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SUMMARY
. s s i . gyA.

A characteristic feature of mammalian/virus transformed and
tumour cells is the persistence of virus DNA, and usually but
restrictively, its expression. This "genetic transformation" of
individual normal cells may therefore form the basis of "phenotypic
transformation" i.e. transformation as observed at the gross or
morphological level.

The amount of virus DNA, which appearé to be consistently

associated with host cell nuclear bNA and therefore with chromosomes,
is likely'to be an important feature in itseif and is an indicétion
of the level at wﬁich virus-host cell interactions operaté dufing
eitﬁer transformation or oncogenesis. The present work describes
experiments which'attempt to estimate the amounf 6f virus—Specifid
DNA sequences in Adenovirus trahsformed or tumour cells: chiefly '
by cRNA-DNA hybridisation techniques. = By characterising the vifus
cRNAs, both at the transcriptional and hybfidisation.levels, apd
therefore increasing the resolving'power of the cRNA-DNA hybridisation
technique, at most 3-4 copies of virus DNA qomplementaryito the virus
cRNAs were found to exist per diploid quéntity of host DNA. Furfher-
more, using ip situ ﬁybridisation - the resolving power of whiéh has
also been increased during the present work-it has been~éhown that
these-low amounts of virus bNA sequences most likely represent the
values per individual cell. These results are consistent with a
very basic level of virus restriction existing in the transformed or tumour
cells studied.

The low amounts of virus DNA pef individual transformed or tumour

cell mean, in effect, that these sequences are difficult to detect by



the current techniques available: especially at the single cell

level. Many of these virus DNA sequences, however, are transcribed
in vivo and as such are amplified. Using a modification of the

in situ hybridigation teéhnique virus-specific RNA sequences have

been detected in individgal Adenovirus transformed or infected cells.
Such a method>opens up the possibility of detecting{ for example,
heterogeneity of virus-specific RNA transcription in tumours.
Preliminary experiments, with this approach iﬁ mind, have demonstrated
such a heterogeneity of messengef RNA transcription between cells in

the same tumour.
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CHAPTER 1

INTRODUCT ION

Several mammalian DNA viruses are capable of transforming cells
in culture. Such transformed cells usually display in vitro charac-
teristicsvwhich are differept from normal or untransformed cells:
for example, the ability to grow to high.densities when compared with
appropriate control cells (Géllimore, 1974); the ability to produce
colonies in semi-solid agar medium (Macpherson and Moﬁtagnier, 1964);
and.the predisposition to be agglutinabie by various'plant lectin$ at .
concentfations thatlfail to agglutinate_normal cells (Inbar and Sachs,
1969).

Whether such transformation can be correlated with the persis~.
tence and expression of virus genes within the affected cell has, for
a long time, been an interesting question in virus-cell interactions.

The virus genome is at least partially present in some‘virus-
transformed cells as demonstrated by the presence of new fransformat;on—
specific proteins, or new virus-specific antigens. SV40 transformed
cells, for example, express several virus implicated functions such
as the SV40 T antigen (Black, et al., 1963; Green, 1970) and.the
tumour-specific transplantation antigen(s) (TSTA) (Habel, 1965;

Green, 1970). Similarly, Adenovirus tranéformed cells synthesise
at least two types of virus-implicated antigens: T-antigen(s) and
TSTA antigen(s). And as farAas have been tested, all lymphoblastoid
cell lines of human origin contain complement-fixing antigens specific

for Epstein-Barr virus (EBV) (Pope 23_313,1969; Vonka et al., 1970).
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That the new antigens in virus transformed cells are the producfs
6f virus or virus-mediated gene expression is supported by a good
deal of circumstantial evidence; for example, the persistence of virus
DNA (e.g. Klein, 1975; Botchan et al., 1974; Westphal and Delbecco,
1968; Green et al., 1970) and its transcription (e.g. Ozanne et al.,
1973; Botchan et al., 1974; Green, 1970) appear to be general
phenomena.

Many of the mammalian DNA viruses which can cause transformation
‘also possess oncogenic potential: i.e. the ability to cause tumours
in appropriate hosts. But the realisation of this potential can be
influenced by a variety of factors including the nature of both the
virus and the ﬁost. Immunosurveiliance and tolerance by the host
is a case in point (see Klein, 1975b-for example). Reflecting this
are the human Adenoviruses which have been classified as highly,
moderately, or non-oncogenic EE.XEXQ in hamsters (HUebner{ 1967);
and while some.serotypeé appear to be non-oncogenic on this 5asis
they may nevertheless fransform cells ig_zizzg (Freeman et al., 1967;
McAllister et al., 1969) .which may then produce tumours followipg
inoculation into immunosuppressed hosts (Gallimore, 1972).4

As in DNA virus transformation new internal énd.surface antigens
are detectable in the tumours and in the ceil lines derived from them.
These tumour cells retain their malignant character, the capacity to
synthesise the new virus-specific antigens, and the appearanée and in
vitro behaviour of virus transformed cells even through many cell
generations on cloning.

Some tumours which have arisen in vivo without experimental

manipulation or deliberate induction can also be associated with
L
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oncogenic DNA viruses, there being hiéh antibody titres to the virus

in question in individuals suffering from the tumour. For instance
there is an association between antibodies to Herpesvirus type 2 and
cervical neoplasia (Nahmias et al., 1970; Royston‘and Aurelian, 1970).
Also African Burkitt's lymphoma and certain naéopharyngeal carcinomas'.
are consistently associatéd with high EBV gntibbdy titres (Klein,

1975). | |

The appearance and persistence of new virus-specific antigens is

consistent with persistence and the expression of the virus genome as in
DNA virus transformation. This is further substantiated by the i
detection of virus-specific RNA and DNA within a variety of virus-.
vimpliéated tumours; for example Adenovirus—inducea‘tumours

(Fujinaga and Green, 1966; 1967; 1968; Greén, 1970) SV40-induced
hamster tumours (Oda et al., 1972), Polyoma-induced tumours

(Axelrod et al., 1964) and EBV-implicated tumours (Zur Hausen‘gz_gif,
1072; Nonoyama et al., 1973; Pagano, 1974; Klein, 1975).

Thus the general similarities between transformed. cells and
tumours, for example their growth characteristics in vitro may reflect
a basic underlying similarity in the presence of virus DNA and its
possible ekpression. Experiments described in. this thesis were.
designed.to elucidatevthe state of the virus DNA and its transcription
into ﬁNA in individual virus-transformed or tumour cells.

By way of introduction to these particular eﬁperiments there
follows a general account of virus DNA in virus-transformed or
tumou; cells. Virus-specific RNA in virus—transformed and tumour

cells is dealt with in Chapter 1IV.
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STATE OF VIRUS DNA IN MAMMALIAN DNA VIRUS-TRANSFORMED AND TUMOUR CELLS

One of the striking features of mammalian DNA transformation and
v tumourogenesis ié, in general, the lack of production of virus
particles. This is in mafkedAcontrast to permissiye systems (where
productive cycles are initiated and completed).which suggests £hat
virus maturation is'blockéd at some stage in the transformed or
tumour cell. There are severallstages of virus maturation where
‘blockage or interference could occur, for example at the level éf'
virus assembly, translation, transcription, or DNA'replication. In
most transformed or tumour cells not all the virus;specific proteins
or RNA sequences that appear during a normal préductive cycle are
present. The virus-specific RNA, for example, is usually confined to
those sequences transcribed previous to virus DNA replication in the
normal productive cycle (Green, 1970). Selectivity in translation
‘and transcription, however, could also be explained by deletions of
the appropriate regiqns of the virus genome. Fof the vast majofity
of transformed cells this appears unlikel& in‘viewlof the fact'that in
these cells ome. infectious virus can be rescued by cell fusion
(Watkins and Dulbecco, 1967; Gerber, 1966; Kowprowski et al., 1967)
and/or by induction by chemical means (e.g5 Glaser - and Rapp, 1972).‘
Nevertheless some transforméd,cells could poséeSS'incomplete genomes
on this basis since attempts to rescue infectious virus by these
means have usually been unsuccessful. Adenovirus transformed cells
_are a case in point (Casto, 1972; Burns and Black, 1969; Dunn et al.,
1973).

The relationship between transformation and virus DNA replication

is unclear in the sense that in some transformed cells the virus DNA



appears to replicate or be induced to do so (Watkins, 1973; Klein,
1975; Andersson, 1975); while in others therg is no evidencevtb
suggést that normally it doés (Green, 1970; McDougall et al., 1975; . .
McDougall, 1974).

This last point is important since the failure of the virus DNA
to replicate suggests thaf a very basic level of restriction exists
in the transformed or tumour state. The amount of virug DNA in
transformed or tumour cells is an indication of thisland is therefore

an important feature of virus transformation or tumourogenesis.

AMOUNT OF VIRUS DNA IN TRANSFORMED OR TUMOUR CELLS

Determination of the amount of virus DNA within transformed or
tumour cells is important for a few reasons. As mentioned previously
an absence of largé amounts of virus DNA per cell would suggest}that'
virus DNA replication - outside mitosis - is unlikely to be a feature
of or a prerequisite for transformation or tumourogenesis.  But
estimafion of the exact amount, or nearest approximétion to this, is
equally important because it may reflect a more basic feature of
either the transformation or oncogenic process. For instance, it
could be argued thaf the frequency of transformation of én‘individual
cell is dependent on. the frequency of virus DNA molecuies within it:
the more virus DNA molecules the more likely will the cell become
transformed. Alternatively the éresence of only one Qirus DNA
molecule;per cell, for example, might indicate that the cell's
tolerance is low, either at the gross or the molecular level.
Examples would be the failure of the cell to remain viable with more
‘than a few virus DNA molecules or, at the molecular level, the presence

of only one potential integration site for the virus DNA.



While it is clearly desirable to obtain this information,
attempts to do-so have resulted, as willbnow be sgpmarised, in
dijferent estimates for the amount of virus DNA in certain virus
trénsformed or tumour cells.

The number of copies of virusiDNA within transformed or tuﬁour
cells as beenastudied by making use of molecular nucleic acid
hybridisation and reassociation techniqueé: principally, RNA excess
hybridisation using'radioactive complementéry (cRNA) to the virus
DNA; and reassociation of radioactive virus DNA 'in conjuﬁction with
unlabelled transformed or tumour DNA.

In the former type of approach the amount of virus DNA is
>estimated usually in conjunctidn with reconstruction experiments using
pure virus DNA. That is, the amount of cRNA ﬁybridised to a
particular amount of virus DNA is compared with the amount bound to
transformed or tumour DNA, Using this method, a variety of virus-
transformed cells and tumours have beén studied (Table 1:1). What
is evident from these studies is the fact that several copies of
virus DNA appear to exist in several transformed cell types. Thué
Green (1570) estimated 60 copies.of Adenovirus DNA in an Adenovirus 12
transformed cell line; 85 in an Adenovirus 7 transformed cell line;
and 23-29 in an Adenovirus 2 transformed cell line. Aﬁd Sv40 trans-
formed cells appear to possess 5-60 virus DNA cgpies (Westphal and
Dulbecco, 1968) while several human lymphoblastoid cell lines possess -
around 20~160 EBV DNA cobies (Pagano, 1974; Klein, 1975; Nonoyama
and Pagano, 1971; Zur Hausen et al., 1972).

The principle of the second method of virus. DNA estimation

(Also Table 1:1) is that a precisely defined amount of labelled virus



DNA is allowed to renature after denaturation, the reaction following
characteristic kinetics dependent on the initial DNA concentration and'
its complexity (Britten and Kohne, 1966; Wetmur and Davidson, 1968;
Kohne and Britteh, 1971). Various ceilular DNAs can then by analysed
for the presence of virus‘DNA by addiﬁg themvto the renaturing virus
DNA and observing the deflection and increase in its reaction rate.
Using this technique, Gelb et al., (1971) detected between 1 and 3
SV40 genome copies per diploid quantity of SV40 transformed cell DNA;
and Smith et al., (1972) demoﬁstrated a similar low aﬁount of SV40
DNA in abortively-transformed BALB/3T3 clones. Small amounts of
virus DNA sequences in SV40 transformed ceils have also been reported
by Ozanﬁe et al (1973) where five independently-derived transformed
clones contained 1.35-8.75 copies per diploid quantity of host DNA.
For Adenovirus transformed or tumour cells the amount of virus DNA,
as determined by this technique, is also low: thus one Adenovirus
transforﬁed rat cell line contains close to one virus DNA copy
(Pettersson and Sambrook, 1973).

There is thefefore some discrepency between the results obtained
by RNA excess hybridisation and virus DNA-DNA reassociation. This
is exemplified in the case of the Adenoviruétz_transformea cell line,
8617. By cRNA hybridisation the virus genome number estimates are
between 14 and 30 (Green, 1970: Green et al., 1970) whereas by the
virus DNA-DNA reassociation technique there is approximately only one
copy which is detectable (Pettersson and éambrook, 1973). These
discrepencies mean, in effect, that the facts supporting hypotheses
on the role of virus DNA in transformed or tumour cells are themseives

controversial.



(a)
Table 1l:1
Transformed N:A ;2 virgz virus virus
Virus or geno ?OPI S cRNA-DNA DNA-DNA DNA-host DNA Reference Comments
, 4 (or equivalents)| . . . . .
Tumour cell ) . hybridisation | reassociation | reassociation
/diploid quan- : :
tity host DNA
EBV ["Raji" 50 + - - Zurhausen et al.(1970)
HKLY-1(nc) 26 + - - "o he = Nasopharyngeal
Carcinoma
HKLY-2(nc) 20 + - - t
D75 (BBrIR) 188 R - - "
BL 26 - - + Zurhauwsen et al(1970)BL = African Burkitt's
B2 2y _ _ . " lymphoma
nc 19 _ - - + 1"
nc 6 - - + ) "
Raji 60 + - - Glaser & Nonoyama('72)
Raji 6 - - + Zurhausen & Schult- ([labelled virus DNA
Holthansen (1970) |double-stranded and
- of low specific
_ activity
Raji 57 + - - Nonoyama & Pagano
(1971)
Raji 50.8-52 - - Nonoyama & Pagano

(1973)




Table 1:1 contd.

No. of virus , ‘
Transformed | genome copies CRNA-DNA virus - virus
{Virug or - |(or equivalents) hvbridisation DNA-DNA DNA-host DNA Reference Comments
' Tumour cell |/diploid quan- y reassociation| reassociation :

tity host DNA ' ‘

SV40 |SVT2 1.52 . - - + - Gelb et 2l1.(1971)
SV40. hamster 2.08 - + - " '
tumour '

SV-UV-15(5) 3.86 4 - + - "

SVpy3T3/1 1.42 | - + - "
SV-UV-15(1) 1.04 . + - "

SVT2 1.56 - + - "

SVT2 1.56 3 E + - Gelb & Martin(1972)
1SV-UV-15(1) 1.04 - + - "




(b) .

i'Tablg 1:1 contd.

. { No., of virus }
_ Transformed | genome copies CRNA-DNA virus virus
Virus or (or equivalents) hybridisati DNA-DNA DNA-host DNA Reference Comments
Tumour cell | /diploid quan- .:y rais 9n reassociation| reagsociation
tity host DNA -
SV40 | SV3T3 8-9 - + - Ozanne et al(1973) the qyantity of 3.9
: —— 2 .
x 10 daltons for
host DNA used for
calculations
SVT2 2.2 - + - " '
Svlol 8-9 - + - "
SVB30 6.1 - + - "
Sprll . 1.3 - + - "
1 F18V101 8-9 - + - "
CA41.6 8-9. - + - o,
CASO o4 8—9 - + - "
CA32.6 8-9 - + - . "
SV3T3-47" 20 + - - Westphal & Dulbecco
' (1968)
SVPy3T3-11 44 + - - " doubly infected
cell (polyoma
H - _ "
>0 o8 * | and SV40)
SV3T3 20 + - - Sambrook et al(1968)




- No. of virus
Transformed |[genome copies CRNA-DNA virus . virus
Virus or (or equivalents) hvbridisation DNA-DNA DNA-host DNA Reference Comments
Tumour cell ydiploid quan- y s reassociation | reassociation
tity host DNA
" |Adeno-| Ad2/F2 T
virus l(\gg%;/cell} 50-150 + - - Dunn et al(1973) In situ hybridis-
t imat
(10fu/cell) | | ation estimates
Ad2/8617 0.98-1.04 | _ n Pettersson &
0.79-1.00 ‘ Sambrook(1973) -
Ad2/8617 2.7 + - - Loni & Green(1973) In situ hybridis-
ation estimates
Ad7/5728 10.7 + - - " "
‘| Ad12/HE/9 5.5 + - - " "




(c)

Table '1:1 contd.
Transformed No. of vir:s virus virus
Virus 2ro %ezozzuiszlzzts) cRNA-DNA DNA-DNA DNA-host DNA Reference Comments
o . .
Tumour cell |/diploid quan~. ’hybridisat%on reassociation reassociat;on
tity host DNA
Adeno- |Ad2 23-29 + - - Greeri(1970) -
virug ‘
i Ad7 85 + - - "
Ad12 22 - - o
Adl2 hamster 22 + - - Green-et al(1970)
A -
dl2 trans 5360 + - - "
formed
-{Ad7 hamster 86-97 + - - "
tumour
Ad2(8617) 22-30 + - - "
Ad2(8629) 29 + - - "
Ad2(8638) 14 + - - "
Ad2(8625 ’ 37 + - - "
Poly- | Py3T3-6 5 + - - Westphal & Dulbecco(1968)
oma
Py8 7 - - "
Svpy3T3-11 10 + - - " Doubly infected cell
(polyoma and SV40)




Table 1:2

' (a) Human Adenoviruses

] Particle weight

xlO6 daltons

Diameter of
virion mp

% DNA
DNA, m.w.,
x106 daltons

DNA conformation

No. of polypep-
tides

Host cell for
productive infec-
tion

Host cell for
transformation

175
80
12-13
 20-25
linear duplex
9
human

hamster, rat,
human

(b) Human Adenoviruses

Group Members ' Oncogenicity ~ %DNA
A . Adl12,18,31 "highly oncogenic" ‘v11.6-12.5r
in newborn hamsters
. . i
B Ad3,7,11, "weakly oncogeénic" . 12.5-13.7
: 14,16,21 in newborn hamsters -
: (all but Adll)
o Ad1,2,5,6 ‘"non-oncogenic' in i2.5-13.7
' newborn hamsters but
morphologically

transform . rat embryo
cells in vitro

- Viral DNA

% G+C

48-49

49-52

57-59

(a) Taken from

Green (1970).




Somevof thé discrepencies do appear to be due to technical
factors (é.g. Haas et al., 1972) although it is unlikely that they
can all be explained in this way (for a fuller discussion see
Chapter 111, Discussion pgé.\ Q_q ).

Work described in this Thesis was undertaken with a view to
measuring and locating Adenovirus DNA in particular transformed or
tumour cells by various techniques in order to attempt fo settle
questions of the sort outlined this far. The basic methédology
employed was cRNA—DNA hybridisation. Its advantages are as follows:
ease of synthesis of highly rédioactively—lébelled complementary RNA
to the virus DNA template; the detectfbility limits involved with
molecular cRNA-DNA hybridisation can be large; and cRNA.-DNA_
hybridisétion in situ is poésible allowing single cells to be
studied, potentially to determine cytological localisation of Viral.

nucleic acids.

CHOICE OF ADENOVIRUS SYSTEM

For technical reasons the Adenovirus system.was easier to study
than éome other mammalian DNA virus systems: Adenoviruses can be
readily grown in Human Embryonic Kidney (HEK) or Hela cells which
greatl& facilitates their isolation; the virus genome is relatively
large (W20-25 x 106 daltons) facilitating'detecﬁéon and isolation;
and Adenovirus stoéks, tumours and transformed cells could be
obtained (see Materials and Methods). »They are indigenous to man
(Pereira et al., 1963; Ginsberg, 1962); and as previously mentioned
the human serotypes differ in oncogenic potential (Trentin et al.,
1962;- Green, 1970; Huebner, 1967). The basic features of human

Adenoviruses are presented in Table 1:11.



INTEGRATION OF VIRUS DNA WITHIN CELLULAR DNA OF TRANSFORMED AND
TUMOUR CELLS

Although quantitative estimates of virus DNA in many different
virus-transformed or tumour célls vary, estimates for individuél cell.
lines are constant éven through many cell generations. For instance,
' the "Raji" human cell line derived from an African Burkitt's
lymphoma always poésesses in the region of 50 EBV génome copies even
after several periods of cloning (Klein,‘1975; Pagano, 1974).

This does suggest that virus DNA replication, outside mitosis, is
unlikely to be a feature of these cells; and that the virus DNA may

' be.’associated with the host cell DNA: possibly. integrated with it.

If this is generally the case then an important feature of transfor-
mation or tumourogenesis is likely to be virﬁs'DNA associations

with chromosomes which could provide the means by which the virus DNA
in transformed cells, for example, is nbt only stably inherited
(Green, 1970; Marin and Littlefield, 1968; Marin and Macpherson, 1969),.
but influences and is influenced by the control mechanisms inherent in
their structure. Some of the evidence for viral integration with
host cell DNA will now be discussed.

a) Association of virus DNA with cellular DNA

Infectivé native SV40 DNA exiéts as é superhelical. twisted
circular molecule. Thése structures are found in productively
infected cells (Sebring et al., 1971). Howéver; they .are not found
in SV40 transformed cells (Sambrook et al., 1968; Westphal and
Dulbecco, 1968). In addition, by applying a DNA extraction method
which separates infective virus DNA from cell DNA (Hirt, 196%), the
above authors showed that SV3T3—transfofmed cells do not possess free

virus DNA in detectable amounts either. . Chromosomes, however,
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possess the same amount of SVv40 DNA sequences as total nuclear DNA;
and alkali—stable covalentllinkages exist between the virus DNA and
the host DNA which suggests that virus DNA becomes covalently
integratgd into the chromosomal DNA in these transformed cells.

Covalent 1ihkage of virus DNA sequences to host cell DNA
sequences has also been sdggested by alkaline CsCl gradiept
centrifugation followed by SV40 cRNA hybridisation (Collins and
Sauver, 1972). ‘“These authors'showed, moreover, that virus integration
appears to be independent of cell DNA synthesis, aAfinding complemented
by Doerfler'(1970) who demonstrated that ihtegration.of Adenovirus 12
into‘Baby Hamster Kidney cellular DNA was independent of host DNA
synthesis. | |

For EBV DNA in non-producer Raji cells, this does not appear to
be the case since a large percentage of virus DNA is‘separated from
host DNA on alkaline glycerol grédients (Nonoyama and Pagano, 19725.
This, however, dbes not preclude the possibilitiés that the virus and
cellular DNAs are associated through alkali-labile bonds; that a
small percentage of the EBV DNA is associafed in alkali-stable bonds;
thaf EBV DNA contains nicks 6r single strand interruptions that are
alkali—labile; a strong possibility since another Herpes virus, Herpes
Simpiex, is suscéptible to alkali treatment (Frankel ;nd Roizman,
1972) and may possess ribonucleotide regions (Biswal et al., 1974).
Bvaay of clarifiéation, Adams et al (1973) and Adams and Lindahl
(1975) have recently shown that a sméll percentage of EBV does appear
to integrate with host celi DNA, while the rest of it is separable

from host DNA.
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Very much less is known ébout the Adenovirus group although »
Green (1970) has suggested that Adenovirus DNA is.infegratéd>into
host cell DNA in several Adenovirus transformed cell lines since
DNAs isolated from cﬁromosomes and ﬁuclei have the same virus DNA
content.. These are unpublished resulfs however and remain fo be
confirmed. |

The difficulties with all.these experiments lie first of all
with the detectibility limits and secondly with the fact that
advantitious DNA binding can never be ruled oﬁt completely. Thus
failure to detect virus DNA in certain DNA fractions might be due to

. technical limitations and co-migration of virus DNA with high-
molecular weight DNA might, in some cases atvleast, reflect non-
specific DNA-DNA interactions.

b) Association with host cell chromosones .

1. Association of virus-specific functions and chromosomes.
Somatic cell hybrids can be formed by fusing mammalian DNA
virus.transformed or tumour cells with normal cells (Glaser and
vO'Neill, 1972; Glaser and Nonoyamg, 1972; Glaser and Répp, 1972;
Weiss et al., 1968; Marin and Littlefield, 1968; Weber, 1974;
Huenber and Kowprowski, 1974; Klein gﬁngl., 1974). Three reports
in particular, have a direct bearing on the pérsistence of'virus
DNA within cells and its association with host cell chromosomes.'
In the first report, two variants of BHK21 cells were used:
one lacking inosinic acid pyrophosphorylase (IPP) and resistant to
6-thioguanine, the other lacking thymidine kinase and resistant to
5~bromodeoxyuridine (Marin and Littlefield, 1968). ,A hybrid was

obtained which was sensitive to both analogues and had twice the
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normal BHK chromosome number. After transformation with polyoma virus,
an IPP—deficient subline was isolated. This hybrid possessed trans-
formed properties. However selection for resistance to either
analoéue resulted in chromosome losg. ‘In 6-thioguanine resistant
clonés, a loss of chromosomes also resulted in a proportion of cells
which posséssed normal cell characteristics, for example réduced
plating efficiency in agar. Two of theSe clones élso lost the
polyoma T—anfigen and were less tumourogenic than related transformed
cell lines. Upon reinfection however these clones became transformed
and polyoma T-antigen became re-detectable (Marin and Macﬁherson,
1969). | These results were interpreted to indicate that selectioﬁ

for loss of the chromosome(s) controlling the synthesis of IPP

brought about, in a few cases, the loss of chromosomal factors
controlling the transformed phenotype. _ in the '"revertant" clones
with "normal" phenotype, about 20% of the chromosomes of the hybrid
had been lost. This suggests thét the polyoma genome, or at least
soﬁe virus-mediated controlling function,:is associated with one or

a few chromosomes in the karyotype. fhis is a slightiy different -
conclusion from that of a conceptually similar experiment carried out.
by Weiss et al. (1968) who demonstrated that hybrid cells formed
between SV40 transformed human cells and normal mouse cells s&nthgsised A
SV40 T-antigen; but upon extended cultivation and after nearly all
human-chromosomes had.béen lost, this synthesi§ was no longer detectable.
Virus or virus-mediated gehe expression therefore appéars to be corr-
elated with the presence of several host cell chromosomes in this

case. Klein et al. (1974) have also shown thét EBV-determined nuclear

antigen (EBNA) and other EBV-associated antigens are not synthesised
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in hybrid clones - originally derived from the fusion of an EBV DNA
positive lymphoblastoid cell line with a mouse cell line - which have
1qst several human chromosomes. They conclude therefore that while
EBV DNA may be associated with several human chromosomes, it is not
associated with them all.

Conclusions derived from the above experiments, while generally
valid, may not be valid in detail/ howeveré particularly in view
of the fact that the authors failed to identify the chromosomes
uﬁambiguously. Association of T-antigen expression, fqr example, 
with several chromosomes might be a misinterpretatién sincé specific
chromosomes might be ré&ained preferentiall&. For-fhe SV40 trans-—
formed human cell - normal mouse cell hybrids’studied by Weiss et al.
(1968) this does appear to be the case since there is'preferential
retention of human chromosome 7 which is also the only one to be
consistently associated with SvV40 T-antigen expression (Croce 33.2i°’
1973). Virus gene-expression may therefore be associated with only
one or two chromosomes in other hybrid qells also (e.g. Klein et al.,
1974).

* virus T-antigen expression and its association with chromosomes
of the transformed or tumour cell has also been'suggeSted by chromo--
some transfer techniques. Met#phase chromosomes isolated from an
inducible SV40 transformed Chinese hamster cell line, with no detect-
able infectious virus or free virus DNA, on transfer to permissive
BSC 1 cells, bring about the appearance of SV40 T-antigen in one'cell
per 104 treated cells (Shani et al., 1974). This is unlikely to be
due to transfer of T-antigen alone since-activation of the antigen
in the permissive cells is wholely dependent on the integ?ity of the

chromosomes during transfer.
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2. Virus-chromosome interactions.

Viruses can have visibie effects on host cell chromosomes of
subsequently transformed cells. These effects can be random or
non-random. Thus, early after infectioﬁ of hamster cellé with
Adenovirus 12 or 2 there is a gradual appearance of stable chromo-
some aberrations in the subsequently transformed cells (Stich and
Yohn, 1970); and some of these cells possess ﬁew marker chromosomes.
Many other transformed cells also possess chromosome éberrations and
breakage is frequently a feature of the original exposure of the
cells to virus (e.g. see Jones, 1974; McDougall, 1975). That
chromosome breakage may reflect virus integration is suggested by a
few findings. During product%ve infection, for example, chromo-
some breakage has been reported (McDougall, 1971; Zur Hausen, 1967;
Cooper et al., 1967; Stich and Yong, 1967) and integration also
appéars to be a regular feature of productive infection. However,
chromosome aberrations and breakage in transférmed cells can also be
caused by agents other than viruses: for examplevx—rays (Caspersson
et al., 1972), inhibitors of DNA synthesis (Benedict et al., 1970)
which act during the cell's G2 or S phase (Karon and Benedict, 1972),
and chemical carcinogens (Nichols, 1966; DiPaolo et 21,, 1973).
However the fact that certain DNA inhibitors appear to be incorﬁorated‘
into host DNA while they cause chromosome breakagé (Karon and Benedict,
1972) and the finding that X-rayed cells are more prone to transfor-.
mation by DNA viruses (Stocker, 1963) as are cells with spontaneous
chromosome aberrations (Todare et al., 1966; Swift and Hirshhorn,
1966) suggests that virus integration.may occur via chromosome

breakage. i1f this is so, then virus release (during rescue with
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permissive cells for example; or during induction with agents such
as mitomycin C or BUDR) may occur via chromosome breakage also.
This is supported by the findings that induction of .virus in éome
tfansformed cells by DNA analogues is accompanied by the chromosome
breakage. Furthermore,vit has been demons trated that amino écid
deprivation can result bofh in chromosome breakage (Freed and
Schatz, 1969) and induction of infectious SV40 from transformed
hamster cells (Kaplan EE.El" 1972). There is thérefore a tentative
correlation between- integrative mechanisms and chromosome breakage.
3. V'Association of virus DNA with chromosomes.

In the non-lytic infection of hamster'cells (BHK Zl'and NIL)
with 3H—Thymidine—-labelled Adenoyirus»lz, association of grain; with
chromosomes was observed (Zur Hausen, 1968). The label was in grain
clusters which were absent from non-inducible rat kangaroo celis
infected Qith the same virus, thus suggesting that the association
of grain clusters with chromosomes repreéented‘integration of virus
DNA. After UV irradiation (Zur Hausen, 1968) which reduces the
infectivity of the virus in permissive cells, this chromosome assoc-
iation was still obsérved suggesting that'integration is not éffected
by UV prosure. Since, in several éases, transformation is resistant
to W irradiation (Latarjet et al., 1967) whereas virus assembly
or infectivity appears to be affected, the inability Qf uv ﬁo affect
the association of virus DNA label with chromosomes can be explained
on the basis that initiation of transformation and virus DNA integration
are correlated. In line with this is the finding that even early
virus functions, such as virus DNA replication, are post-integrative

(Doerfler, 1968).
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'By studying the early infection of cultured human leukocytes,
which are non-permissive, with 3H—Adenovirus 12, Nichols g&_g&.,(lQGS)
found a random association of grains with host cell chromosomes.

However neither the experiments of Zur Hausen (1968) nor
Nichols (1968) can rule out the possibility that the label associated
with host chromosomes repfesents binding of virus DNA to host
chromatin. Té this extent they are somewhat inconclusive.

4. The use qf_ig'giﬁg hybrid;sation.

Non-specificity can largely be circumvented by the application
of thé 1£.§1£g'hybridisation method (see Chapter 111, section 1V).

The advent of this technique (John et al., 1969; Gall and Pardue,
1969) with its inherent molecﬁiar and cytological specificity, has
enabled the precise chromosomal mapping of specific nucleic acid
sequences.' Correspondingly it Ims been utilised in attempts to

detect virus-specific DNA séquences associated with host cell
chromosomes. Thus attempts have been made to localise EBV DNA

(Zur Hausen and Schulte;Holthasen, 1972); SV40 DNA (Oda et al., 1972);
and Adenofirus DNA (McDougall et al., 1972b; Dunn et al., 1973;

Loni and Green, 1973; Green, 1970) within transfofmed or tumour
karyotypes. |

The results of such attempts tend to suggést a random distribution
of virus DNA throughout individual karyotypes. However itvis‘unclear
whether some of thése results are wholely inteqnetablé on this basis.
Some pointers suggest they might not be.. First, the evidence from
somatic cell hybridisation studies in general suggest a less wiée
distribution of virus DNA in vafious karyotypes. Second, in some

cases, and especially where. there is no distinct chromosomal location,
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the results of in situ hybridisation experiments are inconclusive
(see Jones and Bishop, 1973 for example).

part of the difficulty in interpretating igisitu hybridisation
results of this kind lies in the nature of the technique itself and
our limited knowledge of its efficiency. Thus although convention-
al molecular hybridisatioﬁ fechniques such as DNA excess or RNA
excess hybridisation can be characterised with respect to their
reaction parameters (als§ see pg.~74p ) it is more difficult to do
this for 12 §1£2 hybridisation reactions bécause of the complications
arising from the fact that the DNA '"targets" are embedded in the
chromosome. Reflecting this difficulty, Qery few studies have
commented on how the actual process of in situ hybridisation compares
with other nucleic acid hybridisation techniques. Nevertheless,
with these reservations, ig_giﬁg_hyﬁridisation can be a very useful
technique in the present context because of.its inherent specificity.
However, because even the largest estimates of virus DNA in transforméd
or tumour cells are relatively low (Table 1l:1) and because of some
uncertainty in previous results (see above) it was consideréd important
to determine wheiher individual in situ hybridisation reactions_behave
as cpnvenfional hybridisation reactions which can be optimised, thus
increasing thé chances of detecting virus DNA. These experiments are
described in Chaper 111, section 1IV. Experiments iﬁvolving in situ
hybridisation under optimal conditions to cells containing virus DNA

are described in Chaper 111, section V.
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SUMMARY

The persistence of virus DNA is a general feature of virus-
transformed or tumour cells. Although for a variety of virus-trans-
formed or tumour cells the amount of virus DNA varies, it is clegr
that it can be subject to replicative and transcriptional controls
(also see Chapter 1IV) which themselves are likely to be inflﬁenced
by both virus and host cell. The actual virus DNA amount in
individual cell lines or tumours is particularly imbortant to estimate
since it could reflect a basic feature of the transformation or
oncogenic process. Furthermore, it is evident that the virus‘DNA
has associations with chromosomal ‘and/or cellular DNA sequences.
This, as well, may have important implications for both transformation
and oncogenesis. From this point of view, in situ hybridisation
possesses great potential. The following'chapter deals with the

points raised here.
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CHAPTER IT (MATERIALS AND METHODS)

MATERIALS
a) Cells
Human Embrybnié Kidney cells were obtained from Foetuses donated by

Dr. Brock, Western General Hospital, Edinburgh.

Adenovirus 2 transformed célls were donated by Dr. P. H. Gallimore;

Dept. Cancer, Birmingham.. The lines were as follows:

Ad2/REB/10p/BI Rat emﬁryobbrain céils iﬁfected at a mo.i.'of-10pfu/céll.
Ad2/REB/50p/BI Rat embryo brain cells infected at a mo.i. of Bpru/cell..
Adenovirus_? traﬁsformed hamster_ceils-were obtainéd from Flow"

laboratofies, England: -cat. no. TT-103.:

b) Tissues
1. Human placental tissue was obtained for the preparation of

human DNAffrom the Simpson Maternity Pavilion in Edinburgh.

2. Tumours or cells dgfived_frém tumours were obtained és follows: .
Ad2/HL REF/BQp/T5, or Ad2/T5 for short,Awas induced in new born Hooded
Lister (HL) ratg,by inoculating Adenovirus-Z transformed cells (fibroblasts)
originally infected at 59pfu/ce11 into them without_immunosupressidn.-
(Not the same as Ad2/REB/50p/BI) |

Adé/HL REB/EOp/Té? or Ad2/T6 fér short,.was induced in new. born Hooded
Lister fats by inoculating Adenovirus 2 trénsforﬁed cells ériginally
infected at 50pfu/cell into.them without immunosupre551on.,(th the
same as Ad2/REB/50p/BI or cells inducing Ad2/T5.)

Ad2/T4 was a tumour induced by the inoculation of Adenovirus 2
transformed cells into newﬁorn'Hooded Lister ‘rats under conditions

of immunosupression. In tﬁis case the original transfdrméd cells

were infected at a m.o.i. of 10pfu/cell and are identical to the

Ad2/REB/10p/B1/



Ad2/REB/IOp/BI line described above.

Ad12/TI was an Adenovirus 12 tumour induced by innoculating purified
Adenovirus 12 virus into newborn Hooded ILister rats at an infectivity

8 9

of 2x10" - 2x10” p.f.u. in HEK cells. No immunosupression.

Immunosupression is necessary in certain cases of tumour induction by

the "non-oncogenic" Adenoviruses (see Table 1.2) (Gallimore, 1972; 197k).

3. Viruses

In the main, three Adenoviruses, each one belonging to a different
serotype group (see Table 1.2), were used in these studies: Adenovirus 2,
Adenovirus 7, and Adenovirus 12. All orig;nal stocks of these viruses
were a gift from Dr..J. K. McDougall, Depf. Cancer Studies, Birmingham.
In addition to thése viruses, Adenovirus 5, which was a gift from

_Dr. J. Williams, MRC Virology Unié, Glasgow, waé also used in certain

experiments.

Unless otherwise stated; all chemicals were obtained from British

Drug Houses (B.D.H.).



METHODS

The methods section’is divided into subsections whichAcorrespond
roughly to the different sections of the subsequent CHAPTERS III and
IV. Methods are arranged essentially in order of their appearance in

the Thesis.

SECTION 1

1. Culture Media for cells

a) HEK cells were grown and maintained in F10 medium (Ham, 1963)
supplemented with 10%tryptose phosphate broth (DIFCO Labs.) and

10% FCS or 10% FBS. (Biocult Ltd., Glasgow).

b) Hela cells were grown in Eagle's MEM (Hanks based plus nan-
essential amino acids), supplemented with 0.1% NaHCOB, 0.13mg/ml
streptomycin, 60ug/ml penicillin, and 10% FBS. Normal mouse cells,

rat cells and transformed cells were also grown in this medium.

c) Eagle's MEMS plus 5% FCS or DFCS was ﬁsed in transformation

experiments. (Gallimore, 1974).

d) Tumour oells, derived from induced tumours, were grown in Eagle's
MEMS which was supplemented with 10% FCS, sodium pyruvate, and 2xamino

acids plus vitamins.

