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" Adenovirus type 5 is able to oncogenically transform cells

g¥owing in cuiture. These transformed cells show different
degrees of transfoﬁnatioh. ‘The interest of my studies was to
establish the presence and characterize the structure cf virdas
DNA in adenovirus 5 transformed cell lines and to lock for a
passible correlation between the integrated-viral sequences.and
the phenotype of the cells. For this purpose, cell lines
- transformed by wild type (vjrions or DNA) and by host range
%utaﬁts (virions) were analyzed for their viral &Qﬂiﬁfntent and
for their transformed phenotype. h )
More than the jeft 8% was always présenf in virion
transformed cells. Cells transformed Qhy host ranée mutants of
complementation Group I generally contained a larger fraction
of the genome than did their counterparts traﬁsformed by wild
type virus. In some host'range transformed cells, virtually
the entire viral DNA molecule was found col1near1y 1ntegrated
In the case of the cells transformed by wild type DNA’or
virions, it was not possible to correlate any particular pheno-
type with a specific integration pattern. The same pattern was
found in the tumorqggn1c derivatives of a non oncogenic cell

i

line (293) ag in the parental line. Studies with cells
.

tranéformed by Group I host range mutants showed that partial
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or ccmplete integration of viral DNA into transformed cells

was always associated with the preducticn of scme viral proteins
and with thelinduction of a p?rtialiy transfcrmed, non cncogenic
.phenbtype. | C%>

An Wnteresting finding wgé the 1im1téq number of iﬁserts

in cell Iinestiso1ated from uncloned popu]aéions within a small
number of péssageé after trénsformation. This suggested the
possibility of a Iimited-number of-sites.avai]ab]e'fOr
transformation or alternatively, that a few cells rapidly overgrew
the rest. In an attémpt'to answer this‘question ana to obtain

ﬁore information on the integratibh process,‘DNA was extracted
-from semipermissive rat cel]siat different times shért]y after -
'infecfion. Adenovirus 5 wild type and host range mutants frpm
Groups I and II wére used in individual experiments. \The extracted
DNA was analyzed for the presence and state of viral DNA. . New
‘forms of iptracellular viral DNA, whiéh might‘be intermedigtes

for integration, were found. A fragmenf Eaving the size of botg
ends of the viral DNA joihed'together, and which hybri&izes with
bqth ends when these are used separately as pf;bes, was detected

in Southern biots after digestion of rat cell DNA with different
restriction ehzymes. This structure was detected earlier after
infection with host range 1 (Group I), than after infectioniwith
host range 6 (Group II) or with wild typé,‘and was found also

in Hela cells and in two rat cell ]jngs after tnfection wifh hosl ‘
) 2 .
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range i or wild type. tudies foliowed tc determine the nature

of this new arranged viréi"DNA provided evidence for covalent
Head to tail joining and for the form;tioﬁ of circular Ad5 DNA '
- % ' - '

moiecules.
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INTRODUCTION



INTRODUCT ION

The Adenovirus Family v

Adencoviruses constitute a family. of DNA viruses originally
isolated from the respiratory tract of humans and other animals

ﬁagg_gl,, 1980; Persson and Philipson, 1982; Tooze, 1980;

(Gree
Fenner, 1974). This family has been subdivided into two geﬁera:
mastadenovirus and a&iadenovirus according to whether their isolation
.was from mammalian or avian.hosts. There are 35 serotypes of

human adenovirus recognized (31 universally accepted; Green et al

1980) which can be subdiyided into five groups Eccording_to ONA
sequence homology'(é}een gg_gi., ]979); About 80% DNA homology
exists within each group but only 10-20% homology betwéen DNAs
corresponding to different groups. Members of each group also share
sfmi]arities in their pathoTbgfc and epidémiologic as well as other
properties (see Table I). | .

The most extensively studied ser;types are the closely -
related adenoviruses type 2 and § (AdZ, Ad5), both from Qroup c. =
For‘this reason and because Ad5 was fhe serotype used in all hy
studies, the information given in this introduction ;111 refer

mainly to serotypes 2 and 5. It is, however, true that adenoviruses

represent a very homogéneous fami]y so that observations in Ad2

o
<

and Ad5 frequently apply to other human ser types.
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A}] the viruses belonging to this family have a characferistic
icosahedna] shape and contain at least 9 pplypeptideé with sizes
between 7,500 and 120,0001da1tons (PhiTibson et al., 1975). Inside
the 'virus the DNA is associated with two core proteins and with a
terminal protein covalently attached to the DNA; this structure is
surrounded by a capsid composed of 252 capsomers: 240 hexens and
12 pentons (so called because of the number of'neighbouring capsomers; -

Tooie,e1980{. Each penton is formed by a ‘base within the body oié
the capsid and the fiber, an antenna- like projection (Tooze, 1980;
Valentine and Pereira, 1965).

. The DNA inside the capsid is linear, double stranded, with

a molecular weight {MW) of -about 23 X.10§ (35 kilobasepairs;
van der Eb et al., 1979; Green, 1970; Persson and Philipson, 1982)
which could code for as many as 50-60 polypeptides. This viral DNA
contains inverted terminal repeats of about 100 basepairs (bp) yielding
identical ends (Qeron et al., 1972; Wolfson and Dressler, 1972;
Ste:nbergh et al., 19775§\§nose significance is still obscure; in
addition, a terminal protein of MW 55,000 is covalently linked to both
5' ends. Pure adenovirus DNA'i; infectious but the specific
1nfect1v1ty on a molar basis is at 1east 106 ttmes Tower than that of

the virus (Graham and van der Eb, 1973) However, if the terminal
h protein is not removed, the 1nfect1v1ty of the DNA can be enhanced

several fo1d (Sharp et al., 1976).

Adenovirus Gene Expression in Infected Cells.
The adenovirus system is considered a very useful tool: for

the study of gene expression in mammalian célls and both productive
y .
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infection and cell transformation have been used for this pu;pose.

~

I. Productive infection.

_— The productive 1nfection of permissive cells has been

‘;}aditionaiiy divided into early and late phases (Tooze, 1980). The
ear]y phase includes the events which precede the synthesis of
adenovirus DNA, and recenii} this phase has been further subdivided
-into immediate early, pfeFearIy and delayed early periode according
to the sensitivity of gene expression to protein inhibitofs and the
time of appearance of gene products in the infected cells (Lewis
and Mathews, 1980). An intermediate phase, required for the onset
of late transcription and synthesis of virus pr teins, has recently _
been identified after the early phase (Lewis ajd Mathews, 1980). This ('
ﬂnelrmediate stage 1s independent of viral DNA replication

The late phase is initiated after the OQ§et of DNA
replication (6-8 hours P.I.) and 1eads‘to a drastic change in viral v
gene expressioﬁn(see Helow). Inhibitors of protein synthesis can’ ‘-"
Prolong artificially the earlyabhase, and inhibitors of DNA synthesis

prolong both early and intermediate gene expression (Eggerding and

Raskas, 1978).

-

A) Early phase

Uncoated DNA_is found in the nucleus.of the tell within 1

~ to 3 hours P.I7 and transcription of early mRNA starts at this _time
(Lonberg and Phiiipson, 1969). The parental DNA acquires a
nucleosome-1like structure which hae been re]ated either to

rearrangement of core proteins or to the acquisition of cellular
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histones (Sergeant et al., 1979; Tate and Philipson, 1979). It is
beTieved that this structure serves as a template for early
transcription and for DNA rep11cat1on (Persson apd Philipson, 1982).
//” Depend1ng on the multiplicity of 1nfect10n betwes? 5% and 18% of
the total polysomal mRNA labeled at early times, P.I. hybridizés to
viral DNA "(Lindberg g;_gl,,-1972). This processed mRNA s
complementary to abgut 40% of the viral genome (Pettgr;son et at.,
1976). At least 19 d{stinct early mRNAs have been recovered and
mapped fBerk'et al. » 1979; Chow et al., 1979; Kitchingman and
4 ' MWestphal, 1980) and around 20 viral éoded ear1y polypeptides have
been identified {Lewis et al., 1976; Harter and Lewis, 1978;
Lewi; and Mathews, 1980).

™~

i) Ear1y regions o - ' -

Several procedures have beén used to mab and quantitate
early tragsfifption, and four to five early regions have been
described. These, regions are numbered, from left to right, E1 to

& E4 (early regfon 1 to early region 4, Lewis.et al., 1976; Berk

and Sharp, 1977a, Chow et al. s 1977a; Lewis and Mathews, 1980).
Qix early promoters have been ident}fied (see Fig.. 1) with a

‘i?L‘ /”’—\f:;?Etive order of expression:. ETA EL, E3 E4, F1B, E2A (Nev1ns

et al., 1979 Nevins, 1981), these promoters are differentially

expressed during (£he 1ra1 cyc]e . .
| Region E1 is divided into two 1ndependent transcription

P blocks ETA and ETB, contro]]ed by d1fferent promoters (Sehga] et al.
- 1979; Wilson et Al., 1879} and at 1east~3 different mRNAs with

over]appiné sequences have beep‘mapped to each of these regions
. ; = .



Figure 1: A genomic map of Ad2-coded early proteins and their mRNAs:
The arrows in the figure represent early and 1ntermedi§te mRNAs ,
both can be expressed in the absence of viral DNA'repfication {see
text). Arrowheads show the 3' end, and tentative promoter sites
are indicated with brackets. Each protein encoded in azspecifig.
early viral mRNA is indicated beside its mRNA. Proteins whose
mRNA structure has not yet been eTucidatgd are not shown. fhe map
position of the mutants mentioned in Table III is shown beside

b

deletion mutants; CS: cold sénsiti

the corresponding early region. HR: ,host range mutants; DL:
//ygrmutants; TS: temperature

sensitive mutants. Modified from Persson and Philipson (1982).
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(Berk and Sharp, 1877b; Spector et al., 1978; Chow et al., 1$79;
Perricaudet et al., 1979, 1980) (see Fig. 2). Region E1A is the
first to be transcribed, around 1 hour P.I., and its maximal
transcription is maintained for at least 6 hours. The two overlapping
early mRNAs transcribed from this region, 12S and 13S, share
identical 5' and 3f termini and differ b%ﬁIBS nucleotides due to
the different sized introns removed by RNA sp]iciﬁg {Perricaudet -
et al., 1979; Baker and Ziff, 1981; see Fig. 2). Both are,
transported to the cytoplasm where they accumulate at a'con;tant
rate throughout the early phase (Specfor.gg_gl., 1978). A third
ETA mRNA of 9S, giving a 28,000 dalton polypeptide in in vitro
translation, is detected only after initiation of DNA replication and
it accumu1ate§ durjng the Tate phase of infection (Spector et al.,
1980). Two early mRNAs have been ideﬁtified for region E1B, a 225
mRNA and a 135S mRNA (Wilson énd Darnell, 1981); a third transcription
unit from which polypeptide IX is derived, is also located in this
région. This Tatter promoter is considered intermediate or quasi i
late and it is not activated in transformed cells (Pettersson and
Mathews, 1977; Persson et al., 1978; Spector et al., 1978).

| In‘region E2 of the DNA, the transcription pattern changes
during the switcﬁ.from early to intermediéte times. At early
times, a promoter mapped.ét 75 map units is active {Berk and Sharp,
1977a); from this transcription, one or two mRNAs are QEnerafed
which code for a DNA binding protein (DBP) required for DNA

replication. At intermediate times the DBP promoter is located at

s/



11

Figure 2. Map of regions E1A and E1B and their transcription
products. The DNA sequence is marked of% in kilobases from the
‘left end of the genomé. Above this, horizontal Tines represent
exons of the £E1A and E1B mRNAs, and the arrowheads indicate the
3' ends. Boxes above the axons indicate translated regions

and the theoretical mo1ecu1§r weights for the proteins which can
be translated from the open reading frames. Mutants mapped in
E1A or EI1B are indicated below the adenovirus map. Modified
from Gaynor et al. (1982), Halbert and Raskas (1982), Montell

et al. (1982), Graham (1984).
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72 map units (Chow et al., 1979) and there is alsc some promoter
activity at 86 and 99 map units (Chow et al., 1979). This shift
in promoter activity requires synthesis of virus coded proteins.
At intermediate times, the promoter located at position 75 generates

a transcript which terminates at or after position 11 on the left

~of the DNA {Stiliman et 2l., 1981). This unit has been.called E2B

and at least 3 polypeptides are generated from this transcript

(see Fig. 1}). The terminal protein {Stillman et al., 1981) and a
virus coded polymerase (Stillman et al., 1982; Lichy et al., 1982)
belong to these E2B coded proteins. An additional promoter on thé
1 strand at 16 map units is also turned on at intermediate and . late
times (Chow et al., 1977a). The mRNA controlled by this promoter
codes for a protein knoﬁﬁ as IVa2 (Lewis and Mathews, 1980) which
appears to be involved in the maturation of precursor capsids into
virions (Perséon et al., 1979). Early region 2 is the last early
region to be turned on and its transcription rate reaches a maximum
at 7 hours P.I. followed by a decline (Nevins et al., 1979).

The E3 region is transcribed rightward into a set of 6-8

different mRNAs, all from the same promoter at 76 map units and at 7

least 3 different polypeptides have been assigned to this region
(Persson et al., 1980b; Ross gg_gl:,‘IQSOa). One of these proteins

is the 16,000 dalton precursor of the 19,000 dalton membrane-bound
glycoprotein; it is translated from 3ldifferent mRNAs which vary in -
the site of addition of poly A (Persson et al., 1980b; Herisse et al.,

1980). Part of region E3, located between coordinates 83.5 and 85, is

)

Fy



not required for growth in human cells since deletion mutants which
tack this region multiply normally (Persson et al., 1980a).

: Region E4 is transcribed from the 1 strand and encodes multiple
mRNAs, a1l with the same poTy A addition site at 91.3 map units
'(Berk and Sharp, 1977b; Chow et al., 1979). Severa] polypeptides

have been" identified by in vitro transiation, but their in vivo
fudctionqis sti]?gunknown'(Mafésy et al., 1982; Downey et al., 1983)'.€
.The transcription of regiohs £3/and E4 reaches a maximum rate at

3 hours P.I..and then declines over the next 6 hours (Nevins
et al., 1979).

In addition to these regions,lthe majof late promoter located
at 16.3 map units on the r strand of the genome is also expressed af
early times (EL promoter, Shaw and Ziff, 1980; Akusjarvi and
Persson, 1981a). The hRNA transcribed from it contains the same
tripartite leader used at late times, butonly one poly A addition
site, mapped at 38.5 map units, has been identified. This mRNA is
‘heterogeneous and sometimes contains an extra leader fragment (i)
mapped at 22.0 - 23.5 map units (Akusjarvi and Persson, 1981a;
Falvey and Ziff, 1983).

Early gene expression is contro]Teq at different levels:
£1A products seem to govern the'accumu1atipn of mRNA from other
regions (Berk et al., 1979a; Persson gg__l:, 1981a,b) and other
viral products like the 72,000 dalton DNA binding protein, seem to

act at the transcriptional 1evef-(Nevins and Winkler, 1980;

Persson et al., 1981b). A brief discussion of these control mechanisms

N
/
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is presented in the next section.

‘ii) Early pr?teins /f;’—)
At Teast 19 early viral’ coded proteins have been idég;ifjed
and mapped py studiés carried out using in vitro translation oﬁ:)
selected mRNAs or with the cell proteins Iébelled in vivo and then
immuno precipitated with antisera raised against early antigen;
(Lewis et al., 1976; Harter and Lewis, 1978; Persson et al., 1979b;

Halbert et al., 1979; Esche et al., 1980; Lewis and Mathews, 1980).
The Targe number of related transcripts derived from each qf the
four early regions complicate the efforts to sequente mRNAs and

to icentify the proteins they encode (Chow et al., 1979; Wilson et al.,
1979; Kitchingman and Westphal, 1980). Figures 1 and 2 show the
locations of the mRNA corresponding to tﬂé eér]y regions and the
tenta;ive molecular weights+(MW) of the early proteins which are,
or might be, encoded by these messengers. Some of these products
wii] be discussed ip/%ore detail in the following sections of the
introduc;ignx//d_g/

The. role of early proteins in.the control of early promoters
has been studiedrwith the aid of protein synthesis inhibitors and
of virus mutants, but the picture is not yet clear. The protein
encoded by the ETA - 135S mRNA is required for. transcription of viral
. early regions other than ETA (Berk et al., 1979; Jones and Shenk,

- 1979b; Nevins, 1987; Montell et al., 1982) at early tihes after

infection. Protein inhibitors added before, infection, depress

accumulation of mRNA from regions 2, 3 and 4, three to four times
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With respect to untreated controls (Persson et al., 1981a). Similar
\ ai

results were gbtained with E1A mutants}defective for the synthesis
of 135 mRNA; ETA 125 mRNA is not required for the normal control of
traﬁscription of other early regions (Berk et al., 1979; Nevins,
1981; Montell et al., 1982; Ricciardi _e_;a_]_.,/w?m; Jones and Shenk,
1979a; Ross et al., 1980b; Shenk g}ﬂgl,, 1979j.

In addition, if the inhibitor is added 1-2 hours after
infection, there is an increase in the accumulation of early mRNA
(Lewis and Matheﬂs, 1980); the norﬁa] decline of mRNA synthesis from
transcription\units 3 and 4 does not occur-in the absence of protein
synthesis or after infection wfth ﬁs 125 at nonpermissive temperature.
Ts 125 is temperature sensitive for the production of 72,000 dalton
DNA binding protein and this ﬁrotein seems to be involved in the
control of the Stability of early mRNAs and, therefore, in their
Cytoplasmic abundance {Carter and Blanton, 1978a,b; Nevins and Winkler,
1980; Babich and Nevins, 1981). o

B} Late phase l-

i) The early to late phase switch

At intermediate times during the Tytic cycle, the major change
appears to be a shift in promoter recognition by the cellular poly-
merase Il and at least 7 distinct new mRNAs aﬁpear (Chow et al., ~

1979595€?1%m5ﬁzg3.gl., 1981). The major event lead{ng to the early
f to late transition is the rép]ica;ion of .viral DNA (Tdoze, 1980,

Thomas and Mathews, 1980), which is required for.almost all the

structural proteins. Only structural po1ypept{£;s 1X and IVa2 can
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be ;ynthesized i e absence of DNA replication (Esche et al., 1980;
Persson g}_gl,,T::fZT, though their rate of transcription increases
considerably after DNA replication. Thefefore, both are classified
as intermediate proteins.- |
ii) Late phase

During the late phase of the productive infection almost all
the information in the adenovirus génome is transcribed. The
transcription battern is markedly different from thé—pattern observed
at early andcjntermediate times (see Fig. 1 and 3) (Sharp et al.,
1974b; Phil{pson et al., 1975; Pettersson et al., 1976; Tooze, 1980)
and at least a 30-fold incre§se in transcription is observed (Shaw
and Ziff, 1980). At least 22 late mRNAs and 12-14 proteins have been
identified and mapped. Sevgral'ear1y mRNAs are also transcribed
during the late phase of the cycle (Ginsberg, 1979).

The major late promoter is Tocated at 16.3 map units (Lewis
et al., 1977) and some late transcripts extend toward the right end
of the genome, beyénd coordinate 92 (Fraser et ai., 197%9a). However,
only 20% of the transcripts extend all the way, due to iﬁefficient
é1ongation of the chains (Fréser et al., 1979b). The mRNAs clustering
along the long transcr(;t have been classified into 5 classes (L1 -
L5, see Fig. 3) of 3' coterminal mRNA species located between coordinates
30 and 92 (Chow et al., 1977b; Nevins and Darnell, 1978a; Ziff and
_ Fraser, 1978). Each of these classes is translated into more than

one protein (Fraser and Ziff, 1978; Nevins and Darnell, 1978a; Ziff

and Fraser, 1978) but each mRNA species codes for a single protein only,
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Figure 3. A genomic map of Ad5-coded late proteins and their mRNAs.
A1l late mRNAs originate from the major promoter at coordinate 16.3
Vand confain tripartite leader segments derived from coordinates

16.4, 19.6 and 26.6 joined to‘theﬁbody &R each mRNA. .A fraction of

_ all 1até mRNA also contains a fourth leader segment, the i Teader,
and a 14K proteﬁn has tentatively been located within the i leader
Jtself. The relative order of fhe ponbeptides_(parentheses) has

not been unequivocally defermined. Modified from Persson and |

Philipson (1982).
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even when it contains sequences specific for more than one protéin.
As mentioned above, transcripts ofiphe‘m§jor Tate promoter containfqg
the tripartite leader are also found in the cytoplasmnof infected
cells at early times but they terminate prematurely j:gbbe1ong only
to the L1 family.
- Poly A addition and splicing are the critical steps which
determine the kind of protein trahslated. This selection must be
done in a coordinate manner, but the mechanisms of control are still
unknown. Cleavage at the 3' terminus and poly A-addition seem to
precede spTiEing (Nevins Qnd Darnell, 19785; Akusjarvi et al., 1981b).
Some differences observed in the abundances of late mRNAs might also
belregu1ated at the Tevel of mRNA stabiTity as in the case of some early
transcripts. However, late mRNA has a relatively long half 1ife compared
With early transcripts, suggesting that regulation of late mRNA
concentrations may be at some other level.

The_proteins synthesized predominantly after the onset of viral
ONA replication are. considered late proteins. These proteins are';
mainly structural proteins and represeﬁt almost all the proteins .
synthesized by the cell 16-18 h affer infection (Philipson et al., 1975)}.
Figure 3 shows the éﬁsitipn of the different classes of Tate mRNA :
and the tentative mob&cular weights fo; the proteins translated

from these mRNAs.

C) Adenovirus DNA replication
The synthesis of viral DNA begins 6 to 8 hours afterqhnfection

of human cells widh adenovirus 2 or 5 and reaches a maximum 6 to 10

<
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hours later (Tooze, 1980). DNA synthesis is initiated at either '\
¢§‘z of the duplex and proceeds by strand d1sp1acement (Lechner and (:ih//
KE11?i>J97Z; Sussenbach and Kuijk, 1977, 1978)'pro§ucing branched
and unbranched linear moIecukg?‘fSee Fig. 4). Recent in vitro (
experiments have demonstrated that initiation of replication is

primed at the énds of the molecule by a virus encoded protein with 4

a mass of 80-87,000 dé]tpns {Rekosh et al., 1977 Cha]lberg et al

| 19 ; 1982; Tamanoi and Stillmdn, 1982). The prote1n is subsequentTy
cleaved into the 55,000 dalton terminal protein found jn DNA 1§o1ated
from mature virus (Challberg et al., 1980; Enomoto et al., 1981; Lichy
gg_gl.,‘lgal). “The 80-87,000 dalton precursor of the terminal profein
(pTP) has been found on the‘S‘ ends of nascent DNA stféngs replicated.

