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ABSTRACT < T,

" Adenovirus 1nfecte human KB cells leeding to ‘cell

lysis and production of progeny virue It also treneforme

_hemeter'celle which cen induce tumors when 1njected 1nto

.hemetere. An experimentel eyetem. the DNA-DNA. reeesocietion

technique wee developed to etudv the integretio f viral )
DNA eequencee in infected and transformed celle“hie o
technique detecte less than one viral genome per cell,

_ The quantity of virel genome 1n tumor.trensformed
end’lytlcelly infected cells was meeeured ‘While multiple

copies (up to 12) of viral DNA sequences per cell were

~ found, the representation of viral genome was incomplete

in transformed and tumorf:Elle with 8 tendency for the

: right hand 45% of ‘the Ad 12. genome being deleted .

. The reiteration freguency of KB cellular DNA:

'edjecent to an integrated virel‘genéme was found to be

representative of the cellular genome euggeeting‘thet in

lytic infections, there are no specific sitea. It was

' also found thet ‘the number of integrated viral sequences.

" was ‘enhanced by cellular proliferetion as well as by

blockage of cell DNA Yepair system with caffeine.
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of the four: size classes of hdenovirus type‘é DNA in
human KB cells, Virol., 81, 433.
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INTRODUCTIOH

Viruses are a class of'infectious’agents. "It has

been estimated that _many | 1llnesses are thé |

-result of viral infections (Horsfall, 1965)- Virﬁaes

are also unique in their a‘zes and in being obligatory
intracellular parasites. | |

The smallest virus has a diameter of about 100 A
(1 R = 10710 meters) and the largest virus has a diameter
of abo '3Q00 R. A bacterium is at least ten times bigger
than the largest virus. ' ‘ . |

Unlike cells which possess the pofential td-grow

and divide, viruses depend on entering suitable host cells

]

'in order to multiply and produce progenies. The viruses -

are able to do:so because they share the common
characteristics of storing and transferring their genetic
informatiqn in a format similar to that used by the cells.

The study of viruses has engendered tremendous

interest, Understanding the biology of virudses would

help to understand the diseases which they cause. Viruses
can be a tool used to study cellular functions. Furthéf-
more, some viruses can induce experimental cancer in
animals. Knowledge acquired in studying this aspect of

viral activity can be useful in understanding human

"necplasms,
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Classification of Vf:usca,k?eqnef et al., 1974a)" D b

Viruses are classifiedAaccdrding ﬁo,the type of. |
nuclelc acid in which the genetic information is gﬁorad@ '
Thus.lthgreare DNA and.RNA viruses. They are also |
Vélagsified according to ﬁhe host which they infect. Thus,
thefé are animal DNA viruses, animal RNA viruses, bacteria{\ﬂﬂ)
and plant viruses. The term 'phage’' or'bacteriophage' ' '
refers to bacterial vif&ées.' N

Sﬁme DNA and RNA viruses can produce tumors in
animals,.thgz are.collectively-qalled tumorxui{sses. Whether ,
a virus is a tumor virus or not also depends on the type of
cell it infects. When a particular virus enters a cell of
an animal normally its host, the end result is usually cell
lysis anﬁ the release of more new virus particles. Such
cells are said to be "permissive', in that they permit the
~virus to complete‘its life cycle, and the infection is
"productive". When a tumor virus enters a cell which is
.not its natural host, viral particles often are not produced
(the cell is 'nonpermissive', the infection "nonproductive"
of new virus), and the cell may or may not be transformed \r
to possess tumorigenic potentials. lggme viruses can .
prgductively infect one type of cell~but it also can |
transform another type of cell. Human adenovirus type 12,

for example, infects human cells productively, and

transforms hamster cells. It is, therefore, a tumor virus.



'spherical nucleoid that is electron'dehse, and attaches\

-'3-‘
. RNA tumor viruacs nrc classified intb three IR
categories. the A-type, B-typc and’ C-typc particles. by

virtue of their appearance in the ‘electron microacope

"Mhture C- typc particles have a centrally located electron

dense spherical nucleoid enclosed by a thin membréae.\ All f'.

known sarcoma and leukemia virus particles bclong to tﬁis

'clase (Tooze, 1973d). The B- -type particles have a solid

-

to the inner surface of a thin membrane thdt encloses iE: -
There are projecting spikes on the outer surface of the
thin membrane. Mbuse mammary tumor virus (MMTV) is a
B-type particle Immature B-type particles with their
toroidal nucleus enclosed in a memcrane are called A-type
particles. The RNA extrected.frcm RNA tumor viruses contains
a fast sedimeﬁting component and a slow sedimenting component,
the 60-70S RNA and the 4-58 RNA. Although the amounts of
RNA species vary from preparation to preparation, the ratio
of 60-70S RNA to 4-58 RNA is about unity.

DNA tumor viruses are of four types. The first
is the papilloma group, which infects man (with warts),

rabbits, dogs, cattles and other animals.. Because of the

-
i

difficulty of growing it in culture, it has not been | \_;

- extensively atudied.\ The second group, the Polyomaviruses,

includes the murine polyomavirus and the SV40 virus.
These viruses each containing only 10 genes are extensively

studied Recently. SV40- related antigens were detected



N in a metaatatic human melanomi and in 3 of 7 moningiomaa
(Green. 1975) The other éso groups of DNA tumor virusea -.ii
ate the adenoviruses and thh*herpeeviruses. Of. the 31
adenovirus types that infect man productively, 13 are either
tumorigenic or can transform hamster cells. Since one
member of the adenoviruses is the subject of this‘khesis,
further disoussion of this virua will take place later.

of a11 tumor viruses, herpesvirus is. the candidate most
likely implicated in human neoplasms The Epstein Barr

- virus, a member of the %ﬁj::svirus'group which causes , )
infectious monopucleosis,; causally related to Burkitt's'
lymphomas and/ to nasopharyngeal carcinoma. One must also
consider the eroepidemiologic studies that have implicated
human herpesivirus 2 in cervical carcinoma (Naib ¢t qi.

1969) .

Tumor Viruses

Virus as a causative agent for the induction of
tumors was originally based on theotetical spectulations
by Borrell in 1903. The first demonstration of a virns
being implicated in neoplasia -'abnormal'growth of cells,
was in connection with fowl leukosis by Ellerman and Bang
In 1908. Peyton Rous (1910, 1911) provided the first
proof that a viral agent was capable of inducing solid
tumors - sarcomas in chickens. This virus, now known as

‘Rous Sarcoma Virus (RSV), has since proved to induce
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'J'tumors in dycks (Fudinsmi snd Suzue. 1928) turkeys. guinea
"£0w1s. pigeons snd a mnmmsl rsts (Svegnubldsvsky. 1958)

rIn the last seventy years, much evidence has been accumulated

wh!ch strongly 1mp11es & viral etiology in the development \

E of mslighency in subhuman primates, bovines. felines,
_ csntnes. rodents. domestic fowls, fish and smphfbisns'

‘.(Tooze 1973, see Table 1). Simultaneous presence of viral

psrticle oY expression of viral antigens in tumors of these
animsls had been demonstrsted by electron microscOpy._ "
immunplogy and molecqlar biological techniques.: Virus
inducing tumor is such an extensive biologicel shenomenon
that if msn'were to be exempted it would be a circumstance
unpsrallelled in biology

%
Adenovirus (Fenner et al., 1974b,c)

Adenovirus 1s under study in the present work. This

_virus group was first discovered in 1953 (Rowe et al., 1953;

Hilleman and Werner, 1954) . The name was suggesteé by
Enders et aZ. in 1956 to designate'this group of viruses
isolated from respiratory trscts of man and other .animals.
While a review of the architecture, composition, cellular
response to infection, and assembly and release of ‘
adenovirus is beyond the scope of this thesis, a brief
mention of some ogjthese aspects is warranted to provide
bsckground (in which the present work has been done) .

' The gross morphology of adenovirus resembles a

-
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l .Tabie_i

A Brief Chronological List of Tumér Vifology

Researcher Qégg o, ‘Events
" Ellerman and Bang 1908 ' Leuﬂemia of chicken
. ﬁoua_ N . o 1911 Chicken sarcomas -
Cregch-. o - 1929 Bovipe papilloma
Shope o 1932 | Rabbit fibroma and
' ) papilloma
Luckd- . 1934 ‘ Frog.fenal carcinoma
Bittner | 1936 ' _ Mouse adenocarcinoma
Gross e . 1951 . ?:3;:mi§mph§tic
Stewart and Eddy 1959 . Polyoma virus causing

arcomas and adenomas
in mouse, hamster,
'guinea pig, ferret

and rabbit
Sweet and Hilleman 1960 SV40, hamster sarcomas
Trentin : 1962 Human adenovirus
T . causing hamster
‘ sarcomas ‘
Stehelin et al. | ‘ 1976 - Isolation of eDNA_, ..
c¢DNA refers to the DNA sequences complementary to the

sarc
sarcoma gene of Avian Sarcoma Viruses.
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geometric structure called icosahedron.  An icosahadron

. Has 20 equilateral triangular facea. 12 vertices when the

eornera of five triangles meet, ‘and 30 edges where sides
of adjacent pairs of triangles meet (Fenner ot ai., 1974b):’
There are 252 morphological units called capsomers to
make. up the 1cosahedra1 capsid. The capsomers at ;he
vertices are called pentons. Each penton unit‘has'g rod .
like projecﬁion with a knbb attached at the distal end
and 1s referred to as the fiber (Ginsberg'et‘az.; 1966;
Valentiﬁe'and Pereira, 1965; Norrby, 1966). The proteins
of the virion have peen purified and studied by SDS-gel
electrophoresis (Maizél et al., 1968a,b; 1971; Everitt

et al., 1973; Anderson e£ éz.. 1973) and tﬁey derived
their names according to their positions in the SDS-gel. \\

The following -schematic drawing shows the arrangement of

some components..

~

R «————— PENTON BASE ®

GROUPS OF HINE NEXONS N
/nnmn [ Y

20 -
: L——rmnmouu HEXONS ©

FIBER >

(Tooze, 1973e)
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The double-stranded DNA molecule is protected by
the capsid (Lawrence and Ginaberg;f1967); The molaculgr
... weight of DNA is 23 x 10§ Daltons, large enough to haﬁé-
i a coding capacity of about 40 proteins‘_ Both strande are
capable of forming intrastrand circles held togéther by
hydrogen bonds between inverted terminal repetitiona '
(Garson et al., 1972; Wolfson and Dressler. 1972) Such
terminal inverted repetitions have so far‘onlyxbeen oﬁserved
in adenovirus and adeno-associated virus (AAV) and their
biolohical sigqificance is unclegr. | |

Thirty-one serotypes of human adenoviruses are
kﬁown. Green.(l970) has arranged them into groups A,B and
C on the basis of homology of their DNA sequenées. According
to this scheme, group A includes types 12,18,31 and they_
are highly oncogepic in hamsters. Group B includes types
3,7,11,14,16,21 and except Ad 11, they are weakly oncogeniec.
Group C includes fypes 1,2,5,6 and they are not oncogenic.
The virus studied in this thesis is\Ad 12,

- \

Rationale for Studying Tumor Viruses

A

In the long history qf,man's quest for knowledge
about the world he lives in and about himself,‘he usually
started by studying simple systems, extrapolated his
knolwedge from simple systems to more complex systems and
formulated his approach to the more complex systems.

This has also been the approach taken to understand -
P ] )

o
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cellular.nechanismm;‘ The bacterial system was studied
extensively. anh information abput gene regulation in ‘

- bacteria holds true for higher organiama as well Thése
include: . storage of genetic information in codes in DNA
flow of information from DNA to protein vta transcription
into RNA and translation into_protein; the energy-transfer
.pathways. to cite just a few. However, one.does not expect
' that as rule, bacterial systems and mammalian systems are

Already, fesults show that A 2 mRNA contain nucleotide

similar& their gene'tic org niza and expression
sequences which are coded remote from the DNA that codes
the main sequences of mRNA (Chow et al., 1977; Klessig,
1977; Dunn‘and Hassell, 1977). This suggests a new
mechanism of transcription which is incompatible with the
"independent promoter for each mRNA" scheme of the bacterial
system (Losick and Chamberlin, 1976). Since mammalian ‘
.viruses share many enzyme systems of the cell, it is likeLy
that their modes of genetic expression would be similar
to that of the cell. The study of the genetic expression
of animal cells has so far been difficult bé&cwmuse the
genetic composition of animal cells is 103 times iarger
than that of bacteria: ﬁe may now circumvent this
difficulty by studying viruses which are simpler than
bacterial systems.

One can also study-how tumor viruses disrupt normal

cell functions. One mode of interaction between viral
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celluipr genomes is the 1nsertion of the viral genome into
the cellular genome. In the bacterial aystem. it has been
shown that integratibn of the bacterial vir s;-phage Mu
DﬁA ght produce mutation if it 18 located in a position
which g:stroys the continuity of a functional gene (Taylor,

' 1963; Bbram and Abelson, 1971). Transcription of host DNA

is altered after phage DNA integration with 'reading through"

" from the phage DNA into the b&cterial DNA (Yarmolinski.,

1971). Messgnger.Rga containing viral'and cellular
information had also}been observed in infected animal cells'l
(Tonegawa, 1970). bﬁe would like to know more about how
much of the viral genome is integrated in producgive

ihfection and also in transformation. The questions one

" 1s interested in asking would be: in what quantities they

are inﬁegrated? are certain regions preferentially .
integrated? what conditions favor integration? what are
the sites of integration?

.To answér the above questions pertaining to Ad li
infection, the amount of intracellular and integrated
viral DNA was quantitated in the case of productively
infected cells in tranaformed cells and in cells: isolated‘
from Ad 12 induced tumors. The case of non-permissive
cells was not studied because of technical limitatioms.
Conditions which altexr the level of integration were stu&ied.
The sites on the host chromosome adjacent to the integrated

viral genome were characterized.
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’i;: qéﬂlnovi;gg and 0011 Internction e R ?: " -
'.g;r.” “'1 co Burgor and Doerfler (1974) reported the integration '
L of Ad 2 DNA into permisaivnly infected KB cell DNA, This
is cqpaiatent wi;h earlier reports of integration of SV40.
1DNA'int5:peyyia§iv§ ﬁonkey kidney cells (Hirai and Defendi;
. _A1974g). Th;iéhenomenon of integration has als§ been
inveatiggfed in the case of infeétion of non-permissive
¥ cells. Bf using radioactively labelled virus #nd subatituting '
| thymiﬁe:in,thé cell DNA with 5-BudR so that its density
was highér than virus DNA density, Doerfler (1968) found
- that infecting Ad 12 viral DNA was covalently linked to
K BHK21 cell DNA Despite the challenge from zur Hausen and
| Sokol (1969) who reported. that a significant amount. of
' ‘ viral DNA was degrgded and reutilized by hamster cells in
a different cell line (Nil-2), Doerflér.subBEquently
substantiated his claims (Doerfler, 1969 1970 Doerfler
et al.,1973). The amount of adenovirus genome in tumot
cells, however, has never been quantitated, although much
work has beén done on transformed cells. Part of the
ldiffichlty was in separating tumor cells from ﬁhe tumors .
Cells in a tumor may have sevgral origins. By quantitating
'viral DNA in these cells, one is measuring the amount of
viral DNA averaged over all the cells in the tumor. This
app¥ach does not yield information about one particular
cell line. It gives information about all the cells. If a

certain fragment of the viral genome is missing, then one
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. can safely conclude that not the entire viral gencme is -
essanttal-fbrfthe mainten;ﬁce‘of thé tumorigenic condition.
The altqrnative‘approachwouldbe to pickNZEdngq for the
cells.from the tumor and quantitate for-viral genomes in
‘each cell iine derived from the clones. The onéction
to ﬁhis_approach is that in vitro growth is high j selective. -
The cells that pass ;his églectivity may not necessarily be |
the cells that represent the majority'poPplation Qf'pells
in the tumor. There ére examples of cancer cells failing.
to grow in vitro as well (Shields, 1976) .

A third approach is to transform qells‘with viruses.
About '10 changes in céllular propertieakwere noted following
trgnaformation but not all of these cell properties are )
.altered in different celi types transformed by different
viruses. Génerally. a cell is changed morphologically, and
antigenicallf; possesses integrated viral genes; and
synthesizes viral mRNA and proteingr A surface change may
' be measured by agglutinating with plant lectins., Usually,
in vitro transformed cells lose their density-aeﬁgndent ‘
inhibition of growth. The limitation in studying transformed
cells is that they do not necessarily proliferate into
tumors when injected into animals. In some instances,
maniéhlation of host immune.systeﬁ is required to allow
these in vitro transformed cells to grow in animals.
For example, primary rat embryo cells transformed by Ad 1
(McAllister et al: N 1959) and Ad 12 (Freeman et az.‘, 1967)

—




;in;tieting a focus of tnmor eells..\\

~ ', o -]_3--
do\h@t 1nduce tumors in'rate.' McAllieter (1969) auggeeted
that Ad 1 and Ad 2 may produce etrons traneplentetion

entigens in these cells thus minimizing their chances of

-~

Integration of Adenovirua DNA
One general charecteriatic which transformed cella.

tumor cells and probably permissively infeeted cells share
is the presence of viral genome in these cells.

