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ABSTRACT

The DNA blot hybridization technique was used to study the inte-
grated adenovirus type 12 (Ad 12) DNA sequences in three cell lines
established by transformation of baby rat kidney cells with the leftmost
16.5% of the Ad 12 genome. The cell lines 702-Cl, 702-C2, and 702-C3
contained respectively 3 - 4, 9, and 4 copies of the DNA used for trans-
formation, integrated at 1, 9, and 4 distinct sites in cellular DNA.
Partial copies of the transforming fragment were detected at additional
integration sites. Methylation of CCGG sequences at the viral integration
sites was investigated, using the methylation-sensitive restriction endo-
nuclease Hpa Il and its methylation-insensitive isoschizomer Msp I. In
lines 702-C2 and 702-C3 some integrated copies of the viral DNA were .
methylated at all CCGG sequences while other copies were methylaged at
only some of these sequences. In line 702-Cl no viral CCGG sequences were
methylated. Limited DNase I digestions of transformed cell nuclei were
used to examine the chromatin conformation of the methylated and unmethyl-
ated viral DNA. A gorrelation was found between the absence of methylation
at viral CCGG sequences in lines 702-C2 and 702-C3 and preferential cleav-
ages by DNase I of the chromatin around these sequences. Results reported
here suggest that these preferential DNase I cleavages occur at sites which
aré hypersensitive to DNase I. If so, the cleavages may be unrelated to the
DNase I-sensitive nucleosome structure which has been associated with

transcriptionally active genes.,
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INTRODUCTION

1. Cellular Differentiation

The processes of cellular differentiation in higher eukaryotes
give rise to populations of cells which show distinctive patterns of
gene expression. In each differentiated cell type a specific subset of
the genome 1is expressed as proteins, while the proteins associated with
other cell types are absent. These altered patterns of gene expréssion
are stable, in that they p&rsist in the absence of the stimuli which gave
rise to them,‘and heritable, in that the altered phenotype persists in the
descendants of the cell which originally underwent differentiation.

The mechanisms which bring about and then maintain the specific
patterns of gene expression are not known. There is abundant evidence
that this does not result from selective degradation of mRNAs or proteins,
but from altered patterns of txanscription. Nor does differentiation
result from deletion of those genes which are not expressed in the differ-

N

entiated cells, Evidence for fhiéxcomes from nuclear transplantation ex-
periments which showed that nuclei of differentiated Xenopus cells, when
placed into Xenopus oocytes, allow some of the oocytes to differentiate
normally inté mature frogs (Gurdon and Woodland, 1968). The presence of
inactive genes in differentiated tissues has also been demonstrated direc-

tly by nucleic acid hybridization experiments. Globin genes are present

in oviduct DNA (Weintraub and Groudine, 1976) and ovalbumin genes in
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erythrocyte DNA (Garel and-Axel, 1976).

Differentiated cells might inactivate genes which they do not
need by minor changes in base sequences (i.e. at control regions), or by
gene rearrangements. Gurdon's experiments-suggest that this is not the case,
but such sﬁecific changes might be reversible, and proof must await the
sequencing of genes and control regions cloned from differentiated cells.

Direct alterations of DNA base sequence would ensure stable in-
heritarce of differentiated phenotypes. However, ‘prokaryotes modulate
gene expression through regglatory proteins which bind to specific DNA
sé&uences and prevent or permit transcription. Similar séquence—specifi¢
interactions between DNA and protein may directly control the expression of
vertebrate genes; as yet none have been identified.

In eucaryotic nuclei the DNA is compacted with proteins into the

\

ordered structures of chromatin. The organization of chromatin is extreme-
V] .

1y compléx, and is understood only at the most basic level. The chromatin
structure of-eﬁcaryotic genomes is likely to play a major role in the control

¢

of gene expression in differentiated cells.
II. A, Chromatin . . . hd

At the simplest level of chromatin structure, eukaryote DNA is
érganized into régular repeating nucleoprotein subnits called nucleosomes.
Each nucleosome contains about 200 base pairs of DNA; 140 base pairs of
this is tigﬁily coiled around a core histone octamer (two each of histones

_H2A, H2B, H3, and H&), while the remaining variable 1ength of DNA, loosely

bound to histone Hl acts as a linker between adjacent cores (reviewed by

[ e—_—_
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Felserifeld, 1978). The overall nucleosomé repeat length can be both
species-specific and Fissue—specifib. Histone variants have been iden~-
tified, as have post-synthetic histone modifications such as acetylatioh
and phosphorylation. Although some of these show tissue specificity, in
general the histones appear too invariant to Se responsible for tissue-
specific patterns of gene expression.

There are many non-histone chromosomal proteins; high-resolution
analysis of Hela chromatin revealed 450 distinct polypeptides (Peterson
and McConkey, 1976). The functions of these proteins are not known.

Some may play a role in gene regulation, and others must be involved in the
higher-order ;tructures of chromatin.

The nucleosome is only the first level of chromatin.organization.
Linearly compacted$nucled§;;33\may.form the 1008-wide "thin filaments"
(Worcel, 1977), and solenoidal supercoils of these may make up the 3008
"thick fibres" {(Carpenter et al, 1976). The thick fibre is the major form
of chromatin found in interphase nuclei, and probably represents the native
conformation of inactive DNA sequences (Chambon, 1977).

The chromatin fibre is known to be further organized into loops
or domains. Each loop contains 50,000 to 100,000 Hﬁse pairs of DNA. When
histone-depleted mammalian chromosomes are examined by electron microscopy,
a;i the DNA is seen grojecting as radial loops from a protein chromosome
scaffold (Laemmli et al, 1977). Laemmli has’ proposed a model for the
organization of mammalian chromosomes, in which a chromosomal scaffold
organizes the DNA into loops, ?nd histones compact the loops of DNA into
nucleosomes, filaments, and fibres, with the degree of comp&ction of the

DNA (and perhaps of the scaffold) depending on the transcriptional status



of the sequences in the loop, and on the stage of the cell cycle.

II. B. Chromatin Structure of Active Genes

Nucleosomes or similar structures have been detected in association
with transcriptionally active chromatin both by electron microscopic
visualization and by their characteristic pattern of nuclease sensitivity.
This has been demonstrated for both transcribed sequences in general and for
the globin and ovalbumin genes in particular (Lacy and Axel, 1975; Gottes-
feld and Melton, 1978).\ T%ere is some E.M. evidence that very active
transcription units, in particular the rRNA genes, may have more widely
spaced nucleosomeé or may lack them altogether (Franke and Scheer, 1978).
The apparent absence of a beaded morphology during transcription may result
from an opening out of the nucleosome octamer, with the histones remaining
bound to the DNA and causing it to retain the patterns of nuclease sensi-
tivity which are characteristic of nucleosomes (Weintraub et al, 1977).

Attempts have been made to fractionate chromatin preparations into
transcriptionally aétive and inactive components. Fractid%ation of
chromatin after digestion with micrococcal nuclease (Bloom‘and Anderson,
1978; Levy-Wilson and Dixon, 1979) or DNase II (Gottesfeld, {978) can give
up to 7-fold enrichment in sequences complementary to cytoplasmic polyaden-
ylated RNAs and to tissue-specific mRNAs. These procedures have the advan-
tage that thf active chromatin fraction can be recovered for further
analysis, but few results have been obtained to date.

The majority of the information on the chromatin structure of

active genes has come from studies which utilize the sensitivity of active

L
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chromatin to digestion by DNase I. In the original experiment, (Weintraub
and Groudine, 1976) chick erythrocyte nuclel were incubated with pancreatic
deoxyribonuclease (DNase I) until 10 - 20% of the DNA was degraded to acid
soluble fragments. The remaining DNA was purified, and analysed for
globin sequences by solution hybridization to a globin cDNA probe. The
DNase I-resistant DNA was found to be depleted in globin sequences. The
globin gene chromatin did not show this DNase I sensitivity when erythro-
cyte nuclei were replaced with nuclei from fibroblasts or brain cells, in
which\the globin genes are not transcribed. Ovalbumin®chromatin was
similarly resistant in erythrocyte nuclei. Other experiments have con-
firmed that preferential DNase I digestion is a general feature of trans-
criptionally active chromatin, independent of the frequency of transcrip-
tion; both extremely active and rarely transcribed genes appear to have
similar nuclease sensitivities (Weintraub and Groudine, 1976).

Miller et al (1978) studied the DNase I sensitivity of globin genes
in mouse erythroleukemia cells (Friend cells), which can be induced to
produce large amounts of globin mRNA., The globin genes were in a highly
DNase I-sensitive chromatin conformation in uninduced as well as in induced
cells, in a non-inducible cell line, and in a lymphoblast cell line. This
result suggests that the DNase I-sensitive conformation of the globin genes
is acquired early in erythroid differentiation and is indicative of the
potential for transcription, while the actual rate of transcription is
dependent on subsequent differentiation steps. This éonclusion is supported
by experiments by Weintraub and Groudine (1976) on globin genes in mature
erythrocytes, and by Palmiter et al (1977) on ovalbumin sequences in the

hormone-withdrawn oviduct. In both cases transcription of the gene under



study has ceased, but the once-active sequences retain the DNase I-sensitive
chromatin conformation.

Inactive genes and non-coding DNA sequences may normally be com-
pacted into supra-nucleosomal structures and consequently shielded from the
action of nucleases. It might be thought that the basis for the preferen-
tial DNasé I digestion of active sequences was the absence of higher-order
packaging. However, when nucleosome monomers prepared from erythrocyte
chromatin are assayed by limi;ed DNase I digestion, globin-containing
nucleosomes retain their relative DNase I sensitivity in comparison to the
bulk of nucleosomal DNA (Weintraub and Groudine, 1976). This indicates
that the DNase I-sensitive conformation is a property of the nucléosomes
and not of spacer region or higher-order structures.

Further experiments (Weisbrod and Weintraub, 1979) have shown that
while the DNase I-sensitive conformation is dependent on the presence of
elutable non-histone proteins (high mobility group (HMG) 14 and 17), the
tissue specificity does not reside with the elutable proteins but with the
depleted nucleosome core. They concluded that the nucleosome cores of
active chromatin must contain a unique feature (not HMG 14 or 17) which
distinguishes them from inactive chromatin.

The structure of each active nucleosome is not likely to be
directly determined by the DNA sequence it contains, as this might severely
restrict the DNA's coding potential. There are modifications of DNA which

\\\3? not interfere with coding, and which might be important in determining
tissue—spécific patterns of gene expression. The most interesting of these
modifications is cytosine methylation, which is discussed in the following

section.



I1I. DNA Methylation

The modified base 5-methyleytosine is present as a minor component
in the DNA of higher organisms. In vertebrates 2 - 4% of the total cyto-
sines are methylated (Vanyushin et al, 1973); in plants up to 30% of tﬁé
cytosines may be modified in this way (Pivec et al, 1974). Methylation

¢

takes place at the polymer level, and is normally complete within a few
minute; after incorporation of cytosine into newly synthesized DNA (Kappler,
1970). Once established, cytosine methylation is stable; there is no
evidence that methyl g{éups are ever removed.from DNA (Burdon and Adams,
1969). ° -

Almost all the methylated cytosines occur at the 5' side of
guanidine (5'..."CpG...3') (Doskocil and Sorm, 1962; Grippo et al, 1968).
This CpG dinucleotide is under-represented in vertebrate and other methy-
lated DNAs. For example, in human DNA CpG doublets occur at a frequency of
0.01 (Swartz et al, 1962) rather than the 0.04 predicted from the base
composition of human DNA (40% G+C). This deficiency is thoLght to be/due
to mutational loss of the meG dinucleotide by deamination of 5-methyl-

cytosine to thymidine (Bird, 1980). The proportion of the CpG dinucleotides

-

vhich are methylated can be eséimated from the nearest neighbour and base
compos;tion data. Although in vertebrate tissués only a few percent of
cytosines are methylatgd, the restriction of this methylation to the scarce
CpG dinucleotide means that between 40% and 80% of the CpG dinucleotides
are probably methylated.

In bacterial restriction/modification systems, bacterial DNA is

protected from restriction endonuclease cleavage by methylation of a
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.specific base (6-methyladenine or 5-methylcytosine) in the DNA sequence

recognized by the endonuclease. ‘A fortuitous consequence of this is that
a number of restriction endonucleases which have the CpG dinucleotide in
their recognition sequence ("CpG -enzymes") are unabié<tb'ciéé;e methylated
sites in animal DNAs. This property can be exploited in the investigation
of a) overall levels and arrangements of CpG methylation, and b) the extent
of CpG methylation at specific restriction endonucleases cleavage sites in
and around sélected genes.

The most useful of these CpG enzymes are Hpa II and its isoschizomer
Msp 1. Both enéymes recognize and cleave at the same DNA sequence, CCGG;
however Hpa II will not cleave the DNA if the internal cytosine is methy-
lated (CmCGG). Cleavage by Msp I is not inhibited by methylation of this
CpG doublet (Waalwijk and Flavell, 1978a). Comparison of patterns produced
by the two enzymes in parallel digestions will demonstrate the presence or
absence of methylation at CCGG sites in the DNA under investigation.

Methyl groups are not randomly distributed in the genome; satellite
DNA and heterochromatic regions are heavily methylated (Gautier et al, 1977,
Kahana et al, 1977). Using Hpa II, Msp I, and other CpG enzymes, Bird et al
(1979) showed that in Echinus DNA methylation of CpG sites occurs mainly in
long tracts (15 - 50 kb or more) in which all the recognition sites for
three CéG enzymes aré blocked. These Eraccs take up 407 - 507 of the
Echinus genome. Vertebrate DNA is more highly methylated than Echinu;, and
the methylated stretches apparently occupy a higher proportion (about 70%)
of the vertebrate genome (Bird and Taggart, 1980).'

The study of unique genes in higher eucaryote genomes has been

hindered by the low specific concentrations of these sequences in cellular
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DNA (about one part in 10® for an average mammalian gene). The blot-

1 L
hybridization method developed by Southern (1975) allows the restriction

endonuclease digestion patterms -ef-- individual genes to be stadied, Tnm this——— - --

technique, total cellular DNA is digested with a restriction endonuclease
and the fragments are separated by agarose gel electrophoresis. The gel
is then soaked in alkali to denature the DNA, neutralized, and the DNA is
transferred directly onto a nitrocellulose sheet by blotting. After im-
mobilization of the DNA on the sheet, specific cellular DNA fragments can
be located by hybridization of the bound DNA to a high-specific activity
radioactive DNA or RNA probe for the sequences of interest, .followed by
autoradiography of the sheet.

The patterns of CpG methylation of sites in and around specific
genes have been determined, using methylation-sensitive CpG enzymes and
the blot-hybridization technique described above. These studies have shown
that DNA methylation patterns can be both sequence specific and tissue
specific.

McGhee and Ginder (1979) compared the Hpa II and Msp I patterns of
chicken adult B-globin sequence;Din various tissues. Some CCGG sites were
found to be comple;ely methylated in all tissues. Other sites were un-
methylated in erythrocytes and reticulocytes (which express these sequences),
but pat;ially or completely methylated in cells not expressing globin
genes. In a similar study, Waalwijk and Flavell (1978b) reported tissue-

specific differénces in'the extent of methylation at a CCGG site 1in the

" rabbit B~globin intron.

Bird and Southern (1978) analysed the methylation pattern of Xenopus

)

genes which encode rRNA. The amplified rDNA genes found in Xenopus oocytes
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are not methylated (Dawid et al, 1970). In erythrocytes nearly all CpG

dinucleotides in. rDNA were found to be methylated; one site was iden-

--._tified which was 30 ~ 60 times less methylated than the others (Bird

and Southern, 1978). In their study of the methylated and non-methyl-

—_—

ated compartments of Echinus, Bird et al (1979) found that there was nb
methylation of the active histone genes, ribosomal RNA genes, and 58S
RNA genes in any tissues.

These observations suggest that DNA methylation may be related'
to gene activity. Riggs (1975) and Holliday and Pugh (1975) have proposed
elegant mechanisms whereby DNA methylation patterns may be stabli‘trans—

-

mitted from parental cells to progeny cells. If so, DNA methylatfbn\may,
be an important factor in the initiation and maintenance of differentiated
patte;ns of gene expression. -\

Both models invoke two cellular methyltransferase activities. The
first class of enzymes would be responsible for the initial methylation
of previously unmethylated CpG sites, giving rise to altered patterns of
transctiption. Enzymes of this class would be under strict developmental
regulation, and migbt have precise sequence specificities.