2. Culture-Preparat%on of Tumour Cells¢

Tumours were excised from fhe sufrounding raﬁvtiésue>éﬁ& were
macerated with sterile scissors. The macerate was washed with
Dulbecco A (Oxoid Ltd. London) and the celis suspended in Dulbecco A’
without the need for trypsin. The cells were then pelleted by low
speed centrifugation for 2-3 minutes, and resuspended in Dulbecco A.
The cell suspension was agitated and a sample counted to ascertain

the number of cells present. MEMS ( supplemented) was warmed

to/



to 37°C and added to the cell susvension. After addition of ahtibiotics,
the cell suspension plus new medium was added to litre, sterile burler
bottles. Cells were grown at 3700, with the medium being changed

every three days.

3. Extraction and Preparation of DNA from whole tissues

Modification of the method of Marmur (196%) was used. The procedure

is described in Prosser (1974). Tissues were cut upy minced and

placed into saline EDTA at 0°C and washed several times'to remove

any blood. The connective fissue of tumours, of placenta, was

removed and the remaining tissue homogenised in a loose-fitting

glass Teflon homogenizer (approximately 5ml saline EDTA to each

gram of tissue). SIS was added to a final concentration 6f 2%, and
the mixtﬁre incubated at 6Q C for 10 minutes. Sodium perchlorate

(5M) was added toa final concentrationnof 1M. Then a 1/10.of a volume
of chloroform-isoamyl alcohol (24)1:v/v): phenolﬁas‘aaaéd and the solution.
agitated for about 4 hour. After shéiing, the material was centrifuged
" at 10K rpm (12,0006) for 10-20 minutes in the Sorval (RC2 B) at 4°C.
The top layer was withdrawn with an inverted pipette. and transferred

to a beaker. Two volumes of absolute ethanol were carefully over-
1a§ered on the DNA solution. The crude~DNA'was washed through an
alcohol series, air dried and finally dissolved in 0.1%xSSC. . After

dissolving, 1/10 volume of 10xSSC was added followed by solid NaCl®

to a concentration of 1M. RNase (Sigma) in é% Na acetate pHS.O,
(concentration: éOmg/ml)was heated to 100°C for 5 minutes, chilled to
room température and added to the DNA solution to a final concentration
of 50ug/ml. If the starting tissue was liver, an amylase (Sigma)
digestion step wa included at a concentration of 200ug/ml. This

enzyme was added at the same time as the RNase. The solution.was

incubated/



incubated for 3-4 hours at %7°C. ProteaseA(Sigma) was then added to

a final concentration of 40Oug/ml, and the digestion carried out for

up to 6 hours at 3700. The solution was then shaken with chloroform-
isoamyl alcbhol:phenol, 1:1, and centrifuged as before. The aqueous'
layer was remo&ed and the deproteinising step was repeated until no
protein interphase was observed between the two layers. In order to
precipitgté the DNA from the solution, acetaté EDTA (3M Na acetate,

0.007M EDTA), pH7.0, was added (1/10 volume) followed by isopropanol

(0.56 Volume). The DNA was épooled out of solution, dehydrated through an
alcohol series, air dried, and dissolved in the desired solvent

(e.g. O.1XSSC).

L. Extraction and Preparation of DNA from tissue culture cells

Cells were grown to confluence, or nearly so, in Petri dishes or in
1 litre burler bottles. They were then washed several times in
Dulbecco A to remove culture medium. Trypsin (0.25% in Dulbecco A)
‘was added and the cells incubated at 3700. Detached cells were
centrifuged in an MSE benbhvcentrifuge at 5K (approx. 2,300 rpm) for
5 minutes. The supernatant was removed and the cells washed again
with Dulbecco A. After a second centrifugation, DNA was extracted
either by the modified Marmur.method (see above) or as follows. The
pellet was carefully resuspended in a small amount of residual |
‘supernatant. Protease (Sigma) was made up in 2xSSC  (200ug/ml),
digested at 37°C for 30 minutes, adjusted to 0.1% SLS, and added to
the cells‘suspension which was. incubated at 37°C for 2-3 hours.

4ml aliquots of this solution were then made up with 5.12 gm CsC1
(BDH, analyticall& pure) and centrifuged for 4o ﬁours at 40K rpm at
25°C. Fractions were collected, diluted with 0.1xSSC, and their
optical densities (260nm) determined. The fractions containing the

DNA/



DNA peak were pooled and pelleted for 18 hours at 30K rpm in the
3x20 swing out rotor of the MSE 50 ultracentrifuge. The DNA was
redissolved in 0.1xSSC or other required solvent.

5. Preparation of Micrococcus luteus DNa

TOgms of M.Luteus cells (Sigmaj were mixed with 100mls of 0.07M Tris
pH8.0 at room temperature in an MSE blender for 1 minute. The Qashed
cells were pelleted in the Sorval for 10 minutes at 10K rpm. The cells
were resuspended in 0.01M Tris, 0,2M sucrose pH8.0 and the solﬁtion
made up to 200mls. 75mg of lysozyme were made up in 1.5ml Tris-sucrose
buffer andvthe solution heated to BOOC. This lysozyme solution

was then added to the M.Luteus solution and thé mixture heated ét 30°C
for 15 minutes, 0.25ml of 0.01M Mg012 were added and thé mixtﬁre left
for 30-40 minutes. During this time 100ml of 0.45M NaCl, 0.3M EDTA
pHB8.0 were made up and to this solution, 12ml of 25% SLS were added.
This solution was then heated to 60°C. The heated solution was now
added to the M. Luteus solution after the 30 minute incubation with
MgC1,,. The mixture was mixed thoroughly. After lysis, 78mls of 5M
NaClOu and 4Omls saturated Tris pH8.3 were added. The DNA was then
deproteinised by shaking with phenol-chloroform, 1:1;'precipitated,
-and purified by the method for méking DNA  from whole tissues.

6. The presence of contaminating RNA was checked by alkaline

digestion of a sample of DNA. Approximately 50ug/ml of DNA was treated
with 1/10 vol. of 6N KOH at 3700 fof 1 hour. 1/10 vol. of coﬁcentrated
P.C.A. was added and the sample then left on ice for apﬁroximately

20 minutes. The sample was cent%ifuged at 10,000 rpm for 10 minutes

to precipitate the DNA and the potaésium perchlorate. The optical
density (260nm) of the supernatant was determined after careful

decanting. Only DNA samples. that were uncontaminated with RNA were

used/.
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used. Usually, after alkaline digestion and acid precipitation
‘of the DNA sample, the supernatant O0.D. was negligible.

7. Growth of Adenovirus in cell cultures

Adenovirus was passaged in human embryonic kidney cells (HEK) or

Hela cells. Cells were infected at virus multiplicities of 50-100pfu/cell.
After usually 48 hours, the infected cells - were disrupted by

ultrasonic treatment and 2gm. of CsCl (B.D.H., analytically pure)

were added to approximately 4ml. aliquots of virus/cell extract. The
samples were then centrifuged to equilibrium in a SW65 rotor in a
Beckman L2-65B ultracentrifuge. (Russell et al.; 1967). After‘several:'
centrifugations in CsCl the virus band was dialysed~againsf 0.01M

Tris pH7.2 for up to two days at 4°C. The virus particles were left

for a fuither three days in the Tris buffer and the DNA extracted after
this time. |

8. Purification of Adenovirus DNA (Levine and Ginsberg, 1967)

The DNA was extracted from virus particles by a modification of the
procedure of Borenfreund et al. (1961). The virions wére disrupted
by 1% SLS incubation at 4°C for 30 minutes. 0.25M 2-mercaptoethanol
was added and the mixture sh'aken for 30 minutes at 400. Pronase
Oﬁg/ml) was added and the solutioﬁ shaken for a further 66 minutes
at 3700. Two volumes of chloroform—isoamylalcohol (19:1) were added
and 1 vol. of this mixture was added to 1 vol. of water-saturated
phenol. The mixture was shaken for 10 minutes,at’roomvtemperature;
Afterccentrifugation at 10,000 rpm for 10 minutes, the adueous phase
was removed and re-extracted. The aqueous phase, after the second
centrifugation, was removed and the DNA prebipitated with 2 volumes of
absolute alcohol. The precipitated DNA was then centrifuged at
10,000-rpm for 10 minutes, the supernatant discarded, and the

precipitate redissolved in about 1ml of 3mM NaCl. The dissolved DNA

was/



was re-precipitated with alcchol and the pfecipitate again centrifuged.

9. Analytical centrifugation and determination of initial buoyant densities

Centrifugationlwas carried out in the Beckman Model E Anmalytical
Ultracentrifuge for 18 hours at 44K rpm at 25°C. ‘Ulfraviolet photo—
graphs were taken and traced on the Joyce Loebel microdensitometer.
The densities of the DNAs in neutral CsCl were determined from the

position of a marker DNA added to the gradiénts. ‘(Usuélly.M,Luteus

DNA, 1.731gm?cmj?).

0.89gm CsCl (B.D.H. analytically pure) were added to O.7ml DNA soiution
(0.1x85C) containing Sug DNA and the density was brought to 1.710gm/cm—3v
(10%10") by refractéometry and acéording to fhe:relationship: |
25 _ 10.8601 Nd25-13.4974 (11£t, Voet, and Vinograd, 1961) where

P25
25

p is the buoyant density at 25°C, N~ is the Refractive index at 25°C.

Analytical runs were usually carried out by Mr. I, F. Purdom, Gthis lah)

10. Thermal Denaturation of DNAs

Denaturation was carriéd out in a Unicam SP800 Spectrophotometer.
Variable and constant temperatures were achieved with the Unicam
temperature programmer (SP876) and heating block (SP877) attachmeﬁts.
Readings of optical absorbance were taken on a linear recorder'kSPZO)

via ascale expander (SP850). Unicam microcells (tOmm path length and
0.45ml volume) .were used to hold the DNA samples. These cells were held.
inAthé heating block and the holders fitted with a clamping device to
seal the cells and prevent evaporation. The sample.of DNA, and a reference
sample, wére degassed by téking the samples up in a 1ml syringe,

blocking the needle with a rubber stopper, creating-a_vaCuum-in the
syringe, and tapping out the air bubbles. The temperature of the heating
block was raised at 16C/minute until the hyperchromicity reached a
plateau. The time was recorded on a print-out chart. The bercentage

increase/



‘increase in hyperchromicity was plotted against temperature (°c).

in
DNAs were denatured/imM ERTA (Spiers, unpublished), or in 1xSSC.

11. Single stranded molecular wéight deterﬁination

The méthod of Studier (1961) was employed. Equal volumes of DNA
(200ug/ml) in 0.1xSSC and 0.2M NaOH in 0.1xSSC were mixed and left

for 2 hours.af room temperature. The alkaline DNA solution ( 20ul)

was sedimented through O0.9M MaCl, 0.1M NaOH (700ul) at constant velopity.

The single strahded molecular weight was determined from the . .S of ,

20w
the DNA according to the formula: |
Elog 205y * 1.05453 ; o
Molecular Weight (M.W.) =( ) , Allowance was made
1og_4 E~~-°‘346 ; '

for temperature and salt concentration as described (Studier, 1961).
Mr. J. Telford or Mr. I. Purdom performed the moleéular weight
determinations.

12. DNA renaturation

DNA was purified and checked for RNA contamination. Only DNA in which
there was negligible contamination by cold alkali soluble material was
used. Aliquots (15ml1s.0.1xSSC) were sonicated for 15" pulses with
intef&als of 2 minutes between pulses to a total of 1'30" sonication
with a Dawe sonicator (position 8). After sonication, the DNA was
precipitated>by the addition of 2 volumes of absolute alcohol and 1/10
volume of 2M sodium acetaté pH5.0 and left at -20°C for a minimum
period of 2 hours: The DNA was collected by centrifugatioﬁ at 10,000
rpm for 15 minutes in the HB4 rotor éf the Sorvall. The pellet was
dissolved in 0.3M NaCl, 0.01M sodium acetate (Column buffer). The
solution was loaded onto a 2.5cmx%#5cm column of Sephadex SE50, swollen
in the.same buffer. The DNA was eluted with column buffer and the

optical densities of each fraction determined. The peak fractions were

pooled/



pooled and precipitated with 2 volumes of absolute aclohol and stored
at_—ZOoC. The precipitate was collected by centrifugation and the
DNA dissolved in the desired solvent (e.g. 0.1xSSC). For renaturation,

the concentration of the DNA was generally 10-20mg/ml.

The average molecular size of the sonicated DNA was in the region of

10”daltons (Alkali single strand).

DNA renaturation was generally carried out at 65°C or 70°C in 2xSSC
(Bishop, 1972).‘ The DNA, dissolved in 0.1xSSC pH5.5, was denatured

by heating in a boiling water bath for 7 minutes. A control sample

was withdrawn and diluted in 0.1xSSC pH7.5 (ice-cold). The rest of the
DNA solution Qas transferred to a water bath at the required temperature
of incubation, énd the solution left for 30 minutes to allow the
temperature to equilibrate. 20xS§C pH5.0 was added to the solutioﬁ to

a final salt concentration of 2xSSC. fter thorough mixing, zero time
points were taken and diluted in to icefcold 0.1xSSC. The liquid
paraffin was layéred on the fop of the DNA solutidn ana the reaction

itube was stoppered to avoid evaporation. Samples wére withdrawn at
different times and diluted into ice-cold 0.1xSSC. The final concentrétion
of the DNA in the 0.1xSSC was around 50ug/ﬁl.. Duplicafe samples for

each point were examined<in theUnicam SP800 spectrophotometer and the
absorbance of each sample was recofded from 320-230 nm at EOOC. Tﬁe
temperature was then raised to 90°C to melt the duplexes, and the

spectra of the samples again recorded. The rise in extinction, at 260nmm,
between BOOC and 90°C,_is due to the hyperchromicity of the double
stranded DNA and is therefore a measure of the améﬁht of renaturation
which has taken place. It is therefore poésible<to plot:

E260 (90)- E260 (50)

as a measure of renaturation.

B260 (90)
Fully/



Fully denatured DNA has 138% of the E260 of native DNA. From the

E260 (90) it is therefore possible to calculate the E260 native value:

E260 native = B260 (90) x100

138
The amount of renaturation which has taken piace at a given Cot value
cén thus be expressed as a percentage of the total possible renaturation
by:

Renaturation = E260 (90) - E26O (50) x 100

E260 (90) - E26Q (90) x 100

138
The percentage of renatured DNA can be plotted against Cot:DNA initial
concentration in: moles nucleotide/litre—1 times time in seconds (Britten

and Kohne, 1968)..



SECTION IT

1. In Vitro Transcription

a) Standard incubation mix: All glassware was washed in chromic acid,
distilled water, autoclaved overnight at 110°C, and then siliconised.
Radioactive nucleotides were obtained from the Radiochemical Centre,
Amersham, and unlabelled ones from Sigma. ZX.Coli DNA-dependent RNA
polymerase was obtained from Sigma or Miles-Seravac. In some experiments
enzyme prepared by Dr. J. O. Bishop (this laboratory) was used.

M.Luteus DNA-dependent RNA polymerase was obtained from Miles—Seravac.
Unless otherwise stated in the text or independent Figure legends, the
transcription mix was standard. With all four nucleotides labélled
(usually with specific activities: ATP, 20,Ci/mmote; UTP, 14 Ci/mmole; CTP,20.8
GTP, 10 Ci/mmole), this standard mix wasvas follows: o;1M Tris pH7.5,

0.5mMMnCl,, L4mMMgCl,, 1.6mt Spermidine, 70mM -100mMKCL, 2mM K,HPO),,

Snmoles each of ZH ATP, JHGTP, JHUGT, ~HCTP, and finally 2.5 wnits of

—_—

.enzyme. The final volume was O.1ml, and in addition to the above reagents,

it contained 1-5ug of high molecular weight native DNA.

For preliminary experiments this DNA was lyophilised in a 0.001M NaCl

. solution prior to addition of the incubation mix. Sometimes, however,

this lyophilised step was found to have serioqsveffects on the

commencement end rate of the transcription reaction after addition of the
énzyme. This was probably due to the delay in the_DNA coming into solution.
Consequently, for the majority of the transcription reactions, the DNA

was previously concentrated to fhe desired amount  in 0.001M NaCl before
being added to a previously made up reaction mix. Under these conditions

the reaction commenced immediately the enzyme was added (Figure II:I).

To/



Figure II:I.Transcription of Adenovirus 2DNA

by the E.coli DNA-dependent RNA polymerase

with the DNA(Iug) lyophilised(o-o) or

added in a 0.00IM NaCl solution(x—x) (see text)..
The incubation mix contained IOOmM Tris §H7.5;
2mM K,HPO,,0.IM KC1,0.0005M MnCl,,0.004M
MgC12,2.5 units enzyme,5 nmoles each of
ATP,GTP,CTP,UTP (all tritium labelled:I5-
20Ci/mmole) and the ?olume was made up

to 0.Iml with distilled water.Incubation’
was at 37°C,points being taken at
intervals during the reaction.The aliquots
were TCA precipitated(IOZ) and the
radioactivity‘determined by counting in

Toluene-based scintillation fluid.



* (SUTK) ARI.L

LeIIIt8TA L

os

o€ 0¢

01

B

RADIOACTIVITY (CPM) xI0 >

N
(9,

S¢

01

W

oY




i

To monito1r the incorporation of the radioactive triphosphates into

RNA, 2ul. samples were withdrawn from the incubation mix at certain
times and the amount of RNA determined by TCA preéipitation. Zero

time points were withdrawn before the enzyme was added to the mix.

The transcription reaction was carried out at 37°C_and Qhen the
incorporation reached a plateau,  the reaction was terminated by
chilling on ice. The method used here has been utilised by Jones et al.
(1974) &

b) Extraction and Purification of cRNA

cRNA was prepared in the above manner or as varied in the text or
Iegend Figures. DNase was added to the chilled transcription mixture
to a final concentration of Loug/ml (Lbul of a Img/ml solution made

up in 0.01M Tris pH7.5, 0,002M MgCl. and 10% dimethylsulphoxide and

2
stored at -20°C) and the mixture incubated for 10 minutes at 37°C.
Then 10ul of 1M NaCl and 10ul of 5%SIS were added énd the mixturé
incubatea for a further 2 minutes at 3700. Approximately 150-200ug
of carrier unlabelled E.Coli RNA were added and the RNAs extracted
with water saturated distilled phenol (BDH, analar). After vigorous
shaking, and centrifugation to separate the aqueous and phenol

1éyers, the phenol layer was re-extracted with an equal volume of
0.1xS5C. The combined aqueous phases were plaéed directly on a
Sephadex G-50 (Pharmacie Fine'Chem;aals, Uppsala) column (30cmx1.5cm)
preﬁiously equilibrated with 0.1xSSC. The RNAs were-eluted in
0.1xSSC at a rate of 1ml/S5 minutes, and:the fractions collected on an
IKB fraction collector controller, type 3403 B. The RNA peak was
1ocatéd by spectrophotometric reading at 260nm, and the-radioactivity-
of the cRNA monitored by TCA precipitation and counting in Toluene-
based scintillation fluid. The principal fractionsicontaining the

cRNA were pooled, lyophilised, and the RNA resuspended in the desired

_solvent./



solvent. In some experiments the pooled RNA fractiqns were made

C.BM NaCl and the RNA precipitated with 2.5 volumes of absolute
alcohol. After overnight precipitation at -20°C the RNA was pelleted
and resuspended in the desired solvent. The specific activity of
cRNAs, using all four ribonqcleoside triphosphates labelled, was
estimated to be 1.4 - 2x10 cpm/ug.

2. Separation of E.coli total RNA

E.coli M.R.E.6 00 (MRC Microbial products Division, Porton, Wilts)

were broken up and dispersed in 40mls of cold~0.b1M MgClZ, 0.01M

sohium azide, and 0.0MM Tris. The cells were centrifuged at 10,000 rpm
for'10 ﬁinutes and the pellet ground with begms of A12O3 fo? 10 minutes.
12ml1 of Tris/MgCl2 buffer were added aﬁd the mixture centrifuged at
16,000 rpm for 10 minutes. After re-centrifugation of the supernatant,
DNase (20ug/ml final) was added and the solution incubated for |
2 minutes at 3760. Thé incubatedsupernatant Qas chilled and'centrifuged
at 38,000 rpm for 60 minutes at 0°C. The resulting peilet was
homogenised in 5.0ml of Tris/MgCl2 and then centrifuged at 15,000 rém
for 10 minutes. The supernatant was made 0.5% SIS and an equal volume
of phenol was added. After shaking for 10 minutes the aqueous and |
phenol phases were separated by centrifugation. The aqueous and
proteic-phases were re-extracted with phenol. To the final aqueous-
' phase i/10 a volume of 2.0M potassium acetate pHS5.0 was added,

followed by 2 volumes of ethanol. The RNA was precipitétedovernight

at -20°C. Total RNA was stored in alcohol.

3. Fractionation of unlabelled E.coli RNA into 238 and 165 RNA

E.coli total RNA, which was precipitated in absolute alcohol, was

pelleted by centrifigation in the Sorval S5-34 rotor for 10 minutes
at 10,000 rpm. The pellet was then washed at least once with cold
alcohol and then dissolved in 0.001M EDTA, O.1M NaCl, 0.1% diethyl-

pyrocarbonate/



pyrocarbonate (Kodak) and 0702M Sodium acefate ph5.0. The RNA

was layered on to a 5-40% Sucrose gradient, the sucrose being dissolved
in the same buffer. These RNA gradients were centrifuged at 25,000 rpm
for 18 hours at 10—15°C in the 6x15 MSE rotor. Fractions were
collected from the bottom of each tube after piercing with a needle.
The optical density (260nm) of each fraction was determined in the
SPB00 spectrophotometer and the 23S and 168 peaks pooled and
precipitated with 2 volumeé of absolute aicohol after adding 1/10 the
volume of 3.0M NaCl. The RNA was precipitated'overnight at -209C; |
collectgd by centrifugation>inthe Sorval SS-34 rotor and was washed
again with absolute alcohol. After pelleting once more the RNA was
dissolved in the'appropriate salt and frozen at -20°C.

L, Fractionation of labelled cRNA in a linear Sucrose gradient

An appropriéte.amount-of éRNA was'dissolved in 0.001M EDTA,

0.01M NaCl, 0.1% DEP and 0.02M sodium acetate pH5.0. This solﬁtion,
together with a solution of E.coli ribosomal RNA dissolved in the
same buffer, was gently layered on to a pre-made 5—40%-sucrose linear
gradient. Centrifugation was carried out as described for the
fractionation of E.coli RNA, and the optical densities of each
fraction determined. TCA precipitable radioactivity waé measured

for fraction aliquats, and the distribution of cRNA moleculés along
the gradient ahalysed with respect to the unlabelled E.coli 23 and

16S marker RNAs.



38

SECTION IIT

1. Pancreatic RNase (Sigma)

The enzyme was made up in 2% sodium acetate pH5.0 and heated at 100°C
for 5 minutes before being diluted into 2xSSC at approximaté”
concentrations.

2. DNase (Sigma)

10mg'of electrophofetically pure DNase were suspended in 2ml of
0.0025N HC1 and dialysed for 2 days against 2 litres of 0.0025 N HCl.
'2.5m1 of 0.2M sodium acetate pH5.3 and 0.75ml of 1M soaium‘iodoacetatev
were added to this DNase solution. The mix was incubated at SSOC
for 60 minutes, and then dialysed overnight égainst 1 litre of

0.0025 N HCl.

- The precipitate was spun down at 10,000 rpm for 30 minutes and the
supernatant then contained DNase at the approximate concentration of
2mg/ml.

3. Filter Hybridisation procedure

Denatured DNA was loaded onto membrane filters (13 Millipore,
.HAWP'O.45um pore size) according to the method of Gillespie and
Spiegelman (1965). DNA, usually in O.1kSSC,,Was denatured by the
addition of an equal volume of ‘N NaOﬁ for 15 minutes at room
temperature, The solufion was then neutralised with 2 volumes of
neutralising mix (1.ON HC1l, 7.0M Tris pH8.0., 3.0M NaCl, 1:1:2 by
volume) and allowéd to drip through the membrane filters which had‘
been prewashed in 2xSSC. Ioaded filters,and blanks,.were washed
with 6xSSC, and subsequently dried in a vacuum oven at 80°C for

2 hours. They were then labelled with a pencil and stored at -20%

L, RNA-DNA hybridisation in RNA excess

Before hybridisation, the filters containing bound DNA were soaked

in/



in the reaction mediuﬁ‘minus RNA.‘ Temperature optimumé (T.OPT.)

for individual hybridisation rqactions were determined by the methoa
of Birnstiel 33_313(1972), the reaction-usually hot exceeding 30%
of the saturation value. For kinetic studies, the hybridisation
medium was brought to optimal tempefature, filters introduced and
individual ones withdrawn and placed into chilled 6x3SC at various
times over approximately 10-80% of the reaction. Filters were
washed by the batch ﬁethod’(Birnstiel et al.; 1968), anf RNase step
being included. Controls consisted of heterologous DNA alone, and
blénk filters. RNA-DNA hybrids were counted in Toluene-based

scintillation fluid.

In experiments‘involving hyb%idisation of cRNA across a CsCl or a

Agt Cszsoulgradient, fractions, or aliquots from fractions, were

loaded onto millipore filters and hybridised as above so thaf the ammunt
of cRNA in the reaction would always be in excess of the homologous

ADNA seqﬁences.

5 DNA—RNA_hybridisation in DNA excess

The reactions were carried out'according.to the procedure of Melli et al.
(1971) and Bishop (1972a). The céncentrations of the DNA and RNA
wenechoseﬁ so that theré was usually a 100:1 or 1000:1 excess ratio
of DNA:RNA. Under these conditions the reaction is likely to be
complete (Bishop, 1972b) although in some cases thé ratio had to be
adjusted to allow for a specific base sequence ratio. In general.
DNAAwas present as 10-20mg/ml. and the RNA‘was present in very small
amounts. The actual concentrations of the RNA was dependent on both
the DNA baselsequénce:RNA basé sequence ratio, and the specific
activity of the labelled RNA. For cRNA the specific activity was
1.4—2.Ox107cpm/ugf When the reaction was considered to be incomplete
the concentratidn of DNA in the mixture was increased: i.e. the

DNA/



DNA:RNA ratio was increased.

Purified, sonicated DNA was denatured in O.1xSSé by heating at 100°C
for 7-10 minutes. RNA was added and the mixture heated for a further
3-4 minutes. A control sample was taken and diluted into iice-cold
2xSSC. The DNA and RNA mixture was remo&ed £o a constant temperature
water bath, (6500 or 7OOC). The hybridisation reaction was started
by adjusting the solution concentratioﬁ to 2xSSC. ,zeré time points
were taken and the reaction monitored by sampling for various times.
Each samplé was diluted into ice-cold ZXSSC; To determime the amount
of hybrid formation throughout the reaction, samples were divided
into equal volumes, and the RNA=DNA hybrids detected b& RNasing
(10ug/m1 panacre;tic; Sigma) followed by TCA precipitation, alcohol
riﬁsing,_drying inva vacuum oven at 8OOC, and finally counting

in Toluene-based scintillation fiﬁid. ‘The % RNase~resistance for
each sample was obtained by comparing RNased samples with non-RNased
sampleé. This % RNase-resistance wés then plotted againstllog Cot
(Melli et al., 1971; Bishop, 1072; Bishop 1972b; Campo, 1973).

For DNA excess hybridiéation reactions which were continued for
several hours, or even days; 2% SIS was added to the original reaction
solution. In these cases, samples were diluted in 2xSSC'so that'éhe
final SLS concentration was 0.005% or less since higher concentrations
interfere with‘RNase digestion.

6. Preparation-of labelled Xenopus ribosomal RNA

Cells of a Xenopus permanent cell line were grown to 2/3 confluence in
a 250ml Falcon flask. They weie labelled with 80uCi/ml. BH-Uiridine

(' 720Ci/mmole, Amersham) in Eagle's MEM, supplemented with 0.1% Nch_oj,
10%FBS, and ‘antibiotics; and incubated for 48 hours at 25°C. The
cells were washed with Dulbecco A and homogenised at GOC in 0.15M NaCl,
0.1% SLS, 0.01M Tris pH7.2. An equal. volume of water-saturated phenol

was/



was added and the RNA purified by repeated ﬁhenol extraction and
centrifugation. The final aqueous phase was made 2% soﬁium acetate
(pH5.0) and the RNA precipitated by adding 2.5 VOlﬁmes of aesolute
a;cohol. The precipitate was stored at —2OOC overnight. 28 end i8S
RNAs‘Were separated by centrifugation in a linear'5440% sucrose
gradient as described for the isoletion of.gigéli 23 and 168 RNAS;
The specific activity was 2x105cpm/ug.

7. Preparative CsCl gradient centrifugation

Tﬁe method of isopycnic centrifugation has been reviewed by Flamm

et al. (1967; 1969). DNA in 0.1xSSC, together with M luteus DNA as

- a density marker (1. 731gm/cm 3) was added to 5.2gmCsCl (BDH analytically
pure) and centrifuged in an MSE 10x10 rotor for Lo nhours at 25 C, running
speed 42Krpm. A hole was pierced and fractions collected. After

diluting to 0.5ml with 0.1x85C, the optical density of each fraction
Was‘determined.

8. Self-Complementariﬁy of labelled RNA preparations

RNA was denatured by heating at 100°C for 5 minutes. After rapid
chilling in ice, the RNA was incubated in an SSC or an SSC/FA mix at
appropriate temperatures of incubation (see textvor Legends for details).
At various times during the annealing reaction, samples were withdrawn
and diluted into ice-cold O.1xSSC:(or 2x3SC). After the last sample had
been diluted, they were split inte two equal portions. One lot was
‘RNased {10ug/ml pancreatic; Sigma) at 37 °c for 30 minutes; the other

was incubated at the same temperature and for the same time with O ,1x8SC.
Carrier RNA (E.coli total, or yeast; (Sigma)) was added and the RNAs
precipitated by adding an equal volume of 10% cold TCA. After 20 minutes
on the ice samples were filtered on GF/C filters. The colleeted,.
precipitate was washed twice with cold S5%TCA followed by one rinse in

absolute/



absolute alcohol. Filters weré then dried in a vacuum oven at 80°C
for approximately 20 minutes. 10ml of Toluene PPO-POPOP were added
and the samples were counted in a Patkard scintillation counter.

9. Dissociation of RNA-DNA hybrids (membrane filters)

CRNA;bNA hybrids were formed at optimal rate temperatures in appropriate
hybridisation solutions, and the reaction terminated at |
approximately 80% of the fin;i saturation value. To determine the temperature
at which 50% of the cRNA was released from each filter (Iﬁ),the filters
were pléced_in 1.0ml of meltiné solution (generally 1xSSC) after |
nuclease inhibiti@n, and heatéa in temperature increments offvﬁ8°CU.
(Birnstiel g}_gl; 1972). The details of the ;rocedure are as follows:
Thé RNA-DNA hybrids, on filters, were counted in Toluene-based
scintillation fluid. To remoéé.the‘féluene fluid éhe filters were washedA
in chloroform (3 changes) for a total of 15 minutes. ‘After drying, the
‘filters were soaked in 1XSSC éonéaining 0.1% diethylpyrocarbonate and
then washed for 1/2 hour in this solution at room temperature. These
filters were.then washed in 1XS8C at room temperature féria furfher

20 minutes. Each filter was then placed in a vial and iml. of melting
solution added. After 5 minutes at each temperature of incubation the
1mi. was removed.from the vial and set aside on ice. Another iml. of
solution was added to the vial containing the filter and the temperature
of the solution raised by approximately 8°%. Samples were taken,

in this fashion, until the. temperature épproached 10060. 200ug carrier
RNA was added to each 1ml stored in icé.' 50% cold TCA was added to

make the RNA sélution 10%TCA, the tubes'é%irred, and left in ice for

20 minutes. The RNA was then filtered thfough GF/C filters which

were washéd with 5% éold TCA, rinsed with absolute alcohol, and dried

in a vacuum oven at 80°C for 20-30 minutes. The dried filters were then

counted in 15ml of Toluene-based scintillation fluid. In addition, the

original/



original membrane filter was also counted after dirying. The % TCA
precipitable RNA released from the membrane filtear was plotted against
the temperature increase. All the RNA, eriginally in hybrid form,'
was generally recevered.

10. Preparation of labelled Adenovirus 2 DNA

Human embryonic kidney cells (HEK) were grown at 37°C. The cultu'.:'re.
medium was Ham's F10 plus 10% tryptose phoephate broth plus 109’ FCS.
Adenovirus 2 (a gift from Dr. J. K McDougall Birmingham) was added

to the cells and was absorbed for 3 hours in medium without the serum
content A After thls time the cells were rlnsed in PBS and the medium
plus-the ’IO% FCS replaced. Infected cells were incubated at 37 °c for
10 hours before ‘3H—Thymidine (2OCi/mmole; Amersham} was added at a
concentration of 1uCi/ml. At this time virue—specific DNA is beginning
to be synthesised (Ledinko and Fong, 1969; Dumn et al., 1973). Cells
were harvested after 70 hours ineubation in medium: plus > H-Thymidine

and virus extracted and purified according to the preVidusly deseribed
procedure. Virus DNA was extracted according to the method of Lev1ne
and Ginsberg (1967) whlch is described above. The DNA had a buoyant
density of ’I.7_16gin/cm- in neutral CsCl, both in the prej)arative
ultracentrifuge and iﬁ the analytical ultracentrifuge. Twe ‘preparations
.of 3H--Thy'rmldine labelled Adenovirus 2 DNA were usedj; one batch being

prepared by Dr. J. K. McDougall, Birmingham.. Both preparations possessed

specific activities of 1O6clom/ug.



SECTION IV

1. Preparation of chromosome spreads from cuitured cells

Cells were grown to %—% confluence in 9cm Petri dishes (Sterilin, Flow
Laboratories, Ayrshirg) in 10ml of culture medium, generélly Eagle's

MEM supplemented with 10% FCS and containing 0.1% NaHCO,, and antibiotics.
Colcemid (Ciba) was made up 9mg in 100ml. Dulbecco A (OXoid) heated

to 37°C. 0.4tml were added to each Petri dish whiph contained 10mls
medium. The colcemid was left to act on the cells for 5—6 hours of
culture at 37°C. The medium was then pipetted off and the cells washed
carefully with Dulbecco A. Pre-warmed Trypsin (0.25% in:Dulbecco A) was.
added to the cultures and the dishes rocked gently until the cells began
to detach from the subsfrate. These cells were pelléted for 5 minutes in
an MSE bench centrifuge set at 2K (1400 rpm). The'supernatant was removed
and the cells suspended in ffesh Dulbecco A, After thorough rinsing and .
shaking in the Dulbecco A; the cells were again pelleted as before. The
supernatant was decanted and the -pellet resuspended in a very small volume
of residual supernatant Dulbecco A.‘ Care was taken to completely
resuspend the cells at this juncture. Approximately 5ml of 0.07M KCl were
slowly run into the centrifuge tube containing the cells. The tube was
agitated and the cells suspended and dispersed in the KCl solution which
was then warmed at 3700 for 10—15 ﬁinutes. The cells were again pelleted,
the KC1 removed, and the pellet resuspended in residual drop of supernatant.
Cells were then_fixed in 3:1 methanol:acetic acid. Freshly prepared

3:1 fixative was run into the tube.and the cells dispersed. They were
then left for at least one hour. The fixative was changed 5 times,

tlhe cells being pelleted befween each change. TFixed cells were.

dropped onto previously cleaned glass microscope slides (boiled in

concentrated HCl, rinsed in alcohol-ether and thoroughly washed in

running/



running distilled water) and the spots air-dried.

Alternatively the pellet was fixed in 2.5% gluteraldehyde (TAAB Lab.,
Reading) in 0.1M phosphate buffer, pH7.2 for 30 minutes at room
temperature. Cells were then washed repeatedly in the phosphate buffer

and dropped onto glass slides and left to air dry.

2. Preparation of chromosome spreads from whole blood

Peripheral bilood was drawn by venipuncture into a disposable plastic
syringe and immediately transferred to a plastic lithium heparin

bottle (Stayne Laboratories, High Wycombe) and thoroughly mixed.
Universal bottles (10ml) weré prepared containing 4ml culture medium
(Bagle'sMEM + 0.1% 'w/\v"uNaHCO'B, \.v']»O%FCS,.'arAl"dAza‘ntib:iotics) and 0.05m;
ph&tohaemagglutinin (Burroughs Wellcome). 0.4ml of blﬁod was -incubated
at 3700 for 2-3 days. During the’last % hours of incubétiqn, 0.5ml of
0.02% colcemid solution (Civa) made up in Dulbecco A was added. The
cultures were gently shaken and then spun down on an MSE_Eench centrifuge
at 5 for 5 minutes. The supernatant was discarded and the cells
fesuspehded in pre-warmed (3700) 0.07M KC1. The rest of the procedure

was been described in the preparation of'chromosome spreads from cultured

cells, (see pg.44).

Blood was donated by Dr. J. Prosser and Mr. N.AThomas (both this
laboratory) and was withdrawn by Dr. R. Sutcliffe (Dept. Genetics,
Glasgow). .

3. Cells grown on microscope slides

Clean,_éterile galss microscope slideé‘were prepared and placed in
Petri dishes.‘ Cﬁlfure medium was added to the dishes, and an
appropriate dilution of cells, in the same medipm, added. The cells
were incubated at 37°C in an atmosphere of 5% CO2 in air. The medium
was washed from the slides and the cells rinsed in Dulbecco A. After

several/



several rinses in the Dulbecco A the cells'were‘swollen iﬁ 0.07$M KC1;
and fixed in‘3:1 methanol:acetic acid (cold) or in 2.5% Gluteraldehyde
as described previously. After several changes in fresh fixative,

the slides were left in fixative in the cold (4°C) overnight. They
were then passéd through an alcohol series (50-100%) and left to
air-dry.

4, In situ hybridisation

a) Cytological preparations:

1. Ceil cultures: Chromosome::spreads and interphase nuclei were
prepared as described. |

.2. 5um'frozen sections of tumour material were prepared by Dr. J. K. .-
McDougall, Birmingham.

b) The hybridisation reaction:

Coverslips (Chance, no.1, 22mmx22mm) were cut to 11x11mm size, washed
in alcohol: ether 151, siliconized (Repelcote, Hopkins ;nd Williams,

Chadwéll Heath), dried, rinsed in distilled water and dried again. A
rubber sealing solution was prepared by mixing Cow Gum (P.B. Cow Ltd., "

Slough, Bucks) with petroleum ether (B.D.H.).

The fixative used has an effect on the results obtained after iE.EiEE.

hjbridisation.  Figure 11:2 and Table 11:1 show that with 3:1 methano1:
acetic acid as opposed to giuteraldehyde the final outcome in terms

of grain counts is better; For most in situ hybridisation expériments

described here the fixative was therefore always 3:1 methanol:acetic acid.

