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Mouse mammary tumor virus (MMTV) is a retrovirus which

- -

causes mammary tumors in many strains of mice. An essential

part of the viral life cyclé‘involves the integratidén of a
double-stganded DNA' provirus into the hosp cell genome. ' .

Tumorigenesis is thought to be mediéied by such integrated

.
L

proviruses. -

1 -

Restriction endonuclease analysis of the DNA from a

series of cell sublines from a single MMTV-induced mammary
adenocarcinoma revealed that tﬂe original}tumor was composed’ -

N >

of tumorigénic ind nontumorigenic cells whose proviral T
~content could not be correlated with tumorigenicity. The
tumorigenic subiines however contained'a single proviru;
which was correlafed with tumorigenicity. The tumorigenic
potential of MMTV proviruses thérefofe depends on the site
.of integration.

In a second study it was shown that the @ode of action of‘
L germinélly-transmitted locus of GR‘m}ce, Mtv-2, was
through the generation of proviruseé which activatéd ﬁhe_
-putative mammary proto*oncogenes int-1 and ;AL-Z. .

It was also sho;p that a series ofnchemicall§'pr

hormonally induced hyperplastic alveolar ndduie oﬁtgrowth
liﬁeé each had an integrated MMTV provirus. at fhe ééme sitgﬁ ‘
-in the éenome. This locus was shown to'be different from the

putative mémmary‘proto~oncogénes int~+1 and }nth.‘Since this

locus is associated with hyperplasia'(a preneoplastic

"




é‘o\n&ition);;‘i“t ‘hag:been designated int-H- 2
A poft;ogwgflthé ié;lﬁflocus wés m&feculaq}x'gloﬁéd ih.é'
e S LT
’iambga;phage Qeé%br—host g&étéﬁ*ﬂesigned to prevent the
0 ¢ . ’ - . . \
deletipnxdﬁ'those sequéﬁceé.capablelof forming secondary
'nét}ucfﬁresl‘DNkﬁffom‘the igL-H.;egion has ﬁomology to a -
familfzof sequences in rat and huﬁan as well as mouse DNA.
Trans;;ipts from thi; region were deiecped in normal *
»midpregn;nt mammar; tissue as well as in éreneoplastic, '
tissue. Tﬁis locus may codgrébr a regulatory molecule.
Proviral disruption of int-H regulation ma} predispose cells '
to Lecominé tumorigenic. ; . >
) - . ) ' .
' - .
. . [
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\ o CHAPTER 1
L

. Introduction

%

Fifty years have passedfsince Bittner (1836) demonstrated

-

that a milk-borne agent was responsible for the high

incidence of mammary tumors in certain strains of mice; an

agent he was shortly to prove to be a virus. It must have

seemed to Bittner at the time that with the discovery of

such a virus, the problem swf, mammary cancer was close to
)fﬂss\\being soluble. Even in the 1940’s it would not have -been an

. extréme flight of.fancy to imagine that if the details of
the life cycle of this infectious agent could be worked out,
the events critical for tumorigenesis would be understood.”
In the years following'Bitgner’s discovery, a g?egt deal has

been learned about the replication of Mouse Mammary’Tﬁmor

’ 1

Virus, even down to molecular deiail_of which he could not

have conceived. The solution to the problemlof mammary tumor

. -

induction has, however, remained elusive. One impediment to
the solution of this problem has been the unexpected

complexity of mammary tumors at the:cellular level, ™

. particularly when compared to certain other solid tumors, or

to leukemias. Mammary tumors are clearly comprised of

different populations of cells (Soule et al, 1981; Maclnnes
) . et al, 1981) whose origins and contribution to the

tumorigenic process must be considered. This necessitates

discarding the naiQe but more intellectually manageable

)
N . o




concept of the tumor as a mass of errant but uniform cells

which are all experiencing the same calamity. A second

v

*tonfounding factor to the dissection of tumorigenesis and

'eyen to the clinical management of tumors is that tumors are

dynamic entitiee:_The'cells which populate a palpable temor

are the descendants of, and..may be quite different from, the
cell or cells in which the initial events occurree (Hill gi:
al,.1984). Indeed with the application of selective.pressure

over the course of an experiment or clinical therapy the
genetic constitution of the tumor cells can be shown to

change again (Dexter and Calabresi, 1982). This rapid

-

evolution of the tumor at the cellular level has made the
study of tumorigenie'events from mature tumors somewhat like
studying Greek antiaaff?‘using the current inhabitants of
Athens. Finally, the lopg—pursued.mechanism whereby the cell
regulates its division has remained lergely_gptractéble.aThe
disruption of this process is integral to tumofigenesis. and.
it is unlikely that complete understanding of one can be‘

achieved without the other.
- . . !
In spite of the daunting complexity of the problem, recent

advances in recombinant technology have allowed at least a

partial solution to the problem of mammary tumorigenesis in s
.
the mouse model. Molecular probes have become available

which allow the investigatign of the mechanism whereby the

!

virus, in.the course of its replicative yecle, disrupts the
f

regulatlon of cellular genes necessary for normal mammary

differentiation. Much remains to be learned about the number



and function of thése genes. Since cellular deregulation is

;

: . E . {
a consequence of the replication of MMTV, to understand this

) » R T
process it is first necessary to understand how the virus

manages its own affairs at the host’s expehse.-
- A -~ .
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. Historical mevie'w

.

oy

- .- . Y
.