Enzymes of the second class would be responsible for maintenance

of methylation patterns in subsequent generations of cells, as follows.

The major methyl-acceptor sequence is a palindrome. If both strands of

50...Cp6. ..

Y
3! GpC g|), DNA replication will pro-
*

the palindrome are methylated, (
duce two molecules, each methylated on only one strand of the methyl-
acceptor sequence. The second class of methyltransferases is postulated

to recognize all such half-methylated CpG sequences, and to complete the

methylation of each daughter strand. This will restore the parental DNA

- -
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methylation pattern in the progeny cells. In this way the complex and
subtle controls required for the establishment of the differentiated
methylation pattern would not "be necessary for maintenance and inheritance

of the pattern.

Enzymes of the first class need act only transiently in develop-

ment, and might be expected to be rare. None have been identified to date.

Enzymes of the second claggugfé‘predictgé\to be ubiquitous in all dividing

cells, and cellular methyltransférases with the sugnghfe*specijggities

expected of these maintenance enzymes have been characterized in vivo ané
in vitro. These enzymes rapidly methylate DNA after DNA replication
(Kappler, 1970), and show high activity only on partly undermethylated
double stranded DNAs, as predicted for an enzyme whose normal substrate is
half-methylated DNA (Adams et al, 1979). Bird (1978) has shown a) that
methylation is symmetric at the palindromic sites, and b) that only the
newly-synthesized strands receive new methyl groups after DNA replication.
All of these findings support the Riggs and Holliday and Pugh models of
semi-conservative replication of"the methylation pattern.

In summary, there are three major findings which, taken together,
strongly support the hypothesis that DNA methylation plays an important
role in the initiation and maintenance of differentiated patterns of gene

expression.

1. Methylation patterns can be gene-specific.
2. Gene-specific methylation patterns can be tissue-specific.

3. Methylation patterns can be stably inherited, in the absence

of the enzymes which originated them.

PO
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1v. Viral Genes in Transformed Cells

When viral DNA is introduced into cells under conditions which
prevent the establishment of a lytiec infection, viral DNA may become
covalently integrated into the genome of viable cells. 1In such cells,
expression of appropriate viral sequences will give rise, by poorly-
understood mechanisms, to the abnormal properties characteristic of

transformed cells. These cells can be selected out of a population of non-

transformed cells by their less stringent growth requirements.

T~ —The regions of the viral genome responsible for transformation have
The—

—
been identified by transformatioa-experiments using mutant virus strains or
\\

—

‘\
purified restriction endonuclease fragments of viral DNA;—and by analysis

Te—

——

of viral DNA and RNA sequences present in transformed cells. In all cases, T
only those regions of the genome which are expressed early in lytic infec-
tion (before replication of the viral DNA) are required for transformation.
In the adenoviruses only ‘the leftmost of the early transcription units
(early region 1) is consistently present and expressed in transformed cells
(Flint et al, 1976; Mak et al, 1979), and DNA fragments containing the
leftmost 7 - 12% of the genome contain sufficient information to bring
about cell transformation (Graham et al, 1974; Shiroki et al, 1977).

Little is known about the mechanisms which lead to integration of
the viral sequences. Integration may occur by illegitimate recombination
or as a consequence of cellular repair mechanisms. Blotihybridization
analysis of viral sequences in transformed cells has not shed any light
on the mechanism of integration; there is no evidence for specific or

preferred integration sites (Ketner and Kelly, 1976; Sutter et al, 1978).
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The viral DNA used for transformation may be present in the transformed
cell in single or multiple copies, which may be separately or tandemly

integrated at single or multiple sites in the cellular genome. When the
viral DNA sequences in the transformed cells are compared with the viral
DNA used in the transformation experiment, fragmented and internally re-
arranged forms are frequently.detected (see reviews by Topp et al, 1980,

and Flint, 1980).
Adenovirus Type 12 Transformed Cells:

Adenovirus type 12 (Ad 12) belongs to the highly oncogenic sub-
group A adenoviruses. The leftmost 2.2 kb (6.8%) of the 33 kb Ad 12
genome is sufficient to induce oncogenic transformation of rodent cells
(Shiroki et al, 1977). The early transcription units located in this
x\
region, (ghbisak1“g£_3£, 1980) are expressed as mRNA in all Ad 12-trans-
formed cells (Ortin et al, 1976; Mak et al, 1979). Cell lines which
contain other early region sequences often express them, while late viral-
specific mRNAs are only occasionally expressed even when the entire viral
genome is integrated (Sutter et al, 1978).

The numbers of copies of the transforming DNA in cells transformed
with Ad 12 virions and with Ad 12 DNA fragments have been determined by
analysis of the reassociation kinetics of labelled wviral DNA probes in the
presence of transformed cell DNAs (Sharp et al, 1974). Virion-transformed
hamster cells may contain 30 or more copies of some regions of the Ad 12
genome (Fanning and Doerfler, 1976). Rat cells transformed with the Eco

RI-C fragment of Ad 12 DNA (leftmost 16XZ) contained between 4 and 12 copies
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of most of the fragment per diploid amount of cell DNA (Sawada et al,
1979).

Additional results have been obtained by a complementary method.
Analysis of the viral-specific restriction fragments of transformed cell
DNA by gel electrophoresis and blot hybridization provides information
about the arrangement of the viral sequences as well as giving an indica-
tion of the amount of viral DNA present in the cells. Ad 12 virion-
transformed hamster cells an%lysed By Sutter et al (1978) contained larée

numbers of apparently intact viral genomes, Integrated at multiple sites

in the cellular DNA, as well as some fragmented genomes. The large

amounts of viral-specific DNA present in individual high molecular weight
fragments suggested that muléiple coples of viral DNA might be present at
each of several integration sites. The sensitivity of these experiments
was not high enough to detect bands containing only single copies of parts
of the Ad 12 genome. Sawada éEﬁEl (1979) have reported on the viral
integration patterns in cells transformed with the Ad 12 Eco-RI C fragment.
These cells contain only a few copies of the transforming fragment, each
apparently integrated at a separate site in the cellular DNA,

DNA extracted from tumor virus virioms contains little or no 5-
methylcytosine. The trace amounts that have been reported for Ad 12 viral
DNA preparations (Gunthert et al, 1978) are almost certainly due to
contaminating celiﬁﬁat DNA (Tjia et al, 1977).

Before this researéh was begun, there were indications that viral

DNA sequences integrated in transformed cells might become methylated. In

cells transformed by Herpesvirus saimiri, episomal viral DNA is heavily

methylated in cell lines which do not produce virus (Desrosiers et al,
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1979). 1In Ad 12-transformed hamster cells, Sutter et al (1978) found that
much of the integrated viral DNA is resistant to cleavage by Hpa II and
Sma I; both of these enzymes have CpG dinucleotides In their recognition
sites and are blocked by cytosine methylation.

These observatio;s suggest that in transformed cells viral DNA can
be a substrate for cellular methylation processes. Characterization of
the yiral methylation patterns may provide information abaut &Lhe mechanisms
and regulation of cellular DNA methylation. It may also be possible to
relate the viral methylation patterns to the activity of viral genes, and
thus derive information about the cellular functions of DNA methylation.

In this report I describe the patterns of integration and methyl-
ation of the Ad 12 DNA sequences present in three lines of cells which
were transformed with the.leftmost 5.5 kb (Eco RI-C fragment) of the Ad 12

genome. I have also investigated the chromatin conformations of the

integrated viral DNA, using limited diges?fiij—jf>nuclei with DNase I,

-



H e e e e e o e ey

t

L ]

é

e e A ot e g il st Rt e o m e v
~

N

v

MATERIALS AND METHODS

I. Cell Lines

Cell lines 702~Cl, 702-C2, and 702-C3 are baby rat kidnéy cells

which have been transformed with the Eco RI-C DNA fragment (leftmost 5.5

“*kb, 16.5% of the genome) of adenovirus type 12 (Ad 12) strain Huie (Mak

&
et al, 1979). These cells were grown as monolayers in plastic dishes

_(Falcon, Lux) in Joklik's modified minimum essential medium supplemented
w;th 5% horse serum and 1% calf serum. Cells were subcultured twice

—— .
weekly by trypsinization.

II. Virus and Viral DNA .

Adenovirus type 12 (Huie strain) was propagated in KB cells in
suspension culture, and labelled by addition of “H thymidine (0.1 WHCi/

ml) at 12 hours post infection. Purification of the virus has been

described (Green and Pina, 1963). Briefly, cells were pelleted 72 hours

post infection, sonicated, and homogenized with Freon 113. The virus was

. concentrated and purified by banding in CsCl density gradients. Viral

3

DNA was extracted from dialysed virions by Pronase digestion, three

extractions with phenoi, and exhaustive dialysis.

Ad 12 DNA (100 yg) ~ was digested with Eco RI and the viral

~ restriction fragments were isolated by electroelution of the digest from

~y

16 ~

o gt
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a preparative 1% agarose gel using a homemade apparatus designed by

F. L. Graham. Fractions containing viral DNA were identified by liquid
scintilation counting, pooled, and concentrated by precipitating the

DNA with two volumes of ethanol. The Eco RI-C fragment was labelled with
32p as described below and used as a probe in blot hybridization experi-
ments. This fragment was slightly contaminated (less than >%) with the

adjacent Eco RI-D fragment.

III.  In Vitro Labelling of Viral DNA with 2P

)

DNA was labelled by nick translation using the method of Maniatis

'

(Weinstock et al; 1978). Two modified procedures were used.

1. Complete nick translation: 0.25 - 0.5 pg of DNA was incubated for

10 minutes at 37?C with 0.25 ng of DNase I, in 50 pl of 50 mM Tris pH 7.9,
5 mM MgCl,, 10 mM B~ mercaptoethanol, 100 ug/ml BSA, and 10 uM dATP, dTTP,
and dGTP. The mixture was then combined with 100 uCi of 32P o-dCTP (air |
dried.to remove ethanol)  (NEN, specific activity 300 -~ 600 Ci/mmol) and
6 units of E. coli DNA polymerase I, and incubated for 1 hour ag IZOC.

The reaﬁ;ion was stopped with EDTA (25 mM), protein was removed by phenol
extraction, and the DNA was isolated by gel filtration through a 7 ml
column of Sephadex G-50. Incorporation of label was usually 40 - 50%,

éiving a product with specific activity of 2 - 4 x'10°% cpm/ug.

2. Limited nick translation: DNA labelled by the above method was exten-

sively nicked and fragmented, and not suitable for restriction endonuclease

Bt yon
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analysis. The following modifications of procedure | gave a product of
high integrity but lower specific activity (1 - 5 x 107 cpm/ug). The
preincubation with DNase I was omitted. 1 - 2 ug of Ad 12 DNA was labelled

with 10 - 20 uci of *?P o-dCTP.

1v. Isolation and) Limited DNase 1 Digestion of Nuclei

Monolaye f 4@

(about 0.1 puCi/ml for 24 hours) to a specific activity of approximately

d cells were prelabelled with *H thymidine

103 cpm/ug DNA, in order that \the extent of digestion by DNase I could be
determined. Confluent monolayexs of cells were washed twice with 10 ml
of; cold phosphate buffered saling without Ca++ or Mg++ (PBS) and overlaid
with 10.ml of cold lysis buffer (0.2% NP-40 in reticulocyte standard buffer
plus calcium (RSB (Ca++); 0.01M Tris, pH 7.4, 0.01M NaCl, 3 mM MgCl,, 0.2
mM CaCly)). After 5 minutes, the lysis buffer was gently removed, re-
placed with 10 ml of RSB (Ca++), and the nuclei were shaken loose., The
nuclei were) gently pelleted (700 rpm for 7 minutes at OOC) and resuspended
in RSB (Ca+S§‘ZE\B\g:i>entration equivalent to 0.5 - 1 ug DNA/ml (about

10® nuclei/ml).

Nuclei were warmed to 370C, pancreatic deoxyribonuclease (DNase I,
Worthington) was added at 0 - 5 pug/ml, and the nuclei were digested for 5
minutes. Reactions were stopped by addition of EDTA to 10 mM. The extent
of digestion of the nuclear DNA by DNase I was determined as follows: At
the end of each digestion 2 aliquots (50 pl each) of the digest were taken

into tubes comtaining 0.5 ml of cold trichloroacetic acid (TCA). One
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sample was boiled for 10 minutes to liberate total DNA from ;he nuclex,
and the other was pelleted to remove acid-insoluble DNA. The soluble
radicactivity in each sample was determined by liquid scintillation
counting. In these experiments, the release of acid-soluble radio-
activity from control incubations without DNase I was not significantly
higher than background. DNA was prepared from DNase I-digested énd control

nuclei using the method for cell DNA.

V. Preparation of DNA from Transformed Cells

Confluent monolayers of cells were washed twice with cold PBS,
lysed with 10 mM Tris pH 7.4, 10 mM EDTA, 200 ug/ml’Pronase, 0.47 SDS,
and the lysate was incubated for 3 - 12 hours at 37OC. SDS was then
increased to 17 and the protein was extracted twice with phenol, twice
with phenol:chloroform:isoamyl alcohol (25:24:1), and twice with chloro-
form:isoamyl alcohol (24:1). Pancreatic ribonuclease (preincubated at
9OOC for 10 minutes to inactivate DNases) was added to 100 ug/ml, RNA
was digested for 30 minutes at 370C, and the organic extractions were
repeated. The final aqueous phase was dialysed against 5 changes of 10
mM Tris, 1 mM EDTA, pH f.4, at 4°C for 48 hours. DNA preparations were
concentrated (when necessary) either in dialysis bags using Aquacide 1I-A
(Calbiochem), or by adjusging the NaCl to 0.15M and precipitating the DNA

with two volumes of ethanol.
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VT. Restriction Endonuclease Digestions and Agarose Gel Electrophoresis

Restriction endonucleases were obtained from Boehringer Mannheim,
Miles, New England Biolabs, and Bethesda Research Laboratories. For each
enzyme the digestion buffer recommended by the supplier was used. Diges-
tions of cell DNA for analysis by blot hybridization usually were prepared
with 12 or 22 pg of cell DNA in a volume of 24 - 88 ul, with 0.5 - 2
units of restriction endonuclease used per microgrém of DNA.

Digests were anélysed by electrophoresis in vertical or horizontal
agarose slab gels, with a Tris-acetate buffer (40 mM Tris pH 7.8, 5 mM
Na acetate, 1 mM EDTA). A thorough discussion of this technique is given
by Southern (1980). Agarose concentration, electrophoresis voltage, and
running time were varied to maximize resolution; specific conditions are

given in the figure legends.

Controls for complete digestion:

It is difficult to determine whether a restriction enzyme digest
of cellular DNA has gone to completion, particularly if the enzyme is
one whose cleavage is blocked by cytosine methylation. In these experi-

ments, complete digestions were essential to the analysis of integration

“and methylation patterns. Accordingly, the completeness of each cell DNA

digest was checked before the digest was analysed by blot hybridization.

The transformed rat cell lines studied all showed one or more
conspicuous repetitive-DNA bands after the DNA was digested with methyla-
tion-insensitive restriction eénzymes and analysed in gels. Before blotting,

all gels were stained with ethidium bromide and photographed under UV
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illumination, and these repetitive}DNA bands were examined for the complete
digestion pattern.

A parallel control digestion ensured that éigestion conditions
were sufficient for complete digestion of the cell DNA. Before each
digestion mixture (DNA, enzyme and buffer) was incubated at 37OC an aliquot
was removed (2 ug of DNA in 4 - 8 pl) and mixed with several nanograms of
’?p-labelled Ad 12 DNA (labelled by limited nick translation). This con~
trol digest was incubated in parallel with the main digest, and analysed
by electrophoresis in a 1% agarose gel. Complete digestion of the 32p_
labelled viral DNA was determined for all digests by autoradiography ¢f
this control gel after drying. Complete digestion of the cellular DNA in
the control gel was also checked by inspection of the ethidium bromide-

stained repetitive-DNA bands before the gel was dried.