\:g//TH‘VTt(E_fnd also as a compqﬁbnt of the DNA-protein complex isolated

from virions of the protease deficient Ad2 mutant ts1ﬁt£ha1]berg et al.,

1980 St111man al., 1981).. This precursor copurifies wiE@ a DNA

f::\\

polymerase activity. The puref% fraction which is still active for

in vitrq replication coniains viral<DNA p1us'2,vira1-COded polypeptides:
‘an 80;87,Q00 da1ton'po1ypeptide théh has been identified as the precursor
Mfor.the terminal protein Jha another polypeptide of 140,000 dalton with

DNA polymerase activity (Enohoto et a1., 1951' Lichy et al. 1982- Stillman

et al. 1982) _ This Tast protein appears to be 1nact1ve when prepared

from cells 1nfected with Ad5 ts 149 at non- perm1ss1ve temperatures

(St111man et al., 1982). CeT1u1ar factors are ypquired as we11 (see ge]ow)

e
Viral DNA treated with pronase does not support replication in

¥

_--a cell free system usifg infected cell. extracts (Challberg and Kelly, 19793.

r
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Eﬁgure 4. Repljcation models for adenovifﬁs DNA. The model shown
in (A) has been proposed.Py Rekosh et al. (1977). In this model
the terminal protein (‘)_ covalently linked to the 5' ends’_dof
the viral DNA acts as a primef for the new strand. A free protein.
molécule becomes covalently attached to a deoxycytidine (dCTP)
rgsidue which in turnprovides the 3' OH terminus required for
initiation of DNA replication.. Model (B) was proposed. by
'Péérson et al. (1982). 1In this case circular molecules are
formed before rep}ication, énd the termina] protein { ® ) introduces
‘@ nick in tﬁe DNA at the origin of replication (i) and remainﬁ'
covalently attdéhed to the 5' phosphate. The 3' hydroxyl (arrow-
head) acts éé the pfimer for displacement synthesis (rI}. The
displaced strand is 1ocEfd into the'repiicatiqn fork in the
type I mo]ecuje. After términation of displacement synthes{s
~Agitiation (is)lof comp]ementary‘synthesié'(rIIJ\gquires a
cellular bfimiﬁg event énd resﬁ]ts.in the formation of Type II

molecules.






If this inactive DNA fs further treated Qith'pfperidine, its activity
is restored (Tahanbi and Stiliman, 1982), presumably because the
removal of the residual peptide by piperidine allows the protein-DNA
complex to be formed again. In addition, when_a plasmid containing an
origin of viral DNA replication was used as a template and added to

in e;ted Hela cells extracts, the‘pTP;dCMP complex waslformed provided
that the plasmid was linearized and the origin was located aé?ize énd
of the molecule (Tamanoi and Sti]ﬁman, 1982). Furthermore, initiatjdn
of DNA replication occurred whetﬁer the sequence was in déuble stranded

or sing1é stranded form. With bth templates, viral or plasmid DNA,
initiation occurs at the deoxycytidine residue at the §' end of the
adenovirus-proteiﬁ‘;;;BWex. Pearson et al. (1982) also reported high
efficiency of recognition of tﬁe viral end'by the pTP in circular plasmids
conta1n1ng cloned term1na1 seque;Ees of adenov1rus DNA (Wasylyk et ai.
1980). A spec1f1c nick was introduced into replicating molecules at

the adenovirus origin and these molecules replicated aslr011ing_circ1es
with displaced, single stranded tails. The sequences importént for
controﬁling recognition and replication of the cloned te}mini of Ad5 DNA
seem to he 1oéated at least 10 ¢ % bplwitﬁﬁn the terminal repeat unit,

pefhaps including the highly conserved séquence found in all adenovirus

serotypes between nucleotides 9 - through 22 (Pearson et al., 1982

Tolun e aI » 1979). Figure 4 summarizes the models proposed for
- adenovirus repliication by Tamanoi and Stillman (1982) ‘and other grdups
- (Fig. 4A), and by Pearson et al, (1982) (Fig. 4B). In the first

situation (Fig. 4A), the function of- the PTP in replication is to form
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a complex with the first nucleotide in thé nascent chain and serve

as a primer fot.DNA synthesis. The primary initiation event in adeno-
Virus DNA replication would be the formation of this ester 1inkage
between the o phosphuri1 group 0f¢§CMP and the B'Qﬁ;Qf 5 serine residue.
in the 80,000 dalton terminal protein precursor'(Desiqerio and Kelly,

198}; Tamanoi and Stillman, 1982; Challberg et al., 7982). Some kind
—

tion, mediated by 1nteract1ons with specific terminal
nuc1eot1de sequences might be formed between the 80,000 dalton pTP
and the terminus of the Tinear parental DNA. As a-result, the dCMpP
residue attached to the 80,000 dalton pTP could be positioned in such

a way that it could serve as a primer for subsequent chain elongation
'(Cha11berg et al., 1980; 1982). The essential features of the mode]
proposed by Pearson et al. (1982) (Fig. 4B) are that the.viral DNA
replicates as a covalently closed circular molecule; and the terminal
protein, which binds tightly at a specific reeognition sequence,
catalyzes the. breakage and reuniqn‘of_a single polydeoxynucleotide chain
at a fixed distance from the recodnitibn site. This cleavage resu1ts |
_in the constant attachment of the terminal protein to the 5' phosphate
and the 3' hydroxyl now acts as a primer for replicationt The circular
moTecu]es_which might be predicted by this model.had not been observed
in vivo until recently (see chébter ¥V of this tnesis)

Another virus encoded prote1n known to be requ1red for ONA
rep11cat1on is the-single stranded DNA binding prote1n (DBP). Experiments
using AdS mutant ts]25 which is temperature sensitive for the 72 000
da]ton DBP, have shown that this protein is required for DNA eTongat1on

but not for the in viiro formation of the first nucleotide ]1nkage
. e L

<«
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between the 80,000 pTP and the dCTP group (Van der Vliet and Sussenbach,
1975; Van der Vliet et al., 1977; Kaplan et al., 1979; Enomoto et al.,

1981; Challberg et al., 1982).

= = .

Recently, Nagata et al. (1982) reported the requirement of

a_ce1ﬂu]ar factor, called "nuclear factor I" for adenovirys replication.
It is a 47,000 dalton protein, isolated from nuclear extracts of
uninfected Hela cells. ‘In the presence of-DBP there is a requirement
of factor I for pTP-dCMP complex formation. No polymerase activity
either a, B, or y has been detected in association with factor I.

™II. Cell Transformation

A. Transformation: lysogeny vs. transformation of eukaryotic
cells >

Certain bacteriophage genomes, such as the lambda phage genome
can be ‘covalently integrated into the host bacterial chromosome.
This integratiqn leads to lysogeny, é condition which affects the
faﬁe of both the phage and the host bacteriumﬁ the integrated phage
does not repTica;eféndependent1y; the host cell, on the other hand,

becomes resistant to superinfection by the same phage strain and .°

- ¢an continue to grow and replicate (Hershey, 1970). ) N

. Since the discovery of DNA tumor viruses, investigators have
attempted to obtain experimental evidence for.an analogy between
lysogenic cbnversion-of bacteria by hacteriophage and animal cell
transformation by virﬁses. After inoculation with a tumor 'virus,
the infected cells do not always undergo ]&sis—aﬁf urider certain
circumstances they continue growing andibecome_significantly altered.

Often;>fhe most prominent changes are an increased growth rate, loss

#
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of contact inhibition, and the ability to replicate indefipitely in
~serial subcultures (Pastan et al., 1978; Wittelsberger et al., 1981).

‘ Changes in cell morphology and antigenicity, anchorage independence

and tumorigenicity are other properties of some transformed cells.

Many attempts have been made to relate the different tramsformed
phenotypes to the expreséion of one or more viral fun42§2is and also

to find a relationship between in vitro phenotypes and tumorigenicity.
Several different approaches have been used to detect the presence

and expression of viral genes in transformed cells. " The demonstration
of the presence 5¥'vira1 DNA sequences within the host genome requires
the use of sensitive RNA-DNA or DNA-DNA hybridization anéTysis. Before
such techniques were available, the deteation of virus specific
antigens in virus infected cells using a::?gera from animals bearing
tumors induced by the same virus{ suggested the presence and expression
of viral genes in transformed cells (Huebner et al., 1963; Habel, 1965;
_Rapp et al., 19€4). Convincing evidence for the contihu presence of
viral DNA in 5V40 trangformed cells was first obtdined in a series of
virus rescue experiments (Gerbe‘]%ﬁ; i(oprowski. t al., 1967; Boyd and
Butel, 1972).

~'=  The use of filter hybridization (Westphal and Dulbecco, 1968)
and ofrthe kinetics of reéssdciatipn in solution (Britten and Kohne,
1968; Wetmur and Davidsbn; 1968; Gelb et al., 1971) of labelled viral
DNA in the presence of co1d_trahsformed cell DNA, gave quantitative
evidence for the presence of viral DNA sequences in transformed cells

(Green et a].; 1970; Pettérsson and Sambrook, 1973). More recently,

s
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the blotting procedure described by Southern (1975) allowed more
detajled studies of the presence and state of viral sequences in

transformed cells and of the cell-viral DNA junctions. -

B) Transformation by adenovirus

| The human adenoviruses were among thé first DNA viruses Eﬁown
to be able to-ioduce tumors in animals or to transform cells in
culture (Toozsg 1980). Indeed, they were the first humon'viruses
demonstrated to be oncogenic -in laboratory animals. As shown in
Table I, only adenovirus from groups A and B are ab]e‘to induce tumors
in-animals, group A being strongly oncogenic and group B on]y weakly
oncegenic. Nevertheless, viruses of groups A, B, C and D can transform
cells in culture; only adenovirus 4, from group E, has never been
shown to transform cells or to induce tumors in animals (Green et al.,
1980, see Table I).

Hamster cells are oartiaIIy oermissive for replication of
adenovirus 2 or 5 but nonpermissive for rep]icd@ion of adenovirus 12;
rat cells, on the other hand, are semipermissive for the replication -
~of all three serotypes {Tooze, 1980). For that reason, both are
commoniy used to study cell transformation by these‘viruses. A
wide variety of transformed phenotypes; similar to that observed in
other kinds of transformed cells, can be induced in either cell type
after adenov1rus 1nfect1on For examp]e, adenovirus transfdrmed ceTIs
are less susceptible to contact inhibition of movement and growth
thoo Epe untraosformed cells. “Inzaddition, adenovirus induced /

i

transformants can grow in low calcium medium and some transformao§§//ﬂ

) ' ‘:’ “ Eiﬁv o | .
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can grow in suspension or in medium with Tow concentration of serum
{Tooze, }980). Adenovirus transformed cells cdntain subgroup-

specific antigens and some adenovirus transformed cells are tumorigenic

when f?énsp]anted into animals. /;}

A1l the adenovirus-transformed cells reported up to date
contain and express at least part of region E1, but other regions of
_the viral DNA can also be present and transcribed in the cells.
Sharp et al. (1974) %1rst demonstrated that the reassociation of some
ECoRT fragments of Ad2 DNA was accelerated when mixed with DNA
extracted from AdZ2 transformed cells. Gallimore et al. (1974)
quantitated the viral DNA sequences present in 9 transformed rat
ce1}s. The ajthors consistently found sequences located at the left-
hand end of the_vira] genome, with varying amounts of gther DNA
segments also present in some cells. It was concluded that none of the
Ad2 transformed cell lines studied containgd a complete set of viral
DNA sequences and that as 1%tt1e as 14 percent of the viral genome
was sufficjent to maintain ce11§ in thé transformed state.. In
addition to that, transfection sfudies usiné differeét restriction
fragments mapped ihé transforming region in fhe left most 8% of the
genome for Ad12 (group A; Shﬁroki et al., 1977; Mackey et al., 1979;
Mak et al., 1979), Ad7 (Group B; Sekikawa et al., 1978) and -AdS
(group C; Graham et al., 1974). _

Houweling et al. (1980) and Van der b et al. (1979) reported
partial tfansformation of rat cells by the HpalE fragment of Ad5

(4.5% of the extreme 'Teft); -these transformed cells have an unlimited

N\
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Tife span and are aneuploid, but they grow slower than other aQenovirus <i>
transformed ceils, are unable to reach high saturaticn density and
have an elongated, fibroblast-1ike morphofogy (fully transformed cells
transformed by adenovirus havé‘an epitheliai-]ike morphology and “Form
multilayers in culture dishes). =, .
A1l these studies indicate that transformation is basfcal]y _
) a.function of early region 1 (E1}, but thé? raised the question of the
role played by EIl eﬁcoded gene products in transformation by adenoviruses.
To answer this question, the phenotypes of adenovirus mitants in region

ET have been analyzed in different laboratories (see Table II).

- C. Mutants in the transforming regions (Table I, Fig. 1 and 2)

“. . 1) Host range (hr).mutants.

A nupber of host range mutants of‘ﬁﬁﬁlhave been isolated on the
basis of their preferential growth in an adenovirus'transformed humah
cell line (293 cells) which contains and expredses the left end
(E1 region) of the adenovirus DNA (Graham et al., 1977). These mutants .
are transformation defective (Graham et al., 1978) and, on the basis
of comp]emertation analysis and marker rescue studies, they have been
subdivifdéd into two compJemqugtion groups:‘I and II, mapping in E1A
and E1B, respectively (Harrison et al., 1977, Frost and Ni}]iams, 1978;
Galos et al., 1979). Group I mutants-are unable to transform rat embryo
or rat embryo brain cells but can 1nduce a part1ai‘ar sem1-ab0rt1ve
transformation of primary baby rat kidney ce]]s‘%ﬁraham et al. ]91&).
Group II hr mutants, on the other hand, fail to transform any of these

cell types in assays using virus {Graham et al., 1978). Nevertheless,

2{
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o

'¥§ ~TABLE II
- Ad5 MUTANTS AFFECTING TRANSFORMATION *
- ~
MAP POSITION - "~ MUTANT
1) Host range Group I ETA hrl, 2, 3, 4, 5
mutants Group II E1B hre, 7, 50, 51
2) Deletion =~ Group I EIA .~ d13171,d1 312
: mutant Group II E1B . d1 313, d1 314
b ‘ .
3) Temperature Sensitive . E2A ts 107, ts 125
© mutants ‘ E28 ts 36, ts 149

roup I - EIA cs1l, cs12 S

G
\Broup 1I E1B cs13

4) Cold sensitive .
mutants

e

*See references in the text.
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they are able to induce a Tully transformed phénotype in experiments
using.DNA (ﬁoﬁe and Graham; 1983).
- The DNA belonging ﬁp ths ET1A region of h}] (a group I hr mutant)_
has been recent]y sequenced (Ricciardi et al., 1981) between positions .
917 and 11]2, and shown to cgnta1n a single bp deletion at nuc1eot1de
1055. The sequences conta1n1ng this deletion are removed by splicing
from the 125 mRNA, g1v1ng a po]ypept1de which runs in polyacrylamide
gé]s as having a molecular weight of 48,000 daitons'(same as in wt
infections). On the other hand, the fr{;meshift produced in the 135
mRNA gengrates a premature stop codon at nucleotides 1085-1Q88 and
fthe po]ypeptide obtained migrates in polyacry]amidé'ge1s with a mp]ecula?
weight df'28,006 daltons instead of the 51,000 po]ypept{de produced
in wt infections. ~This truncated polypeptide seéms to be responsible

for the changes in the phenotype exhibitgd by hrl mutants.
i1) Deletion mutants (d1)

SeVeral de]etion mutants in E1 have been isolated which grow

to wt levels 1in 293 cei]s but will not replicate in Hela cells (Jones

~ and Shenk, 1979a). DT 312 and d1 313 are the most commonly used-and
best characterized d1 mutants. Essentially all of region EIA is
dé1et§ﬁ in d1 312, a mutant which is transformation negative, while
d1 313, which has all region E1B ﬁe]eted, is able to pari?ﬁﬁTg(
transform 3¥1"cells (Kimura et al., 1975) at high multiplicity of
infection (moi) (Shiroki et al., 1981; Mak and Mak, 1983).

i11) Temperature sensitive mutants (ts) -

~

None of the ts mutants isolated to date map in the transforming

region E1. Nevertheless, 2 groups of ts mutants have a pattern of
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transformation different from wfv~virus. These mutants afe:

1) the transformation defective mutants ts 36 and ts 149, both ) ’
mapping in region E2B {Galos et al., 1979; Stillman et al., 1982) and
EZA‘mutants ts 125 and ts 107 which transform with enhanced efficiency

(Giesberg et al., 1974). Group N ts mutants (es 36 and ts 149) fail

to transform rat embryo cells at the non-permissive‘temperature

. (Williams et al., 1974, 1979), and temperature shift experiments

indicat?e that the affected gene product is required for initiation

but not for maintenance of transformation. The gene product affected

in these mutants seems to be the viral coded DNA polymerase (see

section IC), the role of this enzyme in transformation is unknown.

A similar example of a viral protein required for replication and

transformation has been reported for SV40”T-antigeﬁ (Rigby, 1979).

The supertransforming capacity of ts 125 and ts 107 at non-ﬁe}miesive
temperature may be related to the lack of an active 7é,000 da]top;DBP.

This protein hagiﬁeen 1nv01ved_in the rapid turnover of early viral 3
mRNA, including ETA and E1B mRNAs (Babich and Nevins, 1981; see section
IA). The absence of 72,000 dalton activity may result in the

accumulation of El m

and hyperproduction of fransforming proteins.
Othef hypotheses have been propesed te explain the higher transforming
‘efficiency qf 125 and ts 107. lGinsberg'gE_gl, (1974), for example,

proposed that the 72,000 dalton protein acts as an excision protein,

-.and that the ]ack of 72,000 da]ton actiyity allows a-higher number of é
viral sequences to remain 1ntegrated and a higher number of cells to

become transformed. .

R o T R



34

£

iv) Cold sensitive mutants (hr®S)

Host range mutants of Ad5 which possess a cold gensitive host
.~ range phenotype have been recéntTy isolated (Ho et al., 1982). The
authors showed, in addition, that sqme‘of the pre&ioué]y isolated host
}ange mutants (i.e. hrl and hr2) were also cold sensitive. Cold
sensitive mﬁtant§ grow well {n 293 cells at 32.5° and 38.5°C but show
a co]d'(32.5°) sensitive phenotype in Hela cellss They magp in the |
“E1A (group I} and EIB (group II) regions and are also cold sensitive
'for t}ansformation. Group I cs mutants transform fat embryo cells ’
at 38.5°C as efficently as wi]d type virus but they'do.hot transfo;;ji“;:%'
or transform_pooriy at 32.5°C. Temperature shift experiments showed
. that upon shiftdown to 32.5§C after 5 days.grown at 38.5°C;
transformftion was'a1m$st comp]ete1y'abo1ished. On the other hand,
transFformation at 32.5°C followed py sﬁift to 38.5°C‘gave a8 number
.of transfdfmants similar to exﬁériments done and kept at 38.5%. -From
these.eiperiments the authors concluded that E1A function is reqU{red
for maintenance but rot for initiation of transformation. Group IT ¢s
mutants fail to transform or transform vefy poor]y-at\bofh
temperatuhes (32.5% and 38.5°C). Transformants could be obtained
only at 38.5°C and showed a co]d-sensit%Qe phenotype. Therefore,'
it seems that E1B gene function is required for both,iﬁitiation and

maintenance of transformation. ‘ -

B P



Purpose of the Study f .
; ; /

_As previously indicated in this introduction;_severa] approaches
have been oeed by others to gain an insight'into-the mechanism of -
ce]i transﬁormetion oy adeno:\mer Theee studies have revealed that i
all the analyzed adenovirus- transformed cells contain and express. a;
Teast part of region E1, o/z/_ther regions of the viral DNA can a]so
be present and transcr1bed in the cells. This raises the poss1b111ty
that other regions may also be involved in the transformation process.

The studies pregented in this tnesis were undertaken)tofind '
out wE%ther the transformed phenotype was dependent on the pattern of
integration_of the viral DNA and to obtdin {nfo?mation about the
mechahism by which this DNA becomes 'integr:ated into the host
chromosome' The' phenotypes of cell lines transformed either by AdS S
or by. host_pange mutants were ana]yzed and correlated with the |

présence of viral sequences: The resu]ts reported 1n-Chapters 117

"and IV confirm that at Teast part of region E1 is always present in

the transformed cells,but no connection was found between the pattern P
‘of 1in egration and the phenotypee of'theAtranpformed cells. These
phenotypes are, however d1fferent 1f the E1l sequences 1ntegrated/*—g

P )
the ce]ls.oele/g to wt virjons or to hr mutants. . “\“‘%s - \\\\\

In some hr transformed ce]]s, virtually the entire viral

DNA mo]ecuie was found AT ear1y integrated in'the cell chromosome.

This f1nd1ng 13 ‘gests a funct1on for both viral enfs in the process

-

of ce]] transfo mat1on by adenov1rus Observations done by other

groups, which(reported the presence:of both viral DNA ends joined
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tagether in some wt transformed cells, give further support fo this
“hypothesis. To test this idea I looked for intermediate DNA forms

of the iﬁfggfation process and for precursors for integration in

permissive and semipermissive cells immediately after infection.

Covalently closed ciégulé? forms of Ad5 DNA were discovered (see Chapter V),
a finding which opeﬁs ﬁew possibi1fties for the understanding of '

adenovirus integration.
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’ N MATERIALS AND METHODS

<
lwa—ﬁ\‘ 1) Cells and Cultures
>~ a) Cell 1ines: The human ce11 11ne Hela, used for propagation e

and assay of adenovirus 5 (Ad5) was originally obtained from

Dr. S;)wi11iams. Rat cells 3Y7T (Kimura'gg_gl., 1975) wéferprovided

by Dr. S. Mak and the rat -line 1074-9, a spontaneously transformed

primary(baby rat kidney:EeIT line, was developed in our laboratory

(Graham; personal communicétio;). " The transformed human line 293

(Graham et ai., 1977) was derived from pr1mary cultures of human

embryonic kidnay cells (HEK) transfected with sheared Ad5 DNA u51ng

the calcium technique (Graham and Van der Eb, 1973). Some cell

lines derived from:293 cells were used in.the-experiments reported

in Chapter III: 1)1293-NM3 is a tumorigenic derivative of 293 cells .
obtained after 3 succ§iéjye passages throug? nude mice (Graham,

unpublished), 2) 293-5C4 is a subclone of 293-NM3 {Graham,

unpublished) and 3) A9 and A]I are two human 293-chinese hamster hybr1ds
prOV1ded by Dr. L. Aiello (A1e110 et al., personal communication).

Several Ad5 transformed rat cell 11nes were also used: 512C8 (Lassam

et a] » 1979) was transformed with the HindIII G fragment B f>
represent1ng the left end 8% of the viral.DNA (Tooze, 1980); 637C3 |
and 822¢2 (Lassam et al., 1979) were transformed by.infection

with wild type (wt} virions while 637-1 and 637-4 were trafsformed

f&fa;oup I host range (&) mutants hr3 and hr],'respective2¥;

(G}ahamigg_gl,, 1977). The cell Tine 149-637-4 corresponds to .

63?-4 cells infected with Group II host‘fange mutant hré, and
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)
637-4' are 637-4 cells obtained from the same experiment, which were
treated in a similar way as the infected cultures but didn't receijve
any virus. ‘ y
Hela and 3Y1 cells were grown in ﬁ minimal essential medium

(aMEM, Flow Taboratories) s pplemented with 5% newborn calf serum,
293 cells were maintained iS Joklik's modified MEM (Flow laboratorijes
supplemented ﬁith 10% heat-inactivated horse serum (HS, Gibco). Rat
transformed lines were ‘grown in Joklik' s\medium plus, 10% fetal bovine
serum (FBS) or 10% newborn calf serum (NCS).b\igﬁ/;;:ts of penicilin
per mi, 100 ug of strepfomycin per m1 (Gibco) and lxg mg/ml of
L-gTutamine were added to all the cu]turgg; The cé]]s wefe grown
at 37°C in an atmosphere of 5% CO, and 95% air. |

b) Primary cultures: Monq]ayeré of primary baby rat kidney {BRK)

cells were prepared from kidﬁéys of one week old Wistar rats and seeded

&

in oMEM suppTemented with 10% FBS (Graham et al., 1978). The cultures
were fed with the same medium until they reached 80% confluency at

which point they were used in transformation assays.