Several lines of evidence suggest that integration .
is a necessary atep in viral transformation Virus
transformed cells contain vir&i genomes. This.has.teen >
reported in the case of Ad 2,-7 ‘and 12 transformed cells,
The techniqne used was hybridization of cell DNA on filters
with in‘vitro-syntheeized viral complementary RNA (Green
et al., 19705 Experiments based on DNA reassoclation
kinetics were used to quantitate the number of copies and
percentage Giral genome in the transformed cells (Petterson
and Sambrook 1973; Sherp et al. 1974 Sambrook eéraz
1974; Green et al., 1976). Strong evidence demonstrating
the covalent ;ntegration of Adenovirus DNA into cellular
DNA comes from Bellett's (1975) experiment on avian

adenovirus transformed hamater skin cells and Tsuel et

al. (1972) who-reported that adenovirus transformed cells

. contained RNA molecules with linked viral and reiterated

cellular base sequences. In 1975, Green and his coworkers
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demonstrated € that in an Ad 12 transformed hamater embryo
cell line, HE C19, all the i.ntrecelluler Ad 12 NA was
covalently integrated tnto the cell genome. A more recent.
lreport ty worﬁefs tn boerfler s laboratory demonatrated |
that Ad'12 DNA is covalently linked to the high and inter--
mediate repetitive aequences of transformed hamster cell
~ DNA (Groneberg et al., 1977) As far as the quantity of
‘viral gene involved, the sequence of Ad 2 and Ad 5 viral
DNA that can transﬁorm rat cells is as 1ittle as 7% of
the left hand end of the viral DNA Qnolecule (Graham, 1977).
Cellular DNA ayntheais has been suggested as one of
the many factors that would influence the integration
frequency of virai DNA. Stimulation of hamstex embryo cell
DﬁA synthesis upon infection by Ad 12 and other serotypes
of adenovirus has been reported (Shimojo and Yamashita,
1968: Takahashi et al., 1969; Doerfler, 1969; Strohl, 1969).
This is sdmilar to the situation of polyoma infected cells
(Dulbecco st al., 1965 Weil et al., 1966; Winocour et al.,
1965). In Sv40-infected Chinese hamster cells, integrated
viral DNA became detectable about 10 to 15 hours post
infection, at the time when cellular DNA synthesis is
atimulsted (Hirai et al., 1971). Furthermore, Hirai et
al. (1974) showed that SV40 DNA was integrated even when
the induction of cell DNA synthesis is decreased or abolished,
however, they also found that integration 1eie1 was

dependent on the cell population that is in S phase.
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: Viral treneformetion has also been found to be dependent
on cell DNA synthesis.
The event of integration has also been observed

fin the infection of cells with RNA tumor viruses. In thie
case, a virus specific ‘DNA ie replicated and integrated
The ‘fyntheeie of viral DNA is dependent upon a virue—coded
RNA-directed DNA polymeraee (Baltimore, 1970; Temin and
‘Mizutani, 1970). The smaller genome of RNA tumor viruses
allows one to accéunt for all the genetic functions of
the genome. Thus, it appears that integration ie,facilitated
by cellular enzymes. Wﬁen quall embryo fibroblasts were
placed in stationary phase (G,) by prolonged serum
starvation and then released by eernm replacement, viral
DNA was integrated only into cellular DNA replicated
during'infection. Varmuslet al. (1§77), therefore,
concluded that integration appeared to require cellular
DNA synthesis. Thie event could be mediated by an enzyme
present only during S phase, topographical changes of
cell DNA in replication replication iteelf or factors
aeeoci&ted with S phaee

» This thesis reports work that has been done to
etudy the interaction of Ad 12 DNA and mammalian cell
DNA. An experimental syetem. the DNA-DNA reaeeociation
technique, has been. developed. -~ This eystem can detect
less than one viral genome per cell. It was used to

determine the minimum amount of viral DNA required to

3
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maintain the transformed and tumorigenic state of cells
The . mnjor aspects of this study are as fo
1) Quantitation of viral genome in tumor, .
tfanéformed. and productively infected
cells, ‘ : B . A E
2)' Characterization of the site of integration
of Ad 12 DNA into productively infected
cells. The parameter cﬁaracterized was the
relteration frequency in the cellular DNA
sequences adjacent t; an integrated viral _ ¢
DNA.
3) The expioration of the effect of factors
which would potentially alter the frequency
of viral DNA-infegration. Tﬁese included
factors having known effects on the
synthesis of cellular DNA such as serum
concentration, AraC, caffein; and ultra-

violet irradiation.
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MATERIALS AND METHODS

-

I. Tissue Cultufe Techniques

A Medla and solutions

i. Minimum'Essential Medium' (ME
MEM is a medium for mbnolayer cell.cultures either
on glass bottles or on petri dishes. It was purchased

from Grand Island Biological Company, New York (catalogue

number F-12).

ii; Joklik-Modified Minimum Essential Medium

This med?um was used for suspensioh cell cultures.
Its ingredients are basically similar to MEM mentioned
above, without calcium chloride, potassium phosphate, |
magnesium sulfate, but with addition of magnesium chloride

and increased concentration of sodium phosphate (catalogue

number F-11).
1ii. MEM alpha Medium (aMEM)

The composition of.thi; medium is similar to MEM,
with addition of sodium pyruvate, amino acids, and
vitamins. This medium provided a ﬁore favorable
nutritional basis for cells to grow. It.was puréhaéed

also from GIBCO (catalogue number F-19).

<17-



Av. Antibiotica

Penicillin G and Streptomwcin sulfate pu:chasad

from General Biochemicala. Chagrin Falls, Ohio, were

routinely added to the growth media to a concentration

of 100 ng/ml of Streptomycin and 1.21 mg/ml of Penicillin G.

v. Fetal Calf Serum (FCS)
Fetal calf serum (FCS) was purchaéed from GIBCO,
stored at -20°C and thawed just before being used. It

was added to MEM or oMEM to a final concentration of 10%

vi. Horse Serum (HS)
Horse serum (HS)*was also purchased from GIBCO
and handled exactly as for FCS. 'HS was added to Joklik's

medium for suspension cell cultures to a final concentration

of 5%.

vii. Fugizone

Amphotericiﬁ B was purchased from GIBCO and added

to media to a concentration of 1%.

viii. Trypsin
Bacto trypsin as lyophilized powder was purchased
from Difco Laboratories, Detroit, Michigan. It was

reéonstituted with citrate saline as a 1.25% stock
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" solution. Citrate saline cohtainQ 1% potassium chloride

and 0.44% asodium citrate.

ix. Phosphate Buffered Saline (PBS)

| The PBé without ﬁgz+. Caa+ waa‘foutinely used.
‘10 X PBS contains NaCl 80 gm; KC1 2.0 gm; Na,HPO, 11.5 gm;
KH,PO, 2.0 gm in 1 litre solution.

B, insuxslssshninuﬂa

i. Mbnélayar Cultures

These were maintained at 37°C in a humid incubator
with 5% CO, and 95% air. . Confluent monolayer cell cultures
were proﬁagated by washiné with sterile citrate saline
at 37°c. Then they were trypsinized with 0.125% trypsin.
Alternatively, some established cell lines can-be
pr0pagatéd by scraping attached cells off glass with a

sterile rubber policeman.

11, Suspension Cultures |

Cells wefe kept in suspension by constant
agitation with a teflon magnetic bar held in motion by a
magnetic stirrer. The concentration of cells were held
bitween 2 x 105 to 5 x 105/ml by regular dilution with

suspension medium plus'SZ HS.

iii. Secondary Cultures

Human KB cells. The cells, originally carcinoma
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‘of the mouth, were obtained from Dr. M. Green, St. Louis

‘University School of Medicine, St. Louis, Mo. These

cultures wérp propagated either in monolayer 6: in

suspension.-

Hamster embryo cells. Thirteen day-old hamster

. embryos were removed‘from the mother under sterile

conditions. They-were rinsed with sterile PBS. Decapitated
and enviserated, the carcasses were minced and treated

with 0.25% trypsin for 15 minutes at 37°C under constant
agitation. The viscous-fluid was then filtered through |
several layers of sterile cheese cloth and the action of
trypsin was terminated by adding 10 ml of FCS. Culture
medium was added. Cells were pelleted by centrifugation

for 5 minutes at 1 Krpm at room temperature in an
International centrifuge. oMEM was added to resuspend

the cell pellet. Subsequent cell cultures were grown in

aMEM.

Ty and Tg cells. Thése are established cell lines

. or primary hamster embryo transformed by Ad 12 according

to the procedure of_Casto.(1968). Details of transformsation .

has been published in the Ph.D. thesis of J. Smiley (1977).

293-31 cells. This is a human cell line

transformed by Ad 5 DNA (Graham, 1977).
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‘Newborn syrian hamsters were,injetted subcutaneously
~ with 109 vi'r.ions of Ad 12. After 6 to 8 weeks, tumors.
were excised washed with phosphate buffered saline (PBS)
several times, and minced finely They were homogenized
with a buffer containing 0.25 M sucrose, 3.3 mM CaCl
and 0,01 M tris—hydrochlotide (pH ' 7.4). ' The homogenization
was carried out using a Sorvall Omni- Hixer (100 ml vessel)
at medium speed (setting 4) for 3 minutes at ice temperature.
The homogenate was then filtered through several layers of
cheese cloth. Cells thus collected were washed extensively
with PBS without Ca++ and M§++. Tniq protndure yielded
single cells, of which more than 90% were T-antigen
positive, as shown by immunofluorescence (data not shown).
To extract tumor cell DNA, the procedure that
has been described earlier was used with some modification
(Lee and Mak, 1977). Briefly.;the‘gells were lysed in
a buffer containing 0.15 M'NaCl, 0.015 M sodium citrate,
0.1 M Tris buffer (pH 8.0), 0.3 M sodium trichloroacetate,
5 mM EDTA, with 0.5% SDS. The lysate was homogenized
in the Omi-Mixer vessel at setting 3 for 1 min, Pronase
(Calbiochem) that had been pre-incubated for 2 h.nt 37°C
was added to 0.5 mg/ml. After incubating at 37°C for 12 h,
the sample was extracted three times with phenol and
then precipitated with ethanol and dried. The nucleic

acids were then resuspended with 0.3 M NaOH, boiled
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 for 20 min'and‘peﬁtfalized. . The DNA was ﬁreéipitatgd
with ethﬁnol again and redissolved with 0.01 M Tris-
buffer (pH 7.0), 5 x 10-“M EDTA, and 0.01 M NaCl, and
dialyzed against the same buffer. |

"D, Fluorescent microscopy

Transformed cells were grown on cbver slips.
Tumor cells were dried on covér slips at -20°C. The
cover slips were washed with PBS, air dried and fixed
~with éarboﬁ tetrachloride. The indirect ipmunofluorescence
technique was used to detect the presence of Ad 12 T
antigens. Anti-T antiserum was obtained from hamsters |
bearing Ad 12 induced.tumOrs; Fluorescein-conjugated
antiseralagainst hamster was either purchased from Roboz
SurgicallInstrument Co., or as a gift from Dr. M.

Buchmeier, Dept. of Pathology, McMaster University.

'E. Complement fixation test

Xhis ;:g done according to the method of Kagan
and Norman (1970). Ad 12 transformed cells were disrupted
in PBS- by sonication (Biosonik III, 307 maximum power,
for one minute). Antiserum was collected from tumor-
bearing hamsters and complement inactivated at 56°C
for 30 minutes. Sheep red blood cells were obtained
from Grand Island Biological Co. Complement was a

gift from Dr. W. Rawls, Dept. of Pathology, McMaster
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ﬁni&arsity. .HEP-2 cells were used as négative conprori

. and Ad 12 infected HEP-2 cells as positive control.

Q

1I. ‘Vifoiog;cal Techniqﬁes

Adenovirug.cypé 2 (Ad 2) and type 12 (Ad 12)
were originally obtained from Dr. M. Green, St. Louis,
Mo. Ad 12 cyt mutants originally isolated by Takemori
(1968) were obtained through Dr. H.F. Stich, University

of British Columbia. o Wi

B. Cultivation of viruses
i. Ad 2 and Ad 12

KB cells grown in suspension cultures were pelleted
by low speed centrifugation. Joklik medium with 1% FCS n
wgg added to resuspend the cells to 107 cells/ml. Virus
was added to the cells at 300 particles per cell. The
infected cells were maintained under constant agitation',
at 37°C for 90 minutes, then diluted to 2 x 10% cells/ml
with Joklik medium with 5% HS. Virus was harvested at

48 to 72 h post infection.

ii. Cyt mutant

Cyt mutant (H12 cyt 12) of Ad 12 was propagated
by infecting KB cells in suspeﬁsion and incubated as
monolayer cultures at 37°C. Virus-was harvested at 48 h

post infectioﬂ{ : -7

r
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C. Purification of vifdb
The method of Ginsberg-(1966) was used. The

infected cells were pelleted in the coid by,low'spegd

.centrifugation and resuspended in 0.01 M phosphate o

buffdr (pH 7 £ 2.5 x 107 cells/ml. Sodium deoxychoiate

‘was added to a finai concentration @f 0.5%. Af;er 30

min of iysis at room temperature, MgCl, was added to a

concentration of 0.02 M, and deoxyribonuclease was

added to 10|Jg/ml.‘ The lysate was incubated at 37°C

for 2 h and centrifuged at 2 Krpm in an International

centrifuge fof 20 min.to remove unlysed cellular debris

which would interfere with subsequent procedures. The

supernatant was extracted with Freon 113 until clear.

The viral suéﬁension was then sedimented onto é cesium

chloride. cushion of density 1.44 gm/ml and banded

isopycnically twice in a cesium chloride of demsity 1.33

gm/ml at 33 Krpm for 24 h with Beckman rotor 60.

D. Infection of KB celis to study factors which alter

intégration freqpeﬁcies

In the studies of effects of serum concentration,
Ara C and caffeine, KB cells\grown in:suspensipﬁ
cultures at 3.5 x 10° cells/ml were infected with 2000
particles of Ad 12 per cell. After 1.5 h for adsorption
under constant agitation, 3.5 x 107 cells were plated

onto 150 mm diameter petri dishes with MEM contaiﬁing
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the appropriate concentrations of FCS Ara C and caffeine ‘
In the case in which the effect of UV-irradiatiod was ;%]
studied "KB celis from spinner cultures were transferred ”
'65 150 mm diameter petri dishes 2 days prior to the ST
‘experiment AUV dose of 100 ergs/mm2 (10 J/m?) was. |
‘used. - The UV light was produced by an 8 uwattAGeneraI
Electric Geréicidal tube nuﬁber G8TS. 'Incident dose
was. determined by a uv intensity meter (Blak Ray short
wave UV meter model J-225, Ultra- violet Products, Inc R
_San Gabriel, Ca.).

¢ . S 7 .
- III.. Molecular Biology Techniques '

A. Preparsation of radioactive viral DNA--
The 293-§1'hogsn cells were infected.with_Ad 17

i(strain 1131) at about 500 virions/cellﬁ At 153hlafter- ;e/\;
infection, 3H-thymi-_dine (20 Ci/mM) was addedftb_a fi s
concentration of SucCi/ml. The cells"were harvested-at
r60 h aftex infection Viral DNA was extracted from
_ purified virus preparation The specific activity of
the viral DNA was abont 2 x 108 cpmjug On some
occasions, KB cells were used instead of the 293-31 -

-

cells.

-

k4

B. Restriction enzymengenerated viral DNA fragments

‘Eco RI restriction endonuclease was prepared from

E. coZz RY13. bacteria (Petterson and Philipson 1974),
-,

L3
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a giff of}Dr. L. ~Philipson.'Uppsala. Sweden. This enzyme
-digested Ad 12 DNA into fragments which could be used

1

-

as radioactive viral DNA probes.
sH 1abe11ed viral DNA was digested with Eco RI.

. After digestion, the- mixture was treated with chloroform-
isoamylalcohol (24:1) and the DNA fragments were _
fractionated by 0.7% agarose gel electrophoresia.(Mulder, y

. 1974). DNA bands were’located by staining with ethidium

‘ bromidé.and illuminating with UV light, DNA f;bm the
gels were recovered with a modified procedure reported
‘eariiér (Mulder, C., personal communicatiqn). Briefly,
re}evant gel ségments éantaining'DNA ﬁere cut, crushed
finely, and dissoived in two gel volumes of 8 M sodium
perchlorate. The solution was then diluted to 2.5 M
sodium perchlorate; About 0.5 g of hydroxyapétitg (HAP)
was gdded and the slurry was loaded into a column.- The
HAP'w;s,then washeé with 2.5 M sodium perchlorate,
followed by 0.01 M sodium Eposphate buffer (pH 6.8)
and-:::§:§y14 M phosphdte buffer. The DNA was eluted
with 4 bé&d volumes of 0.4 M phq;phate buffer (pH 6.8).

Al operations were carried out at room .temperature.

“The eluted DNA was then dialyzed against 0.01 M EDTA .

(ﬁH‘7.0) and concentrated by freeze-drying.
: A
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- C. Detarminatioﬁfof‘mplécular weights of DNA '

| Mlecdlar‘weights of DNA could be determined by
alkaline sucrose g:adients._lVirus and cells were }ysed
in a solutiéﬂ of 0.5 M NaOH, 0.01 M EDTA at room '
teméé:ature. The cell cqncentratioﬁ was obviously
important, but is a variable dependent on ﬁhat centrifuge
tubes weré used. Extensive work on upper limits were
dqne elsewhere (e.g. Q:-Pater and 3. Palcic, PhQD._thesea).
In all cases, the amount of material used in the present
work w'gs' well within limits. The lysing time for virus |
was 5 h and for cells, 12 h. The sucrose g:adients'
contain: 0.3 N NaOH, 0.001 M EDTA, 0.01% SDS, 5-20%

sucrose, unless otherwise .stated.