VIL, Blot Hybridizations

DNA was transferred from gels to nitrocellulose sheets using a
published modification of the "Southern blotf method (Southern, 1975;
Wahl et al, 1979). Briefly, after electrophoresis agarose gels were
soaked in 0.25 M HCl to partially depurinate the DNA, in 0.5 M NaOH + 1.0
M NaCl to denature and fragment the DNA, and in 0.5 M Tris pH 7.4 + 3 M
NaCl to neutralize the gel. DNA was then transferred from the gel to a
nitrocellulose sheet by blotting (gsually overnight). The sheet was rinsed
in 4 x SSC (8SC is 0.15 M NaCl, 0.015 M NaCitrate) and baked 2 hours at

80°c.
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Hybridizationsrwere also done using the modifications suggested

by Wahl et al (1979). Nitrocellulose sheets were preincubated in sealed
.plastic bags with 5 x Denhardt's reagent (Denhardt's reagent is 0.027
(wt/vol) each of bovine serum albumin, polyvinyl pyrrolidone, and Ficoll
(Mr 400,000)) and 250 pg/ml salmon sperm DNA to reduce non—sﬁecific binding
of the probe to the nitrocellulose. Glycine was omitted from the pretreat-
ment, as it is only required with the diazobenzyloxymethyl-paper blots
described by Wahl et al (1979). Reagent grade formamide was purified with
mixed-bed ion-exchange resin before use. Incubations used 1 - 3 x 10° cpm
of probe (nick translated Eco RI~C fragment of Ad 12 DNA) per milliligse

of hybridization solution (50% formamide), and were carried out at AZOC for
16 ~ 40 hours. Dextran sulphate was included (10%) to increase the efficien-
cy of hybridization.

After hybridization, sheets were washed at room temperature and at
50°C (Wahl et al, 1979), and exposed to Kodak XR X-ray film using intensify-
ing screens at -50°C for 1 ~ 14 days. The intensities of the bands in the
resulting autoradiograms were estimated by microdensitometry with a Joyce

Loebl microdensitometer.

Wt s e 3w .



RESULTS

1. Viral Integration Sites in 702-Cl and 702-C3 Cells

Béfore Hpa II and Msp 1 digestions could be used to analyse
cytosine methylation of Ad 12 DNA in transformed cells it was necessary
to determine the arrangement of the viral sequences in the cellular
DNA. Reassociation kinetics analysis of viral DNA sequences in cells
transformed by Ad 12 or its restriction fragments has.established that
multiple copies of the transforming DNA are usually present per diploid
amount of cell DNA (Fanning and Doerfler, 1976; Sawada et al, 1979). I
have used blot hybridization analysis to determine the integration
patterns of the viral DNA in lines of rat cells transformed with the
Eco-RI-C fragment of Ad 12 DNA (Mak et al, 1979).

Analysis of integration sites and methylation patterns in cell
lines 702-Cl and 702-C3 are presented first. I have characterized viral
DNA sequences in line 702-C2 in less detail and these results are des-
cribed in a later section (Section IV-C).

Recognition sites for a number of restriction endonucleases have
been located on the Ad 12 genome {Tooze, 1980). Some of these sites are
shown in the map of the left region of Ad 12 DNA in Figure la. The
enzymes Eco RI, Bam HI, and Bgl II are particularly useful in the identi-
fication of integration patterns in these cell lines because they do not
cut within the Eco RI-C fragment, and are pot affected by cytosine

methylation.

23
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Figure 1. The transforming region of Adenovirus 12 DNA

Vertical lines represent restriction endonuclease cleavage sites.
The thick line indicates the DNA fragment used to transform the
702 cell lines. Mapping of the Hpa II/Msp I sites at 3.35, 3.95,
and 8.05 kb is described in section III. All other sites are

taken from Tooze, Appendix F (1980).

A. Cleavages sites for Bam HI, Bgl II, Eco RI, Hind III and Sal I.

B. Cleavage sites for Hpa II/Msp I.
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These enzymes will cleave the transformed cell DNA only in
cellular sequences, and thus each viral Integration site will be con-
tained within a single DNA fragment, in which the viral sequences are
flanked on both sides by cellular sequences. Consequently, each band
detected by blot hybridization with a viral probe will represent a
complete viral DNA integration site. Because unrelated fragments of
similar sizes may co-migrate, the number of bands seen in this analysis
provides a yinimum.estimato of the number of integration sites,

Because the efficiencies of DNA transfer and hybridization are
variable, band intensities in separate blot hybridization experiments
cannot be compared. Accordingly, internal control lanes containing
known amounts of Ad 12 DNA were included in each agarose gel electro-
phoresis used for blot hybridization analysis. Microdensitometry was
used to compare the intensities of the bands in the transformed cell
lanes with these cqstrol bands. The control DNA fragment bands also
served as internal size standards for each experiment.

DNA from the cell lines 702-Cl and 702-C3 was digested with the
restriction endonucleases Eco RI, Bam HI, and Bgl II. The fragments
were separated by agarose gel electrophoresis, transferred onto a nitro-
cellulose sheet by blotting, and hybridized to an Ad 12 Eco RI-C probe,
32p_jabelled by nick translation to a specific activity of 4 x 108 cpm/ug.
The results are shown in Figure 2.

N

A, Line 702-Cl: (Figure 2, lanes 1 - 3)

In line 702-Cl (lanes 1-3), all three enzymes yielded two bands,



R o

we

26

Figure 2. 702-C1 and 702-C3 DNA fragments containing integrated

Ad 12 sequences.

DNA from transformed cells (702-Cl lanes 1} -3, 702-C3 lanes & -
6) was digested with Bgl II, Bam HI, and Eco RI (lanes 1 and 4,

2 and 5, 3 and 6 respectively): separated by electrophoresis in a
0.5% agarose gel at 0.5 V/cm for 72 hours, blotted onto nitro-
cellulose, and hybridized to a 32p_labelled Ad 12 Eco RI-C frag-
Qent probe. Ad 12-specific fragments were visuallized by auto-
radiography. Llanes 1, 2, 3, 5, and 6 contained 10 ug DNA; lane

4 contained 5 pg. The markegr lane 7 contained 10 ug of Hind III-
dige;ted normal rat DNA, plus'60 pg of each of the following Ad
12 digests; undigested, Sal I, Bam HI, and Eco RI; giving the
following Ad 12 bands; undigested, 33 kb; Sal I-B, 12.5 kb; Bam

HI-A, 7.9 kb; Eco RI-C, 5.5 kb; and Sal I-C, 3.6 kb. Lane 8

contained 10 pg of Hind II-digested normal rat DNA.
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one falnt and one dark. Microdensitometry was used to compare the
intensities of the bands in the transformed cell digestions with the
marker bands in lane 7. This marker lane contained 60 pg of each of
several Ad 12 restriction enzyme digests in 10 jug of untransformed cell
DNA. This amount is equivalent to about 1.3 copies of each fragmeht
per diploild amount of cell DNA (8 x 10 7 g/cell).

The 1ntensities of the dark bands in lanes l,(Z, aqd\j of Figure
2 are about 2.5 - 3 times those of the control bands in lan; , sug-
gesting that 1n each digest of 702-Cl DNA the dark band representls 3 -
4 copies of the transforming fragment per cell.

Similarly, 1n all three digests the intensities of the faint

band are slightly less than that expected for a single complete copy of

the quﬂ@l:iLi%angﬁf/}ér diploid amount of cell DNA. In the Eco RI

e

digest in lane 3, the faint baAd is a fragment of only 4 kb, while the
fragment used to transform the cells was 5.5 kb in size. This 4 kb
band therefore, only contains sequences from part of the transforming
fragment . This suggests that in all three digests the faint band re-

presents a site at which a partial copy of the Eco RI-C fragment is

integrated.

B. Line 702-C3: (Figures 2, lanes &4 - 6)

Lanes 4 - 6 of Figure 2 show Bgl II, Bam HI, and Eco RI virals
specific digestion patterns of7DNA from 702-C3 cells. (The Bgl II
digest in lane 4 contained only 5 g of cell DNA, and is therefore fain-

tér than the other digests which contained 10 ug of DNA.) The Bgl II

Y S P
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digest shows four major bamds of equal intensities, each corresponding
to about one copy of the.transforming fragment per cell. The Bam HI
digest in lane 5 also shows four major bamds of equal intensities;
again each is of an intensity slightly less than the marker bands and
probably contains one «copy of the Eco RI-C fragment per diploid amount
of cell DNA.

The Eco RI digest of 702-C3 DNA shown in lane 6 has only three
major bands, rather than the four bands predicted from the Bgl II and
Bam HI analyses., However, the intensity of the largest major Eco RI
band (27 kb) corresponds to a?out two copies of the transforming DNA,
while the other two major Eco RI bands (22 kb and 17 kb) are of single-

copy intensity. I conclude that the largest band is probably composed

[
of two co-migrating fragments.

Three minor bands can also be detected in each of the 702-C3

digestions (lanés 4 - 6). These may result from the presence of frag-

mented portions of the viral DNA integrated into additional sites in

cellular DNA.

v

C. gontrols and' Assumptions:

* *

bNA.purified from normal rat liver and digested with Hind III

was analysed in.the same experiment as the 702-Cl and 702-C3 DNAs des~

cribed above (Figure 2, lane 8). \The Ad 12 Eco RI-C probe did not

hybridize ‘at all to this DNA, showing that normal rat DNA does not contain:

o~ 2

¥
_sequences homologous -to the-transforming region of Ad 12 DNA..

v

" From the Eco RI, Bam HI, and Bgl II digestiéns described above, I

s



O o ™ A g e

29

have concluded that line 702-Cl contains viral DNA eguivalent to 3 or 4
copies of the Eco RI-C transforming fragment at a single integration
site, with a partial copy present at a second site. Similarly, I con-
clude that line 702-C3 contains single copies of the transforming frag-
ment at 4 distinct integration sites, and partial copies at 3 other sites.
I have not characterized the viral sequences present at each invégfation

’
site in any detail, but have made the simplifying assumption that most
of the Eco RI-C fragment is present intact at each major (non-partial)
integration site. The band intensities seen in the Msp I and Hind I1I

digestions which will be described in Section IV support this assumption.

1I. Cytosine Methylation in Transformed Cell DNA and in Ad 12

Virion DNA.

Before investigating the methylation of the integrated viral DNA
sequences ;n the transformed cells, it was desirable to determine a) the
overall level of DNA methylation in the transformed cells, and b) the
extent, i1f any, of methylation of viral DNA extracted from Ad 12 virions.
This was done by comparision of digestion patterns obtained using the
méthylation-seqfitive restriction endonuclease Hpa II and its methylation-
insensitive isoschizomer Msp Ii . ”

The ethidium bromide-stained gel shown in Figure 3a shows that
total cellular DNA is extensively methylated in lines ;OZ—CI and 702-C3.
Undigested DNA samples ére in lanes 1 and 4, Hpa II-digested samples in
lanes 2 and 5, and Msp I-digested samples in lanes 3 fnd 6. In both cell

lines the major part of the cellular DNA is in fragments of 15 - 50 kb

A A
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Figure 3. Hpa 11 and Msp I digestion patterns of transformed

cell DNAs and of Ad 12 DNA.

5 ug samples of DNA from 702-Cl cells (lanes 1 ~ 3) and 702-C3

wcells (lanes 4 -~ 6) were combined with 2 ng of 32p_jabelled Ad

12 DNA and digested with Hpa II (lanes 2 and 5) or Msp I (lanes
3 and 6). Lanes 1 and 4 contained undigested DNAs. Fragments
were separated by electrophoresis in a 17 agarose gel at 4 V/em

for 4 hours.

A. Photograph of the ethidium bromide~stained gel.

.B. Autoradiogram of the same gel.
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after Hpa Il digestion, although only a trace of Msp I-digested DNA is in
this size class. Most of the cellular CCGG sites (Hpa II and Msp 1
recognition sites) appear to be blocked for Hpa Il cleavage, presumably
by methylation of the internal cytosine (Waalwijk and Flavell, 1978a).
Thus these transformed rat ¢ell DNAs must be extensively methylated, as

has been reported for Ad 12-transformed hamster cells (Gunthert et al,

1977).

Trace amounts (about 2 ng) of 32p_jabelled Ad 2 DNA (exiracteJ
from virions and labelled by limited nick translation) were included in
the digests shown in Figure 3a, and after being stained and photographed
the gel was dried and exposed to X-ray film (Figure 3b). This autoradio-
gram served two purposes. First, no differences can be seen between the
Hpa II and Msp I digestion patterns of the Ad 12 DNA (compare lanes 2 and
5 with lanes 3 and 6 in Figure 3b). This observation has been repeatedly
confirmed by analysis of the control digests described in the Methods
section. I conclude that none of the viral CCGG sites in virion DNA are
blocked by cytosine methylation. A second function for the *2P-labelled
viral DNA was to act as internal controls for complete\d;gestion of the
cell DNAs by Hpa II and Msp I. This is particularly necessary for the Hpa
I1 digests, which resemble the digestion patterns seen after incomplete

digestion by other, methylation-insensitive, enzymes.

1I1I. Hpa II/Msp I Recognition Sites in Ad 12 DNA.

In order to use Hpa II and Msp I digestions to analyse patterns

of methylation of Ad 12 DNA sequences integrated into transformeﬁ*pells,

ORI
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it was necessary to locate recognition/cleavage sites for these enzymes
in the viral DNA. No restriction cleavage map is available for the 25
or more CCGG sites in Ad 12 DNA, although sites in the leftmost 2.3 kb
(Hind 111-G fragment) are known from the published sequeﬂzgg (Sugisaki
et al, 1980). I have used Hpa 11 and Hpa Il + Eco RI digests of Ad 12
virion DNA, and blot hybrldizations of these digests to an Ad 12 Eco RI-C
probe, to extend the Hpa II/Msp I map to 8.0 kb (about 25 map units)
(Figure 4).

The Eco RI-C probe hybridizes to the two largest Ad 12 Hpa II
fragments of 4.1 and 2.35 kb (more strongly to the smaller fragment),
and to fragments of about 600, 500, and (faintly) 200 base pairs (bp)
(Figure 4, lanes 1 and 3). Any smaller fragments from this region would
not be detected, as they do not bind well to the nitrocellulose sheets
used for the blot hybridization. The 4.1 kb fragment is cug by Eco RI \
(lane 2) to fragments of 2.6 and 1.45 kb, Only the 1.45 kb fragment
hybridizes to the Eco RI-C probe (lane 4). -

There are 6 CCGG sites in the sequenced region, at 144, 153, 657,
740, 966, and 997 bp from the left end, with no sites between 997 bp and
the end of the sequenced fragment at 2320 bp. Hpa II digestion of these
sites will give fragments of about 150, 9, 500, 100, 200, and 30 bp, and
a fragment larger than 1300 bp. 1 have interpreted these data as follows
(Figure 1B). The 500 and 200 bp fragments which hybridize to the Eco RI-
C probe are predicted by the published sequence. The 2,35 kb fragmenp
must be bounded by the CCGG site at 997 bp, and by a site at 3.35 kb from
the left end. The 4.1 kb fragment must be bounded by sites at 3.95 and

8.05 kb, because of the sizes of its Eco RI cleavage fragments. The 600
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¢
Figure 4. Hpa II cleavage patterns of Ad 12 DNA

Lanes 1 and 2; Hpa II and Hpa II + Eco RI digestion patterns

of Ad 12 DNA (32P-labelled by limited nick translation).

Lanes 3 and 4; Blot hybridizations of a 32p_jabelled Ad 12
Eco RI-C probe to Hpa II and Hpa II + Eco RI digests of Ad

12 DNA.

7
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bp fragment is now predicted by the sites mapped at 3.35 and 3.95 kb
from the left end.