2} Virus Stfains and Viral Infections J 7
The Qi]d tybe strain of AdS was the one regularly used in our
Taboratory {Williams, 1970). Host range mutants hrl, hrs, hrS and hré
' (Harnison g;_a]g, 1977) were also obtained from our laboratory stocks.
V1rus infections were- usua11y done for 1 hour with virions diluted in aMEM,
(1 ml of the appropr1ate dilution per 60 mm d1sh%_and then incubated
further in oMEM plus 5% horse serum or as required for each experiment,

A"
For the transformation assays, 1-2 day old subconfluent °

,.cu]tures of primary BRK cells (approximately 10° cells/60 mm dish)

3
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were infected with wild type virds or host range mutant virus at
a mu}tip]icity of infection (moi) of 0.01-2 PFU/ce1]; Host range
mutants hrl, hr3 and hr5 from Group I and hr6 from Group II were used. _
After 1 hour absorption at 37°C, the cultures were refed with oMEM plus
10% FBS and three days later they were switched to Joklik's modified
MEM (wifh Tow Ca++) plus 5% horse serum. This medium was changed.Z
or 3 times per week. Dishes in whicﬂ.;o1onies could be dq;ected‘werE<§‘\
transferred as mass cultufgs at different times after infection
(see Chapter IV). Once established, some of the iines were. subcloned
by plating 20-50 c911s/60 mm dish and picking no more than one clone
from each dish. |

For the study of new forms of viral DNA early after infectioﬁ,
subconfiuent Lux dishe; (15 mm) with primary BRK or cell lines
3Y1, 1074-9 or Hela were %nigptedwith hrl, hré or wt Ad5 at a moi
of 1 PFU/cell. The dishes were then incubated in oMEM plus 10%

FBS for different periods. of time (see Chapter V) -and harvested as

~indicated for DNA extraction {see below).

3) Purification of Ad5 Virions

\.\\’/_‘\{

Wild type Ad5 virions were purifiéd from suspension cultures
of infected KB cells harvested 48 hr after infection. The infectedr
cells weré pelleted at 2,000 rpm iﬁ a MSE centrifuge and
resuﬁpended.ih 100 mM Tris pH 7.5. The ;uspension was then
sonicated on ice for several 15 sec bursfs in a Bjdsonik II Sonicafor, i
followed by cent;ifugation. An equal volume of Freon 20 was
added to the supernatant and the solution was homogenized on ice

in a Sorvall omnimixer. The Freon wis centrifuged, and extracted

LN - :
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two times with 100 mM Tris pH 7.5. The pooled supernatants were
loaded in a SW25 tube containing a 5 ml cushion df CsC1 with a
density of 1.435 gm/ml and cedtrifuged in-a Beckman centrifuge for
30-45 min at 25,000 r.p.m. After centrifugdtion the virus band was,
on the top of thd'cusﬁion. Some CsCl from the bottom plus the
aqueous phase were removed and discarded; the final density of <the
virus band was adjusted to 1.35 gm/mil and again centrifuged for

20 hr at 35,000 r.p.m. in a Sqéprrotor. The virus band was then
collected and dialized against 10 %M Tris pH 7.5, 1 mM EDTA for .
DNA extraction. |

™

4) Transfection Assays with Transformed Cell DNA -
i

- Total cellular DNA was extracted: from 637-4 cells (see below)

”And 15, 20, 25 and 30 ug of DNA were inoculated onM\293 cells |
growing in oMEM ptus 5% HS'usfng the calcium technique (Grahém and
Van der Eb, 1973; Graham et al., 1980). Briefly, ceil DNA was

© diluted in 10 mM Tris pH 7.0, 1T mM EDTA and mixed_with 2 x CaC]2 to
give a final concentration of 125 mM. This solution was added slowly -
{1 to 1), with bubb]ing, to Hépes buffer pH 7.1 (2 X concentréted = 280 mM
NaCl, 50 mM Hdp?s, 1.5-mM NEZHP04) and kept 20 min-30'min at room temperature
to form a precipitaﬁe. Finally, 0.5 ml of the solution plus the
precipitate were indcu]ated in 60 mm dishes. The mddiUm was not
removed or chdnged'unti1 the néxt-day and the cultures were incubated -
at 37°°¢ in a.CO2 dvén. o '

293 cells transfected with 637-4 DNA were followed daily for

-

. about 1 month leoking for CPE. Weekly changes of media wdre made

o
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during this period and,1 ml of medium was removed before the media

change an?«inoculated into fresh 293 cells. Some dishes were
frozen and thawed 3 times and the lysates were inoculated into

\\’(jfresh 293. (Othéer dishes were used for in situ hybridization.

-~
L

5) Growth and Plating Efficiency Studies

Cell saturation densities and doubling timés were measured
in cultures growing in Joklik's medihm with 10%-FBS. Cells were
seeded in 60 mm dishes at 2 x 105 cells/dish; each Hay, over a—
10 dfy period, a set of cultures was tfypsinizéd and the ceTis .

counted in a Neubauer chamber. The medium was changed once in <<rm
the middle of the experiment {at about 5 days). The doubling time
of fhe cells was calculated from the exponential part of the growth
curve and the”saturation density,.expressed as number of cells per
60 mm dish, from the plateau level reached in each case. The
efficiency of plating iﬁ soft agar was determined according to
~ Macpherson and Méntaénier (1964), by plating 103-105 cells in 2 m]
medium containing 0.25% Difco Noble Agar onto a basal layer
of 0.5% agar. Cc]onies‘were counted after 6-8 weeks with the
aid of a 10& power microscope. |

6) Tumorigenicity in Nude Mice

Confluent cu]tUresAWere trypsinized ‘and the cells resuspended
in PBS with 2% horse serum. The qé]]s were counted, - o i
centrifuged and resuspended in PBS without serum, at a cbncentration

of 0.8 toné X 108_5é177m1, and 0.1 ml of the cell suspension was

BN
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. &
inoculated subcutaneous}y into 6-8 week old congenitally éthymic
nude mice (Pantelouris, 1968).
7) Cell Fusion

-Mixed populations (1:1) of 293 and 637-4 cells were seeded
at about 25% confluency and left overnight to attach and grow.
These mixed monblayers were then treated with 50% PEG £.000 in
Joklik medium (w/v) for 1 minute, folléked by washes in two
progressively diluted so]u;ions of PEG (1/3 and 1/8) and finally
growth in Jok1ik plus 10% FBS (Pontecorvo et al., 1977). The
cultures were followed daily for 3 period of 6 to 8 weeks ,
With weekly changes of media. One milliliter of medium was .
removed on ocfésfﬁﬁ; and inoculated on fresh 293 cells.
Some,djshes were frozen and thawed 3 times and the lysates wefe

‘inoculated on fresh 293.

8) DNA Extraction

Confluent mongﬁaﬂgps of transformed cells were rinsed twice
. with phosphate buffer saline lacking Ca++ and EE** (PBS™ ") and the
cells were lysed in 2-3 ml of 10 mM Tris=HC pH 7.5, 10 mM NaCl,

1 mM EDTA, 0.4% SDS plus 0.5 mg/m]l of predigested Pronase B
(Ca1b1ochem-Boehr1ng Corp.). After digestion of cell proteins at
_.37 C overnight and extract1on with Tr1s buffer saturated phenol and
;h1oroform isoamy! alcohol (24 1), the 1ysate was treated with

10 ug/ml of RNase A (Sigma) for 39 min at 37°C and again extracted
-with chloroform:isoamyl aleohol. "Following dialysis against 10 mM

Tris-HC1 pH 7.5, 10mM NaCl, 1 mM EDTA, ‘the DNA was precipitated

<«
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with ethanol and redissolVved in 20 mM Tris HCT1 pH 7.5, 1 mM EDTA.
The DNA extraction from purified virions was carried out similarly
except that digestion with Pronase was for 2 hr and RNase treatment
was dmittéd. DNA from recombinant plasmids containing the cloned
fragmenfs HindIII F, G'or I, Xhol C or £he Pvull leftmost 1.2%
fragment of AdS DNA was kindiy provided by Mr. R. McKinnon {
(McMaster University).

For the experiments described in Chapter Vv, covalently
closed circular DNA was partially purified foliowing a@ modification
of the procedure developed by Birnboim and Doly (1979) for
purification of plasmid DNA from bacteria. Specifically, the
cells were washed with PBS and 1;sed for 10 min at room temperature
by addition of a]ka]iﬁe SDS {1 ml1 of 50 mM glucose, 25 mM Trisg, 10 m&;—/A
EDTA plus 2 m1 of freshly prepared 1%-SDS, 0.2 N NaOH) and 3 N sodium
acetate pH-4.8 was. added a final concentration of 1 M fo; 1 hour at

gzg?on, the_DNA in the supernatant was

4%, Following éentrifu

precipitated with ethanol and resuspended in 20 mM Tris pH

1 mM EDTA. CsCl and SEE§;1um bromide were then added to
-den§1ty of 1.60 g/cc and-a conﬁentratjon of 200 ug/mi,
Féspective]y. -The gradients were cenfrifuged fo equilibrium ) -
at 35,000 rpm, 15% for 65 hours in a BeckTan.SO Ti rotor and

were then fractionated by collecting 10 drqb fractions from  °

the bottom of Fhe tube. Aliquots (20 ul) from each fraction

were counted in a liquid scinti]]ation‘counter. A second .

aliquot from most of the fractions was uﬁed to measure the

-
r

- .
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refractive index in a Bauéch & Lomb refractometer from which
the density along the gradient was calculated. The fractions
selected were pooled, extracted with isoamyl alcohol to remove

- the ethidium bromide and dialized in 20 mM Tris pH 7.5, 1T mM

EDTA buffer. ' N
9) Ge] E]ectrophoresis,and’ScﬁLhern Blotting of Cell DNA ' . ]
\/‘/ /J
DNA from controt, 1nfected or transformed cells was d1gested

with d1fferent ,restriction endonucleases (see text) following the
manufacturer's instructions (New England Biolabs, Bethesda Research
Labs, Boehringer Mannheim}. For transformed cells, usuaI]y 30 ug
of ONA were d1ge;¢ed and analyzed, ,for infected cells variable
amounts were used as described in Chapter V. The DNAs were then
~electrophoresed on 0.5 or 0.7% agarose horizoﬁtal slab ge]sg'

(16 x 26 x 1 cm) for about 36 hr at 1 V}cm in Tegtmeyer's buffer ‘ :
(36 nit Tris, 30 m NaH,P0,, 1 M EDTA, pH 7.5; Tegtmeyer and
Macasaet, 1972) with T pg/ml of eth1d1um brom1de One or 3 genome
equivalents of AdS5 DNA per‘zg??; mixed with 20-30 ug of carrier DNA
and digested in the same way\as teSt DNA, were also eiectrophoresed'
ds a marker. Direct visualization of tﬁe DNAs was obtained by

UV illumination, and pictures were'tagep Using type 57 ?o]aroid
film (Polaroid. Corp., Oak Brook III),and/; red filter. Transfer

of the DNA from the gels to nitrocellulose filters (Schleicher

. . q -
and Schwell, BA 85 RS597) was done by the Southern technique 1
(Southern, 1975) as modified by Ketner and Kelly (1976): The . S
'DNAs were denatured in situ with 1 N KOH for 20" “in a shaking
LY 1
&
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bath. The same volume of 1. M Tris pH 7.5 plus 1 N HC1 was added
after this time and shaken for 2 hours with control of fhe pH ' <

which should be ~ 7. The gels were then transferred to a 6 x SSC

bath and shaken 20 min. Mater soaked nitrocellulose -filters were :

added,at this time and the gel plus the nitrocellulose filter %*EQ

and 6-7 pieces of Whatman paper Nr. 1 and 3 were placed on a

piece of Saran Wrap and maintained for\more-than 4 hours with

constant changes of the Whatman filters. When the gellwas Tess

~tFan 1 mn thin, it was removed and discarded and the nitrocellulose

~ paper was wa;hed with ice cold 6 x SSC for 20 min at 4° C. After that l “
the filter was dried and baked in a’vacuum ovénﬂst 80° C for two
hours. At that point the fi]tér could be stored or used right
away for hybridization.

H

10} In Vivo Labeling of Cells

-a) Labeling of“the DNA: Primary BRK cells were infected with _\<\\

Ad5 hrl mutant at a moi of 1 Pfu/cell. 3

H TdR (.5 pCi/ml, New
England Nuclear 20 Ci/mmol) was added at both 24 hr and 48 hr after
infection and the cultures were harvested at 72 hr PI for DNA J
extraction. ‘

b} Labeling of proteins: The growth medium was removed from
subconfluent monolayers Qf transformed cells (150 mm Lux dishes)
and substituted for 5 ml per dish of metﬁionine free medium
containing 10 pCi/m1.of {3551 methionine (New England Nuclear, °
Specific activity ~ 1,500 Ci/mmo])?' After a 1§be1ihg period : ‘ :
of 8 to 12 hours, the cells were Scraped with a rubber policeﬁan

I3
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into the medium and pelleted for 10 min at 4,000 rpm in a MSE
cénfrifuge. The pellets were used for preparation of cell-free
extracts and immuhoprecipitation (see be]ow).:

11) In Vitro Labeling of DNA ' ““::*3

Adenovirus 5 DNA or viral DNA fragments were labeled in vitro

with [a>2P] dCTP (New England Nuclear, prepared in tricine buffer,

"specific activity ~ 700 Ci/mmo1) by nick translation.
Most of the nick translation were done following the procedure

. described by Maniatis et al. (1975) with. some changes: 0.5 - 1.0 ug

of DNA was incubagea in 50 mM Tris pH 7.9, 5 mM MgCT » 10 mM .
mercapto eEBano] 15 UM of each dTTP, dATP, dGTP, 100 uCi o

[a P] dCTP p]us 10 ng/ml of activated DNAse and 10 units of .
Polymerase I. The DNAse (pancreat1c DNAse, S1gma) was initially
d1ssolved in 0.1 M NaCl at 1 mg/mT -and stored_in 10- 20 ul a11quots

k_‘_,« at —20c> . Before use P‘zmwas diluted T/10 in activation buffer °

N

RN

(10 mM Tris pH 7.5, 5 m gC12,:1'mg/mT BSA, 0715 M NaC1) and
incubated 2 hr at 4° C. The activated DiAse was furtﬁer diluted
1/1000 in activation buffer (final concentration 100 ng/ml1) before
rng to thé‘react1on, which was /equilibrated at room temperature
or 379 ¢ befo&b adding thekegz . The DNAse was added first and.
incubated for 1 min at room temperature fol1q¥fddby the addition of
10 units of DNA Polymerase I (Boehr1nger Mannhe1m, 1000 U/200 ul).

The final volume used was 100 ul which were incubated at 14° ¢ for

- L
2-3 hr. N

Ao

e e T

_——



48 - '

The procedure described by Rigby et al. (1977) was used for
some experiments, the main d;;Egkenc; with the procedure described
above was that phospﬂgte buffef pH 7.4 was used, instead of Tris
buffer pH 7.9. Specific activities of 0.8 - 1.8:10% cpm/ug of ﬂMA
were obtained with both procedures. On occasion, the reaction was*
monitored by removing 0.5 ul which were mixedleth 500 ul of ice-
cold calf thymus or salmon sperm DNA (100 ug/ml in Hzo)l 100 11
wgfe spottgd and dried on a glass fiber filter to obtain the total

5

input of cpm and 10-50%_ice cold TCA was added to the remaining

400 ul. This tube was kept.on ice for 5-10 min and then filtered onto

2 glass fiber filter and washed with TCA and ethanol. Both filters

were dried and Eounted in toluene in a Scintillation counter. The
cpm of the 2nd filter versus the cpm in the first filter, corrected
by the volumes used, represent the percentage of incﬁhporatidn'of
p into the nick translated DNA. ,
Co ) el )
The reaction was stopped by adding 10 ul of 0.25 M EDTA and

theh:abe1ed DNA was separated from unicorporated label on

Sephadex G50 (7 ml column on a 10 m1 plastic pipette equilibrated
' _

with 10 mM Tris pH 7.5, 10 mM‘of NaCl, 2 mM of EDTA and 0.1% SDS).
Tﬁo peék%fof countsvcou1d be eluted from the co]qmn: the first

pegﬂn;gbresented the incdn@orated cpm and the 2nd peak was the

é’/free nucleotides. -&‘\\“\\;\;\
_ | ~ ,
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12) Hybridization and Autoradidgfaphy -

Two srocedures were‘fo1lowed for DNA-DNA hybriﬁization aﬁd
similar results were obfhined in both. In some éxperiments the
hybridization was performed overnight at 60° ¢ jn.De;;érdt's
solution IT (Botchan et él., 1976):f0\02% chd{1 (Hw:-4oo.000),
0.02% poiyvinylpyrro1id6ne (PVP, MW: 360.000), 0.02% bovine serum .
- albumin (BSA), 0.5% SbS)and 1T mM EDTA in 6 x SéC. The filters were’

previously preincubated in-DEnﬁardt’s solution i'which-bn1y contains
0.02% Ficoll, PVP and BSA in 6 X SSC (Denhardt, 1966). ’J/j
| In the 2nd protocol (Wahil ég_gl}, 19?9).hybridizatioh ﬁés '

- . done at 42° C in the presence of formamide. The filters were

-

p{&qncubated first for 2 hr in 6 x SSC or in Denhar =] sofution
at ﬂz C and then overn1ght in 50% formam1de 5-x §5C, 5 Denhardt s
soTu!Epn,‘]OO %Qg ug/ml den;Qured salmon sperm DNA and 50 mM

sodium phosphate pH 6. 8 The hy?r1d1zat1on so]ut1on contai 50%
formamide, 5 x SSC, 1 X Denhardt s, 10% dextran su1fate and 2 mM |
sodium phosphate. Both ybr1d1zat1ons were done overn1ght at the _
réspec'tive temper-'atures (655{(: or 42° C) and with 1-2-106 cpm/mT of-.
labeled probe mixed with theéﬁ§3?1d1zat1on soTution and boiled for 3.
5 min. The f1na1 volume used was 15 20 ml. ™ ' o

‘ F11ters hybr1d1zed fb11ow1ng protocol 1/were washed at 650
'with 2 x SSC (several .changes). F11ters hybr1d1zed according~

to the 2nd protocol were washed 1n1t1a11y at 42° f with 2 x SSC

plus 0.2% SOS, then wi i ssc,p1us 0.2% SOS at 50° ¢ and finally
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with 2 x SSC with br without SDS at SSOC. For eaéh_different wash

13

L '8
abouy 3;§hanges of the samg.buffer_were made over a 1-2 hour

) ;:Eeriqd. k‘;//y : o ﬁi,//“ _— | ‘J

to Kodak X-Omat

The filters were then dried and
R films XR1 or XRS5, in some cases us g\intensifying screens at
-70%.

13) Densitometric Studies of the Autoradiographs

The aporbpriate‘bands in the’autoradiographs‘were scanned
._ with a Joyce Loebl MK III C5 microdensitometer and the relative
-radioactivity was estimated‘from the peak areas. To measure these
surfaces a MOP-3 planimeter (Car} Zeiss Inc) was used and 4-5 |
readings wéré done for each peak.
) '._SOMé-readings were done..using a Beckman DV-8 slab ge1l
scanhing éystem, which nges.the'peaks énd the areas .below the :
peakg simultaneously. |

'14) Plague Hybridization Procedure (Peﬁ;gxkyjl]arreal and Berg, 1977)

a) Cell and p]aque'imprfhts on nitrocellulose: 60 ma dishes
containing 293_ce1j§ fuséd with 637-4, or 293 cells inoculated with
DNA extractéd from 637-4 were dra%ned and thg moist monolayer was
covered by_dk} nitroce]lulose,fﬁ1tér£:and.preéséd with a rubber,-‘cﬁ

policeman. The filters ﬁere then-removed and p1a;ed for one - .f.
minuté oﬁ Whatman paper saturaFed withO.5N NaOH. 1.5 M NaCl.

This step was folTowed by drying by suction under vacuum and the .

NaOH treatment pius’éuction was repeated 3 times. Finally,

ey e g R e
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1
Vthe filter was soaked. in 1 M Tris pH 7.4 and in 2 X SSC and fixed
for 2 hours at 80°C in a vacuum oven. . .
_ b) Hybr1d1zation‘of p}aque imprints: The prehybridization of
the filters was done in Denhardt's solution I (Denhardt, 1966) for

-

4 hr at 66°C and the incubation with the labeled EFEBE was done for
20 hr at 66°C in 6 X SSC, 100 ug of salmon sperm (SS) and 12 to ]5-103

Cpm/m1 (v 105.cpm total) of-labelad AdS DNA. _The filters were then

washed severa] times in 2 X SSC plus 0.1 M NaH PO4 pH 6. 5 and once - —
with 2 X SSC and exposed to Kodak X Omat R f11ms XR1. o .

'15) Immunoprecipitation and SDS-Polxacry1am1de Gel Electrophoresis (PAGE)

Cultures of transformed cells at ~ 80% conf]uency were
labeled for 8-12 hr with 10 yCi/mi of 1355 Metmomne in oMEM
‘lacking methionine. To detect Ad5‘ant1g\gs two sera were used:
Megaserum, provided by Mr. D.T. RoWe‘(M;Master University), and
P antiserum, supplied by Dr. W.C. Rhsseﬁl (Nationa1'Institute for
Medica]‘Research Mill Hil1, London). Megaserum is pocled serum
- from hamstersq;§§r1ng tumors as a result of injection of several
different ]1nes of hamster ceI]s transformed by var1ous fragments
. of AdS DNA. Th1s antiserum pre;1p1tates ETA and E1B prote1ns
from virus infected KB cells (D.T. Rowe ét__l;,-unpub1isned); P
antiserum was obtajned from rabbits injected with extracts of Ad5 . ‘ :
infected Ara C-treated RK3 cells (Russe11 al. ‘_EEEZ)//&t.is o %
directed mainly against the 72,000 daIton s1ngle stranded DNA ' '
binding protein, but it is also active aga1nst other S .- \\\“_,J

adenovirus garly polypeptides (Lassam et al., 1979;

e e g e
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/ Co.

