions.

The most intensely studied function of DNA methy�

lation in eukaryotic genomes is that of promoter activity

and long�term gene silencing. Starting in the late 1970s,

our laboratory has regularly contributed to the elabora�

tion of this concept [1, 2]. In conjunction and – again in

an interdependent mode – DNA (m5C) and chromatin

(histone acetylation and methylation) modifications col�

laborate in the long�term silencing of promoters and thus

assume an essential function in regulating the activity of

specific genome segments. In recent years, these mecha�

nisms have been recognized to be of importance also for

the understanding of more complex biomedical prob�

lems, in particular those which are related to genetic

imprinting, embryonic and fetal development, genetic

disease, and tumor biology. Here, we have another fine

example of how basic research on fundamental mecha�

nisms in molecular genetics can eventually help under�

stand practical problems in biomedical research. Without

turning to the study of simpler experimental systems, e.g.

viral models, in the elucidation of promoter silencing by

DNA methylation and related histone modifications, it

would have been impossible to approach more complex

problems in mammalian organisms or in plants.

THE de novo METHYLATION

OF INTEGRATED FOREIGN DNA

Choice of experimental systems. There are many

excellent examples to document that the study of viral

systems has led to the discovery of fundamental mecha�

nisms in prokaryotic and eukaryotic molecular genetics.

Since in most instances, virus replication has to rely on

the utilization of cellular mechanisms, it cannot be sur�

prising that viruses have been efficiently exploited as

“Trojan horses” inside the cellular milieus. In the 1970s,

our laboratory was involved in detailed analyses on the

mode of adenoviral DNA integration into the host

genome in adenovirus�transformed cells and in adeno�

virus type 12 (Ad12)�induced hamster tumor cells. In the

course of these studies, it became feasible to prove that

integrated foreign (adenoviral) DNA was de novo methy�

lated [14]. When we subsequently were able to document

the first inverse relationship between genetic activity of

integrated viral genes and the extent of their methylation

[15], it was obvious that this experimental system could

be applied to fundamental studies on the regulation of

genetic activity and on the biological function of DNA

methylation [2].

A second seminal observation, which emphasized

the biological importance of DNA methylation, came

from detailed investigations on patterns of DNA methyla�

tion in the 5′�upstream regions of two randomly chosen

human genes, TNFα and TNFβ. The genomic sequencing

method originally developed by Church and Gilbert [16],

though difficult to use at the time, helped considerably in

these studies. In the promoter and 5′�upstream regions of

the TNFα and TNFβ genes, we found cell type�specific

and interindividually highly conserved patterns in the dis�

tribution of m5C residues, which agreed to the nucleotide

site among individuals from different ethnic origins [17,

18].

Similar, though less precise, evidence came from

large, randomly chosen segments of the human genome

[19], many of them repetitive DNA sequences. These

results implied that highly specific patterns of DNA

methylation existed and most likely had to have a funda�

mentally important function. It was not easy in those days

to convince others that a systematic endeavor to deter�

mine patterns of DNA methylation was not just a descrip�

tive exercise but had to be initiated to learn about the

wider gamut of possibilities with functional implications.

Hopefully, the human epigenome project will help pro�

vide more ample evidence than the study of a single, pio�

neering, laboratory could possibly have adduced with

limited means 15 years ago.

At this time, we also sought the collaboration of clin�

ical researchers in order to extend the basic concepts

derived from simpler experimental systems to more com�

plex biomedical problems. In the course of these studies,

it became even more obvious that the model developed



508 DOERFLER

BIOCHEMISTRY  (Moscow)  Vol.  70   No. 5   2005

with the adenovirus system could reliably guide all our

efforts. In collaboration with several groups, we deter�

mined patterns of DNA methylation in the

Prader–Willi/Angelman regions of the human genome

[20, 21], in the promoter regions of the RET protoonco�

gene [22], of the FMR1 gene [23, 24], and of several genes

of the erythrocyte membrane [25, 26].

The state of methylation in DNA viral genomes. Many

DNA virion genomes are unmethylated, others are methylat�

ed. Modulation as a bidirectionally active parameter in

DNA–protein interactions can be exemplified by the

activity of the restriction endonucleases DpnI and DpnII.

DpnI cleaves the nucleotide sequences G6mATC only

when the A residue in the recognition sequence is methy�

lated, whereas DpnII is inhibited by a 6mA residue in this

sequence [27]. Hence a methylated nucleotide can both

obstruct or facilitate and be required for the activity of a

restriction endonuclease, i.e. for the interaction between

a given nucleotide sequence and the protein which specif�

ically recognizes this sequence. A similarly instructive

example is not available for a m5C containing recognition

sequence of a restriction endonuclease.

Among the DNA containing viral genomes, exam�

ples of completely unmethylated as well as completely 5′�
CG�3′ methylated virion DNA molecules exist. The

encapsidated virion DNAs of the human adenoviruses

[28] are unmethylated. In striking contrast, the double�

stranded genome of frog virus 3 (FV3), an iridovirus, is

completely methylated in all 5′�CG�3′ dinucleotides [29,

30]. As will be discussed later, the intracellular FV3 virion

DNA becomes quickly remethylated after replication.

Possibly, due to the specific nucleotide sequence of the

FV3 genome, the viral and/or cellular proteins, which

have to interact with this viral genome in the course of

viral transcription and replication, are not inhibited by

FV3 DNA methylation. Some of them may even require a

methylated genome for full activity.

We have used several techniques, total hydrolysis of

the virion DNA followed by bidirectional chromatogra�

phy and electrophoresis [28], which allow the separation

of C from m5C residues, as well as genomic sequencing

methods [31, 32], to demonstrate that the virion DNA as

well as the free, i.e. not host cell genome integrated,

intracellular adenovirus DNA in productively or abortive�

ly infected cells [33] remains unmethylated. In the latter

study, restriction endonucleases were used to document

the absence of m5C residues at least in the HpaII recogni�

tion sequences 5′�CCGG�3′. The intracellular genomes

of the episomally persisting Epstein–Achong–Barr virus

(EBV) have become methylated to a certain extent [34].

Similarly, the genome of another persisting virus, herpes

virus saimiri, in lymphoid tumor cell lines has been shown

to be extensively methylated [35]. The retroviral

progenomes also become methylated [36, 37].

SYREC, an Ad12 recombinant genome, which carries

unmethylated cellular DNA. When adenovirus type 12

(Ad12) was serially propagated on human cells in culture,

a variant Ad12 genome arose which constituted a natural�

ly generated recombinant between the left terminal 2081

nucleotides of Ad12 DNA and a large palindromic frag�

ment of cellular DNA. This viral recombinant could be

separated from the authentic Ad12 virions due to its lower

buoyant density by equilibrium sedimentation in CsCl

density gradients [38]. The existence of this symmetric

recombinant (SYREC) proved that recombination could

occur between viral and cellular DNAs in human cells,

which were productively infected with human Ad12 [39].

The cellular DNA in this huge palindromic genome

of some 34 kb with identical left ends of Ad12 on either

terminus of the recombinant genome comprised cellular

DNA sequences of both the unique and repetitive types.

Interestingly, these cellular DNA sequences were com�

pletely unmethylated in the virion recombinant, but the

same cellular DNA sequences were highly methylated in

the human cellular genome from which they had been

originally derived [38]. This finding demonstrates that

free adenovirion DNA remains devoid of m5C in the same

human cell nucleus in which adenovirion DNA replicates

and in which the methylation of cellular DNA is main�

tained in specific patterns. Apparently, the cellular

DNMT fail to gain access to the free virion DNA, possi�

bly because adenovirus DNA can avail itself of its own,

specific, virion genome�encoded mechanism of DNA

replication with the adenovirus terminal protein (TP), its

viral DNA polymerase (pol), and the DNA binding pro�

tein (DBP). Alternatively, it is conceivable that free

intranuclear adenovirus DNA becomes protected from de

novo methylation by binding to specific proteins.

Adenoviral DNA replication is at least partly independent

of the cellular replication machinery, except for the

requirement for nuclear factors I, II, and III which might

not be linked to any of the cellular DNMT. On the other

hand, the intracellularly located, episomal DNA of EBV

must be tightly associated with the replication system for

cellular DNA with which it replicates in synchrony. Thus,

the EBV episomes might be in close contact with cellular

DNMT and become methylated.

The adenovirus SYREC molecule and its ability to

replicate in human cells in the presence of a helper adeno�

virus with an intact authentic viral genome has been the

model for the construction of the gutless adenovirus vec�

tors of the third generation [40]. These researchers have

been able to separate the recombinant virus from its wild

type precursor also by equilibrium sedimentation in CsCl

density gradients.

Suppression of the frequency of 5′�CG�3′ dinucleotides

in the genomes of the small eukaryotic viruses. The dinu�

cleotide 5′�CG�3′ is statistically underrepresented in all

but four of the small viruses with a genome size of <30 kb

[41]. In the larger viral genomes, the abundance of this

dinucleotide follows statistical expectations. The retro�

transposons in eukaryotic genomes are also characterized
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by low values of 5′�CG�3′ dinucleotides. There are sever�

al possible interpretations for these phenomena: methyla�

tion effects during the proviral states of some of these

genomes which would lead to their silencing, and also

dinucleotide stacking energies and mutation mechanisms

or selection during evolution.

De novo methylation of foreign DNA, which was inte�
grated into the mammalian genome. Studies on integrated

Ad12 genomes in transformed or tumor cells. In the course

of investigations on the mode of Ad12 DNA integration

in Ad12�transformed hamster cells by using restriction

endonucleases, the de novo methylation of integrated for�

eign DNA was discovered. The generated fragments of

cellular DNA were separated by electrophoresis on

agarose gels and further analyzed by Southern blotting

[42] and hybridization to 32P�labeled Ad12 DNA or, more

specifically, to the 32P�labeled terminal fragments of Ad12

DNA. In this way, the terminal viral DNA fragments

linked to the immediately abutting cellular DNA seg�

ments could be identified.