The denaturation method aiso has an effect on the results of in situ
nybridisation experiments. Gall and Padue (1969) have ﬁsed NaOH to
denature the chromosomal DNA. However, both AHNSTROM and Natarajan -
(9974+) and Commings et al.(1973) have shown that there is considerable
loss of DNA from the chromosomes during the NaOH treatment. Heat

denaturation/



Figure II:2. Mouse embryo cells afterAig
situ hybridisation with mouse satellite
cRNA.Conditions of hybridisation:I hour,
3xSSC,60°C,0.00Iug /3ul cRNA.Stained in
Giemsa(pH 6.8).a)whole embryo cells '
fixed with 2.57 Gluteraldehyde:exposure
time -2 weeks;b)ﬁhole embryo cells fixed
with 3:1I methanol:acetic acid:exposure
time 2 weeksj;c)mouse chromosomes fixed

. in Z.SZ.Gluteraldehyde:exposnee time
6’weeks§d)mouse chromosomes fixed in
3:1 methanol:acetic acid:exﬁosure time

6 weeks.a) and b)x400 in scale;c) and

d) x450.-Note the higher grain yield

in methanol:acetic acid fixed

preparations.
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Table II:1

_ Grains in
*% Cells containing n grains cytoplasm
in nucleus (Average back-
ground)
Fixative 1 n= 5 6-10 11-25 26-50 51
2.5% Gluteraldehyde 0 26 60 14 0 10-20
Methanol:acetic acid, 3:1 0 0 9 21 70 5

Conditiqns of hybridisation as for Figure II.2. Exposure time 2 weeks.

* No. of'qeils counted = 100 for both fixatives.




denaturation at high temperatures has also been used (John et al.1969)
as has heat denaturation at low temperat;res Eﬁ conjunction with
Formamide (Steffensen and Wimber, 1970) which reduces thé melting
temperéture of DNA duplexes (Helmkamp and Ts'o, 1961 and McConaughy

et al. 1969).

Figure II:?, however, shows that there also appears to be loss éf DNA
from the chrémosomés with heat treatment in éonjunction with Formamide.
No loss appeats to occur with HCl treatment which has also beenused
to denature chromosomal DNA (MacGregor and Kezer, 1971, Jones 1973).

In addition,_NaOH and heat Formamide treatment appearéd to have
aeleterious effects on chromosome morphology and stainability with
giemsa. Therefore unless otherwise stated HC1 denaturation was always

used in the_ig situ hybridisation experiments in this thesis.

Acid denatured cytoldgical preparations were freed of dust partiélesA
by blowing them with air. Radioactive cRNA.was applied to the
‘preparations in the appropriate salt solution (usually 2-4xSSC) and
a coverslip sealeq to the preparation with the dilutéd Cow Gum. Slides
were incubated usually-at the optimal rate temperature of hybfidisation
for each>cRNA—DNA ;eaction. The reaction was terminated after several
t3s for individual hybridisafions and the coverslip removed and the
slides dipped into ice-cold 2xSSC. These siides were washed in cold
2xSSC for several minutes, then RNased (20ug/ml in 2xSSC) for: 20-30
minutes in 2xS58C at 3700. After RNase digestion preparations were
washed exhaustively in a large volume of 2xSSC in the cold 4°c).
3-4 hours later and after repeated changes of 2xSSC, the preparations
were dehydrated through an alcohol series: 50-100%, and subsequently
" air-dried at room temperature.

c) Autoradiography/




Figure II:3, Loss of DNA on treatment with

various denaturants used in .the in situ

hybridisation procedure.Mouse embryo
cells were labelled with 3H-Thymidine
for approximately two cell generations
and nuclear and chromosome spreads
made.These spreads were then subjected
to DNA denaturants and the amount of
incorporated 3H—Thymidine remaining
examined~by autoradioagraphy.Exposure
time:2 weeks,

3H—Thymidine labelled cells treated
with a) 0.07N NaOH for 3mins. at R.T.°C;
b)0.2 N HCL for 20mins. at'R.T.OC;c)
0.IxSSC 90%F.A. for 2 hours at 65°C.






c) Autoradiography

Ilford K2 or Ilford I4 Nuclear Emulsidn in gel form was used to coat
slides for autoradiography. A 1;1 solution of emulsion:distilled

water was heated to 39—430C in a water bath. The mixture was gently -~
stirred to avoid 1§cal overheating, to mix the emulsion with the

water thoroughly, and fo produce an even.surface for the dipping of the
slides. Dipped slides were hung verticaliy and dried in a stream of
air at 18°C. They -were then stored in light proof boxes at 4°C for
varying lengths of time. -Slides were developed in Kodak D 19 B
developer for 3.5 minutes with no agitatioh; at 18°C, rinsed carefully
in distilled water, fixed in Johnson Fix-Sol (diluted 1:5 with aistilled‘
water) for 5.5 minutes (or 2x the Qiearing time), washed with}distiiled
water for several minutes and stained.

d) Staining Autoradiographg

Slides were stained in Giemsa R66 (Gurrs, London) diluted 3/100 in
Buffer pH6.8 (Gurr's tablets). The staining time waé generally around
1/2 hour - 1 héur depending on the thickness of the emulsion film.
Overstained preﬁarations were destained in either Buffer pH6.8 or

50% alcohol.

5. In situ hybridisation involving cells grown directly on glass - -slides, .

and cells derived from blood cultures

This was carried out as described previously (pg.#i:). Cells grown

on glass slides were always denatured with HC1l; NaOH and heating removed
the cells. Hél—denatured cells were not removed during either the
fixation procedure or the subsequent in situ hybridisation procedure.

6. Alkaline CsCl gradients

These gradients were prepared according to the protocol of Flamm et al.
(1967) with the inclusion of M.Luteus DNA, alkaline buoyant density
1.788 gm/cmn3 (Vinograd et al.,(1963). A trace amount of highly

purified/



purified satgllite DNA was added to 3.3mls-of a 0.01M Tris-HC1

(pH8.5) solution containing 4Oug Xenopus DNA (a gift from Mr. C. Philips,
this laboratory) and Zbug M.Luteus:DNA:100ul IN NaOH were added,
followed by 500ug SLS. The solution Qas finally brought to an initial
" density of 1.760gm/cm~3 with CsCl (B.D.H., analytically pure) and the
DNA centrifugéd-in the MSE 50 rotor for 40 hours at 44,000 rpm at 25°C.
The buoyant densities of the separated strands of the satellite DNA
were calculatéd by comparing their positions in the alkaline gradient
with those of the‘M,Luteus‘and Xenopus DNAs. These marker DNAs have
buoyant densities in élkéline CsCl of ’I.'788gm/c‘:m—3 and 1.754gm/bm—3
respecti&ely. (The values were determined in the analytical
Ultracentrifuge). |

7. Preparation of Satellite DNA

Satellite and main band DNA were sepafated by preparative density
ceﬁtrjfugation in Ag+ - C§§04 (Jensen and Davidson, 1966). The
Technique relies on the selective affinity of Ag+-— ion for certain -
DNA bases and has been used to isolate a variety of satellite DNAs
from a variety of organisms; for examplé, from the Chimpanzee (Prosser
23.21., 1973); man (Corneo gi;gl., 1973); Baboén (Prosser, 1974) and
mouse (Corneo EE_E;., 1968) Here, mouse satellite DNA was purified by
the method of Corneo gﬁ_gl.(1968) and Human satellite DNAs, I, II,.énd

IIT prepared by the methods of Corneo et al.(1970; 1971).

Purified total DNA was dissolved in 0.1M Na2804 and then dialysed
against O0.1M Na2S04. A solution of 0.1M borate buffer pH9.2 was added
to give a final concentration of 0.005M borate ion. A ’IO—3 M solution
of AgCLOL+ was added to give varying molar ratios of Ag+ to DNA-Phosphate.
For the mouse, RF values of 0.2-0.25 were used: for the human satellites
I, II, and III, RF values of 0.1, 0.35 and 0.2 were used. ‘A saturated

solution/



solution of Cs,S0, (Anderman and Co. Ltd;, London) in distilled water
€:=1;930gm/cm—3) was added to give the required initial buoyant density
as judged from the refractive index. In'general, an increase in RF

of 0.05 led to an increase in initial buoyant density of O.O’l2gm/cm.—3
and was achieved by increasing the amount of Saturated‘CséSOA added per
ml of gradient by 0.013ml. The final DNA concentration was 50ug/ml

solution.

Preparative centrifugation Qas carried out in volumes of 20ml/tube in the
8x40 fixed angle Titanium rotor of the MSE 65 ultracentrifuge. The
solution was centrifuged at 30K rpm for 96 hours ét 2000, a hole was
pierced in each tube, and fractions collected and diluted with O.5mi
0.1M Nast - Absorbance at 260nm was determined, fracfions coﬁtaining
the regions of satellite DNA pooled, and this DNA re-centrifuged in
052304 with no additional Ag+ added. After the second centrifugation,
the satellite DNA regions were extensively dialysed against 5M NaCl
plus 0.01M Tris-HC1l pH?7.0, followed by dialysis against 0.1xSSC. Tae
purity of various satellite fractions was ascertained by anélytical
centrifugation in CsCl. All satellite DNA preparatioﬁs wefe eventually
dialysed against 0.1xSSC. | |

8. &) Fixation of. cells“onto.coverslips .

Cells, derived from monolayers in culture, were fixed in 3:1 methanol:
acetic acid as previously described and air-dried directly onto

coverslips.

5) In situ hybridisation with cells on coverslips

Hybridisation was carried out essentially as described above with the
coverslip being sealed to a glass microscope slide with Cow Gum
solution. Post-hybridisation, the coverslip containing the cells was

eased from the slide and the Gum totally removed with the aid of

watchmaker's/



watchmaker's forceps. The coverslips were then treated with RNase and
exhaustively washed in cold 2xSSC as described for the routine in situ

' hybridisatién procedure.

,°) Scintillation counting of cells on,coverslip§A

Processed post-in situ hybridised cells on coverslips weré‘finally
rinsed in alcohol and air-dried.. These coversiipé were then directly
immersed in 10ml Toluene-based Scintillation fluid and the radiocactivity
determined. |

d) Thermal melting of RNA-DNA and DNA-DNA duplexes with cells on,coverslips

This was'carried out as described for the thermal melting of hybrids
retained on millipore filters (pg.4-d): i.e. the use of T.C.A. to

precipitate either 3H—labelled RNA or 3H—Thymidine-labelled DNA.



SECTION V

1. Tumour Induction

Adenovirus 2 tumours were ipduqed by inoculating Adengvirus 2
transformed cells into newborn Hooded Lister rats with or without
immﬁnosupreséion. (See Materials).l Inopulation was carried out by
Dr. P. H. Gallimore, Dept. Qancergstudieé,“Birﬁingham. A&enovirus 12
tumours were induced in newbérn Hooded Lister rats by injecting
purifiéd Adenovarus 12 8.C. (See Materials). These tumours were

excisable by about 8'weeks'postﬁinochlation.

2. PfeparatiénfdfVV1rus—1nfected cells

Hela and HEK ceils were used as permissive systems for the

replication‘of Adenovirusgﬁ, 2, 12, or 7 serotypes.

a) Plaque formation on cells ‘
In some cases original Adenovifus 5 prééérations were tested for
infectivity by,plaqﬁe.fofmation on a-monolayér of Hela cells overlaid
with_égar and stained withvneutral red. The method was that of

Williams (1970) which incorporates MgCl, in the medium, having an

enhancing_effect on the'productioh of plaques.

Virus suspensions (dilufed in PBS) were.absprbed to Hela monolayers
and-the cells incﬁbatéd for 90 minutes at 3700. The monolayers were
then overlaid with 5ml‘of 0.6% Nobie-agarg(Difco) in Bagle's medium
containing 2% fCS'énd 25mM.MgG12. After»ipcubation.at 3700 in 5%

602 for 5 days, an additional 2ml of égar dverlay medium was added
to the cultures, and on the 6£h‘or 7th day after infection a further

2nl of overlay mediﬁm containing neutral red was added. Normal cells

stained with the neutral red and the plaques appeared clear and-large.

b) Either Hela or'HEK cells were grown to nearly 2/3 confluence in

9Omm/



90mm or 50mm piastic Petri dishes. Virus (diluted in PBS) was
added to the cells at definéd m.o.i. and after the culturing medium
had been removed. Virus was absorbed at 37°C for 30 min. - 3 hours
in different experiments. After the required time, the cells were
washed briefly in PBS and the growth medium then added. Cells were

cultured at 37°C in 5% co, in air.

3. Preparation of nuclear RNA from cultured tumour cells

Shimada 23.213(1972) separated nuclear and cytoplasmic fractions

of Adenovirus 2 transformed cells using ﬁodifications oflthe methods
of Borun et al.(1967) and Penman (1966). Also they extracted nuclear
RNA by a combination of the methods of Penman (1966), Fujinaga and
Green (1967) and Warnervgz'gl.(1966).' The method of Shimada et al.
(1972) was used to separate nuélear and cytoplasmic fractions of
Adenovirus tumour cells; and a combination of the methods of‘Penman
(1966); Kirby (1965) and Parish and Kirby (1966) were used to extract

the nuclear RNA.

a) Separation of nuclear and cytoplasmic fractions

Cultured cells were washed in Dulbecco A, Trypsinised, centrifuged

and resuspended in 1x10 °M Tris-HC1, 1x1of3M'Mg012, 1510”2 NaCl,

pH7.4 (RSB buffer). (Penman, 1966). Nonidet-P-40 (NP-LO) (Shell
Chemical Co.) was added to'a concentration. of 0.2% and the mixture-
incubated at 0°C for 15 minutes. :(Shimada et al., 1972). The solution
was then centrifuged at 2,200 rpﬁ for 10 min; in the cold (400).

The resulting pellet was resuspended in RSB + NP-LO and incubated

for a furfher 5 minutes at 4°c. After agitation the suspension

was again centrifuged at the previous speed for the same time and

the nuclei pelleted.

The/



Table 11.z

Cell

Nonidet P-40%

Whole cell:

nucleus +
cytoplasn
(x.lOchm/

100ml culture)

- Cytoplasm
(x102cpm/
100ml culture/

Radioactivity in
cytoplasm (%)

Adenovirus 2 transformed
rat embryo
(Ad2/REB/10p/Bl1)

0.2

10,736

10,378

7,385

279

291

285

*Shimada et al. (1972)




- The separation of nuclei and cytoplasm was evaluated by a)) phase.
contrast micfoscopy and b) iabelling cells with 3H.—il‘hymidine and”
determining the radioactivity in separated fractions. For the second
determination the procedure was as follows: Cells were labelled with
0.5uCi/ml 3H-.iThymidine (ZOCi/mmole Amersham) in Eagle's MEM,
supplemented. After 20 hours incubation at 37°C, S% CO2 in air,

fhe cells were rinsed with Dulbecco A and nuclear and cytoplasmic fractions
prepared by the method outlined above5 After addition of 2.5%
Perchloric acid, the total acid-insoluble radioaétivity is cytoplasmic
(Table II:2). Shimada et al. (1972), using 0.2% NP-4O, found less
than 4% of the total radioactivity (BH—-Thymidine) in the cytoplasmi-c :

fraction.

L, Bxtraction of Nuclear RNA

1ml of Kirby's solution was added to nuclei and the mixture gently
homogenised iﬁ a small Teflon homogenizer. An equal vplume of
phenol-cresol was added and the mixture shéken at room temperature

for 20-30 minutes. This mixture was then centrifuged at 10,000 rpm for
'10.minutes and the aqueous phasé wés removed. The phenol and proteic
phases were then re-extracted with 2.5 volumes of distilled-water and
shakenAfor another 20-30 minutes at room temperature. After centrifugation
at 10,000 rpm for 10 minutes the aqueous phase was remoyed.and added to

the first aqueous‘ﬁhase. This was now extracted with 172 volume of
phenol-cresol; the phases separated by centrifugation, and the water phase
re-extracted with 1/2 volume of chloroform to remove any pheﬁol. 1/10'
volumes of 2M sodium acetate (pH5.0) was added and the RNA precipitated
with 2.5 volumes of absolute alcohol at =20% overnight. The reéulting

precipitate was then pelleted by centrifugation at 10,000 rpm for

20/



20 minutes, the pellet washed in 1:71 alcohol: ether, and air-dried.
7uM MgCl,, 50mM TrispH7.5 was added and the solution incubated with
' S50ug/ml of re-purified DNase (see pg.3%®) for 30 minutes at 0°C.

After alcohol precipitation, the precipitate was stored at -20°c.

The RNA spectra was determined in an SP800 spectrophotometer and

pure RNA gave an E26O/E280 = 2.



SECTION VI

1. Labelling of BNA in cultured cells

Adenovirus transformed cells or narmal cells were groen in Fagle's
MEM supplemented with 10% FCS and also containing 0.1% NaHCOB, and
antibiotic. The cells, when % - % confluent, were labelled with
10uCi/ml JH-Uridine (25Ci/m mole, Amersham) for 8 hours at 37°C. At
the end of this labelling period the radiocactive medium Qas removed
and the cells washed iﬁ Dulbecco A.

2. Preparation of cytoplasmic labelled RNA from cultured cells

Nuclear and cytoplasmic fractions were prepared as previously descfibed.
To the RSB + NP-40 supernatant an equal volume of Kirby's solution

was added. Phenol-chloroform-cresol was added to the mixture in a

| 1:1 ratio, and the RNA extracted by shaking at room temperature for

20 minutes. After centrifugation, the RNA waévfurther extracted by -
the same procedure.as has been already deséribed fqr the preparation

of nuclear RNA; and the final RNA solution precipitated with the
addition of 1/10 volume 2M sodium acetate (pH5.0) and 2.5 volumes of
absolute aicohol. The RNA was étored at —ZOOC overnight. All the |

preparative steps were carried out at o-4°c.

3. Cellulose-oligo (dT) columns (Aviv and Leder, 19’72)-

1gm ofgcellulose—oligo (4T) binds 34 OD of poly A."Sbmg’were used to
pack a sterile pasteur pipette. The column. was washed with 10ml
distilled water, 2ml of 0.1NaOH, 10ml of distilled water and finally
10ml of the binding buffer. (HOOmMNaCl, 1M EDTA, 10mM Tris - 0.1%
SLS pr.6.) The RNA sample was suspended in the same binding buffer
and loaded on to the éurface of the column. The RNA molecules lacking
poly A sequences were collected in fractions'of binding buffer; the

poly A-containing RNA molecules were eluted in low salt eluting buffer

(1M EDTA/
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(“m M ﬁmTA, 10mM Tris- 0.1% SLS; pH7.6) and fractions collected. The
radioactivity-in the fractions of binding buffer and eluting buffer
was monitored by counting fraction aliquots in liquid sinctillation
fluid. (10h1 Aquasol; NEN Chemicals, Germany). The RNA in the eluting
was made 0.4M NaCl and the solution passed again through the column.
Bipding buffer and elution~5uffer fractions were again taken and the

poly A-containing mRNA precipitated at -20°C.

L, Renaturation of 3H-1abelled Adenovirus 2 DNA
3H-Thymidine labelled Adenovirus 2 DNA was prepared and purified as

- described previously.

The DNA was denatured by boiling ét 100°C in 0.1xSSC for 30 minutes.

: Confrol samples wefe'taken. The sélf concentration was adjusted to
3x5SSC and the renaturation'carrieﬁ out at 65°C. At various times
throughout the. reaction, samples were withdrawn and diluted infq a large
volume of cold'SI nuciease buffer (0.03M sodium acetaﬁe pHL.5, 3x10_5
ZnSO, , 0.01M NaCl). The diluted sampkes were then divided into equal
portions and one portion treated with S1 nuciease enzyme (a gift from
Dr. J. O. Bishop; this laboratory). S1 digests single strand DNA
(Sutton, 1971). The treated and untreated samples were-incqbated at
50°C for 40 minutes, then placed on ice. ' 50ug of Bovine serum albumin
. per+ml wére added.foilqwed by.50% TCA to a final concentration of

10%. After 20 minutes on ice, these samples were filtered on GF/C
filters, the filters washed with cold 5%.TCA, dried and.counted'in
Toluene—bgsed scintillation fluid. The % of S1 nuclease-resistance‘
for each sample was plotted against Log Cot.

5 Preparative CsCl centrifugation of labelled virus DNA

3H—labelled Adenovirus 2 DNA was prepared as previously described.

v



A small amount of virus DNAVin 0.1x585C, plﬁs approximately 5Cug human
DNA and 15ug of M.Luteus marker'DNA, was made up with 5.2gm CsCl
(B.D.H., analytically pure) to an initial density of

1.700-1.720gm/cm 2. The total ¥olume was bml. Liquid paraffin was
added to fill up the tube. The DNAs were centrifuged at 42K rpm for
Lo hours at 25 °C in an MSE 10x10 rotor. After centrifugation,tubes
were pierced, fractions collected and diluted with 0.1xSSC. An equal
volume of 1N NaOH was added and the DNA in each fractién denatured over
a 15 minute period.  DNA was then loadéﬁ onto membrane filters
according to the method of Gillespie and'Spiegelman (1965) and as
already described. The radioactivity of each filter was counted in
Toluene-based scintillation fluid, and_the counts per fraction plotted.

6 In situ hyb;idisation of 3H—Adenovir-us DNA and Adenovirus-specific

- nucleic acids in eukaryote cells

The preparation of nuclear spreads and whole cells has already been

described.

Adenovirus 3H—DNA was denatﬁred by heating at 100°C in 0.1xSSC for
30 minutes. The denaturédeNA was rapiély chilled on ice, made up
to 2xSSC, and»added to cytological pfeparationS'at a concentration
of usually 10_3ﬁg/5ul.A Hybridisation was carried‘out forA10 hours
ét 6500 and the reaction terminated by chilling in ice-coid 2xSSC.
Preparations were treated with S1 nuclease in 0.03M sodium acetate
Pk .5, 3x1077M 7150 , 0.0"M NaCl. After 30 minutes engyme treatment
at room temperature the slides were then washed in the S1 nuclease
buffer followed by exhaustive washing in cold (4°C) 2xssc.
Dehydrated slides were coated with Ilford K2 emulsion and exposed as-
previously described. In some experiments, cells were RNased (20ug/m1 ;

2x3SC ) before SH.DNA was added.



7. Preparation of 3H-Pbly (U)

The method is described in Jones, Bishop and Brito-da-Cunha (1973);

and Bishop et al.(1974).

O.ZSmCiEH-UDP (13.3 Ci/m mole, Amersham) was lyophilised in a 10ml
conical tube. 5ul of O.5M Tris pH8.5 at.37°C, 0.1M KCl, 0.06M Mg012
were added and the tube.shaken vigorously. 30ul of aqueous 1% UDP
(Sigma) was added followed by 15ul polyﬁﬁcleotide phosphorylase
(Miles;Seravac, Code No: 31/620.) Incorporation was carried out at
37°C and the reaction monitored by TCA precipitation of aliQuots.

When the incorporation reached a plateau, tﬁe reaction was terminated
by adding 1.0ml of 0.2M sodium acétate pH5.0, 0.05mls 10% SLS and
0.5ml Qater—saturated phenol. The mixture waé shaken for 2 minutes
and 0.5ml of chloroform added. After a further shaking for 2 minuteg _
the mixture was centrifuged, thevéqueous phase removed, and the

phenol phase re-extracted with 1ml of distilled water. Thé pooled
aqueous phases were layered onto a Sephadex—GﬁO column previously
equilibrated with 0.1xSSC. The effluent was monitored by scintillation
counting and the peak fractions of 3H—poly (m pooled:and lyophilised.
The 3H—poly (U) was dissolved in a solution which was finally 2-5%xS5C.
The specific activity of 3H-poly (U) was 2.5 x 105Cpm/ug. |

8. Hybridisation of 3-‘I—Poly (U) and Poly(rA)ln Poly (U) Excess

50ng of cold poly ( A) (Sigma), in distilled water, was made up and
hybridised to 3H-poly (U) in 2xSSC at 37°C. During the reaction,
samples were taken and diluted 20 times in ice-cold 2x55C. Two
portions were removed and to one portion.RNase (20ug/ml) was added.
After 20 minutes in an icebath, bovine serumAalbumin carrief (250ug)
and TCA (10%) were.added. Samples were collected on GF/C (Whatman)

filters, dried, and counted with 15ml of tbluene—based_scintillation

fluid/.



fluid. The % RNase-resistance of each sample was calculated by
comparing the RNased samples with the non-RNase ™ treated ones.

9. In situ hybridisation of poly (U) and poly A-mRHNA

Cytological preparations were denatured with 0.2N HCl as previously
described, andlprépared for i&.§i§2 hybridisationm. Approximatély
1x104cpm of 3H—poly (U) were added in a 5 ul volume of 2xSSé. The
reaction was carried out fdr 2-3 hours at 50°C, and terminated by washing
the preparations in ice-cold 2xSSC, RNasing (20ug/ml) was carried

out at 460 for 20‘minutés and. the preparations washed exhaustively
in'ZXSSC at 490. After the last cold 2xSSC wash, the slides were

treated as previously described.
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CHAPTER III

ATTEMPTS TO DETECT ADENOVIRUS DNA IN ADENOVIRUS TRANSFORMED

AND TUMOUR CELLS: PHYSICAL METHODS AND THE USE OF VIRUS

COMPLEMENTARY RNA

SECTION 1

BASIC BIOPHYSICAL STUDIES

The techniques of buoyant density centrifugation in CsCl and
thermal denaturation can be particularly useful in discriminating
classes of DNA within the eukaryéte genome. CsCl buoyant density
centrifugation, for example, is capable o@ resolving cértain satellite
DNAs (Walker, 1970; Flamm, 1972); and thermal gradienf denaturation
of some DNAs result in the resoiution of ribosomal genes (Birnstiel
et al, 1970). DNA-DNA reassociation as well can discriminate dlasses
of DNA which in this case are defined on the basis of their bage-
sequence repetitition frequency (Britten and Kohne, 1968;' walker,
1970). The subject of this section is whether virus DNA can be

resolved from the rest of the genomal DNA in certain Adenovirus

transformed or tumour cells by these techniques.

Results andACoﬁclusions
a) Buoyant density determinations in neutral CsCl.

DNAs were spun in the analyticél ultracentrifuge-and their
buoyant densities determined (Table II1:1).

There is no difference in the values for normal DNA, both
Adenovirus 2 and 7 transférmed cell DNA; and DNA from tumours induced
by Adenovirus 2 transformed cells or Adenovirus 12. These ‘DNAs all

-3
possess buoyant density values of I1.699 (1.700) gm/cm .



Table III:1l

DNA

* Buoyant de§51ty

(gm/cm
1n neutral CsCl

(G+C)%

(G+C%)
OTHER STUDIES

Mouse
Rat

E. coli

_M. luteus

Xenopus ribosomal (oocyte)

Human
Adenovirus 2
Adenovirus 7
Adenovirus 12
Ad2/REB/10p/B1
Ad2/REB/50p/B1
Ad2/T4

Ad2/T5

Ad2/T6

Ad7/1

Adl2/T1

1.699/1.690
1.700
1.712
1.731
1.729

1.699
1.716
1.711
1.708
1.700
1.700
1.699
1.700
1.699
1.700
1.700

39.0 main/34.2 satellite
. 39.0-40.0 .
51
72
66-68

39.9
58
50
48
40
39.0-40.,0
39.9
40.0

39.9
40

39.0-40.0

Flamm et-al. (1967)
40.0 (Steele, 1968)

70 (Birnstiel et
al., 1970)

57-59 )

49-52 ;(Green, 1970)

48-49 )

¥ Analytical ultracentrifuge
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The three Adenovirus DNAs-2, 7 and 12 - possess unique buoyant
~density values, and the calculated GC contents are in agreement with
previously determined values for these particular virus DNAs (Green,
19?0).

Mouse DNA, as expécted, runs>as fwo detectable peaks-in the
gradient: 1.699gm/cm-'3 (main band) and 1.690gm/cm~3 (AT-rich
satellite ) (Kit, 1961; also this Thesis, pé. \o ). |

The molecular weights of the DNAs are all in the range of 107
daltoﬁs, and decreasing this value by a 1000 fold failed tb resolve .
any differences between the virus transformed, the tumour, and
normal rat_DNA (data not shown).

b) Thermal dissociation of DNAs.

Several DNAs were melted in 1 x SSC pH 7.5, or ImM EDTA. The
latter solution was'preferable since the melting range of thé DNAs
was lower than with the SSC sélution and consequently reduced»boiling
of the INA golution in the spectrophotometer cuvettes. The use of
this EDTA solution has already been noted'(Spiers, unéubliéhed) and
it gave reproducible results with a variety of DNAs (Figures II1:1 and
111:2). Bacterial DNAs of known GC contents and Tms* served as
standards (sge.Figure 111:2).

There is no difference in the Tms of normal rat DNA, transfofméd”
DNA or tumour DNA (Table 11I1:2); and Adenovirus DNA isolated from
serotyﬁes 2, 7 and i2 each possess Tms which are consistent'with
their GC contents, and with values obtained by qther workers (Green

and Pina, 1964; Green, 1970).

: o
* Tm = mid-point of the DNA melting transition ( C)



Table I1I11:2

DNA Tm DNA (lmM EDTA) | Tm(1xSSC) Ot::il’sifigies

Micrococcus luteus 72 99 99(Spiers,1973)
E. coli 61.5 90
mouse 59.5 85.5
rat 68.1 85.5
human 58.1 85.5
chimpanzee (pan troglodytes) 58.5 - 85.5 86 (Prosser,1974)
Adeno-2 transformed (Ad2/REB/10p/Bl) 58.1 85.5

" " (AG2/REB/50p/B1) 58.1 85.5
Adeno-7 transformed (Ad7/1) 58.1 85.5
Adeno-2 Tumour (Ad2/T4) 58.1 85.5
Adeno=2 Tumour (Ad2/T5) 58.1 85.5
Adeno-2 Tumour (Ad2/T6) 58.1 85.5
Adeno-12 Tumour (Adl2/T1) 58.1. 85.5
Adenovirus 12 61 89 ~ 88.8(Green and )
Adenovirus 2 66 92.5 92.4§Pina, 1964;
Adenovirus 7 62 90




Figure III:I. Melts of DNA in a ImM EDTA
solution.Each DNA was dialysed against

ImM EDTA and samples concentrated to
25ug/ml.
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FigureIIl:2. Tms for various DNAs in
different solutions.DNA standards were
M.luteus,Xenopus laevisrDNA(oocyte),
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c) Reassociation kinetics

bNA was denatured and reassociated according to procedures
outlined in Materials and Methods. ' The DNA was sonicated to a
Molecular Weight of 1.5 x 105 daltons‘and reassociation carried
out at 70°C in 2-x SSC. The data are presented as conventional log
Cot curves, the Cot% being a measure of the complexity of the individual
DNAs (Britten and Kohne, 1968).

Normal rat DNA reassociates over a wide range of log Cot values,

a finding which is consistent with other(studies on fat DNA (Melli

et al., 1971; Campo, 1973); and DNAs from tumour or transformed

cells exhibit the same reassociation traﬁsitions (Figures 111:3 and III1:4).
There is no increase or decrease in the frequency of highly repetitive,
intermediate or unique DNA sequencé - the three main classes of DNA
definabie by this method - between normal rat; transformed or tumouf
DNA.. In fact, ali theseiDNAs show two main transitions; one at a
Cot%-of around 10 and ano£per around a Cot% of 1000. - These two
transitions represent a proportion of the genome combrised of a
heterogenéous population of highly reiterated sequences,and a 1argef
proportion composed, for_the most part, 6f unique sequences only.

The three techniques used here have therefore failed to resolve
any differences in the DNA-from normal cells and transformed or tumour
cells. These particular techniques, however, have limited resolving
power (see e.g. Walker, 1970; Flamm, 1972) and therefore the failure
to resolve any differences between normal DNA and transformed or tumour
DNA could reflect thése limitations. Experiments were therefore

" designed which utilised the base-sequence specificity of the Adenovirus

DNAs. Radioactive complementary RNAs (cRNAs) to the Adenovirus



Figure III:3. Reassociation of DNA in
2xS5C,at 70°C over several Cot values.
DNA was at a concentration of 20mg/ml.
Reassociation was calculated according

to the formula:

E260(90) 260 (50) %100

260 (90) E260(90)*T00

138 °

as described in Materials and Methods,

rg.33
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Figure III:4. Reassociation of DNA in 2xSSC:
at 70°C.20mg/m1 DNA:7 reassociation was.
calculated according to the formula

as presented in Figure IIT:3.Figures ITII:3
and II1:4 show that reassociation of
normal rat DNA parallels reassociation

of transformed cell or tumour cell DNA.
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DNAs were synthesised and used to try and detect virus-specific
DNA sequences in transformed or tumour DNA. The preparation,
characterisation and use of these cRNAs in detecting such DNA

sequences are described in the following sections.
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SECTION 11

BASIC PROPERTIES OF THE TRANSCRIPTION OF ADENOVIRUS DNA BY THE’

E.COLI DNA-DEPENDENT RNA POLYMERASE

This section Qeals with‘some of the basic properties of the
transcription~of Adenovirus‘DNA by the E. coli DNA-dependent RNA
polymerase (Ef églE_RNA polymerase). While this polymerase's action
on certain DNAs is well documepted (see é.g. Richardson, 1969), little
is known about its mode of action on Adenovirus DNA.

In general, the amount and rate of synthesis of RNA produced
invvitro is dependent on a variefy of factors which are either
related to the nature éf tﬁe témplate DNA or to the mde of action
of the enzyme itself. Thus transcriﬁtion is dependent on the-
frequency and availability‘of initiation and terminatidn sites on
the DNA for example; and is also dependent on the rate of chain
growth or polymerisation. Each of these processes in turn have
their own specific rates which can be additionélly infiuenced by
factors such as the substrate concentration, the ionic strength, the
availability of polymerase molecules and the nature of thevDNA.
Reflecting this, RNA syntﬁesis can be enhanced in the presence of high
ionic strength for example (So et al., 1967; Bremer, 1970; .Maitra‘
and Barash, 1969); Salmon Sperm DNA is transcribed mofe efficiently
than Calf Thymus'DNA (Chamberlain and Berg, 1962); and an increased -
superheiicity of the closed circular DNA of'phage>\ leads to increased
amounts of RNA synthesis (Botchan et al., 1973).

One of the points about the existence of these various influences
is the faét that until they have been recognised and characterised it

is unclear whether specific transcription reactions are being carried
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out under conditions which maximise incorporation.. This is an
important point since it is frequently desirable to define conditions
of RNA synthesis: for example, very poor transcription may be due-to
unfavourable ionic strength or alternatively to infrequent initiation
sites on the DNA and failure tq be aware of the first'effect might
erroneously lead to explanation of poor transcription on the basis of
infrequent initiation sites only. Moréover, apart from this general
consideration; it is cleariy desirable ;5 have transcription conditions
which favour maximal amounts of RNA synthesis since the production of
highly radioactive cRNAs for use in nucleic acidfhybridisation
experiments is an exbensive process.

This section deals therefore with some aspects of the transcrip-
tioh.of Adenovirus cRNAs principally by E. coli_RNAApolymerase., “The -
results are particularly important in that they show that Adenovirus
cRNA synthesis has similar reaction depgndencieé as those described
for a variety of other DNAﬁE.’ggll RNA polymerase interactions.

This means, in effect, that subsequent use of Adenqvirus cRNAs to
detect regions éf DNA homology (see later) does not have to rely on

peculiar or unique conditions of cRNA synthesis.

Results and Discussion

The amount of RNA éynthesised can be measured by its precipitation
With trichloroacetic acid (TCA), the filtered radioactivity'béing
counted in a Toluene-base scintillation fluid. The rate of RNA
synthesis can be measured by the size of RNA transcripts produced in
a shért incubation time. This size, which is a measure of the number
of nucleotides incorporated, can be determined from the RNA's sedimen-

tation in sucrose density gradients. .
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1. Like all RNA polymerases, the reaction with E. coli polymerase
requires a cation, the four ribonucleoside triphosphates, and a DNA
primer (Fox and Weiss, 1964; Richardson, 1969). The basic mix
(seg Figure 11I1:5 legend) also inéludes Spermidine (1,6mM) wﬁich
helps to stabilise the enzyme and stimulate the rate and gxéent of
RNA symthesis (Fox and Weiss, 1964; So et al., 1967). Enzyme was
added at saturating concentrations which, under optimum. conditions,
would theoretically be capable of catalysing the incorporation of
2.5n moles 14C-—ATP into acid-insoluble material in the presence of
Calf Thymus DNA in 10 minutes. The basic mix also contains the

HPO4.

buffers Tris and K2

2. The DNA and cation dependehcies essential for nucleotide incor-
poration into RNA chains are shoﬁn in Figure III:5. When Mg*+ and
Mn++, or DNA is omitted from the incubation mix, there is little TCA
precipitable material in 30 mins. of incubation at 37°¢ (Figure
- ++ ++ ;
I111:5a). When Mg or Mn and DNA are added, however, there is
transcription (Figure I1I1:5b) which is more extensive when both Mgi
and Mn++ are present as well as DNA (Figure II1:52).  Chamberlin and
Berg (1962), in studying the action of E. coli RNA polymerase on a
. ++ o

variety of INAs, also found that the effect of Mg and Mn is
accumulative in this way . Under normal conditions of transcription
the reaction essentially plateaus at approximately 30 mins. incubation
at 37°C. Similar in vitro kinetics, using this enzyme, have been
reported for bacteriophage DNA (Richardson, 1969); a variety of
eukaryotic DNAs (see Jones, 1973 for example); and certain DNA virus

DNAs (see Pettersson et al., 1974 for example).



Figure III:5.Synthesis of Adenovirus 2cRNA.
The basic incubation mix contains:I-2ug
DNA(diélysed against 0.00IM NaCl),0.IM

Tris pH7.5,Spermidine(I.6mM),0.09-0.1IM

KCL, 2nM K2HP04,5 nmoles each of ATP,
UTP,CTP,GTP (either all labelled with
tritium:I5-20Ci/mmole,or one labelled
only:usually UTP),and 2.5 units enzyme.

In experiments with all four triphosphates
labelled the results were the same although
the radioactivity incorporated was higher.
At the termination of the reaction samples
were TCA precipitated and the radioactivity
determined by counting in Toluene-based |
scintillation fluid.(Toluene-PPO,POPOP).
III:5a) o-o basic mix (all four

nucleotides labelled) plus 0.0005M MnClZ,

0.004M MgCl,_ 3;x-x as for o—-o but DNA ..

denat:m:ed;—‘\-2 -~ 4 basic mix only; e —e
basic mix minus DNA but containing 0.0005M
MnCl2 and 0.004M MgClz.
II11:5b) o-o basic mix(all four nucleéotides
labelled) plus 0.004M MgC12;4——+basic mix
(all four nucleotides labelled) plus 0.0005M
MnCl,.Same sample volumeé taken as for

2
Figure III:5a.,and the RNA TCA precipitated.
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Denatured Adenovirus DNA (heating at 100°C in 0.001M NaCl for
over 30 mins. prior to transcription) shows a marked reduction in .
RNA synthesis (Figure II1:5a) which although not as much as for
denatured T6 DNA (Chamberlin and Berg, 1962) or the transcription of
denatured rDNA by the M. luteus DNA-dependent RNA polymerase (Hecht,
1973), is consistent with the lower levels of RNA synthesis observed
when, in general, any template DNA is denatured (see Richardson, 1969
for example)
3. At different concentrations of Mg or Mn transcription of
Adenovirus 2 DNA proceeds at different rates, the cation optimums being
4mM Mn or above 4mM Mg = (Figure III:6a). These optimums are in
agreement with those found for the action of E. coli polymerase on
Salmon Sperm DNA (Chamberlin and Berg, 1962), Calf Thymus DNA (Furth

et al., 1962) and the rDNA of Xenopus laevis (Reeder and Brown, 1970).