Saborio and Oberg, 1976). The protein A-sepharose te;hnique was L////x\/

Y LY

used (Lassam et al., 1979): labeled cells were washed with cold
/

PBS ana resuspended in RIPA buffer (1% vol/vol Triton X-100, 1%
Deo;ycholate, 0.2% SOS wt/vol 150 mM NaCl, 50 mM Tris pH 7.4). The
cell 1ysate Was son1cated several times for 15 sec on ice and then
centr1fuged at 4.000 rpmr%n a MSE centr1guge The supernatant
was shaken overnight at 49 C\and then mixed with 20 pl of thi
appropriate antiserum and 20-50 ul of Protein A-Sepharose beada
(Pharmacia Fine Chemicals, Inc.), 10% suspension in RIPA buffer.
Thé S;;;arose beads were pelleted by centrifugation in an Eppendorf
microcentrifuge,‘washed 3 times_with ice cold 20 mM Tris buffer
pH 7.5 containing 0.25 M Tithium chloride and~Q,1% ME and finally
'_resuspended in the electrophoresis sampie buffer (0.625 M Tris,
pH 6.8,-2% [wt/vol] éDS, 0.1 M dithaqthreito1, 10% [vol/vol] glycerol,
0.02% bromophenol blue) and boided 10 min. '

For thaﬁngktrophoresisg a vertical slab gel apparatus
180 mm 1ong and 1 mm thick was used for 16 hours at 70 volts, The; :
running gel conta1ned 18% acrylamide and the stacklng gel 4.5% |
acrylamide with a ratio ofIacry1am1de.b1sacry1am1da‘of 30:0.2.
Aften e]ectrophorgais, the slab gefs were fixed- in methano1;acetic aaid:wateiﬁ%%

(1:1.4:20) and desicated under vacuum.’ Finally, the dry geds were

autoradiographed on Kodak X-Omat film XR1 or XR5. ~ . '\



1 CHAPTER III -

INTEGRATION OF VIRAL DNA IN CELLS TRANSFORMED

BY WILD_TYPE ADENOVIRUS §
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In;%oduction e

A number of-1aboratories have shown\that the left 8-12% of
the adeno genome is necessary and sufficient for the induction of
-_a comp]ete transformed phenotype in rodent cells (see genera1
1ntroduct1on) When I started the studies reported in this thesis,
my interest was to analyze the patterns of integration of Ad5
sequences in the host cell chromosome, and also to determipeE
whether any corre]atdon existed between patterns of integration
and transformed cell phenotypes.

vwdth this purpose i'analyzed th;.state of viral sequences

in cell lines transformed by 1) host range (hr) mutante with
mutations.in the transforming genes (see chapter IV} and 2) by
wild type (w;) Ad5. I was parficu1ar1y interested in ana]yzing
cell line 293 and certa1n cell lines deqltﬁd from these ce]]s
293445 a human cel] 11ne transformed by sheared DNA extracted from
wt virions (Graham et al., 1977); this Tine-is very widely

_ used because it contains and expresses the £l region of the AdS
genome (Graham et al., 1977; Afello et:alf 1979) and therefore,
it a11ows he growth of,mutsnts whitch are defective in funct1ons

.encoded by this region. JJHas also interested 1n ‘these cells

of-non- .

tumbnigenic or very weakly tumorigenic cells (aw

- because of the availability in the laborato

the passages -
of the 293 cells) and of tumorigenic derivatives of --ce1]s.

These\tumorigenic Tines resulted from successive passages of 293
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cells in nude mice (see below). Cell hybiids of the 293 cells to
hamstef cells were also analyzed* These hybr1ds retain the same _
transformed phenotype as the parental 293 ce]]s{”\\vﬁi/h

The experiments reported in this chapter were carr1ed out, _ {:;/;/f
in part, to set up the techniques required to characterize
in?egration patterﬁs of, viral DNA in trahsformed cells. The
patterns obtained were very simple and stable. In addition to
that “the results obtained with the 293 cells showed that changes
in tumor1gen1c1ty of the cells were not associated with changes

in the 1ntegration pattern.
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II. Results

- 1) Ad5 DNA Integration in wt Transformed Cells . - . . </
. IR : . J
DNA extracted from 293 cells was analyzed by Southern

blotting (see Materials and Methods). The nitrocellulose
filters were probéd with']abe1?d to%a] Ad5 DNA or with labeled
rgstriction fragments (Hind TII G or E) extracted from gels //‘
(éirvitz et al., 1980). The results obtained are shown in Fig. 5.

According to these results, only one sitg of integration is

present in the transférmed 293 cells {Fig. 5A tracks 1 and 4) and

the integrated fragment hybridizes wfth Hind III fragments G and

E (Fig. 5B track 4 and 5C trackl3) Sut not with Hind III fragheﬁts

Fand I (Fig. 5D tracks 2 and 4). As shown in figure 5, G and £

represent the left end of the viral geﬁ;me’and F and I are both

Tgcatéd:ét'the extreme right of the viral DNA; therefore, we can

coﬁc{udé-thaf thé 293 cells grown and passaged in our 1aboratbry contain -

only the Teft.end of theviral DNA and that no sequences of the right

end can be detected, either free or joined to the left end. |

This result disagrees with one published report (Aiello et al., . .

. 1979) but is consistent with the fact that neither proteid Now

mRNA from right end has been detected, and confirms results pbtéined '

in at least ong other Taboratory (D. Spector, personal ' ' P

communicatioff). : . ' - ”J\;j/
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Figure 5. Analysis of Ad5 DNA sequenées present. in:wt transformed

_A:ii;f. DNAs extracted from transformed cells were dﬁgested with‘ |

ifferent restriction enzymes wand analyzed by the Socuthern blott1ng

procedure followed by hybr1d1zat1on with 32P labeled AdS DNA

(panel A), HindIII G fragment (panel-B) HindIII E fragment

' (paneIAE),.HindIII F or HindIII I fragments (panel D). Restriction
enzymes BamHI (tracks 1 and 2), EcoRI {tracks 3-5} or‘HindIII

l (tracks 6j9) were uséd inypanel A; and HindIII in panels B, C and

‘D. The cleavage map of Ag DNA with BamHI ( @), EcoRI ( & )

or H1ndIII (w) 1s shown ahove panel A. The cell DNAs were as

fo]Tows Panel A) 293, charnels 1, 4 and 6; 637C3, channels 3-and 9;

512C8, channel 8., Panel B) 5128, channel 2; 637C3, channel 3;
293, channel 4. Panel C) 512€C8, channel ]? 637C3, chéﬁnel 2;

293, channel 3. Panel D) 293, channels 2 and 4. Marker AdS DNA

was run in tracks 2,.5 and 7 of panel A in tracks 1 and 4 of panels

B and C, respectively and in tracks 1 and 3 of panel D.

-
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Tracks 3 8 and 9 in Fig. 5A contain two w11d type
transformed rat cell lines: 512C8 ceIIs-,‘ transformed by Hind III
G fragment extracted from agaroee gels (Fig. 5A"track 8; FLG
personal communication) and 637C3 cells,” transformed bj virions
(Fig. 5A tracks 3 and 9; Graham et al., 1978). As shown in Fig. 5,
cell Tine 512C8 has two frajments hybridizing with the G probe
after digestion of the cell ONA with Hind III; this can be interpreted

two sites of integration, both containing at least part of the

Hind III G fragment (Fig. 5B track 2). The percentage of G |
fragment present in each site and their transcriptional act1v1ty o
are not known at this moment.- At least one of the integrated G
fragments must be transcnfbed because Ad5 coded proteins have been
detected in 512C8 cells (Lassam et al., 1979). As-expeceed, ’
fragment E is not present in these ce]fs‘(Fig; 5C track 1). |

Cell Tine 637C3 has also two sites of integration and at least

one of them contains more than the left 17% of the viral DNA. It

- can be seen in figure 5B track 3 and 5C track 2, that two of the

fragments detected after hybr1d1zat1on with total Ad5 (Fig. 5A track g)
represent the Junct1on of fragment G to cell DNA and one of them is the
entire £ fragment A tentative d1agram for the 1ntegrat1on pattern of

Ad5 DNA in this cell line is shown in Fig. 12 (see Chapter IV).

2) Integrat1on Patterns of Ad5 DNA in Tumorigenic Derfvgénves of

293 Cells

-

293 cells are very weakly oncogenic-(qgg;g%ore g&_gl,,_1977;

Graham, unpublished) and are able to induceg tumors only in

7
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5 days old nude mice or in x rays-irradiated aduits (300 rads whole
body;,GaiIimore et al. 1977) after long 1atent periods (30

days or more). The tumor célls, however, can be transplanted

to adult nude mice in.wh;ch they produce tumors in a period

of 10-12 days (Ga]]imoFe et al., 1977). Two thmorigenic

der1vatﬂves of 293 cells were used for thesé experiments: 293- N3
. obtained after 3 successive passages of 293 cells through nude

| mice and 293-SC4, a subclone isolated from 293-N3 ce]]sé(see
Materials and Methods). 1 analyzed these 2 lines using the ¥

' p_rocedur'e described by Southern and compared the -patterns g
obtained with these cells to the patterne of the parental 293

a .

cells (see Fig. 6). No d]fferences could

between

' the parenta] line and the tumorigenic deri - A similar |
result was obtained after the analysis of -two 293-hamster hybrid;
Tines (not shown). 1 conclude from these experiments that
the integratjon of Ad5 DNA in the human 1ine is very stable, and
that changes in tumor1gen1c1ty are not necessar11y assoc1ated
with changes in .the 1ntegrat1on pattern of viral sequences.

In addition to that ce]] Tines 637C3 and 512C8 conta1n1ng“

the entire E1 region (637C3) or only part of it (512C8) are both
" highly tumorigenic for nudeg@ice (see Chapter W, Table V).

Therefore, the enti&!;&% region does not seem to be requifggei

for rat transformed cel s to induce tumors (see below), ‘whereas
omthe other hand, the presence of the ent1re El reglon is not

‘always\ associated w1th tumor1gen1c1ty since 293 cells are on]y

very wehkly tumor1gen1;. : /

.n ‘<:r
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- Figure 6. Patterns of integration of Ad5 DNA in 293 cells and

in two tumorigenic 1ines derived from this humanrce11s'1ine. The

DNAs were digeéted with restricfion enzymes Xbal (panel A) a

HindIII (panel B). Total AdS DNA labeled with 32P dCTP was used

as a probe with both filters. For both panels track 1 contains

’ marker 'Ad5 DNA andﬁ;he cell 11nes are from Ieft to right:
' -\@
293 (track 2)5’293 -N3 (track 3) and 293-SC4 (track 4). The

cleavage map of AdS w1th both enzymes is_shown below the ftgure

-~
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III. Discussion

Sev’?a] wt Ad5 transformed ceils were analyzed for their
v1ra1 DNA content. Some of these cells were tumorigenic for
nude mice, and it wes considered of interest.to look for a reia;?;n
between integrated_seduences and tumorigenicity and also to find
if any change in the ihtegreted sequences .could be related to,
changes in tumoriqsgicfty. -

Using Southern's blotting procedure I found a very simple

pattern of integration of Ad5 DNA in the virus or.DNA transformed

'_lcells I ane]y;ed. Only one (293, Fig. SA-tracks 1 and 4) or two .

)

{512C8, Fig. 5A track 8 and 637C3, Fig. "5A track 3and 5B track 2)

sites of inteérationAwere detected and the integrated sequemces

seemed to be very stable.

A Ch@nges 1n tumorigenicity may be. associated with a selection

\\\he f1rst host of cells which.are able to survive in the new

(Sh1n et al, 1975), or to 2 decreased rejection by

¥second host, due to changes in the ant1gen1c1ty of the ce]is

\“dur1ng the initial passage {Gallimore et al., 1977; 1979;

McDouga11 g;_gl., 1974; Ga111more and Peraskeva, 1979). The

\

observed‘changes in” tumorigenicity. of £93 cells were however, -\%"}

~

- not related toldetectabTe chahges_ip'the integrated seagseces

(SEE Fig. 6). \‘:’ ) . ' k
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It should be mentioned that groub C é&enovirus %ransformed
cells are only weakly oncdgenic in }odents, and newborn aEima]s,'
immunosuppressed rat§‘or nude mice should usually be used to
detect tumorigenicity (Tooze, iQ?O). Nude mice are functiona]?y
devoid of T cell-dependent 1mmdnity (Pantelguris, 1968; Pcvisen
- et al., 1973; Freedman and Shin, 1§74)'but in\some cases their’-
rejection of tumor cells can be highly efficient (Kie§s]ing
- et al., 1976; Spets, 1980). Alternative mechanisms involve anti-

body dependén:§iel1-mediated cyto]ysisf,activated mﬂprophages
or naturally occurring killer cells. One or more of these
mechanisms may recognize and destroy®293 cells when injected

" into adult nude miced |

As mentioned above, differences Jin antigenicity or

in viability of the cultured tumor cells have been.proposed by N /
differenthaboratories to explain their success or failure in ’
producing tumors in nude mice with-transplantedrce115 My h
results neither favor nor rEJect e1ther hvpothes1s, but allow
the conclusion that the presence and expression of the entire Sl

Ad5 E1 region is not suff1c1ent for the human cell line 293

no qualitative changes

to induce tumors, in~nude mice and tha

in the 1ntegrated sequences are requ red to increase tumorigen- °

-
2k e L2
1c1ty ,

xkd alternative explanation for the increase in tumor-

- 'igehicity may be a change'in~the'number'of copies of integrated

Nviral sequerices. At least for call ling 293-SC4, this seems
L

5
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an unlikely possibility since no obvioug change in the viral
'DNA content is detected in Figure 6.

The rat cel §tudied,_on the other-hqu, confirm that
cells containing only part (7.5%) of the E1 region can be as
tumoriéenf&-as cg]]s with the entire E1 region (see Table V).

—The number of cell lines studied is not‘]arge enough to deeiyg—jll
any general conclusion but the results.presented in this chaptef
agree with previous pub]icationé.(Grgham et al., 197@; Van'der Eb
et al., 1977; Lassam et al., 1979). In the following chapter the
results of new traﬁzkbrmation experiments will be presented~ Cel}
1ine§”transformed by wt and hr mutant'v%rus (mutants in region E1)
~are anatyzed in order fo obtain more information fifst, on the-
ro]e'ﬁlayed in £F§h§‘;nnation by region'El,'and secdnd, on the,

re1a§é§n between integrated §equences and the phenotype™isplayed

by the transformed cell.

4
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CHAPTER 1V

r

INTEGRATION AND EXPRESSION OF VIRAL DNA IN CELLS TRANSFORMED

> BY HOST RANGE MUJANTS OF ADENOVIRUS 5
: S
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" 1. Intpoduction (\\;

On]y_the E1 region of AdS can b’ clearly implicated in
cell transformation and if any viral products are requ1red for

ma1nteﬁnnce of the transformed phenotype, these .products must be

coded within region ET. This reg1on can be subdivided into two _
. e

transcriptional units: E1A and E1B and as ment1oned above, the
transformatiop defective group I and group II host range mutants
have been mapped in these regiops (Frost and WiTliams, 1978;
Graham et , 1978). Group II mutants fail to transform any
of the cell types used to date in assays using virions whereas
group I mutants, on the other hand,/ﬁnduce an abnormal or semi-
abortive transformation of baby rat kidney cells (Graham et al.,

1978)., It has been\éhown ‘that Tines of cells transformed by
»
group I mutants can be estabJ1shed and cu]tur indefinitely even

though thehrI mutants are defect1ve in E] Pre11m{nary studies -

on their propert1és 1nd1cated that, though immortal,

Fa11ed to express a fuT]y transformed phenotype (Graham et gh_,
1978) ‘

In the studies peported in tﬁis:chapter, I established
several addi%%%ial lines of cells transfo%med.by group I mutants

aqg_pharacterized these and previously esfabTi;heq Tines in terms

" of exteﬁt’and structure of integrated viral DNA, expression of

-



viral specific proteins, a variety of growth parameters and

' tumorigenicity. The results are consistent with the hypothesis /

that group -I hr mutants are defective in one or more functions

requ;red for the induction anﬁ maintenance of a fully transformed

phenotype In add1t1on, the structure of integrated v1ra1 DNA

sequences 1n 5evera1 hr mutant transformed cells appears toﬁbe

-

atyp1ea1. Most of the.resu1t5{<§ported in this chapter have
2).

been published (Ruben et al., 19

-
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'1) Iso1at1on of Cell Lines Transformed by Host Range Mutanz

_ ) Y
V1rus : _ ' -

Although group I hr mutants are cons1dered defective for

transforma&1on, a few group [ transformed lines were 1so]ated in

‘previous experiments (Graham al., 1978). These cell 11nes

-

exhibit an abnormal ‘partially transformed phenotype’- 1 attempted
&
newﬁﬁ?ansformat1on exper1ments to obtain additionail gggormat1on on.

the transformation process by group I mutants and to estaollsh

5

o

more transformed 11hes to be characterized 1n1§érms of their phenotype

. and the structure of‘integrated vira1“se§jences.

Subconfluent monolayers‘of primary '‘BRK cells wene infected
with Qde type (wt) Ad5, with group I hr mutants, 1, 3 or 5,
or w1th group II hr mutant 6 at a mu1t1p11c1ty of infection (mo1)
of 0.01-2 pfu/ce]] Three days after infection, the cultures. -
were switched to 1ow calcium medium (Joklfklsﬁ’pius 5% horse
serom to select Egainst untransforhed rat cells." xtensivéfﬂ

cytopath1c effect (cpe) was observed by 2 3‘days post- 1nfect1on

" in cultures 1nfected wit) wt virus and to a lesser degree, in

group II mutant 1nfected cu1tures, no cpe was observed fo]Tow1ng

infection w1th group I mutant virus.. Transformed colon1es |

were detecteo 10 14 days afte>r1nfect1on in’ cthures inoculated

“TthEIPQErWt or group I_hr mutant_v1rus, whereas no traggjprmed foci:
[ . . ; "

S \
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developed in cultures infected with group II mutant virus, as -
teported\prgvious]y (Graham et al., 1978)}. In agreement witﬁ
;resuIts pub]isheq by Graham et al. (1978), the number of foci
in cuItures rece1v1ng group 1 mutant virus was h1gher than in
cultures infected with wt virus. Attempts to establish ceII
lines from isolated transformed clones in the mutant}1nfected
cultures were unsuccessful; however, po]ycTonaI transfo:qu
lines could be established by passag1na entire cultures . J{
contairing 20 or more colonies. Transformed‘cultures ﬂg;e ‘i.
trypsinized afkvarious times ranging from 2 to 11 weeks -
post infection and feplated to\25 cm2 plastic bdthes'in

, Joink's medi um plus 5% horse secum;‘ From a toé%I of 48
attempts, 21 cuI%EﬁZs tontinued to grow after the 2nd or

* 3rd passage'and indefinitely thereafter. The protocol ‘

for the 1so]at1on of the various lines is presentea in

-

TabTe III hr.yirus transformed lines 637rI 637 3 637- 4
d 809-1 and @formed lines 637-C3 and 822-C2

1 iso]ates)‘were&der1ved from previous expe;fments”
(Graham et X1., 1_978i..'

in‘Fig. 7; the hr mutant transformédAIines have
o fibrbb?ast&c morp Iogg;(panel B),‘different from the epithelioid
) morpho]ogy of the wt transformants (pane] A). SmaI] groups of
CE11§\t1\f ep1the11a] morpho]ogy could be observed in some hr

.L/
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/I . “TABLE II1I | ' —
CELL LINES TRANSFORMED BY GROUP 1 g; MUTANT AND w.t. VIRUS

.DNA extracted

) Transformed Trgnsformed} Time of !stb. at passage
Cell line by - at MOI® of: .subculturing no.
Expfs 1 6374 hrl 5 10-2 19 13, 41
809-1 hrl 2 28 o 8
637-1 hr3es - 1 L9 1
637-3  ~ hr3 - 2107t . 79 15
637C3 wt 51077 . 39S .32
822C2 wt 2 - a1c o 12
Expt. 2 1H1' - hrl 107! 32 4-5
1H2 hrl 107! 34 5, 11-13
3H1 he3 - v 1B 5.6, 9411
3H2 . he3, - 38 4-5 :
' SH1 hrs 1 13 . 6-8)9<T0
542 heS 1 19 - 6,810
5H3 - . hr5 N LI 5, 8-11
" sHe hrs R ('R o 10-12
W86 Wt T "7 . 11413
EXPT. 3 1H3 . bl T B L 5-7
3H3 © . hr3 | [ 9-16
5HS \ar5 1 '”*;,715 7-12

Pr1mary baby rat kidhey cells were transformed by wt virus or by hr
mutants, 1, 3 or 5 as described in the text, and at varioys times post
1nfe¢t1on pqéyc1ona1 populations of. transformed cells were trypsinized.
Listed in thé table are all the established cell lines which are
studied in the following sections.

Mu1t1p]1c1ty of infection (PFU/cell) at which the rat cells were infected.’

bNumber of days post 1nfect10n at wh1ch the f1rst passage of the ent1re
«culture was done, or .

“at which two wt clones were jsolated

dNumber of passages at which the cell DNA was extracted and studied.

(Ruben et al ]982)

R
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Figure 7. . Mirgrograp@of,_transfomed cells staingd with May
'G’r?ﬁalq-siemsa (magnificatioh x Sﬁﬁ (A) Wild type Ad5 ' -
‘transformed cells (W86, passage #21). (B) Host range 1
tragnsformed cells (1H2, passage #20). ‘ (C). Host range 3 :
transformed cells _(jﬂ;a?passage #S)CP&gben et al., 1982). ' -
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v e
transformed cultures at early passages (Fig. 'Z; pane] Cj but.' .
disappeared after 8-12 passages. Clonal 1solates could be obta1ned .
from the f1brob1ast1c cells after 8-9- passages. in cu]ture o gi
Attempts to clone the epithelial ce1lsslr0m hr” transformed
a

cultures were usua]?y unsuccessful but-a few clones could be )

‘1soiated and stud1ed (see below). .. “

.....

L .
2} Growth Character1st1cs and Tumorigenicity of Transformed Cells

Transformed Tines, as yet uncloned/ﬂ\ére 1n1t1a11y -
character1zed on the basis of several growth paramete Both . ‘ . l\
mutant and wt_transformants were.gapable of gronth in Tow calcium - \\\ab

. . ’ L] ' : .
ion madium and have so far been passaaed over 50 times in culture.

T

;In1t1a]1y, mutant transformed Tines grew slower than wt transformants

..
e,

but after 6- 8 passages in cu]ture boé% types of transformants

had s1m11ar doub11ng times and saturation dens1t1es (see Tab1é\rv)

Cells transformed by hr mutants, however, d1d not form coionies - -
in soft agar whereas wt transformed celds qsua]]y p1ated w1th an . N
2 ' t

. transformed by wt Ad5. In fact on]y one _hr transformant 637 - 1,

© tumors. - P | L(/“ -

efficiency of 10 15%. Severa1 transformed 11nes were 1n3ecteg

into 6-8 week old nude . mice at concentrat10ns rang1ng from,]O CE?

TO7 cells per an1ma1 As can be seen from the data in Table v,
hr transformed cell &;h

-8 o
es were much 1ess tumor1gen1c than lines R w0
> [ + ‘

induced any tumors in nude mice, and in this case the 1atent
/

period (16 weeks) was much longer than th tatent period for

most wt transformed lines and on]y two of - four an1mals deve]qped SR o

N . )
i N £ At
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. TABLE IV

GROWTH OF 'HOST RANGE TRANSFORMED CELLS IN JOKLIK MEDIUM
SUPPLEMENTED WITH 10% FBS

) Saturation density
Transformed Doubling time (h) (105¢cells/cm?)