In an attempt to generate small junction fragments,

which could be more easily analyzed, frequently cutting

restrictases like HpaII were employed. In these experi�

ments, we discovered that the integrated form of Ad12

DNA was not effectively cleaved by HpaII, whereas viri�

on DNA, previously shown to be unmethylated [28], was

readily cut. These data implied that the integrated Ad12

DNA had become de novo methylated upon integration

into the established hamster genome [2, 14, 43].

This interpretation could be proven when the

isoschizomeric restriction endonuclease pair HpaII and

MspI became available. Both enzymes recognize the

sequence 5′�CCGG�3′. MspI cleaves irrespective of the

presence of a m5C residue in the 3′�located C�position in

the recognition sequence, but HpaII is capable of cleav�

ing only the unmethylated sequence [44]. Along these

lines, the integrated Ad12 DNA, like virion Ad12 DNA

studied as a control, was completely cleaved by MspI,

whereas HpaII could cleave only the virion DNA to com�

pletion. Integrated Ad12 DNA was cut incompletely by

HpaII and was thus recognized to be 5′�CCGG�3′
methylated in distinct patterns. Here, we were able to

document one of the early examples for the notion that

foreign DNA inserted into established mammalian

genomes became heavily methylated [14, 15]. This now

commonly reproduced finding was later extrapolated to

numerous other eukaryotic genomes, including those of

plants [45]. The human papilloma viruses 16 and 18 inte�

grated into the genomes of cells from human cervical car�

cinomas are also methylated in functionally distinct pat�

terns [46].

Site of initiation of de novo methylation – site of foreign

DNA integration in the recipient genome. In later studies,

we have demonstrated in numerous Ad12�transformed

hamster cell lines and particularly in Ad12�induced ham�

ster tumor cells that integrated Ad12 DNA is an excellent

substrate for the action of cellular DNMT [47�49]. The

patterns generated in different cell lines and tumors

exhibited some similarities but did not appear to be iden�

tical. Extent and pattern of methylation of integrated for�

eign DNA were directed rather by the site of integration

in the recipient genome than by the nucleotide sequence

of the foreign DNA [50], although the latter could have

some influence as well. In this context, the observation

was of interest that a cloned E1 segment of adenovirus

DNA genomically fixed by transfection into hamster cells

and integrated at several different loci in the host hamster

genome became methylated to different extents or could

remain hypo� or unmethylated [50]. Hence, the site of

insertion of foreign DNA had to be a strong determinant

in its subsequent de novo methylation.

The sites of initiation of de novo methylation were

determined by using the cloned HindIII DNA fragments

of Ad12 DNA as hybridization probes on HpaII� or MspI�

cleaved DNA from different Ad12�induced hamster

tumors. These DNA fragments were separated by elec�

trophoresis on agarose gels and subsequently analyzed by

Southern blotting and hybridization to the 32P�labeled

Ad12 DNA fragments. The results of a large number of

experiments [50] demonstrated that de novo methylation

was initiated inside the integrated Ad12 DNA molecules

in two paracentrally located regions of the Ad12 genomes.

De novo methylation did not commence at or close to the

termini of Ad12 DNA, which were linked to cellular

DNA. The termini, in fact, remained hypomethylated,

possibly because continued hypomethylation and expres�

sion of the gene products from the Ad12 regions E1 (left

terminus) and E4 (right terminus) were likely selected for

in Ad12�transformed cells and in Ad12�induced tumors.

We have investigated the site of initiation of de novo

methylation in integrated Ad12 genomes also at the

nucleotide level by applying the bisulfite genomic

sequencing reaction. When CsCl�purified Ad12, 106 to

107 plaque forming units per animal, is injected intramus�

cularly into newborn hamsters (Mesocricetus auratus),

numerous tumors of different sizes develop in the ani�

mals’ peritoneal cavities. In these intraperitoneal tumors

of different sizes, the paracentrally located regions of

integrated Ad12 genomes were analyzed by the bisulfite

protocol for the state of methylation.

Methylation levels did not exhibit an unequivocal

relation to tumor size. Initiation of DNA methylation,

moreover, was not emanating from a specific nucleotide

or set of nucleotides in the region previously shown to be

a site of initiation of de novo methylation. Initiation was

rather regional and appeared to emerge from several sites

within this region [50, 51]. Hence, de novo methylation

seems to commence in a region and not at a single specif�

ic nucleotide. Of course, this experimental approach does

not allow deriving a definite correlation between the time

of foreign DNA integration and that of the initiation of

DNA methylation.
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In a related type of experiment, a plasmid construct,

which contained the E2A late promoter of adenovirus

type 2 (Ad2) and the prokaryotic gene for the chloram�

phenicol acetyltransferase (CAT) as a reporter, was trans�

fected into hamster cells. The HpaII�premethylated or

unmethylated pAd2E2AL�CAT gene construct was

genomically fixed in hamster cells by co�transfection with

the unmethylated pSV2�neo plasmid. In this plasmid, the

early SV40 promoter controlled the neomycin phospho�

transferase gene, which facilitated the selection of trans�

genic cells. Stability of methylation status and expression

of the CAT gene were assessed in a number of clonal trans�

genic cell lines [52]. The foreign DNA was integrated fre�

quently in multiple tandems of the transfected plasmid.

Among 19 clonal cell lines, the unmethylated construct

remained in that state; and in 18 of these lines, the CAT

gene was continuously expressed. Among 14 cell lines

transgenic for the premethylated construct, seven lines

failed to express the test transgene, and the three 5′�
CCGG�3′ sites in its late E2A promoter remained almost

completely methylated. In five cell lines, the promoter

remained partly methylated and the CAT gene was only

weakly expressed. In two cell lines, the premethylated

promoter lost the m5C modification altogether, and the

CAT gene was strongly expressed [52].

Factors determining de novo methylation: reinsertion of

a mouse gene into its authentic position. We further pursued

the general question of which factors would affect the de

novo DNA methylation in mammalian genomes. The

mouse B lymphocyte tyrosine kinase (BLK) gene was re�

integrated by homologous recombination into the

genome of mouse embryonal stem (ES) cells. Two differ�

ent plasmid constructs containing that gene were used for

these experiments. One construct also carried the weak

E2A late promoter of Ad2 DNA in front of the luciferase

gene. In the second, this gene was controlled by the

strong early SV40 promoter. Upon homing through

homologous recombination to the authentic chromosome

14 or by heterologous recombination to many different

loci in the mouse genome, methylation patterns in the

integrates were assessed by restriction with the methyla�

tion�sensitive endonuclease HpaII or the insensitive

MspI. The mouse BLK gene reinserted into the genome

by homologous recombination had reestablished the

identical methylation pattern characteristic for the

authentic, non�manipulated mouse BLK gene [13]. The

extent of de novo methylation in the DNA segments adja�

cent to the BLK gene in the integrated construct depend�

ed on the promoter present in the plasmid construct and

on the location of the recombined construct in the ES

genome. In homologously inserted DNA, which carried

the weak Ad2 promoter, de novo methylation was exten�

sive. Presence of the strong SV40 promoter led to

hypomethylation or no methylation at all. Even when the

enhancer sequence was removed from the SV40 promot�

er, hypermethylation was still observed. All randomly

integrated constructs, independently of the type of pro�

moter or enhancer included, were hypermethylated. We

concluded [13] that an authentic mouse gene reinserted

into its original genomic site was remethylated to the

identical pattern as previously present on the target and

on the allelic site; that heterologous recombination to

randomly targeted loci did not confer the mouse BLK

gene�specific methylation pattern, and that promoter

strength in a construct was able to influence the pattern of

methylation imposed de novo on the inserted construct

after homologous recombination in the mouse genome.

De novo DNA methylation – an ancient cellular

defense mechanism? The de novo methylation of integrat�

ed foreign DNA is a phenomenon widely documented

throughout the phyla of eukaryotic organisms, in mam�

mals as well as in plants [45]. The nowadays, established

genomes have evolved over many millennia. We tend to

assume that the evolution of genomes is a continuous

process which started right after the beginning of organis�

mic life and probably before organisms arose and will

continue as long as this biologic system can be main�

tained. Even under experimental conditions, many

organisms have been shown to be capable of accepting

and of accommodating foreign DNA, although with

unpredictable – advantageous or catastrophic – conse�

quences for the acceptor cell. Since all cells in culture or

organisms in environment�challenged life are subject to

stringent conditions of selection, even the cell which has

been forced by its innate recombination mechanisms to

tolerate the genomic insertion of foreign DNA can avail

itself of an ancient defense mechanism against the genet�

ic activity of foreign DNA which could carry active genes.

Since promoter methylation has been identified as part of

a mechanism for the long�term silencing of genes and

DNA segments, the de novo methylation of integrated

foreign DNA can be contemplated as such a defense

mechanism or at least as an integral part of it [53, 54].

A large part of m5C residues is found in the parasitic

sequence elements of retrotransposons and endogenous

retroviruses which constitute >35% of the human

genome. Perhaps intragenomic parasites are recognized

by their high copy number. Long�term inactivation by

DNA methylation also entails the possibility of m5C

residues being deaminated to T’s followed by permanent

inactivation [55].

Are integrated foreign DNA sequences stabilized by

hypermethylation? The Ad12�transformed cell line T637

was obtained by the in vitro transformation of BHK21

hamster cells with Ad12 [56] and carries about 15 copies

of Ad12 DNA integrated at a single chromosomal locus

[57�59]. Unintegrated, free Ad12 DNA could never be

detected in any of the adenovirus�transformed cell lines

or in Ad12�induced tumor cells. The integrated Ad12

DNA is methylated in functionally significant patterns

[15, 51]. Upon continuous propagation in cell culture, a

small number of morphological revertants arose from the
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cell line T637 [60]. These revertants exhibit a fibroblastic

phenotype in contrast to the more rounded, epithelioid

appearance of the T637 cells. The revertants can be

selected due to their resilience to spent, acidic medium in

which T637 cells detach.