2.1 Discovery of the Mammary Tumor Agent: Systematic study

of murine mammary carcinogenesis .began with the inbreeding
experimengs of C. C. Little ig the early 1900’5.(revieﬁéd by
Little. 1947). Strains were generated by brother;sister
m%tings which had a high incidence of mammary tumors.
Although the high tumor incidehce of thése mice'was known to
be transmltted via the female parent of cross- bred progeny.,
it was not untll Bittner (1936) performed foster-nursing
experiments that transmisgion was demonstrated to bg via“the
& qilk. Bittner leter found (1942) that the tumér-ind&éiﬁg
agent could be passed through a filter capablé‘of £rapping
bacteria and coﬂcluded that the agent was a v}rus. Bittner
'called the wvirus mamﬁEgy tumor‘ageﬁt; it is cﬁ}rently more
commonlx referred to as Mouse Mammary Tumdr‘Virus (HMTV).
$Mmchowski pres;ntgd the first electron micrographs of thé
virus (1954) showing it to be‘gn ifregularly shaped ‘

body with an eccentrically placed’ nucleoid (the'so;called
'B-type ﬁarticle).hIntracytoplasmic and budding pregur§§rs to
the virus were aiso seen. |

2.2 Sirﬁcturg of the MMTV Virion: Thin-section electron

€

mlcroscopy showed the structure of MMTV to be that of an .

electron dense nucleoid surrounded by a fine 1nner membrane

-~




placed eccentrfﬁally within a lipid bilayer having\gzirinent
spikes (Dmochowski, 1960). Tﬁese so called B‘t&pe particles
had a diameter of 110-130 nm and a bouyant density af |
1.16;1.18-g/cm3. They were found to be composed of 70%
protein and 1.9% RNA (Sarkar et al, 1972). The lipid ‘
envelope was found to contain an 1mbedded 36 000 d
glycoprotein (p36) anchoring a 52 000 d glycoproteln (gp52)
by hydrophobic interactions (Westetbrink.gg g;,‘1979). A
10,000 d protein was also associa‘ﬁp‘with the lipid bilayer.
The inner core shell}was mainly composed of a 27,000 d
phosphoprotein. The viral RNA genome was associated with‘a
23,000 d phosphoprotein ;nd hn\lB,QOQ d basic protein, while
the pl4 protein (14,000 d) was'assumed to link the core to
the viral envelope (Cardiff et al, 1978). A 10,000 d reverse
transcriptase molgcule was also detected in the inner core.
The structure of the MMTV virion is illustrated iq Figure 1.
There is some confroversy over the size€. of individual core
proteins, reported 'as 27,000 d, 21,000 d, and 14,000 4
(atckson and Peters, 1983) or 28, 000 d 23 000 d, and 14,000

d (Bentvelzen, 1982)

2.3 Structure and Function of phg‘umIV Geggﬁg: The MMTV
genome..consists of a 70S dimer of two identical 35S subunits
of--positive senge RNA (reviewed by Coffin, 1982). Thé genome
consists of three structural genes coding for three sets of
.proteins: the gag, or core proteins:; pol or RNA-dependent

DNA Polymerase protein; and env or envelope prbtéinq. A

1]
L3

\

-




Figure 1: Structure of the MMTV Virion. Proteins are named

for their molecular weight in kilodaltons. From Bentvelzen,
(1980).

-
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tENAl¥s primer near the 5’ ‘end of the RNA genome has been

~

fourd to initiate.the synthesis of a'DNA‘strand, which is

made double stranded by ®RNAse H—mediaie'd hydrolysis of the

-

ndmic RNA to ailow strand " jumping” such that terminal

homglogies can prime second strand synthesis (Peters and

' Glover, 1982: Varmus and Swanstrom, 1982). During this -

synt ésis, sequences at the ends of the genome'become7

to form ldng terminal ;epeats (LTRs) coﬁtaining
the regulatory seguences fbr‘transbriptiOn (see Figure 2.
The aouble stranded DNA form of-the virus becomes integréted
intoc cellular DNA in the form of a pfgvirus (se; Figure\?x.l
Two major classes of RNA have been deteptéd in MMTV
producing cells: é full length 7.8 Kb (355) speciés %nd a
3.8 kg'(248) species‘(Dudléy ‘and Varmus, 1981).ATh§ laréer
transcript w%‘.$ound to gncode‘a gag-pol po{iifétéin which
is proteolytically cleaved to form the components.of the
cére. The smaller tfanscript'was found to .be a spliced
derivative of the laréer transcfipt, épd eﬁgodeé.a )
polyprotein whicH is cleaved to éenenate the g§52 aﬂd-gPBS»‘
envelope éroteins. A third l.f;kb transcript detected aﬁ

4

much lower levels is described in Section 2..7.
. i

Transcription of viral sequeﬁces has been shown to be
regulated by elemeﬁts in the_pro;iral LTR (Ringola. 1983).
In addition to the cénsensqs proﬁoter.sequénces TATAAA and,
CAAAT located 25'and 75 nucleotidgs upéfream of the start of

transcription respectively (thought to‘be involved 1in

initiation by.  RNA polymerase 1I) and the polyadenylation

_ - . e . R



L.