Cell 1{ne by Expt. 1 Expt. 2 Exp. 1 Expt. 2
637¢3 p13% and pl18 wt 21:7 18 7.3 1

W86 p32 wt 33.2 9.3

637-4 pd2 and p46 hrl 22.6 20 ° 13 10.0

1H2 p12 and p33 At 28 33 9.2 . 8.0

1H3 p20 hrl 29 b 7.4

5H2 p25 and p32 hes 29 24..5 8.5  10.1

SHS p23 | hrs 33.8 17.5

Cell lines transformed by wt Ad5 and by hr virus were analyzed for
different growth parameters.

aPassage number at which the cell growth was analyzed.
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» TABLE V
TUﬁbﬁTGENICITY OF Ad5 TRANSFORMED CELL LINES IN ADULT ATHYMIC NUDE MICE

. Transformed No. cells .
Cell Tine by inoculated Expt. 1. Expt. 2 Expt. 3

6373 wt 10 5/52(3)° 474 (3)  as4 (1),
100 4sa (3) :
10° 3/4 (3)
4241 Wt 10 474 (2)  4/4 (1) 4/4 (2)
| (sheared DNA) 108 3/3 (7) -
642 o wt 107 4/4 (2) :
822C2 wt 10/ 074 (13)¢ o074 (25)
W86 Wt 107 1/4 (8)€
1H2 hr1 107 0/4 (8)C q/a (5)°
1H3 hrl - 10 0/4 (9)°
637-4 hel 107 0/4 (26) 0/4 (16)
3H3 hr3 107 0/4 (10) -
637-1 hr3 107 2/4 (16)  0/4 (14)
5H2 hrs 107 0/4 (8)€
v

Transformed rat cells growing in culture were harvested, injected
subcutaneously into nude mice and scored for tumorigenicity as described
in Materials and Methods. '

No. animals with tumor/no. animals inoculated. E;

bLatent period in weeks or time at which the experiment was terminated.
when all animals were negative.

At this time some animals died without any tumor and it was not
possible to continue the experiment. , _

1

(Ruben et al., 1982)
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3) Viral DNA Secuences in Transformed Cells

As described in the previous section, wt and hr transformed
cells exhibit diffé}ent phenotypes which could conceivably

result from differences in integrated viral sequences and/or
differences in the expression of viral genes. fﬁ order to

‘ _pxp]ore these possibilities, the-presence and state 6f viral DNA
in hr transformed lines was studied and compared to that in wt
transformants. DNA from transformed cells wae digested with Xba I
(Fig. 8A) or Hind III (Fig. 8B) and the digestion products were
séparated by e]ectrophorgsis, transferred to nitrocellulose

32p_1abeted Ad5 DNA. The cleavage

- filters and hybridized with
'maps of the viral DNA with either enzyme are shown above each
bane] of Fig. 8 and the migration patterns of the respective
cleavage products of viral DNA markers are illustrated -in track 6
of panel A (Xba I) and track 6 of panel B (Hind III). Comparison
of these patterns to those obtajned by eIectrophoresis of
restricted DNA from~transformed cells indicated that host range
transformed Tines 1H2, 637-4, 5H1 and 5H5 {Fig. 8A, tracks 2, 7,
8, and Fig. 8B, tracks 15, 3, 7 and 2) contain all of the

internal fragments of Aégﬁﬁﬁﬁ‘f%.e., Xba I fragments A, B, D and
Hind IIT fragments A, B, C, D, E, F, H.). Although the terminal
fragmeﬁts of viral DNA (Xba I C, E or Hind IIT G, 1) could. not

be directly identified in the transformed cell DNA, all-of the ;
above Tines contained two or more new fragments migrating slower

than the DNA termini. The new fragments most likely represent
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Figure 8. Analysis of Ad5 DNA sequences preseht in hr and wt
transformed cells. DNAs extracted from transformed cells were_digested
with Xbal (A) or HindIIl (B) and aq%lyzed by Southern's blotting

procedure followed by hybridization usiﬁ§}32P AdS DNA as probe. The

cell DNAs electrophoresed were as follows: éne1 A {Xbal):1H
(channe1‘1); T1HZ (channel 2); 3H1 (EhQQEElJZ); 3H2 {channel 4);

5H2 (channel 5); 637-4 {channel 7); 5H1 (channe1‘8); 5H3 {channel 9);

SH4 (channel 10); and W86 (chamnel 11).  Xbal digested Ad5 DNA was

rﬁn in channel 6 as a marker. Panel B (HindIII)}: 3H3 {channel 1);

5H5 (channel 2); 637-4-(ch§nne1 3); 3H2 {channel-4); 3H1 (channel 5);

5H1 (channel 7); 5H3 (channel 8); SH4 (channel 9); W86 (channel 10);

1H3 (channel 11); 5H2 (channel 12)}; 822¢2 (channel 13); 1H1 (éhanne1 14);

1H2 (channel 15) and 3H (channel 16): HindI1I dige;ted Ad5 DNA wa§

run in channel 6 as a marker. (Ruben et al., 1982).
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Jjoint fragments\between viral and host DNA sequentes; if so-
the patterns described zbove are consistent wifﬁ the hypothesis
that Tines THZ, 637-4, 5H1 and 5H5 contain all of the viral
genome colinearly integrated.
As already mentioned, these Er transformed lines were
not clonal isolates and therefore it seemed possible that the
apparent integration of the entire genome could be due§t0 2 mixed
population of cells carrying Qifferent regions of the viral DNA.
This hypothesis, however, could be discounted when the
DNA content of subclonal 1ines isolated from onerhr transformed
line, 637-4, was analyzed. As shown in Fig. 9, panel A, for
DNA restricted with Xbal, all of the subclones derived from
line 637-4 (tracks 2-5) exhibited the same integration pattern
of Ad5 DNA as the Bﬁ%entaﬂ line (track 1); this pattern
moreover, did not vary over a period of several months in
culture. The resultﬁ; which are in agreement with the hypothesis
that the entire viral genome is colinearly integrated in the
transformed cells were fu?ther confirmed by analysis of cell
DNA restricted with BamHl, which cleaves AdS DNA at a single
~site (at 59.5%) generating only two fragments. As shown in
Fig. 98, track 1, DNA from line 637-4 contains only two
fragments complementary to the Tabeled probe, both of which
migrate slower than the BamHl A and B fragments of viral DNA
kt}ack 2), as expected if the viral genome is integrated at a

single site into host DNA. Subclones from other cell lines

-~
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Figure 9. Integration patterns of Ad5 DNA in the hr transfo%me‘
cell line 637-4 and its subclones. Panel A: Cell DNA extracted
at passage 13 from Tine 637-4 (channel 1) or from 4 subclones

isolated at passage 13 (channels 2-5) was digested with Xbal and

32

hybridized to ““P Ad5 DNA as described in the text. AdS5 DNA marker

was electrophoresed in .chanmel 6. Panel B: BamHI digested 637-4,

Chanhel 1; and BamHI digested AdS DNA, channel 2. (Ruben et al.,
1982). |
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have not been analyzed by Southern blotting. However, in most
cases the lines contain a’single integration site for viral DNA
and therefore are probably monoclonal. In cases where more than

one site is found (see Fig. 12) it is possible that the lines

contain a mixed population of two or more cell types (see below).

-

The results of hybridization with probe made from total
Ad5 DNA indicated that the hr transformed lines contained widely
differing amounts of viral DNA. Based on the presence of fragments
comigrating with internal fragments of viral DNA, upon digestigh
with two restriction endonucleases, and assuming that all
transformed cells must contain-at least the left-end porfion
of the viral genome (Gallimore et al., 1974; Sambrook'gg_gl,,_1975;
Visser g;_gj:, 1979), the extent of viral DNA in the cells Qas
éstimated at between less .than 17% up to as much as’ the entire
geﬁome. On the other hand, all of the wt transformed cell lines
which were analyzed contain only a poftion of the viral DNA
amounting to less than the leftmost 28% of the genome (see Fig. 8A,
track 11 and 8B, tracks 10 and 13). In order to obtain more -
precise data on the Qira] DNA'séquences present in each transformed

line, particularly with\reaﬁgzi to sequences near the viral

termini, additional studies were performed using as labeled ;
probes the Xho I C (0-15.5%) or Hind III F (89.1-97.1%)
: i

fragments of AdS DNA cloned in pBR322. Figure 10A shows the results
obtained when the Xho I C probe was hybridized to cell DNA (tracks

2-12) or viral DNA (track 13) restricted with Xba I. In the
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Figure 10. Analysis of AdS DNA present in hr and wt transformed
cell lines. Filters prepared as descr1bed in the previous f1gures
were hybridized with 32P labeled p1asm1d DNA conta1n1ng the Xhol C
fragment (panel A) or the HindIlI F fragment (panel B) of Ad5 DNA.
In both paneis the cell ahd virus marker DNA was d{gested with Xbal.
Both panels illustrate from left to right DNA from lines: 1H]
{channel 2); 1H2 (channé] 3);-3H1 (channel 4); 3H2 {(channel 5);
637-4 {channel 6); 5HI (channel Z}, S5H3 (channel 8); 5H4 (channel 9); .
W86 (channel 10)%.822C2 (channel 11); 637C3 {channel 12)}. Channel

14

1 contains " 'C in vivo labeled-Ad5 DNA and channel 13 contains

cold Ad5 DNA hybridized with the same 32P probe as the cell DNAs.
(Ruben et ‘al., 1982).
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case of Ad5S DNA, as expected, the probe hybridized to the Xbal E
(0-3.8%) and B (3.8-28.8%) fragménts. Two or more hybridization
fragments were also detected in the transformed cell DNAs. Some
of the lines (1H1, TH2, 3HY, 637-4, 5H3, SH4, tracks 2-4 and 6, 8,
9) contained a fragment comigrating with Xbal B and an additional
fragment slower than Xbal E, which was assumed to be the viral
left end-host junctiﬁn frégment. Other 1ines did not contain

- any fragments of native size but_rather'what was assumed to be
Xbal E-host DNA junction and a subset of Xbal B, again in the
form of a cell-virus DNA joint {lines 3H2, W86, 822(C2, 637C3,
tracks 5 and 10-12}.

Finally, some 3ines (3H2 and 5H1, Fig. 10A tracks 5 and 7)
contained more than two fragmenfs hybridizing to the Xho I C
probe which suggests more than one site of integration for the
viral DNA. Similar conclusions were derived from the results
obtained with cell DNA digested with Hind III and hybridized.
with'the.Hind ITI G probe (Fig. 11A). Additional experiments
using the cloned extreme left-end 1.2% of AdS_DNA\(PVu IT1 left
end Fragment 454 bp) to probe ONA from lines 637-4. 12 and 1H3
showeq a single hybridﬁzatigp band with the same mobility as
one hybridizing to the Xho 1.C probe (Fig. 11B). This result
a110ws}us to conclude that in these lines the virus-host \

junction on the left end of Ad5 DNA deletes less than 454 bp

of the viral sequences.
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Figure 11. Analysis of left end sequences present in hr and wt
transformed cells. For both panels the enzymé used was HindIII
and 32? Tabeled plasmid DNAs containing the HindIII G fragment
(7.9%) (panel A) or the extreme left end fragment after digestion
.with Pvull enzyme (1.2%) (panel B) were used as probes. From
left to right the cell DNAs are: Panel A: 1H3 (channel 2; 5H5
(channel 3); 149-637-4 (channel 4); 637-4 (channel 5); SHI
(éhanne] 6); 5H2 (channel 7); 822C2 (channel 8). HindIll digested
’wt Ad5 DNA was run in channel 9 as a marker. Panel B: 1H3-

(channel 1); 1H2 {channel 2} and 637-4 (channet 3); Ad5 DNA

extracted from hr] virions (channel 4). Track 1 in panel A contains
. 14

C in vivo labeled-Ad5 DNA digested with HiﬁdIII.
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In contrast to the results obtained probing with the _
cloned jeft-end of viral DNA.(Xho I C), the right end of the viral
genome‘was absent from several Jines (fig. 10B). Hybridization
with the cloned Hind III F fragment (89.1-97.1%) gave positive
results only for 1ineslwhich, from the resu]fs shown in Figs. 8
and 9, appeared to contain the entire genome. In thesé cases
(Fig. 10B, tracks 2, 3, 6_-and 7) one band, migrating slower than
the marker Xbal C fragment (84.3-100%, track 13) could be
detected.

The results presented in Figs. 871] were used to construct
the diagram in Fig. 12 showing the most probable integration
pattern of Ad5 DNA in ]B‘different transformed lines. The
fact that all the hr transformed cell lines were isolated as
polyclonal populations leaves open the possibility that Some of
the results used to construct this diagram are due to mixed
populations of cells carrying different fragments. However,
the simp1icity of the patterns obtained with different enzymes
(Xbal, Hind III, Kpn I, BamHI) make this improbable except
possib]y in the case of cell lines 3H2, 3H3 and 5H1 which have
two apparent sites of integration. This can be interpretgd as two
sites pér cell or as the mixture of two or more populations of cells.
Two clones were isolated from cell line 3H3, one of them has
epithelial morphology and the other is fibroblastic. Southiern analysis
of DNA extracted from these cloned popu1atibns showed thg same

pattern of integration in both sublines as was seen in/the
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Figure 12. Schematic representation of the integration patterns.
of Ad5 DNA in transformed rat cells. Only the most Tikely model
is ;}esented. .~_____ce1} DNA; ¥ HindIII restriction sites in
the cell DNA; M virus DNA sequences present in the cells; °

(0 virus DNA fragments for which the‘fraction present in the
cells is uncertain. Lines 3H2, 3H3, 5HI, 637C3 and 822C2 have

—_—

two distinct inserts of viral DNA (c.f. Figure 10). Because gf
the complexity of .the pattern obtained for cell lines 3H3, SHI
and 637C3 %t is' not possible to say wh{ch left end junction
corresponds to which insert_and the resulting uncertainty in the
host cell DNA cleavage site is indicated in the figure by 6pen
t¥T§ng§es Y .  The integra:iff:rattern after digestion with
KpnI ;nd BamHI (not shown) i$Tonsistent with the scheme i]1ustrat¢d
. above -and does not reveal the existence of new intearated fragments.
“The r1ght end host DNA cleavage s1tes, when known, are included
for ce]]s which appear to contain the entire genome. (Ruben et al.,

1982),
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Y
parental™xtells (Fig. 13 and some data not shown}. This lends

support‘tn_:hﬂxgypothesis that cell Tines presented in Fig. 12
correspond to clonal populations of cells which have spontanegusly
overgrown the original mixed pdpulation.'

4) Virus Rescue Experiments

The inability to rescue infectious virys from cells
transformed by adenoviruses of group C has been attributed to
the fact that these cells usually conFain only a fraetion of
the viral DNA (Tooze, 1980; Sambrook, 1975). Some of the hr
transformed lines described here, on the other hand, appear to
contain the enfire genome and as such are suitable candidates
for virus rescue attempts. For these expE?Tm@nts two procédures
successfully used in the papovavirus §ystem, were followed using
line 637-4. In one case, hijh molecular weight DNA from the hr-

transformed cells was ysed” to infect 293 cells Boyd

. \E:d Butel,
1972) using the calcium technique (Graham and Van der Eb, 1973);

in the second ﬁase, hr-transformed and 293 cé]]s were fused Qi}h

the aid of polyethylene glycol (Pontecorvo et al., 1977). The

293 cells were chosen as recipiénts for the transformed cell DNA
or.as partner in the fusion experiments since they aré‘fu11y
permissive for hr mutant virus (Harrison et al., 1977). With

either procedure, however, no infectious virus could be rescued:

No cpe could be detected after absorption of fresh 293 cells

with either supernatant or cell lysate from the fused or trans .d

cultures (see Materials and Methods). "In situ blots" {Perez-Villarreal
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. Figure 13. Ad5 DNA sequences in hr transformed line 3H3 and
in two subclones with epithelial or fibroblastic morphology. The
enzyme used to digest the cell DNAs was HindIII and the filter

was hybridized against 32P labeled total AdS5 DNA. Track 4, cell
line 3H3; track 2; F1-3H3; track 3, £1-3H3; and track 1 Ad5 DNA. e

“J
&

Cél] line 3H3 contains mixed populations of epithelial

P\Ez\» and fibroblastic cells (see text). F1-3H3 has fibroblastic

‘/// morpho]igy whereas E1-3H3 cells are epithelial. -

)
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andeerg, 1977) of 293 ce]]s transfected w1th 637-4 DNA were also -
negative (see Fig. 14). In this type of exper1ment the transfected
dishee were harvested 15 days post transfection and analyzed
according to the procedure of Perez Villarreal and Berg (1977,
using 32P labeled Ad5 DNA as a probe The resuits of the autoradio-
graphs are shown in Fig. 14, One radicactive spot can be observed
in dish 4. This spot was interpretated as an artifact because no
infectious vi}us was rescued from that dish. and the same result
could not be repeated fn further plaque hybridizations. However,
the posibility of DNA replication wjthout virus production in

this particular spot can not be.disearded. éeveral reasons can
account for the fa%]ure in rescuing‘theintegrated viral DNA:
-first, the integrated sequences may not extend all the way to the
extreme ends of the viral DNA;.second; excision df diral DNASmay

~ not occur or products required for viral DNA replication may not.
be produced after fusion or transfection; and finally, the

original transformat1on may have been caused by virus particles
with an additional defect besides the hr mutantion.h This last
hypothesis could a]so explain the Tack of rescue‘ of irfectious
virus from dish 4, if the spot that we observed there was not

~an artifact. | b

5) Expression of Viral Proteins in hr Transformed Cells

A number of workeérs have reported that deletion mutants

and hr mutants mapping~in E1A (Jones and Shenk;-1979a) are unable



- 100

’E;—HFigure 14. Plaque hybridization of 293 cells inoculated with Ad5

virions (3) or 293 cells transfected with 637-4 DNA (2-4)7*semi-
-confluent dishes of 293 cells wére treated as descﬁibed in the

text; Filter 1, Mock infected 293; filter 3, 293 inocuiated with

20 PFU of Ad5 virions and filters 2 and 4, 293 inoculated with 15 (2}
and 25 (4) ug of 637-4 DNA. .
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to transcribe other early regions, including E]B, in nonpermissive
Hgla or KB ce]]s,/Berk et al., 197Qp; Berk and Sharp, 1977; Jones
and Shenk, 1979b). We considered it of interest therefore to
examine the expression of early virad proteins in hr transformed
cells. Extracts of cells, 1abeied with [355] methfbnine, were
immunoprecipgiated with éither Megaserum or P antiserum (see
Materials and Methods) and the reaction broducts eiectrophoresed
on polyacrylamide gels. The results of these experiments#@re
seown in the autoradiogrems of-Fig. 15. P antiserum (Fig. 15A)
was used to detect the expression of the 72,000 dalton and the
related 67,000 dalton protein in two transformed lines containing
the E2 region of Adenovirus DNA {i.e. 637-4 and 1H2). As can'be
seen from the results in tracks 4 and 8, none of these fransformed
1ines express either the 72,000 or the 67,000 dalton proteins.
However, they exprese a polypeptide which migrates in the region
of 58,000 daltons as a broad band. This protein was also detected
in immunoprecipitates using Megaserum which is specific for El
Aproteins. (Fig. 15A, tracks 3 and 7 for lines 1H2 and 637-4,
and Fig. 158, tracks 3 and 5 for lines 5H2 and 637-C3). In
addition to the 58,000 da]ton protein, a polypeptide of molecular
weight 19 000 was also detected in every cell line when immunc-
prec1p1tat1on was carried out using Megaserum These two

polypept1des are thought to be coded by sequences in E18B

(Ross et al., 1980b; D.T. Rowe et al., unpub11shed)

7
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-Figure 15. Autoradiographs of SDS—pd]ya rylamide gels after
electrophoresis of immunoprecipitated Ad5 ear]y'polypeptides.
Panel A: 3SS-methionine labeled cell extracts from transformed
cell lines 1H2 (channels 2-4); 637-4 (channels 6-8) and from
virus infected KB cells pulse-labeled for 2 houré (8-10 hr)
after infection (channels“5 and 9). Panel B: extfracts from cell
1133; 5H2 (channels 2 and 3); 637C3 (channels 4 and 5) and from
virus infected KB cells pulé%-]abé%ed for 2 hours (3-5 hr) after
infection (channel 6); N: non-immuno hamster serum; M: hamster
Megaserum; P: rabbit P antiserum; V: 35S-methiom‘ne-iabe]ed Ad5

virus marker. (Ruben et al., 1982).
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Both P antiserum and Megaserum are capable of precipitating
E}A proteins froﬁ infected cells (44,000 dalton and 29,000 daiton
proteins, see Fig. 15;track 9) but as shown in Fig. 15, precipitation
of .these proteins from transfﬁrmed cells is very inefficient, a.
finding consistently observed {Lassam et al., 197%a, b; D.T. Rowe
et al., unpublished). For this reason, I cannot reach any

conclusion about the expression of E1A proteins in hr transformed

cells.
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ITI. Discussion
As mentioned in the general introduction, gr;up 1 hr

mutants of Ad5 map in the E1A region of the viral genome and
are defective for transformation (Frost and Willjams, 1978;
Graham et al., 1978; Harrison ggugl., 1977). These mutants-
are unable to transform rat embryo qnd rat embryo brain cells,
but as shown previously (Graham et al., 1978), and in the
present studies, they appear to induce a semi-abortive or
abnormal transformation of baby rat kidney cells. In this
latter case, transformed cél] lines could not be established
from individual foci of transformed cells but could only
be derived (with about 30-50% success rate) by passading
entire polyclonal cultures. Once polyclonal lines had |
survived two or three passages it was poss1b1e to subculture
them indefinitely as well as to establish sub]cones

No transformed foci were observed in mock-infected
| cultures ard 4 out of 4 attempts failed to eétab]ish
continuous lines from control cu]tufes in Tow ca]cium

medium. Thus, although. the group I mutants are defective 1in
,t'
one or more ETA functions, they are neverthe]ess still

capable of immortalizing cells under certain conditions.

(1 | /
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That lines established in this way are not the result
of rare cells transforﬁéH‘by revertants is suggested by their
aberrant properties. A]though after 6-8 passages in culture,
the mutant transformed lines achieggﬂ\the same growth rates
and acquired the ability to reach the same saturation densities
as wt transformants, they differ from wt transformed cells in
their morphology and in their being unable to form colonies in
soft agar. In addition, the mutant transformed cells are either
nontumorigenic or very weakly tumorigenic in nude mice, in
contrast to the majority of wt transformed cells. The hr mutants
of gf0up [ are known to map in E1A (Frost and Williams, 1978)
and presumably affect one or more EI1A func;ions. Thus, these
phenotypic differences between mutant and wt transformed cells
are presumably related to differences in the expression of ETA
functions., In the present studies with hr mutant transformed
rat cells I was unable to detect E1A coded proteins eifher ih:
mutant or wt transformed cells. Nor did I detect synthesis
of the 72,000 dalton polypeptide coded by E2 in éeTls which
contained the entire viral genome. This polypeptide has been .
repor;gd to bé present in Ad2 wt transformed hamster cells
(Levinson and Levine, 1977; Ross et al., 1980b) but not in Ad2
wt transformed rat cells (Wold and Green, 1979). 1 did, however,

detecf the presence of the E1B polypeptides of molecular
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weight 58,000 and 19,000 (the latter fonner1y/ﬁenoted 15,000
(Lassam et al., 1979a, b) at levels comparable to those seen in
wt transformed cells (cf. Fig. 15B). Thus, E1B proteins alone
are evidently not sufficient for the complete transformation of
rat cells. The explanation for the zberrant phenotype of hr
transformed-cells may be related to a defect in the expression
of another early reaion, presumably ETA, suagesting that one or

- more ETA functiOQ§ may be involved in maintenance of some of the
phenotypic oroperties of- Ad5 transformed cells.