In addition, RNA synthesis does not seem to be impaired at relatively
high concentrations of 10-12mM Mg++ (Figure 11I1:6a) and this finding
"is consistent with other studies where concentrations as high as this
have been used without inhibition of RNA synthesis; for example with
» s ++ ++ -
T4 DNA (Bremer, 1970). The addition of Mn rather than Mg  appears
fo lead to greater stimulation (also Figure I111:6a). The cation
dependehce for the in vitro transcription of some: other DNAs also
exhibits this predilection for Mn++ (Maitra 93.31:; 1967). (When
_both Mg and Mn were present in the incubation mix the same incor-
poration of RNA as obtained for optimal Mn++ alone was obtained with
. ‘ ++ . ++ .
low concentrations of Mn . ( 2mM) together with Mg concentrations
of around 4-8mM (data not shown). This finding is also in agreement

with those obtained by other workers (e.g. Chamberlin and Berg, 1962).)



Figure III:6. Titration of Adenovirus 2

cRNA synthesis with either MgCl,or MnCl2

and also KCl.a) basic incubatioi mix

(UTP labelled only) plus MgClz(x-x) or
MnClz(o—o).KCI at O.,IM. RNA TCA
precipitated after IOmins. incubation
at 37°C.b)Basic mix (UTP labelled only)
plus MgClz(émM) and increasing amounts
of KCl. Reaction terminated after IOmins.
incubation at 37°C and RNA TCA

precipitated(I0%).
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4, The amount of RNA chains synthesised in vitro.with the E. coli
RNA polymerase is dependent on the salt concentration (Bremer, 1970)
so that at higher ionic strength (0.2M KC1) more RNA is produced than
at lower ionic strength (e.g. 0.05M KCl).

This is mainly the resultvof re-initiation of RNA chains
(Richardson, 1969); an increased growth rate (Bremer, 1970); and a
decline in end-product ihhibition (So et al., 1967) at elevated ionic
strength. In order to see whether high ionic strength enhanced
Adenovirus cRNA synthesis, Mg'++ - containing incubation mixes were
titrated with increasing amounts of KCl. Figure II1:6b shows that
thé amount of RNA synthesised at 0.2M KCl is greater than at other
ionic strengths while concentraﬁions higher than 0.25M are inhibitory.
This latter concentratioﬁ'of Kél is also inhibitory for the synthesis.
of T4 DNA (So et al., 1967), amongst others.

At 0.2M KC1 with Mn-"+ presept, however; the reaction is slightly
inhibited and reducing the molarity of the KC1 to aroqnd 0.1M when
Mn++ was present as well as Mg++ gave the most timum results (data.
not shown).

As mentioned, the actual growth of RNA chains is faster in high
ionic stfength. T4 . cRNA synthesis, with E. ggli_RNA polymerase, for
example is 2.5 nucleotides per second when incubated. in low salt
(0.3M Kél) but is 36 nucleotides per second -in high salt (0.2M KC1)
and with saturating concentrations of nucleoside triphésphates
(Bremer, 1970). in high salt, 35 nucleotides per ‘second ave been
reported for polyrAU formation (Geiduschek and Haselkorn, 1969) aﬁd
16-20 per second have been recorded forx cRNA synthesis (Ric;hardson,

1969). A slow rate of cRNA synthesis in high salt (0.15M) is
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characteristic of ribosomal DNA however. Reeder and Brown (1970)
for instance report 2-3 nucleotides per second for the rate of RNA
synthesis with E. coli RNA polymerase on Xenopus rDNA.

Figure III:7 shows that the rate of Adenovirus cRNA (0.15M KC1)
synthesis is fastér than the rate of transcription of rDNA (0.15M).
Aﬁ approximate rate of Adenovirus cRNA synthesis can be estimatéd from.
the size of this virus cRNA produced in a short incubation.time.
Figure II11:8a shows that after only 60 seconds incubation, 28S RNA transeripts
exist which must contain about 4.5 x 103 nucleotides ( 1.6 x 106“daltons)
.and én approximate minimum tfanscriétion rate of 75 nucleotides per
second can therefore be calculated for the synthesis of Adenovirus 2
cRNA. This rate is comparable with many other in vitro tianscription
rates using E. coli RNA polymerase.v
5. The size of the Adenovirus cRNA synthesised by E. coli RNA poly-
merase has been stﬁdied both here and by other wofkérs. In the
expériments described here there are several peaks éf radioactivity
along a sucrose gradient, the largest peak occurring around 288
(Figure 111:8b). This is also true for Adenovirus 12 cRNA (Figure ,
I11:8c). Petterséon et al. (1974), using»bMSO-sucrose gradients,
have estimated the cRNA transcribed off Adenovirﬁs 2 DNA, by the
E. ggli RNA polymerase, to be around 288 while LoniAand Green (1973)
using 3.2% polyacrylamide gels, have obtained several Qiscreté Adené—
virus 2 cRNA peaks whichfall into a molecular weight range somewhat
lower fhan that reported here or by Petterssén et al. (1974); Atheir
S values being 8S, 123, 13S and 16S. Lopi and Green_(1973) also
report that Adenovirus 7 and 12 cRNA both migrate in 3.2% poly-

acrylamide gels at 9 and 12S values which are again lower than those



Figure III1:7. Synthesis of Adenovirus

2cRNA and Xenopus cRNA to rDNA.Incubation

mig contains 0.I5M KC1,I.6mM Spermidine,
0.004M MgCl,,2mM K,HPO,,5nmoles ATP,CTP,
UTP,GTP(all labelled with tritium at
I5-20cI/mmole),2.5 units polymerase,
I00mM Tris pH7.53and x-xIug Adenovirus

2 DNA(dialysed against 0.00IM NaCl) or
o-o Iug Xenopus rDNA(dialysed against
0.001IM NaCl).Aliquots were. withdrawn
at specific times of incubation at
37°C and the RNA TCA precipitated

and its radioactivity determined
.by counting in Toluene-based

scintillation fluid.
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reported here. Lower estimates of 4S for the size of Adenovirus
cRNAs (McDougall@E, 1975) may be due to lyophilisation (Figure
II1:82) or to freeziné at —70°C which can decrease the molecular
size of RNA.

The Adenovirus genome is around 20-25 x 106 daltons (Green et al.,
1965) and RNA transcripts approaching this size would be considerably
greater than 28S in a sucrose‘gradient. -That no very large molecular
peaks in such gradients have been observed (Figure 111:8a, 8b, 8c;
see also Pettersson et 2l., 1974; Loni and Green, 1973) could be due
to premature digestion of cRNA molecules by nuclease preseﬁt, nicks'
in the template DNA, or preférential o; interrupted transcription.
Selective transcription of Adenpvirus DNA is partially the subject of
the following section of this Thesis, and it has also been observed
by other workers (Petteréson et al., 1974; Green and Hodap, 1972;

Dunn et al., 1973). Pettersson Sﬁ;ﬂl' (1974), in particular, have
demonstrated that initiation of RNA synthesis by E. coli RNA poly-
meraée appears to occur in at 1eastvfive locations on Adenovirus 2

DNA as determined by electron microscopy of transcription complexes,
some sites being more active than others. TQo regions whicﬁ correspond
to 7.11% and 4.7% of the Adenovirus. DNA dupléx appeér to be particularly
active. Either region does nbt exceed 1.0 x 106 daltons in-single
strand molecular length and an RNA trahscript from such a region would
therefore not approach 28S in sucrose gradients. However RNA appears
to be synthesised from other regions as well, one region amounting to
59.8% of the virus genome. That transcripts larger tﬁan equivalent

to 28S fail to be detected in the sucrose gradient experiments described

here and elsewhere (see Pettersson et al., 1974; Loni and Green, 1973)



Figure II1:8. Size distribution of Adenovirus
cRNA transcripts iﬁ sucrose density gradients.
cRNA in 0.00IM EDTA,0.IM NaCl,DEP(0.I%Z),0.2 M
sodium acetate was sedimented through a

sucrose density-gradient(5-40%) made up in the
same buffer.The gradients were spun at 25,000
rpm for I8 hours at 10-15°C in the 6xI5 rotor
(MSE) .Fraction aliquots were TCA precipitated
and the radioactivity determined by pouptipg

in Toluene-based scintillation fluid.E .coli

RNA was added to each gradient‘as a density
marker (arrows).III:8a)2 —4 Adenovirus 2cRNA
synthesised in a short incubation time of
60seconds.The transcription mix contained

100mM Tris pH7.5,5 n moles each of ATP,CTP,
GTP,UTP (all labelled with tritium:I5-20 cI/mmole)
2.5 units enzyme,2mM K,HPO, ,I.6mM Spermidine,
0.I5 M KC1,0.004M MgCl, and I-2ug DNA(0.00IM NaCL).
The reaction,at 37°C,was stopped after 60 seconds,
RNA precipitated with alcohol and finally
resuspended in gradient buffer; & -2 Adenovirus
2¢cRNA synthesised as in& —&but . reaction stopped
after 30mins. and cRNA lyophilised after ex-—
-traction,before addition to gradient,III:8b)
o-o Adenovirus 2 cRNA synthesised after 3Omins.
incubation in basic mix but with 4mM MgClz?

0.IM KCl 0.0005M MnCl,,5nmoles ATP,CTP,UTP,
GTP(all tritium labelled) added.cRNA was

alcohol precipitated after extraction,

before addtion to gradient buffer;III;8c)
Adenovirus I2 cRNA synthesised in same mix

as III:8b.See text and Materials amd Methods

for details.
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suggest that either they are inefficiently synthesised or are broken
down by nucleases present either in the transcription reaction or the

sucrose gradient.

6. Transcription of Adenovirus DNA by Micrococcus luteus DNA-
dependent RNA polymerase.

This enzyme also transcribes Adenovirus DNA (Figure II1:9a) but
much less RNA is synthesised than with E. coli RNA polymerase.

The amount of RNA synthesised is dependent on the concentrations
of cations in the incubation mix.- Figure I11:9b shows that RNA.
incorporation is maximal around 6mM Mg*+ or around é—SmM.Mn++, the
Mg++ producing greater stimulation. These optimums aré in agreement
with those found.for the ac@ioq of M,Vluteus RNA polymerase on Calf-
Thymus DNA (Fox and Weiss, 1964) and-Xenopus rDNA (ﬁechf, 1973).

It is nét clear why the M. luteus RNA polymerase should be less
efficient than the E. coli RNA polymerase but it may be the result
of polymerase~cRNA binding or end-product inhibition4> KC1l is
inhibitory for thevaétion.of this polymerase in some cases (e.g.
Hecht, 1573) but 1he.concentrations used hefe (<4< 0.1M KC1l) are
probably too low to account for the reduction of syﬁfhesis.A Perhaps
reduction is due to non-reinitiation of chain growth which is known
to occur with M. 1uteus'RNA polymerase (see Hecht, 1973; Richardson,
1969). |

‘As a result of this decreased activity with the M. luteus RNA
polymerase, all subsequent experiments involving Adenovirus cRNAs
utilised the E. coli RNA polymerase.

Conclusions

There are three main conclusions which can be drawn from the



Figure II1I:9. Transcription of Adenovirus
2 DNA by M.luteus DNA-dependent RNA
polymerase.a) Incubation mix same as

for Figure I1II:5a2(0.09M Kcl) but 2.5
units M.luteus enzyme.Same sample

volumes also taken as for FigureIII:5a.
There is approximately IO times less

as compared to the E.coli enzyme.b)
incubation mix as for Figure III:6.

RNA TCA precipitated after IOmins.
incubation at 37°C. o-o MgCl

MnC12.
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results of the experiments described above; First, AdenéQirus cRNA
synthesis using the E. coli DNA-dependent RNA polymerase, does not
appear to be special or unique in that the reaction dependencies are
similar to those found for a variety of other E. coli RNA polymerase-
DNA interactions. This, in effect, means that peculiar conditions
of synthesis dolﬁot have to be met before Adenovirus DNA can be
traﬂscribed efficiently. Secondly, the transcription reaction can
be somewhat optimised for the production of RNA by considering the
yarious influences that have been described above. The most optimal
‘conditions of synthesis are summarised in Table 111:3. Finally, .
together with fhese considerations, the above experiments suggest
that Adenovirus DNA may be preferentially transcribed in vitro since
the size of the cRNAs is markedly heterogeneous and no transcripts
approaching the mlecular length of one complefe DNA strand are
observed. This suégestion is borne out by the results of subsequent

experiments described in the following section.



Table III1:3

Incubation mixes for transcription of Adenovirus DNA by E. coli DNA -

dependent RNA polymerasé

1

MgC1,,+inCl,, . .MgCl2.alone MnCl, alone
Tris pH 7.5 100mM Tris pH 7.5  100mM Tris pH 7.5 100mM
MnCl2 0.5~-2mM MgCl2 4-12mM MnC1, 4mM
MgClz 4mM Spermidine 1.6mM Spermidine 1.6mM
Spermidine 1.6mM KC1 0.2M KC1 p.2M
KC1 0.1M KzHPO4 2mM KZHPO4 2mM
KZHPO4 2 mM Enzyme 2.5 units Enzyme 2.5 units
Enzyme 2.5 units DNA 1-2ug DNA 1-2ug
DNA 1-2pg nTPs 5n moles each nTPs. 5n moles each
nTPs 5n moleé each
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SECTION III

CHARACTER ISATION OF ADENOVIRUS cRNAs

It has been known for a 1ong time that nucleic acid hybridisation
techniqués can be useful for the detection of specific nucleic acid
base-sequence homology (e.g. McCarthy and Church, 1970; Walker; 1969;
Bishop, 1972b). Many features of the process contribute to the
preciseness and.specificity 6btained and these are outlined in-a
brief account.

An'important consideration in molecular hybridisation studies is
characterisation of the RNA species. .Failufe to characterise the<‘
RNA, or the hybrids, can frequently léad to misinterpretations of
results, or the failure of the ‘technique to detect regions of nucleic
acid homology which would otherwise be apparent. This last point
is particularly important when trying to detect sequences represented
in small amounts within individual genomes. Some.of the evidence
on virus DNA sequences in certain eukaryote cells suggestslthat they
exist in small amounts (see Table I:1). Since the Adenovirus ciiNAs
are the probes used to measure the amount of virus DNA sequeﬁces in
tﬁese virus-exposed cells, it was consideréd particularly desiréble‘
to characterise them. The results of this section show that such
characterisation is essential before virus DNA in transformed or tumour
‘cells can be quantitated. In the followiﬁg section use is made of

CcRNA and DNA excess hybridisation which are now both described.
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Native DNA can be dissociated and reassociated in vitro.(Marmur
and Lane, 1960; Doty et al.,1960) and hybrid duplex DNA molecules
can be formed from the DNA of two different bactefial species
(Schildkraut et al., 1961), viruses (Schildkraut et al., 1962;
Sutton, 1972)Aor highe? organisms (Walker, 1969; Héyer, McCarthy and
Bolton, 1964; McCarthy and Church, 1970; Kohne, 1970).  Sipilarly,
specific.complex;formationlbetween denatured and cémplementary RNA
‘can’ be brought about by the process of annealing at higﬁ temperature
and high.salt concentration (Hall and Spiegelman, 1961; Schildkraut,
Marmur, Fresco and Doty, 1961) aﬁd such hybridisation between
complementary nucleic acids can be considered to be very.highly
specific (McCarthy and Church,'1970;‘ walker, 1969; Bishop, 1972b>.

There are, éssentially, two types of-hybridisation experiments;
RNA excess and DNA excess. | In the second type of reaction the
proportion of the RNA which is complementary té the DNA can be
ﬁeasufed, an&.the rate constant of the reactive species can be
estimated (Meili EE.E&J’ 1971; Bishop et al., 1972; VBishop,-19725).

In.RNA excess experiments, unlike DNA excess experiments where
the reactants are usually in solution; the DNA is usually immobilised
on nitrocellulose membrane filters so as to prevent DM reassociatioh.
(Nygaérd and Hall, 1964; Gillespie and Spiegelman, 1965). Both
DNA-DNA reassociation'and RNA-DNA hybridisation can behave as second -
order reactions (Nygaard and Hall, 1964; Wetmur and Davidson, 1968;
Young and Paul, 1973), and the rate of the reactions are influenced,l
for the most part, by similar factors.

Nygaard and Hall (1964) have shown that the initial rate of

-hybridisation is proportional to the initial RNA concentration, and
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Bishop (1969) has demonstrated that the rate of RNA-DNA hybrid
formation, throughout the reaction, is still a function of the
initial RNA concentration. Further, if the RNA concentration,
throughout the reaction, is well in excess of the complementary
DNA sequence then the rate of hybridisation, roughly, is inversely
proportional to the genetic complexity of the RNA (Bishop, 1969;
Birnstiel et al., 1972; Purdom et a_1'., 1972). In this respect
DNA-RNA hybridisafion is closely analogous to DNA-DNA reassociation
where the rate is inversely proportional to the base sequence com-—
plexity of the DNA (Britten aﬁd Kohne, 1968; Wetmur and Davidson,
1968). Conveniently, for RNA excess hybridisation reactiéns, the
rate of RNA-DNA hybrid formation can be derived from the doub}e4
reciprocal plot of hybridisation versus time (Bishop, 1969); and
Birnstiel et al. (1972) have used the term Crt% (the product of
initial RNA concentration, in moles/nucleotide/liter—l, énd the time
necessary to reach half-saturation, in secs.), to measure kinetié
complexities of RNA species in individual hybridisation reactions. .
This term (Crt%) is reasonably aunalogous to Cot% (the product, in
moles nucleotide/litre-l/sec., of initial DNA concentration and the
time taken to reach half-reassociation) which has been introduced by
Britten and Kohne (1968) to help characterise DNA-DNA reassociation
reéctions.» |

There are other parameters which affect the rate of DNA-DNA
reassociation, some of which influenceAthe rate of RNA-DNA hybridis-
ation. The maximum rate of reassociation generally occurs at a
temperature of 20—30°C below the melting temperature (Tm) df the DNA‘

(Marmur and Doty, 1961; Wetmur and Davidson, 1968); the reaction
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rate increases slightly with the GC content of the DNA (Wetmur and
Davidson, 1968); higher salt concéﬁfrations give a faster rate
(Schildkraut and Lifson, 1965; Wetmur and Davidson, 1968; ,Britten,
1969); and the rate is proportional to the square root of the
molecular weight of the DNA (Wetmur and Davidson, 1968) or égception—
ally is inversely proportional to the fragmént size of the DNA
(Hutton and Wetmur, 1973; Chiiton, 1973). The reassociation rate
is also inversely proportional to the soivent viscosity (Wetmur and
Davidson, 1968), and mismatching can reduce the overall reaction rate,
although by how much is not certain. | Hutton and Wetmur (1973b)
estimate that the reaction rate of deaminatéa DNA is reduced by a
factor of 2 wheﬁ there is 33% m;smatch in theAfinal duplex, and
glyoxalated DNA with 16% mismatch reduces the renaturationArate also
by a factor of 2. - Bonner et al. (1973).using.deaminated DNA and
also renaturation of interspecies bacterial DNAs, estimate the reduction
in reaction rate due to miématching to be aimost twice that of Huttpn
aﬁd Wetmur (1973b); and a far greater dependence on mismatching on
reaction rate has been proposed by Sutton and McCallum (1971) and
Sutton (1972). |

For RNA-DNA hybridisation the dependencies are less clear. In
general there is a marked dependence on-temperature (Birnstiel et al.,
1972;: Eishop, 1972b) and the rate iﬁcreases with increased salt
concentration (Bishop, 1972a). - Whether there is-any effect of GC
content, RNA molecular length, or mismatching on the rate of the |
hybridisation reaction is not precisely known. There is some
evidence that for RNA excess hybridisation reactions there is no

length dependence-(Birnstiel et al., 1972), whereqs for 1:1 RNA:DNA
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reactions the rate is proportional to the molecwlar length (Hutton
and Wetmur, 1973b) andAfor DNA excess reactions the rate may be
inversely proportional to the fragmént size of the DNA at least
(Bishop, 1972b).

In general, if the hybridisation reaction is carried out under
conditions of RNA excess (Young and Paul, 1973; Bishop, }972b) and
the RNA consists of a single reactive species - or a féw species all
at the same concentration - the reaction is second order and the_rate
of approach to saturation (and the double—;eciprocai transformation)
can bé used to measure the kinetic complexitieslof the individual RNA
Speciés. In ad&ition, if the hybridisation reaction is carried wt
under the same criteria every Fime, then the kinetic complexities of
.a vafiety of MWAs can be compared. | These kinetic complexity values
can be related to the analytical complexities of the RNAs studied.

The rate of hybridisation in DNA excess experiments is also a
function of anélytical complexity (Bishop; 1972; Bishop, 1972b),
and in addition, can provide informationAon the repetition fréquency
of the DNA sequences complementary to the RNA.

Accordingly, cRNAs were synthegiséd from Adenovirus DNA templates
using the E. coli DNA-dependent RNA polymerase (see this Chapter,
Section il; and Materials and Methods). These cRNAé‘were then
hybridised to their homologous templafe DNAs in conditions of RNA
excess or DNA excess. From the RNA excess expeximents, double-
reciprocal linear plots were constructed for individual réactions,
and the saturation vélu?s and-Crt%é determined. Using these: values,
and standards, the kinetic complexities of the virus{cRNAs were

obtained. The fidelity of transcription was also examined.
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Results and Discussion

1. Effect of RNase on Adenovirus DNA-cRNA hybrids

Some DNA-RNA hybrids are sensitive to pancreatic RNase digestion.
. For example, the enzyme partially degrade§ homologous hybrids formed
between E. coli rRNA and E. coli DNA (Yankofsky and Spiegelman, 1962),
‘XCRNA and S\DNA (Green, 1970), and trytophan'messenger RNA and éeveral-
bacterial DNAs (Denney and Yanofsky, 1972). Bishop (1972b) has also
commented on the susceptibility of certain RNA-DNA hybrids to RNase
digestion; bacteriophage T4 and P. mirabilis cRNAs only hybridise to
between 60 and 75% of their expected saturation values. Equélly,
saturation values caﬁ be apparently incréased by failure to use the
appropriate enzymatic concenfrations.

Adenovirus cRNAs were hybridised to their homologous DNA
templates and the resulting hybrids treated with varying concentratioﬁs
of pancreatic RNase. The results, for Adenovirus 12 cRNA-12 DNA
hybrids'are shown in Figure I11:10. At concentrations of around
10ug/ml RNase the hybrids appear to be resistant to digestion.
Similar results were obtained for Adenovirus 2 and Adénovirus 7 cRNA-
homologous DNA hybrids (data hot shown) and increasing the time of
digestion did not lower the hybridisation values obtained wifh
10pg/ml. for 20 minutes incubétion. The saturation values, in
addition, are in agreement with the findings of the subsequent kinetic
experiments so that there does not seem to ﬁe appreciable digestion
of fully-formed cRNA-DNA hybrids. For subseduent experiments involving

the use of RNase, concentrations of 10ug/ml. were used.



Figure III:I0., Effect of RNase(pancreaticA)
on Adenovirus I2cRNA-DNA hybrids.
Various concentrations of RNase(made up
in 27 Na acetate pH5 and diluted in 2xSSC)
were added to Adenovirus I2cRNA-DNA hybrids
on membrane filters.Hybridisation was
performed in 6xSSC 30ZFA with Adenovirus 12
cRNA(S.A. I.7XIO7cpm/ug) in a I0:TI excess
over the DNA(5ng Adenovirus DNA plus 2ug
M.luteus DNA as carrier/filter).The reaction
was carried out at 50°C for 20% of the final.
saturation value. o-o Adenovirus I2cRNA-DNA
hybrids treated once with different
concentrations of RNase.x--x Adenovirus I2
cRNA-DNA hybrids treated once with RNase-
at different concentrations and then a second

time with IOug/ml in 2xSSC.
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2. Optimum rate temperatures for hybridisationeof Adenovirus cRNAs

Initial rates of cRNA-DNA hybrid formation for Adenoyirus cRNA-
DNAs were determined by hybridising cRNAs to their homologous DNAs
to less than 50% of the final saturation value, in conditions of cRNA
excess. The temperature optimums (T.OPFT.) in 6 x SS@/30% Formamide
(FA) and 1 x SSC were obtained, and are shown in Figure I1I1:11 and
Table I111:4. The loﬁering of the T .OPT. values due to therFormamide
is consistent with the findings of McConaughy et al. (1969); that a

1% increase in Formamide leads to a O.7°C decrease ie thermel
stability of nucleic acid he;ices. Aleo, the effeet of ﬁé* ion
concentration is in agreement with the increase.in T.OPT. for renatur-
ation with increasing salt cencentration (Schildkraut and Lifson,
1965); The T.OPTs for the three virus cRNAs are very similar:
Adenovirus 12, 2 and 7 being-51°C, 52°C and 53°C'respectively in
6 x SSC 30% FA.

The Tms of these Virus DNAs are highef by some 30°C than the
T.OPT. values in the same salt (Table IIIl:4). RNAs with known high
GC contents appear to have closer TmDNA/T.OPT. hybrid- -differences.
For example, Xenopﬁs ribosomal 28 and 18S RNA (GC eoetent, 59%) has
a 90C difference in 6 x SSC/50% FA (Bifnstiel et al., 1972); and
E. coli cRNA (GC content, 50%) has a difference in 3 x SSC/50% FA, of
around 11% (Bishop, 1972a). The TmDNA/T.OPT. hybrid difference for
RNAs of lesser GC content appears to be greater; @ x 174 DNA_&GC
content, 42%) has a Tm of 64°C in 6 x sscAso% FA and the cRNA a T.OPT.

"in the same solution, of 450C giving a difference of'iQoC (Birnstiel
2&.21-:-1972); while P. mirabilis cRNA (GC content, 39%) has a

TP /T.0PT. hybrid difference also of around ¥9°C (Bishop, 1972a).



Figure III:II. Optimal rate temperature
for the formation of Adenovirus cRNA-
DNA hybrids. Carried out in 6xSSC 30ZFA
with cRNA(S.A. If7xIO7cpm/ug) at 2:1
excess over DNA on filters(5ng each).
Reactions were terminated after IO-

20% of the final ‘saturation value

and the hybrids treated as described(
Materials and Methods,pg. 3%-39).

2ug carrier g;lufeus DNA was. added

to each filter before hybridisation

and the background radioactivity

due to this subtracted.

x-x Adenovirus I2cRNA;o-o Adenovirus

7cRNAj;o0=-~0 Adenovirus 2cRNA.



. RADIOACTIVITY (CPM) x10-

N -
LI
o

e
L]
Q‘
I

| ;:41 L

10 .

CFig. III:II.

30 - 40 7 50 -

TEMPERATURE (°C)

80



Table 111:4

DNA #

K3 - . A
virus GRNA T.OPT. T.0PT. | m™YPTH |y "2 147 opr, P r.oeT.t | PN
S 6xSSC/30% FA . 1xSSC 1xSSC 1xSSC 1xSSC 1x8SC 1xSSC
Adeno-12. 51 60. 72 89.0 12 30 17.0
© Adeno-7 53 63 75 90 12 27.0 15
Adeno-2 52 61 78 92.5 17 31.5 14.5

* See Table III:1
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AT-rich satellite cRNAs have T.OPTs which are 30—40°C lower than the
Tms of the native DNAs.(see Section IV, this Chapter). In general,
then, the lower the GC content of the RNA in an RNA-DNA hybrid, the
greater the To2 '/T.0pT YaitFerence. Fiéure I11:12 reflects this
finding. What is clearly evident is the discrepancy between the GC
contents of Adenovirus DNAs and the TmDNA/T.OPT hybrid differences.
This is especially true for Adenovirus 2 cRNA, the corresponding DNA
duplex having_a GC content of 58% (Green, 1970; Table I111:1, this
Thesis) which is approximately 10% higher than Adenovirus 12 or 7
DNAs. That the T.OPT. values for the virus cRNA-DNA reactions are
low suggests that regions of low GC content may be preferentially

' hybridiéing. Subsequent experiments lend additional support to this
suggestion.

3. Base-sequence complexity and rates of hybridisation of Adenovirus

c RNAs

4

Figures II11:13, I11:14 and I11:15 show double—reciprocal linear
plots for the hybridisation of Adenovirus cRNAs to their tempiate
DNAs. The reactions were all carried out in RNA excess conditions,
at the T.QPT. fér each cRNA in 6 x SSC/30%FA, the Formamide being
considered useful in maintaining the molecular weight.of the RNA
during long incubation. times (Birnstiel et al., 1972; Mchnaughy

et al., 1969). The t%s for the individual reactions were determined,

and the Crt%s calculated. These Crt%s are presented in Table III:5.V

Each of the Adenoviruq cRNA-DNA hybridisation reactions has its own

1

57 and thé complexity of each RNA is-consequently different. The

t
kinetic complexity of Xenopus ribosomal RNA (28 and 18S) was.determined

under the same criteria (see below) qu this value together with a



Figure III:I2, Variation in Tm DNA/T.OPT.
RNA-DNA hybrid formation Qith GC coﬁtent

for a variety of DNAs and their corresponding
hybrids.In general,as the GC content becomes
lbwer for the DNA,the TmDNA/T.OPT..becomes
lafger.Note the position of Adenovirus

2 cRNA-DNA hybrid/T.OPT./Tm DNA in relation

to its GC content. See text for details.
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% x 174 cRNA standard (Sinsheimer, 1959; Birnstiel et al., 1972)
allowed comparisons for the individual virus CRNAs to be made. -

4, Kinetic Complexity of Xenopus ribosomal RNA

28 and 18S Xenopus ribosomal RNA wés prepared as described in
Materials and Methods. Figure II1:16 demonstrates that this RNA
preparation was homogeneous for ribosomal RNA base sequences since
it exclusively hybridised to IXA sequences of ribosomai GC content
(1.724 gm/cm_a). A hybridisation experiment was then carried out in
order t0’dérive the kinetic complexity of this RNA population. The
result is shown in Table III:5. The kinetic complexity of 1.9'is the
same as previously reported by Birnstiel et al. (1972). .

Although the RNA consists of a population of 188 and_éSS RNA
molecules, the kinetic complexgty can be considered as a mean valué
(Birnstiel g}_gl:, 1972), the individual 18S and 28S RNA molecules
actually having their own kinetic complexities.

5. % DNA Complementary to Adenovirus cRNAs.

The saturation values for different Adenovirus cRNA-DNA
reactions are shoﬁn in Table III:5. All these wvalues are low, and
represent only a percenﬁage of the possible saturation value.  For
example, Adenovirus 12 cRNA hybridises only to 20% of the complemen-
tary DNA sequences, and Adenovirus 7 cRNA hybridises to only approx?
imately half this amount of the available complementary DNA sequences.
These low saturation values suggest that the virus cRNA;, in the main,
represent mly a propoftion of their.individual template DNA.
Moreover the safuration values for each virus cRNA are in agreement

with the t%s for each hybridisation reaction.



Figure III:1I3., Hybridisation of Adenovirus
2 cRNA to Adenovirus 2 DNA immobilised on
membrane filters.Reaction carried out at
T.OPT.(see Figure III:II) in 6xSSC 30%ZFA
with DNA at 5ng/filter and cRNA(S.A.

1.7 xIO7cpm/ug) at calculated 2;1 excess
over total DNA sequences.ﬂ;lufeus DNA'
carrier(2ug/filter) was also_added.

The ti fér the reaction is calculated
from the double reciprocal linear plot
(Bishop,I969;Birnstie1‘EEAEL.,I972)

by obtaining the time value at which

.the reaction is half complete,
Standardised t}s(3ug/ml) are presented
in Table ITII:5.
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Figure IIT:I4. Hybridisation of Adenovirus
7cRNA to Adenovirus 7 DNA on filters.

Data expressed as double reciprocal linear
plot(Bishop,I969).Conditions of hybridisation
as for Figure III:I3 and III:IS.
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Figure III:1I5. Hybridisation of Ademnovirus
I2 cRNA to Adenovirus I2 DNA over time
periods. Conditions of hybridisation

are the same as presented in FigureITII:I3.
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Figure III:I6. Hybridisation of 28 and I8S

rRNA (Xenopus kidney) to Xenopus DNA fractionated
on a neutral CsCl gradient.rRNA(S.A. 2x105¢pm/ug)
;6xXSSC 30ZFA at 70°C and the reaction stopped
after I0 hours incubétion.Hyhridisation is to
DNA sequences with a buoyant dens{ty of ‘

I1.724 gm/cm—3which is the buoyant density

of Xenopus rDNA sequences in neutral CsCl
(Birnstiel'gg'il.,l970). v

M.luteus DNA(I.73Igm/ém—3)as density marker.
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Adenovirus DNA has an analytical complexity of around 25 x 106

daltons (Green, 1970), which is the amount of deoxyribonucleotides
in the virué genome . If‘the cRNA from an individual.virus serotype
represented a total asymmetric transcript then thé molecular length
of this cRNA would be in the region of 1.25 x 107 daltons. g x 154
cRNA (1.6 x lO6 dgltons) and Xenopus ribosomal_RNA (28S and 18S)
(2.2 x 106 daltons) possess t%s (3pg/ml) of 24-30 minutes.(Birnstiei

et al., 1972; Table 1I11:5, this Thesis). This means that for an .RNA

complexity of approximately 1.25 x 107 daltons, and under the same

conditions of hybridisation, around 300 minutes would be needed before
the reaction would be at palf—saturation. The t%-for Adeﬁovirus 12
cRNA is aroundA30 minutes which is approximately 10% of the ébove
value,‘suggestingAthat the cRNA that is hybridising is around 10 times
less compléx than the equivalent of one total transcript of £he '
Adenovirus genome. Similarly, the t%-values for Adenovirus 2 and
Adenovirus 7 represent the hybridisation of RNA sequences which are a
iot less complex than one totgl(transcribt of the virus genomé
(Table 1I1I:5).

The DNA of Adenovirus 12 appears to be franscribed by the E. coli
RNA polymerase, to a greater extent than the other two virus_DNAs.-
Adenovifus 2 bNA has a high GC content (58-59%) and appareptly is the
DNA to be least transcribed by_the.E: coli RNA pélymerase. It has
already been shown that AT;rich base-sequences in Adenovirus 2 cRNA
appear to be preferentially annealing in a homologous hybridisation
reaction (Figure III:11, III:12). The results of the Kinetic
experiments show that certain cRNA sequences are préferentially

hybridising and furthermore, these sequences are most likely
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preferentially transcribed in vitro.

The double-reciprocal linear plot, however, is not sfrictly
applicable to hybridisation reactions invo;;ipg a population of RNA
molecules which are all present at different concentrations. . That
is, the linear plot essentially represents the hybridisation of RNA
sequences which are present in a.large concentration in the RNA
population. RNA éequences which are present in very low concen-
trations in the reactioﬁ are unlikely to be detected by RNA excess
hybridisétion reactions unless these sequences themselves are‘in
excess of the complementary DNA sequences. Consequently the
Adenovirus CcRNAs could consist of a large proportion of baselsequences
which are transcribed from a limited region of the genome, and also
a minor proportion of sequences whiéh have been transcribed from the
rest of the genome.

There are other reasons why the-satufation values for the
Adenovirus cRNAs might be low. First of all,.the cRNA could conceiv-l
ably consist of vifus~specific RNA molecules plus RNA sequences
which are not.complementary to the virus genome i.e. the transcription
by the E. coli polymerase is not faithful. Secondly,the reactidn
might not be in cRNA excess even for the greater proportion ‘of RNA
sequences present; -failure to achieve RNA excess in these types of
hybridisation experiments can lead to under-estimates of saturation
values (Young and Pau1,41973; Birnstiel 91_31., 1972). Thirdly,
self-complementarity of the éRNA could result in reduced saturation
values, gnd could_iﬂfluence the reaction rate. -Such self-complemen-—
tarity of cRNA and its effect on hybridisation reaction rates, has-

been noted (Bishop, 1969); T4 cRNA preparations were up to 40% RNAse-
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resistant due to RNA-RNA self-annealing. Finaliy, DNA could be lost
'from the filters as the reaction pfoceeds or the:amognt of DNA
immobilised in the filters could be over-esfiﬁated. 'Various
experimeﬁts weré performed to test these variables; alﬁhough tﬁe
Crt% values for each of the hybridising cRNAs are, in_themselves,
evidence that the majority of ﬁhe cRNA sequenceé represent only a

-

proportion of the Adenovirus genomes.

‘6z._~Self—Comp1ementarity,of Adenovirus .cRNAs.

Adenovirus cRNAs were self-annealed in 6 x SSC/30% FA at the
T.OPT. at which each Adenovirus cRNA hybridised. The reactions
were terminated after an equivalent of sevéral t%s in the hybridis-
ation feactioh. The RNAse-resistance is-shown, for each Adenovirus
cRNA, in Table I11:6 together with the self-complementarities of
cRNAs transcribed from denatured virus templates. The cRNAs
transcribed from haﬁive DNA templates show little self-annealing
that would interiere with cRNA-DNA hybridisatién; the cRNAs to
.denatured Adenovirus DNA template, however, show -considerable. RNAse-
resistance. = This high level of‘RNAée—resistance_in the latter case is.
in agreement with.the loss of asymmetric transcription when the tem-
ﬁlate DNA of a variety of organisms is denaturedAduring,a transcription
reaction (Riqhardson, 1969; Chamberlin & Berg, 1962).

1
7. Effect of RNA concentration onAthe saturat on value and.erzr

For the membrane procedure (Gillespie~and Sipiegelman, 1965) the
rate of hybrid formation throughout the entire reaction is a simple
function of the initial RNA concentration (Bishop, 1969), and by multiplying
the concentration of the input RNA (Cr;moles/nucledtide/lfl) and

t%(sect) for independent reactions with different initial RNA



Table I1I1:5

RNA Complementary pNA® tl(Sug/ml) Crtl X 103 Approx. Kinetic Comglex1ty
(%) (mins) (moles.sec/1.) (daltons x 10
In 6 x SSC/30% F.A.
Adeno-12 cRNA 20 - 30! 16 1.9
Adeno-7 cRNA 10 15-20" 11 1.1
Adeno-2 cRNA 6-10 12-15" 8 0.9
Xenopus TRNA 0.075 30 16 1.9
(28 & 188)
g x 174 cRNA" 95 15

24-27

Kinetic Standard

2 raken from Birnstiel et al. (1972).

° Double~stranded.




Table I111:6

-Self-complementarity of cRNA

RNA

% RNase-resistance
( 10t 1/2s)

Adenovirus .2

Adenovirus 7

- Adenovirus 12
‘aAdenovirus denatufed 2
a .