D. Separation of viral DNA from infected cell DNA
i. Alkaline Glycerol Gradient

Cell saniples we/l‘e lysed in 2 ml .of the same
llysing solution as stated in C for 12 h at room temperature
before layering on top of 20-50% alkaline glycérol
‘gradients in 0.1 N NaOH. - SW27 buckets were used.  The
gradients¢were cdllected'with.the help of aé ISCO{
fraction-é@llector in fractions of 1 ml each. Optical
’density at 260 nm was monitored. The fractions were
neutralized carefully with 1 M‘NaHzPou to pH 8, then
dialyzed agginst 0.1 x SSC with four changes of dialysate

during the first four h, and against 0.1 x SSC for
u?“ . i
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another 8 h, The aample was_then‘extracced.with-chlorofdrm-
igoamyl alcohol (20:1) and then 5 times with equal volumes
. of ether to remove the alcohol and chloroform. The DNA

was freeze-dried and stored.

ii. Network Technique
| The method of Varmus et\az (1973) was followed
Unsheared DNA from infected cells was denatured by boiling
for 10 min, and then chilled in ice bath. It was re-
associated to Cot of 3 sec. mnl/liter in 0.6 M NaCl SDS was
added to 1%, and centrifuged for 15 min at 140 000 X g
Iin.SWSO.l rotor.‘ The network pellet was suspended in
0.3 N NaOH, boiled for 20 min to fragments as a preparation
before reassociation. The nitrocellulose centrifuge
tubes were sgiliconized, immersed in 50 ug/ml aolution‘of

denatured salmon sperm DNA, and rinsed with water.

E. DNA-DNA Reassoclation System

“All DNA samples were suojected to alkaline
fragmentation b& boiling in 0.3 M NaOH for 20 min and
then-neutralized (Shaxrp et al., 1974). The samples were
then dialyzed extensively with 0.01 M Tris-hydrochloride o
(pH 7.0), 0.0l M NaCl, and 5 x 10-% M EDTA.' Tumor cell - |
DNA or salmon sperm DNA (2.2 mg/ml) was mixed with
appropriate amounts of. H-labeled viral DNA probe and
denatured by boiling. The solution ﬁas adjusted to 1.0 M
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: ﬁaCl. overlayed with mineral oil, and incubated at 68°C.
in'stoppered»glass'tubes.  ngplea of 100'ul were yiﬁhdrawn
at various times and immediately diluted 10-fold with
0.14 M phosphate buffer. Hydroxyapatité chroﬁatography
was used to separate the aihgle- and double-stranded DﬁA
'(Gelb ét al., 1971). Radioactivity eluted from tﬁe
hydroxyapatite column was determined by a.liquidéphase
 counting system. Trichloroacetic acid was added to the
0.14 and 0.4 M eluates (4 ml) to final concentrations of
2.5 and 10%, respectively. A 15 ml portion of counting
fluid made up of Triton X-11l4, xylene, and Omnifluor'(New
England Nuclear Corp.) (Anderson and McCure, 1973) was
added. The counts per minute was then corrected for the

differential qugnching effects of 0,14 and 0.4 M phosphate.

_F. Pregaratioh of hxdrogxagatite (HAP) | _
Hydroxyapatite crystals were prepared by the method

of Muench (1971). Briefly, 1500 ml of 0.5 M CaCl, were

dripped into 1800 ml of 0.5 M sodium“bﬁésphate buffer

(pH 6.8) under constant agitation. The whitish crystals

‘df CaHPO, were then washed with 3 litres of distilled

~water and then boiled for half hour in 3 litres of distilled !
wéter_ﬁhde'glkaline by adding ammonium hydroxide'using |
phenopthalein as a pH indicator. The resultant crystals

of hydroxyapatite were then washed seven timea.with 0.005 M
sodium phosphate buffer (pH 6.8) and stored in 0.005 M

" sodium phosphate buffer at 4°C.
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. Under the light microscope with high pqﬁer
‘magnification, the crystals preparéd by the Muench.
method were examined. They showed the typical
conglomerations of blade-like crystals of hydroxyapatiﬁe
(Bernardi, 1971). |

G. 'Sl-nuclease assay of DNA hybrids

Sl-nuclease was used to .assay for percehtége of
DNA in single- and double-stranded configuration. The
conditions described by Leong (1972) were followed. DNA
was digested by 1600—2006 units/ml of Sl—nﬁclease in
a solution oé 0.03.M sodium acetate byffer pH 4.5, 1.8 x
1073 M ZnCl,, 0.3 M NaCl with 10 ug/ml of denatured calf
thymus DNA at 37°C for 2 h. After digestion, 30ug of
salmon sperm DNA was added as carrier and TCA was added
to 10% in ice temperature. The precipitate was collected
on 0.22u millipore filters, dried and the radiocactivity
was determined by coﬁnting in 5 ml of toluene-Omnifluor
mixture.

L]

H. Flﬁorography to determine relative amount of 3H-thymidine

in DNA fragments

Ad 12 DNA was digested with Eco RI endonuclease V'
and electrophoresed on agarose gel. Fluorography was
done according to Laskey and Mills (1975). The gel was

immersed in 20 volumes of methanol for 30 min followed
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"ﬁy a second 30 min immersion in fresh methanol. The gel
was then immersed in 10% w/w PPO in methanol for 3 h and
dxied in vacuum., Fluorograph was made by exposing the
‘dried gel to X-ray film (Kodak.RP/R—lh)‘and developed.

To quantitate the radioactivity in each DNA fragment, the
film was scanned with a microdensitometer and the area
under each peak was determined.

N

I. Incorporation of radiocactive thymidine into KB cells

Spinner suspénsion cultures of KB cells were
infected with Ad 12 virus and then transferred to 35 mm
petri dishes containing appropriate concentfations of FCS.
One-hour pulses of SH-thymidire at 0.5 uCi/ml were
-performed. At the end of the pulse, cells were removed .
from the dishes, washed three times with PBS and pelleted
by centrifugation. TCA (10%) was added and the precipitate
was collected on fiber glass filters,®?dried and counted

in 5 ml of toluene-Omnifluor fluid.



RESULTS

-

I. Establishment of the DNA-DNA. Reassociation System

Denatufed complementary copies of DNA renature
to achieve a lower energy.configu;ation (Marmur et al.,
1963). The rate of reassociation depends on DNA |
concentration, temperature, ionic strength and viscosity
of the incubation medium (Wetmur and Davidson. 1968) .
Conversely, if a11 other variables are kept constant and
rate of reassociation is known, the DNA concentration
can be determined. In the experiments reported in this
thesis, the rate of reassoclation was determined by mixing
an.unknOWn sanp1eéwfthqt}aes\i:hunts of radioactively
labelled "probe' /DNA. The rat waslmonitored by assayihg
for the percentage of DNA in single stranded.form using
hydroxyapatite chromatography (Britten and Kohne, 1968).

The mathematical relationship used to describe

DNA-DNA reassociation is:

To -~ T+ KCot | (L

- where

Co = Concentration of DNA in single-stranded form at
initiation of reassociation; |

c = Concentration of DNA in single~stranded form at

time t during reassociation;

-32-
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R~-- Reaction conhtdnt which depends dn the genetid
complexity of the genome being reassociated.
The plot of C/Co versus t is a first-order sigmoid
curve., If there is more than one component in the
; reassociation.mixture. a multiphasic curve will be found.
Alternatively, the dbove equation can be transformed so
that & first-order reaction gives linear plots.
Let:ff8 - fraction of DNA in single- stranded form.
T

1 =1+ KCot
88

2)

The slope of 1/f,, versus t is KCo. Hence, one
could use the increase in the slope to quantitate unknown
amounts of viral DNA provided that K could be found from
the reassociation of a probe Before the results of the
application of these basic concepts are discussed, it is
important to discuss the preparation‘of DNA sampleé and
the establishment of assaying conditions. _

| DNA egtrdcted“From various sources has different
Pizes depending.on the extraction buffers, mechanical .
shéaring, and length of time spent on different atageé of
extraction. Cellular DNA extracted according to the
Procedures described in Materials and Methods has a mean
molecuiar welght of 3 x 107 Daltons, corresponding to a
sedimentation coefficient of 54S in alkaline sucrose
gradient using a 34S ﬁer. This 18 shown

in Figure 1.



Figure 1 _
'Profile and Size of Extr'acted Mammslian DNA

Cell DNA radiocactively labelled with SH-thymidine was
.extracted according to the procedures outlined in
Materials and Methods . It was mixed with a marker
Ad 2 DNA labelled with 14C-thymidine. Sedimentation
conditions: 5-20% alkaliné sucrose gradient in SW50.1
rotor at 40 Krpm for 1 h at 5°C.

—h— extraéted cell DNA

--O--  34S marker viral DNA
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In order to reduce veriatione of DNA eizee and
-also to minimize. phyeicel entanglement of DNA having
large slzes, it is deeireble to reduce the DNA into
smeller but more uniform size fragmente

_ The use of mechanical ehearing to fragment DNA
" was explored This was done by sonicating 2 ml of DNA
samples in a glass Kimex tube held in an ice bath Thirty
' percent of full power with a Biosonik sonicator adapted |
with a emall probe was used. The §- value of Ad 12 DNA
was found to decreese with increasing sonication time. |
Figure 2 shows that its sedimentation coefficient drops
from 34S for an intact molecule to 16S in the first min
of eonication and levels off to between 8S to 10S after
2 min of sonication Profiles of the fragmented Ad 2 DNA
eedimented in alkaline sucrose gradiente indicated that
the size distribution became more homogeneous as the
 fragments were reduced to smaller sizes.

The method of fragmentation by alkaline degradation
was used in many experiments reported in this thesis (Sharp
et al., 1974). Alkaline fragmentation would reduce Ad 2
virus DNA to about 6.5§ in alkaline sucrose gradient after
15 min of boiling in 0.3 N NaoOH. This corresponds to g
molecular weight of 2.2 x 105 Daltons (about 600 nucleo~
tides) (Studier 1965) Again the sizes of DNA
fragments reach a more homogeneous distribution as the

fragments are reduced to smaller sizes. Cellular DNA,
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Figure 2 .
. Size of Sonichted DNA

:f\, as Function of Sonication Time

Three different experiments with results

identified by three sets of symbols..
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i,;;~;'~ ‘ which started out'with a higher molocular wsight and broadsr
- “size distribution. retained a slightly broader oize R
.gi—'h'distribution slthough the mesn .sedimentation coefficient
‘'was the same as the viral DNA treated under similar conditions.i
This is shown in Figure 3. . R
The ‘reassociated DNA was assayed by HAP chromato-'
. S graphy.. The temperature of the sample wss‘maintained at
': " 65°C by a water-jacket HAP column., Here, we have chosen
to use hydroxyapatite crystals prepared by the method of
. 'Muench (1971) instead of the now highly popular brand
BIO-GEL HTP of the Bio- Rid .Company. The major difference
is that BIO-GEL HTP was prepared at neutrsl-pH before
conversion to the final product in alkaline conditions
(Tiselius, 1956) whereas the HAP . using the Muench procedure
was prepared at a lower pH before conversion
Under the light microscope with high power
magnification the crystals prepared by. the ﬁuench me thod
were examined. They* showed the typical conglomerations '
.of blade-like crystal morphology of hydroxyapatite. .
Compared with the crystals of BIO-GEL HTP.-theyJwere
R ' larger and more homogeneous in size. When stirred up,\
. 'they settled more readily Their flow rate was about_
’10 times higher - The DNA binding capacity was about _
g600 ug/gm of dry powderT.and it was not affected by the

_ decreased column contact time The characteristics of :i

the two types of crystals were further investigated by

-
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Size and Distribution of Fragmented DNA by . =
the Method of Alkaliné‘Fragmqgtgtion ' ;";_ T

Alkaline sucrose sedimenﬁation of_frégmgnted Ad 2 and }é : -
KB cell DNA. , Condition: $W50;1 rotor, in 5-20% ‘

alkaline sucrose grddien; centrifugsd at 48 Krpm for o %‘
2.5h. =~ T £ S
Boiling time (@in) )
B - 5
. <.

C) . 10 -

D) s

E) 20

é F) -2 mg of KB cell ,DNA boiled for 20 min.
10 ug layered on 5-20% alkaline sucrose

gradient centrifuged in SW50.} rotor ang_

R

centrifuged at 48 Krpm for 2.5 h.
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comparing the melting profilss of double-stranded DNA .

| -'bound to the crystals As shdwn in Figure 4, the melting

profiles of DNA in OZ and 50% £ormamide in the two types

h of crystals were. virtually identical ' This shows that\ -
the DNA affinity of the crystals was the same when ~‘thes
DNA was intact or partislly unwound. In all subsequent
experinents, the HAP prepared by the Muench method would
be used. '

Single—stranded DNA could be eluted from HAP '
‘crystals by 0.14 M sodium phosphate buffer and double-
stranded DNA could be eluted with 0.4 M sodium phosphste
buffer (Martinson 1973s b) To denonstrate the selective
adsorption of single—snd double-stranded Dgé:by‘the HAP'
crystals, elution profiles of double -stranded DNA were
.obtained. The double-stranded DNA was obtained by careful
,extraction of viral DNA from Ad 2 virus, and the completeness
of DNA molecule was confirmed by sedimenting through
alkaline sucrose gradients Figure 5 shows that about
5% of radioactivity was eluted with 0.14 M PB, presumably
representing single strands introduced in preparation
of the sample. | 4

The DNA used for reassociation was labelled with

3H-thymidine Counting efficiency of this radicactive
isotope was greatly decreased by the amount of DNA in
the samples presence, of PB and agents used to solubilize\‘

the sample.- Both single-stranded and double-strsnded
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)ieltirig‘ Curv_es of Ad 12 DNA on Hydrokyspatite Columns
1072 ug of Ad 12 DNA radiosctively labelled with 3!-!-
thymidine was bound to water jacketed column .
.containing 1l ml of packed HAP. Melting was achieved
_ by increasing the temperature of water circulsting _
'through the columns, Curves were obtained for ‘melting
in varying concentrations of formamide. Melting
..=charscteristics for HAP made according to the Muench
method (1971) and as commercial products ‘

Co. (HAP HTP) were compared

Curves HAP origin | 24@
concentration

A‘ @) Bio-Rad

B O Muench | o%

c OI Muench- ' - 10% ‘

D O Muench : 20%
"E O ° Muench 30%
Y F e .Muench ‘ . 407

C o Bio-Rad

Muench } overlqp " 50% -
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’..
Figure 5. e
Elution Profiles- of 3H labelled
Ad 2 DNA from Hydroxyapatite Column

2ug of M Ad 2 DNA extracted from virus particles
was sonicated to a mean frigment length of ‘800

nucleotide pairs. The sample in 0. 1 SSC was adsorbed

l'rfor 20 min onto HAP. Phosphate buffer with -

concentrations a8 1ndicated in the graph was used to
'elute DNA from the columns Void volume of the column
was 4 ml | o

a) "loading of sample in 0.1 SSc

/Pl\ elution with 0.14 M phosphate buffer

c) elution with 0.4 M phosphate buffer.
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Afrections of eluatea frOMIHAP chromntogrephy contain about
© 10 to 200.ug of DNA. It was found that if these silBles _
© . were precipitated by TCA and immobilized'on nitrocellulose
l filters dried and then counted, the scintillation counts
would decrease as the DNA concentration on the filters
increases (Figure 6) The obvious difference between
radioactive counts on 0.22 and 0.45 4 filtera had not
.been inveatigated Theoretically, one could.correct for
this self-absorption., if the apouot'of DNZ/onthe filter
is Known. .However, the cctual amount of DNA on the filter
.is usuvally unknown or only roughly estimated as this |
'represents the reassociatioﬁ of cellular DNA sequences.
As an alternate approach, a method of counting DNA samples
in solution was developed.
When phosphate eluates from HAP columns were
mixed with a counting fluid containing Triton X-114,
xylene and Omnifluor (Anderson, 1973), a white precipitate
was formed. As this precipitate settled; the radioactivity
counts dropped. The_precipitate was probably a form of
phosphate which dec;eased the radioective couotb. Since
it was known that phosphates dissolve in acidic condition
(Muench, 1971), TCA was qﬁded to the samples. The
) precipitates‘were.observed to dissolve with a concomitant
increase in radicactive counts as shown in Fiéure 7.
It was also notiéed that TCA itself quenched radiocactivity

as well (Figure 8). Different concentrations of TCA



Figure 6

Quenching of °H Radioactivity by DNA on Filters

Duplicate samples of radioactivelj labelled DNA.oﬂ
nitrocellulose filters of varying sizes.
AN
A 0.45y n;trocellulose filter

”~
O _0.22 v nitrocellulose filter
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Figure 7 - . - -h

 Scintillation Counting.of Trit{um in PB

_Solubilizing phosphate buffer with ‘acidic conditions
“for scintillation counting. time on x-axis starts with
| the addition of counting fluid mixing was faci}itated‘-
: by shaking the vial container '

3 ml of 0.12 M phosphate buffer with % DNA in 10 ml
of standard Triton X-114 countfng fluid; at 40 min
post mixing, the vial was shaken up and at 90 min
poat mixing, O. 15 ml of 50% TCA was added
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; Figure 8

Quenching of radioactive counts by 'I‘CA
in 'I‘riton X-114 Count:ing Fluid o

‘A %-in 0.5 ml 0.14 M PB, counted in 10 ml of Triton
X-114 counting fluid and-1 ml TCA.

O %M in 0.5 ml 0. 14 M PB, counted in 10 ml of Triton
X-114 counting fluid and 1 ml TCA.
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" ‘were !equired to acidify the same voluma of 0. ThMana -
0.4 H PB. An optimum concantration of TCA to’ give thc"“:
'highest radioactive count was" found to be .one which juat
completely dissolved the phosphate crystals _ Evan under |
this condi tion the radioactive counts in: the 0.14 H and'
:0 4 M PB fractions were not_equal. Correction factors_
were required to adjust for this-d{ffcrcntial quenching.