Eigure 2 Structure of,an Intzgrated MMTV Erovirus. Numbers

yo

.

- N . -
N - R -3

indicate the distance in base pairs from the Fgft boundary

roﬁ the right LTR. DR indicates a direct repeat. IR indicages

-an inverted repeatf PB is the primer\binding“site. L is a

Ieédgr regiorr. U3 and.-U5 are regions derived from the 3’ and

. .

5’ ends of the viral RNA. R is a'repeat separating U3 and

- U5. Integration is thought to be mediated by an endonuclease

RN

.

activify of the pol gene (Panganiban, 1985)E this

“integrase” activity may direct recombination between ' )
' - can, o

cellular sequences and thé\juxtaposed inverted repeats of

the circularized provirus Y}hg fatt” site). From’Miphaiides
- .‘; - O . ) ‘ @ L

6t al, (1983). R
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Figure 3: The Life Cycle of MMTV. MMTVuadsorbs to the cell

via its glycoproteins and is intefnalized.‘ds_DNA‘is‘

synthesized during or following unéoating in the cytoplasm.

' Genomic and meséenégr RNA’s are transcribed from the
1ntegrated’provirus and translated in'thé cytoﬁlasm int§
polyproteins. Glycosylation of env proteins occurs in the

. Golgi appafatﬁs. The processiﬁg of gag pfoteins oég:rs in
the cytoplasm and in.igtracytoplasmic A pérticles. The
virions bud off at regions of env gl&coppotein accumulation
" and complete the maturatién into B pagticlés A
extracellularly. From Bentvelzen (1980)". ’
b
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signal AGTAAA present in the LTR, a glucocorticoid receptor’

region was discovered between 140 and 190 bases upstream ot
&

thﬁ‘initiation point. o
This region (unique to MMTV) was found to be necessary ‘for,
the observed stimulation of chimaeric genes under the

control of the-MMTV LTR (Gronér et al, 1982), and is

’presumably responsible for the inducéiqn of MMTV production

Ll

*
in tumor tissue in the presence of hormone (Smoller et al.

196;). Thed role of hormones in tumorigenesis mRy thus bg as
ngn‘initiatof of synthesis from‘germiﬁal proviruses (McGrath
and Jones, 1978). - .

NS ’1"

2.4 Geneﬁic‘Transmission of MMTV: In addition to the

milk-borne route of infection, MMTV can be transmitted

through the germliné iﬁ the form of endogenous -proviruses.

Varmus et al, (1972) used liquid hybridization techniques to

establish the presence of genetically transmitted viral
(- 4 .
sequences- in the genomes of mice. Subsequent hybridization

analyses .(Parks and Scolnick,‘197é; Gillespie et al, 1973;

Michalides and Schlom, 1975; Mc¢Grath et al, 1978) have

v

established that éil‘inbred strains of mice have endogenous
proviruses. Morris et al (1977) gquantitated the cogy number

of MMTV proyiruses'in inbred aﬁd feral strains, finding up
bR A ’
to 10 copies per cell in inbred';trains and over 30 copies

per cell in the feral étrain.Mus cerVicdlorf With the . -
. : - . .
exception of' proviruses present jsf GR or in C3H and DBA

mice, the endogenous proviruses do not play a role in

13
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tuﬁorigenesis, and are genefally %ranscripti&nélly silent

as evidenced by methylation pgpterps and chromatin structure
KTréina—Dorge and.Cohen, 1883; Kozék, lé85).

When C3H mice are f;ster—nursed on virus:free females of
another strain, the incidence of mamﬁary tumors falis from
about 90% to less than SOi.(Heston and Deringer, 1952; Boot
and Muhlbock, 1956; Heston, 1958). It does not, however fall
to the level of the virus-free stgain faround 1%).?The
production of MMTV in the milk of C3H and DBA and the
inducﬁion of tumors in foster-nursed C3H mice has been
attributed to ; single dominant gene Mtv-1, mapped to
chromosome 7“(van Nie aﬁd Verstraeten, 1975; 'Verstraeten and
T van Nie, 1878).

The Gé stfain also ﬁaé a high incidence of mammary tumors
(90%) when‘foster—nursed to prevent milk-borne transmission
of MMTV. High levels of MMTV virions in the milk and the
deyelopment of early, hérmone—dependent tumors‘can be«‘:
transmitféd byimales or females to~£oster;nursed offspring
(Muhlbock, 1965; Bentvelzen et al, 1970). A single dominanta‘
locus (Mtv-2) has been shown to be resgoqsible for the
transmission of these traits. Tﬂié locus maps to chromosome

3

18- (van Nie et al, 1977). GR mice also harbour a locus

F

associated with the expressioq of the p28 gag protein in the
milk, but unrelated to tumprigengsis (Nusse et al, 1980).