Adenovirus denatured 7

aAdenovirus denatured 12

10-15

11-15

5-7

25-30

20-22

42-44

a

DNA was denatured previous to transcription with

E. coli RNA-polymerase by boiling at 100°C for

15 minutes in 0.001 m NaCl.
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concentrations, a constant Crt% value should be obtained (Birnstiel
et al., 1972; Purdom et al, 1972). Table II1:7 illustrates a nearly
_constant Crt% value for each of the Adenovirus cRNA-homologous DNA
hybridisation reactions.

Actual}y there is a slight rise in tﬁe Crf%—value, for each
Adenovirus cRNA, at very high cRNA inputs.which suggests that there
may be sequences in the cRNA which are under-represented at low RNA
inputé; although even at these relatively low RNA inputs the
reaction is still being carried out under RNA excess conditions for
the majority of the RNA sequences. Theoretically if the hybridiéation
reactions were not being carried out‘in CRNA excess and the cRNAs
represented a single concentrat?on of complete genome transcripts,
then the reaction rate would be very slow. Y&ung and Paul (1973) have
demonstrated that decreasing an RNA:DNA ratio from approximately 10:1 to
1:1 results in about a 30% decrease. in the reaction rate. As>has
already been pointed outk the t%s for individual virusAcRNA—DNA
hybridisation reactions are lower than would be expected from the -
theoretical expectations if the cRNA represented compiete Adenovirus
genome. transcripts. If the reactioné were not in ﬁNA excess cohditions,
then the kinetic complexities of the virél cRNAs would in fact be lower
and not higher than those obtained already. Thus for the majbrityrof

sequences in the different cRNAs, the reactions are in RNA excess.

8. | The base sequences in Adenovirus qRNAs are allviral-specific
‘Adenovirus cRNAs were hybridised to -their homologous DNAs in

conditions of DNA excess. The hybridisation of Adenovirus 12 cRNA

to Adenovirus. 12 DNA is shown in Figure IIi:i?; the % RNAséAresistance

being plotted against log Cot (Britten and Kohmne, 1968; Melli et al.,

1971; Bishop, 1972a). The hybridisation value, for this particular



Table

III1:7
aInitial cRNA concentration Crt% X 103
CRNA ' (pg/ml) ’ (moles/sec/litre)
Adenovirﬁs 12 0.05 16
" 0.5 16
" 0.7 18
Adenovirus 2 0.05 8
" 0.5 9
Adenovirus 7 0.05 11
" 0.5 11
" | 12

0.7

Hybridisation conducted at the T.OPT. for individual reactions in

6 x SSC 30% FA (see Table 111:4)
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L .
cRNA, is around 80% and the CotE is 0.1. Bacteriophage )\ CRNA also

hybridises, in DNA excess, to its témpiate DNA with a C'ot—;- of 0.1
(Bishop, 1972a). The analytical complexity (genome size) of\ DNA
is 3 x lO7 daltbns (Bishoﬁ, 1969) and i:ts GC con-tept is 49%. The
GC content of Adenovirus 12 DNA is 49% also (Green, 1970) and it has -
an analytical :complexity of around 2.5 x'107 which is near the genome
size of >\ DNA. The Cot'él' values obtained in the same salt (2 x SSC)
;and under the same incubation temperatures -(70°C), ‘for both these
virus DNAs are therefore in excellent agreement, both experimentally
and theoretically. |

The Cot-%'- for the reassociation of Adenm‘ri‘rus 12 DNA can be
calculétéd from the Cot% hybrid-isation value of 0;1. Bishop (1972a) -
has shown that, in general, the Cot—l- reassociation valuel is approx-

2

imately 3 times faster than the Cot-;- value for hybridisation in. DNA

excess hybr‘idisation experiments. This gives a Cot-zll, er the reassoc-
iation of Adenovirus 12 DNA in 2 x SSC at 70°C, of 3.3 x 1072, The
hybridisation values and the Cot%s for the other' Agenovirus 'cRNAs are
presented in Table III:8. Adenovirus: 7 cRNA has a similar Cot‘%- to-
Adenovirus 12 cRNA. Adenovirus 2 cRNA, Ihowever, has a larger Cot-;-,
its value being 0.17. Adenovirus 2 DNA has a GC content. of 58~59%
(Green, 1970; also Table IIIl:1 of this Thesis). Aﬁneali‘ng sequences
with approximately 60% GC content under the same incubation conditions
as annealing sequences of approximately 50% GC content increases the.
Cot% hybridisation value by a factor of 1.5 however (Bishop, 1972a).
This is due to the GC contribution. Hence»the' Cot%hybridisati.on

value for Adenovirus 2 cRNA will be about 1.5 times higher than expected

due to the higher % of GC content in the correspondin_g DNA . The
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actual Cot% is then 0.113 which is approximately the same as obtainéd

for the.other Adenovirusesrstudied. Furthermore, the calculated Cot%
. for the DNA-DNA reaction is close to the'vélue of 1.7 x 10_2

(3 x SSC) obtained by SI nuclease monitoring (sée pguJS'[ of this
Thesis).

The DNA exbess experiments are theréfore a true repfesentation of
the reassociation of Adenovirus DNA. In theée experiments £he excess
ratio was 1000:1. For ratios of 100:1 the RNase-resistance was less
than 40% (Table III:8). Since an excess.ratio of 100:1 is usually
sufficient to bring excess DNA-RNA reactions theoretically to comple-
tion (Bishop, 1972a; 1972b), this result suggests that;the virus
cRNA is probably complementary to only a percentage of the genone.

By increasing the excess ratio to 1000:1 (Figure I1I11:17; Table I1I1:8)
the DNA sequences cémplementary to the cRNA will be increased. Hence
the 80% value. Increasing the excess ratio éven,furthér ( 2 times)
does not increase the hybridisation value (not shown). |

The remaining % of cRNA which appears td be RNase-sensitive could
be the result of failurevto achieve high-enough DNA excess for a few-
'sequeﬁces in the cRNA; or it could be due to slight degradation of the
hybrids (Bishop, 1972b) although this is unlikely (seenFigure.III:lo).
Even less 1ike1y, some cRNA could have broken down during the incub-
ation period. | Thevhybridisation was carried out-at 70°C in 2 x SSC
so that some cRNA-DNA hybrids might be unstable at this temperature.
waevér experiments done at 65°C in 2 x‘SSC also do not reach full

the virus . '
hybridisation of/cRNA (Table 111:8 also). Rarely does the % RNase-

resistance reach 100% in DNA excess hybridisation experiments (Bishop,

1972b; Campo, 1973).



Figure III:I7. Hybridisation of Adenovirus
12 cRNA and Adenovirus I2 DNA,in DNA excess.
2%x55C,70°C.DNA: cRNA(S.A. 1.7 xI0’cpm/ug):
I1000:I.Molecular length of DNA:400 base-
pairs;cRNA:800. Hybridisation was plotted
relative to non—-RNased samples ahd the
reaction terminated after a Cot of I

had been reached.cRNA?cRNA self-annealing
deducted. '
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Table 11I:8

/
| Cotr 2.
Y
* § 1
| . 1 (G+C) Cot= DNA-DNA
+ % Hybridisation Cot~ content ;
cRNA DNA v K . renaturation
value (cpm) hybridisation corrected (caloulated)
to 50% GC
Adenovirus 12 12 80 0.1 0.1 3.3x10 2
Adenovirus 12 12a 34 - - -
Adenovirus 2 2 75 0.17 0.113 ‘3..7x10'2
Adenovirus 7 7 78 0.11 0.11 3.6x10 2
. (o] -2
Adenovirus 12 12 80 0.1 0.1 3.3x10

cRNA-cRNA subtracted (Table 111:65

100:1,DNA:cRNA excess

1000:1,DNA:cRNA excess

65°C
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9. Retention of DNA on membrane filters.

Gillespie and Spiegelman (1965) demonstrafea that the DNA which
is immobilised on the nitrocellulose membrane filters doés not become
unéttached during the course of an RNA éxcéss experiment. However,
whén completé hybrids have been formed between homologous reacting'RNA
aﬁd DNA strands these hybrids can be preferentially iést from the
filter. | An example of this phenoﬁenon is the loss.of SV40 DNA-cRNA
hybrids (Haas et al., 1972).

Accordiﬁgly,_Adenovirus 2 DNA, labelled with tritium (specific
activity approx. 1 x 106 cpm/pg) waslloaded onto membrane filters and
a hybridisatioh reaction performed with ﬁnlabelled Adenovirus 2 cRNA.
Filters were counted before, duying and after several steps in the
conventiona; hybridiSation procedure. | There was no appreciable loss
of DNA (data not shown). Since the cRNAs represent different
concentrations of RNA sequences compleméntary to their template DNAs,
it is'unlikely that complete hybfids would_be-formed anyway. Further,
since a loss of DNA from the filters.would not affect—the t%s for the
individual cRNA-DNA hybfidisatibn reactioﬁs, the hyBridisation rate
being independent of fhe amount of DNA on the filtérs (Birnstiel et al.,
1972), the unexpectedly 1o§ t%s and low saturation values for the

Adenovirus cRNA-homologous DNA reactions cannot be explained on this

basis.
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From the results of the above experiments it seems that the
E. coli RNA polymerase isvtranscribing certain regions of‘the
Adenovirus genomes more efficiently - or selectivel& - than othérs.
There are two experiments which help to confirm this COnclusionﬁ
First, thermai melting_of the hybrids can provide information on the
preciseness of base-pairing aﬁd the average GC content'df the hybrid.
Second, there is only a certain degree of homolégy between different
Adenovirus serotype DNAs; 12 and 7 share 10-25% of their DNA base
sequences? 12 ‘and 2 shgre 29—24% of their ﬁNA base sequences, and 7 and
2 share 24-26% of their DNA base sequences: (Green, 1970). - Therefore
if these common DNA sequences are not transcribed by the‘gs coli RNA
polymerase, hybridisation reactions between cRNAs and heterologous
Adenovirus DNAs will be negative. | |

10. Thermal dissociation of Adenovirus cRNA-DNA hybrids.

Thermal melts were performed in 0.1 x SSC. The ﬁelting
profiles are shown in Fiéure I11:18. The Tms for the individual
hybrids are presented in Table II1I:4. They are GSOC, 620C and
65°C in 0.1 x SSC for Adenovirus 2, 12 and 7 respectively. Greeh'
and Hodap (1972) reported similar Tms, in 0.1 x SSC-0.1% SLS, for
these three Adenovirus cRNA-DNA hybrids: Adenovirus 2 (SSOC),
12(64°C) and 7(66°C). In 1 x SSC the Tm for native Adenovirus 2
DNA is 92.5°C (Greén and Pina, 1964;_ Table 111:2, this Thesis) which
correlates with its GC content of 58-59% (Marmur and Doty, 1962).
The Tm of the Adenovirus 2 cRNA-DNA hybria in 1 x SSC is 78°C, which
is 14.5°C lower than the Tm for the native DNA.  Adenovirus 12 DNA
‘melts, in 1 x SSC, at 89°C (Green and Pina, 1964; Table II1:2, this

Thesis) and the corresponding hybrid dissociates with a Tm of 72°C



Figure III:I8. Thermal dissociation of
Adenovirus cRNA-DNA hybrids.The hybrids-
‘were formed in 6xSSC 30%FA at the T.OPT.
for individual reactions and hybridisation
terminated at 80% of the reaction.After
post—hybridisation treatment(see Materials
and Methods,pg. 38 )to remove non—specific
RNA,filters were counted in Toluene-PPO, '
POPOP and the radioactivity determined.

To melt the cRNA-DNA hybrids filters were
thoroughly washed in Chloroform to remove
Toluene scintillation fluid and washed in

I xS5SC and IxSSC containing DEP to remove
Toluene and RNase activity.They were then
subjected to increase in temperature while
being immersed in 0.IxSSC. ‘

a) Adenovirus I2 cRNA-DNA hybrid;b)
‘Adenovirus 7cRNA-DNA hybrid;c) Adenovirus 2
cRNA-DNA hybrid. Tm'corresponds_to temperature
at which 507 of the hybrid has melted.
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which is some-l?OC lowér. There is therefore a mérked difference
between the Tms of the native DNAs and the Tms of the cRNA-DNA hybrids.

The principal parameters which could contribute to the relatively'
low hybrid thermal stabilities are: 1low ﬁolecular weight'RNA, iow GC
content, and mismétching of base pairs. For DNA-DNA renaturation
studies, the expréésion b&aT = 8200C (Thomas and Dancis, 1973) connects
the molecular length of a duplex(b) withvthe change‘in Tm (C>T);W
For example if the single strand moiecular weight of a feassociating
duplex is 400 nucleotides then the Tm of the resulting duplex will be
approximately 2°C lower than normal; for single strand moiecular
weighté above 800 nucleotides this effect will be negligible. . There
is wme evidence for this length effect occuring in RNA-DNA hybrid-
isation reactions, either with.;mmobilised ﬁNA (Birnstiel gi_gl.,
1972) or with both reactants in solution (Shenkin.and Burdon, 1974).
However, in the éxperimenté reported here the effect is probably
minimal since a large percentage of the cRNAs possess molecular
weights above 800 nucleotides (see Figure 111:8b & 8c).

All the hybrids melt with a single sharp transifion indicative
of a high degree of precision of base pairing. There is therefore
no good reason to,supﬁose that a large percentége of mismatched pairs
exist. For the hybrid Tms to- be approx. 15°C lower than the native
DNA Tms on the basis of mismatching alone, the hybrids would be
approximately 15% mismatched (Bonmer et al., 1973).  This is unlikely.
A iikely e#planation for the large temperature difference between
the hybriq Tms and the native DNA Tms is that, for substantial»regions,A
the hybrids are composed of rU-dA or rA-dT rich regions since a

predominence of Uridine or Adenine residues in the ribose strand of a
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mixed deoxyribose-ribose helix can markedly reduce the thermal stab-
ility (Walker, 1969). PolyrA-polydT for example has a Tm which is
4°C lower than the Tm of the corresponding polydA*polydT.duplex
(Chamberlin, 1965), and more strikingly, polyrﬁ-polydA melts some
‘19°C'below the corresponding DNA duplex with the same base composition
(Walker, 1969). This suggestion.would be in agreement with the low
T.OPTé for the formation of the Adenovirus cRNA-DNA hybrids

(Table III:4) and it is likely, moreover, that the seiected transcripts.
of the virus genomes represenf felatively AT-rich regions. .It is
also interesting that the majority of sequences in tﬁe.Adenovirus-
cRNAs are common to the virus—spécific RNA sequences expressed in
Adenovirus transformed cells (Green, 1970; Green and Hodap, 1972).

These latter sequences are of 47-51% GC content, a value which is

common to several Adenovirus transformed cells including those

transformed by Adenovirus type 2. In general the in vivo RNA is of
lower GC content than the corresponding DNA (Green,‘1970). Thus

there may be some correlation between Adenovirus. DNA transcripts in
vitro and in vivo.

11. . Cross-hybridisation of Adenovirus cRNAs with heterologous

Adenovirus DNAs.

The human Adenoviruses can be‘subdividedlinto serotype groups’ on
the basis of their reaction with eithei rat or rhesus.monkey erythro-
cytes (Rosen, 1958; 1960); basic biochemical and iﬁmunologicall
differences (e.g. Pereira et al., 1963; Ginsberg, 1962); and onco-
genicity in hamsters (e.g. Huebner, 1967). Serotypes in differeﬁt
groups are relate@ in some antigenic properties (Pereira et al., 1963)

and by some DNA-DNA homology (Green, 1970). For Adenovirus 12 and 7



Table 111:9a

cRNA® ?gﬁg) cpm hybridiseds® DNA (50ng) cpm hybridised’ .hyz;isgzzzion

Adeno-2 2 2100 2 2.2 x 104 -

Adeno-7 7 4203 7 4.08x 10 -

Adeno-12 12 8100 12 8.02x 107 -

Adeno-2 7 80 7 120 1%
Adeno-2 12 50 12 120 1%
Adeno-7 2 60 2 100 1%
Adeno-7 12 50 12 . 140 1%
Adeno-12 2 80 2 160 1%
Adeno-12 40 7 160 1%

a Always 8:1 excess (cRNA; S.A. 1.7 x 107 cpm/ug)

' 1
* 6 x SSC/30% FA, T.OPT. 2-3t§S.

background counts for 3ug m.luteus DNA alone have been subtracted.




Table I111.10

cRNA pna? % Hybridisation value®
Adenovirus 12 12 80

" 2 2 75

u 7 7 78

" 12 2 15

" 2 12 6

" 7 12

i6

1000:1 excess

cRNA-cRNA annealing substrated

(see Table I11:6)
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this homology extends to 25%; for 2 and 7, 26%; and for 12 and 2, 24%
(Green, 1970). This level of homology has also been established and
éorroborated by heterology patterns in the electron microscope (Garon
et al., 1973). cRNA excess and DNA excess ﬁybridisation experiments
were therefore carried ouf with Adenovirus cRNAs and heterologous
serotype DNAs. The results are shown in Tables III:9 and I11:10.
Under conditions of cRNA excess (Table I11:9a) there-is no Cross-—
hybridisation 6f Adenovirus cRNAs. Under conditions of Adenovirus
DNA excess (Table III:10) there is some cross—hybridisation;

Green and Hodap (1972) also showed that cRNAs‘to Adenovirus DNAs
do not cross-hybridise under cpnditions with DNA immobilised on
filters. Their experiments, however, may be open‘to criticism.
They_hybridised Adenovirus 12 éﬁNA to Adenovirus 12 DNA and dtained
189 cpm/3 ng DNA bound (Table I1I1XI:9b is taken from Green and Hodap;
1972). Taking an uppér limit of 25% homology between Adenovirﬁs 12
and Adenovirus 7 DNA (Green, 1970) around 40-50cpm/3ng wpuld be
expected for the heterologous reaction. Clearly this is a low value
and may be within background range. The other homologous Adenovirus
cRNA-DNA feactions give similarly low hybridiéation values (Table III:
9b). Dunn et al. (1973) also reach the conclusion that Adenovirus
DNAs must be selectively transcribed by the E. coli RNA polymerase since
there is little cross hybridisafion between different serotypes
(Table III:8c). However, in this case the hybridisation reactions
were not carried out under optimum conditions ibr‘the formation of
these virus cRNA-DNA hybrids. On calculation their homoiogous
reaction is only ébout 10% of the expected saturation value obtained

in this Thesis (Table I111:5). In the experiments reported here both

the cRNA excess and the DNA excess experiments were carried out under



Table II1:9b [adapted from Green & Hodap (1972)]

DNA template Bound
DNA “on filtgr for cRNA cts/min
Adenovirus 12 12 189
Adenovirus 2 12 6
Adenovirus 7 12
None 12 4
Adenovirus 2 2 117

* Adenovirus 12 2 7

Adenovirus 7 2 7
None 2 6
Adenovirus 7 7 238
Adenovirus 12 7 6
Adenovirus 2 7 10
None 7 5




Table-111:9c [adapted from Dunn et al., 1973]

DNA on membrane Template for cRNA synthesis cpm bound3 to membrane

Adenovirus type 2t Adenovirus type 2 ' | 5916

Adenovirus type 12 " 4 : 97
2 : S :

Human " .- _ 124

E. coli’ | . "o | 112

none " 38

Adenovirus fype 121 Adenovirus type 12 : 8390

Adenovirus type 21 " - _ 168
2 ’

Human : " ) ' 132

2 . - L
E. coli . " - 100
None " | 100

1 50 ng/filter
2 50 pg/filter

3 Input 50,000 cpm/membrane
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optimum conditions and the'reactions were taken past saturation.

Under the cRNA excess conditions there is no homélogy gvident,-while
under the DNA excess'conditions there is some (Table 111:9a; I1II:10).
These éxpériments suggest that the sequences complementary to common
DNA sequences for different serotypes are under-represented in the
cRNAs . However, the fact that some hybridisation occurs in the DNA-
excess hybridisation experiments suggests that these particular
sequences are likely to be transcriped‘ig vitro, although infrequently.

12. Experiments with denatured Adenovirus DNA templates.

Since Adenovirus DNA templates appear to be transcribed in a.
preferential way by the E. coli RNA polymerase, it was thought that
.denaturation of the>temp1ate previous to transcription might lead to
increased amounts of RNA being synthesised énd loss of selectivity;
theré being evidence for this occurring with other denatured DNAs
(Richa;dson, 1969).

Figure I111:19 shows the T.OPTs of the respective Adenovirus
cRNAs transcribed from denatured templates. In 6 x SSC 30% FA, the
T.OPTs are similar: 50—53%C. The kinetic complexities of two of
the Adenovirus cRNAs were determined (Figure.III:ZO and I11:21;

Table IXI1:11), and the saturation values are shown in Table III:1l.
What is apparent from these results is- the decreased saturatién
values and the concomitant increased t% values for each of the
Adenovirus cRNA-homologous DNA reactions compared to the homologous
reactions with cRNA transcribed from a nafive DNA templaté (Table 111:
5). The saturation values cannot therefére be increased by use of ‘a

denatured DNA template; a result probably due to the self—annealingéﬁ

cRNA during the hybridisation reaction (Table II1I1:6).



Figure IIT1:19.
Optimal rate temperature for the formation

of Adenovirus cRNA-DNA hybrids,the cRNA

originally being transcribed from a denatured

DNA template.Conditions of hybfidisation
were 6xSSC BOZFA;cRNA(S.A.-I.7xIO7cpm/ug);
10:1 excess cRNA:DNA at 5ng DNA/filter.
Carrier M.luteus DNA(2ug) was added to
each filter,hybridisation to this DNA
never exceeding 0.017 6f the homologous
virus cRNA-DNA reaction.

a) Adenovirus;7b)Adenovirus I2 c)Adenovirus
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Figure III:20. Hybridisation of Adenovirus
7 cRNA synthesised off a denatured template
to Adenovirus 7 DNA immobilised on membrane
filters.Hybridisation at T.OPT.(see Figure
III:I9) in 6xSSC 307ZFA with 5ng virus DNA
and 2ug carrier M.luteus DNA on filters.
cRNA(S.A. I.7XIO7cpm/ug) added at 2:1I
excess.The t} for this reaction can be
calculated from the time to reach half-

saturation.(see Table III:II)
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- 0.2

Fig.II1:20.



Figure III:2I. Hybridisation of Adenovirus
I2 cRNA synthesised off a denatured template
to Adenovirus I2 DNA immobilised on filters.
Hybridisation~at T.OPT. (see Figure III:I9)
in 6xSSC 307FA with 5ng virus DNA and 2ug
carrier M.luteus DN& added per filter.cRNA
(S.A. "1.7 xIO7Cpm/ug) was added at an
original excess of 2:1 cRNA to DNA and was
heated at 100°C for ISmins. prior to

hybridisation.
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" Table III:11

: T.OPT, T.OPT. | Complementary DNA 1 Approx. Kinetic Comglexity
CRNA (6xSSC 30% FA) | (1xSSC) (%) t5(3ug/ml) (daltons x 10
Adeno-2 denatured 53 62 n.d. - n.d. -
) . min. .
Adeno-7 denatured 50 69 6-7 20-25 1.3
Adeno-12 denatured 50 60 4 p e 0.06
Mouse satellite denatured 43 52 5 g-10 Seconds

0.01
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GENERAL CONCLUSIONS

" There are a few important conclusions derived from the results
of experiments described in this section.

First'of all, cRNA excess experimeﬁts show that the majority of
sequenceé in Adenovirus cRNAs appear to be transcribed from only a
limited region of the Adenovirus genomes. The amount of DNA transcribed
varies between different Adenovirus serotypes; Adenovirus 2 CRNA
-transcription possesses greaéest selectivity; Adeno?irus 12 has the
1east.l Selectivity in transcfipfidn is an interpretation of the low
saturation values and the unexpgctedly low t% values for individual
hybridisationAreactions (Table I1I1:5). That the cRNA sequences
detectable by cRNA excess hybr?disation represent a‘majority of -
transcripts rather than sole transcripts is suggeéted.by the slight
increase in Crt%-under high cRNA excess conditions (Table 111:7); by
the fact that some of the cRNA sequences do hybridise to heterologous
Adenovirus DNA serotypes under DNA exéess hybridisation while they do
not under cRNA excess hybridisation (Tables I1I:9; 111:10), and also
by the fact that CRNA sequences in very low concentration would
theoretically fail to hybridise in the &NA e#cess experiments (e.g.
Bishop, 1972b). A second important point  to emerge from the results
‘presented here is the fact that the majority of cRNA sequences are
probably AT-rich since the T.OPT. for hybridisation is alwaysilow
(Table 111:4) and the Tms for the cRNA-bNA hybrids are also in agree-
ment with this (Table 111:4).

_Selective transcription of Adenovirus DNA by E. gg}ihRNA poly-
merasé has been noted by other workers (Green and Hodap, 1972;

-Dunn et al., 1973; Pettersson et al., 1974). In particular, these
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last authors have shown that all the DNA sequences are representéd

in Adenovirus 2 cRNA'but thére is still preferential transcription,
certain regions of the template being more active than others. By
following the effect of adding unlabelled cRNA to the reassociation
of labelled virus bNA fragments produced by E;COR 1 restrictionv
enzyme, these workers showed that two Adenovirus 2 DNA fragménts-D
and F - were transcriptionally more active than the others. Both
these fragments represent 7.11% and 4.70% of the Adenovirus 2 genome
i.e. a total of 11.81% of the duplex. RNA transcribed from these
regions would therefore represent about 5-6% of the genoﬁe since

the product RNA is, in the main, asymmetric. This % complementarity
is similar to the value obtained here (Table I1I:4) which has been -
derived from cRNA excess experiments. These two specific fragments,
furthermore, are located at the AT—riéh end of the Adenovirusvz DNA
molecule (Kimes and Green, 1970). Thusvthe cRNA to these regions
will be UA-rich. In this respect this cRNA is additionally similar
to the postulated UA-rich cRNA sequences described here for all three
Adenoviruses. As mentioned; Pettersson et al. (19745 also suggest
that all the Adenovirus 2 DNA sequences are fepresented in the cRNA
transcripts. Part of their'procedufe incorporates hydroxyépatite
fractionation which can lead to over-estimation of duplex or hybrid
formation, particularly for Adenovirus DNAS (Tibbetts gzﬂgi., 1973);
so it is unclear if all the Adenovirus 2 DNA sequences really are
represented in the cRNA. Although this remains to be precisely
demonstrated, it is clear that a 1arge‘proportion of the Adenovirus
cRNAs are complementary to only certaiﬂ regions of the Adenovirus

genomes. The fact that there is selective transcription: of
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Adenovirus DNAs by the E. coli RNA polymerase means that experiments
utilising Adenovirus cRNAs to détect virus DNA sequences in eukaryote
cells have to be treated with caution. Most of the molecular
hybridisation experiments such as cRNA excess and gglgizg_hybridisation
are directly influenced by the heterogeneity and concentration of' the
RNA.sbecies. Clearly, if most of the Adenovirus 12 cRNA, for example,
only represents 20% of the Adenovirus 12 DNA template, then the chances
of detecting Adenovirus 12 DNA sequencés in eukaryote cells will be
reduced. Another important point is that because the AdenoviruslcRNA—
DNA hybrids have relatively low Tms and T.OPT$ (see Table 111:4), to
obtain maximum amounts of hybrid formation the incubation temperatureA
has té be relatively low. For instance, hybridisation of Adenovirus 2
cRNA at 806C in 2 x SSC (or its equivalen£ in a Formamide solution)
would reduce the chances of detecting Adenovirus 2 DNA homology.
This could not be predicted from the Tm of the wvirus DNA which is high
GC (see Table III:1l). A final point which needs to be méntioned is the,
fact that virus DNA sequences in certain transformed or tumour cells.
may only represent partial genomes (see Introduction).  Therefore, the
majority of Adenovifus cRNA sequences might not even be complementary
to these partial genomes. |

All this clearly demonstrates that‘before estimates or location
of Adenovirué DNA sequences 1in fransférmedAor tumour cells in particular
can be made, the Adenovirus cRNAs and the Adenovirus cRNA-DNA hybrids

have to be characterised.
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SECTION 1V

IN SITU HYBRIDISATION

The in situ hybridisation method (John et al., 1969; Gall and
Pardue, 1969) combines the specificity of molecular nucleic acid
hybridisation with cytological discrimination leading to the detection
and localisation of specific nucleic acid_base-sequences within
eukaryote cells (Jones, 1973; Hennig, 1973; Steffensen and Wimber,
1972).

Apart froﬁ chromosomal mapping of DNA sequences, one of its
advantages over other conventional hybridisation methods is the
fact that single cells can be studied. ‘This can be an important
consideration since some cells’'in a population might possess more,
specific, DNA sequences than others: for example developing Xehopus.'
oocytes have several times the amount of ribosomal genes than do
follicle cells (Birnstiel et al., 1970). Thereis also a restricted
distribution of EBV genomes to the epithelial cells of certain human
nasopharyngeal carcinomas (Wolf et al., 1973; Klein et al., 1974).

'As regards virus-host cell interactions, the method has been
utilised in several attempts to detect virus nucleic aéids in
permissive, semi-permissive, or non-permissive systems}

Replicating virus DNA has been detected in situ in Sv40-infected
monkey kidney ceils (Geuskens and May,A1974); HR IK cellsIWhich are
permissive for the replication of EBV (Pagano, 1974); and HEK cells
infected with Adenovirus 12 (McDougall et al., 1972; Dunn et al.,
1973). The applicationsof’ig_gizg_hybridisation to semi-permissive
systems are exemplified in the detection of Adenovirus 2 DNA replication

in rat embryo cells (Gallimore, 1974), and the localisation of



99

réplicating Sv40 DNA in a small percentage of rabbit kidney cells
transformed by this virus (Watkins, 1973). There h&ve also been
attempts to detect virus-specific DNA within virus transformed or
tumour cells; for example certain SV40 transformed human cells and
hamster tumour cells (Oda et al., 1972); and a cell line originating
from an African Burkitt's lymphoma (Zur Hausen and Schulte-Holthausen,
1972). Shope papilloma virus DNA has been localised in rabbit skin
(Orth et al., 1970), and for Adenoviruses there is the'suggestion
that virus DNA can be detected within the nuclei of transformed rat
cglls (Dunn et al., 1973) and rat tumours induced by Adenovirus 12
(Dunn et al., 1973; McDougall et al., 1972b).

Clearly; the method has been of great use in studying and
clarifying the variety of virus-cell interactions which can occur.

For in situ hybridisation the principal parameters are the
specific activity of the iabelléd nucleic acid "probe" and the
amount of specific nucleic acid'sequences in the cell to be analysed.

Briefly, the greater the specific activity, and the larger the
amouht of "target" sequences, the greater will be the chance of
detecting them. Thus there is a greéter chance of detecting virus _'
DNA in infected cells fhaﬂ transformed or tumour cells since, in
general, transformed or tumour cells contain lower amounts of virus
DNA (see Introduction, Chapter 1).

There are two important facets of th¢ in gizgvhybrdisation
process which need to.be considered in relation to its resolvingApower.
The first is efficiency. Clearly, if the efficiency is low then this
reduces the limit of detection. In conjunction with this is a second

consideration of whether or not in situ reactions can be optimised.
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Conventional hybridisation reactions can be optimised (section 111,
this Chapter) with the direct result that their efficiency can
sometimes be increased. Many of the features of in situ hybridisation
appear to'be similar to the RNA excess hybridisation method: for
instance in both cases the denaﬁured DNA is immobilised and RNA is
ihcubated in solution around it.(also see Jones, 1973; Hennig, 1973).
This suggests that in situ hybridisation reactions also can be
optimiéed and their efficiency improved. This is particularly
important, as in_the pre;ent work,whén the detectibility of trace
amounts of ﬁucleic acids in éhe cell is in question. Some of the

work in this Thesis attempts to detect virus DNA seqﬁences‘in trans-
formed or tumour cells by iﬂ.ﬁlﬁ& hybridisation (see following section).
A knowledge of the efficiency of theAprocess and its comparability
with conventionai RNA-DNA hybridisation.is fheréfore desirable.

Experimental design

The effects of the fixation procedure and denaturation treatment
have already been mentioned (see Materials and Methods,. pg. ALL’ ).

Two types of experiment were designed té determine whether
individual in situ hybridisation reactions could be optimised and to
determine their.effiqiency. One type. (B) monitors RNA-DNA hybrid
formation (radioactivity) by autoradiography which is a normal-
feature of the in situ method; the other type (C) uses direct
scintillation counting. Both t&p9S'of experiment use satellite DNA
as a tést system because it is readily isolatable, easily defectable
by both conventional and in situ hybridisation, and it has discrete

chromosomal locations (see Walker, 1970 for example).
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Satellité cRNAs were characterised and the conditions of
satellite cRNA-DNA hybrid formation determined. In situ hybridisation
reactions were then performed and the results compared with conventional
hybridisation.

The reactions studied were mouse satellite cRNA-DNA and h@an
satellitev cRNA-DNA hybridisation.

The re'sulté show that ipdividual reactions at the cytological
level can be‘optimised.vand further, the optimal hybridisation
conditions are similar to those found for conventional RNA excess
hybridisation. AE_stimates of efficiency, carried out under oétimal

conditions, fall into the range of 4-5%.

A. CHARACTERISATION OF SATELLITE  cRNAs

RESULTS & DISCUSSION

1. RNA transcribed from native duplex satellite- DNA,

The E. coli RNA polymerase has a predilection for the H(heavy)
strand of duplex mouse satellite DNA resulting i a 5-6 fold concen-
tration of H strand transcripts over L(light) strand transcripts in
the cRNA (Figure 111:22).

Such hybridisation to both H and L strands of mouse satellite
DNA could represent partial symmetric transcription of the satellite
DNA, and this suggestion is supported by -s;,elf—anr&ealing experiments
with mouse satellite cRNA which indicate 4-15% se:lf—complementari'ty .
in the transcript (Table I111:12).

The self-complementarities of the human satellife 'cRNAs ‘are
listed in Table 1II1:12 and the values suggest a very liﬁited amount
of symmetric transcription of these sat‘ellite DNASs .’

The sizes of the cRNAs were determined by sucrose gradient



Figure III:22, Hybridisation of mouse
satellite cRNA to the complementary

strands of mouse satellite separated by

Xenopus DNAs are added as buoyant density
markers.The DNA of each fraction was
denatured,loaded onto millipore filters
(Materials and Methods) and hybridised '
at the T.OPT. (see Figure III:24)in 6xSSC
307 FA,with a I0 times excess of complementaryA

satellite cRNA,for 2 reaction half—iives(t%).
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Figure II1:23. Fractionation of mouse
satellite cRNA(3xIOACpm) in a sucrose
density gradient(5-40%).Spun at ISOC,'
24,000 rpm for I8hours.RNA TCA

precipitated.E.coli RNA added as a

density marker.
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centrifugation and were estimated to be between 5-6S, corresponding
to molecules of 150-200 nucleotides (Figure I11:23).

2. Optimal rate temperatures for hybridisation of satellite cRNAs

The temperature optimums (T.OPT.) for the formation of safellite
CRNA-DNA hybrids are shown in Figuré 1II1:24. The T.OPTs for human
satellite III and mouse satellite cRNAs were alsé determined in
1 x SSC and 3 x SSC (Table III:iB).

Mouse satellite DNA has a Tm of 86°C in 1 x SSC (Bond et al.,
1967) while human satellite DNAs I, II and IIi have Tms, in
1 x SSC of 80°C, 84°C and 85°C respectively (Corneo gg_él,, 1968;
Corneo et al., 1970; Corneo et al., 1971). These values are
30—400C highér than the T.OPT. values for the individual satellite
CRNA-DNA hybridisations, a teméerature difference rather ﬁigher
than previously reported for a variety of DNA-RNA hybrids
(Birnstiel et al, 1972; Bishop, 1972). | |

3. Gradient Hybridisation

Mouse satellite cRNA was hybridised to mouse DNA fractionated
on either a CsCl gradient (Figure III1:25) or a Agﬁ;c52s04 gradient
(Figure I11:26) at the T.OPT. in appropriate hybridisation éolution.

Human satellite .III cRNA was hybridised to human DNA fraction-
ated on a CsCl gradient at the T.,OPT. for this reaction.(Figure I1I:
27).

These gradient hybridisations>show that the satellite cRNAs,
for the most part, hybridise to DNA sequences with unique buoyant
density. |

CcRNAs to total DNA, for :mstance.total human bNA, hybridise to

many sequences with a heterogeneous buoyant density (Figure I111:28).



Figure III:24, Initial rate of satellite cRNA-
DNA hybridisation as a function of temperature.
cRNA was hybridised to filters containing

total DNA.RNA concentration and time of
incubation were chosen so that 1I0-307

of the complementary satellite DﬁA reacted.

a) 6xSSC 30%ZFA;b)3xSSC. -

0-0 Mouse satellite cRNA;p1— 11 human satellite
ITII cRNA; @ — @ human satellite II cRNAj

#8 — B human satellite I cRNA.
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Figure III:25. Hybridisation of mouse
satellite cRNA to total mouse DNA fractionated
on a neutral CsCl gradient.Hybridisation as
for Legénd to Figure III:27. As well as
hybridisation to DNA sequences witﬁ a
buoyant density of mouse satellite DNA
(I.69Ogm/cm_3)(see TableIII:I),there 1is
also some hybridisation to sequences

which are present in thé light part of

the gradient.This may represent. ‘
trailing of satellite sequences

into this region of the gradient.
Alternatively,some satellite sequences

may not have been fully resolved into

a satellite peak.These sequences may

also be interspersed with the main

band sequences.(also see Figure-III:26).
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Figure II1:26. Hybridisation of mouse satellite
cRNA(S.A.'I.4xIO7cpm/ug) to total mouse DNA
fractionated on a Ag+—CsZSOAgradient.Gradients
were made up as described in Materials and Methods
(pg.4ﬂ ) at an Rfof 0.25,The DNA was'centrifuged at
30Krpm for -72 hours at 25°C in the 8x60 MSE rotor
,and the fractions were collected from the bottom
of the tube.Aliquots were denatured,neutralised,
and loaded onto membrang filters(The DNA sequences
complementary to the cRNA were always very much
less than the concentration of the cRNA

sequences) .6xSSC 307FA for IOtis at the T.OPT.
After extesive washing in 2xS$C,foiiowéd by
RNasing to remove unbound RNA,the filters were
counted in Toluene~based scintillation fluid.
Hybridisation is mainly to DNA sequences '
which on re-running on neutral CsCl band at

a density of I.690gm/cm-3which is the

buoyant density of mouse satellite

DNA.The isolated satellite DNA in the Ag+—

Cs2804 gradient can also be observed by
spectrophotometry at 260nm(arrow).Main band
hybridisation can be accounted for by the

presence of mouse satellite DNA sequences

which probably have not been completely.

isolated by the technique of Ag+-CSZSO4

gradient centrifugation.Incomplete

separation has been observed for the
centrifugation of other sétellite DNAs

as well.(e.g. Prosser,I974).
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Figure II1I:27. Hybridisétion of satellite

cRNA to neutral CsCl

gradient.DNA in O.IxSSC,‘

together with M.luteus DNA as density marker,

was added to 5.2gm CsCl and centrifuged in a

MSE IOxIO rotor for 40hours at 25°C.Fractions

were collected, their
and aliquots of each
loaded onto membrane
with human satellite

concentration of the

0.D.s(260nm) determined, .
fraction denatured,
filters and hybridised
ITII cRNA so that the

RNA was in a IO times

excess of the complementary DNA on the
filters.6xSSC 307ZFA at the T.OPT. and

continued for 2 reaction t}ls.The peak

of radioactivity corresponds to a buoyant

density of I.696gm/cm_3which is the

buoyant density of human satellite IIT DNA

in neutral CsCl(Corneo et al.,I973).
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Figure I1I1I1:28, Hybridisation of total human
DNA cRNA to total human DNA fractionated on

a neutral CsCl gradient.Total Human DNA(
0.00IM NaCl) was transcribed by the E.coli
DNA-dependent RNA polymerase and the cRNA
extracted and purified.The cRNA(S.A. 2.0x
107cpm/ug) was hybridised to total human DNA
fractionated on the CsCl gradient as described
in the Legend to Figure III:27.Hybridisation;
to DNA sequences with heterogeneous'ﬁuayant

density.
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Table II11:12 Self-complementarity of satellite cRNAs

, , ; 3
Satellite cRNA Concentration (ug/ml) TRNAse-resistance (g.p.m.-H")
_ at several TES
Mouse : _ 0.012 15
Mouse 0.014 7
Mouse et -~ 0.010 9
. .
Mouse . 0.010 : 40
Human I ' 0.012 4
Human II | _ 0.016 15
Human III 0.020 8

a Mouse cRNA transcribed from a denatured mouse satellite DNA template

-
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4. Base-sequence complexity and rates of hybridisation of satellife

cRNAS .