We have studied several of these revertants with

respect to their content of residual viral DNA. In one of

these revertants, TR12, only one copy of Ad12 DNA and

an approximately 3.9 kb long fragment from the right ter�

minus of Ad12 DNA persist in the integrated state (N.

Hochstein, I. Muiznieks, and W. Doerfler, manuscript in

preparation). Studies using methylation�sensitive restric�

tion endonucleases revealed that the integrated Ad12

DNA in the revertant cell line TR12 was even more

extensively methylated than in the cell line T637 from

which TR12 originated [61]. Preliminary results adduced

from experiments, in which the bisulfite genomic

sequencing method was applied, confirm these data. We

propose that hyper� or nearly completely 5′�CG�3′�
methylated foreign DNA sequences would be more stably

integrated than less completely methylated foreign

genomes. Repetitive sequences, like endogenous retrovi�

ral retrotransposons, appear to be significantly, but not

completely, methylated [62].

De novo methylation of Ad12 and of cellular DNA in

hamster tumors. The insertion of foreign DNA into estab�

lished mammalian genomes has consequences for the

inserted foreign DNA and for the recipient host genome.

We have chosen to study these events in Ad12�induced

hamster tumor cells, a model in basic research as well as

for its significance in viral oncology. When Ad12 is inject�

ed subcutaneously into newborn hamsters within 24 h

after birth, undifferentiated tumors develop at the site of

topical application of the virus within a few weeks in 70 to

90% of the animals, which survive injection. As men�

tioned above, upon the intramuscular injection of Ad12

into the gluteal region, numerous tumors are found

intraperitoneally. Histologically, these tumors exhibit

Homer–Wright rosette�like structures indicative of prim�

itive neuroectodermal tumors (PNET).

The tumor cells express proteins, which are charac�

teristic both for neuroepithelial as well as for mesenchy�

mal cells [51, 63]. Each tumor cell carries multiple copies

of integrated Ad12 DNA. Free viral DNA has never been

found in any of these tumor cells.

The cells from an individual tumor carry the viral

integrates, with few exceptions, all at a single chromoso�

mal location which is identical in all cells of a given

tumor. Among 60 different tumors investigated only one

showed two different chromosomal loci to be occupied by

Ad12 DNA when investigated by the fluorescent in situ

hybridization (FISH) technique. When we compared the

sites of Ad12 DNA integration in more than 100 different

hamster tumors, the sites of viral DNA integration in the

host cell genome were different from tumor to tumor [43,

47, 64]. We, therefore, favor a model of clonal origin of

these Ad12�induced tumors. Aside from the de novo

methylation of the viral integrates in all of the Ad12�

induced tumors, there can be changes in the extent of

DNA methylation also in the host genome [62].

Moreover, the transcription patterns of cellular genes in

different tumors can be very similar but there are also dif�

ferences. The patterns of transcription of the integrated

Ad12 genes are strikingly similar in all Ad12�induced

hamster tumors analyzed and resemble those patterns in

the Ad12�transformed hamster cell line T637 [51, 63].

Loss of Ad12 genomes is compatible with maintenance

of the oncogenic phenotype. Upon continuous cell culture,

some of the Ad12�induced hamster tumor cells, which

carried multiple copies of integrated and de novo methy�

lated Ad12 genomes, lost the viral DNA sequences com�

pletely or almost completely. Surprisingly, these rever�

tants devoid of Ad12 DNA and notably lacking its left

terminus with the transforming E1 region of the viral

genome retained their oncogenic phenotypes when re�

injected into hamsters [48, 65]. We consider this result to

be highly significant in that it demonstrates that Ad12 is

capable of inducing tumors, which keep their oncogenic

properties in animals, even when the E1 region is com�

pletely lost from these tumor cells.

Many researchers in the field of adenovirus tumor

biology consider the E1 region of the adenoviral genome

akin to an oncogene and its maintenance paramount in

preserving the oncogenic potential of the adenovirus�

induced tumor cells. However, this notion has been

experimentally derived mainly by using rat embryo

fibroblasts, which were transformed in culture through

the transfection of adenovirus type 5 (Ad5) DNA frag�

ments [66]. Obviously, tumor induction by Ad12 in ani�

mals can be a quite different process and can probably not

appropriately be mimicked by transfection experiments in

cell culture. Below I propose an alternate way of looking

at the mechanism of viral oncogenesis. In this view, glob�

al changes in the cellular genome as a consequence of

viral DNA integration are invoked as a mechanism of

viral oncogenesis in addition to the expression of a single

“oncogene” [4, 5, 7].

DNA methylation in non�CpG dinucleotides;

hemimethylated DNA. The establishment of de novo pat�

terns of DNA methylation in mammalian genomes is

characterized by the gradual spreading of methylation,

which has been documented to occur across multiple

copies of integrated adenovirus genomes as well as, at the

nucleotide level, in the integrated E2A promoter of Ad2

DNA [52, 67]. A few 5′�CG�3′ sequences can remain

hemimethylated for several cell generations before they

become totally methylated. Hemimethylation may be a

transient phenomenon but could also persist for a certain

period in specific segments of a transgene or in the

genome in general. In the Ad2�transformed cell line

HE2, the E2A promoter in the integrated Ad2 genome is

heavily methylated not only in all 5′�CG�3′ dinucleotides
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but also in some 5′�CA�3′ and 5′�CT�3′ dinucleotides

[68]. Evidence for the occurrence of m5C in non�5′�CG�

3′ dinucleotides has also been presented by Woodcock et

al. [69]. There is at present no plausible explanation

whether and how this type of methylation can be main�

tained following DNA replication.

Initiation and spreading of de novo methylation. The

mechanism of de novo methylation is not well under�

stood. From the results of experiments performed with

the adenovirus system, the following conclusions appear

well founded:

– in a transgene the size of Ad12 DNA, 34,125 bp

[70], de novo methylation starts in internal regions of the

genome [49�51] and spreads from there across the trans�

gene [67, 68]. In transformed or tumor cells, the early

regions, particularly E1, can be partly spared from de

novo methylation, because their gene products are

required during the selection for the oncogenic pheno�

type;

– initiation of de novo methylation is regional and

not confined to one or a few contiguous 5′�CG�3′ dinu�

cleotides [51]. In Ad12�induced tumors, the extent of

Ad12 transgene methylation is not only dependent on

tumor size. Transcribed regions of the transgene are

hypomethylated, inactive segments hypermethylated [15,

71, 72];

– spreading of DNA methylation is not entirely con�

tiguous. For unknown reasons, certain 5′�CG�3′ dinu�

cleotides can remain unmethylated (I. Hochstein, I.

Muiznieks, and W. Doerfler, manuscript in preparation);

– the extent of de novo methylation and the speed of

its spreading seem to be determined by the chromosomal

site of transgene localization, to a lesser extent also by the

nucleotide sequence of the transgene [13, 50];

– the reestablishment of the authentic pattern of

DNA methylation in the correctly reinserted BLK gene in

mouse embryonic stem cells [13] implies that each seg�

ment of the mammalian genome is capable of exerting a

memory function which could be directly related to the

mechanism of maintenance methylation. Specific chro�

matin structures at different sites of the genome may be

decisive in directing the methylation reaction;

– in the same set of experiments [13], we noted that

the same reintegrated BLK gene, when it was inserted at

randomly selected sites in the genome, was methylated in

completely different patterns. Moreover, the extent of the

de novo methylation was influenced by the strength of the

viral promoter in the construct integrated. The weaker

E2A late promoter of Ad2 DNA led to a more extensive de

novo methylation than the presence of the stronger early

promoter of SV40 DNA;

– when Ad12�transformed cells or Ad12�induced

hamster tumor cells were continuously passaged in cul�

ture, revertants arose which had lost all or a part of the

multiple copies of integrated Ad12 DNA. The then per�

sisting Ad12 DNA genomes in the revertants seemed to be

more completely methylated than the lost copies. Hence,

the idea was put forward that the levels of DNA methyla�

tion of transgenes might be related to their stability of fix�

ation in the host genome [61]. Moreover, continuous cul�

ture of different Ad12�induced tumor cells led sometimes

to the selection of cell lines with very similar integration

patterns [73]. It is conceivable that the integration sites in

the thus selected cells were most compatible with the sur�

vival of these cells in culture.

INVERSE CORRELATIONS

BETWEEN PROMOTER ACTIVITY

AND METHYLATION

The field of DNA methylation in mammalian cells

was pioneered by the discovery of inverse correlations

between the extent of segmental DNA methylation and

the genetic activity of these segments. In integrated Ad12

DNA in Ad12�transformed cells, the early viral genes are

transcribed; the late Ad12 genes responsible for the syn�

thesis of virion capsid proteins are permanently silenced.

Hence, in Ad12�transformed cells or in Ad12�induced

tumor cells, late viral gene products and mature virions

are not synthesized [74]. Thus, Ad12�transformed cells

provide a suitable tool to study the levels of DNA methy�

lation in distinct sections of the viral genome and to doc�

ument inverse correlations to gene transcription for the

first time [15, 33, 75, 76]. A particularly clear example has

been offered by the adenovirus type 2 (Ad2)�transformed

cell lines HE1, HE2, and HE3 [77]. The E2A region of

Ad2 DNA is not expressed in cell lines HE2 and HE3,

whereas cell line HE1 does express the E2A region of the

integrated Ad2 DNA [78]. Accordingly, the 5′�CCGG�3′
dinucleotides (HpaII sites) in the promoter region of this

gene in cell line HE1 are unmethylated and methylated in

cell lines HE2 and HE3 [33].