Although the presence of undetected CCGG cleavage sites very close
to the mapped sites cannot be excluded without fine-structure analysis,
the data prescented in Figure 4 and the sequence data are sufficient to
establish the positions I have mapped, within an accuracy of about 150 bp.
Double digestions have been used to confirm these positions. For example,
the maps in Figure | predict that, of the Hpa II fragments in this region,
only the 600 bp fragment (from 3.35> - 3.95 kb) will contain a Sal I cleav-.
age site (at 3.6 kb, Figure la). Blot hybri@ization analyses of Hpa 1I
and Hpa IL + Sal 1 digests of Ad 12 DNA were compared, and as predicted,

only the 600 bp Hpa II fragment was cut by Sal I (data not shown). Similar

double digestions with Hind III, Acc I, and Kpn I have provided additional

confirmation of the mapped Hpa II sites. The location of a CCGG Hpa II
site at 8.05 kb is further confirmed by the presence of a Sma I site

(CCCGGG) at this position, mapped independently (Tooze, Appendix F, 1980).

IV, Methylation of Viral Sequences in Ad 12-Transformed Cells.
A. Hpa II, Msp I, and Sal 1 Blot Hybridization Analysis
‘\

Adenovirus DNA does not beccpe methylated during lytic replication.
However, when viral sednences become integrated into cellular chromosomes
as a consequence of cell transformation, they fall ui¥der the influence af
cellular regulatory mechanisms. A DNA methylation may ge such a regulatory
mechanism, so it was of interest to determine whether the systems which

specifically initiate and maintain methylation of cell DNA would also act

-
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on the exogenously-acquired Ad 12 sequences in lines 702-Cl and 702-C3.
To investigate whether any of the viral sequences integrated in
the transformed cells had become methylated at CCGG sites, DNA samples
from 702-C1 and 702-C3 cells were cut with Hpa II and Msp 1 and analysed
by blotting and hybridization to the %2p_1abelled viral Eco RI-C probe.
The transforming fragment contains 8 Hpa II recognition sites (Figure 1)
and, if the viral DNA has remained unmethylated, Hpa II cleavage of each
integrated copy should vield a 2.35 kb fragment, several fragments 0.6

kb and smaller, and 2 fragments linked to cellular sequences.

i. Line 702-Cl: d

Digests of 702-Cl DNA analysed by blot hybridization are shown in
Figure 5A. The Hpa Il and Msp I digests (lanes 1 and 2) are almost in-
distinguishable. The 2.35 and 0.6 kb bands which were predicted to be
cut from unmethylated viral DNA are seen in both the Hpa II and Msp I
digests. (Compare with the Hpa II digest of Ad 12 DNA in the 7x marker in
lane 3.) In addition in both lanes there are three bands (1.9, 1.3, and
1.1 kb).which must contain viral DNA linked to cell sequences, as homologous
bands are not present in the marker lane,

The intensities of the 2.35 kb band in lanes 1 and 2 are equivalent
to 3 - 5 coples of this fragment per cell, by comparision with the marker
band. It is not possible to determine the copy numbers of the linker
fragments, as they consist of an unknown proportion of céllular sequences.
A rough calzulation of the a&ount of viral DNA in each band (by relative

intensity) gives values greater than the sizes of the band fragments (i.e.

the 1.9 kb band contains 2.5 kb of viral DNA, the 1.3 band 2.2 kb, and the
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Figure 5. Hpa II, Msp I, and Sal I digestion patterns of

integrated Ad 12 DNA in 702-Cl and 702-C3 cells.

10 ug samples of transformed cell DNAs (702-Cl, lanes 1, 2,
7, and 8; 702-C3, lanes 4, 5, 10, and 11) were digested with
Hpa II, Msp I, or Sal I as indicated. The 7X markers (lanes
3 and 6) contained 0.3 ng of Ad 12 DNA digested with Hpa II.
The lane 9 marker contained 60 pg of Ad 12 DNA and of the Sal
I, Bam HI, and Eco RI Ad 12 digests described in the legend

to Figure 2,

Electrophoresis conditions: A and B; 12 agarose, 2 V/cm, 12
hr. C; 0.5% agarose, 0.5 V/cm, 96 hr. Viral fragments were
detected by blot hybridization and autoradiography, using the

%2p Eco RI-C probe.
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1.1 band 1.7 kb) suggesting that these fragments are present at more than
one copy per cell,

There is a small damount of viral DNA at the top of the Hpa Il
digest axn lane 1. This DNA is similar in mobility to the heavily-methy-
lated cell DNA which was seen by ethidium bromide staining of this gel
before b{otting {not shown, but see the Hpa Ii digest of 702-Cl DNA in
Figure 3A, lane 2). This high-molecular weight DNA 1s not present 1n the
Msp I digest in lane 2; instead there appears to be a corresponding
increase 1n the intensity of the 1.9 kb linker band.

These results show that there is little or no methylation of CCGG
sites in the viral sequences in this cell line. The trace ot high-mole-
cular weight DNA in the Hpa Il digest most likelv consists of a copy of
the 1.9 kb linker fragment attached to cellular sequences by a methvlated
cellular CCGG site. If this is the case; there 1s no evidence that any of

the viral CCGG sites are methylated.

ii. Line 702-C3:

Blot hybridization analysis of Hpa II and Msp I digests of DNA from
line 702-C3 is shown in Figure 5B, lanes 4 and 5. Comparison of these
two digests indicates that there is eXCensive‘methylation of viral sequences
in this cell line.

The Msp I digest analysed in lane 5 shows, as expected, the Ad 12-
specific 2.35 and 0.6 kb fragments, with intensities corresponding to
about 4 copies of each per cell. In addition at least 8 cell DNA + viral
DNA linker bands can be distinguished.

The Hpa I1 digest in lane 4 indicates that most of the viral CCGG
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sites in this cell line cannot be cut by Hpa Il. The 2.35 and 0.6 kb
bands are present, but are reduced in intensity relative to the Msp I
digest. Most of the Msp I linker bands are completely absent from the
Hpa 11 digest. Instead, more than half of éhe viral-specific DNA in
lane 4 is in the same high-molecular weight Hpa I[l-resistant size class
which was seen for ethidium bromide stained 702-C3 cell DNA in Figure
3a, lane 5.

I conclude that at least half of the viral CCGG sites in line
702-C3 have become methylated at the internal cytosine, as such methyl-
ation is the only modification known to block Hpa Il cleavage but permit
Msp I cleavage. The molec;lar weight of much of the Hpa II-resistant
DNA is much larger than that of the transforming Eco RI-C fragment (20 -
50 kb compared to 5.5 kb) which suggests that the viral DNA sequences are
linked to cellular sequences whose CCGG sites are also blocked by

methylation.

iii. High Resolution Analysis:

In the gels shown in Figure 5A and 5B, and in other gels, viral-
specific bands could not be resolved in the high-molecular weight, Hpa II
resistant DNA seen by blot hybridization. This was true for the trace of
viral-specific Hpa II resistant DNA seen in 702-Cl DNA, as well as for the
large amount of methylated viral DNA in lin; 702-C3.

The faklure to resolve distinct bands in this region of the gels
might be due to poor resolution of very large DNA fragments in the gel
systems used (1% agarose vertical gels run for 12 h at 2 V/cm and 0.5%

agarose horizontal gels run for 40 h at 1 V/em), or migﬁt be due to real
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heterogeneity of methylation at the CCGG éites bounding the methylated
viral DNA regions. To distinguish between these possibilities, Hpa II
digests of 702-Cl and 702-C3 DNAs were analysed in a 0.5% agarose
horizontal gel run for 96 h at 0.5 V/cm, conditions §hich should increase
the resolution of large DNA fragments (Figure 5C).

’ For line 702-Cl, this high-resolution analysas showed, that the
faint smear of high-molecular weight DNA'éeen in the low-resolution Hpa
1I analysis (Figure 5, lane 1) was actually a faint band of 20 kb (Figure
5C, lane 7). This band was not seen in a parallei Msp I digest (not
shown, but compare to lane 2 of Figuré 5).

Similar high-resolution Hpa II analysis of 702-C3 DNA is shown in

.lane 10 of Figure 5C. Two faint bands can be seen at 35 and 40 kb, super-

impbsed on a background of unresolved viral fragments. The adjacent
markers (1ane‘9) show that poor rgéolution is not simply a consequence of
fragment size, as:’:‘\33 kb marker fragment forms a sharp band.

When Hpa II éigests of cell DNA are anaiysed by gel electro-
phoresis most of the DNA is concentrated in a small area near the top of
the gel (see Figure 3A, lanes 2 énd 5). It is possible that this local
high concentration eiceeded the capacity of the agarose in this region of
the gel, and that;§he local overloading caused a loss of resolutioé of
high-molecular weight DNAffragments. ‘To test this, a lane was analysed
(in';he ééme gel) whéch gbntained only 3 ug of Hpa II-digested 702—63 DNA,

but no improvement of resolution was seen. (The autoradiograph was too

. faint for photographic reproduction, but was otherwise identical to the

one ahoﬁn in lane 10.of Figure 5.)

Although this high resolution gel eliminated the'apparent hetero~ !

arnte o e
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geneity of the high-molecular weight Hpa II-resistant viral DNA in line
702-C1l, it did not eliminate similar heterogeneity of the 702-C3 viral
Hpa II-resistant DNA. Therefore, the integrated copies of viral DNA in
this cell line may be flanked by cell DNA whose methylation patterns are

heterogeneous in the 702-C3 cell population.

iv. Sal I Analysis:

Digestions with other restriction endonucleases which are sen-
sitive to CpG methylation can also be used to study vertebrate DNA
methylation patterns., Cleavage at the Sal I recognition site (CTCGAC)
is blocked by methylation of the intermal cytosine (van der Ploeg and
Flavell, 1980). There is one recognition site for this enzyme in the Ad
12 Eco RI-C fragment used for transformation, at 3.6 kb from the left end
(Figure 1A), and cleavage of the integrated DNA at this site should give
two cell DNA-linked fragments from each integrated copy of the viral DNA,

Sal I digests of 702-Cl and 702-C3 DNAs were included in the high-
resolution gel shown in Figure 5C (lanes 8 and 11). Sal I digestion of
702-Cl1 DNA produces two distinct bands, at 33 and 5 kb (lane 8). The
702~C3 digest contains only unresolved viral fragments averaging 40 - 50
kb in size, suggesti&e of extenéive methylation (lane 11). Although not
in themselvés conclusive (no methylation-insensitive isoschizomer of Sal |,
I is‘avaiiable), the results of these digests agree with the major

conclusions drawn from the Hpa II/Msp I analysis.

&
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B. Methylation of Viral DNA at Different Integration Sites:

Analysis of the Hpa II and Msp I digestion patterns of viral
sequences in lines 702-Cl and 702-C3 suggests that virus-specific CCGG
sites may occur in both methylated and unmethylated forms. One general
observation leading to this conclusion is that while all of the viral CCGG
sites have remained unmethylated in line 702-Cl, some of the same sites
are methylated in line 702-C3. A more specific example is seen in line
702-C3. Although the 2.35 kb fragment (produced by cleavage at the CCGG
sites at 1.0 and 3.35 kb on the Ad 12 genome) is present at about 4 copies
per cell in the Msp I digest of 702-C3 DNA (Figure 5, lane 4), the same
fragment is reduced in Hpa }I digests of the same DNA (1 - 3 copies/cell;
Figure 5, lane 5).. This implies that the CCGG sites at 1.0 and 3.35 kb
are present in both unmethylated and methylated forms in this cell line.
The same argument can be applied to the site at 3.95 kb on the viral genome,
which gives rise to the 0.6 kb fragment.

The partial methylation of these viral sites does not reflect non-
specific partial methylation of all CCGG sites associated with the viral
sequences (i.e. each site having a 50% probability of being methylated in
any one cell). Most of the viral linker bands seen in the Msp I digest
(Figure 5, lane 5) are absent from the parallel Hpa II digest. This
implies Ehat t#e sites which give rise to these fragments are methylated
in W1l cells in the population.

These observations suggesﬁ that copies of the viral DNA which are

integrated at different sites may have different patterns of methylation.

I have used double digesfs,to investigate the relationship between
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methylated and unmethylated CCGG sites in the viral and adjacent cellular
DNA,

As discussed in Section I, digestions with the enzymes Eco RI
and Bam HI will give fragments each containing an integrated copy of the
viral DNA with its adjacent cellular sequences. To determine if the CCGG
sites in these fragments were methylated, the susceptibility of phe Eco
RI and Bam HI viral fragments to Hpa II was determined. Double digestions
using Eco RI + Hpa II and Bam HI + Hpa II were compared to the Eco RI and
Bam HI digestions which were shown in Figure 2. (The comparisons are

shown in Figure 6.)

i. Line 702-Cl: (Figure 6, lanes 1 - 5)

Hpa LI and Msp I digestions have already shown that the viral
CCGG sites in this cell line are not methylated (Section II, par; A).
Consistent with this, the two viral-specific bands seen in both Eco RI

digests (30 kb and 4 kb) and Bam HI digests (30 kb and 16 kb) are cut by

Hpa II (compare lane 1 with lane 2, and lane 4 with lane 5).

ii; Line 702-C3: (Figure 6, lanes 6 - 10)

Comparisons of the 702-C3 double digests in lanes 7 and 10 with
the Eco RI and Bam HI digests in lanes 6 and 9 confirm the hypothesis
that the viral sequences at different integration sites have differenc
patterns of qethylation. The most striking observation is that some Eco

RI and Bam HY viral fragments are totally resistant to cleavage by Hpa II.

" Fragments which contain a complete copy of the Ad 12 Eco RI-C fragment

will contain 8 CCGG sites, and the cellular sequences in these large Eco
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Figure 6. Hpa II and Msp I cleavages of the Eco RI and Bam
HI viral integration fragments of 702-Cl and 702-

C3 DNAs.

. 10 ug samples of 702-Cl DNA (lanes 1 -_5) and 702-C3 DNA (lanes

6 - 10) were digested as indicated below, separated by electro-~
phoresis 1in a 0.5% agarose gel at 0.5 V/cm for 70 hr, blotted,
and hybridized to a 32p_1abelled Eco RI-C probe. Lanes l and 6,
Eco RI; lanes 2 and 7, Eco RI + Hpa II; lanes 3 and 8, Eco RI +
Msp I; lanes 4 and 9, Bam HI; lanes 5 and 10, Bam HI + Hpa II.
The 7X marker lane in the centre contained 0.3 ng of HpaAdIl-
digested Ad 12 DNA plus 10 pg of Hind III-digested normal rat

DNA *
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RI and Bam HI fragments are likely to include several additional CCGG
sites.l The total resistance of some of the Eco RI and Bam HI fragments
to cleavage by Hpa II means that all of these CCGG sites (viral anq
cellular) are blocked by cytosine methylation.

The 11 kb Bam HI fragment is totally resistant to Hpa II. The
13 kb fragment is partly resistant (lanes 9 and 10). The two larger
Bam HI fragments (20 ahd 18 kb) are cut by Hpa II, giving three faint
fragments of 17, 15.5, and 14 kb; fragments this large are not seen in
any Msp I digestions of 702-C3 DNA, (Figure 5, lane 4) so these fragments
must contain methylated CCGG sites,

Similar results are seen in the Eco RI + Hpa IIY d;gest in lane 7.
The faint 40 kb fragment and the double-intensity 27 kb f;agment are both
highly resistant to Hpa II which implies that all internal CCGG sites
in these fragments are methylated. The 17 kb band appears partly resistant,
while the 22 kb band is éntirely absent after Hpa fI + Eco RI digestion,
I have observed some variability in the relative intensities of some of
the 702-C3 viral bands after Eco RI and Eco RI + Hpa II digestioms.
Although the Hpa ‘Il resistance of the 40 kb fragment and the Hpa II

sensitivity of the 22 kb fragment are reproducible both the 27 kb and 17

kb fragments hatve varied from about 50% to 1007 Hpa II resistant in dif-

ferent experiments. These variations are seen both within and between
diffe;ent DNA preparations, and probably result from variability inherent
in the experimen;al techniques.

Both Bam HI + Hpa II and Eco RI + Hpa IIX digestion patterns are
consistent with total methylation (at CCGG sites) of the yiral DNA at one

integration site in all cells, total methylation of a second viral

gt - A i 2 e
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integration site in 50% or more of the cells, and the presence of
unmethylated CCGG sites in the viral DNA at the other major integration

sites in all cells.
C. Line 702-C2: (Figure 7)

I have characterized the viral integration sites in a sister
cell line, 702-C2, in less detail. This cell line was found to contain
about 9 copies of the Ad 12 Eco RI-C fragment per diploid amount of cell
DNA by analysis of reassociation kinetics data (Mak et al, 1979). I
have resolved 9 major and 2 minor Ad 12-specific Eco RI fragments in DNA
from these cells, using the high-resolution gel electrophoresis des-
cribed above (Figure 7a). These fragments range in size from 9 to 42 kb.