Figures 111:29 and iII:SO show double reciprocal linear plots for ’
the hybridisation of satellitelcRNA sequences. From the time taken to
reach half-saturation, Cft%s were calculated (Table III:13).

# x 174 cRNA hybridises to its template DNA with a Cr% of 156 x 107>
moles/sec/l under RNA excess conditions at ifs T .OPT. (45°C) in 6 x SSC
50% FA. (Birnstiel et al., 1972) and the DNA has analytical
compléxity of aréund 5590.bases. The Crt% of mouse satellite cRNA
is app;oximately 3 x 10—4 moles/sec/1 and is therefore about 50 times
less complex than the & x 174 cRNA. This infers thét mouse satellite
DNA has a>kinetic complexity of around 100 base pairs, a value in
agreement with complexities derived from renaturation studies
(Waring and Britten, 1966; Sutton and McCallum, 1971; Hutton and
Wetmur, 1973a). The kinetic compléxities of the three humaﬁ
sateilite DNAs are shown in Table I111:13. The percentage of the
mouse and human genones complementary to the individual cRNAs can be
calculated from the saturation values contained in the double
reciprocal plots (Bishop, 1969; Birnstiel et al., 1972). While the
value (Table-III:l3) for the percentage of the mouse genome. comple-
mentary to the mouse satellite cRNA is in .good agreément with
previously published values (Kit, 1961), the percentages derived for:
each of the human satellite DNAs (Table I11:13) aré lower than have
previously been suggested from densitometric measurements in the

analytical ultracentrifuge (Corneo g}_gl;, 1973).
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Figure I11:30 demonstrates that even at low temperatures of
incubation,'where the rate of.hybridisation is slower, full saturatipn
is eventually achieved. As the temperature is increased so the rate
of the reaction increases, although at supra-optimal temperatures the
saturation value decreases as a consequence of greatgr RNA-DNA hyﬁrid
dissociation as the temperature approéches the Tm of thé hybrid.
Forimouse satellite cRNA-DNA hybridisation, a feduction pf 15°C from
the T.OPT. leads to a 1.5 times decrease iﬁ reaction rate; and an
increase of 15°C over the T.OPT. leads to a 1.75 increase in reaction
rate but a 60% decrease in the saturation value.

5. Thermal stability of satéllite cRNA-DNA hybrids

Figure 11I:31 shows the melting profiles of mouse satellite
CRNA-DNA and the hﬁman satellite cRNA DNA hybrids originally formed
at the T.OPT. The Tms of the hybrids are 12-18°C lower than the
corresponding Tms for the native sateilite DNAs (Table II1:13), and
are about 22°C higher than the T.OPT. values under similar criteria.
The Tms of the mouse satellite and human satellite III cRNA-~DNA
hybrids;formed also at 65°C are shown iniTable I11:13. They are

75-76°C and 7200 respectively.

B. In situ hybridisation. of AT—rich1satellité;cRNAs,
The optimal temperature of hybridisation, and the.melting
| temperature of the AT-rich satellite cRNA-DNA hybrids studied here
are 33-40°C and 12-18°C lower than the Tms of the native DNAs
(Table I111:13). This is a considerable temperature difference.
These particular satellite DNAs have already been assigned
chromosomal sites (Jones, 1970; Pardue and Gall, 1970; Jones and

Corneo, 1971; Jones, Prosser, Corneo and Ginelli, 1973; Jones et



Figure II1:29. Double reciprocal plot for
the reactions of human satellite IcRNA and
human satellite III cRNA.Filters containing
0.0Iug or 0.05ug totél human DNA were
challenged with 0.02ug/ml satellite III

or satellite I cRNA reépectively,at the
T.OPT.s in 6xSSC 30ZFA for various times..
S.A. of cRNAs was I.4xIO7Cpm/ug,
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Figure III:30. The effect of temperature
on the rate of mouse satellite cRNA-
DNA hybrid formation.cRNA excess.
Filters containing 0.002ug total mouse
DNA were hybridised in 6xSSC 30ZFA
until 80-907 of the reaction had

been achieved.The cRNAg'ﬁ%7cpm/ug) )
was at a concentfation of 0.0I8ug/ml..
Each reaction is expressed as a double
reciprocal plot and the difference

in rates of the three lineaf-plots

can be expressed through the changes
in the time for 507 saturation to be
achieved.The reactions are essentially
an experimental extfapolation of tﬁe
optimal rate temperature curve shown

in Figure III:24,



Fig.III:30.

- 0.01I5

0.010

AYBRIDISATION

0.005 "

L 0.00T

LN _ s TIME (Hours)




Figure III:31. Melting temperature profiles
of cRNA-DNA hybrids. DNA was hybridised with
saturating amounts of homologdus satellite
cRNA and the hybrids dissociated as
described. in Materials and Methods(pg.42 ).-
a) @~ ® Human III satellite cRNA-DNA hybrid;
g -0 Human satellite II cRNA-DNA hybrid.
b) @ — @ Human I cRNAsatellite-DNA hybr_:id;
o-o ‘mouse satellite cRNA-DNA hybrid.
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al., 1974) but apart from human satellite I the temperature of
incubation chosen was generally 65°C which is already'within the -
melting range of all these satellite CRNA-DNA hybrids (Figure I1I:31).
This togefher with the findings that some of'these satellite DNA
sequences appear to have a restricted distributién in.the karyotype
suggested that reducing the temperature of incubation to without

the melting range of the hybrids would lead to greater efficiency

in the in situ hybridisation reaction. In tufn, it could be
investigated whether such an increase, if aﬁy, would reflect any

bagsic similarities between in situ and conventional hybridisation.

RESULTS

Mouse satellite and humaﬁ'satellite I1I cRNAs were hybridised.
to mouse and human chromosomes respectively and hybrid formation
monitored by autoradiography.

It can be seén from Figures 111:32,I11:33 and 111:34 that the
temperature of incubation is important in determining the amount of
hybridisation that occurs in the karyotypes. At 75°C, for e#ample,
few chromosomes in either the mouse or the human are 1abélled (Figures
111:33d and I1I:32c) whereas at 55°C several chromosomes are labelled
(Figures II1:33b and I11:32b). In the human, and-ét this latter
temperature, certain chromosomes from each group are cpnsistently
labelled near the centromeres: 1,7/8,9,10,11,13,14,15,16,17,18;19,
20,21,22 and in males'é small heterochromatic chromosome most likely
the Y (Figure IIi:32d). Mouse chromosomes, at 55°C with the.excep—
tion of the y in males, are labelled at the centromeres. . However
there appears to be a variation in the amount of satellite DNA

present on different chromosomes in this particular inbred strain
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(JBT/Jd) which, like some other inbred mice (Dev. Einél" 1974) has
variations in the amount of C-band material on different chromo-
somes (Figure 111:35). Chromosomes with minor amouﬁts of C—bénd are
only slightly labelled at 55°C (Figﬁre I11:33b) and are_unlabelled
at high temperature (Figure III;33d). ' |

From Figures I111:32, 111:33 and 1IX:34 it is also apparent that
there is an optimal temperature of hybridisation for each of tﬁe
satellite cRNA-DNA hybridisation reactions. For mouse satellite
it is 50-60°C, fo_r- human satellite III it is also 50-60°C. By
RNA excess hybridisation with DNA immobilised on membrané filters,
_the individual T.OPT.s for these reactions are 58°C and 53°C
respectively (Table I1I11:13). The T.OPT.s obtained both by conven-
tional RNA excess hybridisation and in situ hybridisation are there-
fore in agreement. This suggests that both reactions shafe coﬁmon

kinetic characteristics.

DISCUSSION

Three important points arise from the results of experiments
described.here. - First of all, there is an optimal rateltemperatune
for the hybridisation of individual AT-rich satellite cRNA-DNA hybrids.
Secondly, there is also an optimal temperature for the in situ
hybridisation of these same satellite cRNA-DNA hybrids. Thirdly,
these two optimums haveAsimilar values. This suggests that the
in situ hybridisation reaction is markedly influencéd by temperature
(a point which may not have been fully appreciated in the past) in a
wéy which reflects its basic underlying similarity to RNA excess

hybridisation.



Figure III:32 and III:33. Mouse satellite and
Human satellite III cRNAs were hybridised
to mouse and humén chromésomes respectively,
by adding 2ul samples of the cRNA in
3xSSC(0.2ug/ml) to previously denatured
(0.2N HCl) preparations.The reaction was
carried out for 20mins..Autoradiographs were
prepared as described.(Materials and Methods).'
Figure III:32 represents hybridisation of
‘human satellite III cRNA to ﬁgman chromosomes
at 2)20°¢,b)55°¢)75°C,d)70°C.Note the
hybridisation of cRNA to tﬁe small chromosome,
probably the Y(arrow).In Figure III:33,mouse
satellite cRNA has been hybridised to mouse
chromosomes at a)3O°C,b)550C,c)650,d)75°C.
The arrows identify cﬁéomOsomes with
differéng amounts of satellite DNA,
a finding most likely correlated with
the amounts of C band material (see Figure III:35

and discussion).









Figure III:34, The average number of
chromosomes labelled after hybridisation

with human satellite III and mouse satellite
cRNAs,at different temperatures of incubation.
Preparations were denatured with 0.2 N HCI.
cRNA(in 3xSSC) was hybridised to the
chromosomal DNA.éequences for 20mins.,and
ahtoradioagraphs were exposed for IOdays.

A total of I0O0O metaphase spreads were

examined at each temperature of hybridisation.
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Figure III1:35. Female chromosomes were
denatured with 0.07N NAOH for 3 mins. and
incubated in 2xSSC for Ihour at 65°cC.

The amount of C band material is

variable between chromosomes,in
particular two homologues possessing very

much less than the others.



Table III1:13

satellite| . T.opr,n¥Prid(i) - ppybrid o DNAMDY B o DT opTh i~ T T%(secs)* Crty  |Complexity | o o o
- (6x8SC (1x88C) - . )
cRNA (1x88C) (3xSSC) 30% FA)|T.OPT. 65°C (1xSSC) (1x8sC) (1xSSC) (1xSSC) | (3pg/ml) | M/sec/1 jnucleotides
. ! 4

. ) . ) : ) - a- .
Motise 52 58 43 74 76 | 86 - 22 34 12 | 24-38 | 3x10 100 11¢10°-12)
Human I a7 - 38 66 80 19 33 | 14 | 50-60 |exi0” 200 0.175(0°5)
fuman II 44 - 35 66 . 84 22 40 18 | 26-36 ax10”% 120 0.7(2°)

: - b
Human 1I1I| 48 53 40 70 72| 85 22 37 15 | 10-14 | 1.2x10 k 40 0.85(1.5)

. % 6xSSC 30% Formamide
a Waring and Britten (1966)

b Corneo et al. (1973).
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In detail, the individual T.OPTs are low for several possible
reasons. First, the satellite DNAs themselves have low Tms
(Bond et al., 1967; Corneo Silﬂl" 1973). Second, cRNA§ to AT-rich
satellite DNAs will contain substantial regions of Uridine or Adenine
residues which can impart low thermal stability to nucleic acid
helices. Thirdly, the size of the RNA can be expected to have an
effecf; ané finally, because satellites are composed of similar but
not identical sequences, mismatching of these sequences‘upon
reassociation or hybridisation will 6ccur. These explanations gain
support from the fact that individual Tms are low also (Figufé I11:31;
Table 111:13). The degfee of these effects can be approximately
determined from these Tms. Mouse satellite cRNA, for example, ‘is
mainly transcribed from the H strand of the DNA (Figure I11:22)
thch is rich in Thymidine clusters-(Southern, 1970) and will there-'
fore be mostly composed of Adenine residues. ' The mixed ribose-~
deokyribose homopolymer pair, rA-dT, melts 4—50C lower than dA-dT
(Chamberlin, 1965). The length of the cRNA, which in this case
is around 150—ZOQ bases (Figure 111:23), can have‘an important
inverse effect on the Tm of a2 hybrid (Birnstiel et al., 1972) as weil
as the Tm of a DNA-DNA duplex (Thomas and Déncis, 1973). This,
together with the fact that the minimum stable length of xnlyrA-poiydT
or polyU-polyA appears to be relatively long (Walker, 1969) suggests
a>4—5°C contribution to a reduction in Tm with an RNA length of
approximately 150-200 base-pairs. Additional reduction in Tm comes
from base-sequence mismatching. Thus the mouse satellite cRNA-DNA
hybrid will contain around 2-5% mismatcﬁ and the human satellite III

cRNA-DNA hybrid will contain around 3% more mismatch. These values
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are close to mismatch estimates of 5% for reassociated mouse
satellite.DNA (Sutton and McCallum, 1971) and 7% for reassociated
human ‘satellite 111 DNA (Corneo et al., 1973). There may be rather
. more mismatch for the other human satellité_cRNA—DNA hybrids sincé
they have extended melting profiies as well as 1ow'Tms (Figure I1II:31).
The fact that the T.OPTs and the Tms for the formation and

dissociation'of AT;rich satellite cRNA-DNA hybrids are low means the
rate of hybridisation is faster at relatively low temperature .and
second, the amount (i.tolerance éf hybrid iormation at the T.OPT.
is higher than at more elevated temberature: i.e. the saturation value
is higher. These two points are demonstrated in Figures'III:34 and
I111:30 respectively.

| That these two cbnclusions are important for the chromosomal
mapping of these AT-rich satellite DNAs by in situ hybridisatioh is
demqnstrated'by the results shown in Figures 111:32, I111:33 and
111:34. Specifically, there is a temperature optimum at which more
chromosomes are labelled than at any other temperature and this
temperature optimum corresponds to the T.OPT. obtained by RNA excess
experiments. A decrease in the amount of label at glevated
tempe{atures, for example 75°C (see Figures 32c, 33d) is likely  to
be due to reduced saturation value: chromosomes with minor amounts
of satellite DNA are unlabeiled at high temperatures but are
labelled at the T.OPT‘: and chromosomes with large amounts of satellite
DNA are labelled at all temperatures of incubation. For example,
human chromosome 9 is knéwn to contain a ;arge amount of satellite
DNA (Jones and Corneo, 1971; Jones, Prosser, Corneo and Ginelli, 1973)

and both homologues of this chromosome are labelled at all temperatures
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of incubation (Figure 1I1:32) and even where 90% of the hybrid has
melted (Figure III:31). Mouse satellite DNA exists as a 10% fraction
(Waring and Britten, 1966; Kit, 1961) whereas human satellite 111
represents a much smaller proportion of the genome (Corneo et al.,
1973; also see Table III:lS)L Thus h&bridiéing mouée satellite
cRNA even at temperatures wﬁere approximately 25% of the potential
hybrid formed at the T.OPT. will not have formed (Figure I111:31) most
of the mouse chromosomes are still labelled (Figure 111:33c).
However, at temperatures where approximately 70% of the potential
hybrid will not form the centromeric regions of several-specific
chromosomes are unlabelled (Figure 111:33d). These have visibiy
less C band material (Figﬁre III:35); A dgcrease in the amount of
label at temperatures lower thén the T.OPT. (Figures 1I11:32, I11:33
and II1:34) may well reflect the fact that at these temperatures
saturation is not achieved. The satellite cRNAs studied here
hybridise with Crt—;-s of 3 x 107% moles/sec/1 (mouse) and 1.2 x 10+
moles/sec/l.(human 111) so that the 20 min. incubation time in the
in situ reaction (see Materials and Methods) would normally represent
approximately 10-20 reaction half—livesAin 3 x SSC. Under these RNA
excess conditions the reaction at low temperatures of incubation, for
example 15°C below the T.OPT., would still have approached saturation
(Figure 111:30).Since temperatures such as these result in less numbers
of labelled chromosomes, this suggests that the in situ hybridisation
reacfion may well be slower than that determined by RNA excess
hybridisation.

Alternatively, the in situ hybridisation reaction may suffer from
a depletion of RNA, for example not sufficient RNA excess (Birnstiel

et al., 1972; Young and Paul, 1973) which has the effect of reducing
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both the reaction rate and séturation value; or depletion of DNA
sites, for example chromosomal DNA reassociation (Alonso'gz’gl.,
1974)ﬂ This latter cqnsideration is unlikely however in view of
the findings of Kurnit (1974) who has shown that highly-repetitive
chromosomal DNA sequences do not appear to renafure during the C
band procedure. Because in situ hybridisation and RNA exéess
hybridisatioﬁ appear to share the Qﬁaracteristic of a common tempef—
ature optimum, experiments designed with this in mind may well
increase the resolution of the technique. For example, many studieé
utilising in situ hybridisation have used incubation temperatures
aroﬁnd 65°C as originally described by Jones (1970) and Pardue and
Gall (1970). This temperature, however, is abproximately 10°C
above the T.OPT. for the formafioﬁ of human satellite I1I1I éRNA—DNA
hybrids and as such can be expected to lead to decreased saturation
value for this reaction. Since Jones, Prosser, Corneo and
Ginelli (1973) also ﬁsed 65°C to determine that the location of human
satellite 111 DNA sequences is limited to a feﬁ chromosomes, their
results can be considered a minimum estimate. The possibility of
cross-hybridisation between human satellite 111 cRNA and other
satellite DNAs (e.g. Melli et al., 1_975) seems unlikely since highly
labelled chrdmosomés at the T.OPT. which are not 1abe11ed.gt higher
. temperatures, do not correspond to those sites_assigned tg human-
satellite 11 or 1 DNAs (Jores and Corneo, 1972; Jones et al., i974).A

For other;RNA species béing used in the in situ hybridisation
reaction, increased tolerance of hybrid formation might be particularly
impbrtant since hybridising at the T.OPT; should increase the chances
of detecting those chromosomai DNA sequences complementary to the

RNA. The complex formation between polyU and chromosomal polydA



is a case in point (Shenkiﬁ and Burdon, 1974; Jones, Bishop and
Brito-da-Cunha, 1973).

For the detection of virus DNA in eukaryote cells the above
findings have similar implications. Thus hybridising Adenovirus
cRNAs to cells at temperatures which are inside the thermal
dissociation range eof the potential hybrids will reduce the chances
of detecting the virus DNA sequences. There is some evidence that
this may have been done by other workers in some cases.

Clearly the fact that in situ hybridisatioh aﬁpears to behave aé
conventional hybridisation with regérd to some basic parameters means,
in effect, that the reéults of conventional hybridisation experiments
in general can be applied to the designing of in éifg_hybridisation

experiments in detail.

C. IN SITU HYBRIDISATION fO WHOLE CELLS FIXED ONTO COVERSLIPS

Moﬁse satellite cRNA_was hybridiséd to mouse cells immobilised
by fixation onto coverslips (Materiéis and Methods, pg.jfb ).
cRNA-DNA hybrids were'monitored by direct scintillation counting..
REéULTS

1. The effect of denaturation, temperature of incubation and other
aspects of the normal in situ hybridisation procedure were
. . 3 ) .
investigated by observing their effect on H-Thymidine labelled

. cells.

Figure I1I11:36 shows that NaOH treatment (Gall and Pardue, 1969)
removes major amounts of radioactivity from the coverslips whereas HCl
treatment (MacGregor and Kezer,'1971) does not. Most of the loss with
the former denaturant is due to whole cells being }emoved as well as

DNA. HC1l was routinely used; Figure 111:37 shows that washing in



Figure IITI:36. Effect of denaturants
on 3H—Thymidine labelled cells fixed
onto coverslips. o—-o 0.07N NaOH;

x-x 0.2 N HCl. Any concentration of

NaOH did,in fact,remove DNA and cells.
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Figure III:37. Effect of 2x5SC(25°C)

washing and RNasing (25°C, I0ug/ml in 2xSSC) on
3H-Thymidine labelled cells fixed onto
coverslips.Longer times still did not

remove substantial amounts of radioactivity.

o-o Rnasej;x—-x 2xSSC
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Figure IIX:38. Effect of temperature on
3H-Thymidine labelled cells fixed onto
coverslips.Coverslips were heated in
2xSSC at different temperatures for

4-24 hours incubation.The time

of incubation was not important compared

to the influence of temperature.-
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2 x SSC or RNAsing (20pg/ml) does not remove appreciable amounts of
radioactivity. Figure IIi:38 demonstraies: that temperature, however,
has a marked effect on the retention of 3Hi—Thymidine on the coverslip:
the higher the temperature, the greater the loss. In SSC solutions,
the optimum rate temperaiure of hybridisation of mouse satellite
cRNA-DNA hybrid fofmation is quite high (Table II11:13). Formamide,
however, reduces the effect of temperatﬁre on the,BH-labelled cells
(Figure 111:39), as well as reducing the cptimal rate temperature of -
mouse CRNA-DNA hybrid formation (Table III:13). Formamide was
thereforé usedbiﬁ all the subsequenf experiments on the kinetics of

in situ hybridisation with whole cells fixed onto coverslips.

2; Mouse sateliite cRNA-DNA hybrid formétion.

Experiments discussed above have shown-the T.OfT. to be importént
in in situ hybridisation reactions. The T.OPT. for mouse satellite
cRNA-DNA hybrid formation in 6 x SSC ' 30% FA is 43°¢ (Table I11:13).

In 3 x SSC,50% FA the T.OPT. will be approximately 25°C. Hybridis-
ation reactions were therefore carried out at 25°C in 3 x SSC 50% FA.

" Figure 111:40 shows that mouse cRNA hybridises séécifically to
mouse cells since it hybridises to mouse cells but not to human cells;
mouse cells, however, do not hybridise with human satellite 111 cRNA.
Hybridisation increases with time until it reaches a plateau. ‘The mouse
satellite cRNA-DNA hybrid melts 12_§133hwith a Tm of 37°C in 1 x SSC
30% FA (Figure 111:39). Allowing for the effect of FA (0.7°C for 1%
FA; McConaughy et al., 1969) this extrapolates to 72°C in 1 x SSC.
fhe Tm of mouse sateliite CRNA-DNA hybrid, formed on membrane filters
in conditions of cRNA excess, is 74°C (Table 1I1:13). There is
therefore good agreement between these two values. A minimal amount

of 3H—Thymidine-is lost from the coverslips under the same temperature



Figure III1:39., Melting of DNA-DNA or cRNA-DNA
hybrids from cells on coverslips.Cells,
eithér labelled with 3H-Thymidine or
hybridised with mouse satellite cRNA

at 25°C in 3xSSC 50ZFA,wvere exposed to
temperature increments in a IxSSC 30%ZFA
solution and the radioactivity released
measured by TCA precipitation and
coutiting in Toluene-based scintillation
fluid.The Tm at which 507 of the
radioactivity was released cérresponds to
,54°C(3H_Thymidine) or 37°C(3H—cRNA).

X~ X 3H__Thymidine; o—-o 3H—cRNA.
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Figure III:40. Hybridisation of satellite

CRNA to cells fixed onto coverslips.Satellite
cRNA(S.A. I.4XIO7cpm/ug;3xIO-2ugI in 3xSSC 507
FA was hybridised to cells(SxIOA/coverslip) fixed
in 3:1 methanol:acetic acid.Temperature of
incubation:25°C.Radiocactivity was monitored by
direct scintillation gountingi.e.'counting

the slips after post‘ig'éiig treatment (see
Materials amd Methods,pg. 5| J).in Toluene
-based scintillation fluid.

x-X Mouse satellite cRNA hybridised to mouse
embryo cells;o-o Human satellite III cRNA
hybridised to mouse embryo cells 0-0 mouse

satellite cRNA hybridised to human Hela cells.
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éonditions (also Figure 111:39) but there is the possibility that
the T of 72°C may be a minimal value. An estimate of the efficiency
of in situ hybridisation can now be obtained from the saturation value
as shown in Figure I111:40. This is calculated as follows. The
number of cells fixed to the coverslip is 5 x 104 and since the amount
of DNA per nucleus 1is in the range of 6 x 10-6 pg the amount of DNA
per coverslip is therefore abproximately 3 x 1()'-l re. The percentage
of the mouse genome that comprises the light sateliité DNA is 10%
(Table I11:13; also Waring and Britten, 1966) thus the amount of
satellite bNA per coverslip is approximately 3 x 10—2 peg. The
specific activity of the mouse satellite cRNA is 1.4 X 107cpm/pg,
and allowing for mainly single DNA strand hybridisation (Figure I111:22)
the amount of cRNA bound per 1.5 X io'ng satellite would be
2.1 # 105 épm. ‘The efficiency of the scintillation counter.is 10%
in this cése (as determined by counting.specific volumes of samples
of 3H—ATP of known specific activity) giving a theoretical
hybridisation. value, at saturation, of 2.1 x 104 cpm/covérslip. The
actual hybridisation value is arnund 9 X 102 cpm thﬁs giving an’
efficiency of 4-5%.
vDISCUSSIONr |

The results of the experiments described above put the efficiency‘
of in situ hybridisation at about 4-5%. Since this estimate is based
on several assumptions it may be that this is a minimum value. For
instance if the efficiency of the scintillation counting is actually

lower than 10%, then the in situ hybridisation will be higher (actually

3 .
the results of experiments with H-uridine labelled cells do suggest

it is about 10% (not shown)). Equally if the cRNA did not hybridise to
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'all the cells either because of insufficient excess or unavailability
of some cells on the coverslip, the ig_giﬁg estimate wou1d4be lower
than it actually is. There have been other attempts to estimate the
efficiency of ig_gigg.hybridisation. For instance; Joﬁés (1970)
‘hybridising mouse satellite DNA to the centromeric satellite on mouse
chromosomes.estimated about 10%; Steffensen and Wimbgr (1970)
calculated the efficiency of hybridisation to.the chromosomal 5S genes
in Dipteran polytene chromosomes to be between 3-6%; and Jones, Bishob
and Brito-da-Cunha (1973), analysing the complex formation between.
polyU and chromosomal bands of the polytene chromosomes of
Rhynchosciara, suggested about 5-6% efficiency. v ?% was calculated
fdr the hybridisation of ribosomal RNA to the éap region of the

Xenopus oocyte (Jones, 1973); and a lower value of 1-2% was calculated

for éhe hybridisation of short-ﬁulse—labelled RNA to Hela céll nuclei
(John et al., 1969). Recently, Szabo et al. (1975) have suggested
about 1% efficiency even'under optimal conditions. All these estimates
thefefore fall into fhe range of 1-10% and are therefore in agreement
~With the 4-5% estimate derived here. Tﬁe‘particular value of the
method of estimation applied here is that at no stage is there an
autoradiographic efficiency'estimate whichAneeds to be taken into
account. In contrast, all other in situ hybridisation efficiency
estimates have reiied on assuming an autoradiographic efficiency
estimaté of 10% (e.g. Jones, 1970). This is an assumption, of course,
since autoradiographic efficiency depends on.aﬂvariety 6f factors
~including the thickness of the emulsion, the section or cell-thickness,
the choice of isotope, and various emulsion factors (Rogers, 1969).

For tritium and a maximum section thickness of less than 5pu the auto-
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radiographic efficiency is around 10-15%. The results presented here,
howevér, suggest that the autoradiographic efficiéncy estimate is
reasonable.

~ Another important feature of the method of estimation described
here is the fact that the identity of the cRNA-DNA h&brids can be
examined. Thus the mouse satellite cRNA-DNA hybrids formed at the
cellular level possess similar thermal melting characteristics as those
formed in RNA exceés experiments (see Figure 111:39; and Table 1II1:13).
The ability to.do this may have important applications for other
igigizg_hybridisation experiments. |

Howeveritit does remain that the efficiency of in situ hybridisation

is relatively low. This may r?flect the fact that in situ hybridisation
reécfions may not go to completion, the.rate also appearing to be
slower than conventlonal hybridisation reactions (see discussion on
Pe. (07 ). Con51stent with this suggestion is the fact that the
hybfidisation of mouse satellite cRNA to cells fixed onto coversl1ps‘
also éeems rather slow (see Figure 111:40). Recently, Szabo gﬁ_gl.
(1975) also report that for some RNA species the rate of in situ
hybridisation also appears to be slower than conventional hybridisatioh.
' Clearly, the finding that the efficiency is‘low, together with
the fact that in situ hybridisation can underestimate the ampﬁnt of:
potential annealing of nucleic acid sequences if the results of con-
ventional RNA excess hybridisation experiments are not considered (see
Section B), indicates that for optimal resolving power the cytological
hybridisation procedure should be carried out with RNA excess

hybridisation data in mind.
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The findings in this section are utilised in the designing of
in situ hybridisation reactions involving Adenovirus cRNAs and are

also considered in the light of interpretation of such experiments.
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SECTION V

DETECTION OF VIRUS DNA SEQUENCES IN ADENOVIRUS-INFECTED, TRANSFORMED

AND TUMOUR CELLS

RESULTS

1. cRNA excess hybridisation

cRNAs to Adeﬁovirus 2; 7 and 12 DNAs were hybridised to Adeno-
virus transformed énd tumour DNAs in conditions'of cRNA excess, and
under incubation\conditions that were optimum for iﬁdividual CRNA-
homologous DNA reactions (see Section III, this Chapter). Tﬁe reac-
tions were terminated after several t%s for individual cRNAs, which
is a reasonable measure of hybridisation time since the amount of
complementary DNA on the membrane filters does not affect the rate
of the basé-pairing (Birnstiel et al., 1972). ‘ Saturation values were
obtéined for éach hybridisation reaction together wifh control values
obtained by hybridising Adenovirus cRNAs to rat DNA, mopse‘DNA, human
DNA, and bacterial DNAs.

The results are shown in Table II11:14. Except for_two cases of
Adenovirus 2 tumours, the saturation values for transformed DNAs and
tumour DNAs are not consistently above the levels of heterologous
controls. This suggests that in these céses Adenovirus DNA sequences

.are present only a few times per individual cell. Adenovirus DNA is
nevertheless present in Adenovirus transformed cells and tumours since, -
for example, Adenovirus—specific_antigené exist (Gallimore, 1972;
Freeman et al, 1967; .Green, 1970). The failure to detect them may

therefore be due to limitations set by the RNA excess hybridisation

technique (see Section 1I11).
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- Although the amount of cRNA hybridisiﬁg to a given amoung of
complementary virus.DNA can 5e calculated on the basis of saturation
values (see Section 1I1I), a reconstruction experiment was performed.

A known amount of virus DNA was loaded onto mé@brane filters together
with.heterologous carrier DNA (M. luteus) and the DNA chéllenged_
with the homologous virus cRNA. The result is shoﬁn in Figure I11:4la.
The analytical complexity of Adenovirus DNA is around 25 x 106
daltons (Green, 1970) and the analytical comp}exity of the haploid
genome of the rat is 1.8 x 1012 (Steele, 1968). Froﬁ the specific
activity of the virus cRNAs (1.7 x 107cpm/pg) it'can therefore be
calculatea that fqr 10_5pg of virus DNA/1 pg transformed or fumour DNA,
appro#imately 50-80 cpm hybridised would be expected. Figure 111:41a
shows, on-exfrapolation,vthat the actual hybridisation value- is lesé than
this.- This low value can be increased by increasing the amount of
DNA loaded onto inéividual mémbrane filters. Because of loading
difficulties, however, 20pg of DNA represents an upper limit. For
20ug of transformed or tumour DNA there would theoretically be approx-
imately 260-300 Cpm/filter for 1 completg copy of Adenovirus DNA per
diploid quantity of host DSA. The baékground levels of rédioactivity
are around this value (Figure III:4lb;v Table IXI:14). in fact, about
two-three complete copies of the virus genome per Aiploid quaﬁtity of
host DNA could actually be detected with reasonable confidence. 1f
‘the transformed or tumour DNA possessed less than this mnbunt of DNA
sequences complementéry to the cRNA then they would likely to undetected.
The situation is further complicated by the fact that only se;ec—
tive regions of the-Adenovirus templates appear to be transcribed

in vitro. Since RNA excess hybridisation is directly influenced by the



Table 1I1I1:14.

cpm/hyb?idised Estimated virus DNA copies
' (T.0PT. for each (calculated assuming 1.8x10  d
DNA (20p8) CRNA .| Reaction, 6xSSC 30% FA, for haploid rat DNA and
several t-%-s) 25x108d for Ad DNA)
Ad2/REB/50p/Bl Ad2 292 < 2
Ad2/REB/10p/Bl Ad2 ( 276 <2
Ad2/T4 Ad2 300 < 2
Ad2/T5 Ad2 830 2-3
Ad2/716 Ad2 900 3-4
Ad7/1 Ad7 295 <2
Ad12/T1 Ad12 347 <2
Rat Ad2 280
. Rat Ad7 380
Rat Ad12 351
Mouse Ad2 300
Mouse Adl2 256
Human Ad7 343
Human Ad2 370
Human Ad12 253
E. coli Ad2 219
E. coli Ad12 306
E. coli Ad7 256
E. coli Ad7 256

a ' ,
Average of four experiments




Figure III:41. a) Hybridisation of Adenovirus
I2 cRNA with increasing amounts of Adenovirus
I2 DNA. Conditions of hybridisation:6xSSC 307
FA,50°C,several t}s.I0 :I cRNA:DNA.cRNA= I.7

xIO7cpm/ug.b) Hybridisation'of normal rat

DNA with Adenovirus I2 cRNA}Conditions as

for a).Background cpm. for M.Luteus DNA

alone have been subtracted.
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largest concentratién of RNA sequences in the reaction (Bishop, 1972;
Section 111, this Chapter) it is clear that Adenovirus-specific DNA
sequences would go undetected if they were not complementary to the
greater proportion of RNA sequences iﬁ the cRNAs. For instance,
cells could contain multiple copies of virus DNA éequences which are
under—represented in the cRNAs and also contain‘less-than three copies
of sequences complementary to the greater proportion of the seguences.
in the cRNA. In this case, virus DNA would be present but would be
undetectable.
Two-Adeﬁovirus 2 tumours, however, appear to react with
Adenovirus 2 cRNA. One of them (Ad 2/T65 was analysed further.
DNA was centrifuged in a neutral CsCl grédient and fractiohs
hybridised with Adenovirus 2 or 12 cRNA, ‘There was no hybridisation
with 12 cRNA but 2 cRNA reacted (Figure I11:42). A peak of radio-
activity is observed at a buoyant density position of 1.706 gm/cm—s,
corresbonding to a GC content of 43% (Sueoka et al., 1968). The
buoyant density of Adenovirus 2 DNA is 1.716gm/cm_3 (Section 1, thié
- Chapter; also see. Green, 1970) so that hybridisation cannot be to
. coﬁplete isolated virus DNA molecules. Adenovirus 2 cRNA was also
hybridised across a CsCl gradient‘containing M. 1uteus_DNA, rat DNA,
and a trace amount of Adenovirus 2 DNA (Figure 111:43).'l The cRNA'
hybridises to DNA sequencés possessing a buoyant density of 1.715-
1.7‘16gm/cm"3 which is the buoyant density of Adenovirus 2 DNA.
Hybridisation in Figure I11:42 therefore represents annealing
of CcRNA to either incomplete copies of Adenovirus genomes, or to
regions of Adenovirus DNA which have become integrated into the'rat
DNA. These regions must at least correspond to those selectively

transcribed in vitro by the E. coli RNA polymerase.



FigureIII:42, Hybfidisation of Adenovirus

2 cRNA to Adenovirus 2 tumour DNA(Ad2/Té6).
cRNA(S.A. I.7xIO7cpm/ug) in I0:I excess over
DNA sequences (theoretical);6xSSC 30ZFA,
several t%s,SOOC.Peak of radioactivity -
corresponds to buoyant density of
1.705-1.706gm/cm >. ‘
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Figure III:43., Hybridisation of Adenovirus
2cRNA to CsCl gradient containing normal rat
.DNA and Adenovirus 2 DNA.M.luteus DNAincluded
as a density marker(I.73Igm/cm—3).Radioactivity
is concentrated over fractions with buoyant
density of I.7I5-1I.716 gm/cm-3which is the
buoyant density of Adenovirus 2 DNA in

neutral CsCl(see Table IIT:I).Conditions

of hybridisation as for Figure III:42.
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The amount of virus DNA in this particular tumoﬁr DNA can be
roughly assessed from the saturation value (Table 111:14). About
3-4 copies of virus DNA sequences which are complementary to the cRNA
are present. This may be a minimum estimate of total virus DNA
sequences, however, since there ma§'be sequences present which ére
not complementary to the greater proportion of the RNA sequences in
tﬁe cRNA

in the case of the Adenovirus 2 tumour (Ad2/T5) there are
approximately 2-3 copies of virus DNA sequences complementary to the
virus cRNA (also Table I1I:14).