One of the most‘intéresting properties of the hr
transformants was the structure of integrated viral seauences.
Most lines contained a good dea] more of the viral genome than
was seen in wt transformed lines and many of the mutant
transformed lines appeared to contain virtually 'the entire viral
genome colinearly integrated into host sequences. In several
lines the integrated sequences extended beyond the Hind III
cleavage site at 97.1 map units {i.e. within 2.%§pr the right
terminus) and to within less thanyabout 1.2% a;%the left
terminus. Whether or not the intlg:ated viral sequences in

these ce1ls'extend to the extreme ends of the viral genome
will be clear once joint fragments are cloned and sequenced.

-Ohe rather sufbrising obsefvation vas that even when

all DNA was extracted and analyzed at the earliest possible
*\\:>time§ after establishing mutant transformed lines (passage 4-6)

~the integration patterns were simple and remained stable after
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© further subcultur Thus, although the 1ine§ were initially
polyclonal, Pvf“z been established from cu1tqzii/ysua1]y
containing 20-30 fOCT, it appears likely that by the time of
the first DNA extraction only a single cell type predominated.
In all the cell lines analyzed in the present study, thg viral
DNA sequences were integrated into different'sites in the host
DNA. ‘.

Transformation of rodent cells by Ad2 and Ad5 generally
results in lines containing only-part of the viral genome
(Gallimore glﬂ.wdf; Sambrook et al., 1975; Visser et al., 1979).
A1tLough on occasion rger proportion of the viral DNA is
present (Gallimore et al., 1974; Sambrook et al., 1975; Visser
et al., 1979), colinear integration of the entire genome has
been observed only in exceptignel situations. Dorsch-Hasler et al.,
(1980) have recently describeé the integration patterns in rat
cells transformed at nonpermissiVe or semipermissive temperature
by Ad5 mutants ts 107 and ts 125. These mutants are DNA negative
under restrictive conditions as a result of defects in the 72,000
dalton DNA binding protein (Van der Vliet et al., 1975) and
transform rat cells with higher efficiency than does wt virus
(Ginsberj-g;_gl,, 1975; Mayer and Ginsberg, 1977). Many of
the ts 107 and ts 125 transformed iines characterized by Dorsch-
Hgslér et al. (1980) appeared to contain all of the viral
genome colinearly integrated like the cells characterized in the

studies reported in this chapter.,



There are at least two other examples of adenovirus
transformed cell which contain the entire viral genome:
these are rodent lines transformed by Ad12 (or lines establiished
froem Ad12 induced tumors) (Ibelgaufs et al., 1980; Stabel et al.,
1980) and a particularly nonpermissive rat line transformed by
wt Ad5 (Fisher et al., 1982).

A1l of these examples have several features in common:
They involve relatively stringent nonpermissive conditions under
which functions needed for DNA replication are suppressed and
they often involve enhanced transformation efficiencies. A
reasonable explanation for the ?indings reported here and
those of others mentioned above is that during transformation
of cells by adenoviruses, usually, or perhaps always, the entire
viral genome is initially integrated intact but the expression
of viral functions other than those required for transformation
(late genes, 72,000 protein), or the replication of viral DNA,
has a cytotoxic effect. In semipermissive cells infected by
wt virus, presumably only those cells which retain a defective
genome, as a result of deietion or rearrangement of viral DNA
sequences, are able to survive. When a mutatién prévents the
expression of putative cytotoxic functions (;g.'hr group I;
ts 107, ts 125) or when the cells are totally nonpermissive to
the virus, then survival of transformed cells containing the

entire intact viral genome becomes possible.
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Consis}ent with this hypothesis, is éhe extensive cpe
seen in rat kidney cultures infected with wt Ad5 but not with
the group I mutants. In addition, the efficiency of
transforma;ion of rat kidney céT]s by wt Ad5 drops rapidly at
multiplicities-of infection higher than 1 (Graham et al., 1978)
(presumably as a consequence of cell killing), whereas the ——
efficiency of transformation by hr mufants continues to increase.

If colinear integration of the entire viral genome into
host DNA is a common mechanism by which integration initié11y
occurs during transformation by virions, the study of the integrated
sequences early after infection may allow us to detect covalently
linked entire viral DNA in wild type virus infected rat cells as
well. With this purpose I infected primary BRK with wt, hrl and
hré virions and extracted and analyzed total cell DNA at early

times after infection. The results of these studies are reported

o

in the next chapter.



CHAPTER V

HEAD TO TAIL JOINING AND CIRCULARIZATION OF ADENOVIRUS
DNA DURING INFECTION OF PERMISSIVE AND
SEMIPERMISSIVE CELLS

Ll
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I. Introduction

F

Although cells transformed by wt AgE/QZ Ads virions usually
contain only part of the viral genome, the results presented in‘
chapter IV show that colinear integration of the entire genome is
a frequent event in cells transformed by group I hr mutants. This
kind of integration has also been found in Ad12 transformed rat
cells and in two Ad5 non permissive systems (see Chapter-IV). The
hypothesis suggested in the previous chapter is that colinear inte-
gration 6f the entire genome may be a general event for adenovirus
franéformation, an event which cannot be detected regu]ar]y
‘because of the express1on of viral functions lethal for the

1rec1p1ent ce11, and that only under certa1n conditions, it becomes
possibie to find the ent1re adeno genome pers1st1ng in the transformed
cell (see Chapter IV)

In addition, several wild type transformed cell lines contain the
left andirigﬁt engswgﬁ;vira]iDNA Tinked together, an observation
which also sugéesfeﬁfeeﬁinvo1vement of both ends in the integration
process, possibly through the formatien of circular intermediates
(Visser et al., 1981).

The studies reported in this chapter were carried out to
determine the structure of jntracellular viral DNA sequences

at early times during transformation and to examine the
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earliest patterns of integration detectable before any‘se1ection
procedure was used and before transformed Tines were established.
During the first 5 days after infection, I was unaP?e to obtain any
evidence for integration. 1 could, however, find new forms of

rearranged viral DNA which may be involved in the intearation

process.

-

Part of the results presented in this chapter have been
published in Nature (Ruben et al., 1983). These results have

also been reported at the 1982 Tumor Virus Meeting in Cold Spring
Harbor (Ruben et al., 1982b)

PR SR
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’ Ii. Results | N

1) Fate of Viral DNA in Primary Baby Rat Kidney Cells Early

After Infection

~In an attempt to study the transformation event at early
times after infection, total DNA was extracted from BRK cells
at 8 hours, 20 hours, 3 days and 5 days post infection with
hr 1 (group I}, hr 6 (group II) or wt AdS (see Materials and
Methods). The DNAs were then digested with different restriction
enzymes, electrophoresed on agarose, transferred to nitrocetlulose
filters and hybridized to cloned AdS HindIII G or HindIII I
fragments. Both fragments represent thé two endS-qf the
adenovirus genome {see Fig. 16); they were selected for these
experiments because fragment G is always present in transformed
cells and it and fragment I shouid éppear with a larger size if total
and go]inear integration occur (see Chapter IV).

Fjgure 16 shows the autoradiographs obtaified after digestion
of the extracted DNAs with HindIII and hybridizat of the
filters with fragments G (Fig. 16A) or I (Fig. 168) cloned in
PBR322. A partial HindIII digest of viral DNA was run as a .
size marker in track 7 of both panels. At the times studied,
all the infected cells contained HindIIl fragment G (A) and - _ -
HindIII fragment I .(B) with sizes comparable to the marker.
| As expected, there was some cross hybridization between G and I
“due to the terminal repeats (Steenbergh et al., 1977). In

addition, some channels contained a new band which was of
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Figure 16. Analysis of the state of viral DNA in BRK cells early

after infection with wt Ad5 or with hrl mutant. Total DNA Qas ]

extracted from BRK cells at 8h (tracks 1 and 2), 20h (tracks 3 and "\ﬂ//\\_//’

4) and 72h (tracks 5 and 6) after infection with hrl or wt virus. ' '
Thg-ce]] DNAS were then digested with HindI;I, eleétrophoresed .

| and transferred to nitrocellulose filters as described. The

fiiters were hybridized with 32P-]abe]ed plasmid DNA containing

the HindIII fragment G (A) o;%&l(B). A partial HindIII digest of

Ad5 DNA extracted from virions was run in track 7 as a si;e marker.

» joint fragment.
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B

partjcu]ar interest because it had the size of both ends of
the DNA cut with HindIII -and joined together (G+ 1= 3.8 kb).

and becauée it hybridized nifh both ends when used as tabeled

. probes in separate blot hybridizations (Fias. 16A and 16B).

This joint fragment appeared?ear?ier in hr 1 infected cells,
where it could be detected at 8, 20, 72 and 120 hours after
infection (tracks'1, 3.and 5 of Figs. fea and 16B for 8, éOl
and 72 hours P.I., and Fig..ZO track 2 for 120 hr P.I.}. In
cells infected with hré (from complementation groun I1) or With;
wt, this new band could be f1rst detected after 3 to 5 days

P.I. (tracks 2, 4 and &, Fag. 16A and 16B for wt and Fig. 20,
tracks 3 and 4 for hr6jandiwt 5 days P.1.).

As shown in F1d 164 a new bahd with the size and
hvbr1d1zat1on nropert1es of a head to ta11 joint appeared
clearTy at 8 hr P.i. ~on1y¢1n ce]]s infected w1th hrl,. This
experiment was reneated USTnG d1fferent enzymes Total DNA
extracted from BRK ca115 at 8 hn after_1nfect1on with hrl,

»

firé, or'wt was digested with H?ndIII .kpnl ‘or Xhol and

LY

ana?yzed by Southern blotting and hybr1d1zat1on as before.

" The resu]ts are shown in F1gures 17A and B A partial HindIII

d1qest of marker DNA was run in chanpel. 2 as a size marker

and tracks 4 and 6 contained comnlete digests of marker DNA
with Xhol (track 4) and Konl (track 6). The results shown

in tracks 1, 3 and-5 confirmed the presence in group 'l

L4

/7 ! ' ) -
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Figure 17. -Detection of heaé“tg tail joining of Ad5 DNA molecules

in primary BRK cells 1nfecfed_with hrl mutant virus. Subconfluent

~cell monolayers were infected with hrl (group I) mutant Ad5 at a

multiplicity of 1 pfu/cell. Eight hours after infection, the

monolayers were rinsed with PBS and the DNA ext?écted a dg;cf?g;d

iq Materials and Mefhods. 10 ;g of each DNA preparation were

digested with restriction endgnucleases HindIII, Xhol .or KpnI and

electrophoresed on 0.7% agarose‘ge1s.' The nitroceT]u]ése filters ] ~
obtained‘after Southern blotting of the géls were hybridized with ~ -
labeled HindIII G (panel A) and I (panel B) fragments as in

Figure 16. In each panel, channels 1, 3 and 5 contain DNA extracted

‘-lfrom infectéd cells and channels 2, 4 and 6 contain marker Ad5 DNA

mixed with DNA from uninfected BRK tells prior to .digestion. The

HindIII digest in bbth channels 2 is a partial digest which serves

as size marker. The restriction map of Adé DNA at the bottom of o
thé figure shows‘thgvre1evant restriction endonuciease sites with

’zge.1eft and right ends of the genome. The map location of the

HindIIT G and I fragment§ used as probes is ingicated bymsolid bars.

Free viral DNA termini in the infected cell DN are ident{fied by |

‘ » -
closed circles.. Joint fragments, discussed i text, are

<& .
indicated by arrows. The hybridization band above the \joint

o
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infécted cells of new bands with sizes expected for a head to
tail joint after digestibn with each of the above enzymes and
the new bands hybridized with either end when terminal fragments
were used as probes (F197J17A.and B). Cells infected with hré
or wt did not contain anfbhew band at that tife (8 h) {not shown).

DONAs digested wi;h Kpnl showed two bands of hybridization in

~addition to the Joint fragment; these bands carresponded to

prnI fragments H and A which.hybridized to the HindIIl G-probe
(SEE‘BeIow,.Fig. 17}.

Further experiments were done to determine if the
Junction fragment appeared in hrl infected cells at times
earlier than 8 h post infection, wheh DNA replication has not
yet commenced. DNA was extracted from hr] 1nfected BRK at
3 and 5 hr post infection and analyzed as before. As seen -
in F1gure 18A, tracks 1 and 2, and Figure 18B, track 2, the
new bandzis”éT?eady present even at these ear]y times, althotgh
4n much lesser amounts. S1nce'th1s is well before DNA
replication, these resu]ts indicate thaf' at least in this
system, the incoming mo]ecu]es must form head to tail Jo1nts
‘before initiation of viral DNA synthes1s Jo1nt fragments
were never detected in-DNA extracted fro% purified virions,
whether wt or hrl (see below).

Estimates of the amount‘of Jjoint fragment (j) in the

infected cells in relation to the amounﬁ}of total viral DNA
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Figure 18. Join; formation in primary BRK cells infected with hri
or wt. }he formation of jofnt‘fragment was investigated after

3 hours (track 1, panel A and track 2, panel B),‘§ hours (track 2,
panel A) 8 hours (track 3, panel B) and 72 hours (track 3, panel A
- and tracks 4, 5 and 6, panel*B) post 1nfect1on A1l the DNAs were

d1gested with HindIII and the n1troce11ulose filters were hybr1d1zed

with 32p 1abeled HindIII G (A) and I (B) fragments clonned in PBR 322.

The DNAs run 1n tracks 5 and 6 (+) were redigested with Pronase
(see text) after their digestion with HindIII. Ad5 DNA treated
in the same waywasjthe ceII DNAs was run in tracks 4 in panel A and

1 in panel B. Track 7 in panel B contains ]4C Ad5 DNA, labeled -
in vivo. » Joint fragment.- - \
o

.Q?
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\
detected with the probe (j+e, e = amount of terminal fragment

hybr1d1z1ng w1th the probe) were done by m1crodens1tometry

Table VI was:constructed w1th the fraction j calculated
Jte .

- from miérodensitometric tracings of different autoradiographs.
The procedures used to do the quaﬁtitations are described™in
appendix é.
C e

In hrl infected BRK ce11s,‘there was an increase in the
relative amount of joint fragment very early after infection.
Tﬁis fraction increased rapidly ub to 8 hrs post infection
(see Fig. 19), then remained re]étive]y constant up to 120 hr.
No evidence of head to tail joints was seen before_?Z hr P.I. with
hré or wt virus; by that time the background usually found late
after infection was very high and the quantitatiun.of.the bands
was not possible. |

From the series of exberiments described abogg, it is
possible to conclude that a head to ta1] Joint fragment appears
after infection of BRK with Ad5 v1r10ns This structure appears
very early (3 hr) in hrl (complementation Group I) infected cells
but is a]soipresent 3.days post iqfection with hré (complementation
Group II) or wt. |

2) Presence of Head to Tail Junhtfuns in Permissive Hela Cells

'as_Well as in Lines of Semipermissive Rat Cells

-

Head to tail junctions consistent]y*appear in different-

extractions of primary.BREJDNA after infection with wt or hrl

mutant. It was considered of interest to investigate if the s
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| TABLE VI
FRACTION OF VIRAL DNA JOINED HEAD TO TAIL.IN hrl. INFECTED CELLS

. Cells

Time
Post infection BRK Hela k) @ 1074-9
3 hr 0.01 (1)* NP ND . ND
5 hr 0.08 (1) ND N ND
8 hr 0.15 (4)  0.08 (1) N ND
20 hr 0.11 (3)  0.09 (2) - ND ND
72 hr 0.13 (3)  0.04 (2) 0.18 (2) ©.12 (2)
120 hr 0.09 (2) N ND ND

The amount of viral DNA present as head to tail joints was
determined by scanning autoradiographs using a Joyce-Loebl
scanning spectdophotometer and is expressed as the ratio of
label hybridizing with the joint fragment to the sum of label
hybridizing with the joint plus free terminal fragments.

»

@Number of experments from which the values were estimated. The
mean value was calculated when more than one data was available.

bND not done

. (Ruben et al., 1983)

-
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Figure 19. Time course for the formation of head to tail joints
in BRK cells infected with hrl.

The values tabulated in Table VI were used to construct this

graph.

O Actual values obtained by microdensitometry

® Mean values from different experiments
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formation of thege ioihts~was only a property of primary rat cells
or if they also appeared in continuous cell lines: semipermissive
rat lines or permissive human lines. For this reason two rat
Eell lines were studied:3Y1 (Kimura et-al., 1975) and 1074-9
(a spontaneﬁﬁeg; transformed BRK cell 1ine, Graham, unpublished)
as well as human Hela cel¥s. As shown in Figure 20A, tracks 5 and
6, a eingle band migrating qﬁ/ihe same position as the head to
tail junction seen earlier {track 2) was found in both rat cell " !
lines 'after digestion with KpnlI. The DNAs were extracted 3 days J
P.I. with hr], and the filters were hybr1d1zed w1th labeled:
- HindIII G fragment. The same fragment a]so appears in Hela cells.
after infection w1th hrl or wt as can be seen in Fig. 20B “after
digestion of the cell DNA with- KpnI and hybridization of the
filter with ]abe]ed HindIIT I fragment. This head to tail joint
seeﬁs to appear eariier after infection with hrl than after -
infection with wt, in Hela celis as well as in BRk cells (see Figs. 16
and 20B)}. The extrabands observed in tracks'S and 6 of Figure
20B may correspond to partial digests of the DNA and to some
extent of Cross hybr1d1zat1on ' N

From the experiments shown in Figures 16 and 20A and B tt
is possip]e tp EOnc1ude that the joint formation is not aftected.
by the mutation carried by hrl (comp]ementation Group 1) and hré
(comp1ementat50n Group II}), although hrl fo]]ows different

kinetics: in BRK as well as in Hela ce1ls, head to tail Jo1nts

appear earlier after infection with hrl than after infection with

~



130

Figure 20. Joint formation in primary BRK cells or in established
cé]]tlines infected with wt virus or hr mutants of Ad5. The_DNAs

were extracted and treated as described 'in the preﬁious figures.

The resu]ts shown in this figure were 0bta1ned after d1gest1on w1th
Kpnl. and hybridization with HindIII G (panel A) or HindIII I (panel B)
fragment of Ad5 DNA. Panel A: Joint fragments ( B ) appear.in BRK -
cells infected with hrl (Group I), hré (Group II) and wt (channels 2,
3,4, respectively) 120 hours after infection. Channels 5 and 6 contain
. DNA extracted from established rat cell-lines (3Y1 and"f074—9, \
respectively} 72 hours after infect%dn with hrl. Marker Ad5 DNA
digested wjth KpnI_fs shown in channel 1. In all channels the slowest
migrating band results frog the hybridization of thé HindIII G probe
to the Kan{A fragment of Ad5S DNA as shown in the Kpn restrication map
below the figure. The map Tocation of the HindlII G fragment 15"
indicated by‘é solid bar. (Ruben et al., 1983). Pané1‘B: Hela cells
infected with hrl racks 1-3) or wt virus (trécks 4-6).. HindIII'I
fragment of ‘Ad5 DNA was used aﬁ_labeled probe.
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wt. Therefore, the time of detect1on of Jo1nts seems ‘to be

dependent on the infecting virus but not on the permissiveness

of the-1nfected cells: Hela ce]]s are fully permissive for wt

virus and on]y partially penn1ss1ve for hrl DNA replication

(see append1x‘3 wQether BRK ce1]s are sem1penn1ss1ve for both
N

virus.

3) Circle Formation in BRK Ce]is Infected w1th hrl.

Head to ta1] joints could resu]t from circular molecuies,
head to tail concatemers or other kinds of rearranged mo]ecules

The junction between both ends could be covalent, as a result of

'hybr1d1zat1on between the bases of the inverted terminal repeats
'or they cou]d be attached by.a Tdinker con515t1ng of RNA or prote1n e

5The presence of- a prote1n Jo1n1ng both ends of Ad2 DNA, and the

format1on 3T circles or concatemers by this DNA was reported

several years. ago by Robjnson et al. (Robinson et al., 1973;

"+ . Robinson and e]]et; ]974).'.After extraction of DNA froh-@jrions‘

without.the use of SDS and Prdnaﬁe' they found.several kinds of

molecules: electron m1croscopy of samples at var1ous tages of
preparat1on of,bNA prote1n complexes showed that ini aI]y linear
DNA was released from the virus pext1c]es, but some ¢f this DNA 4
way subsequently circh]arized'or'fe}med oligomers. The authors

fodnd Teft to right, left to left or right to right end

f}unct1ons which d1sappeared after treatment with SDS Pronase

-

G
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The proeeduge I used for DNA extraction from infected cells

“inciuded pronase, SDS, phenol and chloroform:isoamylalcohol

(see Matg:ia1s and Methods), therefore a head to tail joining

£ _ . . . . '
fs E result of a DNA-protein interaction is unlikely. In "J/(/"\x\\

addition, T redigested overnight, some HindIII cut DNA with
0.5 mg/ml of pronase, .and no change was observed i( the

pattern seen in Southern blots {Fig. 188, tracks 5\and 6).

‘As mentioned in the previous sections, left to right junctions

were never detected in DNA extracted from virions: either hri of:
wt. A]l the Southern blots shown in th1s thes1s conta1n as a
marker;. DNA extracted from v1r10ns by a procedure 51m1]ar to the
procedure used to extract-cell DNA (see Materials and Methods), “and

in addition to that I used

ree different preparations of wt DNA
and one of hrl DNA (Eig. 11B)) traek 4) extracted from purified

virions. Furthermore, ft to Teft or right -to right end junctions

- were.-detected in infected cell extracts. Therefore, from -

all these considerations, it is possible to rule out«a protein

as a linker between both ends and I conclude that the

- molecules described in this chapter are different from the ones ' o

detected by Robinsoh et al. (1973) in DNA extracted from virions.
The exper1ments‘but11ned below also indicate that head to ta11

Jo1n1ng of the ends of Ad5 were not the result of trans1ent

base pairing betweep the inverteﬂ repeated sequences ét either end

of the DNA molecule, since joint s?#uctures were resistant s

to treatment with alkali. Be;aq;e’of this resietanee,.and of the
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resistance to.RNAse used for DNA extracfion, it is ﬁ]so possibie
to rule out the‘possibi]jty of an RNA linker.
'As)already mentioned, head to fail joining of AdS DNA

molecules could result from covalent circularization of the

DNA or from formation 6; concafemers.- To detect the preseﬁce.
.of any covalently cjosed eircles, primary rat- cel]é'wére
h}nfected w1th hrl at an moi of 1 PFU/cell and labeled w1§h 0.5 uCi/
_ m] of [ H] thymidine at 24 hr and again at 48 hr after infection ~
'(1n vivo ]abe11n§ of the DNA was done to help to monitor the

formatibn of circular molecules). Atfseventy-two7hours-post

infection the cells were harvested.and the DNA was extracted

using a mod1f1cat1on of the procedure developed by Birnboim and

Doly (1979) for purification of ,circular plasmid DNA from bacteria.