This locus, assumed to contain-a defective praqvirus, has

o
’ .

been mapped to chromosome 11.

The BALB/c strain typically has a very lo¥ tumor incidepée
. L4

-




(Medina and;DeOme,‘1Q68; Morris et al, 1980) with the
exception of the BALB/cV subline (Slagle and Butel, 1985)
which has a 45% incidence. Aging BALB/c mice also have been
reported to have a higher incidénce (7-30%), althougmwthe
lack of acqllired germline integrations in these;mice\has led
to - speculation that they have become infected with exogenous
MMTV (Mbrris et al, 1§80). The BALB/c genome has been found
to gggﬁéin two complete MMTV proviruses plus a defectiv;
prosirus comprised mainly of LTR séquenees (Cohen et al,
19789a). Units I and III (also known as Mtv-6 -and Mtv-9) have
been mapped to chromosmmes 16 and 12 respectively (Callahan

et al,1984). Unit II has yet to be mapped, and has no Mtv

designation. A summary of the endogenous loci relevant to

x" °

this thesis is presented in Tab*e 1.

2.5 Structure and Composition. of Tumors Induced by MMTV:

Mammary tumors 1nduced by MMTV are primarily of the
adenocarcinoma type (Nandi and McGrath 1973) which derive
from the .secretory epithelial cells of the mammary gland.
%uch virus-induced tumors mend to be of types A and'B as
classified by Dunn (1959). Type A tumors are well
differentiated, display small acini and tubules composed of,
small cuboldal cells and occa51onally display secretory

' activity. Type B tumots are less differentiated but usually
retain tubule Strucfures and are often cystic. The
relatively undifferentiated C type fumors aré séldém induced

by, MMTV. MMTV also induces tumors which superficially

15




* T . - Table 1

’

Characteristics of Same Endogenous Locil

v

Proviral locus Phenotype Expression Eco RI fragments Strain

Mty-1 R " late tumors 6.5 - 4.5  ° C3H,DBA
Mtv-2 * - early tumors 11,4 - 7.0 - GR "~
Mtv-3 * gag proteins . 21,0 - 7.0 GR
Mev-7 .- k-7 @
Unit 12 (Mev-6) - . 16.7 BALB/=
Unit I | - 7.8 - 6.7 BALB/c
Unit III (Mtv-9) | - 9.6 - 7.6 BALB/C .
L ,

Data from Kozak (1984) and Gray et al (1986).

2 Nomenclature of Cohen and varmus (1979).
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resemble édenocarcinomas, but are at least partially
adenoacanthomas, having stratified squamous epithelium. It
is cleaf from the complex struéture of mouse mammary tgmors
that different pobulations pf cells ;re present in the
tumors.as\has beeﬁfverified experimentally.

Heppner (1982) has described a series of subpopﬁlations of
cells derived from a single mammary adenocarcinoma induced
by MMTV, and prog§gated separately in culture. These lines
differ from each other ultrastructurally, antigenically,
karyotypically, énd in a number of in vitro growth
characteristics. They ;lso dif{gr in tumorigenic anéA
metastatic ability. Interactions among sﬁbpopulations have -

-

been demonstrated experimentally both in vivo and in vitro

in thisfsysteﬁ.~The presence of one subpopulationain the
flank of a mouse increased the sénsitivity of axéecond
subpopulation in the other flank to the antimetabolic agent
cyclophosphamide. Similarly; sensitivity of a subpopulatign
. in vitro to methotrexate could be influencea by.the presence
of a second subpopulation despite the physical separation of
the cells in these subpopulafions. Maclnnes et al (1981)

. have reported theé interaction of hormone dependent and
independent subpopulations of ceils in GR mammary tumors
such fhat both cell types persist despite selective

pressure applied against one cell ty%e during in vivo
passaging. This observation implies an interdependance of
cell types in the tumér, aithough the‘basis of this

interaction is unknown. Experiments conducted by Slemmer



i8
1

(1981) démonstrated that in mammary adénocarcinohas‘in EP
the C3H mouse strain neopjastic cells”retaiﬁed dependence on
association with normal cells throughout tumor progression

and mgtasiasis. Again, the contribution of the normal célls

to the maidtainance'of the tumor is unknowﬁ. .

The heterogeneity of cells in mouse mammary tumors can be

explained by a polyclonal origin and/or by genetic
. .