2. DNA excess hybridisation

A DNA excess ratio of apprpximately 100:1 was calculated.
Hybridisation was carried out at 65°C in 2 x SSC over a wide range.of
Cotvvalues up to 104. DNA was at a concentration of 10mg/ml and cRNA at
10_3pg/m1 (1.7 x.107cpm/@g). . The results are shown in Téble 111:15.
The transformed DNAs are negative. One Adenovirus 2.tumour DNA
(Ad2/T9 is positive. (The Ad2/T6 tumour was not analysed by the DNA
excess method beéause there was. not sufficient DNA.) | V

cRNA transcribed from a total DNA-témplate (rat) hybridises to
its template DNA to about 50% while the Ad2/T5 tumour DNA hybridises
to Adenovirus 2 cRNA to about 40% (Figure 111:44;Tab1e 111:15).
Failure to achieve full hybridisation, even when expected (Figure I1I:
44) may be due to not sufficient DNA excess, breakdown of the cRNA
éver prolonged incubation times (Bishop, 1972a; Campo, 1973) or RNase
sensitivity of the hybrids (Bishop, 1972b). For this reason it
cannot be accurately judged whether incomplete hybridisation to tﬁe
tumour DNA repfesents inherent limitations on the technique, or the

fact that some cRNA sequences are not represented in the virus DNA



in the tumour. I1f a small percentage of the cRNA sequences do

represent all the Adenovirus 2 genome as suggested by Pettersson

et al. (1974), failure to achieve full 100% hybridisation could be

due to the fact that some virus DNA sequences are missing in the

tumour DNA. The actual amount of the virus DNA sequences comple-
mentary to the cRNA can be roughly assessed from the Cot%'for the

hybridisation reaction. The frequency(F) of these DNA sequences -

is calculated from the formula

: lhybridisation .
t— E. A
F = Co > coli cRNA (standard) C(Ad2/T5 tumour)
. 3 t . o . K3
Cot%hybrldlsa ion . o our (Ad2/T5) C(E. coli)

where C = analytical complexity of haploid DNA (Bishop, 1972a;
Melli et al., 1971).

Thus .
‘ . . 12
_15.9(Melli et al., 1971) x 1.8 x 10

- Cot..zl_ hybridisation Tumour (Ad2/T5)" 2.7 x 109,

The Cot%-hybridisation for Ad2/T5 DNA-Adenovirus 2 cRNA is
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6.6 x 103 (Figure 111:44). Therefore F = 2-3 for Adenovirus 2 DNA

in the Ad2/T5 tumour. Thus DNA excess hybridisation gives 2~-3 copies

of virus DNA complementary to the Adenovirus 2 cRNA.

3. In situ hybridisation

Using cRNAs to Adenovirus DNAs, in situ hybridisation experiments

were performed with Adenovirus transformed'cells,»Adenovirus-and-

Adenovirus transformed cell-induced tumours, Adenovirus infected cells

and cells devoid of Adenovirus DNA.

The results of Section 1V demonstrated-fhat it is best to perform

an in situ localisation experiment at the optimal conditions of

hybridisation for the particular RNA. These optimal hybridisation



Figure I1II:44, Hybridisation of cRNA to
total DNA in DNA excess.65°C in 2xSSC.
DNA:IOmg/ml. cRNA at IO-?ug/ml.(S.A.
I.7XIO7Cpm/ug).

o-o rat cRNA transcribed from a total

rat DNA template(E.coli RNA polymerase)
hybridised to total normal rat DNA(liver).
x--x Adenovirus 2 cRNA hybridised to
Adenovitus 2 tumour DNA(Ad2/T5).
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Table III:15

DNA * " cRNA **RNage-resistance at Cot 10*
Ad2/REB/50p/BL |  Ad2 <5 |
Ad2/REB/10p/B1 Ad2 <s o
Ad2/T4 Ad2 : <5
Ad2/T5 . Ad2 39
Ad2/T6 Ad2 nd
Ad7/1 ‘ . Ad7 ' . <5
Ad12/T1 Ad12 c 5
Rat Ad2 <5
Rat Ad12 <5
Rat Ad7 : <5

- Rat Total Rat 50

* DNA excess of approximately 100:1 (calculated virus DNA sequences)

** 9RNase-resistance for cRNA-cRNA annealing subtracted [see Table 111:6]
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conditions for Adenovirus cRNAs have been studied in Section III.
The in situ hybridisation experiments described below were there-—
fore conducted with these considerations ih mind.

a) Permissive cells.

HEK cells are permissive for the replication of Adenovirus DNA
and the subsequent production of virus particles (e.g. Ledinko and
Fohg, 1969; Zur Hausen, 1967; McDougall, 1971). Hela cells are
also permissive for the replication of Adenovirus. Adenovirus 12
replication was studied in HEK cells; Adenovirus 2 replication was -
studied in HEK-cells and Hela cells.

1. HEK cells were infected at multiplicities of lOOpfu/cel; with
Adenovirus 12. At 48 hours post—infection the cells were hybridised
with Adenovirus_lz cRNA, Adenovirus 2 cRNA and Adenovirus 7 cRNA.

In the case of the homologous reaction there are pools of grains which'
are restricted to the nuclei of the cells (Figure 111:45). The

Stage of replication of virus DNA in different nuclei is variable,
suggesting asynchrony in initiation of réplication 6r rate of
replication. This may be due to asynchrony in virus penetration, or
asynchrony - in some cell-mediated function.

Grain pools iﬁ Adenoyirus 12 infected HEK cells have also been
detected by McDougall et al (1972) and Dunﬁ et al., (1973). - Similar
pools have also been observed by Watkins (1973) who, using in situ
hybridisation with SV40 cRNA, showed the?e was a focal distribution
of SV40 replicating DNA within the nuclei of a small percentage of baby
rabbit kidney cells transformed with SV40 virus.

ﬁybridisation of Adenovirus 2 or 7 cRNA to Adenovirus 12 infected

cells was negative. In view of the fact that infected cells possess



Figure III:45. In situ hybridisation
of Adenovirus I2 cRNA and Adenovirus
I2-infected HEK nuclei.Cells were
originally infected at I00pfu/cell
and harvested at 48 hours post
~infection when nuclear preparations
were made.Condifions of hybridisation
:65°C in 2xSSC;0.Iug cRNA/4ul;16 hours.
S.A. of cRNA=I.7 xIO7cpm/ug.Exposure
time:4 weeks(Ilford K2 emulsion).
Pools of grains represent pools of

replicating virus DNA,
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a great number of virus particles at 48 hours post-infection and a
large amount of excess virus DNA which appears to remain unassembled
into virus particleé (Green et al., 1970), together with the finding
that Alenovirus 12 DNA shares 20-24% of its base-sequences with
Adenovirus 2 DNA and 10-25% with Adenovirus 7 DNA (Green, 1970), the
lack of cross-hybridisation seems unexpected. However, Adenovirus
cRNAs are selectively transcribed from their template DNAs (Section III,
Chapter III, this Thesis; Green and Hodap, 1972; Dunn et al., 1973;
Pettersson et al., 1974) in such a manner that the greater proportion
of the cRNA sequences are not common to different serotypes. Thus
the lack of cross-hybridisation at the cytological level is explicable.
Intranuclear inclusions are a general feature of Adenovirus
infected cells (Ginsberg and Dingle, 1965). For example they appear
regularly in Adenovirus-infected human cells (Boyer et al., 1959;
Mor gan g&_gl., 1957; Phillips and Raskas, 1972), and in canine cells
infected with Canine Adenovirus (Yamamoto and Shahrabadi, 1971;
Shahrabadi et al., 1972). Their significance is not totally under-
stood although histochemical and autoradiographical studies have shown
that they are composed of DNA, protein and RNA (Yamamoto and Shahrabadi,
1971). Subsequent studies on the nature of the inclusion-associated
DNA has demonstrated it to be virus-specific (Shahrabadi et al., 1972).
Similar nuclear inclusions appear to be the cytological site of virus
DNA replication in SV40 transformed cells which are semi-permissive for
the virus (Watkins, 1973). For Adenovirus-infected cells this also may
be the case since previous suggestions that the viral DNA is initially
synthesised near the cell membrane appear to have been refuted (Simmons

et al., 1974). An example of the intra-nuclear inclusions induced by



Figure III:46. Intranuclear inclusions
in Adenovirus I2 -infected HEK cells.
HKEK cells have been infected at IOO
pfu/cell with purified Adenovirus I2
and harvested 48 hours post-infection.
Stained with Giemsa(pH 6.8) for 5mins.

at roonm temperature(ZAOC).
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Adenovirus 12 in human embryonic kidney cells is shown in Figure III:
46. As virus replication proceeds in these cells the inclusions
become characteristically shaped within the nucleus. The varying
degree of morphology of these inclusions clearly follows the pattern
of grain pools seen in the infected cells hybridised with Adenovirus
12 cRNA. The pattern of viral DNA synthesis and the formation of
the intranuclear inclusions are therefore similar in their nuclear
distributions. This suggests that the giemsa-staining inclusions
are directly involved with the replication of the viral DNA. Whether
viral DNA synthesis is initiated within these regions is not known.
2. HEK cells were infected with Adenovirus 2 at a m.o.i. of
100pfu/cell and the cells harvested at 50 ﬁours post-infection. Hela
cells were infected with Adenovirus 2 at a m.o.i. of 5pfu/cell and the
cells hérvested 50 hours post-infection.. 1In addition, Hela c¢ells
were also infectedeith Adenovirus 5 at a m.o.i. of 50pfu/cell and
the cells harvested 50 hours post-infection. | (Adenovirus 5 was a gift
from Dr. J. Williams, Virology, Glasgow.) Hybfidisation with
Adenovirus 2 cRhRNA is pésitive (Figure 111:47), with Adenovirus 12 or
7 cRNAs it was negative (not shown). Grains are present throughout
individual puclei of either Adenovirus 2 or 5-infected cells. Somg
célls were devoid of grains which suggests that virﬁs DNA is.either
not replicating or is not present in these cells. These cellg may
not have been originally infected.

What is particularly interesting, however, is that the pattern
of virus DNA replication, both in the Adenpvirus 2-infected HEK and
v Hela cells, appears to be'different from the pattern found for
Adenovirus 1l2-infected cells (c.f. Figure I11I1:45). Although there
are grains distributed over the entire nucleus, frequently they are

localised to nuclear areas (Figure 111:48) which are clearly discrete



Figure III:47. In situ hybridisation
of Adenovirus 2 cRNA to Adenovirus 2
and S5-infected Hela cells.Infected
cells were harvgsted at 50hours post-—
infection(éee text for details)and
challenged with Adenovirus 2cRNA(S.A.
1.7 xIO7cpm/ug) at 65°C for I6hours
in 2x8SC.cRNA=0,0TIug/4ul.Exposure
time 8weeks. (K2 emulsion).

a) and b) Adenovirus 2-infected

Hela cells c)Adenovirus 5-infected
Hela cells. Note dispersion of

grains and frequent grain
localisation to regions within

individual nuclei.
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and distinct sincé they stain differently to the rest of the nucleus
with either Giemsa (Figure 111:48.also) or with Methyl Green Pyronin
(not'éhown).l . In some cells there are several areas or "bodies"
which either surround or are contained within the nucleus. Further-—-
‘more, these differehtly-staining "bodies'" appear to dispérse around
the periphery of certain nuclei and grains are then associated with
the mclear membrane (see Figure 11I1:48d for example). The pattern‘
of replication is clearly different from Adenovirus 12-infected cells.

Adenovirus 5-infected Hela cells possess grains wheﬁ hybridised
with Adenovirus 2 cRNA (Figure 111:47). The presence of Adenovirus 5
particles was determined by Electron Microscopy (Figure 11I:49):
they clearly exist in the infected cells. Adénovirus 2 cRNA is
therefore capable of hybridiéing with Adenovirus 5 DNA at the
cytological level. Both these DNAs_share considerable DNA-DNA
homology, extending to 95% (Green, 1970). Moreover Adenovirus 2
cRNA hybridiges with Adenovirus 5 DNA immobilised on membrane fi1£ers
(Dunn, personal communication).

Again, however, what is particularly interesting is the finding
that the pattern of Adenovirus 5 DNA replicafion, as monitored by
Adenovirus 2 cRNA hybridisation, is unlike Adenovirus 12 replication
but like Adenovirus 2 replication (c.f. Figures 111:45; and ¥11:47);
Since Adenovirus 2 and 5 are more closely»related to each other (they
share the same subgroup) than to Adenovirus 12, and since the pattern
of replication does not appear to be attributable to different
cellular affects (Hela and HEK are similar), there is a strong
possibility that the difference in virus DNA replication reflects

a difference between Adenovirus 12 and Adenovirus 2 or 5.



Figure III:48. In situ hybridisation of
Adenovirus 2 cRNA to Adenovirus 2-infected
HEK cells.Conditions of hybridisation same
as for Figure III:47.In a considerable
number of cases hybridisation is
predominantly to "bodies" outside or
within individual nuclei.(see a) and b)).
Moreover in some cells hybridisation
occurs mainly around the periphery of

the nucleus(see arrow in d)),most

likely reflecting the break up of

the "bodies" and release of virus.

In the colour photograph grains

appear brown as a result of both
overdevelopment and not enough

post-fixation washing of the
autoradiograph and the sensitivity

of the colour film emulsion to

red light.
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Figure 111:49 also shows that at the E.M. level, virus is frequently
concentrated in regions of the nucleus which appear to be "Budding"
off. These regions most probably correspond to the "bodies"
detected at the L.M. level. .

Whatever the sigﬁificance of the above results are, they clearly
show that virus—épecific DNA sequences can be detected at the single
cell level. The same approach.was therefore adopted forAAdenovirus‘
transformed or tumour cells.

b) Transforméd cells;

Adenovirus 2 and 7 transformed cells were examined for the
. presence of virus DNA. Table 1I11:16 and Figure IIi:5O demonstrate
that the numbers of grains present over these cells are low. Control

cells derived from mouse, normal rat, human and toad (Xenopus'laevis)

tissue all possess similar amounts of grains. In other experiments

no grains were observed for either the-tfahsformed cells or the control
cells. Additionally, autoradiégraphs exposed for periods of six
months to a year still did not show an increased number of grains in
the transformed cells compared to the control cells (not shown).

c) Tumours .

Newborn Hooded Lister rats were inoculated either with purified
Adenovirus or with Adenovirus transformed cells. In most .cases, the
rats were previouély immunosuppressed (Gallimore, 1972). Frozen
sections and in vitro established cell lines were prepared as
described in Materials and Methods.

Table 11I1:16 summarises the results of 12_§izgvhybridisation with
tumour cell lines: and Figufe 111:51 shows a typical in situ hybrid-

isation to a frozen section. This frozen section was derived from



Figure II11:49. E.M. sections of
Adenovirus 5-infected Hela cells.
Infected cells were prepared for
E.M.sectioning as described
routinely (GMA embedding).Thin
sections (silver interference
colour:800-1000 & thick) were
cut on a Poster Blum Ultra-
microtome MK.2,stained doubly
with Uranyl acetate and Lead
Citrate,and examined in

an AETI EM6 electron microscope
with a double condenser.

a) E.M. section of a cell

which contains a peculiar
inclusion(i) common only

to virus—-infected cells.
Virus—-like particles are

evident in an area of the
nucleus which is delineated

by the marginated chromatin
(m.c.) which is also a

feature of virus-infected cells..
b) Electrom micrograph showing
newly-formed viruses in what
appears to be a fold of the
nuclear envelope(e);These
constrictions are common to
Adenovirus 5-infected cells

“and may correspond to the
"bodies" seen at the L.M.level
(see Figure III:48 and 46).c)
Also note the marginated chromatin
(m.c.) and one particular virus
particle which possesses the

characteristic nucleoid and

capsid(v).
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Figure III:5,. lgigiEg hybridisation

of Adenovirus cRNAs to Adenovirus transformed

cell chromosomes.Conditions of hybridisation:

cRNA at 0.0Iug/4ul,2xSSC;I6hours at 65°¢C.

S.A. of cRNA= I.7 xIO7cpm/ug. a) Adenovirus

7 transformed hamster chromosomes (Ad7/1)
challenged with Adenovirus 7 cRNA;b)Adenovirus

2 transformed rat cell chromosomes (Ad2/REB/I0p/BI)
challenged with Adenovirus 2 cRNA;c) Adenovirus )
7 transformed hamster cell chromosomes(Ad7/T1)
challenged with Adenovitus 7 cRNA, '
Exposure times:a} and b) 2 months.c)6 months.
There are few grains.Even after 6 montﬁs
exposure,grains are not associated in any

specific way.Also note marker chromosome

in Ad2/REB/I0p/BI line(arrow).
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the Adenovirus 2 tumour-Ad2/T5-which was induced by inoculating
Adenovirus 2 transformed cells, originally infected at 50pfu/cell,
into newborn rats (see Materials pg.az, Y= It did not show any
autoradiographic grains after in situ hybridisation with either
Adenovirus 12 or 7 cRNAs (not shown). These results therefore
suggest that hybridisation with Adenovirus 2 cRNA to this tumour
section results in specific detection of Adenovirus 2 DNA at the
cytological level. Another Adenovirus 2 tumour (Ad2/T4) did.not
possess any grains on in situ hybridisation with Adenovirus 2, 12 or
7 cRNAs (not shown). It therefore resembles the transformed cell
1line (Ad2/REB/10p/Bl) used to produce it in vivo in that there does
not appear to be any hybridisat}on of virus DNA and cRNA at the
cytological level. The Adenovirus 12 induced tumour does not
possess a higher number of grains than control cells (Table I11:16).

These findings suggest that different tumours possess different
amounts of Adenovirus DNA. There may be an alternative explanation
however. RNA can anneal to complementary single-strand RNA molecules.
For example, the denatured strands of phage MS2 or QB can reanneal and
form well-matched double stranded RNA (Friedrich and Feix, 1972).
RNA-RNA annealing also forms the basis of the measure of self-comple-
mentarity of cRNA preparations (Bishop, 1972a; Section III1, this Chapter
of this Thesis).

Adenovirﬁs cRNAs would be capable of self-annealing to in vivo
Adenovirus-specific RNA if, either the cRNAs were largely symmetrically
transcribed in vitro or if the in vivo virus RNA was largely symmetrically
transcribed. The cRNA is mainly asymmetrically transcribed (Section
111, this Chapter; also Pettersson et al., 1974). There is evidence,

however, which suggests that a large percentage of virus-specific RNA



Table I11I:16

.

Cell cRNA _ average grain counts/;icleus or metaphase spread
Ad2/REB/10p/Bl Ad2 2
Ad2/REB/50p/Bl Ad2 4
Ad7/T1 Ad7 3
Ad2/T4 Ad2 3
Ad2/T5 Ad2 - 15
Ad2/T6 Ad2 nd
Ad12/T1 Adl2 4

P Ad2/T5 ' Ad2 3
rat Ad2,7,12 2
mouse Ad2,7,12 2
human Ad2,7,12 3
toad Ad2,7,12 2

Denatured with 0.2N HCl and RNased (20pg/ml for 60 mins. at room TOC)

prior to in gitu hybridisation with Adenovirus 2 cRNA,

S.A. 1.7 x 10 cpm/pg; . 0.0lpg/4pl 2 x SSC; 16 hours at 65°C.

Average of 50 nuclei or metaphase spreads:  8 weeks exposure.




Figure III:51, Hybridisation of
Adenovirus 2 cRNA to Adenovirus 2
tumour section(Ad2/T5) in situ.a)
Tumour was denatured with 0.2N HC1
and chéllenged with Adenovirus 2
cRNA as described in the Legend to
Figure III:50,

Exposure time:8 weeks.

B)Cells in centre of tumour section
possess very few grains in comparison
to cells over remainder of tumour.
Also see Figures IV: 9 and IO of
Chapter IV which demonstrate that
the centre of Adenovirus tumours

are frequently necrotic and

little RNA is present.
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in transformed celis iéiofiginally transcribed from both virus DNA
strands (Green and Landgraf—ﬁeurs, 1973; Sambrook et al., 1973;
Ozanne et al., 1973; Khoury et al., 1972).  Such RNA resembles the
. .

completely symmetric transcription of virus-specific sequences in
some SV40-infected cells (Aloni, 1972; Fried, 1972) and polyoma—
infected mouse kidney cells (Aloni and Locker, 1973).

To test whether Adenovirus tumour cells could havevsomergg_zizg
RNA which cpuld hybridise to Adenovirps cRNAs, two experiments were
performed. First of all, sections of the Ad2/T5 tumour were
denatured and then RNased prior to in situ hybridisation with
Adenovirus 2 cRNA; secondly, nuclear RNA was prepared and hybridised
- to Adenovirus 2 cRNA. |

In the first experiment graiﬁ numbers were reduced in comparison
to non-pre-RNased sections: (Table II1I:16); in the second expefiment
there is about 10% RNase-resistance in Adenovirus 2 cRNA-Ad2/T5
nuclear RNA combinations but only 3% in Adenovirus 2 cRNA;normal rat
cell combinations (Table I111:17). Both of these experiments there-
fore suggést that some of the autoradiographic grains present in some

tumours may represent cRNA-in vivo RNA hybrids.

GENERAL CONCLUSIONS
The main conclusions arising from this Chapter, and in particular

this Section V, are as follo&s:

1. Usihg cRNAs to detect Adenovirus DNA in transformed or tumour

‘éells presents difficulties, stemming mainly from the fact that

Adenovirus cRNAs are selectively transcribed. This selective

transcription means that 6n1y those sequences which are complementary

to the mjor proportion of sequences in the cRNAs will have any



Table III:17

a ' b
Nuclear RNA (1l0pg) cRNA 9RNase-resistance
Ad2/T5 ' - Ad2 9.7
Normal rat liver Ad2 2.8
Ad2/T5 : Ad7 2.6
Normal rat liver - Ad7 2.4

a : 7 ' : '
~ S.A, 1.7 x 10 cpm; 0.0lug in 2 x SSC; 65°C; 16 hours annealing.

b % cRNA-cRNA annealing deducted (see Table III:6)
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chance of being detected by RNA excess-o¥ ig_gizg_hybridisatioﬁ.

This in'turn means that it is difficult t; assess the role of virus
DNA in transformation or tumourogenesis on the. basis of such cRNA-DNA
hybridisation experiments. Given this, however, some direct conclusions
can be madé. These are as follows.

2. By Adenovirus cRNA excess and DNA excess hybridisation two
Adenovirus 2 tumours possess around 2-4 copies of virus DNA sequences
complementary to the cRNAs, Another Adenovirus 2 tuﬁour, one
Adeﬁovirus 12 tumour, and two independently-derived Adenovirus 2
transformed rat éell lineé and one Adeno%irus 7 traﬁsformed.hamster
cell line possess less than two copies of virus DNA sequences comple-
mentary fo the Adenovirus cRNAs. In all these cases, of course,
virus DNA seguences may also be present which are not complementary
to thé major propoftion of the cRNA sequehces.

3. Adenovirus DNA can be detected in single virué—infeéted celis_
by in situ hybridisation with Adenovirus cRNAs. It cannot, however,
be detected in the transformed cell lines studied; neither can it

be detecfed in the Adenovirus 12 tumour or one Adenovirus 2 tumour.
Grains present over another Adenovirus 2 tumour after in situ hybrid-
jsation with Adenovirus 2 cRNA are unlikely to be virus cRNA-virus
DNA hybrids: first, DNA sequences complementary to the cRNA are in
very few numbers as judged by cRNA excess hybridisation experiment;
(2-3 copies), and second, there is some evidence for EE.XEXS virﬁs
RNA—cRNA annealing occurring in this case.

4. Adenovirus DNA in Adenovirus transformed or tumour cells may
exist as incomplete genome copies and/or may be integrated into the -

host DNA. These conclusions are discussed below.
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DISCUSSION

1. Use of Adenovirus cRNAs to estimate virus DNA amounts in

eukaryote cells

There is little doubt that.virus DNA persists in Adenovirus
transformed and tumour cells: virus-specific antigens e#ist
(Freeman et al., 1967; Green, 1970; Gallimore, 1974); virus-specific
RNA is present in the nucleus (Shimada et al., 1972; Green et al.,
1970; Wall et al., 1973; Tsuei et al., 1972) and the cytopiaém
(Fujinaga and Green, 1966;. 1967; 1968; this Thesis, Chapter 1V);
and virus-specific sequences are present in DNA isolated from trans-
formed and tumour cells (Green, 1970; Green et al., 1970; Pettersson
and Sambrook, 1973). Primarily, however, there is the question of
just how much virus DNA thére is per cell.

As mentioned previously (see Introduction and Table 1:15 estimateé
of virus DNA vary according to the method employed and the type of
transformed cell or tumour cell. In general, cRNA-DNA hybridisation
estimates, as opposed to yirus DNA-DNA reassociat%on estimates, are
higher, although this generalisation does‘not hold good in all cases:
the amount of EBV genomes in a vériety of hﬁman lymphoblastoid cell
lines are always large, between_20—100 copies per diploid quantitj of
host DNA (Zur Hausen gi‘gl., 1972; Zur Hausen and Schulte-Holthausen,
1970; Nonoyama and Pagané, 1971; Nonoyama and Pagano, 1973). In
the case of "Raji" cells, a line derived from an African Burkitt's
lymphoma, 50-52 EBV equivalents per cell were estimated by both virus
DNA~DNA reassociation and cRM ~DNA hybridisation.

There are essentially three points which need to be expiained.

Why, in some cases, do CRNA-DNA hybridisation and virus- DNA-DNA



I3y

reassociation estimates vary? Second, why, in some cases, do they
not wary a great deal and finally, why are estimates obtained by
Adenovires cRNA—DNA hybridisation low as described in this Thesis but
high as described elsewhere (see Table 1:1).

One feature of cRNA-DNA hybridisation suggests thaf this technique
‘might give rise to-overestimgtes.

Virus gene}equi&alents tend to be estimated in conjunction with
reconstruction experiments using pure virus DNA and these experiments,
which also se meﬁbrane filters, can overestimate the amount of virus
DNA sequences present in host DNA because completely homologous hybrids
are 1o§t'from the filters.. This has been demonstrated by Haas g}_gl.
(1972) who showed that SV40.CRNA-SV40 DNA hybrids were not retained
during the hybridisation proced;re, but SV4Q cRNA-transformed cell
DNA hybrids were as long as the molecular length of the host DNA
exceeded the molecular length of SVv40. While this effect might be
true for SV40 cRNA-DNA hybrids, it may not be true for other virus
CRNA-DNA hybrids however.  SV40 cRNA is transcribed asymmetrically
from native superhelical double stranded SV40 DNA (Westphai, 1970) and
is complementary to all of the genome (Lindsfrom:and helbecco, 1972;

Khoury and Martin, 1972). Other virus DNAs may be transcribed

» preferentially, selectively,‘or symmetrically. 'Certeinly for
Adenovirus cRNAs overestimation on the basis of selective loss from
filters is unlikely to occur since these cRNAs are preferentially
transcribed (Section 11:111). In support of this, estimates on the
aﬁount of virus DNA in transformed cells of tﬁmour celis studied here
are very low. Three Adenovirus transformed cell lines, for exampile,

"contain less than 2 copies of DNA sequencés complementary to the
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major sequences in the cRNAs. Selective homologous cRNA-DNA hybrid
loss from filters may not occur with EBV cRNA—éNA hybrids either

since cRNA-DNA hybridisation and virus DNA-DNA reassociation estimates
are similar. Tﬁis point, héwever, remains to be established.

As pointed out above, overestimétion on this basis requires that
the transformed or tuméur DNA be greatér than the molecular-length
of the cRNA used. In this cohnection Sv40 bNA is approximately
30 times less in molecular weight than EBV DNA: 3 x 106 daltons as
opposed to 1 x 108 (Green, 1970; Lindahl and Adams, 1975).v There~
fore the effect méy be more pronounced for SV40 genome equivalent
determination than for EBV determination since host DNA isolated for
experimentation is usuélly in the region of 107.daltons in molecular
weight.

It is less clear why estimates for virus DNA in Adenovirus
transformed or tumour DNA should be so different; low as described
in this Thesis but reasonably high as described by othér workers using
cRNA-DNA hybridisatién (see Green, 1970; Green et al., 1970).

Many of the experiments in this Thesis have been devoted to
showing that Adenovirus cRNAs do not represent a homogeneous popul-
ation of virus DNA transcripts (Section 11:111), a finding whiéh
has been corroborated by Pettersson et al. (1974); Green and Hodap,
(19725 Dunn E£.§l~'(1973) and McDougall et gl.,(lgfs). And it is-
clear that this could give rise tp underestimate§ rather than over-
estimates. Of course under-estimation could occur if the amount of
potential hybrid formed was reduced. This situation- could arise if,
for example, either hybridisation reactions were nof taken to

saturation or were carried out at supra-optimal temperatures (see



Section 111). Decreased saturation, in turn, could be the result
of insufficient RNA excess or short, incomplete hybridisation times
of incubation. Under—-estimation on this basis, however, is extremely
unlikely to be a feature of Adenovirus cRNA-DNA estimation at the
T.OPT. One is therefore left with the‘con71u§ion that -either the
estimates of Green (1970) and Green et al. (1970) are overestimates
due perhaps to a variety of factors, or that the Adenovirus trans-
formed or tumour lines étudied by these authors contain more virus
DNA than those studied here. Factors which might contribute to
overestimation in these caseé could bé background radioactivity which
cén be quite high (see Table 1I1I:14 for example); overestimation of
the analytical complexity of th host rat genome; or overestimation
of the amount of transformed DNA immobilised on filters. Green et
al. (1970) do use 1013 daltons as the value for the analytical
complexity of the rat genome (diploid) in contrast to other estimates .
of 3.6 x 1012 (Steele, 1968) which would therefore lead to an over-
estimation of around 3 times, bringing their virdé DNA estimates to
around 3-13 copies per diploid quantity of host DNA. This is
partially substantiated by the findings of Pettersson and Sambrook
(1973), who using thé same Adenovirus 2 transformed cell line (8617)
as Green et al. (1970) and Green (1970) demonstrate close to one
virus DNA copy per diploid quantity of host DNA, by virus DNA-DNA
reassociation (see Table 1:1).

Much the same problem is encountered in-estimates of virus DNA
sequences by in situ hybridisation. The results presented in this

Thesis suggest that no transformed cells studied here possess virus

DNA sequences which are detectable at the cytological level. The
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same can probably be said for the tumour cells studied since in the /////,,_
tumour which is positive by this technique, cRNA-in vivo RNA annealing {
exists. These findings are consistent with the results obtained by \
other conventional hybridisation techniques used here:namely, the
maximum amount of virus DNA sequences which have beeh defectable are

in the range of 2-4 copies complementary to the cRNAs (see. Table

111:14, for example). But again, othe¥vworkers have reported that
Adenovirus DNA appears to be detectable at the cytological level.
McDougall et al. (1972b) and Dunn et al. (1973), for example, using
Adenovirus cRNA and Adenovirus 12-induced tumours, calcﬁlated approx-—
imately 50-150 virus genomes per cell on the basis of autoradiographic
grain counts after in situ hybridisation.' They also reported specific
detection of Adenovirus 2 DNA in certain Adenovirus transformed cells
(Dunn et al., 1973). Loni and Green (1973) have also claimed that
Adenovirus DNA sequences can be detected by in situ hybridisation.

Their estimates were 2.7, 16.7, and 5.5 virus DNA copies for

Adenovirus 2, 7 and 12 transformed cells respéctively. The Adenévirus
12 transformed cell line was the 8617 line (see beforej. The problems
encountered with Adenovirus cRNA hybridisation have already been dis-
cussed, and 12_§335_hybridisatioh itself presenté‘limitations on
detectibility (Section V; Jones, 1973; Hennig, 1973). Some idea of
the feasibility of the igl§i£g.hybridisation approach in relation to
detecting Adenovirus DNA in transformed and tumour-cells can be deduced
froﬁ the present results. The efficiency of the process is around
4-5% (see Section IV) and the reaction is comparable with RNA excess
hybridisation. Assuming 2-4 Adenovirus DNA copies per cell, the amount

of virus DNA available for detection would be in the range of 6 x 1o'llpg
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assuming each cell to have 6 x 10-6pg diploid DNA and the M;w. of
'Adenovirus DNA to be approximately’zo-zs X 106 daltons. The
Adenovirus 2 cRNA is synthesised from 5% of the. template (see
Section 11, III) and is complementary mainly to single strand. DNA.
Thus the amount of complementary virus DNA will be about 6 x 10—12pg
per diploid host cell. At a cRNA specific activity of 1.7 x 107cpm/
pg; 10% autoradiographic efficiency and an in situ hybridisétion
efficiency of 4-5%, about 500-1000 dayé would be needed to obtain 1
grain per cell. These considerations suggest that the in situ
hybridisation estimates obtained by other workers are over-estimates.’
This may be due, in part, to the preéence of in vivo RNA-cRNA hybrids.
(Table 11I:17). There is a precedent for self-complementary RNA in
A the nucleus of the cell which is absent from .the cytoplasm (Aloni, 1972;
Aloni and Locker, 1973; Fried,.1972). This would be consistent
with the grains restricted to the nuclei of some Adenq&irus transformed
or tumour qells after in situ hybridisation with Adenovirus cRNA as
described by McDougall et al. (1972b). DNA-DNA reassociation using
restriction fragments of the virus DNA as '"probes" is a rather more
precise method of virus genome estimation. Digestion of Adenovirus 2
DNA with restriction enzyme E COR 1 results in the production‘of equi—
molar yields of six DNA fragments, each of which correspond to a
unique segment of virﬁs DNA (Pettersson et al., 1973). Reassociation
of each of these fragments alone, and in the presence of transformed
or tumour DNA showed that the Adenovirus 2 transformed cell 1ine, 8617,
was missing two complete fragments of the virus genome (Sharp et al.,
1974). iFurthermore, only about 1 copy of each of thelother fragments

was present, the total pefcentage of the virus genome present being
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46%.
As seen from Tablé 1:1 (Chapter 1) fhis line possessed close
to one'copy by the virus DNA-DNA reassociation technique but up
to 30 copies by the cRNA-DNA hybridisation technique. This shows
that the cRNA-DNA hybridisation estimates obtained by Green (1970) &
Green et al. (1870) in pérticular are overestimates. More importantly
it demonstrates that unless the virus DNA sequences are present in
the cell they will not be detected by the cRNA.

The finding that an Adenovirus transformed:cell line contains
incomplete Adenovirus genomes is important. To ascertain whether
this lack of specific regions is a general phenomenon of Adenovirus
trénsformation or tumourogenesis, othef cell lines were studied
(Gallimqre et al., 1974). Thé essential conclusion was that no-
Adenovirus 2 transformed-rat cell line éontains DNA sequences homblo—
gous to the oomplete Adenovirus genome, and the same 14% of the
lefthand .end of the virus genome is always present. The transformed
cell line (Ad 2/REB/10p/Bl) studied in this Thesis was also studied
by Gallimore et al. (1974), who demonstrated that it possesses onl&
5-6 copies of the-14% of the left hand end of the Adenovirus 2 genome.
It is also now.known that‘this 14% is not transcribed efficiently
in vitro by the E. coli RNA polymerase (Pettersson et al. , 1974).

It is therefore hardly surprising that this transformed DNA fails to
hybridise either by conventional or in situ hybridisation with
Adenovirus 2 cRNA as described in this Thesis. Another cell line
studied in the present work was derivéd from the tumour Ad2/5, itself
induced by inoculation of Adenovirus 2 transformed rét fibroblast cells

without immunosuppression (see Materials). Gallimore et al. (1974)
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have studied the original transformed cell line - termed T2C4 - and
shown that it contains, on average, about 95% of the virus genome
per diploid quantity of host DNA. Furthermore, the E CoR I
restriction fragments, F and D, are present in about 4 copies. This
numnber is very similar‘to the 2-3 copies of virus DNA sequences detected
by cRNA-DNA hybridisation as described in this Thesis; the D and F
fragments likely_being the gréatest pr;portion of the cRNA transcript
(see discussion before).  Subsequent work [Sharp et al., 1974; Cold
Spring Harbor Symp. Quant. Biol. 39, 457 (1974J, moreover, hag shown
that symmetric transcripts of virus DNA sequences exist both in the
nucleus aﬁd cytoplasm of certain transformed or tumour célls. In
particular, and relevant to the present work, is the. finding that.in the
T2C4 line the F fragment, at least, is transeribed equally efficiently
from both virus DNA strands. Again, then, the criginai T2C4 line is
similar to tﬁe Ad2/5 line described here in that symmetric transcripts
have been detected. This means, apart from.good cérreiation and
corroboration, that the original line and cells derived from the. tumour
induced by it bossess'similar quantities of virus DNA sequences and
similar virus RNA expression. This similarity has also been
commented on for the transférmed BI line (Gallimore et al., 1974) and
other transformed and tumour lines as well (Gallimore, personal
communication); and it indicates that the amount of virus- DNA or ité
expression in individual éells is unlikely to change through cultivation
in vitro or indeed in vivo.

The other cell lines or tumours studied here have not been

studied by Gallimore et al. (1974) or others but the finding that most

Adenovirus transformed or tumour cell lines contain very few and usually
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incomplete virus DNA genomes suggest that this is a general feature
of Adenovirus transformation and tumourogenesis.

2. Significance of low levels of virus DNA ‘in Adenovirus transformed

or tumour cells

In the present Adenovirus tumour or transformed cell lines studied
2-4 copies of virus'DNA-represents the maxima; amount of virus sequences
detected per diploid quantity of DNA. Although‘the cRNA hybridisatioe
technique would be incapable of detecting certain virus DNA sequences
in the cells, by virtue of the fact that the cRNAs are seleetively trans—~
cribed, it seems likely that 2-4 virus DNA copies is a reasonable estimate
of the total number of virus DNA sequences that exist. Adenovirus
transformed cells and tumours cen contain -virus DNA sequences not
complementar& to the major proportion of sequences in the cRNAs (see
above discussion) but in these cases the overal; amount per diploid
quantity of host DNA is still very low: from a few copies of 14% of
the virus genome to only one or two copies of‘nearly complete genomes.
Thus, although it is cenceivabie that certain cells eould contain
iarge numbers of Adenovirus DNA sequences not represented in the virus
cﬁNAs evidence obtained elsewhere indicates that this is unlikely. Many
other virus transformed or tumour cell lines including th8§878§e§v4o,
polyoma, and certain Herpes viruses, also contain very low amounts
of virus DNA sequences (see-Table 1:1; alse Cold Spring Harbor Symp.
Quant. Biol. 39, 19755,(EBV, however, is an exception in that many
copies of its DNA usually exist per transformed or tumour cell). How,
then, does this relate to our understanding of transformation or

tumourogenesis?
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Several points emerge. First, it is striking that although
the amount of virus DNA is low per cell, the prqportion of virus-
specificvRNA is usually high (also see Chapter IV): thus suggesting
the preferential transcription qf virus DNA. Because of this, some
of'thesé selectively transcribed DNA sequences are likely to be
involved in promoting or maintaining.either the transformed 6r the
tumourogenic state. For most transformed or tumour cells the
existence of‘only one gene coding for some transformation or oncogenic
function may therefore be enough. Certain other lines of evidence sﬁpport-
this view. Graham et al. (1974), for instance, have shown, by naked DNA
transformation experiments, thét a specific region of the Adenovirus 5
genome amounting'to about 6% of ,the lefthand end appears to be capable
of transforming rat kidney cells in culture. Adenovirus 2 tfansform-
ation or tumourogenesis as well may also be initjated and maintained
by the presence of only 14% of thg left hand end of the Adenovirus 2
genome (Gallimore et al., 1974). Part of this argument, of course,
does imply that both the presence of a.single specific gene or set of
genes and their transcription does have a direct effect ontthe initia-
tion or maiﬁtenance of transformation or tumourogenesis. Tumourogenesis
is likeiy to involve a whole series of events involying both the
expression of the relevant virus gene and‘the relationship of the virus-
exposed ceil with the host (e.g. see Klein, 1975b): but there is good
evidence, however, which suggests that virus-transformation at least
is reliant on the expression of specific, and only a few, maybe one,
virus genes. For example, temperature sensitive mutants exist which,
in a certain complementation groﬁp, fail to initiate or maintain the
transformed state at the restrictive temperature. The need for SV40

gene A function in SV40 virus transformation is a case in point (Martin
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and Yang Chou, i975; Brugge and Butel, 1975; Tegtmeyer, 1975;
Osborn and Weber, 1975). Even so, the expression Af one or two copies
of Virus—spécific genes might not be enough to maintain transformation
in certain cases. This may be true for EBV transformation whére_a
characteristic feature of the process is large amounts of EBV DNA per
transformed cell.- Some cells transformed by EBV even at extremely
‘low m.o.i. still contain multiple copies of virus DNA sequences
(Robinson and Miller, 1975) which does suggest that the virus DNA
may be subject to amplification which, as a mechanisnm, couid provide
the means by which several transformation genes accumulate. The
need for this in EBV transformation may be the result of very low
1evéls of virus ﬁNA expression;. for example its transcription into
RNA or into transformation-specific protein. The fact thét, in
certain cases, transformation or malignanéy can be dependent on a
balance or gene dosage of normal and abnormal cell genesfalso tends
to suggest that the amount of virus gene product which affects trans-
formation is likely to be important. For the‘maJOrity of mammalian
DNA viruses this may amount to the expression of one‘or twb.;oéies of
the-important virus gene: but for EBV, for example, it may mean more.
A second point concerns the role of virus DNA integration. It
is unfortunate that the use of in situ hybridisation in studying the
chromosomal integration of virus DNA seems . not possible. For the
majority of virus DNA transformed or tumour cells nevertheless, by
CsCi gradient centrifugation of one Adenovirus 2 tumour DNA followed
by Adenovirus 2 cRNA hybridisation, virus DNA sequences were detected
in the region of the gradient corresponding to the banding of host DNA

sequences (see Figures I111:42 and 11I1:43). This may indicate that the
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virus DNA sequences, in this particular tumour at least, are inte-
grated into the host DNA sequénces.