This procedure involved cell lysis in alkali fo]Iowed by precipitation

of denatured DNA and proteins after neutralization with acetate buffer

(see Materials and Methods). The supernatant from this extraction,

-

“which retains renaturated cova]eht]y closed circles,‘was bandeﬁ-in CsC1- .

ethidium bromide.equi1ibrfum gradients which are routinely used
toiseparate covalently ciosed,.supercoi]ed circles from linear
DNA molecules. The principle behind this procedure is that
subércoi]ed—circ]es bind Tess ethidium bromi&e than nicked .
circles or.linear molecules, and as a'result, supercoiled

molecules band at higher densities. After 72 hr, fractions were

collected from the bottom of the tubes (se* tatarials and

eseﬁigg;f

Methods). The plotting of the counts, p Figure 21A,T
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Figure 21. Characterization of Ad5 DNA from infected BRK cells
b& equilibrium sedimentation: Péne1 A PriQaky BRK ceF%gxwere
infected with AdS hrl mutant at a multiplicity of 1‘pfu 1.
SHTAR (0.5 uCi/ml) was added at both 24 and 48 hours afthy
1nfect1on, the cultures were harvested at 72 hours and cova1ent1y
closed circular DNA was partially purified followifig a modification
of the procedure deve10ped by Birnboim and Doly ( for purifi-
cation of plasmid DNA from bacteria §ee Materidls and Methods)

The DNA extracted by this procedure was then centrifuged to
equilibrium in a C3Cl- EtBr gradient (sggftéxt) aﬁﬁ the‘-

rad10act1v1ty prof11e obtained after counting a11quots from the

fractions is shown in this f1gure A.second aI1quot was used to

measure the refract1ve index and calculate the density along the _

gradient. Pane] B: DNA rec%xgggd‘from.peaks I.and II of the
gradients was digested with HindIII and ana]yzea by Southern

b]o; hybridjzatioh as Qescribedbefore,using-ﬁindIII G

frégment as labeled probe, A compiete HindIII digest of AdS

DNA purified from virions was used as marker (M). (Ruben et al.,

1983).
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revealed the presence'bf two distinct peaks of radioactivity.
The fractions correspohding to each of the peaks were pooled
and extracted, and the DNAs were then digested with restriction
endonucieases ahd analyzed as in previous &xperiments by Southern
blot hybridization using plasmids containipg the left or right
termini of Ad5 DNA as radioactive probes. The results obtained
after digestion of peak I and peak IT with HindIII and subsequent
hybridization with n1ckg}rans]ated HindII1 G fragment, are -
shown in Figure 21B. Peak II, which has a density of 1.56.g/cc
(Fig. 21A), contains the terminal G fragment as well as a small
fraction of the head to tail joint (Fig. 218, track 2). Peak I,
on the other hand, is h1gh1y enriched for joint fragments and A
.cpnta1ns only traces of contam? ating fragment G (Figure ZlB,
track 3). Peak I has a density of|\1.60 g/cc (Fig. 21A) which
correspondsAto the dénsity observéd for covalently closed super-
coiled mo]egg?es"suéh as SV-40 and polyoma (Tooze, 1980). ,{pi;
fact, together with the presence of both ends of the adenogenome
joineﬁ together instead of the individual fragménts,‘are strong
support for the hypothesis that circular mo1eéu1es are produced
in BRK cells aftér infection with hrl and thdtuat least part of
the Jo1nt fragments seen in the previous exper1ments are due to
the presence-of cova]ently closed circles. .

._Pgak I1 of the gradi®ent, w1th a densIty of i.56, contains
_ some joint fragment as well as a band wﬁiéh 66migratés with

" fragment G (Fig. 218, track 2). It is Tlikely that this material

“
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. represents the sum of some nicked circles plus some linear

mo?;pu]es which reassociate after the alkaline denaturation.

Vol
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III. Discussion

D The original goal of the studies pursued in this chapter
was toldetect early forms of integratidn in AdS infecfed BRK
gells as well as viral forms involved in the integration process.
Nith this purpose, I extracted and ana]yzed total cell DNA at
various times post_infection, fe1atfve1y early during the
transformation process. Host range mutants from complementation
Groups I or }I (hrl or hr6j as well as virions were used for
the infections. With the protocols used in this chapter, I was
unable to detect integration with any ofitﬁé virus used. Never-
fhe]éss, integration can not be discarded because of the
limitations of the procedure used, which would have allbwed me
to detect cell tg virus DNA jﬁngtions only jf integ:ation has
occurred into a limited number of sites. However, these protocols
turned out ¥5 be ideal for the detection of new intracellular |
formsdpf'vira1 DNA which had gone undetected/«in a Targe ndmber
of previous studie; (Doerfler etal., 1972, 1973; Burger and

Doerfler, 1974;/§a£;ing and Doerfler, 1977; Tyndall et al., 1978;
Schick et al., 1976; Pearson, 1975} Groneberg\gg_gl., 1975):

The'resu]ts presented in this chapter describe the formation

|

these joints was independent of the type of\ce]l used: a) semi- - jS}

of head to tail jbintﬁ n Ad5 DNA molecules. The formation‘bf :

permissive: primary.BRKkQ311s or established rat cell lines 3Y1

P *
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and 1074-9 or b) permissive: Hela cells. The results presented
in this chapter also indicated that the mutations carried hy hr

mutants hyl (from complementation Group I) and hr6 (from cgmplemen-

tation Group II) do not affect the formation of head to tajl joints.

Only the time of appearance of this fragment was different in hr]l
infected cells, in which joint fragmenfs could be detected as
early as 3 hours after infection, while cells infected by hré or
wt virus exhibit the joint fragment at times later than 24 hr.
From the procedure used to extract total cellular DNA plus

the results of Birnboim's extra¢t{on.used to detect circles, it

 seems likely that both ends are covalently linked. The simplest

structure which.can account for the cbserved joint fragments

-

would result from flush end joining of left and right termini: «

However, although bands corfesponding‘tp joint fragments.are

- reasonably well defined, their size cannot be determined with

precision greater than 100-200 btp. Consequentiy, the-fine
structure of head to tail joints %5~at present obscure. Attempts

to clone the joint fragments (FLG ‘peronal comm ication) have

cons1stent1y resulted in" D1asm1ds conta1n1nq ‘AdS insgrts with

de1et1on of all or most of the term1na1 repeated sequences -
probably because these sequences, when Joined together, generate

a structure (a 200 bp'Rslijéigme+\{hought'To be lethal for

plasmids (Lilly, 1981).. y
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As proposed in section 3 of this chapter, the observed
joint fragm;nts could derive from circularmolecules, head to tail
concatemers or other kinds of rearranged molecules. I was abie
to show the presence of circles after Birnboim extraction of
cellular DNA at 3 davs after infection with hrl, followed by
centrifugation in a.CsCI-EtBr gradient (see section 3). Compared \/#_x_///j
with the amount &f‘joint fragment obtained with the regular
procedure, the efficiency of the Birnboim extraction was very
Tow (see appendix 2b). From my results I cannot calculate the
proportion of head to tail joint due to circles since I have
no estimate of the loss:of c%rcu]ar ﬁolecu1es (due to formation
of s{ngle stfand n{zks or to other causes) incurred during the
pufification proce&ure; 'However, the results of Fiqures 21A and
21B establish that at least a portion of the hrl DNA in infected
BRK celds-must be in the form of covalently closed circles ‘

'(see anpendix 2b). It seems likely that such c%rcles also exist
under the other exper1menta1 cond1t10ns in which head to ta1]
joining was detected.

Other laboratories have investigated early forms of
Aintegratidn and the fate of virai DNA'shortTy after infection
with adenovirus 2, 5 and 12( Doerfler et al., 1972, 1973:

Tyndall et al., 1978). None of them described neW forms of

rearranged ONA similar to-the structures presented in this
. o
chapter. Nevertheless, forms of viral DNA which migrate in

- -

A ety o



propidium iodide-CsCl gradients at densities higher than the
density of viral DNA or which migrate in sucrose gradients faster
than viral DNA were described. These molecules could be similar
N to the structures descmbed in this chapter. The autho%couldn 't
find circles or concatemers and the structures they found instead,
were described as DNA-RNA-protein complexes or as viral DNA 1inked
to cellular DNA. Considerable differences in the approaches used
— to purify and to analyze the ONAs extracted from Infected ce11s
‘as welT as the use of hr] in my experiments, may be the exp]anat1on
for the d1fferences observed between previously reported results
o

and the results reported in this chapter.
4

The significan;e of head to tail joining is still not clear. .

Circles and concatemers of viral DNA could be precursor; for DNA

;»rep]icat%iﬁqu‘cou]d be involved in integration. It is now well
established that\the terminal protein linked to adenovirys ONA, plays
a'role in viral DhA replication, possibly acting as a primer -for
initiation of DNA synthesis (Rekosh et al., 1977; Challberg and
Kelly, 1979; Tamanoi and Stillman, 1982?: However, none of the
studies carried out to date eliminate the possibility that the
terminal protein, or its 80,000 dalton precursor is also a nicking
closing enzyme which could generate head to tail joining of‘that_
the éerminal protein functions in DNA replication as an origin

specific topoisomerase (Pearson et al., 1981). Alternatively,

a cellular enzyme may be involved in covalant joininé of viral
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DNA termini and the terminal protein mfght act to bring the ends
together, a property it is known to possess (Rekosh al. , 1977).
Detection of\tﬁe joint fragment as early as 3 and 5 hrs post
infection suggests that incoming mo]ecu1es may be c1rcu1ar12ed
before the- onset of viral DNA rep11cat1on However,-the absence
of joint fragments in DNA extracted from pur]fled virions suggests
that covalently closed circular viral DNA is never packaged as- ©
such, even when as much as 10%‘of the intrace1]u]ar viral DNA is
joined head'tq tail. The results shown 1n this chapter, in which
the gfficiency of head to tail format1on is higher 1n\/he less - o tf
permissive systems (ie. hrl infected cells), do not support a
coﬁnection between'repTication and circle formation but neither ‘
do they rule it out. | o
On the othe!jnd, my resu‘]ts sﬁ'égest a possible relation
between integrationgand circle formatioh; conditions which most
efficiently generate head to tail joining (ie. infection of
BRK ce1]s with group I R hutants); also result in exceptionally
" high transformation frequenc es (Graham et al., 1978) and often
give rise to transformants containing the entire viral genome
covalently 1ntegrateﬂ~{nto cellular DNA (see fhapter IV). In
addition, linked terminal fragments h detected in AdZ
and Ad5 transformed cé]]*ﬁines,zﬁa}::a:jjﬁ;een suggested that
»

circularization Way precede integration (Vardimon and Doerfler, -

1981; Visser et al.,981).
s

»
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Circular mo]eéﬁiﬁf have been proposed as precursors for the

integration af proviral .DNA from several RNA tumorvirus: avian

sarcoma virus (Guntaka‘et al., 1976), murine 1eukemia virus

(Shoemaker et al., 1980) and mammary tumor virus (Shank :?EE_ 1978).
Proviral circular DNA has been 1soTated from the nucleous of avian
cells, whEre it apparently originates from linear DNA molecules
(Shank and Varmus, 1978). In FV-1 restricted systems, circle
formation is strongly inhibited as well as the subsequent integration
of proviral DNA {Jolicoeur and Rassart, 1980; Tang et al., 1980).

Formation of linear DNA molecules, on-the other hand, decreases only B f%

. slightly in thesefsystems,'Strongly suggesting that circ]es and

not linear molecules are those direetly involved in integration.

A similar relation between circle formation and integration was

-

(Guntaka et al. ]975 Ch1ns§4—and Soe1re:\1382f~ﬂsu and Taylor, 1982).

The presence_of ethidium bromide supresses the accumulation of ‘closed

suggested by stu&ies using. ethidium bromide or ‘aphidicolin

circular viral DNA, presumably by intercalation into DNA duplexes, oo
but Teaves unaltered the formation of linear molecules (Guntaka

et al., 1975). The subsequent 1ntegrat1on of proviral DNA is

sffeng]y inhibited. Aph1d1co11n, is a strong 1nh1b1tor of eucar1ot1c_

NA Polymerase o Tiegam1 et al., 1975) but has no- effect on Q;A

reverse transcriptase-medigged viral DN;\Z;thesis (Chinski and

Soeiro, 1982)." However, in the presence of the drug c1rcu1ar

DNA fa11s to accumu1ate and v1ra1 DNA 1ntegrat1on does not occur _;:§x
(Chinski- and Soeiro, ]982; H3W and Taylor, 1982)..

\
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Proviral circular DNA molecules have been cloned and *he

junction fragment has been sequenced (Shoemaker et a].,-1980
<

1981' Shank et-al. 1978 Majors and Varmus, 1981) show1ng b]unt

il
{

end 11gat10n of both ends or de1et1on .of one term1na1 repeat as ;/4///

if they arose by homo]ogous ﬁecomb1nat1on of the LTR ends of lingar
DNA (Shank et a] » 1978; Yoshimura and Ne1nberg,]979) The exact

mechan1sm of prov1rus 1ntegrat1on is unknown but circular precqvgors

. may exp1a1n two characterlst1cs of this process: 1) Foun)f9 s1x

' bases of host DNA become re1terated on both sides of the V1ra1

-

" insertion (Dhar et al., 1980 Shoemaker et al., ]980 '1981; Hughes

et aﬂ.,.]978; Shimotohno and Temin, 198

and 2) usu 1] two
" bases at the ends of both LTR are Tost after c011 eay integration

of the entire prov:jfl DNA (Shoemaker et al., 198 -,1981T:
9

80, 1981) 'have proposed models \of intégration

based on this inforhatiqn and after c1oning and sequencing several

free c1rcu]ar forms as well as some 1ntegrated prov1ra1 DNA.
. i
C1rcylg%§:1ra1 DNA molecules have. also been detected in

Epstein-Barr tran§’/rmed cells {Lindhal et a1 1976), and c1rcu1ar

- ~copia mo]ecul(;fﬁ/Ve been detected in DrosophT]a ce]]s (E*Jve11

o and Horow1tz 1981) Both are add1t10 al examples 1n eucaryotes

of systems 1n wh1ch DNA sequences may’ be 1nsert1ng into (or

exc1s1ng from) ce]1u1ar DNA us1ng a poss1b1e c1rcu1ar 1ntermed1ate

In ordere -re1uc1date the ro]e, 1f -any, of head to ta11
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- it will be useful to examlne the effect of agents wh1ch have been

found to block c1rcu1ar1zat1on of t:trov1rus genomes. In add1t1on,

,gequenc1ng of Ad5 Jjadnt fragments as well as of the ceII-virus

. Joint 1nth group Bi transformed cetiJ/znes m1ght indicate whether

the mechan1sm of adenov1rus DNA nser tion into host DNA shares any
similarity w1th retrovirus DNA ntegration.

. R »
R
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CONCLUSIONS

!
The studjes presented in this thesis were undertaken in

an attempt to gain more information on the mechanism of cell
'transformat1on by adenovirus. The blotting procedure described
‘ by Southern 197:i_was used to charactertze the presence and ‘
state of viral DNA seqyences in cells infected and transformed
by Ad5. As pointed out earlier, only the leftmost 8-1;%
~(E1 region)'is required for cell transformation. Some of the
“transformed cell lines analyzed by other workers contain greaterH‘
amounts of the viral genome, but colinear integration of the
entire genome is a very rare event seenx§n1y under particuiar
cond1t1ons. |

IA the studies presented in Chapters III and IV, I

characterized the structure of the integrated viral DNA in
| tumor1ggp:i and non- tumorigenic cel]s transformed by wt Ad5
-v1r1ons or by group I hr mutants and aIso looked for a poss1b1e
correIat1on between the structure of 1ntegrated sequences and
' the-transformed phenotyper My results confirm what has been
previously reported with respect to the minima1‘senuences
required to trensforn cells witn Ads: all the virus ﬁiﬁnsformed
linés which I analyzed centain‘at_least the entire‘region 13 Vi
Only cell line 512C8, a cell line trahsformed 5y the HindIII,G-»

fragment of tne viral ONA lacks part of region E1B, as expected;
- . »

b ' L %
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however, it shows a fully transformed, tumorigenic pheno;ype

(see Chapter TII). Human cells 293, on the other hand, are

very weakly or non tumorigenic, although they contain the entire
region EIl fﬁféprated into the cell chromosome. In add1t1on, A |
‘some tumor1gen1c cell 1ines der1ved from the 293 showed no \

1

d1fference in the Tntegrated sequences

B : U .
These results are consistent with the hypotheses that: -. .QLA;;*" ‘_}”'
o 1. Not all OKLF]'iS needed for oncogenic transformatioh and 2. ‘w‘ :-1"f33?:‘
N » U A

integration of_El is not suff1c1ent for oncogen1c1ty, hypotheses
which have been suggested on the basis of more extegsﬁve studies

on a variety of transformed cell lines (Rowe and Graham,

personal communication).

“In addition, cells transformed by Group 1 hr mutants
(mutated in region ETA);show always a partiall transfdrmed,
phendtype, independent of the amount of viral séquences

$ntegrat These cells have a very part1cu1ar pattern of

‘sntegrat10n‘_most of the hrl transformed cells and some hr5 o “‘“\,/"‘~//’

transformed cells centain v1rtua]]y the entire viral DNA

co]inear]y inteorated (see Chapter IV). 7The hypothes1s
T proposed at the end of Chapter IV to explain this f1nd1ng
-1and some similar f1nd1ngs by other groups was that- c011near )
'1ntegrat1on of the entire genome may be a common event in _ -
- adenovirus ‘transformation but the expression of other functions _‘

toxic to thetfecipient cells may’ be lethal to them, a]]ow{ng

. -J | S - | -‘ %/,’/’
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the survival only ef cells which retain deleted, rearranged or
mutated viral DNA. When.this thesis was in preparation,

- Fisher et al. (1982) published additional charecteriéation of
ee11s transformed by hrl. Host range 1 is also a cold
,fSenSjtiVe metant (Ho et al., 1982) and cells transformed by
thie‘ttrus exhibit a. cold sensitive_phenetype simiiar to the
phenotype described by Ho et al. (1982) for cold sensitive
metante mapped jn region ETA (see'general Introduction).
In.addition to that,one of the hrl transformed cell lines °
described by Fisher et al. (1983) has virtually a]] the

adeno gepome c011near1y integrated, similar to some of the cells
reported in Chapter 1IV.

In Chapter Vv, I analyzed the eak]j intracellular events
after infection with AdS, in an attempt to detect ear]y forms '
of 1ntecrat1on or v1ra] DNA structurﬁd\1nvolved in the
‘1ntegrat10n process. The results reportee in this chapter .
document the finding of c1rcu1ar forms of v1ra1 DNA which may
be 1nvo]ved in the rep]1cat1on and/or }ntegrat1on of ‘'viral DNA.
- As di cussed in Chapter Vv, these. €1rcp€’jmay be precurﬁ%&g”forA
_1nteg tion of adenﬁ“Tjus in transformed ce115 and could

explain the finding &f co]1near 1ntegrat1oq of the ent1re viral

presented in this thesis, bring a new;dimension o the molecular

N
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biology of adenovirus fep]ication and transformation of mammalian
cells. These forms have been investigated by different groups
who wanted to propose a circular intermediate for adenOV1rus
filggep11cat1on In addition to that, the f1nd1n§:;fbc1rCu1ar v1ra]
DNA gives support to hypotheses which propose a c1r;u1ar inter-

mediate for viral DNA” integration igto the cell chromosome as

a general mechanism for cell transformation by viruses.

il
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» _
Appendix I
Retransformation of 637-4 Cells by hré: N

As shown in Chapter IV, cell line 637-4 was obtained after
severalpassages of a mu]ti?lona] population of hrl-transformed —
cells. This -cell line exhibjts a partialTyltransformed phenotype:
(see Chapter 1V) and contains the entire viral genome colineaf1y
integrated into cellular DNA. To study a possiﬂqgréompléhenta%fon'
between the.resident genome (mutafed in region E1A) and. Group II |
mutants {mutated in rebibn E]B);.the following experiment was done
(FLG, unpubliished): o

Subconfluent dishes of 637-4 were inoculated with hré
(comp]ementatikGroub iI) at an moi between 0.1 and IVPFU7ce'l1
and incubated w1th med1ium changes but without subculturing for
about 3 months, to select for cells capable of growing at high
cell dgn51t1es. Mock infected cultures were treated in the —
same way: One hr6 infected cel™ line named"149-637-4; and one
mock infected culture (637-4'), were estab]ished and furt
characterized. The mock 1nfected cells, 11ke the parenta1 cell
Tine, did not induce tumors in nude mice. On the contrary, cells
1nfected with hré were tumor1gen1c (see Table VII) wheﬁ’€E§EEE‘
several passages (5 6 passages) after 1nfect1on o
| I was interésted in determining wheéther tumorigenicity,

which indicates a fully transformed phenotype, could be due to

new viral DNA inserts,‘Whjch might indicate integration of hré

. J

Ea

.
)

“Fay .



=

155

TABLE VII

.

TUMORIGENICITY OF hr AND wt TRANSFORMED CELLS IN APULT ATHYMIC NUDE MICE
L . . .

Tfansformed No. cells ' S? S
Cell line " by inoculated - gxpt. 1 Expt. - é;pt.‘B
. -
637C3 Wt 107, 5/52(3)° 474 (3) A4 (1)
g | 108 474 (3) ’ :
10° 3/4 (3) . |
5128 . Hin® 11 G 107 4/4 (9)
: ) fragment (wt) 108 4/4 (1)
. X 16° 4/4 (18) -
637-4 hr1 Jo’ 0/4 (26)  0/4 (16)
637-4" hrl + mock 107 0/4 (14)  0/2 (8)¢ 0/4 (18)
149-637-4  hrl + hr6 107 2/2 (8).  3/3 (5)  4/4 (3)
A - 100 338 37 44 (3)
348 w9 inoculated . 107 3/3 (11) ' -
‘ » with 149 cells 106 4/4

any L

Transformed cells growing Mg culture were harvested, injected
subcutaneously into nude mice

in Materiais and Methods.

‘%nd scored for t

]\
~

‘ .
aNo. animals with tumor/o. animals inoculated

umorigenicity as described

bLat_ént period in weeks or time at which the experiment was. terminated
when all animals were negative.

€At this time some animals die

d-~without an

possible to continue-the experiment.

y tumor’and it was not "

dCe1Ts obtained from a tumor developed in a nude mouse inoculated with

149 celis.

o e bbb n = o
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DNA. For that reason i analyzed the tumorigenic cell line with

the Southern procedure hybridizing with labeled total AdS DNA

or cloned HindIII G fragment. Cell lines 63;fzf and 348, a line .
obtained from a tumor which develope® in a nude mouse inocu]a}ed

Wwith 149-537-4 cells, were analyzed as well. As can. een

from Figure 22,a new band appears in the 149 cells and in t 5

tumor cell Tline. Further studies confirmed that this new band ~—
hybridized with thg_HindIII G probe, which represents tng left |

end (see Fig. ]I,,track_4). Different explanattdfis can be given

”

" for this finding. The simplest and most_attractiVE'éxp1anation

is that a¥econd integration of the transforming region (in this °

case belong1ng to hré } provmdes the funct1ons 1ack1ng in Group I

transformed ceI]s In addition, the resident genome may have
.,

complemented the defect shownoby Group II mutants which-ére unable
-

to initiate transformat1on in experiments us1ng virus (Graham et al.,

1978).