‘divergence during progression. -‘With respect to the former

possibility, while a polyclonal origin has been demonstrated
for some heredifary (Fialkow et al, 1871) and experimental
({keddy and Fialkow, 18979) tumors, most benign and”mal}gﬁaﬁt

tumors studied with cell mdrkers have a clonal origin

(Fialkow, 1979; Nowell, 1976). The origin of MﬁTV-induced

tumors from one®or a few cells was suggested by Cohen et al

(1978) on the basis Sf restriction endonuq}eaée analysis_of
such tumors. This view islsupported by the ‘data of Hynes ét -
al (1979), Groner and Hynes (1980), Cohen and Varmus (1"9&«});( _

and Fanning et al (1980a,b). Although Cohen' et al 11975)
gave eviﬂencg that iq the normal lactating mammary gland
from 5-20% of cells are infected with MMTV, only a few.of’
these infected cells undergo malignant transformation. The
heterogeneity of mammary tumors' must therefore arise tﬁrough
genetic events occurrin‘ in the course of progressioﬁ.
Nowell (1876) has suggested that the cells within a tumor
are genetically unstable, a hypothesis supported by the data
of Cifone and Fidler (1981). These authors sﬁowed that
clones of high meéastatic potential had a higher spon@anebus

e
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mutation rate than clones of low metastatic potential
indicating pthat genetic instability was correlated with

progression.'Hili et al (19845 have probosed a ”dynamic_

heterogeneity” model to explain the appeérance of metastatic

variants in a tumor on the basis of rapid turnover of
. ’ <

genetic variants in tumor progression. It has not yepgbeen'

determined if mammary tumor heterogeneitiy involves genetic

instabf*ity.

2.6 Steps:in Mammary Tumor Progression: The multistep nature

of cancer was recognized as early as the turn of the century
by Haaland (1911) who recognized that mammary tumors are
preceded by distinct hyperplastic changes in epithelial

cells. Subsequent to this observation two step models,wére

'broposed for experiméntal skin cancer in rabbits (Rous and

Kidd, 1941; MacKenzie and KRous, .1941; Friedwald and Roug,
1950), mice (Berenblum and Shubik, 1947) ;hd rats (Isaacs,‘
1985). Experimental lider cancer in- mice has also been shown

to develop in discrete stages (Epstein et él, 1967;‘Merkow -
§ P .
et al, 1967). More recently, transfection analyses have

- ’
suggested t%at a two .step tfanéformation can” be effected

with oncogenes from two groups (Land et al, 1983). Acute
transfofmiﬁg retgoviruSes;whiph'appear‘to—achieve con;ersion
to the‘tumorigenic phenotype ip one step may répresen£ the
end4§roduct of.a sﬁries of gepetic é&ents whiqh are ) -

collectively but not separately transforming (Temin, 1983).

Human cancer is also thought to involve progressive steps>




A

as evidenced by conditions recognized as precancerous. These
include actinie keratoses which may progress to squamous
cell carcinomaq’uterfng,dysplasia which éay prégfess to
‘epidermoid carcinoma, and villous adenoma which may become
adenocarcinoma of £he colon (Willis, 1967). Human
precancerous mammary lesions are thought to include the
fibrocystic disease complex and a numper of so-called
carcinomas in situ (Wellinés, 1980; Lagios,~1983). The most
thoroughly studied model of tumor progression, however,
reméiqg‘thé-mouse mammary syséem, largely due to the
distinctive foca; epithelial hypefplasia known as the
hyperplastic alQeolar nodule (HAN). The cellular and
molecular biology of this system has been ex;ensively
‘studied b&(DeOme’and coworkers (1959), Medina (1973,1978)
‘?nd Cafdiff (1984). Hyperplagtic alveolar nodules were found
to appéar spontaneously at+a high frequency in high mammary
tumor-incidence mice which cérry milk-borne MMTV, and at a
much lower frequency in low tumor-incidence strains (Pitelka
et al, 1960). Nandi (19%}) showed that MMTV was responsible
for tﬁe inductibn of HANs by increasing the frequency at
)which HANs appeared in low.tumor-incidence mice
fostef—nursed oﬁ a MMTV transmitting strain. Faulkin 51966)
&hduced HANs by nonviral means through the oral
administration of a chemical carcinogen, 3
methylcholanthrene. HANs have aléo been induced by 7,12
dihethylbenzanthracene, urethane, 1,2 benz(alpyrene, and 2,7

flourendiamine (Medina, 1873). Prolonged hormone stimylation

L
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was found to potentiate either viral orvchemical induction
-of HANs. This effect was acheived by pituitary isograft
under the kidney, freeing the pituitary from hypothalamic -
control.

The preneoplastié nature of HAN tissue was convincingly
§hown by, DeOme gg-g; (1959) in experimenté where nodules
were transplanted to isogenic mice whose mammary fat pads ,
had been'cléafed of glandular tissue. These mice developed
mgmmary tumors sooner and at ; higher frequency in fat pads
reéeiving HANs than in.contralateral fat pads receiving
normal mammary gland éissue. This transplantation techniqﬁe
was serially repeated by Medina to establish HﬁN outgrowth
lines. Samples of HAN tissue induced by chemiqél carcinogens
or pituitary isogfaft (see Table 2) .were transplanted from
one fat'pad to another, always giving rise' to a HAN wﬁich
was allowed to fill the fat pad before further -
transplantation (Medina,1873). With extended passaging.

oupgrowtﬁ lines Wwere established which are the in vivo

7equivalent of established cell lines. Whereas normal mammary

cells could be serially transplanted in vivo 5 or 8 times®

(Daniel et al, 1968), HAN outgrowths behave like neoplastic
tissue in having indefinite division potential. In coqtrast
to neoplastic cells, however; HANs will not grow

subcutaneously, intraperitoﬁeally, or in nonmammary fat and
are restricted to growth in the mamﬁary‘gland as are normal

-

alveolar cells (Medina, 197@). Faulkin and DeOme (1860

found that the spatial organizatibn of normal mammary tissue

- [N
~
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Table 2™ 4

¥

Origin and 'I\hrorigenicity of BALB/c Hyperplastic

"‘Alveclar Nodules "(HANs)

.