- It was found that for 4 ml”of 0.14 M PB_soldbilired with
.'-0.2 ml of 50% TCA a correction factor of 1.14 timea‘the
radioactive counts was necesery to give'thc rad;oactivc
counts if the same amount of %-labelled DNA was counted
in 4 ml of water. Likewise, the correction factor for |
4 ml of 0 4 M PB with 0.8 ml of 50% 'TCA was 1.86 (Table 2).
': In both cases the counting fluid was 15 ml of Triton X-114"
-solution a§ described_’gfuaterials and Mbthods

DNA concentration played an important role in
decreasing radioactivity when it was prccipitated on
filters. In order to -find 'out whether DNA concentratlon
still palyed such an iofluential part in liquid phase‘
counting,:the effect of DNA was invcstigated. Figure 9
~ shows that there was avdrop of about 10% in'radioactive
counts as DNA concentration was increased from 100;13 to
1000 ug Since in the experiments reported later on,
the variation of DNA concentration in the samples would

be less than 200 u g, one'canlsafely assume that the

effect of DNA concentration on quenching was small and
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. Cbrrectidn Factors for"Qdénching in Phospha;e'Buffet'A_’

T om

-

3H-1abelled sample of DNA in 0. 14 H PB and 0. A M PB o
acidified and counted in Triton x 114 fluid

-

Sample . In 4 ml  In4ml0.14M  Inb4wml 0.4M
| " H0 . PBplus 0.2ml . PB plus 0.8 ml
- 50% TCA ~  50% TCA

' sk - su0 3330
2 e362 5443 "3654
3 - 5592 3346

Average .
comes. 6404 5592 3443

Correction ' .
factor 1 : “1.14 . 1.86
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Figuré 9
. Effect of DNA in Liquid Phase on the Quenchlng
of Tritium Radioactivity

*M-labelled Ad 12 DNA-in of 0.4 M m;.counted' |
10 ml of Triton X-114 counting fluid with varylng

amounts of sglmon sperm DNA.
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- hence is hdt eonsidered in calculetione of single stranded

percentages._- o ‘ _

The quality of each newly made batch of hydroxy—
apetite was monitored by its ability to blnd sxnglen and
double- atranded-DNA The capacxty to bind double stranded
DNA was found to be .rather consistent from batch to batch.
Some single:stranded'DNA was not eluted from the HAP
columns by'0.14‘ﬁ PB. The amount of 31ng1e -stranded

——t

which has’?hig\ zero-time blndlng property varied from
. batch to batch ranging from 3% to 15%. Usually thll

~ be handled by seberel proceduree;‘like bdiling the HAP 'Y
crystals in SDS before uee, introducing single-stranded A
calf-thymus DNA, or correcting it mathematieally;

In the“presentatigd of reassociation results,
either the traditional plot of fraction of DNA reassociated
against log Cot (Kohne &nd Britten, 1971) or linear plot
of 1/fss against time of reassdciation (Lee and Mak, 1977)
were used, as appropriate. Cot is the product of DNA
concentratiod (Co) and the time (t) of reassociatigﬁ.

As rightly pointed®out %y Kohne and Btitten (1971), Cot
is most eesily calculated as the optical density at

7260 nm of the dissolved DNA times the hours of incubation,
divided by two. This approximates the usual units .
(second x mol/liter) since the extinction coefficient

of DNA under these conditions is about 7200. The

conventional enit of seconds-mol/liter has beeti tized
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' throughout for the units of Cot so that results presentgd-

‘in this work can be interpreted and'contrastgd'with‘those?,

~in the literature. _ : o
. . Ad2 DNA"was fragﬁented by §Bnicatidn and reassoci-.
‘ated at 8.15 ug/ml'(Fig. 10):'Ad12'ﬁ§2 was fragmentgd'by
alkgline_dégradation and reassociated at 0;18'ug/ml._(Fig;11)-
The slope of linear plot was determined ﬁy liﬁéak ;egréssion .
using thé‘ least square method or from a straigft line dra‘svr;.by eye.
In both cdses, the traditional and lipear plots were
displayed. . The single sigmoidal component and the
linearity of the traditional and linear plots, respecti§ely,
is consistent.with tﬁe fact tﬁat_adeno%irus genoﬁe has
- only one genetic'complexity. The terminél redundant
sequences in these genomes represent less than 1% of the

gen ; hence they do not affect the reassociation kinetics.

\~.The Cot_IE value can be read off Figure 10A to

be 2.5 x 10-2 sec—mol/I{Eéf; or calculated from the slopé*

fof Figure 10B:

slope = KCo
- £8-1) x 60 ”
145
= 2.9
.. K = slope/Co
= 2.9
. x 0.
= 33.1

* Slopes determined by the methods described above were similar.
"In subsequent graphs on reassociation data, slopes were
determined by lines drawn visually.
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‘Figure 10 .
Reassociation of Ad 2 Viral DNA ‘

8.15 ug/ml of Ad 2 DNA sonicated to 8S denatured by

boiling for 10 min, reassoclated in 0.14 M phosphate *

| buffer at 65°C and assayed with HAP columms.

*A) Plot of single-stranded DNA percentage
versus Cot ) . |
B) Plot of reciprocal of single-stranded

DNA percentage versus time.



y -

NA
g
1

SI.NGLE “S'I;R".I?Ep D
=)
| LJ

10

50 100 150

REASSOCIATION TIME
(min.)

200



-52- ©

A

- Figure 11
Reassociation of Ad 12 DNA

1.8 x 107! pyg/ml of fragmented Ad!12'DNA‘denaturEd'and-
Teafjgociated in 0.14 M PB at 65°C.

Q

A) Classical reassociation plot of
percentage in single stranded
form versus Cot.

[ 2

B) Linear plot of 1/fss versus time.
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. ffdmfgqrmnlgf(z);’ht”half rgdﬁééci&ﬁion,

2= 1+KCoty CLT
K= 1 o R
- “Cot, . ‘ ' ‘
X -
hence ‘ ’

) 1

Cot*=-i

g -l

. = 3 x 1072 éec—mol/liter;":

J The Co_t35 vﬁlue for Ad 12 DNA in 0.14 M PB was
similarly determined to be 0.027 sec-mol/liter, consistent
with the values for Ad 2 DNA. - This value is also‘coﬂsistent-
with the lCot_,s value for adenovirus genome reported by
others (Gallimore et al., 1974; Green et al., 1976) .

To esjimatelthe reproducibility of reassociation,
a knawn amount ' |

Ad 12 radiocactively labelled probe. The slopes of 1/fSS

of unlabelled Ad 12\DNA was mixed with

versus q&ﬁg plot for reassociation of 1.5 x 1072 wg/ml

of probe alone and driven by 1.5 ug/ml of unlabelled DNA

was determined from Figure 12. Calculations showed.fhat

the reassociation rate was increased byl03 x in the
presence of 100 times concentration of the probe, and

the amount of unlabelled viral DNA was found to be 1.53 ug/ml.
Considering the input of 1.5 ungi représents.about 2%
deviation when the input of unlabelled virus is reduced

this deviation is expected to increase. Inégzgsequent

. experiments, reconstructions were frequently done to

——y .
e e
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- - . - H

Reconstitution Experiment to Test '

Reproducibility of Reassociation

.

Oa El “Plot of 1/fss versus time of the reassociation .
' of 1.5 x 102 wg/ml of %-Ad 12 DNA in 1M
NaCl at 65°C assayed by HAP (triplicat:e expt. )
‘B i . .
© O Plot of llf ‘versus time of the reas’sociation
.401:' 1.5 x 10"2 uglml of SH-Ad 12 DNA plus
1.5 ug/ml of unlabelled Ad 12 DNA in-1 M NaCl-

. at 65°C, assayed by HAP.
. .
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. estimgtc the accuracy of - reaaaociation in the -range. of
N tmknown DNA. concentration. Table 3 shows the calcolations
© " involvéd in determining an tmlmown a;nount of 'reassociacing '
DNA. | ] |

- IL.: Viral Genome in 'I‘ransformed Cells

Ad 12 cah trahsfom hamster en:br-yo cells/ 'I'hese -

\‘Eransformed cells contain viral DNA sequences < een,1970;

Green. 1976) and synthesize virus- specific RNA (Fujinaga
and Greerf 1966 Smiley, 1977) and tumor ('I‘) antigens

*(Huebner et al., 1962)‘:‘~ A transformed cell line, T6 ‘

‘'was examined for the Presence of Ad 12 DNA. The method of
'DNA-DNA reassocliation neingnviral DNA probe representing
the entire viral genome was used (Gelb et al?"?‘ 1971;

E Petterson and S-ambrook,‘ 1973). Fig;re 13 shows the
reassociation of 1.5 x 1072 ug of I‘J”robe DNA .and reassociation
driven by. the DNA extracted from Tg cells. The reconstruction
experiments. were also .inciuded. " An unlabelled viral -DNA |
at‘ 17.3 ‘);imes the conceru:ration of the probe DNA was used.
From the increase in the rate of reassociation of the
probe, the concentration of unlabelled viral DNA was )

' - calculated to be 19 5 times that of the probe. The s

LAl

‘DNA. content of '1‘6 cells was determined by diphenylamine o
reactions to- be 12 pg per cell The viral genome '

o
. equivalent was calculated to be 1.2 ccopies per. dlplold C;\-
'r-u'b-‘

, and 2:& per transformed cell.

- ’
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Table 3

_ Sample Calculations to Demonstrate the -
Reproducibility of DNA reassociation

Slope of.reassociation of 1.5 x.1072 ug/ml of °H-Ad 12 DNA -

g = &2-1

% 105
Slope of reassociation of 1.5 x 102 ug/ml of H-Ad 12 DNA
plus 1.5 wg/ml of Ad 12 DNA ‘

= (.0305

| s, = 8:0-1.0 _ 4
W |
‘. Se

Rate ‘of increase in slop

0.0305

= 102.5

Amount of viral DNA present = 102. 5 x 1. 5 x 1072 pg/ml
1. 54 wg/ml

Amount of viral DNA added
' ' = 1.53 ug/ml

~

1.54pg/ml -~ 1.5 x 107 u?l.‘

4

IR



" F:lgure 13

Reassociation of Probe DNA Drigén by

DNA from Tg Cells = .

33 Ad 12 + 2 mg/ml salmon sperm DNA.
H Ad 12 + 2 mg/ml salmon sperm DNA.
H Ad 12 + 2 mg/ml Tg cell DNA.

UI two independent reassociations driven

O
A
¢

by 17 3 cold Ad 12 DNA.
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DNA probes representing the whole viral genome
were used in the above approach. This method is subject
to some limitations.  If the‘integrated genome is unequally
_Tepresented in the transforﬁed_celis,-for example, if a
.ce:tain segment of the viral genomé'oécurred'seﬁeral times
ﬁorg than'others,'the probe would be driven bylthis
higher conceﬁtration of virxal DNA.td reassociate faster
Meanwhile, other segments of the probe would reassociate
at a rate determined by the lower DNA concentration of
these segments. The overall result would be misleading if
'several'componentg co-exist in a reaséociation.

| One can use Eco RI restriction enzymes to digest
Ad 12 DNA. This enzyme cleaves the double-stranded Ad 12.
DNA at specific sites containing these base sequences;

5' - GAATTC - 3"
3' - CTTAAG - 5°'

by introducing single-strand breaks between the guanine
and adenine residue.on each of the two DNA strands
(Hedgpeth et al., 1972). Digestion ﬁf Ad 12 DNA with
Eco RI restriction enzyme results in the'produption of
equimolar amounts of DNA fragments that can be isolated
by elegttophoresis. The digestion sites on the Ad 12 DNA

molecule q;e as follows: (Mulder gt ai.,, 1974)

16.3 |, 11.5, 27.43,7.2,2 4 35.6 "% of length

. l I .
c D B E F A Designation of
fragment
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Eco RI restriction enzyme was isolated from
Eacherichia\céli. strain RY13 (Pettersson and Philipson,
1974). Figure l4A éhows the radiocactivity from the
cleaved DNAqFtagments as they,were separated by electro--
phoresis in agarose gels. The-sequence and relative
position of these peaks correspond to microdensitometer
‘tracings of their aﬁ;oradiographs as shown in Figure 14B,

The area under each~§gak was determined and compared to

the percentage of length of the viral DNA. It was important
to determine whether thymidine incorporation is linearly
proportional to the size of these fragments. In small
quantifies, radioactivity will be the only parameter
available to estimate the amount of DNA used in reassociation.

The viral DNA frégﬁénts were retrieved ffom*_
agarose géls through pegphlorate treatment of. the gels,
bound to HAP and eluted. To ensure that these steps of
extraction did not alter the reassociation kinetics of
these fragments, their COt% values were determined.

Table 4 shows comparisons of distribution of
radioactivity and fractional length of fragments. It
also displays thioretical Cot% and observed Cot% values
for these fragments. Here, the theoretical Cot% values
were calculated from the Cot% of the complete Ad 12
genome and the size§ of the fragments. No.drast;c
differences were noticed, hence the five fragmenﬁs

recovered from the agarose gels'wére the fragments A,B,C,
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Figure 14
Eco RI Fragments of Ad 12 DNA'
. ‘ o
a. Radiocactivity counts of 3H thymidine labels

b. Microdensitometer tracing of autora&iography of
) .
DNA {Ln dried gels. ‘

LAY
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D,E as reported in the literature ‘Hulder et al., 1974)

"and the extraction procedure did not alter their

reassociation characteristics._ Fragment F.represents 2%

of the viral genome. Its CotJs is so small that it is not

‘a suitable probe to quantitate less than 10 viral genomes

per cell under the Present experimental conditions.
Each fragment was used as a probe. The probe

og;jzzigd with DNA extracted from fﬁ.cells and another

Ad lz!rransformed cell line T2 cells. The probe DNA

concentration used was as follows: fragment A: 7 x 10-3 pg/ml;

fragment B: 4.7 x lb'3sg/ml; fragment C: 1.2 x 10-2 Bg/ml;

fragment D: 5.5 x 10-3 yg/ml; and fragment E: 1.2 x 10-3u g/ml.
It has been ooserved that viral sequences in transformed

cells could vary upon passage of cells, as was in the -

case of the hamster ce11 line 333-2-29 transformed by

HSV-2 (Frenkel et al., 1976). To explorffthis possibility

in the Ad 12 transformed cell lines thp viral genome An

an early (21° ) passage and in a late passage ghbre than

60° ) of T6 was quantitated using Eco RI restriction enzyme

generated probes.

Figure 15 shows the reassoclation kinetics of the

- probes alone and'being with DNA extracted from the trans-

formed cells (T6). The reassociation of frsgment A was
not accelerated either by the early or by the late passage
T6 cell DNA, indicating that these cells contain no '

detectable amount of A fragments. The same situation was

PR
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Figure 15

Kinetics of Reassociation of Eco RI Cleavage Fraéments of
-SH-1labelled Adenovirus 12 DNA in the Presence of Salmon
Sperm DNA and DNA from Early and Late Passages of T6 Cells

O Reassociation of vira?\g;obe in 2.2 mg/ml

- of salmon sperm.

A Reassociation of viral probe in 2.2 ing/ml

early passage (2lst) .cultured T6 cells.

® Reassociation of viral pProbe in 2.2 mg/ml

late passage (more than 60th) cultured
T6 cells.
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dbéerved withwie#ssqci&tion of E fragﬁent.iThe reéséociat: _
ion of C'frégmént is different from that of B and D fragments.
Instead of being linear as in B and Dl‘it is curved. This
suggests that more than one coﬁponent of viral genome
representation is present The acceleratlon in reassociatlon
by early and late passages of T6 was 1dent1cal, suggesting
that there were no differences in the quantltles ‘of viral
genomes. From the acceleration of the reassociation of these.

fragments, the viral equivalents were calculated as follows:

Fragment 7 T6 cells ‘T2 cells
| on-detectaﬂle . 0.4
B 1.2 . . 2.2
C 2.1 _ 2.0
D ’ 3.2 2.7
E non-detectable 1.7 Ic

. The above result suggests that incomplete genomé of
Ad 12 was present in tfansformed cells. T2 cells contained
less than one copy of Fragmént A. This could berdue to the
fact that some transformed cells might have lost fragment A.
Likewise, transformed cells are not always‘p1p101d thus
the viral copy numbers are underestlmated Despite that
generally Ad-transformed cells contaln T antigens (Huebner
et al.,1963; Pope and Rowe, 1964; Gilden et al., 1968),
both T2 and T6 cells were negative for immmofluorescence.
The qualitative complement fixation test showed that T

antigen was pfesent in T2 cells but not in the T6 cells.
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III. Viral Genome in Tumor c'em' o oL
When Ad 12 virus were injected into hamsters,i
tumors were induced. Cells from the tumors were isolated
| and the viral sequences in these cells-WEre determined
by reassociation techniques using probes derived from
complete viral genomes. 'The probes were frigpented by
sonication. Cells frodl four tumors were'examrned.lnrwo
-components of reassociation were observed. From'the~
point at which the- reassociation started to deviate frou;
a single‘component o::urvxc.-.lI the percentage of viral genome
present uas-estimated fhe frequency of occurrence of
viral genome per d1p101d cell DNA was also calculated
~ These results are tabulated in Table 5. | :

In the above approech,rone is limited to determfnel‘
whether the entire genome was present in the cells. ‘Tb
imgrove the Sensitivity of detectron, DNA-DNA_reessocration_
techniques using Eco RI cleaved Ad 12 DNA fragments was
applied. Tumors induced by the highiy-oncogenic Ad 12
wild-type as well as by the weakly oncogenic cyt 70-mitant
of Ad 12 were examined A representative reasaociation
plot (from tumor #3) is shown in Figure 16 The amount
of varlous viral DNA sequences present in the ceIls
of six tumors, expressed as copies per diploid amount
of DNA (6 pg) is shown in Table 6 Where moTe than one
component in reassociation was observed the number of
copies was calculated from the-initiel slopelof_the ’

v
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Table 5
Viral Genome in Thmor-Cells
(complete viral PNA as probe)
Tumor - % of viral genome Frequency per
present _ ‘diploid cell
DNA
A 78 ~ "1.00
B 78 0.40
C 56 1.67
D 54 2.05
) -
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-Figure 16

Kinetics of Resssocistion of Eco RI Cleavage Fragments of

3H lsfbelled Adenovirus 12 DNA in the Presence-of Salmon

Sperm DNA and_DNA Extracted from Is,olsted Tumor -Cells.
*H-1labelled sdenovirus 12 DNA was prepared and cleaved by
Eco RT endonuclease.. The fragments of DNA were separated
by electrophoresis as described in Materisls and Methods.
Esch hy‘briﬂization mixture contsin sppropriate amounts of
e rsdioactive probe and 2.2 mg/ml of either salmon sperm DNA
or tumor cell DNA. The concentratisn of %H-labelled probe
was Eco RI fragment A, 7 x 10~ 3 ug/ml; fragment B, 4.7 x
10-3 ug/ml fragment C, 1.2 x 10-2 yg/ml; fragment D,
5.5 x 1073 ug/ml; fragment E, 1.2 x 10- 3 ug/ml,

| | N ®
O  Renaturation-of 3H-labelled viral DNA probe in tlie
presence of. 2.2 -mg/ml of salmon sperm DNA.