Blot hybridization analysis of viral-specific Hpa II and Msp I
fragments (Figure 7b) shows patterns similar to those of line\702-C3.
More than half of the viral DNA remains in the 15 - 50 kb region of the
gel after Hpa II digestion; Msp I fragments are mostly between 2 and 4
kb (lanes 3 and 4). This implies that at least half of the CCGG sites °
assoclated with viral‘sequences are methylated. The Ad 12-specific Hpa
II fragments (2.35 and 0.6 kb) are faint in the Hpa II digest (2 - 4
co?ies per cell), 'but much darker in the Msp I digest, so most of the CCGG
sites whigh define these two fragménts must be methylated.

Comparison of Eco RI + Hpa II digests with parallel Eco RI digests
(Figure 7c, lanes 6 and 7) shows three bands of Hpa II-resistant viral
DNA (indicated by arrows beside lane Q) all of which co~$igrate with Eco

RIban4é and are of comparable intensities. This is a low resolution gel



46

Figure 7. Restriction endonuclease digestion patterns of

viral sequences in 702-C2 cells.

10 yg samples of DNA from line 702-C2 were digested with Eco
RI, Hpa II, Msp I, or Eco RI + Hpa II as indicated, separated
by electrophoresis, blotted, and hybridized to a 32p Ad 12 Eco
RI-C probe. Lane 1 is from one gel (0.5% agarose, 0.5 V/cm,

96 hr) lanes 2 - 5 and 6 - 8 are from two additional gels (0.5%
agarose, 1 V/cm, 65 hr). The high molecular weight markers
(lanes 2 and 8) contained 120 pg of the same Ad 12 digests as

lane 7 of Figure 2 (the major bands are 33, 12.5, 7.9, 5.5, and

3.6 kb). The Hpa II marker, (lane 5) contained 120 pg of Hpa II-

L
digested Ad 12 DNA.
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compared to the one in lane 1, and the lowest of the Hpa IT-resistant

bands in lanes 6 and 7 is probably two unresolved fragments.

I conclude that this cell line, like 702-C3, contains single copies

of the transforming Ad 12 fragment integrated at 9 or more sites in cel-
lular DNA. At three or four of these sites, all of the CCGG sites in
viral and flanking cellular sequences are methylated.

D. Methylation Patterns of Viral Hind III Fragments:

To allow analysis of viral methylation patterns in the three
cell lines at a finer scale, Hind III digestions were used. Hind III
cuts at two sites in the Eco RI-C transforming fragment (Figure la)
ylelding two cell DNA-linked fragments and one internal viral fragment
of 1.2 kb from each separately-integrated copy. The Hpa II map in Figure
1b show§ that all of these Hind IXI fragments will contain viral CCGG
sites, and thus should be amenable to Hpa II/Msp I analysis.

Figure 8 shows Hind III, Hind III + Hpa II, and Hind III + Msp I
digestion patterns for viral- specific DNA from all three cell lines.
Comparisons of Hind III and Hind IXII + Msp I digestion patterns show that
most of the Hind III fragments in each cell line are cut by Msp I as
predictea, and therefore can be anélysed for methylation of CCGG sites by
Hpa II digeétions. (Compare lane 1 with lane 3, lane 4 with lane 6, and
lane 7 with lane 9.)

The 1.2 kb Hind III fragment is of course present in multiple
copies in digests from all three cell lines. This fragment is cut by

Msp I to 1,03 kb, but its disappearance is obscured by the appearance

v ————
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Figure 8. Hpa II and Msp I cleavage patterns of the Hind
II1 viral integration fragments of transformed

cell DNAs.

10 ug samples of transformed cell DNAs (left panel 702-Cl,
centre panel 702-C2, right panel 702-C3) were digested as
indicated below, separated by electrophoresis in 1% agarose
gels at 2 V/cm for 12 hr, blotted, and hybridized to a 3?p

Ad 12 Eco RI-C probe.

Hind III lanes 1, 4, and 7; Hind III + Hpa II lanes 2, 5, and

8; Hind II1 + Msp I lanes 3, 6, and 9.

7
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of a new, Hind 1I1 + Msp I fragment of 1.2 kb (predicted by the cleavage

maps in Figure 1).

i. Line 702-Cl (Figure 8, left panel)

In addition to the Ad 12-specific 1.2 kb Hind 111 fragment, line
702-Cl has three Hind I;l_cell DNA-viral DNA linker bands (Figure 8,
lane 1). This is in agsgement with the three Hpa IT linker bands seen
in Figure 95, lane 1.

All of the Hind I1I viral fragments in line 702-Cl are cut by
Hpa II (compare lanes 1l and 2), This is in agreement with the earlier
conclusion that there is no methylation of viral sequences in this cell
line. One faint linker fragment of 4.0 kb, produced by Hind III + Hpa
IT digestion, is further cut by Hind III + Msp I digestion, apparently
to a fragment which co~migrates with, another linker fragment at 1.9 kb.
This agrees with the earlier observation in this cell line of a Hpa II
fragment, containing viral and cellular sequences, which was cut by Msp
I to co-migrate with a 1.9 kb linker fragment (Figure 5). All other
bands are identical between the Hind III + Hpa Il and Hind III + Msp I

o

digests.
ii. Line 702-C2: (Figure 8, centre panel)
1 5
In the blot hybridization of 702-C2 Hind III digests shown in
lane ‘4, 14 viral bands are resolved. Some of these bands are probably
composed of co-migrating but unrelated fragments, as 9 integration sites

should give rise to 18 linker bands. The intensityhof the 1.2 kb viral

’
4




v
band is commensurate with the large number of copies of the transforming
fragment present in this cell line.

The 702~C2 Hind III fragment of 2.0 kb may contain a CCGG site,
but possible cleavage is obscured by Hind IIT + Hpa II and Hind III +
Msp I fragments of similar intensities and mobilities, The other twelve
of fhé thirteen Hind III linker fragments are seen to be cut by Msp I;
of these only three_are cut by Hpa.IL (those at 5:9, 4.5, and 2.4 kb
compare lanes 4 and 5). The 4.5 kb band is only partly sensitive; about
552 of the viral DNA in this band remains Qﬁcut by Hpa II. The intensity

of this 4.5ka band is double the maximum predicted for a single Hind III

linker fragment, and it probably results from two or more co-migrating

fragments. ‘

Kl

The Hpa II and Eco RI + Hpa II, digests of 702-C2 DNA seen in

Figure 7 showed that the viral sequences in this cell line are extensively

_ methylated. This analysis of Hind III fragments confirms and extends

the previous results for this cell line, showing that mqg%_of the viral
DNA-~cell DNA linker(fragmeéts contain methylated CCGG sites but no un-
metliylated sites. The 9% tptally methylated Hind IIY¥ bands cannot be
accounted for solely by the number of totally methylated copies of the
transforming fragment which were identified in Figﬂfe 7. (The 3 (or.4)
totally methylated copies in line 702-C2 would give 6 (or 8) Hind III
linker bands’ whici coptaiA only méthylated CCGG sites.) The additionai
totally methylated Hind IIT linker bands must come f;ém intégrated coples

Tou
which. also contain some unmethylated CCGG sites.
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iii. Line 702-C3: (Figure 8, right panel)

Like line 702-C2, this line has been shown in previous sections
to be heavily methylated at viral CCGG sites. There are 9 Hind III
linker bands in the 702-C3 digest; as expected from the maps in Figure 1
all of these are cut by Msp I (compare lanes 7 and 9). Only two of these
Hind III bands are cut by Hpa II (lane 8), one at 7.6 kb and one at 4.7
kb, (The 4.7 kb band is poorly separated from a band at 4.5 kb which is
not cut by Hpa II.) .

As in 702-C2 DNA, a high proportion of the CCGG sites in the
Hind III linker fragments are methylated (7 resistant bands out of 9),°
and these cannot be accou?ted for by the small number of copies which
were estimated‘to be completely methylated in Section IV-B. Integrated

copies Of the viral DNA which contain unmethylated CCGG sites must give

rise to some of the totally methylaied Hind III linker fragments.

V. DNase IlDigestions.

Other researchers have described correlations between the methy-
iation of specific sites in genes and the transhription of those genes;
In particulér, Wéalwijk and‘Flévell (1978b) and McGhee and Qinder (1979)
. haQe identified CCGG sites in globin ggnes which are methylated only in'
tissues wﬁich do not tranScriB; the globin gene sequences. The Ad 12~
transformed cell lines 702-C2 and 702-C3 contain copies of the Ad 12-
transforming f;agment which'are methylated at all CCGG sequences, and some
copies which are ynmethylated at some CCGG sequences. Line 702-Cl contains

the same viral genes in a totally unmethylated state. Therefore; I .have
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tried to test the hypothesis that the totally methylated integrated
copies of the transforming viral sequences are not transcriptionally
active.

Transcriptional activity of a DNA sequefce is normally determined
by assaying the cells for complementary RNA. It has already been deter-
mined that these transformed cells do contain RNA complementary to the
transforming Eco RI-C fragment (Mak et al, 1979). To determine which of
the integrated copies are transcriptionally active, I have used limited
DNase I digestions of the transformed cell chromatin. DNase I will
discriminate between the chromatin conformations of active and inactive
DNA sequences, preferentially digesting the former (Weintraub and Groudine, .
1976). ’

The preéerential degradation of active DNA sequences by DNase I
digestion of chromatin has usually been assayed by reassociation kinetics
analysis of the gene sequences p?esent in DNA from control and DNase I-
treated nuclei, with probes for inactive gene sequences used as negative
controls. The sensitivity of specific DNA sequencess to DNase I can also
be determined by comparison of blot hybridization analyses<of control and
DNage treated DNAs. This technique is less cumbersome than analysis of
reassociation kinetics, and is the onl& method suitable fofvthe identifi-
cation of traﬁs;riptionally inactiv; integrated copies of the viral DNA
in the transformed cell lines.

No probes were available for{genes known to be totally active
or totally imactive in the transformed cells, which could have served as
positive and negative coantrols for tﬁe DNase I digestions. Accordingly,

|

the classification of a viral-specific band as DNase I-sensiti§e or. ’ .
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resistant was done by comparison with the extent of degradation of total
cellular DNA and of other viral bands in the blot hybridizatioms.
Interpretation of DNase I digestions analysed by blot hybridi-
zation is made more complex by the background of non-specific DNase I
cleavages; large DNA fragments are more rapidly degraded by this random
fragmentation than are small fragments, because of their larger target
size. Resistance or sensitivity of any one band must be assessed by
comparison with the relative survival of adjacent bands of similar sizes.
Nuclei were prepared from transformed cells by hypotonic lysis
with NP-40 and were digested lightly with DNase I (0 - 5 ug/ml for 5

minutes). The extent of digestion was such that greater than 957 of the

DNA remained acid precipitable, The DNase I-resistant DNA was then puri-

fied and digested with Eco RI. The fragments were separated by gel electro-

phoresis, blotted, and hybridized to the 32p_labelled Ah 12 Eco RI-C probe.
Results of one such experimeng are shown in Figure 9. There are

two interesting findings. The first is the appearance of new DNase I-

specific banés in blot hybridizations of all three cell lines. The second

is that no clear-cut differences can be seen in the nuclease sensitivities

of thé various Eco RI bands in each cell line.
A. Sequence~specific Cleavages by DNase I:

In all three cell lines, DNase I digestion of nuclei produced new

viral-specific bands in Eco RI digests of the purified DNAs. These bands

can be seen in Figure 9 when the DNase I-treated lanes 2, 6, and 9 are

compared to the adjacent control DNA lanes 1, 5, and 8.
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Figure 9. DNase I sensitivity of viral Eco RI fragments in

nuclei from lines 702-Cl, 702-C2, and 702-C3.

Nuclei were prepared from transformed cells and treated with
DNase I at the indicated concentrations for 5'. DNA was then
purified, digested with Eco RI, separated in a 0.5% agarose gel
at 1 V/em for 65 hrs, and analysed by blotting and hybridization

to é 32p Feo RI-C probe.

Lanes 1 - 3, 702~-Cl; lanes 5 - 7, 702~C2; lanes 8 -10, 702-C3.
Lanes 1 - 7 are from a single gel; lanes 8 - 1l are from a

shorter exposure of a second gel.

The marker lanes 4 and 11 contained intact Ad 12 DNA and the
Sal I, Bam HI, and Eco RI digests of Ad 12 DNA which were des-
cribed for Figure 2 (33, 12.5, 7.9, 5.5, and 3.6 kb). Lane 4,

120 pg of each digest; lane 11, 60 .pg of each.
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i. Line 702-Cl: (Figure 9, lanes 1, 2, and 3)

Three new viral-specific bands are seen when Eco RI-digested
DNA from DNase I-treated 702-Cl nuclei is analysed by blot hybridization
to the Ad 12 probe (compare lanes 2 and 3 to lane 1). These new bands
are about 25, 11, and 7 kb in size; their positions in Figure 9 are
indicated by the arrows beside lane 1. The new bands in lanes 2 and 3
are a product of DNase I digestion, as they are not present in the control
702-Cl DNA in lane 1,

The DNase I-treated DNA samples analysed by Eco RI digestion and
blot hybridization in lanes 2 and 3 h;ve also been analysed by electro-
phoresis and blot hybridization without prior restriction endonuclease
digestion (Figure 10, lane 2). No viral-specific bands are seen in this
autoradiograph, so each of the DNase I-specific bands seen in the Eco RI
digests (Figure 9, lanes 2 and 3) must be bounded by an Eco RI cleavage
site at one end and a site or region which is extremely sensitive to‘DNase

I at the other end. (I shall refer to these as "DNase I-sensitive sites".)

ii. Line 702-G2: (Figure 9, lanes'5, 6, and 7)

Line 702-Ci contains maqf large Ad 12-specific Eco-RI fragments
(;een in Figure 7a) which'ére only poorly resolved in Figure 9 (lane 5).
ﬁesolution in lanes 6 and 7 is further hampered by the'ﬁigh background
produced by DNase I digestion. In sgite of-these difficulties, the Eco .
RI digests of DNA from DNase I-treated nucléi in lanes 6 and 7 can be seen
to contain new ﬁandé at'abOut 12 kb ané 8 kb, not present in the digest of

control DNA in lane 5 (indicated by the arrows beside lane 7)., As with

-
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Figure 10, Relative DNase I sensitivities of total cellular
DNA and of integrated viral sequences in trans-

formed cell nuclei.

Nuclel were prepared from transformed cells and treated with
DNase I.for 5 minutes (702-Cl, lgnes 1 and 2, 2.5 ug DNase 1/
ml; 702-C2, lanes 3 and 4, 5 ug DNase I/ml; 702-C3, lanes 5 and
6, 5 ug DNase I/ml). The fragments were separated by electro-

phoresis in 1% agarose gels at 2 V/em for 12 hr.
Lanes 1, 3, and 5; photographs of ethidium bromide-stained lanes.

Lanes 2, 4, and 6; autoradiograms of the same lanes after

blotting and hybridization to a 3?P Eco

)

RI-C probe. :
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line 702-Cl, there were no well-defined viral bands when gels of un-
restricted DNase I-treated DNA were analysed by blot hybridization

(Figure 10, lane 4).

iii. Line 702-C3: (Figure 9, lanes 8, 9, and 10)

In line 702-C3, DNase I digestion produced sharp new bands of 24
and 13 kb, as wéil as several diffuse smaller bands, in the Eco RI
digests in lanes 9 and 10 (indicated by arrows beside lane 8). Diffuse
bands have also been seen in Bam HI digests of DNA from DNase I-digested
702-C3 nuclei, at about 7 and 9 kb (not shown). -

Although DNA from cell lines 702-Cl and 702-C2 DNase I-digestion
experiments showed only diffuse regions of greater hybridization when
analysed by blot hybridization without restriction endonuclease digestion
(Figure 10, lanes 2 and 4), DNA from DNase I-treated 702-C3 nuclei showed
a well-defined band (Figure 10, lane 6). This b;nd must result from
sequence—spe;ific cleavages by DNase I at two of the DNase I-sensitive
sites, and its size, 10 kb, gives one value for the distances between

such sites. Because the 10 kb fragment is larger than the 5.5 kb

" transforming fragment, at least one of the sensitive sites must be in

cellular-sequence chromatin.

iv. Controls:

The presence of DNaée I-specific bands in autoradioggaphé of
Eco RI-digested DNAs implies that the DNase I-sensitive sites are sequence
specific, and that thé newwviral bands seen in DNA from DNase I-digested

nuclei do not result simply from cleavage of a repeating higher-order

1 .