-

HAN line - Type origin - Tumorigenicity’
D1 Alveolar Hormonally induced 12
D2‘ Alvé;)lar Hormonally induced 51
ca Alveolar DMBAZ induced . 84
C5 Alveolar . DMBA induced 85
Normal midpregnant BALB/c mammary tissue 1

1 Percentage of HAN outgrowths in cleared marmary fat pads of
syngeneic BALB/c females in which palpable tumors were detected in

12 months. Data from Pauley and Socher (1980).

2 7,12 - Dmﬁmylbenzanthracene.
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a-potential‘Werehfound to be stable characteristics for each

-
. -
FEPEPEP “

Jared HAN cnterswths was resulat-d by uﬁal factors produc~zi

by duzts whereas netplastic cells grew unrestrained®by thzze
[N e . - . .

factors. The .properties described abova as well as

properties of hormonal respdnsiveness and;tumoriaenic

HAN cutgrowth over mﬁnyuséfia}ftransplantatiogs (Medina, [ -
197’8 ) . . n . . . " :a V"ﬂ-'“.; .

The administration of carcinogens-not only increases them N

ltrequancy at Whlbh normal cplls undergo the transition to

preneoplaala but also the frequency of tranaltlon from ‘”“;

preneopla51a to thp fully neoplastlc phenotype 1f a second

2

;'ﬂ_dose 1s¢g1ven Med;na t1978) chowed that*if'DMBA or MMTV‘was

-
ot

'3hyperp1a51a to tumors (Flgure 4& Slnce HANs do not

admrnlstered to~mlce carrylng transplanted HAN outgrowths

» .
Lt

" there was&ahsignlficant ;nmrease in'the‘frequency at~whiqh

“
N *

thﬂse mice: develo@ed tumors as compared to mlce not

., 4,— ___“. ) P

--,rece1v1ng carc1nogens (Tablo ) Cardlff (1984) has ‘used ca

sl RIS

-Y( ! .

data from HAN expﬂrlménts -to dlagram schematlcally the

Ter .,

‘x .
" -

progre551onrot mouse mampary tlssués from normall%y through

-

e

-».n. ‘. . s

1nvartab1y torm_tumors, ‘bat rather do’ so at some

characteristic rate, CarﬁLﬁf‘haB‘sgggasted that the term
“preneoplastic” should be replaced with “protoneoplastic”

. .o LA ‘
which he believes to imply tissue noteobliééa to ‘progregs.

. . . . .k R .
Likew1se since the role of MMTV in the natural course of PRI

progression is to induce noduligenesis, he believes that

”MuMHV (Murine Mammafy Hyperplasia Virus) should replace MMTV

L J

4

as the name of the virus. It remains to he seen whether

-
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Table 3 °
¥ Enhancement of Mammary Tumor Progression by Wiral
and Chemical Carcinogens
A \ .
N - HAN line . Carcinogen 'I‘i.tmorigenicityl
. 3 i . .
.bL - S 4
DL - . - MOV *75 .
. bl DMBAZ 7
y e , ’ -
.. I’}
D2z - . 45
w -
D2 Ly 81
D2 " pMBA ’ . 80
e © et g - : 84
. c4& DMBA 97
1 Percentage of HAN outgrowths in cleared mammary fat pads of . ‘ ’

syngeneic BALB/c females in which palpable. tumers were detected in

‘

, 17 months. Data from Medina (1978). . | o
i 2 7,12 - Dimetﬁy]benzanmracene

- ’

- B
. . .
. - .
’ 1 rd . d
f .
. i
.




' ! A

Figure 4: Progressiop of Mammary Cells Towards Neoplasia.

-

Transitioné theoretically require mq%ations, or "hits".

~

. Possible divefgent pathways are inaicated with arrows. HAN
indica}es hyperplastic alveolar nodule. HPO indicates

hyperplastic outgrowth. METS indicates metastatic cells.’

Erom Cardiff (1964).
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these suggestions will receive any support. N
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2.7 Models of Tumor Induction by MMTV: MMTV is a

replication competent retrovirus which lacks a glassical

oncogene, yet is responsible for a high incidence of mammary
’ )

tumors in strains of mice which transmit it. The mechanism

by which this is accomplished has been the source of mUCQ;? ’

.
speculation, which developed along two lines M One body of
thought is centred on an 6pen reading ffame in therproviral
LTR for #%hich ho-function-has begn assigned; the other on
a form of insertional‘mutagenesis. ‘ .7
The ;;vestigatioq,of the open reading frame (orf) began
with the discovery that four methionine-rich proteins
unrelated to known viral proteins could be translated in

: ° -
vitro from viral RNA partially degraded_to reveal internal .