® Renaturation of 3H-labelled viral DNA probe in the
presence of 2.2 mg/ml of tumor cell DNA.

@- Indicates points where‘ the above (©) and (®
overlap. The percentage of DNA in single-strand
of a reassociation Teaction is expressed as

fss = 1/(1 + KCot)
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‘ reassociation curve. The viral DNA sequences in one

Etumor (eyt mutant induced) was measured twice to test

o reproducibility

In all tumors tested, Eco RI fragment A was
. absent or,present in very low amounts. Also fragment E
was not detected. in the tumors tested. It can also be
seen that viral DNA sequences are not represented in ~
equimolar quantities. The tumor induced by the low |
oncogenic ¢yt mutant shows a pattern of viral DNA sequendes
similar to those induced by the highly oncogenic Huile
strain. ’
| Since the number of copies of,%iral fragments
varies within each tumor as well as between different
tumors, it was essential to determine the sensitivity of
our assay system. Since our.3H-1abe11edoprobes were
pPrepared using Ad 12‘strain il3l whergas several tumors
tested were induced by ‘the Ad 12 Huie strain, the rare
.occurrence of fragment A in the tumors could be due to
the fact that the two strains of viru; may not be
completely homologous To obviate this objection,
'reconstruction experiments were carried out. Fignre 17
shows the reassociation Rinetics of 3H-labelled fragment
A in the presence of different amounts of cold viral DNA
‘_(Huie strain). The amount of cold viral DNA added was
equivalent to 1.5, 3.0 and 10 copies of fragment A per :
- diploid amount of cell DNA. It can be seen that our

assay system could detect the presence of about one .
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Figure .17

Recons truction Experiment with Fragment A

7.5 x 1073 ug/uﬂ of A fragment was co- incubated with

various concentrations of unlabelled Ad 12 DNA e
strain).’ | | |
. ' ~
O 7.5 x 10-3 ug/ml of fragment "A" 1 /2 2 mg/ml of
salmon sperm DNA. N C L e

A 7.5 x 1073 ug/ml of fragment "A" plus 2.2 x 10-Zug /ml
~ of Ad 12 DNA in 2.2 mg/ml- of salmon’ sperm DNA. |

.y

R 7.5 x 10‘ ug/ml of fragment "A" plus 4.4 x 10-2 yg/ml
~

of Ad 12 DNA in 2.2 mg/ml of salmon sperm.

O 7.5 x 1073 ug/ml of fragment "A" plus 2.0 x 10~! yg/ml
of Ad 12 DNA in 2.2 mg/ml of salmon sperm DNA.
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copy of fragment A per diploid amount of tumor ce11 DNA
Eco RI cleaves Ad 12 DNA into six fragments, and
the order is C,D,B,E,F,4, C being the left-hand”end

(Graham et al., '1974) .  Our data indicate that more than
' 35% of the right-hand end (fragment 4) is missing in‘all’

tumors examined The other fragmentsswere represented
in non- equimolar amounts. Qualitatively, . these results
are similar to those 'of Ad 2 and Ad 5 transformed cells
but different from those of Ad 12 transformed cells and

‘a tumor cell line (HT2) (Fanning and Doerfler 1976
- Green et al., 1976). - : T

The A fragment generated by Eco ﬂI cleavage of.

- Ad 12 DNA was consistently missing‘in tumors. . This has

necessitated more attention to the homology of A fragments

in different strains of Ad 12. The homology in the DNA

of Ad 12 strains 1131 and Hule were studied by saturation

hybridization.

| A trace amount of A fragment from strain 1131
wssrallowed to reassociate alone, driven by vast excess
amount of DNA from strain Huie and strain 1131, The
homologues after reassocistion were assayed with S1
nuclease as well as hydroxyapatite chromatography. |
Hydroxyapatite binds DNA strands which contain a few
base pair sequences (Bernardi, 1969). s1 nqﬁieaﬁ/ is an .
endonuclease .that’ cleaves single -stranded regions (Sutton,
1971). |
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gives a more rea;‘stic idea of homologous regions than

" HAP. Figure 18 fhows that under conditions when A fragment

(from 1131) itse f has minimal reessociation and DNA

'from 1131 strain can saturate the hybridization to about

85%, DNA from Huie strain can only saturate to about 60%_

of the A fragment in hybrid form From this experiment

it seems that 70% of A fragment of 1131 is ‘homologous to
DNA from Huie strain. Figure 17 shows that using Huie
strain DNA, one can measure a minimum of one copy of
fragment A per diploid amount of cell DNA and 1/f gg Plot
was linear for most of about 70% of reassociation. This
result agrees with those of Figure 18. The homology
etween these two strains was studied in finer details by
Smiley (1977).

Cell DNA from one of the tumors (#3) was tested

" for the presence of subfragments of A, The enzyme Hind III

cleaves Ad 12 DNA into the. fragments F,D,C,A,G,J,K,L, B,

. H,I,E (Smlley, Ph.D, thesis) this, with the map for

Eco RI to show corresponding positions are shown below

. C D . '
Eco RI + + g l+ + 4
: - (G,J "
Hind 1311 F , D, € , A +KLys B JH, I E
i ] ‘) 1
| } . t . I »
0.25 0.50 0.75

Fractional length
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) f‘igure 18
: )
Saturation Hybridization of A Fragment from Strain 1131
Driven by DNA from Strains 1131 and Huie
i

O Reassociation of trace amount of radioactively

1abe11ed DNA from strain 1131.

'

'

‘ O ' Reassociation of- the same amount of viral DNA
driven by DNA extracted from Huie strain and -
-Present at 1, 5 ug/ml in the reassociation

mixture (2 experimenta) S1 nuclease assay.'

o

A A Reassociation of the same amount of viral DNA
driven by DNA extracted from strain 1131 and
present at 1.5 jg/ml in the'reasso'ciation '

mixture (2 experiments).

A S1 nuclease assay.

A HAP assay.
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. | It can be seen that the A fragment of Eco RI corre- .

| sponds to B H I E fragment of ‘Hind III | In order to test

for minute amount of genome in this region and with parti-

cular interest in terminal sequences ‘which may control

‘1ntegration, the presence of H1nd III H and E fragments in '

'a tumor (#3). was tested From Fig.. 19 which shows reassocia-

tion of H and E in the presence of tumoxr ce11=DNA no increase

1n reassociation rates were observed suggestlng absence of

these fragments. -
It should be noted that the DNA reassociation experi-

ments were carried out at high ionic strength ‘and suboptimal

temperature. Therefore mismatchlng of bases occurred.

This contributes to the error in the estimates of the number

- of copies qf viral DNA sequences in tumor cells. Another

source of error may be due to the variation in DNA fragment

size. Under these_experimental conditions the-reconstruction

experiment (Figr 17) gave a differende of 207 between the .

the retical copy calculated from the reassociate rate and

the actual copy number determined from thd known'amount of

viral-DNA added to the reaction mixture. _However, the major

"conclusion that different fragments of viral DNA were

present in unequal molar amounts is still valid.

IV. Integration of Ad IZ Viral DNA Into Infected Cell DNA

'Ad 12 infects human KB cells leading to the,production
of progeny viruses and subsequent cell death The integration
event of Ad 12 DNA into cellular DNA was next studied. ‘ToA

do so, wviral DNA that is integrated into cellular. DNA must

3
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Figure 19 ‘

Quantitation for Hind III H and E Fragments

A -
| E fragmént o
B

H frégﬁent

in DNA from 'Iﬁ.xmor # 3

O. reassociation of probe.

‘ reassoclation~of probe with

2 mg/m_l of cell DNA.

.\\&

O reassoclation of probe.

o reassociation of probe with

2 mg/ml of cell DNA.
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v be separated from intracellular viral DNA that is free _
'“ Two methods were. used: . the. network technique and the alkaline
, glycerol gradient sedimentation technique
The network technique 1a bésed on the fact that
mammalian DNA is 1nterspersedfh1th unique and reiterated
iéequences (Britten and. Kohn 1968; Sanders et al., 1972).
- Hence, upon low Cot reassoc1ation the magmalian DNA forms
_ networks due to reassociatlon of the highly reiterated
) sequences Thls nhetwork sediments faster than viral DNA‘
(Varmus et az., 1973). In actual practice, some viral DNA
is trapped 1n this network A correct value of viral DNA
that is covalently-linked to the cellular DNA can be obtained
only when' this trapped v1ral DNA is accounted for (Bellett

1975).

Symbols I = amount of viral DNA that is integrated
F = amount of non-integrated viral DNA
D, i amount of cellular DNA that forms network
Ds = amount of cellular DNA that does not form network
‘ C, = amount of free viral DNA that is trapped in

the network in mixing experiments
C. = amount of free viral DNA that remains free
after nétwork formation in mixing experiments
V_ = viral DNA that is detected in the natwork
Vo = viral DNA that is detected in the supernatant

Equation: c -
) . . n L}
. Vr; [(vs NN T Cs] . )
I - . (3) -
D C 1
1.- [ S _ 4+ 1 - o
DS + Dn CS + .Cn‘J
= l _4
L=V, +V, -F 4)
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In the above fbrmulation cn/(c +C » ia the
fraction of - free viral DNA that is trapped in a network.
It can be determined by: | : e
' 1.  measuring radioactivity of 3H- labelled viral
. DNA trapped in the network of cell DNA

].l - )

2; mixing viriona with cells and extracting DNA
from the mixture, and then measuring the-
amount of viral DNA trapped by DN%FDNA
‘reaaaociation techniquea

‘A trace amount of radioactively labelled viral DNA

was mixed with 300 ng/ml of KB cell DNA. The mixture was

denatured and reassociated din 0.6 M NaCl to Cot of 3 sec-mol/

liter, Sedimentation using SWSO.l-rotor or 50 Ti rotor
gave consistent results, About 20% of viral DNA, was:
recovered in the network which contained about 60% of the
input cellular DNA. This result ig presented in Table 7.
Attempts to' reduce the level of trapping by performing

4 second network technique did not reduce the percentage
of trapped viral DNA. About 90% of cellular DNA was
recovered in the network, however.

Other methods deaﬂgned with the aim of reducing
trapping in :the network were tested. This included
precipitating the cellular DNA ag 4 complex with its
histones in high concentration of NaCl (Hire, 1967) and
centrifuging the network onto a cuahion of sucrose or

formamide None were satisfactory. Hence, in subsequent

L
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experiments networks. were separated from free viral DNA
and, cellular DNA that does not - participate in networka .
- by reassociating to Cot = 6 sec-mol/liter,and centrifuging
In SW50.1 at 40 Krpm for 15 min, 5°C. instead of 20 min. as in Tab
Reassociation was used to determine C /(C + C )
ratid Since thgs ratio was crucial to calculate the - h
1eve1 of integration, it was routinely done whenever
\hetworks were performed. From more than five determinations

it was decided that this ratio was reproducible at iZZ + 3%.

<::Q,;apgiication of alkaline ghf;erol gradient method will
e discussed later on. . ' . :

KB cells infected with 2000 virions per cell were
measured for the percentages of integrated viral DNA.
Infected cells were harves ted at different times post
infection and stored in 4°C. DNA was extracted and the
network technlque and DNA-DNA reassociation methods applied.
Figure 20 shows the reassociation of the radioactive probe
DNA being driven by the two fractions of DNA.

‘ The following aspects of the kinetics of Ad 12
DNA integration are revealed by the results:

- 1y integrated viral genome of infecting virus was first
.detected as early as 4 h post'infection;

2) the amount of Integrated viral DNA increased to .about
150-200 genome equivalents. per cell at gbout 1% h post
1nfection and remained at this level;

3) - the integrated viral genome was about 20-307 of the



Figure 20

;
-

+

Reassociation of Ad 12 Viral DNA .
with Infected KB cell DNA

l/fSS versui't plots of reassociation of radipactiyely
labelled Ad 12 probe (1.5 x 10”2 yg/ml) in the bresence

of DNA extracted from network formation.

a reassociation of‘probe.
o reassocigtioﬁ of probe with.integfag;ﬁ viral DNA.
® reassoclation of probe with non-integrated viral

DNA.

mock infection.

1.5 h post infection.

4 h post infection. | -

10. h post infection. -

.24 h post infection.

36 h post infection.
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total intracellular viral 'DNA. N . _ ' . -

Theae results are summarized in Figure 21, |

. The kinetics of integration of viral DNA into a

celiular DNA were also studied using the ‘alkaline élycerol
gradient method to separate free viral DNA from the
integrated viral DNA. In order to sediment DNA .from 108
cells, 20-50% altaline glycerol gradientsin 37 ml centrifuge.
tubes f%fted for Beckmen SWZ?\rotor were used. Figure 22
demonstrates that viral DNA can be senarated from the ' )
bulk oi cellular DNA. With SV40 there were suggestions
that oligomeric forms of intracellular free viral DNA
would co- sediment with high-molecular weight host DNA
- (Martin et al. 1976) . Mixing experiments were done;
DNA-DNA reassociations indicate that little detectable
trapping of viral DNA in the host DNA fraction occurred:
(Figure 23). The eensitivity of detection under the
conditions of the mixing experiment was about 10 viral DNA
copies per cell. |

Using the alkaline glycerol gradient method to
separate free viral DNA from cell DNA and viral DNA
covalently 1inked to cell DNA, the kinetics of integration
of viral DNA were studied. After infection the amount of
integrated viral DNA increased until it levelled off
after 16 h, at about 150 copies per cell. The percentage
of intracellular viral DNA also peaked at 16 h post

infection when about 25-30% was integrated.



Figure 21

.

. Summary of Intracellular Viral DNA as a Function of

Post-infection Time
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Figure 22

R A e S

Separation of Viral DNA from Cellular DNA

& :

Trace amount of M-thymidine labelled Ad 12 virus was
E :
mixed with 4 x 107 cells and lysed. The lysate,

; E together with a !“C-thymidine labelled Ad 12 virus as

a marker were centrifuged in 20-50% alkaline glycerol

gradients in SW27 buckets (38 ml) for 5 h at 10°C.

~ O . %H radioactivity of Ad 12 viral DNA.
' L 3 14¢ radiocactivity of marker Ad 12 viral DNA.

Optical density tracing, of cellular components.
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Figure 23
b .
Mixing Experiment to Determine Brapping
of Free Viral DNA in Alkaline Glycerol Gradients

KB cells infected with 2000 virions per cell weré :
prgcessgd.with thé- alkaline glycerol gradient method.
Viral DNA éequgnce in the.subernqtant and cell DNA
fraétion was measured by DNA-DNA reassociation feéhniqﬁe.

-

8 Reassociation of probe driven b;;l/lo

of DNA from the supernatant.

el Reassociation of probe driven by DNA
| from the cellular fraction.

L]
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genomes in infected cells are as shown in Figure 24 The
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“fhese reassOciation experiments to quantitate viral

—t—

non—integrated'DNA fraction reassocintea linéﬁriy up to

AD h post, in;ection At 72 h post infectiOn the'reassociation

~ deviates from linear and it is not possible to-say when

the deviation starts since once there is “more than one

component reasaociating the cdrve is non—linear.;hroughout

’ (Sharp et al., 1974). The important point to note is

this: equimolar amounts of the’ entire genome are present
in non-integrated form up to 40 h post infection The .

72 h post infection reassociation curve shows that parts

of the viral® genome exist in unequal proportions The -
kinetics of integration are .shown in Figure 25. The data
presented in this graph are based on Figaure 24. Viral
integration starts as early as 4 h post infection. Maximum

integration tevel of 160- 170 viral DNA/cell is reached

at abbut 36 h post infection. The maximum percentage

of intracellular viral DNA integrated, however, is reached fi

at about 200 h post 1nfection, at that time, about 257

v
of v1ral DNA is integrated.

The effect of v1ral_infection on cell growth has

' been investigated. The infected cells showed morphological

chang%% ‘Under light microscopy, they appeared to be A
bigger, with increased reflection of light and . the medium

- in which they grew tended to be more acidic. The number

of cells increased until about 20 h post infection (Fig. 26).
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Figure 24

B

Reassociation of Ad 12 Viral DNA <R
with Infected KB cell DNA

1/£f 4 versus t plots of reassdci;tion of‘radioactiﬁely : ' o l
labeiled Ad 12 probe (1.5 x 10-2 ug/ml)-in the presence %
of DNA exéracted‘from alkaline glycerol gradients.