At the time, one had to rely on the analyses of a lim�

ited number of 5′�CG�3′ dinucleotides whose state of

methylation could be assessed only by the use of methyla�

tion�sensitive restriction endonucleases, in this example

of HpaII and MspI (5′�CCGG�3′). These seminal obser�

vations started a burst of similar studies with numerous

viral and cellular genes and confirmed almost without

exceptions the initial observations which suggested that

specific promoter methylation patterns are instrumental

in the long�term silencing of eukaryotic genes [2, 72]. To

this day however, we do not understand whether there

have to be a specific number or pattern of m5C residues in

a promoter to assure its long�term silencing.

Productive versus abortive infection of cells with
Ad12. Ad12 interacts with human cells in a productive

infection leading to the synthesis of a large number of

progeny virions. In contrast, the replication of Ad12 in

hamster cells is completely blocked [79, 80], possibly

because only few copies of Ad12 DNA are capable of
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reaching the nucleus of the hamster cells [81]. However,

the expression of the Ad12 genome in hamster cells

appears to be suppressed in several steps of the normal

replication cycle. Nevertheless, viral DNA can be traced

in the nucleus of the abortively infected hamster cells and

limited transcription of the early genes of non�integrated

Ad12 has been documented [74, 81]. There is, however,

no methylation of the intranuclear Ad12 DNA in produc�

tively or abortively infected cells [33]. Obviously, methy�

lation of free viral DNA, even in the abortive system, does

not serve to regulate or to inactivate the late Ad12 viral

genes, which are not transcribed in abortively infected

hamster cells.

The actively transcribed genome of frog virus 3 (FV3)
is completely 5′′�CG�3′′ methylated. The hypermethylated

state of the virion�encapsidated or of the intracellular

FV3 genomes [29] in fish or mammalian cells has taught

us that the biological significance of DNA methylation

cannot be schematically interpreted and depends entirely

on the biological system studied. While the inverse corre�

lations described above hold true for most systems inves�

tigated so far, there are notable exceptions to this “rule”

and, of course, no stringent dogmas in biology. It has been

documented that the viral L1140 gene is actively tran�

scribed late after infection of fish cells with FV3, although

it is methylated in all 5′�CG�3′ dinucleotides [82]. In

FV3�infected fish or hamster cells, a transfected L1140

promoter–indicator gene construct is active in the

unmethylated or fully 5′�CG�3′�methylated form. When

the same construct is methylated only in the 5′�CCGG�

3′ (HpaII) sequences, its activity is reduced.

Compatibility between the methylation of an immediate�

early FV3 promoter with its active transcription has also

been reported [83]. These data confirm the special

methylation requirements of this promoter in FV3 DNA.

Special properties of the FV3 DNA–protein interactions

may account for these unexpected activity patterns. It

would be interesting to study in greater biochemical detail

the transcription of FV3 genes and the proteins involved

in their regulation.

SITE�SPECIFIC PROMOTER METHYLATION

AND GENE SILENCING

The finding of inverse correlations between promot�

er activity and extent of DNA methylation led to the con�

cept that sequence�specific promoter methylations exert

a regulatory function on gene activity. In order to provide

more direct evidence for this interpretation, we devised

experiments in which a number of promoter–indicator

gene constructs were tested for their genetic activities in

the unmethylated or in the methylated state at 48 h after

transfection into mammalian cells in culture. In general,

these data corroborated the earlier interpretation of pro�

moter inactivation by promoter methylation, although

this experimental approach could, of course, not help

decide whether in an intact mammalian genome promot�

er methylation was the cause or consequence of promot�

er inactivation. The former possibility, however, remains

the more likely explanation.

The E2A promoter of Ad2 DNA. In a first set of exper�

iments, the oocyte system from Xenopus laevis was adapt�

ed to test unmethylated or methylated promoter–gene

constructs for genetic activities. The cloned E2A region of

Ad2 DNA was then 5′�CCGG�3′�methylated with the

HpaII DNMT or was left unmethylated. Subsequently,

either construct was microinjected into the nuclei of

Xenopus laevis oocytes. The methylation status of these

constructs was maintained in the oocyte nuclei. At 48 h

after microinjection, the unmethylated construct was

transcribed in the oocyte nuclei; the methylated construct

was silenced [84]. Transcription was initiated at the

authentic E2A late promoter of Ad2 DNA. Control con�

structs carrying the unmethylated histone H2 gene were

actively transcribed when co�injected with the methylat�

ed and silenced E2A construct. Hence, there was no evi�

dence for possible unspecific inhibitory effects exerted by

the in vitro premethylated construct. Modification of the

E2A construct by the BsuRI (5′�GG*CC�3′) DNMT did

not inactivate transcription [85]. These data provided

direct evidence for the notion that 5′�CG�3′ sequence�

specific promoter methylation was involved in the silenc�

ing of eukaryotic genes. The system was further refined by

separating the promoter of the E2A gene from its body

and preparing both DNA fragments in quantitative

amounts. We then 5′�CCGG�3′ methylated either the

promoter or the gene body part of the constructs.

Subsequently, the methylated promoter was re�ligated to

the unmethylated body of the E2A gene and, conversely,

the unmethylated promoter was reattached to the methy�

lated E2A gene sequence. Upon microinjection into the

nuclei of Xenopus laevis oocytes, only the construct, in

which the promoter had been methylated, was inactivat�

ed. The construct with an unmethylated promoter but a

methylated gene body was actively transcribed [86]. We

interpreted these data to demonstrate that sequence�spe�

cific promoter methylation led to gene inactivation.

The E1A promoter of Ad12 DNA. A similar set of

experiments was performed with constructs that carried

the chloramphenicol acetyltransferase (CAT) gene as an

indicator for gene activity under the control of the E1A

regulatory region of Ad12 DNA. Methylation of the two

HpaII (5′�CCGG�3′) or of the seven HhaI (5′�GCGC�

3′) sequences in this promoter inactivated the CAT gene

or severely decreased its activity at 48 h after the transfec�

tion of these constructs into mouse Ltk– cells [87, 88].

Several additional sites in the promoter of the E1A gene of

adenovirus type 12 were methylated, and the activity of

the modified promoter was assessed with the CAT indica�

tor gene. The C�residue methylation of two AluI sites (5′�
AGCT�3′) downstream from the TATA box had no effect
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on promoter activity. However, when one EcoRI (5′�
GAATTC�3′) sequence, 281 bp upstream, or one TaqI

(5′�TCGA�3′) site downstream from the TATA signal in

the promoter was deoxyadenosine methylated, the pro�

moter became silent [89]. Deoxyadenosine methylation

of an MboI (5′�GATC�3′) sequence downstream of the

TATA signal had no effect. Apparently, methylated

nucleotides introduced at highly specific promoter loca�

tions can play an important role in the down�regulation

of the Ad12 E1A promoter at least in transfection experi�

ments. Since N6�mA is not known to occur in mam�

malian DNA, the effect of N6�mA on promoter activity

has been unexpected. In an extension of this experimen�

tal approach, additional viral and non�viral eukaryotic

promoters were tested for their sensitivity towards 5′�CG�

3′ or 5′�CCGG�3′ methylation. The CAT or luciferase

gene was used as activity indicator 24 h after the transfec�

tion into different human cell lines (HeLa, PA�1, 293).

The methylation of all 5′�CG�3′ sequences by the SssI

DNMT inactivated the E2A late promoter of Ad2 DNA,

the human cytomegalovirus promoter, the TNFα promot�

er, the herpes simplex virus thymidine kinase promoter,

and decreased the activity of the SV40 early promoter

[71]. In some experiments, HpaII methylation just led to

a decrease in genetic activity of some of these constructs.

The L1140 promoter of frog virus FV3 DNA. The

resistance of this promoter to complete 5′�CG�3′ methy�

lation and its full activity in fish or mammalian cells in the

completely methylated state has been described above

[82, 83].

The p10 promoter of the AcNPV insect virus. A con�

struct, which contained the promoter of the p10 gene of

the insect virus Autographa californica nuclear polyhedro�

sis virus (AcNPV) and the CAT indicator gene, was active

in AcNPV�infected Spodoptera frugiperda insect cells at

18 h after transfection of the construct. When the three

5′�CCGG�3′ (HpaII) sites in the promoter and its down�

stream region were methylated, the p10 promoter was

silenced [90]. Although insect cells may contain only

minor amounts of m5C, the activity of an AcNPV insect

virus promoter could be shown to be sensitive to

sequence�specific methylation.

Human Alu sequences transcribed by RNA poly�
merase III. We have also demonstrated that the poly�

merase III transcription of Alu sequences associated with

the human angiogenin, the tissue plasminogen activator

(TPA), or the α1�globin gene is inhibited by 5′�CG�3′
methylation of these sequences [91]. Their methylation

also interferes with the binding of proteins to the B con�

trol region of these Alu sequences [92].

Bending of promoter DNA sequences due to methyla�
tion? The site�specific methylation in 5′�CCGG�3′
(HpaII), 5′�CGCG�3′ (FnuDII), or in 5′�CG�3′ (SssI)

sequences of the E2A promoter, the polymerase III�tran�

scribed VAI RNA gene of Ad2 DNA or of the human

angiogenin gene�associated Alu sequence can alter the

electrophoretic mobility of these DNA sequences in non�

denaturing polyacrylamide gels. This finding indicates

that the bending of the tested sequences might be altered

by DNA methylation [93].

Reversal of promoter inactivation by methylation. An

adenovirus E1A gene product or the strong enhancer of

human cytomegalovirus (HCMV) can overcome the tran�

scription�inactivating effect of promoter methylation.

The removal of the methyl group from m5C in a methy�

lated promoter in the absence of DNA replication seems

to be a rare event. Hence, other mechanisms for transient

reactivation of a permanently methylated promoter

appear to be required. Of course, experimentally, the

methylated E2A late promoter in the Ad2�transformed

cell line HE3 can be demethylated and reactivated by

growing the cells in culture in the presence of 50 µM 5�

azacytidine (5�aza�C), an inhibitor of maintenance

methylation [94]. This approach provides support of prin�

ciple but does not adequately mimic the situation in a

biological system.