——— et e
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chromatin structure, in a manner analogous to the.production of nucleo-
some-multimer fragments by limited micrococcal nuclease digestion of
chromatin (Noll, 1974). This is confirmed by the absence

of bands in ethidium bromide-stained gels of unrestricted DNA from DNase
I-digested nuclei (Figure 10, lanes 1, 3, and 5). Similarly, Eco RI and
Hind III digestions of DNase I-treated DNAs showed only the same repeti-
tive~-DNA bands which are seen in digests of control DNAs (not shown).
Thus, I conclude that the new viral bands s;Zn in the DNase I digests in
Figure 9 occur because DNase I preferentially cuts at sequence-specific
positions in the chromatin at or near the viral integration sites.

These sequence-specific cleavages by DNase I could occur because
the enzyme preferentially binds to and cuts at particular DNA sequences,
or because the DNA sequence determines—a nucleosome or chromatin confor-
mation which leaves the sequence exposed to the nuclease. To distinguish
between these explanations, DNA was purified from 702-C3 cells and the
naked DNA was digested very lightly with DNase I (0.1 - 1.0 ng DNase I/'
ml for 5 minutes). No new bands are seen in either Ec; RI-digested or
Eco RI—uﬂdigested samples (Figure 11) showing that the specific cleavages

P .

by DNase I are dependent on chromatin structure
B. DNase I Sensitivities of Viral Eco RI Fragments:
Overall, the chromatin regions vhich contain Ad 12 sequences are

only slightly more sensitive to DNase I than is the bulk of cellular DNA.

This conclusion comes from comparisons of the size distributions of

[or
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Figure 11. DNase 1 sensitivities of viral sequences in

purified 702-C3 DNA.

Purified DNA from 702-C3 cells was digested with DNase I for

5 minutes at the concentrations indicated in the figure and re-
purified. Samples were gnalysed (with and without Eco RI di-
gestion, right and left panels respectively) by electrophoresis
in a 0.5% agarose gel at 0.5 V/cm for 75 hr, blotting, and

hybridization to a 32p Eco RI-C probe.
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a) total cell DNA (not digested with ? restriction endonuclease) from
DNase I-digested nucleil, in agarose gels stained with ethidium bromide
(Figure 10, lanes 1, 3, and 5), and b) the vi;al sequences in the same
gels visualized by blot hybridization and autoradiography (Figure 10,
lanes 2, 4, and 6). This is consistent with the possibility that only
some of the integrated viral sequences are active.

The DNase I-Eco RI blot hybridization experiment in Figure 9

was intended to show which of the integrated copies of the Eco RI-C

fragment had the DNase I sensitivity characteristic of active chromatin,
and which were transcriptionally inactive. Unexpectedly, the individual
viral-specific Eco RI fragments seen =N Figure 9 cagaot be neatly classi-
fied&;nto two categories on the basis of sensitivfi& or resistance to
DNase I.

None of the viral Eco RI fragments (those bands which are present
in the control Eco RI digests in Figure 9) appear to be highly sensitive
to DNase I. Instead, the relative rates of disappearance of these bands
resemble what would be ptoduced by r;ndom fragmentation of chromatin; the
high molecular weight fragments at the tops of the lanes disappear after
very light digestion because of their large target sizes, while the “smaller
fragments persist to greater extents of digestion.

There may be several factors in these blot hybridization experiments
which would tend to blur the distinction between active and inactive’

chromatin conformations. DINA fragments larger than 10 kb are difficult to

analyse ﬁy electxophoresis and blotting, and subtle distinctions are often

lost. Large DNA fragments may also be heterogeneous in chromatin/confor-
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mation (e.g. a few kilobases of active chromatin flanked by inactive
regions,or?ingctivz chromatin containing a DNase I-sensitive site).

Both of these problems aan be minimized by confining the blot ¢
hybridization analysis to the smaller viral DNA‘“fragments produced by
Hind III digestion. Nearly all of these fragments are between 1 and 10.
kb in size. These fragments can be more reproducibly transferred to nitro-
cellulose, and are less likely to be heterogeneous in chromatin confor-
mation.

1

c. Hind ITI Analysis of DNase I Semsitivities:

When Ad 12-specific Hind IIIlfragments are displayed by blot

hybri&ization, each .fragment does not contain an entire integrated copy

of the transforming DNA. Instead each intégrated_coﬁy gives_rise‘te two

cell DNA-linked fragments plus a 1,2 kb internal fragment. Thus it will
not be poséibié to determine the DNase I sensitivity or resiséance of any.
*individual copy of the Ad 12 DHA by Hind IIT analysis.

The extent of methylation of CCGG aites in the Hind III linker
‘bands was established in Scetion IV, part D, Unmethylated.CCGG sites are
present in a11 three 702-c1 Hind III linker bands, three of the thitteen
702-C2 bands, and two of the nine 702-03 bands, The remaining 702—02 and
702-C3. Bind III linker bands cantain only mcthylated CCGG sites. It may
be possible to teat the hypothesis that methylated DNA is transcriptionally
1nactibe DRA ’by determining_whcthet those banda which contain unmethylated
CCGG sitea have a DN&se I»sensitive chromatin conformation while the bands

methylate& an all Gcceéﬁites are DNaee I resistant. D

’
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Because the 1.2 kb band will contain DNA derived from all of the
integrated copies, it must be excluded from the analysis of DNase I
sensitivities. Similarly, because the methylation status of the 2.0 kb
band from %O?—CZ DNA is unknown it is excluded.

Nuclei from the three cell lines were given limited DNase I
digestions énd the remaining DNase I-resistant DNA was purified and
digested with Hind III ot Hind III + Hpa Ii. The fragments were separated
by electrophoresis in vertical gels_of 1% agarose, blotted, and hybridized
to the sz—labe}léd Ad 12 Eco RI-C probe. Representative autoradiograms

are shown in Figures 12a and 12b. For each cell line Hind I1I and Hind

III + Hpa II digests of both control and DNase I-digested preparations are

shown. ’ SRR

i. . . Line 702-Cl: H(Figure 12a, lanes 1 - 4) ,~;N/
In Section IV, part D, I showed that all of the Ad 12—specific

Hind IXI fragments of line 702-Cl contain unmethylated CCGG gites (i e.

sites whicly can be cut by Hpa II). This is confirmed by the digests shown

in lanes 2 and .1, _whiéh cont_aiix respectively Hind III and Hind III + Hpa II

, digests of 702-Cl comtrol DNA. Laxieq 3 and 4 contain comparable ﬁigests

of DNA from nuclei diges‘ted with 2,5 ugDNese I.°
The 702~Cl viral Hind III bands are widely. separated, so their

targe’t: sizes are not comparable- they are also of very diffetent inten- -

Rl

sities. Becauee of th‘is, comparison of rela;ive band iatensities in the
control and DNase I«-treat:ed lanes does not give a very goud indication of

t:'he relative Duase I sensif:l.vit:tes of the 702-Cl DNA fragments‘
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Figure 12. DNase I sensitivity of viral Hind III and Hind
III + Hap I1 fragments in nuclei from lines 702-

Cl, 702-C2, and 702-C3.

Nuclei were digested for 5 minutes with DNase I at the concen-

trations indicated, and the DNA was purified and digested with

\

the restriction enzymes specified below, Fragments were separ-

ated in 1% agarose gels at 2 V/cm for 12 hours, blotted, and

‘hybridized to a 32p Eco RI-C probe.

A. Left panel, 702-Cl; right panel, 702-C2Z. Lanes 1, 4, 5, and
8, Hind III + Hpa II; lanes 2, 3, 6, and 7, Hind III. Lanes 3

and 4 contain 20 ug DNA, other lanes contain 10 ug.

.B. 702-C3 DNA. Lanes 1 and-é,lnind I1I + Hpa_ II; lanes 2, 3,

’

lanes coantain 10 ug.

“and 5 - 8 Hind III. Lanes 3 and 4 contain 20 ug DNA, the other -
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There are no obvious differences. in the sensitivities of the
individual Ad 12-specific bands to DNase I, The only fragment that con-
tains a methylated CCGG site is the faint 4.0 kb linker band seen in the
Hind III + Hpa II digests in lanes 1 and 4. (This band is absent from
the Hind III + Msp I digest shown in lane 3 of Figure 8.) This bghd does
not show a disproportionate decrease in intensity after DNase I digestion
(compare lanes 1 and 4), and I conclude that it is not significantly more

DNase I resistant than the other bands.

i1, Line 702-C2: (Figure 12a, laneg 5 - 8)

I have earlier shown that most of the Ad 12—speci§ic Hind IIE
fragments in this cell 1iné contain only methylated CCGQ sites ( i.e. no
unmethylated CCGe sites); .only the bands at 2.4, 4.5, and 5.9 kb arecut
by HpaII (lanes 5 gnd 6 of Figure 12a, see ;150 Figure 8). In the Hind
IIi digest of DNA from DNase I—;rgated 702-C2 nuclei shown in lane 7,

the bands larger than 7 kb have all beéomb very faint, as a consequence

" of their large target size. IH less extensively DNase I-digested samples

these bands show no preferential sensitivity to DNase I.
Of the bands smaller than 8 kb, only the three Hpa II-sensitive
bands described above appear go be semsitive to digestion of nuclei with

‘DNase I. 'The sensitivities are estahlished By the following criteria:

+

- 2.4 kb band - In the control dfgest in lape 6 this band is darker than
the bands 1mmed1ately above and below it, and 1t is completely cleaved by_v'

’ Hpa II (lane 5). In the Hind Ir1 digeat of the Dﬂase I-digésted sample,

d
the same 2 4 kb band has become vgry faint, more 80 than the bands above
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and below it. The decrease relative to the higher molecular weight band
above it is very significant, because the 2.4 kb band has the smaller
target size and will suffer less random cleavage by DNase I. Therefore

its increased cleavage relative to the larger band must be due to pre-

. ferential cleavage by DNase I of the 2.4 kb band.

I3
i

5.9 kb band - In the control (lane 6) this band is equal in intensity to
the band directly above it; this band is completely cut by Hpa II in
lane 5. After DNase I digestion the 5.9 kb band has become much fainter

than the band above it (lane 7).

4,5 kb band - The 4.5 kb band is very da;k in lane 6, and is probably a
double band; the intensity of this band was found‘to be reduced a£out

45% by Hpa II cordigestion (Figure 8, lanes 5 and 6). The intens%t& of
this band appears to decrease substantially more on DNase I digeétion than
the intensity of tﬁe methylated band directly below it, and more than the
Qands above it, although -this is not as mark?d as for-the 24 and 5.9 kb
bands. &he extent of mechylétion of the Dﬁasehl—resistant DNA in this band
in 1$ne 7 was degermined by digestion with Hind III + ﬁpa II (Lane 8).

The band is only slightly 1eés.§ensitive té Hpa II than the cont;él band

(407 reduction In intensity), so the DNase I-resistant sequences In the °

band are -only sliéhtl& eariched in methylated sequences.. This suggests

that. both the methylated and unmethylated components of this band may be
moderately sensitiVe‘to DNaée‘Il However, this is based on only one Hpa

II-analysis of the 4.5 kb band, so no firm conclusions can be draynf
: i

m(thére are two dark bands (about 3.5 and 3.0 kb) in the Hind III digest in
- , N . | iy . i

lane, 6, and, in the DNase I-treated fanes 7 and 8, the lower of these
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bands appears to be decreased in intemnsity relative to the upper band.
The apparent DNase I-sensitivity of this 3.0 kb band is an artefact, 8
seen because the autoradiogram was overexposed to bring out the faint

bands in the DNase I-treated lanes.)

1i4.  Line 702-C3: (Figure 12b)

Hind III and Hind III + Hpa II digests of DNA from DNase I-

- digested 702-C3 nuclel are shown in Figure 12b, lanes 3 and 4, with similar

digests of control DNA in lanes 2 and 1 for comparison. The DNase I-
treated DNA analysed in lanes 3 and 4 is extensively digested, and most
bands have become very faint. A range of‘DNase I digestion; from the
same experiment arevshqwn in lanes 3 - 8. |

‘ Like line 70%—02, the viral sequences in this cell line are highly :

methylateq. Only two of the Hind III linker bamds contain unmethylated

B o2l U DR,

CCGG sites (4.7 and 7.6 kb; lanes 1 and 2). Only the 4.7, band is prefer-
% . '
entially digested by DNase I. This band is poorly separated in these gels

from a mgﬁhylatedlband of .4.5 kb (compare lanes -1 and 2).. Two obser—

o e\ AAREE o 5 e il o

vations suggest that the decrease in intensity-of the broad 4.5 - 4.7 kb
band in DNA from DNase I~digested nuelei is due to preferential digestion
of the 4.7 kb band. 1) The shape and mobility of the dbublet‘band are

shifted, from the broad band averaging 4.6 kb in control digests (lanes

e — .
e NG OY

2 and 5) to a sharp 4,5 kb band in DNdse I—tfeated digests (lanes 3 and 8).

2) The Hind IIL + Hpa II co-digestion in lane 4 shows that all of the

w

Dilase I-resistant sequentes in 5his band are also Hpa II resistant and .

‘

’
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None of the other 702-C3 Hind III bands have shown significant
and reproducible sensitivities to DNase I. In particular, although the
unmethylated 7.6 kb band has occasionally appeared to be disproportion-
ately reduced in digests of DNA from DNase I-digested nuclei, this

decrease has not been reproducibly significant. ¢

iv, DNase I—;pecific bands in Hind III digestions:

The DNase I-digested DNAs used for the Hind III analyses shown in
Figures 12a and 12b have also been analysed by Eco RI digestion. Some
of these Eco RI digests were shown in Figure 9. Although new DNase I-
specific bands were seen in tbebEco RI blot hybridizations of all three

cell lines, new viral bands were never seen in the Hind III analyses

(Figure 12).

. V. Control digestions: ‘ »

"To cogfirm that the DNase I sengitivities which were ;déntified
for some Hind ITI bands in lines-702—02 and 702-C3 (Figure 12) were due
to theilr chropatin conformation, purdfied DNA from th;se cell lines was
digested with DNase I and amalysed by Hind III digestion and blot hybridi-
zat;yn (Figure 13}ﬂ No preferential digestion of any Hind III fragments
was seen in DNA from_eiﬁher cell line. '

- In particular it can be seen foriliﬁe-702~02 (left panel) that
iﬁe 2.4°kb fragment remains &arker than thé flanking bands, while in DﬁA

from DNase I-digested nuclei it became fainter than the adjacent bands

(compare with Figure 12a, late 7). In iine‘702-03 (right panel) there is

- . . : a . [ -
no shift in the width or average mobility of the 4.54 4.7 kb double band
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Figure 13, DNase I sensitivities of viral Hind III inte-
gration fragments in purified DNA from 702-C3

and 702-C3 cells.

Purified DNA from 702-C2 cells (left panel) and 702~C3 cells
(right panel) was digested for 5 minutes with DNase I at the
éoncentrations indicated on the figure, re-purified, and

digested with Hind III. The fragments were separated by el-

. ectrophotesis in 1% agarose gels for 14 hr (left panel 1.5 V/

cm, right panel 2 V/cm), blotted, and hybridized to a *?P Eco

RI-~C prbbe.
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on increasing DNagse I digestion, and it remains substantially darker
than the bands above it. This should be compared to lanes 3 and 8 of
Figure 12b, where the 4.7 kb band has been preferentially cleaved by
DNase 1I. .