' 0 reqssociétion‘of probe.

@) reassoci&tion of probe with'integratéd
: © viral DNA. .
o réassociation of probe with non-inkeérated

viral DNA.

mock infection..

1.5 h post infection.

..,*.-—f

17 h post infection.

A

B

C 4 h post infection.
D . .
E 40 h post infection. | : ' §
- .

72  h post infection.
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Figure 25

-~

Percentage of Intracellular Viral DNA as a Function of

Time Post-infection (alkaline giycerol gradient method)

q

—
B
L]

i'Duplicate experiments ( A and O )

\
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Figure 26
Cell Concentration and DNA Extracted from Ad 12 Infected

KB Cells as a Function of Time Post-infection

Cell DNA extracted refers to the DNA that was extractable
from the alkaline glycerol gradients after infected cells

were layered on top and centrifuged in these gradients.

R
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.After that the cell concentration fell with accumulation
of some cell debris in the growth medium ‘ |
The DNA content of infected cells isqleted on .
glycero; gradients was also‘quantitated with diphenylamine
- reaction (Colowick and Kapld® 1957). The _ceii DNA
extracted from a fixed volume of cell culture (200 ml)
increased:to a maximum at about éO h post infection and
then declined. _This observation of cell DNA and the
correeponding cell concentration at different times post
,infeetion_is showd in Figure 26. The scattering‘df-
experimental points is dug to the many eteps involved in
the extraction of DNA. The fact.that this scattering
is small shows that the procedures involved‘are highly

reproducible.

V. Integration Sites

The human genome consists of 657 of unique

sequences and 35% of sequences with a variety of repetitions

(Saunders et al., 1972). The rate of reassociation of
denatured DNA is dependent on the frequency of repetitions
(Britten and Kohne, 1968) One can isolate double-stranded
DNA.nith HAP chromatography. Hence, DNA belonging to
different classes of renetition can be isolated. Further-
more, the Ad 12 DNA sequences in each class can be
quantitated. This approach was used to find ont whether

Ad 12 infected RB cell DNA with high repetition frequencies

g
AU RS A

e T T U SRSy 1
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and those with low repetition frequencies contained the’
same amount‘pf viral . DNA sequences. The scheme of
fractionating KB cell DNA is presented in Figure 27 and
the reassociation curve of KB cell DNA is shown in
Figure 28.

Infected KB cell DNA was purmfied after recovery
from.alkaline glycerol gradients. The purified'DNA was
fragmented to 22§ by boiling in 0.3 N NaOH fof 2 min.

- The denatured cell DNA was reassociated to Cot = 10 sec-mol/

liter in 0.14 M PB. Singie and double strand fractions

P:l\<f ere recovered from HAP column as described in Materials

O and MEtHods Under this condition, about 60-70% of .DNA _
loaded on the HAP tolumn could be recovered. Of this,
707 was in single-stranded form and '307% in double-stranded
form. .

| Viral sequences in each fraction were determined

by DNA-DNA reassociation (Figure 29), It was found that
there were 132 viral DNA copies per 10 pg of cell DNA.
Therefore, the density of integration sites was independent of
‘frequency of repetition. _Howeve:, it is possible that tt:e
long stretch of viral sequences'integrated adjacent to the
repetitive cellular:DNA was sheared: The amount of viral

DNA found associated with the repetitive sequences would

be underestimated in this situation.

A similar approach to characterizing reiteration

frequency of integration sites in SV40 transformed murine

- [
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Figure 27 B

Strategy for Fractionation of Cell DNA

‘According to Kinetic Complexity

Alkaline glycerol

gradient

L}

single strands

\

dialyzed

fragmentation to

1000 nucléotides

quantitation.with

viral probe

Infected Cells

viral DNA
cell DNA '
. (further processed)
* Purification

* Preparation for reassociation

Cot 10; 0.14 M phosphate buffer

double strands

-
dialyzed

~

fragmentation to

1000 nucleotides

l

quantitation with

viral probe
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Figure 28

Al

Reassociation of KB Cell DNA in 0.14 M PB
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Figure 29 .

' Reassociation of Viral DNA with Fractionated
. o S | Infected KB Cell DNA

After infection with Ad 12 at 2000 particles per cell
for 36 h, 0.1 mg/ml of KB cell DNA isolated from .
alkaline glycerol gradients were reassociated at 0. 14 M
PB to Cot 10. Single-strand. (slow reassociating

fraction) and double-strand. (fast reassociating fraction)

were fractionated with HAP. Viral sequences in each

fraction were quantitated with reassociation technique

using complete ﬁiral'probes.

O fast Teassociating fraction.

A . 8low reassociating fraction.

Tt
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.strategy is outlined in Figure 30 Mbnolayer KB cells-

by'%craping After 5 h of suspension culture the cells

to viral sequence was achieved

N . . .- . R U ’
. T : 94 . L o . . W
- + - B o . -~ - . — .
' ' . .- - A f » . v - . - f
. . ) . . + . N '
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cell 1inea ‘was reported by Gelb and Martin (1973) who

_found that the integration site waa exclusively in the

unique fraction of cell DNA.
- _ An alternative approach had been taken to
characterize the integration aites by first aelecting the

integration sites and then characterizing them The basic'.

grown in. 50 cc{aMEM were labelled with 0 S5 mCi/32 oz bottl
of - thymidine for 30 h, The radioactivity was then
removed and the cella were washed with pre-warmed -PBS.
Fresh uMEM was added and the cells were allowed to grow

for 12 h before .being transferred to suspension culture

were infected with 2000 Ad 12 particleStper cell

48 h post infection, the cells were hgaed and centrifuged

in alkaline glycerol gradients The DNA purified from ‘
the gradients was sonicated for 1 min to reduce the ‘.° P;f\b\\_
molecular size to about 1SS This DNA was, hybridized tg;l;J ‘

2 ug/filter of -Ad 12 DNA according to the’ method of

‘;Grouse et al. (1972) in 5 x:GSC ahd 50% formamide at
" 37°C for 48 h. Then the fiIters were washed carefully

with the hybridization buffer One.ml of 0.3 N NQOH was
added at 37 C for 2 h. The radioact1v1ty recovered by this )
method usxng H3 DNA from 1nfected cells was about 2.5 times

that recovered when H3~DNA from non-infected cells was used

L4

Thus eubstantial Purification of cellular sequences adJacent

[
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Figure 30

Strategy .for Isolation of Integration Sites
in Infected KB Cell DNA

 ~————  Cellular DNA sequences.

L]

--== Viral DNA sequénces,

- -

—— -~  Sequences containing viral DNA

integrated into- cellular DNA.

v

LS w———
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If the selected integration site DNA was allowed
?

to reassociate at thisg stage, the kinetics observed would

be due to a) the kinetic- complexity of the integration

site DNA adjacent to viral sequences; b) the reassociation '

of viral sequences which were picked ‘up by the filter .
. hybridization. However, if one takes less than 0.1 wg/ml
of cell DNA it will virtually take 1000 hours of
reassociation to attdin a Cot of 1.0. lf vast encess
amount of unlabelled cell DNA, uere mixed with this"
integration site DNA the reassociation kinetic would
demonstrate the complexity characteristic of this class
of DNA driven by the same class of unlabelled DNA. That
is, if -this integration site cell DNA belongs to a class
that is fast reassociating, it would reassociate faster
than the unlabelled DNA as a whole. But if this integration
site DNA is representative of the whole celluler DNA,
then ite reassociation kinetics will not differ from.
the reaseociation,of KB cell DNA. To rule out that the-
teassociation-is not due to the yiral sequences one can
monitor the viral DNA reassociation with !%C-labelled

Ad 12 DNA in the same reassociation mixture., The
reassociation of -infected KB cell DNA together with
reassociation curve of KB cell DNA adjusted for ionic
strength is displayed in Figure 31. The reassociation
kinetics of the integration site DNA is not due to the

viral fragment attached to 1t since the reassociation of

-

e 4
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Figure 31

Reassociation of Integration Sites

_Reassociation medium contains 0.7 ml of-integration site

DNA at ‘4 x 10%3H com/ml; 0.1 ml of 1.1 mg/ml cold KB DNA;

0.2 ml of'i“c Ad 12 DNA; 0.2 ml of 3.3 M sodium phosphate

buffer; total volume 1.2 ml.

wesseesawe (dotted line) imposition of curve for

the reassociation of KB cell DNA, as from

Figure 28.
a reassociation of integfation site DNA
driven by KB cell DNA. ' =

msfdmem  reagsociation of 14C 1abelled Ad 12 DNA.

¥
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l4c Ad 12 DNA-fﬁllo#s.differeﬁt kinetics. The Cot, of
"the 1%C curve is 0.025 sec.-mol/lifgr which approximates
the Cot% of Ad 12 DNA. The slight difference 1s due to
unspecified amount of infecting Ad 12 DNA that might have
been broken off from shearing the cell DNA. From Figure 31,
it can ﬁe concluded that the reassociation of the o
integration sites is no different frog the reassociation

_of uninfected KB cell DNA. Hence, one can conclude that

the frequency of repetition and distribution of these

sites are no different from the KB cell genome as a whole.
This observation could be.iﬁterpreted in either one of

the following ways: a) there are no specific integrations.”
sites for Ad 12 in KB cells; b) there are specific | ‘
integration sites in terms of short segments of nucleotide

iy
sequences, but these sites are randomly distributed

4

throughout the cellular .genome.

VI. Factors Which Alter Integration'Frequencies

A, Serum concentration

~
-

- Tﬁe.influence of serum éoncentéétion in the growth‘
medium on the‘numbe: of viral gehomé-integ;ated into KB
cell DNA was studied at 24 and 36 h post infection. |
Infected cells were grown in medium containing }%, 5% and
10% FCS. At 24 and 36 h post infection, the cells were
stored at 4°C. Network techniqué and DNA-DNA reaésociaéz;ns

were used to Quantitate integrated and non-integfated
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Aﬁiral'DNA sequences. Duplicate experiments were;done;-
Because of the high concentration of viral bNA in nhe '
non;integfated fraction, only 1/5 of the total amount of
‘material~in this fraction was used to drive the -
reassbéiation of the M-viral DNA probe. A repnnsennative‘
graph‘of these experimenté is shown in Figure 32. The
'results.of the serum concentration on the level of
integration at 24 and 36 h post infection were calculated
based on the reassociation ﬁinetics.- These a;é presented
in.Table 8. | r

- At 24 h post infection,_decreasing the serum
concentration from the routinely used 10% to 1%, résulted
in decreasing the intracellular.viral DNA copies from
550 per cell to half of that value. At the same time,.
integratéd'virél copies per cell was reduced.from abont
200 to 0. At 36 h post infection,'nhe number of integrated
viral genomes increased over that of 24 h, bnt no integration -
wns observed with 17 FCS. It should be noted that the
number of integrated copies in the present expériment
it 24 h ié comparable with that reported earlier (see
section IV). ‘ . .

It has been shown that KB cells infected winh

Ad 12 continue to increase in DNA content until 20 h
post infection.(section Iv). ExPeriments were done to
~ study how this ingfease was affectéd°by serum concentratiops.

Infected KB cells érown‘in MEM with different concentrations
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Figure 32

Reassociation of Infected KB Cell DNA Grown on MEM with
Different Serum Concentration: Scored at 36‘h, Post-

_infectioﬁ

. Probe Ad 12 DNA concentration: 1.5 x 10-2 ng/ml O
' I_nfected cell DNA : . . o

A 1% FCS network DNA : \} .

supernatant DNA, 1/5 concentration used.

C ' 5% FCS network DNA

D supernatant DNA, 1/5 concentration used.

E  10% FCS network DNA

F supernatant DNA, 1/5 concentration used.
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" of FCS were pulsed with radioactive thymidine, Incorporated
radioactivity was scored as. TCA Precipitable counts '

. (Figure 33). ,The rate of growth was' affected by -differences
in serum-concentration In. the case of infected cells, '
the rate of growth in 10% 4nd SZ serum were similar after
10 h, whereas the rate-of growth in infected KB cells in

1% was much lower. It was not intended to study in detail
how much the growth rate was correlated with the level

of integration Hence no further experiments were

planned in this regard.

B. Cytosine arabinosides (ara C)

The effect of ara C, a DNA synthesis inkibitor,

on the number of Ad 12 BNA sequences integrated into
infected KB cell DNA has been studied. Experimental

conditions were similar to those outlined previously.
Follouing viral adsorption, 10% FCS and 20 ug/ml of
ara C were added to>the cul ture medium. Again, the
network technique}and DNA-DNA reassociation were used to
quantitate_the number of integrated and non-integrated
copies.

The inhibitive effects of ara C on cellular DNA
synthesis is shown in Figure 34. The incorporation of
*H-thymidine in infected KB cultured with 20 ug/ml ara C

decreased 15-fold during the first 5 h post infection.
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Figure 33
Thymidine Incorporation of Cells at Different
FCS Concentrations, and Infectéd with 2000
' Ad 1§_Virions-per Cell

Y

Spinner suspension cultures of KB cells were infected
with Ad 12 virus and then' transferred to 35 mm petri
dishes containing appropriate concentrations of FCS.

One h pulse of H-thymidine at 0.5 uCi/ml were performed.
At the end of the pulse cells removed from the petri
dishes were washed 3 times with PBS and jpelled by
centrifugation 10% TCA was added and thg’precipitate
was collected on fiber glass filters, dried and counted

in 5 ml of Toluene bmnifluor fluid:

A 1% Fetal Calf Serum (FCS)
5% Fetal Calf Serum
Cc 107, Fetal Calf Serum

A Non-infected
A Infected : -
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‘Ad 12 DNA integration levels we!g scored at 24 and 36 h-
13 post infection. Duplicate experiments showed that at 24 h -

. poat infection, 20 copies of viral genome per cell were

integrated representing about 5% of intracellular viral

"'gDNA copies The integrated viral DNA copies increased to
'k33 per’ cell representing about 16% of intracellular viral _

DN%J‘ The data on DNA-DNA reassociation . is shown in

’ fFigure 35 |

G //f:;feine( ' | ‘ -

'~ The effect of caffeine a DNA synthesis inhibitor,
on_ the number of Ad 12 DNA sequences integrated into
-infected KB cell DNA was explored Infecting conditions‘
were similar to those described in Materials and Methods.
After 1.5 h of virus adsorption, -cells were_plated on
petri-dishes in medium containing either 1 mMor 5 mM
caffeine. The amounts of intracellular and integrated
viral DNA were gcored by the network ‘techmique and DNA-DNA
reassoclation at 24 ?nd\QG h post infection! The
reassociation curveés ‘are shown in Figure 36. The amountsd
of intracellular viral DNA were calculated as shown in
Table 9, which included data from experiments withQut
caffeine. The total intracellular viral DNA concentration,
was suppressed in the presence of caffeine but the

integrated viral sequences were increased. This increase

1s more striking when' the percentages of intracellular

—



‘Figure 35 .

" ‘Integration of Viral DNAyinto KB Cell DNA

| Cells were infected with Ad 12 at 2000 virions per cell.
After 1.5 h of adsorption 20 ug/ml of Ara C were added.

Cells_were harvqsted at 24.h and_36 h post—infegtion.

A 24 h post-infection. ?
36 h pqst-infettion.

'O® “Reassociation of 1. 78 x 10~ 2 ug/ml of
Ad 12 DNA probe
A A Reassociation of Ad 12 Probe in the

presence of..cell DNA from networks.
' 4

......

[
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*Figure 36

~ Integration of Ad 12 DNA into KB Cells.
"in the Presence bf Caffeine

Cells were grown in 10% FCS and Infected with 2000 virions
_of Ad 12 per cell. - Caffeine wasg added~right after

'infection,,
A 1 mM caffeine, 24 h.posf-inﬁection.A
B 36 h post-infect

< : /

2 mM caffeine, 24 h post-infection.

D - 36 h post-infection.

O Integrated DNA.
@ Non-integrated DNA.
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. DNA in integrated form - . are compared. As a control to

_moﬁitor-thé:effect-of caffeine on the DNA synthesis L 12
infected KB cells, 3H-thymidine incorporation was measur
TCA precipitable counts after .a pulse of" 3H-thymidine were
used to study the rate of DNA synthesis at different times -
post infection Figute 37 shows that both 1 mM and 5mM
caffeine suppressed the rate of DNA synthesis to about 8%

of the same cells grown in standard cultures without

caffeine. o - - - .

D. Ultra-violet light irradiation

"The effect'of UV irradiation was étudied by
irradiating KB cells with 10 J/mz‘of.ﬁv dose just before
infection The intracellular and‘integrated viral DNA
per ‘cell was studied by network technique and DNA-DNA
reassociation at 1.5, & 50 24 and 36 h post infection
(Figure 38). The total intracellular viral copies per
cell were less than that of infected cells without -
irradigtion. No major differences bgtweet the number of
integrated viral DNA §equences with ot‘without1UV'

"irradiation were noticed (Table 10) . . . .
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- Figure 37 -

e
-

3H-thymidine Incorporation of Ad 12 Infected Cel]:s at
. "1 uMand 5 mM of Caffeine

N
Details of experimental condition similar to,Figure 33.

O lui‘{ caffeine.
’ O 5 mM caffeine.
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Eigure 38 eg
. Integration of Viral DNA into KB Cell DNA
. ] - . . - .
KB cells on petfi dishes were_irradiated with 10 J/m?
of UV 1ight just before infection. Gell DNA harvested
were treated with the network technique to separate
integrated and free viral DNA 1/5 of recovered cell
DNA Fsed for reassociation. Probe DNA concentration:
15x102ug/m1 T >
p -
Reassociation of prebe.as shown in Fig. 32.
® O Duplicate experiment of reassociation of
, probe driven by cellular DNA network.
Mock infection. - ‘ y N

1.5 h post-infection.
4 h pOst-iﬁfectioq{.
10 h poet-infectien.
24 h post-infectien.