methionine codons (Dickson and Peters, 1981; Sen et al,
198154 These proteins were rel@ted, and thought to bé the
products of internal initiation within a reading frame of
about 1000 nucleotides, sufficient to code for the largest
(36 kd) species. Thé orf proteins were found to map to the

unysually long LTR of MMTV when these products were: -

generated by coupled lg'vitro transcription and translation

of cloned LTR'sequences (Dickson et al, 1981). Sequencing of

cloned DNA revealed, that a continous open reading frame did
L
indeed exist, beginning in the &nv sequences adjacent to the

3’ LTR of the provirus and extending for 960 nucleotides. An

-

7,
v
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cort transéript of 1.6 kb was detectgd in various normal,

preneoplastic and neoplastic mouse mammary tissues (Wheelpr

et al, 1983; VS% Ooyen et al, 1983). " This transcrlpt

contained sequences homologous to the 5’ end of the‘viﬁal

genome spliced to the orf sequences atvﬁihite 80 bases
. » . . ~. o s
upstream of the LTR. The protein product of,phis transcript.

+

has not been detected in vivo. Dickson and Peters (1883)

i

"have speculated~6n possible roles for the orf proﬁeins. it

iy

they do ex&st in ,the mammary gland They suggested a: !

mltogenlc ;zle for the proteln, whlch might prorlt thp v1rus‘L

y

in dissemination and might predlspose lnfectedvcells to

. o R . . . ) M
uncontrolled .proliferatipn. Alggrnatlvely, the protein® may

play some role in the process of integration, although other )

retroviruses accomplish integration without such a protein..

Finally, the orf protein may be part of the system whereby .
i <
viral gene expression is regulated by glucocorticoids. The

detection of orf transcripts in mormal tissue and the unique

/feéturss of MMTV regulation make this seem the most.
piausible hypothesis (a further complegfty is the regplation
of orf expession but ngi structural gene expressioﬁ by the
host Lps locus as reported by Carr et g;'(léSS)). tol

The investigation of insertional effects was 1nsp1red by
analogy to other transforming retroviruses - lagklng ' e
onoogenes, particularly avian. leukosis virus (ALV).

ALV-induced tumors, like mammary tumors, are clonal in

nature. and appear after a long latency perlod Tumors

'

lnduced by ALV were found to contain ALV proviruses 51tuatéd

a

&.
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immediately adjacent to c-myc, a known cellular
proto-oncogene (Haywared et al, 1981; Payne ‘et al, 1982),

such that the level of c-myc trapscription was elevated by -

°

the '3’ proviral promoter.

"An analogou% model for the induction of tumors was

suggested by results reported by Mor;is et al (1982; See

élso Section 4.1). The position of integrated MMTV

“

proviruses was found to be more ‘important than the number of
proviruses in contributing to tumorigenesis. In other

# e
studies, .comparison of MMTV-host cell junction fragments in

a number of MMTV-induced tumors did not reveal a pattern of
‘ -

similar sized fragments indicative of integration at the
same'site in the genome (Cohen éﬁd Varmus, 1979; Fanning é& /
al, 1980; Michalides et al, 1981; Morris et al, 1980,

Altrock et al, 1982). Nu;se4and Varmus (1982) approached the
question more directly by cloning cellulgr sequences from a
junction frégment and using them to screen tumors for
integrations in thg-vicinitx éf those sequences in the

genome. A majorit% of tumors were found to have integrations
within 20 kb of this locus, which they called ig;—l. A’

second %ocus, int-2, was reported by Peters et al (1983) to
have similar prpperties. At least\?S% of MMTV induced tumors
examined to daté have proviral intégiations at one or both '

of the int loci. These loci are separate, mapping to

chromosomes 15 (

int-1) and 7 (int-2) (Peters et al, 1984).

'

Both contain open reading frames.whiéh are transcribed in

tumors, but not in normal tissues (Nusse gt al, 1984; ‘ -



oy

Dickson et al, 1984): Both genes are highly CSnserved in
humans, as is true f;r the known 6ncogenes (Bisﬁop, 1983).
The igL genes are not related to the transforming gene
isolated from mammary tumors by Lane et al (1981), nor to
any other known oncogene. No int protein product has been

isolated from normal or neoplastic tissue, and the function

cof the int genes in normal tissue is completely unknown. .

The orientation of proviruses in the vicinity of int genes
- i1t :
is almost invariably in the direction opposite to the

\

direction in which these genes, are transcribed. Proviruses'
were detected both upstreaﬁ and downstream of the c?ding

regiop, and at distances of up to Ib‘kb.'The data‘iﬁdicate
that éﬁe increase\\in ;gg,transcriptioq in tumors is not Ehe

result of downstre promotion as seen in ALV induced

tumofs.,Rather it is thought that transcriptional enhancer

elements in the MMTV LTR function at ,a distance to increase
transcription of the int genes (Nusse et al, 1984; Dickson
et al, 1984). The MMTV LTR is known to function as a -

glucocorticoid dependent enhancer (Kennedy et al, 1982; Lee

et al, 1984) with the abilitf to influence both chromatin

A

structure (Zaret and Yamamoto, 1984) and the rate of"

initiation by RNA palymerase_II (Firzlaff and Diggglmann,
1984). The frequency at.;hich proviruses are found in tg;
vicinity of the int loci in tumors and their arrangement
thus argue strongly for the ehhancement model of .
tumor?genesis, but importagt;qdestians remain. First of ‘all,

the function of the genes is unknown.'Secondly.lthere remain

L] . -

A
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a number of tumors for which po integration.can be detected
: ‘ .
at an int locus. It is possible that proviruses reside

further out in‘the flanking cellular sequences, or at some

other important locus. Finally, since mammary tumors are the

culmimatgen of progression, the stage at which:«int ~

activation is critical must b@\getermined..