In human 293 cells, which carry the left terminus of

Ad5 DNA chromosomally integrated and express the E1

region of Ad5 constitutively, the inactivating effect of 5′�
CCGG�3′ methylation of an E2A promoter construct of

Ad2 DNA is released or markedly decreased [95]. We

have also shown that the E1A gene encoding the 13S

RNA and the 289 amino acid (aa) protein of Ad2, a well�

known transactivator of genes [96, 97], is responsible for

the reversal of the inactivating effect of E2A promoter

methylation [98]. It is unknown, by which mechanism

the 289 aa E1A function is capable of effecting this reac�

tivation. The methylated E2A promoter did not lose its 5′�
CCGG�3′ methyl groups in the reactivation process at

48 h after transfection. Moreover, the authentic cap�site

of this promoter was used in the transcription following

reactivation [94, 98]. Similarly, the 5′�CCGG�3′ methy�

lated E2A promoter of Ad2 DNA was active when the

strong immediate early enhancer of HCMV DNA was

inserted into the promoter–indicator gene construct in a

position either immediately antecedent to the promoter

or several thousand nucleotides remote from it [99].

Transcription was initiated also at the authentic cap�site

of the E2A gene, and 5′�CCGG�3′ methylation remained

unaltered at least during the duration of the transient

expression experiment.

Promoter methylation and protein binding. This topic

has been extensively investigated in several laboratories.

In the E2A promoter system of Ad2 DNA, the in vitro

methylation of 5′�CCGG�3′ sequences at nucleoti�

des +24, +6, and –215 relative to nucleotide +1, the site

of transcriptional initiation, was demonstrated to lead to

transcriptional inactivation in transient expression studies

in Xenopus laevis oocytes [86, 95], in mammalian cells

[95], after the genomic fixation of the promoter in mam�

malian cells [52], and in a cell�free transcription system

using nuclear extracts from human HeLa cells [100].
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DNA fragments, 50 or 73 bp in length, comprising the

+24 and +6 5′�CCGG�3′ sequences of the E2A promoter

of Ad2 DNA in the unmethylated, methylated, or

hemimethylated state were incubated with partly purified

nuclear extracts from human HeLa cells. Protein binding

to these DNA preparations was assessed by electrophoret�

ic mobility shift assays (EMSAs). The formation of one of

the observed DNA–protein complexes in this system was

compromised when the construct was methylated or

hemimethylated [101]. The results of the necessary com�

petition experiments confirmed the interpretation that

specific promoter methylation interfered with the binding

of nuclear proteins from human cells. There was evidence

that the AP2 transcription factor was among the proteins

sensitive to promoter methylation in this system [102].

PATTERNS OF DNA METHYLATION

IN THE HUMAN GENOME

A more profound understanding of the multifaceted

biological functions of DNA methylation in mammalian

and other genomes will remain elusive unless we have at

hand the complete nucleotide sequences of these

genomes including the fifth nucleotide. Researchers

interested in the function of m5C have, therefore, been

disappointed by the nevertheless admirable results of the

human genome project. The human epigenome project

has been initiated, and its results, once at least partly

completed, will undoubtedly fill a serious gap in the

anatomy of the human genome.

In the early 1990s, my laboratory has begun, as a

pilot project as it were, to study DNA methylation pat�

terns in various parts of the human genome. A part of

these results has been recently summarized [5]. A more

complete survey will be presented here. Our studies also

had the aim to contribute to the understanding of epige�

netic mechanisms and of human disease.

Interindividual concordance in human DNA methyla�
tion patterns. We have asked the question of how tightly

preserved patterns of DNA methylation actually are in

the promoter and 5′�upstream regions of a human gene

among several individuals of different ethnic origins. The

human, like many other eukaryotic genomes are charac�

terized by the existence of complex patterns of DNA

methylation which reflect in an unidentified way states of

gene activities and inactivities and, equally important and

related, of the chromosomal structure of the (human)

genome. The 5′�upstream and promoter regions of the

human genes for tumor necrosis factors TNFα and TNFβ
were screened with the genomic sequencing technique [9,

10] for the presence of m5C residues [17, 18].

Human DNA was derived from peripheral blood

granulocytes, lymphocytes, or from sperm. The results

indicated that patterns of DNA methylation at least in

these genome segments were interindividually highly

conserved. Thus, in the TNFα DNA from granulocytes of

15 individuals of African, Caucasian, or Chinese origin,

the m5C residues were consistently found in 5′�CG�3′
dinucleotide positions �IX, �X, �XI (upstream of the cap�

site) and in position +XVI (downstream of it). Very dif�

ferent distributions of m5C residues were observed in

human cell lines HL60, Jurkat, and RPMI 1788. The

TNFα gene is transcribed in human granulocytes. A very

different result emerged for the promoter and upstream

regions of the human gene for TNFβ, which is not tran�

scribed in human granulocytes. All 13 5′�CG�3′ dinu�

cleotides in this segment were methylated, two only

hemimethylated. Again, this pattern held true in the

granulocytes from nine different individuals. The same

sequence was completely unmethylated in human lym�

phocytes from the same individuals, in sperm and in the

human cell lines RPMI 1788 and HL60, but almost com�

pletely methylated in cell line Jurkat [17]. These data

document that methylation patterns in human DNA can

be very different in different cell lines, but can be

interindividually highly concordant. Moreover, patterns

of DNA methylation in specific genome segments can

vary a great deal.

The patterns of DNA methylation in the human

TNFα and TNFβ genes in granulocytes, monocytes and

in several cases of acute (AML) or chronic myeloid

leukemia (CML) were found to be very similar, except for

one AML, in which the region in the TNFα gene was

completely unmethylated, and several leukemia cases in

which many sites in the TNFβ gene were only

hemimethylated [18]. In T and B lymphocytes of many

individuals and in a number of Hodgkin and non�

Hodgkin lymphomas, both the TNFα and TNFβ genes

were un� or hypomethylated. The DNA in HeLa cells in

culture was completely methylated in the upstream and

promoter regions of both genes [18]. If leukemia� or lym�

phoma�specific patterns should exist, they are very com�

plex and not readily recognizable by this type of analysis.

We have also compared methylation patterns by HpaII

(5′�CCGG�3′) and HhaI (5′�GCGC�3′) cleavages of

human DNA from European and Japanese individuals

across about 500 kb of randomly selected DNA sequences

in the human genome and found complete interindividual

congruence of patterns by this method of admittedly

intermediate sensitivity [19].

Methylation patterns in genetically imprinted regions
of the human genome. The Prader–Willi/Angelman

region on chromosome 15q11�q13 of the human genome

is genetically imprinted, i.e. on the maternally and on the

paternally inherited chromosome different genes are acti�

vated and others silenced. The molecular mechanisms

underlying genetic imprinting are not completely under�

stood. However, there is much evidence that differences

in the methylation patterns in imprinted regions on the

two alleles play an important role in the imprinting phe�

nomenon. As part of a study on DNA methylation pat�
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terns in the human genome, we investigated all 5′�CG�3′
dinucleotides in the vicinity of exon 1 of the SNRPN and

the D15S63 loci on chromosome 15q. The SNRPN tran�

scripts might be involved in imprint switching during

gametogenesis. By using the bisulfite genomic sequencing

technique, we looked at individual chromosomal PCR

products from normal individuals, from Prader–Willi and

from Angelman patients. In this region, non�5′�CG�3′ C�

residues were never methylated. Around exon 1 of the

SNRPN gene, >96% of the 23 5′�CG�3′�dinucleotides

were methylated on the maternal chromosome, as appar�

ent from the genomic sequencing data with DNA from

Prader–Willi patients in whom this segment was deleted

on the paternal chromosome. In contrast, the same

region on the paternal chromosome was completely

devoid of methylated 5′�CG�3′ dinucleotides [20].

Angelman syndrome patients carry a deletion of the

region on the maternal chromosome. The methylation

status in the D15S63 locus, however, was quite different in

that only two CfoI/HhaI sites were methylated to >96%

on the maternal chromosome. The remaining five 5′�CG�

3′ dinucleotides in this segment were methylated only 45�

70% on the maternal, and to only 5�14% on the paternal

chromosome [20, 103]. In an extension of this study [21],

it was demonstrated again by bisulfite genomic sequenc�

ing that the 16 5′�CG�3′ dinucleotides in the 1.15 kb AS�

SRO region on human chromosome 15q were methylated

to 83 to 87% on both the maternal and paternal chromo�

somes in healthy individuals as well as in Prader–Willi

and Angelman syndrome patients. There may be a low

degree of mosaicism but there are no parent�of�origin�

specific differences in the methylation patterns in this

part of the genome [21]. These findings attest to the sig�

nificant variability of the methylation patterns even in

imprinted parts of the human genome.

Patterns of 5′′�CG�3′′ methylation in the promoter of
the FMR1 gene; relevance for the fragile X syndrome. In

patients suffering from the fragile X (FRAXA) syndrome,

a naturally occurring 5′�(CGG)n�3′ repeat in the promot�

er and the 5′�untranslated regions (5′�UTR) of the FMR1

gene on human chromosome Xq27.3 is expanded exces�

sively. In normal individuals, the value n ranges between

6 and 40, in premutation females n assumes values

between 40 and 200, while in affected individuals the

repeat n lies between 200 and >2000. The expanded

repeat is hypermethylated, perhaps because such expan�

sions are recognized as foreign DNA and become subject

to modification. The ensuing inactivation of the FMR1

gene is the most likely cause for the disturbed embryonal

and fetal development, which is the basis for the syn�

drome [104].