MoM oY o W >

36 . h post-infection.
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. Table 10

= Number of Integrated Viral DNA in UV irfqdiated Cells

Vifalycopigs per cell at times (h) poqf

infection

1.5 ‘ - 4.0

10

24

Total - .
o 333 ‘ 504
intracellular

Number . :
: ™~ 70 - 111
integrated . \ '

% integrated = - 21 22

553

177

32

618

167

27 .
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Establishment ‘of the DNA-DNA Reassociation System

A-system for DNA-DNA reassociation using hydroxy-

apatite chromatography for assaying the percentages of DNA

Coin single stranded configuration was established The

reliability of this system can be assessed by: 1)
reproducibility of reassociation experiments 2) comparison
of Cotsi values obtained in this system.with published
L.values; 3) results of reconstruction experiments

Since the main objective of developing this system
| vas to quantitate unknown concentrations of DNA the . st
criterion was also the most important one. ’ Ltﬁr-
| The reproducibility of the system can be considered
with reference to the Cot% values of Ad 2 and Ad 12 DNA
in 0.14 M PB, the Cot% values of Ad 12 reassociating in
1 M NaCl, and the Cot% values of Eco RI fragments of
Ad 12 DNA in 1 M NaCl. The Cott values of Ad 2 in 0.14 M
PB were 2.5 x l? 2 gec mol/liter while that of Ad 12 was
- 2.7 x 10-2 gec mol/liter The Cot% values for Ad 12 DNA
reassociating in ‘1 M NaCl was_ 4 6 x 103 gec mol/liter
While there are many parameters that may affect Cot,5
_ values e.g. frsgment sizes, genome sizes, redssociating

“temperatures and viscosities, the major variable in

“113- 0 ®




' by Britten and Kohne (1968)." The Cot% valuee obtained
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fali these experiments'is ionic etrenéth. The effect of

ionic strength and relative reaasociation rate had been

- extensively investigated by Marmur and Lane (1960) and

under different ionic strengths -could be _compared by T -f{

P
converting these valués to a corresponding ionic strength '

}(Britten and Smith, 1970) .. The above Cot% values converted
-to 1M [Na J are listed in Table 11.

The Cot% values for reassociation of whole genome -
of adenovirus lie within 4.6 x 10~ 3 sec mol/iiter and
5.0 x 10~ 3 sec mol/liter. There is a larger-variation

with the Cot_,5 values derived from the reassociation of

the Eco RI generated Ad 12 DNA fragments. The congentration
of DNA in thesp experiments was determined entirely by .

radioactive counts. Hence it is affected by the
distribution of thymidine in these fragments which was
labelled with 3H—thymidine' The rate of reaseociation

is also affected by the distribution of G-C sequences
(Wetmur and Davidsqn, 1968) ., Botb thymidine distribution

and G-C content in these sequences were uncertain. v

- Therefore, the extrapolated Cot% values can only give

an impression of the upper limit of rariation, which
varies from 3.56 x 1073 t0.6.75 x 10~ 3 sec mol/litef.'
It must be noted, however, that thefe values were
obtained from only one preparation of Ecd RI restriction

fragments of Ad 12 DNA, although the reassoclation

B .
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Table 11
fiCot% Vélpeﬂ!from Various Experiments

| in the Present Work _

t

Experimental conditidh standardized at 68°C, fragment size a
~+700 nucleotides. | ‘

Adenovirus genome N Cot% _— Cot% in 1 M [NaT1
- . gec.mol/lit. _sec.mol/1it.

. complete genome

complexity .
"Ad 2, 0.14 M PB 2.5 x 10-2 4.64 x 10-3
- Ad 12, 0.14 M PB 2.7 x1072  5.02 x 10-3"
‘Ad 12, 1 MPB | - 46 x 1078~
Eco RI of Ad 12, | : * g
Eco RI of Ad 12, _ : " -3
B.-fragment, 1 M. PB - N . | 4.60 x 10
Eco RI of Ad 12 . -
’ 6.75 x 10-3
. C fragment, 1 M PB N _ | T
. Eco RI of Ad 12, . o s 2 9w 1a-3
D fragment, 1 M PB _ 6.70 x.10

Eco RI of Ad 12, : ' -3
E fragment, 1 M PB _ ' 4.86 x_;O




L~

. values were,uessnred numérous times for each of the- -

.o From the results of the reassociation of

'published values below

~ strength has already:been discussed. ‘Wetnur and Davidson

(1968) and Britten and-Koh'ne (‘9) .both poinged out that

'(Na+) snd sizée of 700 nucleotides are listed in Table 12.
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fragments R . -h" . . T T

Ad 12 genome the.Cot% value of adenovirus types

in 1 M [Na ] and under the conditions described, 1is about
4.6 x 10- 3 gec mol/liter ‘with a variation of . 20%

the system established - This value is compared with = .-

The Cot% values reported were obtained under

different experimentel conditions. The effect of ionic

et b et it M e T )

the rate of reassociation is directly proportional to the _ ~y

square root of 1wth of fragfnents in the reaction. Hence,

‘the Cot%, which is proportional to the 1l/rate of : ) )

reassociation could be calculateéd if the sizes of fragments )
are known and the rest of the parameters affecting the
rate were insignificant; The source of'Co't‘15 values,'the

experimentgl conditions and Cot% values converted to 1 M

Hydroxyapatite chromatography was used to - o)
estimate the percentages of single-stranded DNA‘in the
present work as well as in the wOrks_cited in Table 12.
Except for the Cot',5 reported by.Pettersson and Sambrook
(1973, the rest of thffzoﬁverted Cot‘1£ values were ' x | ]

comparable with and fell within 25% of the Cot% values

3
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in the present work, which was 4.6 x 10”3 gec mol/liter.°
'Pettersson and Sambrook (1973) used their system to | |
quantitate “the number of copies of viral DNA in Ad 2

.transformed rat cells and arrived at the conclusiona of

- exactly 1. 00 copy of Ad 2 DNA per diploid equivalent of

cellular DNA It is not possible to conceive any

explanation_for the large discrepancy between their Cot%

values aﬁdzﬁ\\Ee\of others and ours. ' _

The method of fragmentation of DNA to small
numbers of. nucleotides by alkaline degradation used in the e
present work is similar to that reported by Gallimore et
(1974) and Sharp et al. £1974) ) The size of fragments.

they obtained was about 300 nucleotides. Despite that it

is obvious that we are referring to the mean sizé of a :
distribution of sizes, their value is quite different from,l?

the value reported in the present work, which is 700

nucleotides. In.both cases, however, the method of E§
determining fragment sizes was alkaline;sucrose gradients.

In the present uork,#the ;NAwas'fragmented by boéiling
- for 15 min in 0.3 N NaOH. Tne above mentioned authors

boiled DNA in 0.2 N NaOH for 30 win whicn they claimed ' i
yielded 500 nucleotide fragmenta (Pettersson et al., 1973). ’#\“\ j
In their subsequent publications, the conditions varied. :
In one instance, they boiled the DNA in 0.3 N NaOH for
25 min and found ,that DNA sizes were about 300 nucleotidea:

In another publication (Gallimore et ai., 1974) DNA
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-fragments were degraded to nucleotide segments of 300 bases
by boiling for only 15 min in 0.3 N NaOH (see. csption “for-
Table 2 of Gallimore et aZ., 1974) The rate of reassociation
- is inversely proportional to the square root of fragment
flength " A .variation of fragment length by a factor of 2,
for example,-could change the reassociation rate by 1.4
times. The converted Cot% values from. Gallimore et al.
(1974) and Pettersson et al. (1973) are 6.67 x 10-3 sec
mol/liter and 3.75 x 10~ 3 gee mol/liter respectively.
The explanation for this discrepancy is not obvious. The
Cot% value of the present work, 415 x 103 sec mol/liter,
' incidentally, falls'between these two values.
: The reconstruction experiments fall into three

categorie : reassociations driven by 100 times DNA

concentr tions. reassociations driven by 17 times DNA
concentr ;ions, and.reassociation of A fragment driven by
1.i= times, 3 times and 10 times DNA concentrations.
Results of these experiments confirm that the DNA-DNA
reassociation system is an accurate, reliable and

reproducible system.

II. Viral Genome in Cells

Ad 12 virus transforms hamster cells which can
potentially induce tumors when injected into hamsters
Alternatively, this virus can also induce tumors directly

when virions are injected into the animals. The
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transformed cellq contain viral. DNA sequences (Green et aZ
19705 Green et al., 1976), synthesize virus- specific RNA
(Fujinaga and Green. 1976) and tumor (T) antigens (Huebner
~Rowe and Lane, 1962). It ia ‘impossible ‘to find any ) g
evidence of {nfectious virus Or infectious viral DNA in
these cells. The type of rescue 'operations that can
recover virus ‘from transformed cells by SV40 and polyoma
(Koprowski et al. 1967 Fogel and Sachs, 1969) have never
yielded adenovirus from adenovirus-transformed cells
(Tooze, 1974), | | .

Quantitation of viral genome- in transformed and
- tumor celiﬁ would give information concerning the _
following aspects: a) is. the failure .to 'rescue' adeno-
virus from transformed cells attributable to incompleteness
of viral genome in tne cells?; b) whatrparts of the
viral genome are required to meintain the transformed
state or the tumorigenic'state of‘a ceil?;‘c) how are
the viral DNA's incorporated into a host cell? how are
they maintained?; dl‘are'there any differences regarding
thé‘pattern of integrated viral segments between trans-
formed cells, highly oncogenic Ad 12 wild type induced
tumor cells and weakly oncogenic Ad i2 ¢yt mutant induced
tumor cells?

The pattern of Ad 12 integrated into host cell
revealed by the present work is that the right-hand end

of the viral DNA is usyally missing and the other

N .
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_fragments are represented in umequimolar amounts .- Apnarently;
the right-hand end is not necessary to maintain the ‘
transformed or tumorigenic state. This also accounts for
.the fact that Ad 12 viruses oould not be rescued' by cell
-fu51on ox other phy51ca1 chemical manipulations |

The fact that v1ra1 DNA sequences 1ntegrated w1th
different frequenc1es suggest that the viral DNA molecule
fls qg?fintegrated as ome piece in total but that fragments
of the molecule are able to find their own integration
sites. It does not seem that any piece is particularly
preferred The higher frequency of 12 ‘copies is found
with the 'C' fragment in two tumors, but then some tumor
cells contain as little as- 2 COplES of. 'C' fragment.
"In the latter case the tumors may contain significant
number of normal cells. Fragments 'A' and 'E' are usually
missing. It is possible that anlmals selectively eliminate
cells. carrying these fragments _ These" fragments were present

in 1ow concentrations in in .vitro transformed cell lines

The pattern is. consmstent w1th results from. Ad 2
transformed rat cells in which only 14% of the left-hand
end of the wviral genome were present_(Gallimore_et al.,
1974). It is at variance with Green et al. (1976) who
found that in HE C19, a hamster embryo cell line transformed .
in vitro by Ad 12, 8 v1ra1 genome equivalents representing
close to 100% of the viral genome were present. Fanning

"and Doerfler (1976) -reported that in Ad 12 transformed
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'hamster cell lines HA . 12/7 A2497 7 and T637 the lowest
frequency of occurrence of viral segment was that of the .
Eco RI A fragment. They found that the rest of the Ad 12 ) , -
genome was present in varying amounts. Theé trend they; -
reported ‘and the pattern found in the present work are
similar. o S e
It is possible that different strains snd.sub-
strailrs’ of virus -can affect the integration of viral genes
in tumor cells. Also, in sevo growth. of tumor cells _may
:alter the virgi gene content, as in the case for cells
transformed by herpes simplex virus (Frenkel et al. s 1976).
Cyt mutants of the highly oncogenic Ad 12 induce tumors .
in hemsters'with low frequency (Takemori‘et al. 1968) S
Despite this difference in oncogenicity between the cyt 71
mutant and the Huie strain we found that ‘the pattern of
viral 1nformation in the tumor cells induced by these
virus strains .is essentially the same. Thus, it appears
that at least 45% of the right-hand end of the Ad 12
genome 1s not required for the maintenance of tumors
in vivo.
.In summary, both transformed cells and tumor :
cells were studied; the former represents a population
of cells that mere infected with tumor viruses and
survived in vitro growth and ‘the latter represents cells
that were infected with virus and survived in vivo |
selection of the animal. 1In man} transformed cells, éonly

a 1imited number of viral DNA sequences were Present.
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Preaeﬁceucf‘an integrated piral DNA-is notdaufficient
to maintain several properties of the trans formed phenotype._
This had been suggested with analysis of revertants of
‘tranaformed cells (Shani et:gz., 1972; Ozanne et al., 19735;
" In vitro growth, besides habing selected'for aumerous ." '
new celldlar characteriatics; presented to cells a chalienge
‘which is different from that of the animal For - example ~
in- an animal system, despite its cell mediated immunity
being eliminated, some transformed cells failed to _
produce tu&ﬁrs'(callimdre et al., 1977). Likeﬁiaea
epithelial cell lines derived from a number of human
carcinomas could grow in suspension but failed to form',
:tumors in nude mice (Shields 1976). This shows that
trans formed celis,‘and tumor cells represent different
systems. ‘ |

The pattern of integrated Ad 12 DNA into trans-
formed and tumors was indistinguishable from each other.
Furthermore, the cytocidal mutant of Ad 12 Huie strain
shows a'similar pattern of 1ntegration. This mutant
has 1ow'oncogenicity'in hamsters (Takemori, 1968). Thus,
no correlation between oncogenicity and the viral DNA
integration pattern was found. Since it was suggested
that only anchorage-independent growth affected tumor
production (Risser and Pollack,'1974), this
particﬁlar characteristic does not depend on the number

of viral DNA sequences present’ in the tumor cells.



e '

-124' "‘IA - ) 7- Co Lo .-

I1I. Intggration of Viral Genome into Cellular DNA

' The previous experiments had demonstrated that ::.‘
.viral genome persisted in transformed cells and tumor cells
The logical extension of these observations would be to
find out how the infecting viral DNA was inserted. into
fthe host DNA Qn a theoreétical basis, this question couid
' be attacked by setting up experimental designs such as
'infecting hamster cells with Ad 12, and searching for
viral sequences in the infected cells On practical grounds,'
one would have discovered that in order to reach the
sensitivity to detect one viral genome per cell the
minimum number of cells required for each experiment is
of the order 16{ celis. It would be‘an enormous task to
culture this many primary hamster cells in monolayers.
‘In order to pursue the investigation of intéractions
between virus DNA and cell DNA, the system of permi531ve
infeetion of KB cells by Ad 12 was studied.

The kinetics of Ad 12 DNA integrated into KB cell
DNA show that some viral DNA was integrated prior to
viral DNA synthesis which is about 17 h post infection .
(Mak, 1969). The majority of viral DNA seqhenceslwere
integrated after viral DNA synthesis has started;
Concomi tant with the beginning of viral DNA syntheeis and
peak viral DNA integration -the number of cells as well
as cell DNA scored as high molecular DNA declined. The

decrease in cell number could be explained as cell lysis

-
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‘due'to some form of cytopathic effect " The decrease in

Lcell DNA s high molecular weight DNA suggests that
tcellular DNA was converted into lower molecular weight

.[A similar event was: observed by Pater (Ph D thesis 1976) - at

.lhigh multiplicities of infection In our ‘case; 'the

N T

! ' ﬂi- - Q;dority of cellular DNA remains in the high molecular
fﬂ“ C o

weight fractions because the multiplicities of- infection

v

" were 1ow _
| | Two methods - of separatlng free viral DNA from
lcellular DNA were used. The network technique did not

show the unequal representations of viral genome in the
free vi§a1 DNA fraction whereas the alkaline glycerol

method did. The finding using network technique was

;//// " consistent upon repeating the experiment while that

4 . ‘a’. ot . ' N ‘ .
';J' using alkaline glycerol gradients was not. In any event

e
/

\ this represents an incidental finding, the validity of
which has little bearing upon the goals of studying-
integration.' It could be important, however, if one were
concerned with studying generation of defective virions
(Mak, 1971). | ' "

. The integration of4§ﬁ%novirus genome into cell
' DNA prior to. viral DNA synthe51a was also observed by
other workers‘ In the Ad 2 KB system, a fast sedimenting
'DNA (50-908) was found to contain both viral and cellular

DNA sequences (Burger and Doerfler, 1?74). This fast
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-sedimenting DNA ‘was first detected at‘2-4”h“poetainfection :
(Schick 1975). .I' Wae not'determined ‘howd¥&T, what" o

percentage of" intracellular viral DNA was represented in
, nor what portion of the viral genome participetee in this
faet-eedimenting segment. *’ ‘ ‘

The reeults presented in this work are coneistent | ie .
with the finding that integration occurs prior to viral
DNA synthesie. Furthermore we dld show that the whole
_viral genome was integrated in equimolar proportions.

The number of integrated viral genomes was about
200-300 copies per KB cell, after infection w1th 2000
particles per cell. KB cells infected with adenovirus
type 2 at 100 pfu/cell resultedlin 2000'to 7000 copies of
viral DNA in the fast eedimenting,form (Schick‘et al., 1976).
In the e§stem-of SV40 infecting permissive cells. Holzel
and Sokol (1974)-reported that 20,000 viral genome copies
per cell were integreted. The genome of SV40 is 3 times
smaller than adenovirus genome As far as the integration
of the amount of exogenous genetic materiel is concerned,
;the observation of Holzel and Sokol was consistent with
that of Schick. dfhe finding in the present work, appears
to be different from these. It is tempting to speculate
what would happen to the level of integration‘if the’ -
number of‘infecting Ad 12 virus particles were higher.
Under high multipiicities of infection, virus yield would

be suppressed‘(Ezoe,.personal communication) and cellular

See note in Addendum
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'_ DNA would be fragmented (Pater, 1976 Ph D.- thesis)

~tobtaining maximum number of fragments containing both‘viral
this thesis are approgriate and realistic
'IV, Site of"Viral Integration into Cell DNA - A' “ %

' ;of new properties (Tooze, 1973b)- According to Green et aZ..