In summary, DNase I digestions have shown that there are dif-
ferences between the chromatin conformations of methylated and unmethylated
viral integration fragments in cell lines 702-C2 and 702-C3. Of the total
of five Hind III bands containing unmethylated CCGG sites which were seen
in the two cell lines, four were clearly sensitive to DNase I (the 2.4, 4.5,
and 5.9 kb bands in line 702-C2, /and the 4.7 kb band in line 702-C3). Of
the sixteen Hind III bands totally méthylated at CCGG sites, fifteen were
DNase I resistant. (The DNase I sensitivity of the two non-conforming
baﬁds‘(Q.S kb in 702-C2 and 7.6 kb in 762-C3) was equivocal, and the methyl-
ation of the 2.0 kb band in line 702-C2 could not be determined because of

co-migrating fragments.) The implications of this correlation will be

considered in the Discussion.




DISCUSSION

The experiments described in the preceeding section were designed
to investigate the methylation of viral DNA in Ad 12-transformed cells.
Before the patterns of viral DNA methylation could be determined, it was
necessary to find out how the viral DNA sequences were arranged in the

)

cellular DNA.

I. Patterns of Integration

Blot hybridization analysi§ of DNA from line 702-C3 with restric-
tion endonucleases which do not cut within the viral DNA (Eco RI, Bam HI,
Bgl II) yielded four bands with intensities correspopding to one copy each
of the transforming DNA (Figure 2, lanes 4 - 6). Similar analysis of line
702-C2 DNA with Eco RI gave nine such bands (Figure 7; lane 1). In the -

following. discussion I have made the working assumption that each of these

_bands contains a more-or-less complete copy of the Ad 12 Eca RI-C fragment

used in tﬂe original transformation experiment (Mak et al, 1979). The
intensities of the Ad 12 Hind III.and Msp I internal bands (those at 1.22s n
and 2.35 kb in the appropriate digests in Figures 5 - 8) support this
hypsthesis,'and the conclusions I have drawn are not critically dependent
on it. . f

In line 702-Cl, vipal DNA equivalent to three or four copies of the 1

transforming fragmég; is present in a singie band after digéstion with
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each of three restriction enzymes (Figure 2, lanes 1 - 3). Chance co-
migration of three or foqf unrelated viral integration fragments in each
case is unlikely. Two t;ndemly integrated copies might be present in a
single integration fragment, but the Bgl II multiple copy band (13 kb) is
not large enough to contain in a single DNA fragment three tandem copies
of the 5.5 kb transforming fragment (16.5 kb of viral DNA). An alternative
explanation is that a single copy of the viral DNA originally became in-
tegrated at this site and that the region containing the viral DNA (or the
entire chromosome) was subsequently amplified. This has been suggested
for Ad 5 sequences in transformed rat cells (Dorsch-Hasler et al, 1980),
and for Ad 12 DNA in transformed hamster cells (Sutter gg_gl; 1978).

In each cell line there are also bands whose intensity is less
than. that expected for a complete copy of the transforming DNA. The minor
band in line 702-Cl must contain only a partial copy, as it is smaller
than the 5.5 kb Eco RI-C fragment. Thig is likely the case for the minor
bands in the other two lines as well. In most cases I have not considered
these minor integration sites in the ensuing andlysis. They may be
reséonsible for some of the cell DNA-viral DNA linker bands seen on Hind
ITI and @sp I digestion, but this will not affect the conclusions I have
drawn. ‘ |

There. is no evidence in the experiments I have described for pre-
fe;éhtiél'or specific‘integr&tion~siyes. In this regard, and in the iden~
tificat?&n of multiple copies and of fragmgnted copies, Qy findiggs agree
witgsqther studies of adenovirus-transformed cells and papova virus traps- v

formed cells (Sutter et al, 1978; Sawada et al, 1979).

-
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II. Patterns of Methylation -

/

I haye useﬁ blot hybridizations of DNA %}gested with the methyl-

- . 7 £
ation-sensitive restriction endonuc}ease Hpa Il to detect methylated .CCGG

sites in and around the viral éequences. Although Hpa 11 can sample only

Y

a small - subset of the potential CpG methylation sites, the availability

of its meth}lation-insen§itive isoschizomer Msp I provides a powerful tool

for the analysis ‘of methylation at specific sites in the genoﬁe.

! By comparison of Hpa II and Msp,I digestion patterns of viral DNA

1 hébe confirmed th;t none of‘tye CCGG sites are methyla;ed in Ad 12 DNA

extractedﬂfrom virjons. Thué all of tﬁé.methylation detected at viral CCGG

sites in the transformed cells can be attributed to cellular mechaﬁisms

which have initiated mechylation at previously unmethylated sites.
Comparisons of Hpa 1II and Msp I digestion‘batterns (singly and in

double digestions with Eco RI, Bam HI, and Hind III) of the integrated

viral sequences in cell lines 702-Cl, 702-C2 and 702-C3 leads to the fol-

lowing conclusions: f ’ \' A
' * Y

-

1. No viral CCGG sites are methylated in line 702-Cl, because the Hpa II

and Msp I patterns are almost identical (Results IV-A-i; Figure 5 lanes 1

-

and 2). ) /

N L * . ‘
2. More than half of the viral CCGG sites are methylated in lines 702-C2
and 702-C3, because more tﬁan half of the viral DNZ*cannot be cut by Hpa
II, although it ds cut by Msp I (Results IV-C, IV-A-ii; Figure 7, lanes 3

and 4; Figure 5, lanes 4 and 5). -

S
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3. . At some integration sites in lines 702-C2 and 702-C3 all of the viral

CCGG sites are methylated, because thére are copies of the viral trans- ‘
forming fragment (Eco RI and Bam HI integration fragments) which cannot

be cut by Hpa II but are cut by Msp I (Results IV-C, IV-B-ii; Figure 7,

lanes 6 and 7; Figure 6, lanes 6 and 7).

4. At other integration sites in lines 702-C2 and 702-C3 the integrated
viral DNA must contain both unmethylated and methylated CCGG s{;es. This
information comes from the Hind III analysis presented in Results IV-D
(Figure 8). The large number of Hpa II-~resistant Hind III fragments in
these cell lines implies that those intégrated copies of the viral DNA
which céntain some unmethylated CCGG sites (Eco RI and Bam HI integration
f;agments which are cut by Hpa IT) must give rise on Hind III cleavage
to cell DNA-linked fragments which contain only methylated CCGG sites,
The observation of this variety of methylation patterns allows
evaluation of some ofithe regulatory mechanisms which might be postulated
to control methylation of particular DNA sequences. I will list some of
these hypotheses and then discu;s them in the light of the patterns

ARl

described above.

1. Methylation might be determined by the primary DNA sequences at the

methylation site. .-7

2. Methylation might depend on the presence or absence of either sequencé-
specific or mon-specific cellular methylases, which might in turn depend

. o
on the differentiated state of the cell.

F e s
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3. Methylation of integrated viral DNA might be a direct or indirect

consequence of cellular sequences near the viral integration site.

4. Transcription might prevent methylation.

The hypothesis that methylation of integrated viral DNA is deter-

mined solely by the DNA sequence at the methylation site is easily dis-

' proved. All of the integrated viral CCGG sequégkgs have remained unmethyl-

ated in line 702~Cl. The identical CCGG sequences have become methylated

at some viral integration sites in lines 702-C2 and 702-C3 (for example,

the copy of the transforming fragment integrated in the 11 kb Bam HI

fragment of line 702-C3 (Figure 6, lane 10) is methylated at all viral CCGG
sequences, as it is entirely resistant to Hpa'II). Therefore methylation
at viral CCGG sequences cannot be determined solely by the DNA sequence

at the methylation site.

" The patterns of methylation I have described cannot be completely
explained by the presence of different cellular methylases in the different
cell lines, as identical CCGG sites are methylated at some integration
sites, and unmethylated at other integration sites, within a single cell
line. For example, each of the nine major integration fragments in line
702-C2 includes a viral DNA region defined by CCGG sites at 1 kb and.3.35
kb from the left end of the Ad 12 genome (Figure 7, lanes 1 and 6). In
the Eco RI + Hpa II digest shown in Figure 7, lane 7, some of these CCGG
sites have been cut by Hpa II to give the 2,35 kb fragment whereas in three
(or four) of the integration fragments (arrows) the same CCGG are blocked
by methylation. ‘- Thus, although the cell is apparently capable of methyl-

ating all CCGG sequences in the transforming fragment, some of these are
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o
not methylated at some Integration sites.

Copies of the Ad 12 DNA at different integration sites (i.e.
separate bands in Bam HI and Eco RI’digests) are differently methylated.
This suggests that DNA sequences and/or chromatin structures in ;he
cellul;r DNA around the integrétion sites may influence the methylation
of nearby CpG sequences in integrated viral DNA, as suggested in the third
hypothesis above,

The double digestion and high regolution experiments described in
Results sections IV-A, -B, and ~-C provide some ipfgrmation about methyl-
ation of the cellular sequences around the viral integration sites. In ¢i’
Hpa II digests, most of the Hpa II-resistant viral-associated DNA (those
Hpa II DNA fragments which hybridize to the probe and which can be further
cut by Msp I) has moleculér weights of 20 - 50 kb. The CCGG sites should
occur in cellular DNA on average about once in every 3 kb, so the 20 4‘50
kb Hpﬁc}l fragments probably éqntain 5-15 methyiaﬁed,CCGG sites:m The

~

distribution of CCGG sites about once every 3 kb in cellular DNA is con-

y

firmed by the sizes of the Msb I linker fragment;;‘;hich are mostly between
1 and 6 kb (Figures 5 and 7). Thus the large sides of the Hpa II-resis-
tant viral-associated DNA fragmentg indicates that the viral DNA is coval-

-

ently linked to extensively methylated cellular seq;énces. s

In particular, the totally methylated copies gk the’transﬁorming
fragment must be flanked by methylated cellula; DNA, by the following
reasoning. If tbtally methylated viral DNA copieé/were flanked by un-
methylated cellular DNA, Hpa 11 codigestion of the Eco RI and Bam HI inte-

gration fragments would produce new fragments, each co?taining a complete

copy of ‘the Eco RI-C transforming fragment. However, none of the DNA [

)
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fragments created by Hpa II cleavage of the Eco RI and Bam HI integration
fragments of 1inel702-C3 (Figure 6, lanes 6 - 10), oé by cleavage of the
Eco RI fragments of line 702-C2 (Figure 7, lanes 6 and’i%)are large enough
(bigger Epan 5.5 kb) and inten§e enough (by comparison with control
17 digests) to contain a complete copy of the transforming fragment. There-
fore the totally methylated integrated copies pf the viral DNA in lines
702-C2 and, 702-C3 are probably flanked by methylated cellular DNA,
In most cases it is not possibie to determine whether those copies
of thé-&iral DNé/gE}cg contain unmethylated CCGG sites (the Eco RI and
Bam HI fragments cut by Hpa II) are flanked by methylated or unmethylated
ycellular sequences. For line 702-Cl it is likely t;;P the only ‘methylated
site associated with the integraked viral DNA is in a cellular sequence,
since the loss of intensity\of the methylated 20 kb band on Msp .I aigestion
; . is about eqyél to the increase in intensity’of the 1.9 kb band. For
, s lines 702-C2 and 7('{2;C3 Fhere are Hpa II linker fragm{é\ﬁ‘ts which are not
» further cut by Msp I, implying that they are flanked by an'unmethylated
» cellular CCGG site. There are other linker fragments, for example the 17,
15.5, and i& kb Bam BI + Hpa II fragments seen in Figure 6, lane 10, which
must contain methylated cellular CCGG sites{‘// .
Bird et al (1979) have described for Echinus regions of heavily
methx}ated DNA, resistant to the CpG enzymeslﬂpa II, Hha I, and Ava 1,

& .
which make up 407 of the total cellular DNA and are from 15 kb to more

s o« e o— gt gy

than 50 kb in length. More recently they have extended this analysis and

suggest that most of the Hpa JI-resistant DNA of vertebrates (50 - 80% of

?

total DNA) also consists of regions where most or all CpGs are methylated,

regardless of flanking sequences (Bird and Taggart, 1980).

s \
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The heavily methylated Hpa II-resistant copies of the viral frag- s
ment may have integrated into such regions. The integrated viral DNA
might then have come under the influence of a cellular mechanism which
dééermines the methylation of a region of DNA, independent of at least
some of the sequences which actually become methylated. There may be
signals for this methylgtion in the DNA sequences which delineate the
regions, or there-may be determinants of higher-order ¢hromatin &tructure
which indirectly influence methylation‘of regions of DNA.

Integration of transforming viral DNA into cellular methylation
domains could explain the presence of totally methylated copies of the
viral DNA flanked by regions of methylated cellular DNA. The totally un-

methylated copies in line 702-Cl could also be explained in this way, by

being integrated outside of such domains. However this model cannot account

for the presence of partly-methylated copies of the transforming fragment,

which are seen in lines 702-C2 and 702~C3. These partly-methylated copies

1

may be best éxplained by the hypothesis (number 4 above) that transcription

prevents methylation.

Correlations between transcriptional activity and the absence of
DNA methylation have been reported fof both integrated viral séquencea-and
cellular genes. Sutter and Doerfler (1980) have investigated methylation
patterns of viral DNA in Ad 12-transformed hamster and rat cells. They
report a general inverse correlation between the levels of methylation of
specific DNA segments and tge extent to which these segment; are expressed

as mRNAs. The sequences complementary to the Ad 12 Ec¢o RI-C fragment were

much less methylated than sequences hybridizing to Eco RI-A and -B fragment

probes, which detect only late ttanscription units., In two lines of trans-

.

S e et



ot e gty e e oA s o R e

78

(AN
formed rat brain cells which expressed\some "late" regions, the Eco RI-B
sequences contalning this late region were undermethylated. The cell lines
all contained 10 - 30 copies of the viral genome per celi (Fanning and
Doerfler, 1976) and no attempg was made to discriminate between active and -
inactive copies.

Methylation of viral DNA in retrovirus-transformed cells has also
been regorted. Guntaka et al (1980) reported that avian sarcoma provirus
sequences are exten . y methylated in non-producer cells, but under-
methylated in cells which transcribe high levels of these sequences.
Gimilarly, Cohen (1980) describéd extensive methylation of Hpa II and Hha
I sites in endogenous (inactive) mouse mammary tumor virus provirus DNA,
but no methylation of identical but active exogénously acquired provirus.
For exogenously acquired viral sequences there appears to be a strong in-
verse correlation between bNA methylation and gene expression. The rela-
tionship between methylation and exprefsion of cellular genes may be more;
complex. Studies of the tissue-specificity of methylation patterns have
been hampered b§ the presence of multiple cell types in most tissues.

A detailed study of cytosine methylation at 17 CpG sites in the
human Y§B-globin locus found only low-level methylation of transc;ibed
globin sites in tissues expressing the globin genes, while flanking non-
trgnscribed regions were meth&lated more extensively (van der Ploeg and
Flavell, 1980). ©Levels of methylation of most sites were higher in tissues
which do not express these génes.. Similar results have beenlobtained‘for
Hha I and Hpa II sites in the ovalbumin gene cluster (Mandel and Chambon,
1979). BRBoth groups were also able to identify a few siges which were un-

methylated or under-methylated in tissues which did not expres§ these genes

&
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at all. A contrary finding is that, although the active ribosomal genes

are predoninantly unmethylated in all tissues of most vertebrategéjlhey
o

are highly methylated in tha tissues of fish and amphibia (Bird and

Taggart, 1980).

<

The studieszgescribed above show a numbeerf correlations between

transcriptional activity and the absence of DNA methylation, but they do

not clarify which is the cause and which the effect. The possibility that

methylation is a cellular mechanism leading to gene inactivation 1s very

g f
appealing, but it does not explain what causes methylation. The alternat

X .
hypothesis, that opdy inactive sequences are subsFrates for ﬁgiiﬁThy meth
lases, sheds no light on how genes may be turmed on or off.
A causal relati&nship between transcription.and lack of methylation

v

is compatible witﬂ most but not all of the viral methylatfon patterns I '
. Q - [

 have found. This hypothesis could explain both the partly-methylated copies

of the transforming fragmeﬁt and the methylatiom of flanking céllular
sequences .in lines 702-C2 gnd 702-03 It is also\possible to account for
the totally methylated viral copies in these cell lines. However the hypg-
thesis is not-able to explain why ther; is nb methylation of viral CCGG

sites in line 702-Cl. I give these arguments in some detail below.