By applying the bisulfite genomic sequencing tech�

nique, we determined the methylation profiles in the pro�

moter and 5′�UTR of the FMR1 gene on single chromo�

somes of healthy individuals and of selected premutation

carriers and FRAXA patients [24]. In the DNA from

FRAXA patients, there is considerable variability in the

lengths of the 5′�(CGG)n�3′ repeats and in the levels of

methylation in the repeats and the 5′�UTR regions in that

all patients seem to be mosaics with respect to both

parameters. In one patient with repeat lengths between

n = 15 and >200, shorter repeats (n = 20 to 80) were

methylated or unmethylated, longer repeats (n = 100 to

150) were often completely methylated. A particular

repeat in this patient with n = 160, proved to be com�

pletely devoid of m5C residues. This repeat mosaicism

was observed in several FRAXA patients analyzed in our

laboratory [24]. As expected for healthy females with one

at least partially inactivated X chromosome, hypermethy�

lated repeats and 5′�UTR sequences were found. We also

demonstrated that the authentic FMR1 promoter from

healthy individuals was sensitive to methylation as shown

by comparing the transient activities of constructs carry�

ing the luciferase gene under the control of the unmethy�

lated or the SssI (5′�CG�3′) completely methylated

FMR1 promoter in human HeLa or 293 cells [24]. The

methylated, inactive FMR1 promoter regions do not bind

to specific cellular proteins as determined by footprinting

analyses, whereas active, unmethylated promoter regions

do bind proteins [23].

The promoter and 5′′�upstream region of the RET pro�
tooncogene, a gene involved in the causation of
Hirschsprung disease. The RET (rearranged during trans�

formation) protooncogene plays a role in the causation of

some familial or sporadic cases of Hirschsprung disease

which results from an impaired development of the neu�

ral crest�derived neurons of the enteric ganglia [105]. We

investigated the level of DNA methylation in a DNA seg�

ment of about 1000 bp in the promoter and 5′�upstream

region of this gene [22]. By again applying the bisulfite

genomic sequencing technique, DNA from peripheral

white blood cells (PWBCs) from healthy individuals or

from Hirschsprung disease patients was used as well as

DNA from different human tissues and from a human

embryonic kidney cell line. In a DNA section starting

about 790 bp upstream from the transcriptional start site,

a few m5C residues were found. However, in a 5′�CG�3′
rich 400 bp stretch in the RET gene promoter with 49

such dinucleotide pairs not a single m5C residue was pres�

ent, although the RET protooncogene was not tran�

scribed in many human tissues. Weak transcriptional

activity was detected in many neural crest�derived human

tissues. Obviously, the RET gene promoter was not

silenced by a long�term signal like promoter methylation,

possibly because it had to be expressed occasionally, and

its transcription was controlled by factors other than

DNA methylation. In in vitro experiments, in which the

transcriptional activity of the RET gene promoter was

assessed in linkage to an indicator gene after transfection

into human cells, the activity of this promoter was

decreased by HpaII (5′�CCGG�3′) methylation and

abolished by SssI (5′�CG�3′) methylation. Hence the
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RET protooncogene promoter is sensitive to DNA

methylation at least in transfection and transient tran�

scription experiments [22].

Genes for proteins in the human erythrocyte mem�
brane. Alterations in the structure of the erythrocyte

membrane can be related to mutations in specific genes

for proteins, which are essential elements of this mem�

brane. These structural alterations of the erythrocyte

membrane are responsible for hematologic diseases like

hereditary elliptocytosis or hereditary spherocytosis

[106]. By the bisulfite genomic sequencing procedure we

determined patterns of methylation in the promoter and

5′�regions of the following human genes: the protein 4.2

(P4.2) gene (ELB42), the band 3 (B3) gene (EPB3), and

the β�spectrin (β�Sp) gene (SPTB) [25, 26]. The promot�

er regions of the EPB3 and ELB42 genes were extensively

methylated, whereas the promoters of the SPTB and the

ankyrin genes were unmethylated. This finding again

points to the interindividual conservation of certain pat�

terns in the distribution of m5C residues in the human

genome. The human SPTB promoter conforms to expec�

tations in that it is unmethylated and fully active through�

out erythroid development. In contrast, high levels of

promoter methylation correlate with promoter activity

for the EPB3 and ELB42 genes during their sequential

activation in erythrocyte differentiation (Remus et al.,

submitted). In this respect, the EPB3 and ELB42 genes

may resemble the genes of frog virus 3. This analysis was

extended to patients with red cell membrane diseases,

such as complete P4.2 deficiency due to mutations in the

ELB42 gene, with hereditary spherocytosis with EPB3

mutations, and to hereditary elliptocytosis with muta�

tions in the SPTB gene. Patterns of methylation in these

patients were in general very similar to those of normal

individuals [26].

Promoter and exon 1 of the human gene for the inter�
leukin 2�receptor αα�chain (IL�2Rαα). The IL�2Rα gene is

expressed in stimulated, but not in resting human T lym�

phocytes and plays an important role in promoting the T

cell�mediated immune response. The –300 to +300 pro�

moter/exon 1 region of the IL�2Rα gene was analyzed by

the genomic sequencing technique for its content of

methylated 5′�CG�3′ dinucleotides. In the cell types

investigated—sperm, placenta, granulocytes, T�CLL, B�

CLL, Jurkat, KB cells—m5C residues were not found in

unstimulated or in stimulated lymphatic cells [107]. The

5′�CG�3′ sequence in position +198 was partly methylat�

ed. Even in cell types not relevant for the immune

response, like in the human KB cell line, this regulatory

region was consistently unmethylated. The promoter of a

functionally essential human gene would not be long�

term silenced by the methylation signal or else it could

not be flexibly reactivated upon demand. Obviously, tran�

sient mechanisms of gene shut�off would be operational�

ly preferred in these instances and thus remain independ�

ent of DNA methylation.

Human Alu sequences associated with specific genes.
The human Alu sequences belong to the short inter�

spersed repeat elements (SINE), comprise about 5% of

the human genome and are about 300 bp long. The Alu

elements might have been derived from reverse transcripts

since they carry a 3′�dA�rich track. We analyzed the state

of DNA methylation in the human Alu sequences associ�

ated with the genes for α1�globin, the tissue plasminogen

activator (TPA), the adrenocorticotropic hormone

(ACTH), and for angiogenin. DNA was investigated from

lymphocytes, granulocytes, brain, heart muscle, and

sperm as well as from human HeLa and KB cells. Both

methylation�sensitive restrictases and genomic sequenc�

ing techniques were employed. In primary human cells,

these Alu elements were highly methylated, but there

were distinct differences in specific Alu sequence ele�

ments. In the DNA from haploid spermatozoa, Alu ele�

ments were often hypomethylated. The in vitro transcrip�

tion of Alu elements was inhibited by 5′�CG�3′ methyla�

tion of these sequences [91]. The patterns observed in

these specific Alu elements were identical in different

individuals. The high level of DNA methylation in the

Alu sequences associated with specific genes was consis�

tent with their transcriptional silencing.

Promoter of the polymerase I�transcribed human
ribosomal genes. The 5′�CG�3′�rich promoter region of

the DNA�dependent RNA polymerase I (rDNA) genes

was analyzed for the presence of m5C nucleotides by the

genomic sequencing technique in DNA from primary

human cells, from human tumor cells, and from human

cell lines [108]. In none of the primary human cells or

tumor cells was the rDNA promoter methylated. In con�

trast, in the DNA from the human cell lines HeLa (cervi�

cal cancer), KB (oral cancer), Jurkat (T cells), or CEM

(T cells), the 5′�CG�3′ dinucleotides were methylated

between 50% (KB) and 85% (Jurkat). Apparently, in the

primary human cells, in granulocytes, T lymphocytes,

spermatozoa, as well as in chronic T cell (T�CCL),

myeloid (CML), or B cell (B�CLL) leukemia cells, which

are all actively dividing, the essential rDNA genes need be

transcribed actively and are not methylated [108]. In cell

lines, rDNA genes are also actively expressed, and alter�

nate mechanisms of overexpression must exist. Could

some of the rDNA genes be over�amplified?

Randomly selected human genes in different
Hodgkin’s lymphoma and leukemia cell lines and in normal
human lymphocytes. Several of the protooncogenes, parts

of the TNFα and TNFβ genes, the insulin receptor and

lamin C genes were investigated by using the methyla�

tion�sensitive restriction enzyme HpaII and the control

enzyme MspI. There were regions completely devoid of

methylation; others were completely or partly methylat�

ed. Various lymphoma and leukemia cell lines differed

among each other in different regions of the genome and

differed again from the patterns observed in normal pri�

mary human lymphocytes [109]. Obviously, there is great
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variability, and no simple rules can be derived for the gen�

eral characteristics of methylation patterns in leukemic

versus normal human white cells.

The promoter of the human 5′′�(CGG)n�3′′�binding
protein (CGGBP1). From the nuclei of human HeLa

cells, we isolated a 20 kD protein which binds specifical�

ly to 5′�(CGG)n�3′ sequences [110, 111] and which might

play a role in the control of promoters rich in CGG

sequences like the FMR1 promoter in human DNA [112].

The human gene for this protein, termed CGGBP1, was

located to human chromosome 3p, and its promoter was

characterized in detail [113]. In several different human

cell types, this promoter was unmethylated. The complete

in vitro premethylation of all 18 5′�CG�3′ dinucleotides in

this promoter led to its inactivation upon transfection

into human HeLa cells with the luciferase gene as activi�

ty indicator [113].

Towards a complete nucleotide sequence of the human
genome [114]. Projects have been initiated to complete

the human genomic DNA sequence by including the 5th

nucleotide and to initiate a Human Epigenome Project

[11, 12]. Obviously, this will be a very important, but at

the same time demanding, task. Above, I have summa�

rized our contributions, of course not towards the solu�

tion, but towards a more general appreciation of the prob�

lem that the mammalian genomes harbor functionally

important patterns of DNA methylation. The distribution

of m5C residues in the human genome is thought to be

essential for the understanding of chromatin structure

and of the regulation of human gene expression in the

many different cell types and during development.