-glycerol gradients _ Conversely, cellular DNA sequences

.covalently ‘integrated into the KB cell DNA

-

|

_ If one is content with the: objective of studying

viral DNA-cell DNA interactions under the conditions of 73: - L

i

attaining modest yields of viral progeny, rather than

~ and cellular information the method and design used \n -

- R . . B
\r e ' ' - . S !

T w

Hamster cells transformed by adenovirus show a set ?

(9
(1976), all the intracellular Ad 12 DNA is covalently linked

]
to cellular DNA.. Hence integration is necessary to maintain

.(the transformed properties 6f these cells.‘ Mamma&{an genome o
-contains 109 base pairs. One would like to Know how many

) integrations could be introduced among these 10° base |

pairs, and.whether there are specific sites?

v

-~
b}

A. Evidence of recombination between v1ra1 DNA and cell DNA

It hgs been demonstrated that viral DNA was among
the celluldr DNA recovered from "DNA networks" and’ from

‘.4".

the high molecular weight DNA fraction of the alkaline ° ~

could be recovered*by hybridizing to viral DNA on. filters.
Thesé‘bxperimeﬁts show conclusively that Ad 12 DNA is

=4

L L
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Lo Covalent linkage of .viral and cellular DNA had been
found in DNA sequences of- defective supercoiled viral DNA

. moleculea (Lair and Winocour 1972 Martin et al., 1973;

- Brockman et aZ., 1973; Winocour et al., 1974) Evidence

. for the 1ntegrat10n of: v1ral DNA into cell DNA in the

lytic system was given by Babiuk and Hudson (1972), Ralph{ .

'and Colter (1972) and Tuler (1977) Their results suggest

that 1ntegratiqn of polyoma viral DNA into mouse DNA

1

ocecurs at about the -same time as intranuclear T-antlgen

" appears and colncides with the onset of cellular and

viral DNA replication About 20 to 300 genomes were
1ntegrated at ‘the peak of viral DNA repllcatlon Foliowing
viral DNA repllcation approélmately half of newly syn-

thesized polyoma DNA were cell DNA-aksoc1ated.‘ .

- B. Characterlzatlon of lntegratlon sites by their frequency

f reEetiglgn . _ | ¢

Inr the lytic 1nfect10n of KB cells result suocests'
that the integration sites reassoc1ate 1dent1cally to an

uninfected mammalian genome. The frequency of repetition
N .
i

_ : : _ ‘ 4 -
of these sites-is similar to the rest of the cellular E r

genome. In contrast, Ad 12 infects non-perm1851ve cells
arid lntegrates into 1ntermed1ate and highly repeated cellular
sequences (Groneberg ‘et al. 1977). _Perhaps, 1ntegrat10n is

different: ln abortlve and lytlcally 1nfected cells

[ rE e

£ A
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%
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| transformed hamster cell DNA. Their strategﬁ,included
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Groneberg and co-workers (Groneberg et als, 1977)

" have demonstrated ‘that Ad 12 %NA is covalently linked to

-the high and intermediate repetitive sequences of the

Sal 1 restriction enzyme to -cleave:cell DNA; ‘filter .
‘hybridization to select cellular pleces adJacent to. viral
DNA and characterization of these cellular sequences s
following elution Except for the techniques® used for
fragmentation of cellular DNA;, the basic experimental
approach used here was similar. The results we have
obtained with KB cells are at variance ‘with' their results
with transformed cells. Further discussion on the‘
differences ;etween integratlon sites of permissive and

non- permissive cells will  follow - .

i
% . t : —ty

C. Specificity arid number of\integration sites . IR

‘The number of integfation sites found in the ;
present wdrk is abou"one order of magnitude less than o
 tHat generally reported-in other systems The maximum
number of integrategy viral genomes reported is 2 x 10“
(Holzel and Sokol, 1974). Each: functional gene in mammals’

had been suggested to be composed of 2 x 103 nucleotides

¥ (Dav1dson et al., 1975) It has also been .ggested thatthe

fbnctional genes in a mammalian cell are about\ 10% to 105
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" If the integrated viral genome were distributed in a random

" ‘fashion, this amounts to one integration site every few

‘genes, which is a large scale recombinational event in

:a short time. Yet the cell number and 1ntracellular DNA

continue | to increase up to about 20 h post infection; _
as we denbnstrated in the present study It seems that

the lower number of integrated viral genome as found by

this: study is more reasonable. Another possible explanation\

is by proposing integration in tandem fashion. This

would have required fewer sites. .However,‘goncatemers

e

of adenovirus had neverzbnﬁg reported - Recent results on

~Ad 5 infection of HEK *cells showed that only 7 copies

were. 1ntegrated (Tyndall et al. 1978) But in. their
system the aim was not to demonstrate the number of )
integnation sites They did show, however, that viral DNA 3
replication is not required for integration This is

consistent with our result that 1ntegration occurs before

viral DNA synthesis.

As far as specificity of:the sites is concerned,
existing evidence results in quite contlicting inter-
pretations. In situ hybridization and autoradiography
has localized viral sequences on'specific chromosomes
of transformed cells in the cases of Ad 2, 7 and 12
(Loni and Green, 1973; McDougall et aZ., 1974). Ad 12
also cause site specific breaks in chromoSomes l'and 17

(zur Hausen, 1967; McDougall, 1971).
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- Beyond the sdenovirus system, Hsry Weiss (1970)
- suggested that viral genetic material of SVAO may not be
Tintegrated at any specific site. 1In the system she studied
' SV40 ‘transformed human cell—normal mouse cell hybrids
'continuously shed human chromosomes. She was able to find
' virus-specific tunnr antigen in several cells containing
But-a'few remaining human chromosomes This observation
1s consistent with biochemical evidence of Botchan et al.
~(1976). They cleaved the genome of SV40 transformed rat
| cells with restriction enzYmes. ThedcleaVEd.DNA was
hybridized to SV40 DNA using the Southern technique (1975).
'The integrated viral genome was found to be integrated at
different sites depending on transformed cell lines. |
Opposing evidence was given by the research group of Croce
\Croce et al., 1973; Khoury and Croce, 1975; Croce,.1977).
They suggested that the site of integration of SV40 on
[ human cells was on chromosomes 7 and 17. It should be
noted also that specific attachment sites (att) on the
. viral DNA were also suggested. They were mapped at 31.2,
- 20.5 and’24.8lpositions of the viral genome (Chowet al.,1974).
« ' So, here we are: whether there are specific sites
or not remains a controversial topic. Our results are
éonsistent wiéh the idea of non- specific sites or specific -
sites randomly distribuféd For the past 10 years,
the research activity in'DdA tumor virus had been

concentrated on the expression of genetic information and

>,

L
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the induction ?f new -growth chsrscterdstics of the cells. g t

It is only recently that. more - people are paying attention

to the equally important aspect: of integration sites.

'Research into this aspect will ultimately 'solve the puzzle

of how an exogenous DNA is introduced into a host thereby

resulting in alterations of growth . o | ' ’

Our results can be discusseﬁ in a more general

context if one also includes data from RNA tumor viruses.:.
Avian oncornavirus DNA sequences are vertically'transmitted‘

endogenous genes present in all spparently normsl chicken

 penii b e sndeeh

cells (Shoyab and Baluda 1975a,b).. These endogenous pro-
viral DNA sequences have been shown_to be integrated in a | :
region of cellulsr‘DNA with a repetition ffequency of between .
1000 to 2000 times per haplpid chicken genome (Evans et ;i;,
1974) . Exogenous avian myeloblastosis virus DNA was thought
to be tandemly integrated into three sites (ghoyab et aZ.{ '
1976) . |
When the obserrations from different sources are '

arranged according to the number of 1ntegrstion sites (see
Table 13) a pattern Lmerges '

- The following trend can be deduced after a careful
_consideration of Table 13: 1) In all of the tr\hsforming

_sysrems, the integration is characterized by a low number

[ S

of coples; with better defined sites; 2) In all of the ' :
productive infection systems, the integrated copies are

numerous the sites are random.

————m e, L
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'D. Factors affecting integration frequencies
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There is a repbrt about the pattern of inte;pdtion

of infectioua DNA of avian reticuloendothe1103@9/Viruses

in avian cells (Battula and Temin, 1978)‘ There were

multiple sites of integration in acutely infected cells

and. only a single site of 1ntegration in chronically infected

cells with no cell death. At this stage it is still too’

early to make any final conclusion But it is clear that

o,

more work is required. Discussion on this topic ﬁill

continue in the following section concerning the factors
. ] Q

[

~

)

As already discussed earlier, integration of viral _

geﬁcme is an important step in QEFQLftéansformation. The
'frequency of integration is affected by factors such as

specificity of integration sites, recombinational events
and factors which would affect these events.

-

. The earliest model of iysogeny was suggested te
describe the incegretion gf A phage DNA into bacterial
genome with a ccncomitant repfeesion of most of the-wviral
genes (Lwolf, 1973). Campbeli (1962) suggested circulari-
zation and recipfocal recombination between specific sites
on the viral genome and host chrcmosome as the mechanism
for this integration. 'Pefhaps biased by thisjview, some
authois suggested that the inverted terminal repetitions

of adenovirus would facilitate its integration by circulari-

zation (Garson et al., 1972). This view is not necessarily
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‘cells (Gnaham, 1976) The radiobiologist Cleaver (1971),
ihas suggested that unrepaired 1esions in DNA would cause
1gaps,to be left in ‘the newly synthesized_ﬁaughter strands;
the gaps are filled by'a recombinational process from the
parental strand of the complementary DNA molecule (Rupp and
Howard-Flanders, 1976) In Escherschza colz thisg’ recombin-
ational process’ is. error prone. - Cleaver - (1971) suggested
that oncogenic viral DNA could be incorporated in a similar

event.

i. Effect of Serum '

The results presented in this work suggested that
- at low serum concéntration,~integration was suppressed.
The effect of serum on integration and transformationfhad
been studied in,the SV40 Chinese hamster system (Hirai and
.Defendi 1974a) . Our results are consistent with theirs.
Although they suggested that serum probably mobilized cells
into the S phase of the cell cycle - hence, more cells are
synthesizing DNA, it is difficult to conclude what step
‘in‘DNA synthesis was iinked with viral DNA integration,.
" In the routine tissue ‘culture, serum supplies about 10%
| of the media. Which substances in the serum‘were required
remain a nu221e (Morton, 19705 .'Capacity to. initiate cell
division in nondividing cells, response of cells to added’
serum by growing to.higher cell densities (Rubin 1971

T e RVASTTIAS SR IUAR R LA MR TR S

-well founded because fragments of" adenovirus could transform .

.
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Holley and Kierman 1968), etc are only a few of ‘the. né;;E;S_

effecte derum- could have had-on celle.

1i. Effect of Ara C‘on>Integration R

From the previous discussion, lowered\serum concen-

' tratidn seemed to play a role in 1owering the level of

integration Ara C inhibits cellular DNA synthesis; it would -

be interesting to know how this compound wonld afect inte-
gration  Ara Clis metabolized to nucleotide derivatives

which apparently successfully compete with normal metabolltes

«at the catalytic center of enzymes converting cytidine

nucleotide to dyoxycytidine nucleotide and the enzyme
incorporating deoxycytidine triphosphate into DNA, thus
curtailing DNA synthesis Our finding that ana € did

inhibit 1ntegration 1is consistent with the réﬁults from

' experiments for serum effects. Some events‘in the. § phase

of cell cycle may be essentidl for the 1ntegrationa;rocess
Whether this is the only process by which viral DNA can.

be integrdated or not is not knoﬁn.

1ii. Effect of Caffeine on Integration Level

- The results of serum dependence and ara'C inhibition,‘
-

of integration level reported earlier show that cellular

DNA synthesis may facilitate the integration of viral DNA.
L

A natural question to ask then, is whether other mehns

PRREY S

of inducing cell ﬁNA synthesis would affect the integration

[ 4
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frequency It has been reported that pretreating animal
cells with x-rays, uv irradiation or radiometric drugs
Ae.g. 4-nitroquinoline 1 -oxide) in vitro could dncrease
the’ frequency of transformation by SV40 (Coggin, 1969;
Pollack and Todaro, 1968 Diamond et ai. 1974) ; by
polyoma virus (Stoker, 1963) and by human Ad 13 (Coggin o
1 1969). 1If transformation enhancement is mediated by cell
DNA'breakage and repair, one would like to examine the
effect of caffeine on integration. The results reported
in the present work suggest that caffeine does enhance

. integration This observation is consistent with that
reported for other systems ‘The explanation however, is °
quite controversial It has been reported that caffeine
potentiates. cell killing and produces chromosome aberrations
and inhibits some form of repair system after UV or

©X- irradiation (Adler 1970; Blshun et al., 1973; Kihlman"
et al., 1974 Rauth, 1970 Roberts 1978). cCasto et qi.
(1974) found-that caffeine enhanced the frequency of
adenovirus-induced transformation In the SV40-cultured
mouse cell C3H2K system, Ide et ai. (1976) found that
irradiation of cells with UV just before infection with

'subsequEnt cultivation in the presence of absence of
caffeine, transformation would be enhanced. These results
show that caffeine does two things: 1nterferes with DNA

repair systems and enhances viral transformation The -*

L3

Tesults obtained in the present work suggest that
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integration is alseienhenced. Caffeine maf enhance trans-
formation via enhancing iﬁtegtation Since integration
involves the insertion of viral DNA into host”DNA, the S
opening of DNA strands by interfering ‘with repair systems
could have facilitated this process.

iv. Effect of UV Irradiation
UV‘irrediation.caﬁSes breaks in DNA. Repair of

these breaks neccessitated DNA synthetic processee..”Some
attempts to identify the integration sites were-retorted.
It was fou;; that in preductive syst%Ps, there are
numerous integration sites. - Reassociation experiments
showed the frequency of repetition of these sites to be
indistinguishable from that of the whole genome. However,
Tnone of¢«phese suggest that the integration sites- are
non-specific. On the contrary, UV irradiation, which

' causes specifically‘identifiable lesions of dimers did
not enhance integration.’ Tﬂis would have suggested.that
integration involves a g¢ertain degree o} specificity, either
on the level of sites, anymes or combination of both. |

The enzymes involved in thymine dimer repair was believed

to be endonuclease whieh-cleaves the chain near a dimer

to leave 3' phosphoryl and 5° ﬁydroxyl tetﬁini, the latter

adjacent to the dimer; a 3° phoephemonesterase to remove

the terminal phosphate, an exonuclease to degrade the

dimer-coﬁtgining sequence, and two other enzy&es._a poly-

~merase and a ligase to complete the repair. Since the
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patch size is about 200 nucleotides, it is diffieult to
' conceive a mechanism.by whichilarge viral DNA pieces could -
" be integrated intoksuch sites (Cleaver, 1971) Post-. tf,
":replication ‘repair . (Rauth, 1970) is an alternative pathway
.by whieh cell DNA can repair dimer lesiona. Unrepaired
leaions'in DNA cause gaps to be 1eft in .the newly synthesized.
daughter strands,‘the gaps are filYed by a recombinational
Process from the parental stkand of the other DNA mdlecule
k(Rupp and Howard—Flanders 1967). The human XP cells,
which are deficient in excision repair or its variant
'deficient in post replication repair are more mutable by L
w than normal cells (Maher and MeCormick 1976, Maher et
al., 1976) : Lehmann and Bridges (1927) suggested that the
higher mutability of XP variants is due to an error prone
repair pathway in human cells because an error-free process
is absent in XP variants or because the mumber of mistakes
Iwere excess. The enhancement of integration 1ezel by
eaffeine could be due to its ability to interfere with

¥

post replication repair. ) -

Caffeine has no effect on excision repair (Cleaver,
1969). It has been observed that caffeine inhibits the _
filling up of the post replicational gaps opposite the
thymine dimers elicited in parental stuards of DNA by UV
irradiation (Cleaver and Thomas, 1969; Fujiwara, 1972
Fujiwara and Kendo, 1972). The persistent opening of
gaps in the replicated host DNA would have given ample

time for the viral DNA to be integrated o
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E. Prospeete of Further Experiments to Extend the Present

Work . s

Sotie experiments can be planned to test eome . B
‘speculation out{ined previodbly as ‘well as to eharacterize; |
further the integration sites. | A straight forward \pproach
is to study the synergistic effect of caffeine on UV ot
'irradiation. 1f caffeine enhances integration by the |
mechanism suggested then inducing more sites in the Dreaence'
of caffeine ‘would certeinly”further enhance_integration.

Integration sites ‘could be extraeted'folldning
the strategy as outlined in Figure 30 Viral sequences" L"
could be removed by eiﬁaustive reaesociation to unlabelled
viral DNA and HAP' chromatography. The remaining integretion
sites can be characterized by restriction enzyme cieanage :
patterns.. By characterizing integration sites from differents
cell lines which are permissive to Ad 12 infeetion, one e
can determine whether these eitee are similar, _ |

Early events in thejfntegratioﬂ“of yirei'DNA
sequences into non-permissive celfs eould be studied. :

Since only a very small amount of viral DNA sequences are
'integrated readioactively labelled viral DNA reassociation
probes with an activity ten times stronger is required

In this-approach, information obtained belpngs to a

-system which more approximates the tﬁmorigenic,spaugi

3

€
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