Transcription in the 702 transformed cell lines has been investigated

. (Mak et al, 1979). .Lines 702-C2 and 702-C3 contain RNA transcripts comple-

_mentary to the leftmost 3.5 kb of the Ad 12 Eco RI-C fragment (Ad 12 Hind

I11~G and -I fragments) whichhencode the Ad 12 early transcription units Ela
and Elb (Sugisaki et al, 1980) These transcripts’correspond to the 1eft—
ward Hind IIT cell DNA-viral DNA 1inker fragments and to the internal Ad 12
1.2 kb Hind III fragments produced by digestion of integrated Ad 12 DNA in

[
0

!
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, these cell lines.
Given these transcription patterns and the reported correlations
between expressed regions and lack of methylation, it is tempting to
/

speculate that in the partly-methylated viral cogies integrated in {ines
702-C2 and 702~C3 it 12 the left hand Hind III l}pker f;agments and the
1.2 kb Hind III fragment, which contain the trans;orming genes, which are
active and unmethylated, while the rightward Hind III linker fragment
(which is inactive) is methylated. This could be tested by hybridization
of a pr;be for these right hand linkers (Hind III-F) to Hind III and Hind
IIT + Hpa II digests of 702-C2 and 702-C3 ‘-DNAs, similar to those shown in

~,Figure 8. The above model predicts that this probe will not hybridize to
any, of the unmethylated Hind, IIT linker fragments in these cell lines.
| Methylation of all ihactive DNA sequences can also explain the
prgsencé of totally methylated copies of the integrated viral fragment,
if these copies have become integrated in such a manner thqt‘their trans-
cription is not possible. For example, the viral DNA at some integration
sites might have underéone deletions or rearrangements during the integra-
tion process or subseqpentiy. For example, a deletion of 300 -~ 500 base
pairs af the left end of the Eco RI-C fragment would eliminate the promoters
for the transformatfga genes in region Ela (Sugisaki et al, 1980), and a
deletion éf this sizé would not have been detected in the experiments I
have do;e. If sequences which could not be transcribed were automatically
methylated by some celluégr enzyme, such a deletion might cause the complete
methylation of the viral sequences at that integration site. Other copies

vhich had retained the promoters would be unmethylated in the transcribed

region.
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I have not attempted detailed mapping of the viral sequences
present at each integration site, since the presence of multiple copiles
in each cell-line makes such analysis very difficult. It would be'
possiblg o determine whether the Ela promoter region is present at each
site, by' hybridizing a probe gor thé extreme left end of Ad 12 (e.g. the
Kpn I-G fragment, 1eftmo§t 500 bp) to nitrocellulose blots of transformed
cell DNA digested with Eco RI, Bam HI, or other enzymes which do not cut
within the transforming’fragment. A great deal more information would be
obtained by cloning the integrated copies with the flanking cellular
sequences and determining the precise sequences and arrangements present
at each site.

Although the methylation patterns of Iines 702-C2 and 702~-C3 are
compatible with methylation of all inactive viral and cellular §equences,
there is no evidence from the integration and methylation patterns des-

cribed that the methylated sequences are not in fact transcriptionally

“active. In addition, it 1s particularly difficult to reconcile the trans-

cription model to the lack of methylation seen in line 702-Cl.

In line 702-Cl only the Ela genes in the viral Hind III-G fragment
(leftmost 2.3 kb of the transforming fragment) are transcriptionmally
active (Mak et al, 1979). If all non-transcribed sequenFes were methylated,
as predicted by hypothesis 4, the viral Hpa II sites at 3.35 and 3.95 kb
would be methylated. This is clearly not the case, as the 2.4 kb and 0.6
kb viral fragments defined by these cleavage sites are produced by Hpa II
digestion of 702-C1 DNA (Results IV-A-i; Figure 5, lane 1).

Some of the viral sequences in line 702-Cl are both unmethylated
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and transcriptionally inactive. It might be that these sequences are

only transcribed at a very low frequency, such that the transcripts cannot
be detected by RNA:DNA hybridization experiments. It is also possible
that the methylation patterns which have been described here and in the
literature reflect not transcription per se, but a pre-transcriptional
activation characteristic of potentially active genes. To clarity these
possibilities, I have investigated the chromatin conformations of the

integrated viral fragments by limited digestions with DNase I.

II1I. DNase I Analysis

The results show a strong correlation between enhanced sensitivity
to DNase I and the absence of methylation in the viral-specific Hind III
fragments of lines 702-C2 and 702-C3. Unfortunately the Phenomenon of
site-specific cleavages by DNase I may preveﬁl this DNase I sensitivity
being used as‘an indicator of transcriptional actig}ty of the DNA therein.

DNase I discriminates between the conformations of the nucleosomes
of active and inactive chromatin; the preferential degradation of active
DNA sequences in limited DNase I digestions of nuclei has been well docu-
mented (Weintraub and G?oudine; 1976; Weisbrod and Weintraub, 1979). As
described above, viral RNA transcripts have been characterized in gll three
cell lines (Mak et al, 1979).C3As active integrated viral genes have the
sa&g DNase I sensitivity as active cellular genes (Flint and WFintraub,
1977), at least one copy of these sequences is éxpecced to be in a DNase

I-gensitive chromatin conformation in each of the cell lines.

The chromatin conformations of each of the integrated copies could

s S e o e e op
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not be determined from Eco RI blot hybridization analysis of DNA from DNase®
I-digested nuclei. Distinctions between "sensitive' DNA fragments and
"resistant'" fragments could not be established. There may be a number of
reasons for this. Technical barriers include the difficulties of resolving
veyy large DNA fragments in agarose gels, and the vagaries of the blot
ﬁybridization technique. There are other non-technical factorsx¥hich may
blur or block the distinctions between different chromatin conformations.
One again arises from the large sizes of the Eco RI fragments which were
analysed. 1In their study of the DNase 1 sensitivity of integrated .Ad 5
sequences, F}int and Weintraub (1 77; found that the DNase I-sensitive
chromatin structure was restricted to the transcribed DNA, and did not
extend into flankiné viral or cellular regions. Similarly in two investi-
gations the high DNase I sensitivity of the globin genes was found to be”
limited to the coding regions, with flanking sequences having only low-to-
moderate gensitivity (Stalder et al, 19805 Zasloff and Camerini-Otero, 1980).
In the cells I have studied it is quite likely that a 30 kb viral-specific
Eco RI fragment might consist of only 3 kb of DNase I-sensitive chromatin
(transcribed Ad 12 sequences), and 27 kb of DNase I-resistant cellular and
viral chromatin. Unless the level of discrimin%;ion by DNase I is very
high (early studies using reassociatiqp kinetics analysis repofted only a
6~fold depletion of_the active sequences), detection of short DNase I-
sensitive regions in large DNA fragments wiil not be possible, because
most of the fragment will be DNase;I resistant.

Blot hybridiZation analysig of the DNase I sensitivity of the

smaller viral Hind III fragments was able to aurcumvent these problems

and reveal a correlation betwéen the absence of methylation at CCGG sites
R4
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in Hind III bands and sensitivity of the ban;s to DNase I (Results V-C).
The correlation is not absolute. The viral-specific 7.6 kb band in line
702-C3 contains one or more unmethylated CCGG sites, but the intensity of
this band does not appear to be significantly reduced in DNA from DNase.
I;digested nuclei (Figure 12b). On the other hand, the Hpa II-resistant
4.5 kb viral band in Hind III-digested 702-CZ .DNA may be moderately sen-
sitive to DNase I (Figure 12a). The correlation in the two cell lines is
nonetheless stron%~:>9f the five Hind III bands containing unmethylated
sites, four are cléarly differentially sensitive to DNase I. Of the
sixteen methylated bands, only one may be sensitive.

The finding of new DNase I-specific sub-bands in Eco RI digests of
Dﬁgse I-treated DNA from all three cell lines makes it difficult to déter—
mine the significance of the preferential disappearance of unmethylated
Hind III bands.

The new bands did not arise from cleavages by DNase I at regularly
repeating sites in chromatin; no bands were seen in total ethidium bromide
stained DNA. The cleavages by DNase 1 therefore must occur at specific
DNA sequences in the chromatin. DNase I did not preferentially cut at
these sequences when purified ﬁNA was the substrate. The preferential
cleavages consequently must arise because the DNA sequences determine !
chromatin structures in which these sites can be preferentially cut by
DNase I.

The nature of the DNasé¢ I cleavage sites which give rise to the

Eco RI-DNase I bands is not known. One possibilfty is that these “sites"

are the boundaries between active DNase I-sensitive regions and inactive

‘DNaSe I-resistant regions. _If so, the new bands which appear in Eco RI

| e = B e e oy
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digests and in unrestricted D

consist solely of inactive DNase I-resis-~
tépt.sequgnces, and the d;sappe rance of specific fragments in Hind III
digests can be attributed to tr nscriptiona} activity of the encoded genes.
This explanation is supported 'the finding that the DNase I sensitivity
of integraqa& Ad.SJDNA was 1i ited'to the transcribed region with a ﬁre—
cision of ;nly a few nuclegSomes or about 500 base pairs (Flint and Wein-
traub, 1977).
Altho t is possible that the DNase I-specific new bands seen in
Figqré 9 result from preferential Qégradation of ac%}ve nucleosomes by DNase
I, there are several reports of sequence-specific cleavages of chromatin by .
DNase I which do not result from discrimination between éctive and inactive
nucleosomes (Wu et al, 1979a, 1979b; Stalder et al, 1980).

?u dand co*orkers have:repofted that very limited DNase I digestion
a of . Drosophila chromatin produce new?bhpds in restriction enzyme digests
analysed by blot hybridiza;ion with a number of cloned bropes from a

Drosophila genome library (Wu et al, 1979b). Some bands were also seen when

‘unrestricted DNA was anélyséd'with the same probes. Well-defined bands were

¢ v

seen when an inactive heat shock géng was analysed, suggesting that the
seqﬁénce~specific cleavages can ocpﬁr in. inactive chromatin (Wu g;ig&, 1979b),

Site~specific‘cleaVageé oé chromatin by DNase‘I have been mapped .
around the globiir coding regions (Stalder et al, 1980). These sités are not
.the boundgrieé of DNase I-sensitive a;tiv; regio;é. Aisimilar DNase I-
hypergensitive site was identified by Kuo gg_gl (1979) in oviduct chromaéin,
several kb dqwnétge?h from the 3' end of the conalbumin gee.

The nature of these DNase Iwhyperséns{tive sites is entirely open

to spiculation, Varshavsky and coworkers have identified a region of the

.
. *
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. to DNase I (Varshavsky et al, 1979; Saragosti et al, 1980). This region

As the cleavages reported in the literature may occur outside of coding

86
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SVAO\minichromosome‘whféh lacks nucleosomes and has a high sensitivity
includes both the origin of Qiral DNA replication and the promotér for the
late viral transcription unit. The DNase I cleavage sites around the globin
genes showed some tissue specificity (Stalden4§£_§l, 1980); some sites were
not pregént in chromatin of brain cells or of a chicken cell line, and some
sites differed between embryonic and adult red cell chromatin. The pos-
sigfiity that some DNase I-hypersensitive sites may be tissue-specific origins
of replication ties in nicely with a study of the segregation of nucleosomes
which suggested that a relationship might exist between active transcription
units and the diéection of DNA replication (Siedﬁan et al, 1979).

The kinetics of appearance and disappearance of the DNase I bands
reported by Stal&er et al (1980) resemble those of the new bands I have
described. In both cases the-bands appeared after very light DNase I di-
gestion, and were slightly more resistant to further DNase I degradation
than the major (restriction endonuclease specific) bands.

If such site-specific cleavages are responsible for the new bands
in the Eco RI analysis, they may also be the cause of the preferential
disappearance of some or all ;f the DNase I~sen§1tivé Hind III fragments.’
regions and in transcrippionally inactive DNA, tﬂe sensitivities of the
Hind IIX fragments may be unrelated to transcription. ,

The experiments I have desicribed in this report do not ‘allow me to
distinguish between the alternatng explanations for the appearance of new

-~

N (&, :
DNA bands after DNase I cleavage of chromatin. .Therefore it is not possible

to unequivocally attiibute the DNase I cleavages of the unmethylated Hind

4
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I11 fragments to an "active” chromatin conformation.

The correlation I have observed between DNase I sensitivity and
unmethylated CCGG siFes may be due to an active chromatin conformation
associated with unmethy;aced DNA, or due to a relationship between DNase
I-hypersensitive cleavage sites and unmethylated DNA. It may not be coin-
cidence that the DNase I hypersensitive site which has been identified in
the conalbumin region is closely linked to unmethylated Hha I and Hpa II

gsites (Kuo et al, 1979).

Iv. Summary

I have used hybridizations of a 3?P-labelled Ad 12 DNA fragment probe
to "Southern blots" of restriction endonuclease digested DNA from Ad 12
transformed cell lines to study the methylation of the integrated viral DNA
in these cells. All three cell lines were found to contain multiple copies
of the transforming fragment (702-Cl, 3 - 4; 702-C2, 9; 702-C3, 4) at
different sites in the cell genomes, with partial copies at additional in-

tegration sites. s

!
The methylation-sensitive restriction endonucleasg Hpa II and its

methylation-insensitive isoschizomer Msp I were used to investigate methyl-
ation of viral CCGG sequences at the various viral integration sites, with
the following resulté. 1) No viral CCGG sequences are methylated in line
702-Cl. 2) More than half of the viral CCGG sequences in lines 702-C2 and

702-C3 are methylated. A3) At some integration sites in lines 702-C2 and

/702-C3 all of the viral CCGG sequences are methylated. 4) At other inte-

gration sites in lines 702-C2 and 702-C3, the integrated viral DNA contains
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both methylated and unmethylated CCGG sequences.

The significance of these methylation patterns is not clear. I
have considered several possible ways im which cellular processes could
determine viral methylation patterns; none is compatible with all of the
patterns I have seen, 1In pargicular, methylation is not determined solely
by the DNA sequence at the methylation site, nor by the presence or absence
of cellular methylases. It is difficult to see how cellular DNA sequences
flanking the viral integration sites could give rise to the variety of
methylation patterns seen. The total absence of viral DNA methylation in
line 702-Cl shows that not all inactive sequences are methylated.

Nonetheléss, the DNase I analysis of chromatin conformations shows

e ~
that unmethylated regions of DNA have chromatin structures which are more
senéitive to DNase I than is the chromatin of methylated sequences. ‘In
addition, the published reports of the methylation patterns of transcrip-
tionally active and inactive DNA sequences show strong correlations between
DNA transcription and the absence of methylation.

It is possible that the observed patterns of viral DNA methylation
in the 702 cell lines do not result from cellular regulatory mechanisms
at all. Integration of viral DNA may temporarily disrupt controls around
the intégration site, so methylation of unmethylated sequences occurs at
random. If extensive methylation leads to gene inactivation, only those
cells which reestablish regulation of methylation before all the transforming
genes are inactivated will give rise to transformedvgell lines suchas the

ones I have studied. -~
!

This explanation can account for all of the methylation patterns in

the three cell lines, as follows. In line 702-Cl integration of the
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transforming fragment did not disrupt control mechanisms, so no methyl-
ation of the viral DNA took place. 1In the cells which gave rise to liﬁég
702;C2 and 702-C3, methylation of the integrated viral and flanking cellular
sequences occurred at random until all of the DNA at some integration sites
was methylated, while some or all of the sequences at other sites escaped
methylation until normal regulation of methylation was reestablished.

The cells in which one or more copies of the transforming génes remained
unmethylated gave rise to the transformed cell lines.

Inactivation of exogenously acquired DNA by random methylation is
compatible with most of the published reports on metﬁylatipg of wviral DNA
in transformed cells (Sutter and Doerfler, 1980; Guntaka et al, 1980), as
selection for the transformed phenotype would have ensured that unmethylated
active copies of the viral genes were present.

This explanation gives DNA methylation a central role in detejming

™~

patterns of gene inactivation. Unfortunately it does not shed any light on

the cellular mechanisms which determine ng patterns of methylation.

€
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