From the available data, the following list of prob�

lems and desirable approaches can be compiled. Of

course, we want to be cautious and cannot claim general

validity of any of the presently plausible observations and

conclusions:

– patterns of m5C distribution across the human

genome are highly specific. Each region, each promoter

exhibits its own individual pattern. The patterns can be

interindividually conserved at least in several regions of

the human genome;

– it is likely that each human cell type could have a

different pattern in each genome segment;

– long�term promoter inactivity is generally associ�

ated with hypermethylation of the promoter. Inactive

promoters can, however, also be un� or hypomethylated,

particularly when they have to be occasionally reactivat�

ed. The state of promoter methylation by itself cannot

reveal the activity status of a promoter;

– promoter strength might affect the pattern

imposed upon a particular promoter;

– there are distinct differences in the patterns of

methylation between normal human lymphocytes and

lymphoma or leukemia cell lines in different segments of

the genome. It is at present not possible to derive func�

tionally meaningful conclusions from these differences

other than that there are extensive alterations. We pursue

the possibility that the process of oncogenic transforma�

tion of a human cell is associated, possibly causally, with

global changes in the genome organization which is also

reflected in drastically altered methylation patterns.

From our work on Ad12�induced hamster tumors and on

Ad12 DNA� or bacteriophage λ DNA�transgenic ham�

ster cells, we consider it likely that the insertion of foreign

DNA is at least partly responsible for these alterations. Of

course, it remains to be determined whether any of the

global changes in methylation and transcription patterns

demonstrated in tumor cells are the cause or the conse�

quence of oncogenic transformation.

ALTERATIONS OF CELLULAR

DNA METHYLATION

UPON FOREIGN DNA INSERTION

In the Ad12�transformed hamster cell line T637 with

15 copies of viral DNA inserted at a single chromosomal

site, extensive alterations, mainly increases, in the levels

of DNA methylation in the HpaII (5′�CCGG�3′) and

HhaI (5′�GCGC�3′) sequences were apparent in the

retrotransposon sequences of the about 900 copies of

intracisternal A particle (IAPI) genomes [62]. The ~900

copies of IAPI sequences are a constitutive part of the

hamster genome [115, 116]. In Ad12�transformed ham�

ster cells, extensive changes in DNA methylation were

also noted in the MHC class I and II, the Ig Cµ, the ser�

ine protease, and cytochrome P450 genes of the hamster

cell genome. At least in the IAPI sequences, the increas�

es in DNA methylation persisted in the revertant TR3

which had lost all 15 copies of Ad12 DNA [62].

Apparently, the alterations of the methylation patterns in

the cellular genome are not dependent on the continued

presence of the viral transgene DNA. The ~900 copies of

IAPI DNA are distributed among many of the hamster

chromosomes, often on their short arms [117, 118]. Since

the increases in IAPI methylation were extensive, the

effects of the Ad12 DNA insertion at a single chromoso�

mal site had to transgress this site and lead to a distur�

bance in DNA trans�methylation patterns in the cellular

genome even on different chromosomes.

Repetitive sequences in the mammalian genome

appear to be particularly prone to respond with altered

methylation patterns to perturbations in the genome

caused by foreign DNA insertions. We surmise that the

selection of the genes and DNA segments influenced in

trans by the foreign DNA integration event might depend

on the site of transgene insertion. The mechanism of this

modulation of DNA methylation in the recipient genome

remains unknown; it might be sought in the direct inter�

action of neighboring chromosomes. Soluble factors

could obviously also have impacts. Further evidence in

support of the contributions that foreign DNA insertions
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rendered in altering DNA methylation patterns in the

recipient genome came from experiments in which we

generated clonal hamster BHK21 cell lines with multiple

copies of integrated bacteriophage λ DNA. The integra�

tion phenomena of λ DNA resembled those of Ad12

DNA in that multiple copies of the phage DNA came to

reside at a single site of the hamster chromosome and

became progressively de novo methylated. However, in

contrast to the integrated Ad12 DNA, the integrated λ
DNA was not detectably transcribed. Alterations in cellu�

lar DNA methylation patterns were also observed in the

IAPI sequences and could be unequivocally documented

by the bisulfite genomic sequencing method with which

35 5′�CG�3′ dinucleotide positions were analyzed in a

subsegment of the IAPI DNA region [119]. Even a tran�

scriptionally inert transgene, like λ DNA, had led to

alterations in the methylation profiles in the IAP trans�

posons.

The question arose whether such differences in

methylation patterns among the different copies of the

~900 IAPI equivalents might have preexisted in different

BHK21 cell clones. We therefore examined >70 individ�

ual BHK21 cell clones for differences in methylation pat�

terns in the investigated IAPI segment both by HpaII and

HhaI restriction patterns and by bisulfite genomic

sequencing. Differences in patterns were not detectable

[119]. Of course, we could not scrutinize thousands of

individual cell clones for homogeneous methylation pat�

terns. Nevertheless, on the basis of the available evidence,

the preferred interpretation of a causative effect of foreign

DNA integration on methylation patterns in trans will be

pursued in future experimental projects.

We also entertained the possibility that the abortive

infection of BHK21 cells with Ad12 [79, 120] with the

transcription and expression of exclusively early Ad12

gene products [121] might have affected the stability of

cellular DNA methylation patterns. At least on a time

scale of days after Ad12 infection, changes in patterns of

IAPI genome methylation could not be documented in

BHK21 cells [119]. Productively Ad12�infected human

or Ad2�infected hamster cells will also be examined for

global changes in methylation patterns in the cellular

genomes.

The method of methylation�sensitive representa�

tional difference analysis (MS�RDA) is based upon a sub�

tractive hybridization protocol after selecting against

DNA fragments, which were heavily methylated and,

therefore, not cleaved by the HpaII restriction endonu�

clease [122]. We applied this method to the investigation

of transcripts from bacteriophage λ DNA�transgenic

hamster cell lines in comparison to hamster cell lines

devoid of integrated λ DNA [123]. By using the suppres�

sive hybridization technique for the analysis of cDNA

preparations from non�transgenic, Ad12 DNA�trans�

genic and λ DNA�transgenic hamster cells, several cellu�

lar genes were cloned which had altered transcriptional

profiles in the transgenic as compared to the non�trans�

genic cells. Among individual non�transgenic hamster

cell clones investigated as negative controls, no differ�

ences in cDNA isolates, and hence transcriptional pro�

files, were observed. We also studied these changes in one

λ DNA�transgenic mouse strain: hypermethylation was

found for the imprinted IGF2R gene for DNA from heart

muscle. Two mouse lines transgenic for an Ad2 promot�

er–indicator gene construct showed hypomethylation in

the interleukin 10 and IGF2R genes. We concluded that in

Ad12 DNA� or λ DNA�transgenic hamster cells or mice,

cellular methylation and transcription patterns can be

critically altered [122]. Detailed investigations on the het�

erogeneity of DNA transcription patterns in about 1170

genes among individual clones of BHK21 and T637 cells

have revealed only minimal differences in five of these

genes by DNA array analyses between the two cell lines

and among different clones of each cell line (N.

Hochstein and W. Doerfler, unpublished experiments).

Since the insertion of foreign DNA into established

mammalian genomes has become a preferred regimen in

experimental biology, e.g., in the generation of transgenic

organisms, and increasingly also in gene therapy, I con�

sider it an important problem to pursue the unanticipat�

ed, likely unwanted, effect of foreign DNA integration on

the stability of the recipient genome. Alterations of pat�

terns of DNA methylation might be merely one, but an

experimentally recognizable, manifestation of this distur�

bance [7]. These problems may have considerable rele�

vance for certain regimens in gene therapy in which the

fixation of foreign DNA in an established human genome

is considered. When retroviral gene transfer vectors were

used to chromosomally fix the human adenine deaminase

gene in children with hereditary immunodeficiency, rare

T cell leukemias developed. In these cases, I consider the

insertion of foreign DNA as one of the decisive factors

explaining this unfortunate outcome of a well�intended

medical procedure.

Towards a working hypothesis on viral oncogenesis.
Viral oncogenesis is frequently accompanied by the inte�

gration of the viral genome into the genome of the trans�

formed cell. Integration of viral DNA is a conditio sine

qua non for transformation [124] in cells transformed by

adenoviruses, by SV40, polyoma virus, by the papilloma

viruses, and notably by retroviruses. Integration is, of

course, an important mode of chromosomal fixation and

continued expression of the viral genome in the trans�

formed cell. In retroviral replication, proviral integration

is an essential step in the viral life cycle. Conventionally,

major attention has been directed towards the function of

the expressed viral gene products to explain the mecha�

nism of viral oncogenesis. Having identified the viral

“culprit” does not exclude the possibility that the real

action is somewhere else, namely in its direct effect on the

recipient genome. For some time, we have pursued the

possibility that the alterations of DNA methylation pat�
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terns enacted in the wake of viral DNA insertion are a

general phenomenon following the insertion of any for�

eign DNA [3�5, 7]. Altered methylation patterns then

might be an indicator of more general perturbations in the

cellular genome, which reach far beyond the immediate

site of viral DNA integration. Furthermore, altered

methylation patterns forebode changes in transcriptional

patterns as well. Hence, upon foreign DNA insertion the

recipient genome has undergone dramatic functional

alterations, which might well be at the center of the onco�

genic transformation process. Using the Ad12–hamster

tumor system as a very efficient experimental model, we

have only begun to document changes in cellular tran�

scription patterns in Ad12�induced tumors [51].