In general the evidence for virus DNA integration into host DNA

-is reasonably strong (see Chapter.l). _ Virus DNA integration, per se,
however, may not be the deciding factor of whether a cell becomes trans-
formed or not. There is now a large amount of evidénce which suggests
that integfation of virus DNA occurs during both productive infection
(Burger and Doerfle?, 1974; Collins and Sauey, 1972; Hirai and Defendi,
1072; Manor SE.EL" 1973; Waldéck et al., 1973; Ralph and Colter,
1972; Holzel and Sokol, 1974) and abortive infection (Doerfler, 1968;
Burlingham and Doerfler, 1971; Doefler, 1970; Doefler et al., 1972)
also. However, there are at least two ways in which virus DNA inte—
gration appears to differ between préductive infection and transform-
ation in particular: the amount of integrated virus DNA is usually
more during produétive infection, and more importantly theré is no
definitive evidence to support the hypothesis that integration per se
contributes‘functionally to the inevitéble replication of the virus
DNA, the production of virus particles, and‘the death of the cell.

More integrated virus DNA during productive infectioﬁ sugéests
that there may be several pothtial~integration sites; while the
presence of low amounts of virus DNA during transformation suggests
that only a selective few of the potential sites are involved in
transformation. Other -evidence points in thisAdirection: for
exampie, somatic cell hybridisation studies, and the fact that trans-
formation usually occurs with very low frequency. Even for EBV
transformation where multiple virus DNA sequences exist per cell it is

clear that the potential integration sites must be few; . 50 genomes, as
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presént in "Raji" éells for ekample, represents about 5 X 109
daltons of DNA amounting to about 1/25th of the DNA in eaph chromosome
which would be a vast amoﬁnt if it was all integrated. |

It is also clear that "transformation" specific sites could exist.
There is a precedent fér the phenotypic expression of eukaryote genes
depending ﬁpon their position or orientation_in the génome;

Thus there is some case for believing that transformation fundam-

entally may be the result of the expression of a specific product of

a gene residing at a spécific site in the eukaryote genome.
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CHAPTER 1V

’

ATTEMPTS TO DETECT ADENOVIRUS-SPECIFIC RNA SEQUENCES IN -

TRANSFORMED AND TUMOUR CELLS

INTRODUCTION

MAMMALIAN DNA VIRUS-SPECIFIC RNA 1IN TRANSFORMEDBTUMOUR CELLS

As mentioned previously virus-specific RNA is found in mammalian
DNA virus transformed and tumour cells, for example in Adenovirus
'transfor@ed and tumour cells (Fujinaga ahd Green, 1966; 1968; Green,
1970); polyoma transformed cells (Banjamin, 1966); SV40 transforﬁed
cells (Aloni 92.213’ 1968; Oda and Dulbecco, 1968; Reich é}_gi., 1966;
Sauer and Kidwai, 1968); and EBV transformed human lymphoblastoid
cell lines (Sudgen, personal communication). In some transformed or
tumour cells it represents a considerable percen;age of the RNA in the
cell whereas in others the percentage is less so. - Adenovirus trans- -
formed cells, for example, possess 2-5% virus-specific polysomal
messenger (m) RNA (Greeﬁ, 1970), whereaé most SV40‘or polyoma tfans—
formed cells possess only about 0.01-0.1%.

In general, cells transforméd by mammalian DNA viruses usually
possess ohly a subset of the virus-specific RNA sequences found. in
productive infection (Green, 1970; Green EE.EL" 1970; Botchan
et al., 1974; Sambrook gi‘gi., 1972; Khoury et al., 19745 Sharp
et al., 1975).

Three different classes of virus mRNA molecules are synthesised
in Adenovirus transformed or tumour cel;s, each one'being‘specific
for each major sub-group of the humaﬁ Adenoviruses (Fujinaga et al.,
1969; McAllister et al., 1969; Green, 1970). And in the main, only
4-10% of the Adenévirus genome is expressed, thé sequences being a

subset of the sequences expressed early in the productive cycle.
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(Green and Hodap, 1972). In other transformed cells there is also
selective transcription of the virus genome. Thus some SV40
transformed cells express only about one third of the virus genome
(Aloni’gi‘gl., 1968) while others express less or sometimes more.

Most SV40 transformed cells, however, do differ from Adenovirus
transformed cells studied in that some late virus genes are transcribed
in the former but not in the latter. In some cases this late gene
expression can-amount to nearly 80% of the normally expressed late-
genes in productive infection (Sauer and Kidwai, 1968).

For SvV40 transformed 3T3 cells virus-specific RNA isvcomplementary
to 55-60% of the sequences of thé early strand ofvthe SvV40 DNA molecqle;
and 15-20% of the sequences of.the late‘strand (Sambrook et al., |
1972). For Some other SV40 traﬁsformed éells (Ozanne et al., 1973),
30-80% of the early strand and 0-20% of the late étrand are present
as.RNA. Since the early region in production infection correspénds
to about 30-35% of the early strand (Lindstrom and Dulbecco, 1972;
Khoury et al., 1972; Sambrook et al., 1972; Sambrook et al., 1973), a
proportion of the RNA produced in certain SV40 transformed cells is
clearly anti-late. Two main points emergé from this data. First,
there is selective transcription of virus genes in transfofmed or
tumour cells. Second, this selectiyity may be the result of control
meChanigms or loss of virus DNA sequences. In SV40 transformed cells
late genes can be transcribed, while in Adenévinus transformed cells
they are not. This may reflect the fact that éll the virus genome

is present in most SV40 transformed cells but not in Adenovirus

transformed cells (see pg.Zq_ ).
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VIRUS--SPECIFIC RNA AND VIRUS DNA INTEGRATION

Virus-specific nuclear RNA. in transformed or tumour ceilsvappears
to be covalently-linked to cellular HnRNA (Heterogepeous nuclear RNA).
Thus virus DNA - either SV40 or Adenovirus for example - hybridises
to nuclear transformed RNA sequences greater than 40;455 in sucrose
gradients with or without DMSO treatment to disrupt aggregation (Linberg
and Dérﬁell, 1970; Green, 1970; Green et al., 1970; Wall et al.,
1973). Similar experiments, using polyacrylamide gels, have-shown
that SV40.of Adenovirus-specific transformed cell nuclear ﬁNA seduences
exist in high molecular weight‘form (Young et al., 1973; Green et al.,
19705. © Since infectious virus DNA is not normally found in theseA
cells, and the amount of virus DNA present probhably représents only a
few genome copies (see Chépfer'lll, this Thesis and also Gelb et al.,
1971; Botchan gi_gl., 1974; Sharp et al., 1974; Gailimore et al.,
1974).it is unlikely (but nét impossible) that the high moleculér
weight‘virus—specific nuclear RNA is due to tandemly repeated, or
continuous, transcription of the virus DNA only..

A proportion of the high molecular weight RNA could possibly be
due to the post-transcriptional addition of ribonucleofides. PolyA,
for instance, is added to most of the eukaryote primary RNA franscripts
which give rise to mRNA (Lewin, 1974; 1975) and to DNA virus-specific
RNA in cells (e.g. Philipson et al., 1971). However, since some
virus-specific mRNA, in transformed cells, stil; excéeds the length
of the expected virus DNA sequence transcript, (e:g. Weinberg'gg_éi.,
1973)‘even'allowing for 50,000 daltons of polyA, the influénce of

polyA on the size of virus-specific sequences in HnRNA must be small.
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Virus-host HnRNA molecules also can exist in cells productively-
infected by several mammalian DNA viruses (Tonegawa et al., 1970;
Acheson et al., 1971; Green et al., 1970; Weinberg et al., 1972;
Jaenisch, 1972; Rozenblatt and Winocour, 1972).

Tsuei 23.31'_(1972) and wali and Darnell (1972) isolated the‘
Virus—host HnRNA in Adenovirus and SV40 transformed cells. 4RNA
sequences which wereco-isolated with pure virus;specific sequences
hybridised.. to cell DNA under contitions which suggest that these
sequences are transcribed from repetitive DNA. Whether any of the
host HnRNA sequences which are linked to virus-specific sequenées are
transcribed from unique DNA sequences in the genome or whether any
virus-specific RNA sequences iq the nucleus are nof trénscriptionally
linked to host HhRNA sequences is not khown..

- The difficulty with these sort of experiments is the unresol?ed
question of whether or not RNA aggregation can occur to any great
extent, thus bringing about high-molecular weight RNA. Macnaughton
et al. (1974), for exanmple, have shown that distinct mRNA species can
aggregate and that RMA-RNA interactions can occur in nuclear RNA when
full RNA dehatufation conditions are omittéd. This may also be true
for virus-specific: RNA - host HnRNA interactions, particularly when
non-denaturation conditions are employed. Judged from this point of
view, integration of virus DNA within the host genome may be
aftifactual. The virus-specific RNA is subsequently transported to
the cytoplasm through a series of post—£ranscriptional modifications
and cleavage (Shimada et al., 1972; Wwall énd~Darnell, 1971; Wall et al.,
1973) which results in discrete classes of virus-specific messenger

RNA (mRNA). For example, three discrete size classes of virus-specific
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mRNA have been found for one Adenovirus 2 transformed cell line:
16S, 20S and 26S (Wall et al., 1973). More heterogeneous size
classes have been found for other Adenovirus traﬁsformed cells

(Green et al., 1970).

DESIRABILITY OF DETECTING VIRUS-SPECIFIC RNA IN INDIVIDUAL CELLS.

The discovery that virus DNA can exist in several types of
transformed or tumour cells has lead to many attempts to try and
detect it in different types of tumours. Howeverﬁthis nay not be
an easy task since, in many cases, the amount of virus DNA may be
'relativély low (see Chapter IiI, this Thesis). Screening tumours
by lﬂ.ﬁiﬁ& hybridisation with virus cRNAs (dicAllister et al., 1972;
McDougall et al., 1972b; Wolf ‘et al., 1973; Chapter III, this Thesis)
may not therefore be the method of choice. RNA transcription, however,
represents direct amplification of the virus DNA sequences - even at
a selective 1éve1. Consequently a method was devised by which virus-
specific RNA éould be detected in individual cells. The particular
usefulness of the method is that yirus—specific nucleic acids can be
detgcted'in cells in whiéh the virus DNA content would be too low to
detect. This raises the possibility of screening for virus-specific
sequences in cancer tissue in which the virus DNA,:if present; is

limited to a few genome copies.



A, DETECTION OF ADENOVIRUS-SPECIFIC MESSENGER RNA(mRNA) IN INDIVIDUAL

TRANSFORMED CELLS

SECTION I

Preliminary isolation of Adenovirus 2 messenger RNA from Adenovirus 2

transformed rat cells
’ 3 was

H~Uridine-labelled virus-specific mRNA /isolated from Adenovirus
2 transformed cells (Ad 2/REB/10p/Bl) by isolating total mRNA via
polyA-mRNA-0ligo(dT) binding and hybridising it to virus DNA

immobilised on filters. The results show that virus-specific mRNA

can be detected in these transformed cells.

Results and discussioh

a) Shimada et al. (1972) have shown that in certain Adenovirus
transformed celis virus-specific RNA can be detected in the nucleus
after 30 mins. incorporation oflsH—uridine. After éO mins. there
is also a high proportion of virus-specific RNA in the cytoplasmic
RNA. Further, the proportion of virus-specific RNA in the nucleus
compared to the cytoplasm decreases by 95% in 4 houre of incorpor-
ation time. After several hours of labelling with 3H—Uridine the
virus-specific messenger RNA (mRNA) has dramatically accumulated in
the cytoplasm (Tsuei et al., 1972). In order to eheck thaf the
transformed cells could incorporate 3H-Uridine‘under the conditions
employed, BI transformed cells were labelled with 3H—Uridine for
vafious time periods and the radioactivity determined by TCA pre-
cipitatioh of whole cells (Figure IV:1). Incorporation  is ‘linear
wifh a slight falling off after 60-90 mins. BI transformed cells

were labelled for up to 8 hours before RNA was extracted.



Figure IV:I. Incorporation of 3H-Uridine
into total cellular RNA with time.
Adenovirus 2 transformed rat cells _
(Ad2/REB/I0p/BI) were labelled with IOuCi/ml
3H-Uridine(S.A. 25Ci/mmole) for various
times.Whole cells were then:washed with
changes of Dulbecco A and fiﬁally TCA
precipitated onto GF/80 filters.

After alcohol drying and heating at

80°C for 40mins., the radiocoactivity on
~the filters was determined by counting
in TolueneQPOPCP,PPO scintillation
fluid.
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b) Cytoplasmic RNA was extracted and purified by a combination of"
methods. (see Materials and Methods, pPg. 5—6 ). This RNA was passed
through an oligo(dT) column and the polyA-containing RNA eluted in low
salt (Aviv and Leder, 1972). Approximately 5% of the 3H-Uridine—
labelled RNA was eluted inllow salt after two passages through the
column (Figure IV:2).

c) " The polyA-mRNA was hybridised to Adenovirus 2 DNA and M. luteus
DNA which were loth immobilised on membrane filters. The specific
activity of the 3H,--Uridine—labelled mRNA was 2 x loscpm/pg.
Hybridisation was performed in 6 X SSC 30% FA at 50°C and the reaction
ferminated by chilling, RNasing and washing the filters. The result
is shown in Table IV:1. The QRNA hybridises to the virus DNA but

not to the bacterial DNA. Table IV:1 also shows that polyA-mRNA
isolated from normal rat célls does not Siénificantly bind'to the
Adenovirus 2 DNA. All this demonstrates:that the polyA-mRNA

igsolated from these particular Adenovirus 2 transformed cells contains
Adenovirus 2-specific sequences. From. these experiments, the propor-
éion of the polyA-mRNA which is virus~-specific cannot be dtermined. |
Neither can the virus DNA sequence complementarity be determined.
Nonetheléss, virus—specific-mRNA clearly exisfs and should be capable

of being detected by in situ hybridisation.




Figure IV:2, Separation of polyA-mRNA
from total cytoplasmic RNA isolated
from Adenovirus 2 transformed rat
cells (Ad2/REB/IOp/BI).The polyA-mRNA
was eluted in low salt buffer

(ImM EDTA,IOmM Tris-0.I% SLS) (arrow)
and the radioactivity determined

by counting in liquid scintillator

(Aquasol).



"Eluting
buffer

—{1800

1400

—{ 1000

. 600

T I
. . FRACTIONS(01igo=dT).

5

i\)‘_\“-—;x\x :

> Fig-IV:Z, A' ,:

" RADIOACTIVITY(CPM) X — X



Table IV:1l

DNA H-Uridine-labelled Adenovirus 25transformed cell RNA c.p.m. hybridizeda,b

(§.A. 2 x 10 cpm)

Adenovirus 2 (5pg) " ' 4 x 10° | ' : 820
M. luteus (5ug) 4 x 105 . | . ' 55
M. luteus (20pg) 4 x 105 67
DNA 3H—Uridine-1abe11<?csi.:c.)rma; ;a;ogibroblast cell RNA c.p.m. 'hybridizeda'b
Adenovirus 2 (5ug) , 4.3 x 105 60
M. luteus (5pg) o 4.0 x 10° | | 43

Average of 2 experiments

Hybridisation at 50°C in 6 x SSC 30% FA for 10 hours
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SECTION II

Detection of mRANA in individual cells by in situ hybridisation

" Specific RNA sequences have been detected in individual cells
before. Harrison et al. (1973), for instance, localised Haemoglobin
messenger RNA in the cytoplasm of ‘red blood cells using in situ
hybridisation with Haemoglobin cDNA. Détecting specific RNA sequences
at the single cell level is therefore feasible.

Thevexperiments described here were designed to examine three
points. Can Adenovirus—specifip RNA sequeﬁces be. detected at the
single cell level and if so, is the ‘technique specific and reliable.'
Third, does specific virus messenger expression in iﬁdividual cells
‘vary between celis? The first’two points involve hybridisation of
3H'--labelled Adenovirus 2 DNA to transformed and ihfected cells. The
third poinﬁ also exploits the formation of hybrid complexes between
polyA;mRNA.ahd polyU to estimate total mRNA expression in combarison
to virus-specific mRNA expression. |

Results and discussion

Adenovirus 2 DNA labelled with 3H—-Thymidine during the growth
cyblé in HEK cells, and purified as described in Materials and Methods
possesses a buoyant density in neutral CsCl of.]..7-16gm/cm"3 (Figure
I1V:3), a value in good agreement with previously.reported density
determinations for this particular virus DNA (Table II11:1, this Thesis;
Green and Pina, 1964; Ledinko and Fong, 1969). There is no
apparent label in the density position of human main band DNA, a
result which suggests the purity of the virus DNA. When the virus
DNA is denatured it is viftually completely S1 nuclease sensitive,

and on reassociation it becomes 50% S1 nuclease resistant when a



Figure IV:3. CsCl gradient centrifugation
of 3H—Thymidine labelled Adenovirus 2
DNA.The labelled DNA in 0.IxSSC,together
with total human DNA(unlabelled) and
M.luteus DNA(unlabelled) was made up
with 5.5gm CsCl1(B.D.H. analytically ﬁure)
to a volume of 4.0mls.Centrifugation

was done at 42,000 rpm at 25°C for
40hours in the IOxIO MSE rotor.
Fractions were cbllected,their 0.D.s
(260nm) determined,and the DNA in each .
fraction denatured,neutralised,and

bound to membrane filters according

to the procedure of Gillespie and
Spiegelman(I965).The radioactivity

of each fraction was .then determined

by counting the filters in Toluene-
based scintillation fluid after the

DNA had been washed in 6XSSC and

 baked at 80°C for 2hours in vacuo.

The peak of radioactivity corresponds

to the buoyant density of Adenovirus

2 DNYA in neutral CsCl(see TableIII:2);
while M.luteus DNA and total human

DNAs also band at their known

buoyant density positions of
I.73Igm/cm—3and I.700gm/cm—3
respectively.(also see TableIII:I).
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Cot% of approximately 1.7 X 10_2moles/sec./1-1 has been reached
(Figure 1IV:4). The rate and extent of the reassociating virus DNA

is similar to that expected for a unique genome with an analytical
complexity of around 25 x 106 daltons whicﬁ is the molecular weight
of Adenovirus 2 DNA (Green et al., 1967 for example). Other wofkers
have observed similar Cot%-values for this particular virus DNA
(Tibbetts et al., 1974; Pettersson et al., 1974). Thus by buoyant
density ﬁéasurement and by reassociation kinetics the labelled DNA
represents a homogeneous population of Adenovirus genomes. This
virus DNA was hybridiéed to Adenovirus 2 transformed rat cells (Ad 2/
REB/10p/Bl). These cells ére'héavily labelled in the cytdplasm‘with
occasional grain clusters in the nucleus (Figure 1V:5b, 5c). There
were few grains in either the nucleus or the cytoplasm of normal rat
cells. To test whether label represents RNA-DNA hybrid formation,
Adenovirus 2 DNA was hybridised to transformed cells which had been
previously RNAsed (20 pg/ml, RNase A in 2 x SSC for 30‘mins.) énd

exhaustively rinsed in 2 x SSC. After such treatment the amount of

label was considerably reduced subsequent to in situ hybridisation

(Figure 1IV:5d). The relatively low labelling in the nucleus of a
transformed cell compared to the cytoplasm (Figure 1V:5) may reflect
the apparently lower‘content of virus-specific sequenées in HnRNA in
comparison to their proportion in the mRNA of the polysomés (Shimada
et al., 1972). Alternatively, the efficiency of hybridisation to
the nucleué might be imbaired for some reason. To test whether the
Adenovirﬁs 2 DNA was. capable of hybridising to virus sequences jn
the nucleus of a cell, 4n in situ hybridisation reaction was carried

out with the labelled virus DNA and HEK cells injected with Adenovirus 2.



Figure IV:4. Reassociation of 3H—Thymidine
labelled Adenovirus 2 DNA.3xSSC,65°C,with an
initial DNA concentration of 3xIO-Iug/m1.

%7 reassociation was measured by SI nuclease

monitoring(see Materials and Methods,pg.$ 7).
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Cells permissive for Adenovirus infection are known to possess viral-
specific RNA both in the nucleus and the cytoplasm (Green et al., 1970;
Greep, 1970; Fujinaga et al., 1968), and to accumulate newly-synthesised
viral DNA in the nucleus (Green, 1962; Ledinko and Fong, 1969). '
Furthermore, newly—replicated viral DNA can be detected by in situ
hybridisation with virus cRNA (McDougall et al., 1972a; Gallimore,
1974; this Thesis pg.)AL) so thaf Adenovirus 2 replicated duplexes,
syntheised in the infected HEK cells, should be capable of forming
duplexes with the 3H—labelled Adenovirus 2 DNA used to detect virus
sequences in the transformed cells. Hybridisation té pre-RNAsed ‘or
non pre-RNAsed Adenovirus 2-infected HEK cells or nuclei is depicted
in Figures.IV:Sé-and IV:6b. G;ainsvare located in the nuclei of
pre-RNAsed cells (Fjgure IV:6b) and in both the nuclei and cytopiasm
of noﬁ pre-RNAsed infected cells (Figure IV:5é). A pre-RNAsed
Adenovirus 2-infected HEK nucleus which has been in situ hybridised
with Adenovirus 2 cRNA is shown in Figure IV:6a for comparison.
These above results suggest that the input Adenovirus 2 DNA can
hybridise or anheal to either virus-specific RNA or virué—sﬁecific
DNA in the Adenovirué 2-infected cells. There were few grains in
either the nucleus or cytoplasm of normal rat cells.

During the course of the reaction, the virus DNA would be
expected to reassociate or self-anneal, as well as hybridise to any
complementary base-sequences witﬁin the cell. ‘Other studies have
shown that this self-renaturation of DNA sequences probabiy does not
present problems.

For example, Pardue and Gall (1969) detécted'amplified ribosomal DNA
in-situ by employing double strandeé labelled ribosomal DNA.> The

centromeric location of mouse satellite DNA has also been demonstrated



Figure IV:6. In situ hybridisation of
Adenovirus cRNA or Adenovirus 2 DNA
to Adenovirus—infected cells.
Adenovirus 20r I2-infected HEK

cells (I00pfu/cll) were pre—RNased

and challenged with either

Adenovirus 2cRNA or I2cRNA

(S.A. I.7xIO7cpm/ug;0.OOIug/5u1;

65°C for IOhours in 2xSS8C) or -
Adenovirus 2 DNA(S.A. IOécpm/ug:
IO—3ug/u1:65°C for IOhours in

3xS8SC). _

a) Adenovirus 2 cRNA hybridised
to.Adenovirus 2-infected HEK cells;
b) Adenovirus 2 DNA annealed to
Adenovirus-2-infected HEK nuclei;

c) Adenovirus I2 cRNA hybridised

to Adenovirus I2-infected HEK nucleig
d) Adenovirus 2 DNA annealed to
Adenovirus I2-infected HEK nuclei.

Exposure time:4-6 weeks.,






Figure IV:5. In situ hybridisation
of Adenovirus 2 DNA to Adenovirus 2
-infected HEK cells or to Adenovirus
2 transformed rat cells.

a) Adenovirus 2 DNA annealed to
Adenovirus 2-infected HEK cells:

no pre—-RNasing.

B) and c¢) Adenovirus 2DNA hybridised
. to Adenovirus 2 transformed rat cells
with no pre—RNasing:3xIO-3ug/m1:
3xSSC 30%FA: 45°C for IOhours(3xSSC
for IOhours at 65°C also gave

same results).

d) Adenovirus 2 DNA hybridised

to Adenovirus 2 transformed rat
cells pre~RNased.Conditions of
hybridisation as for b).

Exposure time: a)bweeks;b),c)

and d) 6 months.
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gsing mouse satellite DNA as a probe (Pardue and Gall, 1970) and
recently, Hernen é&_gl. (1975) have located the position of the
ribosomal genes‘on the mitotic and lampbrush chromosomes of Tritufus
cristatus carnifex using I—lZS—labelled'double stranded ribosomal
DNA. The ability to do this is fortunate since self-annealed .DNA
base—seéuences could contribute to the autoradiographic label because
they will be S1 nuclease resistant, we well as compefe with the
hybridisation reaction at the cytological level.

The Adenovirus 2 DNA, at the criteria used here, would be
expected to have nearly hélf—reasséciated within an hour of the
commencement of the reaction }E_EEEE;(Figure 1v;4). waevér there
is no extracellular background ?adioactivi£y and hybridisation is
very much greater in transfqrmed cells than in normal rat cells.

The grains present in large amounts in the'cytoplasm éf these trans-
formed rat cells most likely represent virus in vivo RNA- virus DNA
hybrids since RNAsing the cells prior tQEE;EiEE hybridisafion drastic-~-
ally reduces the label. There is some evidence from other EE.EQEE
hybridisation experiments that pre-RNasing may not remove all tﬁe
hybridisable RNA (Hennen EE.E&:’ 1975; Rosbash, personal éommunication)
so thét the remaining grains, after such treatment, possibly represent
some non-RNased mélecules which have h§bfidised. To further check
the specificity of the in situ reaction an additional two experiments
were performed. - First, the Adenovirus 2 labelled DNA was.hybridiséd
to Adenovirus 12 infected cells which contain replicating virus DNA

(Green, 1970; McDougall et al., 1972) detectable by in situ hybrid-

- .

isation with Adenovirus 12 cRNA (Section 111, Chapter II1I; Figure 1V:6c

also). Adenovirus 12 and 2 DNAs share up to 22% homology. Therefore
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Adenovirus 2 labelled DNA should be capable of hybridising to
Adenovirus 12 DNA in these cells. Figure IV:6d shows that this is

SoO. Grain clusters are present in individual nuclei. The second
exper;ment involved hybridising a non-virus labelled.DNA to cells.
which do not contain RNA sequences comblementary to it. Transformed
cells were hybridised with a 3H—Thymidine~1abe11ed Drosophila satellite
DNA,(a gift from M. Izquierdo, this laborztory).

The level of grains present after annealing with this satellite
DNA was very low (not shown) thus confirming that annealing with
3H—Thymidine—labélled*Adenovirus,2 DNA is most probably specific.

Silver grains seen in some control preparations may be the result
of either incomplete enzyme diggstioﬁ or insufficient'ﬁqsf in situ
hybridisation washing. If some of these grains are due to non-
specific binding of double-stranded 3H—DNA. then the use of separated
virus DNA strands may be an advantage in future exploitation of the
technique.

The finding that virus-specific mRNA can be detected by in situ
hybridisation with virus DNA raises some ihteresting points. First,
as described previousiy, there have been some éttempts, asing cRNA to
Adenovirus genomes, to detect viral-specific DNA in individual cells

.transtrmed by Adeno%iruses (Green et al., 1970; Dunn et al., 1973;
McDougall et al., 1972b; Loni and Green, 1973;. Chapter III, this
Thesis). The major limitation with this approach, however, is set
by the amount of DNA base-sequences whiéh can participate in the
reaction,'and be subsequently detécted by the cRNA in the 33.5333:
technique. To date in the Adenovirus transformed cells.studied,

only a portion of the viral genome is present (Sharp et al., 1974;
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Gallimore g&_gl:, 1974) and in very few copies (Pettersson and
Sambrook, 1973; Gallimore EE.EEI’ 1974; this Thesis, éhapter I111),
thus limiting the chance of detecting viral DNA. .  In fact since a
large percentage of the cRNA repregents only a proportion of the
Adenovirus genome (Green and'iHodap, 1972; Dunn et al., 1973;
Pettersson gz_gl.,'1974; this Thesis, Chapter 11I) screening

transformed cells and tumours for virus DNA by hybridisation with

—_—— —— —— ——

virus cRNA (McAllister et al., 1972; McDougall et al., 1972b;

Dunn et al., 1973) is unlikely to be a method of choice. As
demonstrated here, however, viral-specific RNA can be localised in
cells expressing Adenovirus genetic information. Two poinfs in
-particular suggest that this technique is very seqsitive. First,

the particular transformed cell line used in this study contains only
14% of fhe Adenovirus 2 genome (Gallimore éﬁ.ﬁl:’.1974) and-expresses
only approximately 7% of this in the form of a single transcripf (Sharp
et al., Cold Spring Harbor Symp. Quant. Biol. (1975) in press).

Second, Adenovirus 2 DNA is capable of gnnealing to Adenovirus 12 DNA
in infected cells at the cytological level (Figure IV:6d) and yet

these two viruses only share 9-22% of their DNA base-sequences (Green
‘et al., 1970). Thus the input Adenovirus DNA is capable of annealing
with nucleic acid sequehces in the range of 1-2 x 106 daltons in
molecular weight, i.e. 3-6 x 103 base-pairs in molecular length.

The ability to detect virus-specific RNA. sequences in individual cells
shouid therefore have important uses in general: for screening purpéses,
and for studying the transcriptional specificities of individual cells
in a tumour. For instance, some cells in a certain tuméur possess

different genetic information from other cells in the same tumour
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(Goldenberg et al., 1974; Weiner 23_333,1972) and at 1éast one
tumour hég a restricted distribution of virus genes-within‘its
celiular architecture (Wolf et al., 1973; Klein et 2l., 1974).
Little is known about the transcriptional specificities at the
single éell level and the method described here therefore has
important applications in this direction.

A second point can be raised from the ability to détect specific
RNA sequences in situ. | It is unclear in general whether mRNA
varies quantitatively from cell to cell: for instance during
diffe?ent stages of the cell cycle. Figure IV:5 shows that the-
expression of virus-specific RNA in Adenovirus 2 transformed cells
dqes not appear to vary much be?ween cells. Whether unifofmity in
this RNA expression reflects uniformity in total mRNA expression
is not clear. 'An‘approach to answer this question can be made by
exploiting h&brid formation between.polyA-mRNA and polyU{ the extent
of the reaction being a measure of the total mRNA content of the
cell. The presence of polyA sequences on mRNA ﬁolecules has been
alluded to previously. With the exception of Histone mRNAs. -
(Adesnik and Darnell, 1972) mRNA sequences contain polyA post-
transcriptioﬁally added to the 3' end of the messenger sequences
thus enabling the mRNA sequenqes to be isolated fromfthe,rest‘of
the cellular RNA. The amount of polyA in total:RNA populations is
therefore a measure of the amount of polyA-mRNA éequences. | PolyA-mRNA-
moleculés can form complexes with polyU (Bishop-gﬁ_gl.,41974;
Rosbach et al., 1974) which are then a measure of the amount of polyA-

mRNA in an RNA population (see Rosbash and Ford; 1974 for example).
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To determine whether total mRNA expression Qaries from cell to
cell, as opposed to virus-specific mRNA expression which does not
appear to (see Figure 1V:5), polyU was hybridised to transformed-
cells (see below).

PolyU-homopolymer complexes are. less stable £hah a variety of
other RNA-DNA hybrids (Riley et al., 1966; Chamberlin, 1965), and
low temperatures of RNasing these hybrids are needed in comparison
to other RNA-DNA hybrids (e.g. Bishop gi_gi;, 1974). PolyU-poly(rA).
complexes are more stable than polyU-poly(dA) complexes. For instance,
- polyU-poly(rA) has a Tm of 72°C in 2 x SSC Qhereas polyU?poly(dA) has
a Tm, in the same salt, of 42°c. This Tm difference is demonstrated
in Figure 1IV:7 wﬁere 3H—polyU has been hybridised to poly(rA) or
poly(dA) sequenées in Drosophila DNA, and the»résuiting complexes
melted in 2 x SSC} Bishop et al. (1974) have shown that mRNA-polyU
complexes.melt with Tms characteristic of polyU-poly(rA) complexes
i.e. around 70°C_in 2 x SSC. Figure IV:7 shows in common with
Shenkin and Burdon (1974) and Bishop et al. (1974), that at around
50°C the polyU-DNA sequences have approximately 90% mélted whereas

ﬁolyU—poly(rA) complexes are still §table. This is a useful finding
sincelhybridisation carried out at around 50°C in 2 x SSC will largely
reflect the polyU-poly(rA) or polyU—mRNA.complex formation. ~ In situ
hybridisation using polyU was thérefore carriéd out according to the
‘method of Jones, Bishop and Brito-da-Cunha (1973) but with the
modification of increased temperature of hybridisation in 2 x SSC:
i.e. 50°C instead of 30-37°C. |
PolyU hybridisation to transformed cells is shown in Figure 1IV:8.

Transformed cells are heavily labelled, especially in the cytoplasm



Figure IV:7. Thermal dissociation of polyU-DNA
or polyU-poly rA complexes.The complexes
were melted in 2xSSC and the ZpolyU released
determined by TCA precipitation and .
counting in Toluene-based scintillation
fluid.The Tm is the temperature at which -
50%Z of the polyU-DNA or polyU-polyrA
complexes have dissociated.

o-o polyU-drosophila DNA;

0 _O0 polyU-polyrA(Shenkin and Burdon,I974);
X=X polyU-poly rA.
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Figure IV:8. In situ hybridisation

of poly U to Adenovirus 2 transformed
rat cells (Ad2/REB/I0p/BI).Label 1is
concentrated in the cytoplasm.(nuclei
are darkly stained with Giemsa) .Exposure
time:2 weeks.See Materials and Methods

"and text for details.






158

where the polyA—mRNA is likely to be accumulating. 'There is little
difference between the labelling pattern observed for several cells.
- which therefore suggests that the‘uniformity in Adenovirué—specific
mRNA (Figure IV:5) probably reflects the uniformity of polyA-mRNA

expression in general.
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B. TRANSCRIPTION OF RNA IN TUMOURS

The biology of whole tumours is not understood in depth.
Reflecting this, while man& of the studies on tumour expression have
concentrated on analysing tumour cells derived from whole tumours and
grown in culture, few studies have directly analysed the tumour as
originally broduced in vivo. Thus many studies have been directed
at detecting virus RNA in individual tumour cells isolated from whole
tumours but few have attempted to relate this to the biology of the
tumour mass (see for example, Axelrod et al., 1964; -Green, 1970).

As previously demonstrated,in this Thesis (pg.l$ 7 ) mRNA expression
can be quantitafed by polyU binding to individual cells. This
method of determining mRNA amoupt was therefore applied to whole
tumour sections in.order to determine whether there was he#erogeneous
totai mRNA expregsion throughout the structure of the tumour mass.
The results represent the first report of mRNA estimation for indiv-
idual cells within a tumour.

Results and Discussion

3H—polyU was hybridised td Adenovirus 2 transformed cell-induced-
tumour sections or to Adenovirus 12-induced tumour sections. The
conditions of hybridisation and synthesis of polyU'have already been
described (see pagel!§57; and Materials and Methods, pg“§7-60). In the
Adenovirus 2 transformed cell induced tumour, (Ad2/T5) most of the
label is confined to the peripheral cells of the tumour mass (Figures
IV:9a & 9b). In the other tumour (Ad1l2/TI) there is more widespread
distribution of label except for cells in the centre of the tumour
which appear to possess littlé (Figures IV:QE and 9d). Thus for the
tumour sections there is ot unif§rmity of polyA-mRNA expression.
The simplest interpretation of this result is that polyA-mRNA content

is diminished in certain cells of the tumour, an interpretation which



Figure IV:9. In situ hybridisation

of poly U to frozen sections of
Adenovirus—induced tumours.z)and b)
Adenovirus 2 transformed cell (Ad2/REB/50p/BI)
~induced tumour (Ad2/Ts ).Note hybridisation
to cells in periphery of tumour mass.

b) Adenovirus I2-induced tumour (AdI2/TI).
Note widespread distribution of grains
except for cells in the centre of the
tumour (d) where grains are absent.

These centre cells are most likely
necrotic.For conditions of polyU
hybridisation see Materials amd Methods

and text.Exposure time:all 2 weeks.
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gains sﬁpport from the fact that many Adenovirus-induced tumours
possess necfotic cells which are frequently a major part of the tumour;
live cells being only confined to the growing surface. Thus the
intense polyU labelling seen in the periphery of one tﬁmour in particular
(Figure IV:9a2 & 9b) probably reflects such a situation. . This is
further strengthened by the fact that, on staining with Methyl Green
Pyrpnin (MGP) to discriminate RNA fromlDNA,‘only the peripheral cells
of this particular tumour appear to contain RNA (Figure 1IV:10a & b).
The tumour which contains a more widespread distribution of polyU
also contains a more widespread distribution of RNA on sfaining with
M.G.P. (Figure 1V:10c). Therefore the polyU bound by cells does
reflect in vivo RNA expression.

Clearly it will be import;;t and interesting.to determine whether
thére is a similar distribution of virus-specific RNA within thése
types of tumour. The method described previously should be capaﬁle

of answering this question.



Figure IV:IO, Tumour sections stained
with Methyl Green Pyronin(M.G.P.) to
discriminate RNA from DNA. (RNA

stains distinctly red). _
a) and b) Adenovirus 2 tumour section
(Ad2/T5) :RNA is concentrated in the
peripheral cells of the tumour mass.
c) Adenovirus I2 tumour(AdI2/TI):
there is a widespread distribution

of RNA. | | |
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