1

No apparent changes can be observed in the integrated v1ra]

sequences prev1ous1y described for hrl transformed 637- 4 cells

(see Fig. 11 and 22) The fragment which hybridizes with the G

probe remains unchanged as well as all -the internal'fragmqpts‘
(Fig. 11, tracks 4™and 5; Fig. 22, tracks 2.and 4). This fact

suggests a new site of integration and not ajrearrangement of the

arak tmiFor AR om i ns mme s e

gl et

T e e b L
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1

Figure 22. Pattern of integratidn of Ad5 DNA after retransformation-

of 637-4 cells with hré (see text). Cell DNAs were digested with '

HindIII and the filters were hybridized w{th total-Ad5 DNA Tabeled

in vitro with [a SCP]dCTP as described. The cell DNAs analyzed were

as follows: track 2, 637-4; track 3, 637-4'; track 4, 149-637-4;
and track 5, 348 cells.  Track 1 contains HindIlI digested Ad5 DNA,

run as a marker.
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To confirm the hypothesis proposed in this appendix, it
may be useful to clone and sequence Both integrated E1l reéions

to find if they ;orfespond to both groups of hr mutants. In '

add1t1on to that, 1f we want to propose a comp]ementatlon between

both groups, we have ‘to demonstrate also that new v1ra1 E]A
pvote1ns are expressed after‘transformht1on with hr6,_; :
| 'Other‘hypbfheses which can explain fhe findfngs reported
. here are: 1) the keveFEion of the defect exhiﬁitég by tﬁe ‘
integrated hrl mutant followed by dup]icatioh and reinsertioﬁ

of the E1 region into tﬁe host DNA or 2) the"exbressio \or

) Q
. repression of cellular genes produced by the new inser%ion or

rearrangement. It would be of inte seqtence the -

-
4ntegrated E1 regions and to study in igegeil the.viral
'proteinsfexpressed in hrl transformed ce¥ls and in the retcane-
feﬁmed derivatives as weil as-to_stud& more retransformed cell
1ines\£o get a more coherent pjctureﬁwhjch would confirm pr-

exclude_all the above proposed hypothesis.

2 L] -.:__;ﬁid' =, TN ;‘ML};‘;&- Len




measurements of'autdradiographs‘obtained with one of th

tFansformed el Tines (637-4).

3

‘f'the dens1tometr1c rea

5_‘1n_the.mapker DNA (see

A 160
. i Aggendix 2 2

Est1mat1on of the amount of v1ra1 DNA sequences in 1nfected of'
transformed cells A.‘ -

'a) Est1mat1on of the amount of DNA présent in 637 4 ce]]s

As shown in Chapter IV, virtuaNy the entire viral DNA
is present co]1near1y integrated in most hrl transfprmed cells.

Td_fnrther-Ehafacterize the presence of viral DNA sequences in -

~ transformed cells I wanted to determine the number of viral

copies per-cell and the moIar_ameunt‘of each of the inte al

restriction fragments. For this purpose, I-made densitgmetric

Known amounts of cold viraI{BNA'mixed with 30 ug o

un1nfected rat cell DNA and digested with H1ndIII were used as

‘marker DN% After' electrophoresis in agarose the DNA was

tran erred to n]troceTlquse filters and hybr1d1zed W1th totaI

P Iabeled Ad5 DNA (F1g 23A) Special care was taken to

“avo1:‘iatunat19n of the s115er gra1ns in the autorad1ographs

The ‘ fferent tracks were scanned whth a Joyce Loeb] densito-

,.meter and the areas beIow the curves (F1g 233) were measured

with a computer1zed MOP 3 d1g1t1zer (Car] Zeiss Inc N BDR)

TabIe VIII and gﬂgure 24 show the S of such read1ngs

For each ﬁpéfnent an approx1mate Tingar re]atnon was. fouhd between

ngsLand ‘the number of’genomc equ aIents o

e 24) L1near regress1on ana/;girq

BN /7;;
NI
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. Figure 23. Quantiation J% thg viral DNA present in 637-4 cells.
Panel A: Known amounts of cold Ad5 DNA (0.5, 1;-2‘and 3 ug)

" extracted from virions were mixed with 30 ug of uninfécted rat cell
| DNA, digested w;EFJEEndIII e]ectrophoresed in 0 7% agarose

(tracks 1-4) and hybridized to 32P Ad5 DNA as described. 30 pg

. of 637—4'ce1] DNA was run in track 5. The autoradiograph

0bta1ned ‘Was scanned w1th a Joyce- Loeb1 densitometer (see Mater1als
‘and Methods) and a sample of the scans is shown 1n panel B. The :

. M
values obtained for the areas-be]oq the peaks (in relative units)

* -
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TABLE VIII

, . .- - 3 :
OPTICAL.DENSITIES (IN RELATIVE UNITS) OBTAINED FOR FRAGMENTS DETECTED
IN BLOTS -OF DIFFERENT AMOUNTS OF AdS DNA DIGESTED WITH RINDIII

A

' No. of copies - .__0D (relative units)? \
- per ceTl genomic A ' chb . ] E F+g° H
equivalent (5 22)¢ (3.75)(3.34) (2.94) (2.09) (1.84)(1.82), (1.33)
0.5 - o0t oy 016 - £ . -
SN 077 0.98 0.3 .35 0.83 -
;,> -2 .29 1.96 0.79  0.80 1.43 0.44
| -3 145 268 1.26 . 1.09 - 2.02  0.60
¢ ] u

The quht density of the bands present in the autdradiograph of Figure 23
was measured as described in the text and the units used were the relative
units given by the MOP-3. : . S

Fragments B+C and F+G were not r solved in the scanning and were measured ‘
as a‘single peak, - - ; L - . .

(A~E?ﬁE'numbers between brackets répresent‘the_molecﬁlar weights _AdS
* HindII! DNA E;ggmgnts‘(x 106 daltons): . o

clThe-‘va]ues.i the tab]e-rgpresen.t Rthe' a\"erage of four readings.” S '\
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Figure 24. Densities measured for different amounts of HindIII

digested Ad5 DNA. The valyes shown in Table VIII were used to

construct this figure. 0.D. values are given in relative units

(see Table ¥III). - L w
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were used to obtain_the straight 11nes g1ving‘t e least squares
f1t to the po1nts obtained for each fragment with the marker BNA
(D1xon and ﬂassey, 1957).

Thirty m1crograms of DNA from the transformed cells 637-4

*

Wwere processed in ‘the same way as the marker DNA ( ig. 23A) the

. densities measured for each of the 1nterna] fragments gi the -

'v1ra1 DNA present in these cells are shown in Table Ix—a’d were -
'used to- taIcu]ate the numbe<1§f cop1es per ce]] for each of theee‘
fragments, wh1ch was 1nterp01ated using the regression lines

ble IX). Both ends of the v1ra1 DNA, wh1ch are present in these
'cells Joined to ce]lu]ar DNA, were not measured in this exper1ment
(see Chapter IvY. . o . -

A1l the internal fragments; with the exception of HindIII

4 H appear to be present in equimolar amounts. The amount esttyated

for fragment H is, hnwever 5ma]]er than the est1mat1ons done for

the other fragments. Th1s resu]t can be explained by the fact

Tost after transfer to n1troce11u1ose filters (Nah] et 1

that fragment H is a sma]] fragment and a_ fraction of 1t may be

, 1979).

. In add1t1on to that only ‘two points (correspond1ng to 2 and 3

copTes per gkjl could be-ob:a1ned to calculate the s1ope 1n
Figure 24 because it was not poss1b1e to obta1n measurable scans
for fragment H when0.50r 1 copies of Ad5 DNA.per ce]] were: used
One unexpected f1nd1ng was that“Mhe values obtained for all the

1nterna1 fragments were smaJler than 1. Th1s may indicate tha}

1

-~ ¢ . o {:) o

-

armr?
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- TABLE IX

_NUMBER OF COPIES OF Ad5 HINDIII

L8

y _
ONA FRAGMENTS PRESENT IN 637-4" CELLS

A

Fragme?k

Relative QD um'tsa

No. of c0pies/Ce11b'

A 0.44

R

- 0.38

) ‘ c
0.80 < 9-42

- #gg o 034

E " 0.25-
F on
g .4
=H

0.08

)

0.70
©0.86

0.84
T

0.39

The 1ight density of the bands present in the autoradiograph of

Figure 23 was measured as described in the t
were the relative units given by the MOP-3.

bTHése values.were obtained b

~«..obtained with marker DNA (Fig. 24),

the

dFrq
(se

-

size of each fragMent,

-

f..

“B+C run together. To-get an estimation o
to each- fragment, the total densit

yninterpo1§tion in

y obtained_

(mhe 1ineér graphs

ext and the units used

. , “
v

s divided according to

+

gment & was present in 637-4 cells joined to cellular DNA
e Chapter IV) and was not used for these studies..

¥

<"0.87 -——-\

%.

e density corresponQiug; ;-3.

.

-~



. : y ]
. the value used to estimate the amount of DNA in rat cells ﬂﬁe

(3.6 x 1012

daltons/dip1oid cell, Lehnihger, 1875) is an under-
estimate & 637;4 cells, which are probably aneuploid.
Alternativeiy,'it may indicate heterogeneity in.the_cell
population, although this is unlikely in view of the'resu1tsr

shown_in Chapter IV.

b) Estimation of  the amount of joint fragment presewt.in -
cdenow rus 1nfected cells: . g J

p
The same procedure used in.Section'a) ﬁp measure - Yge

number of copies of Ad5 DNA in 637-4 cells, was followed to
'dpantitape joint fragmentS'formed in AdS'infected cells - .
(see*Chapter V). As “shown 1n Chapter vV, a fract1on of the e
molecp]ee h1ch give head to ta1] Jo1nts after digestion with
" restriction enzymes,.corresponded to circular DNA. I was
f‘intereéted tp calculate the amount of circular moleeu1es in

relation to pther kinds of ﬁolecuﬁes which a}go produee head

" to tail joéﬁfgzphen digested with're;triction enzymes. With

is purpose, I compared the amount of joint fragment obtained

'after se]ect1on for circular DNA molecules, with the tota1
amount ®f head to tail joints present 1n the ce11s

Figive 25A shows the results obtained after Southern : _(ﬁ
b]ofting and DY ridization with labeled HindIII G fragment,

; of a HindIII digesp of different DNAs: Trgeks 1 and'5 contain

‘\é;impg aag,Q.Z ng, respective1y;‘o%fmar£er Ad5 DNA extracted

fromvivions. . Tracks 2-4 contain DNA from BRK cells infected

5
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Figure 25. Amouﬁi of joint fragment-aftér selection for circular

mojecqles. Panel A;.Dsq;cdllected from.peaks'I(3) or 11(2) of

the gradient was digestéd with HindI1I and cpelectrophoreséd wifh;

0.1 ng(1) and 0.2 ng(5) of HindIII digested marker DNA. Ten -

micrograms gf infected rat cell DNA(IC), digested with.HindIII

wére run in track 4. The n1troce]1ulose filter was hybr1d1zed

with P Iabeled H1ndIII G fragment and the autoradlographs

obtained were measured for their re]at1ve amount of joint fragmént._—-

(see text). Pane] B: The values presented in Table X were .

- . used to calcu]ate the relative amount of joint fragment*in band I

and band II of. the gradient, as shown in th1s f1gure Qb_va1ue§

»are given in relative units (see Table X). | L { |
® G fragment : - . ‘ - o M”\\
_ . A -

Otjoint fragment

\,/ 1
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with hrl virjons at an moi of 1, and extracted f0110w1ng the

usual procedure used to extract cell DNA (track 4) or us1ng the
mod1f1ed B1rnbo1m extract1on foTTowed by CsCT efh1d1um brom1de
gradient (tracks 2 and 3; see Chapter V). F1ve t1mes more

ce]]s were uséo for the gradient d:)Z large Lux d1shes,

’150 m, ~ 107 cells/dish were used f

~—
10 dishes for seTect1on of c1rcu1ar molecules)

total DNA extractron and

The values obtained after m1cf6€§n51tometry of‘the
autoradiograph are shown in Table X. The amount of DNA runn1ng
as a joint fragment in the ge] was 1nterp61ated in F1gure 25B."

“fh1s figure wgs constructed with the values obta1ned for known
amounts of marker G fragment The s1ze of the Jo1nt fragment
after d1gest1on with H1ndIII a]ldeg the assumpt1on that it w111

transfer to nltrocellu]ose at the same eff1c1ency of the'&

fragment. Therefore, 1 used.the amounts obta1ned for the

G fragment to est1mate the amount of Jo1nt fragment The vaTues

RN

_shown 1n coTumn 4 of Table X were used to’ ca]culate tota] amount
’
of head to ta11 JOTHtS per cell, or joint fragment per, cel]

banding with circles, as follows (see cq}umn 5): ) L

amount'of~jo' fragment X fratt1on of §amp1e ,
in track N" - 7 used in the gel

@ Number=af dishes extracted X cells per dish

~total amount of jofnt;fragment per\celli\\track 4 X 200

2-107

, S . ’ {‘ ' 1 ,38- 107 -4. p1cograms/ce11

-
ik R e e et
'

. S, . h IR I
KA A it e b o T
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TABLE X

DENSITOMETRIC ESTIMATIONS OF THEAMOUNT OF JOINT FRAGMENT PRESENT AFTER
SELECTION FOR CIRCULAR MOLECULES

Track ONA run ’ oD DNA Joint fragmentb
no. . on gel (relative units) amount (pg) pg/cell
1 AdS 0.18 - 8¢ - -
2 4 0.54 12.5 5.-1077
3 rpd 0.16 7.6 3.04-1077
2 total pNA® 0.64 13.8 1.38.107%
5 Ads 0.82 : 16 -
Relative units given by the MOP-3. “— ' -

bVa]ues estimated as explained in the text. Each dish was estimated as )
containing 107 cells and five times more cells were used for the gradient
(see text).

.“Known amount of'mafker“DNA (Ad5) was digested with HindIII and loaded
in the gel. The values for tracks 2, 3 and 4 were interpolated in
Figure 25B. -

'sFraction I and II of the CsCl-ethidium bromide gradient (see text and
Figure 21); % of the total amount of DNA in fraction I or II, respectively,
was digested and loaded in the gel.

®Total infected rat cell DNA extracted following the usual procedure,
(see text} 1/200 of the DNA obtained was digested and loaded in the gel.



175

jd%nt fragment extracted with circular

ONA _ (track 2 + track 3) 4
10 x 107

= 8.04-'10'7 picograms/cell

The amount of joint fragment in fraction II‘(t;ack 3) could be
due to linear concatemers or to nicked circles (see Chapter V).
Fdr the calculation done in this appendix, I assumed t;at

this fraction corresponded to nicked circles exclusively.

. +From the data shown in Table X it is possible to conclude
that'the efficfency of the Birnboim extraction followed by the
gradient (ie. amount of circular molecules resistant to
alkaline extraction which banded as form I in the CsCl-ethidium
bromide gradient3 was very low in comparison to the amount.of
joint fragment obtained using the regular procedure used for
all the other extractions (which does not discriminate between
circular, linear or concatemeric molecules). As mentioned in
Chapter V, the differences between both kinds of extractions may
correspond to a low percentage of circular molecules, <1/100
compared to other.forms (ie. Tinear concatemers), or to circular

monomers or concatemers nicked and lost during the Birnboim

- extraction. Adenovirus 5 circles, even the monomers, would be

large in size, which would make them more sensitive to extraction

and increase the possibility of losing these molecules by single
] ‘
nicks.
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Appendix 3

DNA replication of hrl mutants in semipermisSive primary rat cells

The results reported in Chapter V shoﬁ the formation'of
circular molecules of AdS DNA in cells infected with this virus.
Head to tail joints, which may be a sign for circle formation
{see Chapter V} appear in hrl (Group I hr mutant} as well as in
wt infected cells (see Chapter V). Another interesting'finding
from the same experiments was that hrl virions were able togy
replicate their DNA in semipermissive rat cells almost as well
as wt virions. That observation is reported in this appendix.

Group I hr mutants are considered negative for DNA
fep11cation in human-cells, permissive for wt. (Lassam et al.,
1979; Rowe and Grahah, 1981). Mevertheless, Scuthern-blot analysis
can detect a low level of replication ih Hela cells ta human cell
Tine}, much sma]ier than the levels detected for wt virions (see
.below). When the same procedure was used with semipermissive rat
cells infected with hr or wt virions, the level of DNA rep1icafion
was similar for both viruses (see Fig. 26 and:}ab]e XI).

For the expefiments shown in Figure 26, total DNA was
extracted at different times after infection of BRK cells Jith
hrl or wt, digested with HindlIl and analyzed by the Southern

‘technique. The labeled probe used for the hybridization was

the right end of the DNA, HindIII I fragment. Panel A shows.
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Figure 26. Ad5-DNA-replication in infected BRK cells: Panel A-:
Southern blot analysis of hrl (tracks 143, 5 or wt (tracks 2,
4, 6) infected cells at different times after infection. Infected

- .
cell DNAs were digested with HindMMI and analyzed as described
32

7 Tpreviously. P labeled HindIII I fragmert was used for the
hybridizations. qupks 1 and 2 contain 10 ug of infected cel)
DNA, tracks 3 and 4 contain 5 pg and tracks 5 and 6, 2.5 ug

of infected BRK. Tqack 7 corresponds to a part{al HindI11
digest of 20 ng of Uninfected rat'nm} plus 1 ng of Ad5 DNA -

extracted from-virions.b-doint'fragmept (see Chapter V). Panel B:

Photograph of Ahe ethidium bromide stained gel used for panel A.
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Figure 27. Ad5-DNA replication in continuous cell lines of
permissive and semipermissive cells. Panel A: Autoradiogr%}ﬁ(

of Kpnl digested and HindIII I hybridized Hela cell DNA. The
cells were previously infected with hrl {tracks 1, 2, 3) or wt
virus (tracks 4, 5, 6). Tracks 1-4 contain 20 ug of

infected cell DNA. Tracks 5 and 6 contain 2 ug of wt infected
ée]? DNA. Panel C: HindIII digest of DNA (8 ng) extracted

from hrl infected 1074-9 (track 2), 2¥1 (track 3) or BRK (t}ack 4)
hybridized with HindIiI probe.  Panels B and D: ethidium bromide »
stained gels from which the nitrocellulose filters used in

panel A and panel C, respectively, were obtained. Track 1 in

- panels C and D contains a partﬁal HindIII digest of marker Ad5

ONA mixkd with 20 1:g of uninfected rat cell DNA. » Joint

fragment {see Chapter V).

Yy
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the autoradiograph and panel B shows the ethidium-bromidé stained
gel, from which the DNA was transferred to nitroceliulose. The
band migrating faster in the Southern-blot, represents the right ){
end, HindIII fragment I of Ad5 DNA. This band is present in all
the channels, and its intensit&-increases with the time post
infection both with hrl and wt (8, 20 or 72 hours). Note that
the total amount of DNA loaded in ﬁhe gels was decreased in tracks
cbrrgsponding to longer times-post infection (see legend of - |
Figure 26). Table XI coﬁtains the values of the I band after
scanning of the autoradiographs (see Fig. 28A and B) and corrected
for the different amounts of DNA loaded in each track. A
clear increase in the amount of fragment I, indicating wiral
DNA replication,.can be observed in hrl a£ well as in wt infecteH 
_BRK. The same phenomena can be.obsggved-in the photographs of‘ethidium -
bromide stained gels (Fig. 26, panel B), where there is an
v increase of all bands corresbonding to Ad5 DNA fragments 72 hours
after infection with hrl and wt (Fig. 26B, tracks 5 and 6). In
addition to the viral bands, an extra band corresponding to
repetitive rat sgquenées can be observed in the ethidium bromide
stained geI‘{seé Fig. 26B). The two extra bands seen in the
autoradiographs (Fig. 26A) correspond to left to right end cross-

hybridization and to head to tail joints (see Chapter V).
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Figure 28. Ad5 DNA repiication in eukaryotic cells. The bands
representing the riﬁht end fragment of the viral ONA (sée text)

in the autoradiographs of Figure 26 and Figure 27A were scaned

in a DV-8 Beckman spectrophotomete;. Panels A and B: scans
obtained for fragment HindIII I in the autoradiograph of Figure 26
(BRK cells infected with wt, A, or hrl, B). Panels C and D: scans
obtained for fragment Kpn G in the autoradiograph of Figure 27A |

(Hela cells infected with wt, Cor hrl, D). The values obtained

for the areas below the curves were used to construct Table XI.
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As shown in Figure 27, the situation was different after
infection of Hela cells with hrl or wt virus. The eth1d1um
bromide stained gels did not show any sign of hrl DNA rep]1cat10n
{no viral bands could be detected in hrl infected He]a cells,
see F1g 27Bj Nevertheless, some hrl replication could be"
observed in the autoradiograph (Fig. 27A, tracks 1, 2 and 3).
After digestion of cell DNA with Kpnl and hybridization of the
filter wiih 1a5e]ed HindIII I, -there was an increase in fragment
G (right end fragment after digestion with Xpnl, see Fig. 20)
parallel to the time post infection at which the cell DNA was
“extracted. This increase is much .higher in wt infected Hela
cells as can:be observed in Figufe 27A, tracks 4, 5 and 6, as
well as in the ethidium brbmide stained gel (Figure 27B, tracks 4,
> and 6). Table XI shows the results obtained after scanning
of the KpnI G band in the auforadiograph (see Fig. 28C and 9),
corrected to the same amount of cell DNA. The extra bands
observedlin the autoradiograph correspond to the joint fragment,
to left to right cross hybridization (eee Chapter V) and to some
partial digests. The additional bands observed ma1n1y in tracks
1, 2, 3 and 4 of-the ethidium brom1de stained gel, are repetitive

sequences detected with KpnI in human DNA.
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Figure 27C and D show the results of similar studiés
done on established rat cell ]{;;§33Y1 and 1074-9 (see Materials
and Methods). 3 days after infecfion wi th h;1. The DNAs
extracted from the infected cells were digested with HindIII -
and_the nitroﬁe]]ulose filter ﬁas hybridized to labeled HindIII
G fragment (panel C). The ethidium bromide stained gel %s
shown fn Figure 27D. Only track 4 1in panel D, which contains
hrl infected BRK cells, exhibits signs of hrl replication (given
by the intensity of the viral DNA bands). The same result
can be observed in the autoradiograph {(panel C), where no

replication is detected in 3Y1 cells (track 3) and only some

replication in 1074-9, but to a smaller extent than in primary
4

~

-BRK cells (track 4).
From the experiments shown above, it is possible to
conclude that hrl is able to repljcate its DNA in semipermissive

primary rat cells to levels similar to wt virus (Fig. 26).

In contrast to this,'in Hela cells which are fully permissive
for wt, hrl replication is very inefficient (Lassam et al., 1979;

Rowe and Graham, 1981) and can be detected only wijth very

sensitive procedures, like Southern blotting_and hybridization

with labeled fragments (Fig. 27A). Some replication of hrl DNA

could also be detected with this procedureoin spontaneously

transformed BRK after infection with hrl (cell Tine 1074-9,

see Fig. 27C). “

0
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The differences in hrl DNA replication among different

.cells (BRK, Hela, 3Y1) may be related to host proteins over-
coming the hrl defect. We know that Group I hr mutants are
. defective for DNA replication in permissive humans ce]is. We do
.not know the“rep]iéatiqn step at which the vi DNA replication
is blocked and how it can be bypassed jn BﬁE/i:?1s. The smali
amount of. hrl ONA replication in Hela cells detected in the
Southern blots can be related to leakiness of hrl in these cells.
The level of replication 6bserved'in primgry BRK, however, can
_not be explained in the same way, unless leakfness of the mutant

is increased in these cells.
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