STUDIES ON TRANSGENIC MICE: STABILITY

OF PATTERNS OF DNA METHYLATION

AND GENETIC BACKGROUND

IN DIFFERENT STRAINS OF MICE

A construct consisting of the E2A late promoter of

Ad2 DNA and the CAT indicator gene was integrated in

the non�methylated or in the 5′�CCGG�3′ premethylat�

ed form into the genome of mice, and the state of methy�

lation was analyzed by HpaII cleavage of DNA from var�

ious organs of the transgenic animals [125]. In general,

the transgenic construct remained stably integrated. In

the founder animal, the non�methylated construct

became de novo methylated at all or at most of the 5′�
CCGG�3′ sites. Pre�imposed methylation patterns were

stable for up to four generations beyond the founder ani�

mal. However, in the DNA from testes of two founder

animals and two F1�males, the premethylated, transgenic

DNA was demethylated by an unknown mechanism. In

all other organs, the transgenic DNA preserved the pre�

imposed 5′�CCGG�3′ methylation patterns. Differences

in these transmission modes were not seen depending on

whether the transgene was inherited maternally or pater�

nally [125]. There are studies to support the notion that

genetic background in mice can have a decisive influence

on the type of de novo methylation patterns imposed on a

foreign DNA transgene and on their stability [126�128].

The molecular mechanisms involved in the “modifier

gene” effects are not understood. We addressed this prob�

lem by introducing into the genomes of different mouse

strains (DBA/2, 129/sv FVB/N or C57BL/6, CB20 or

Balb/c) a construct, which consisted of the E2A late pro�

moter of Ad2 DNA and the chloramphenicol acetyl�

transferase (CAT) gene as reporter. The patterns of de

novo transgene methylation were transmitted to the off�

spring and remained stable for 11 backcross generations,

regardless of the heterozygosity in the recipient mouse

strain and the presence of presumptive modifier genes. In

seven additional mouse strains carrying the same trans�

gene in different chromosomal locations, strain�specific

alterations of methylation patterns were not observed

[129].

We also investigated the stability of DNA methyla�

tion patterns in the Snurf/Snrpn imprinted gene cluster in

mouse embryonal stem cell lines cultured under different

experimental conditions, like prolonged passaging,

trypsinization, mechanical handling, single cell cloning,

staurosporin�induced neurogenesis [130] or the insertion

of foreign (viral) DNA into the ES cell genome. None of

these in vitro manipulations affected the stability of the

methylation patterns in the analyzed gene cluster [131].

Growth�related genes, IGF2, H19, IGF2R, or GRB10, are

known to respond by altered imprint patterns. The ana�

lyzed neuronal gene cluster, however, exhibited stable

patterns of DNA methylation under the experimental

conditions chosen.

FATE OF FOOD�INGESTED FOREIGN DNA

IN THE GASTROINTESTINAL TRACT OF MICE

The tempting interpretation that DNA methylation,

particularly the de novo methylation of integrated foreign

DNA, is part of an ancient cellular defense mechanism

raises a number of questions. One of the obvious ones

relates to the major origins of foreign DNA, e.g. in mam�

mals. Virus infection as such a contingency has been

extensively discussed in this chapter. Another apparent

source of large amounts of foreign DNA all organisms are

constantly exposed to is the DNA orally ingested with the

food supply. We have therefore undertaken a study on the

fate of food�ingested foreign DNA in mice as model

organism. I will present a short summary of the major

results my laboratory adduced in a project which we initi�

ated in 1988.

In mammals, the gastrointestinal tract is the main

portal of entry for foreign macromolecules, and its

epithelial lining presents the immediate sites of contact

with foreign DNA and proteins. In our investigations on

the fate of foreign DNA in the digestive tract, we fed

naked test DNAs of various derivations to laboratory mice

at between two and six months of age [132�134]. The

DNA of bacteriophage M13, the DNA of human adeno�

virus type 2, or the gene for the green fluorescent protein

(GFP) from Aequorea victoria were administered as test

DNAs in different experiments. None of these DNAs had

homologies to bacterial or mouse DNA, except for per�

haps very short stretches of DNA sequence, which were

then excluded from being used for the detection of the

foreign DNA in the mouse organism.

In later experiments, we fed leaves of the soybean

plant to mice and followed the fate of the strictly plant�

specific Rubisco (ribulose 1,5�diphosphate carboxylase)

gene. During the passage through the gastrointestinal

tract of mice, the bulk of the administered DNA is com�

pletely degraded. However, a few percent of the test
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DNAs resist the digestive regimens of the gut and can be

recovered for several hours after feeding in various parts of

the intestinal tube as fragments between 1700 nucleotides

(nt) (rare) and a few 100 nt. By applying a variety of tech�

niques (Southern blotting, polymerase chain reaction

(PCR), FISH, and rescue of the test DNA fragments by

recloning and resequencing) the test DNAs could be fol�

lowed to the wall of the intestinal tract, particularly the

colon, to Peyer patches, peripheral white blood cells, and

to cells of the liver and spleen [132�136]. When pregnant

animals were test DNA fed, fragments of the test DNA

could be traced by FISH and PCR to clusters of cells in

various organs of the embryo, but never to all its cells.

Moreover, when mice were fed daily and continuously for

eight generations, transgenic animals were never

observed. Hence, we assume that the germ line must be

protected from the exposure to and the uptake of food�

ingested foreign DNA. Moreover, we never obtained evi�

dence for the test DNA being transcribed in any of the

organ systems of the adult animals, which had been given

test DNA [135]. The possible transcription of test DNA

was assessed by RT�PCR, the most sensitive technique to

detect trace amounts of specific transcripts. After feeding

mice daily for one week, test DNA could be recloned,

however extremely rarely, from the spleen of the animals.

In a few of these clones, mouse specific DNA was found

adjacent to the test DNA in the cloned DNA. Further

proof will be required to investigate the possibility of

whether foreign DNA could be integrated into the

genome of defense cells in the recipient animals [133]. In

a completely independent approach, we could demon�

strate that the protein glutathione�S�transferase, a rather

stable protein, survived in the stomach and small intestine

of mice for up to 30 min after feeding [136].

Taken together, the results of this series of investiga�

tions indicate that foreign macromolecules, particularly

the very stable DNA, can survive in the gastrointestinal

tract at least transiently in small amounts and in frag�

mented form and can get access to various organ systems

of the mouse. Even stable proteins survive only for a very

short time in the gastrointestinal tube. We have not found

any evidence for the entry of foreign DNA into the germ

line, nor could we demonstrate transcription of foreign

DNA in any of the organ systems tested. It is not known

whether a tiny proportion of the thus persisting DNA may

find entry into the genome of a rare defense cell and

remain there with unknown functional consequences.

These questions will be worth pursuing.

SYNOPSIS AND CONCLUSIONS

It appears that the following data and interpretations

presented in this review have stood the test of time.

Research, of course, is a never�ending enterprise, and

conclusions have always to be considered subject to

change as new data and concepts are being adduced. Here

is a synopsis of concepts on the biological significance of

m5C in the genome the author feels reasonably certain

about at the time of this writing (December 2004).

The virus particle (virion)�encapsidated genomes of

most mammalian DNA viruses are not methylated.

Likewise, cellular DNA haphazardly integrated into an

adenoviral genome, which becomes virion enclosed, does

not become methylated, irrespective of its methylation

status in the genome it has been derived from. In contrast,

the DNA of frog virus 3, an iridovirus, is extensively,

probably completely, methylated.

The concept of sequence�specific promoter methy�

lations being causally related to long�term gene silencing,

which has been first deduced from work on adenovirus

promoters, has proved to be generally applicable in most

eukaryotic genomes. Frog virus 3 promoters are an inter�

esting exception to this apparent rule. Concomitantly

with promoter methylation, histone modifications and

perhaps modifications of additional proteins involved in

chromatin structure play a decisive role in the regulation

of promoter activity. At this time, it seems undecided

whether DNA or protein modifications initially orches�

trate these regulatory processes. It is likely that a refined

interplay between both biochemical mechanisms comes

close to the correct answer.

Foreign DNA, which has become integrated into an

established mammalian genome, becomes de novo

methylated in distinct patterns. The sites of initiation of

de novo methylation at least in integrated Ad12 genomes

are located paracentrally in the transgenomes and not

close to the junctions with cellular DNA. In integrated

Ad12 genomes, this localization of methylation initiation

sites might be influenced by the transcriptional activity of

the terminally located E1 and E4 regions of the Ad12

genome in the transformed cell lines or in Ad12�induced

tumors, which are selected for the genetic activity of these

viral genome segments. In any event, subsequent to initi�

ation, de novo methylation extends continuously across

the transgenomes in a spreading reaction. Initiation

seems regional and does not emanate from a specific 5′�
CG�3′ dinucleotide.

It is likely that hypermethylated or rather complete�

ly methylated transgenomes are more stably integrated

than less completely methylated foreign DNA molecules.

At the immediate sites of foreign DNA insertion, the pat�

terns of cellular DNA methylation can be altered exten�

sively.

Alterations of cellular DNA methylation patterns

are, however, not restricted to the cellular junction sites

[137, 138] but involve remote areas of the recipient

genomes, even on different chromosomes. This trans

effect is most striking in retrotransposon sequences, like

the endogenous IAP DNA sequences in hamster cells, but

can affect genuine cellular sequences as well. These

remote perturbations of methylation patterns are not only
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observed after the integration of Ad12 DNA, which is

partly transcriptionally active, but also after insertion of

transcriptionally inactive bacteriophage λ genomes.

Possibly, ancient retrotransposons might be more respon�

sive to local alterations of chromatin structure due to for�

eign DNA insertions into the recipient genome. There is

evidence that in addition to alterations of methylation

patterns in trans, the insertion of foreign DNA could also

alter transcriptional patterns in the recipient genomes.

Many of the notions summarized here hold true not

only for mammalian organisms but also for other eukary�

otic genomes, particularly for those of plants.

In mammalian genomes, distinct patterns in the dis�

tribution of m5C residues exist which, at least in humans,

can be interindividually preserved in several (many?)

genome segments. These patterns are specific for each

genome segment and can be different from cell type to

cell type. These observations constitute a major challenge

to the so�called Human Epigenome Project.

The biological importance of these patterns, which

have obviously been conserved over long periods of time,

has not been clarified. Long�term gene silencing and

chromatin structure as well as the defense against foreign

retrotransposons may be factors of significance in

explaining the nature of these patterns of genome methy�

lation.
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