X

« N

2.8 Objectives of the Investigation: In the context of }hé

preceeding discussion, an investigative course of action fwas ”

° -

‘suggested which seeks to address each-of the major éoints

therein. With respect to the problem of tumor heteérogeneity,

it was decided to determine what relationship exists between.

.

the tumorigenic potential of tumor cell pobulations and
their complement of MMTV proviruses. To determine the mode
of action of a tumorigenic endogenous provirus, tumors

induced by the Miv-2 locus of GR mice were examined at the
DNA and. RNA levels with probes from mammary proto-oncogenes.
Finally, the role of MMTV in the induction of hyperplastic

alveolar nodules was investigated at the molecular level as

an approach to describing the earliest events in progressiocn

from the npbrmal to the-transformed phenotype. . ) .

-

.
. .




‘ , ' CHAPTER 3

Materials and Methods

.

3.1 Reagents: ResE;ictiod endoeucléases were purchased from
Boehringei Mannheim, except for Pst 1 and Bam H1l which were
- obtained from Betbe;da Reéé&réh Laboratories. Calf
intestinal alkaline phosbhatase was also purchased from’
1 Boehringer Mannheim: Té DNA ligase was purchased from g
Céllaborative Research. Agarose was obtained from the Marjine
Colloids Div{sion of fMC Corporation. Isbtopes were

* purchased from Amersham. NZ amiﬁe was purchased from Humko

. Sheffield Chemical Division}pf Kraft Incdrporated. All
' ‘ /

A}

chemicals were purchased from Fisher Scientific unless.” " |,
otherwise indicated,'and:were of the highest grade possible.
The preparation of solutions is described in Section 3.24.

. 2% . . . .

4 ]

3.2 Preparation of High Molecular Weight DNA: High molecular

weight DNA.was prepared from mouse tissue fpllowing a
modifi%d procedure of Marmur (1961). Approximately 1 g of
tissue was minced with Ecalpel blades in .a petri dish, then’
washed into a glass dounce homogenjzer with 5 ml of sterile
75 mM NaCl, 24 mM EDTA (ethylene diamine tetraacetic acid)
pH 7. 4. The.tissue fragments were disrupted by six .
strékeg'of a motorized teflon pestle. Nuclei were then
pélleted from the suspension ‘in 30 ml‘C;rex tubés by

i - '
'centrifugapion at 5900 g for 10 minutes at .room -
| .

-
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temperature. The supernatant was removed by suction, and the

A .
nuclei were resuspended in 10 ml of 0.1 M NaCl, 20 mM

-
~

Tris—HCl pH*7.4, and 10 mM EDTA. DNA was released by pronase
(1 mg/ml) and SDS (sodium dodecyl sulphate 1% w/v) treatment

in an overnight incubati;n ;t 37 C. Proteins and lipids were
removed by three extractions with equal volumes of
phenol:chloroform (1:1‘v/v - phenol was saturated with 10 mM
Tris-HCLl pH 7.4, 1 mM EDTA). Phases were separated by
centrifugatién at 300 g in a clinical céntfifuge. Wide bore
pipettes were usgd to minimize shearing. DNAs were then
dialysed against 5 mM Tris-HC1l pH 7.4, and 0.1 mﬁ EDTA, with
dialxsis solution replaced at leéast threettimes in three '~

days. All solutions were sterilized by autoclaving.
‘ rl

glassware was sterilized by dry heat (275 C for 4 hours).

<

.

3.3 Preparation of RNA: RNA was isolated following a
modified procedure of Stfohman et al (1977).'Ti§;hes were
rapidly frozen in liquid nitrogen, then transferred to a
coldAsolution of 7.6 M guanidine hy?rochlqride 2 M
potassium aqetate (19:1 v/v). The tissues were immediately
disrupted with a Virtis homogeniéer. The solution was
transferred tc a 30 ml Corex tube, a 60% volume of 95%
ethanol was,added, and the tube was sto;ed’at -20 C
ove;night: The RNA was pelleted by centrifugation at'3000 g
for 20 minutes (at -20 C), and the supernatant was’removed.
The pellet was resuspended by vortexing in 4.75 ml 8 M

guanidine hydrochloride 0.25 M EDTA pH 7.0; 2 M potassium

’
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acetate (pH 5.0) was adaed. and the solution was stored
overnight at -20 C. RNA was pelleted as before, and
resuspended in 20 mM EDTA, pH 7.0. The solution was then
chlo;ofofmibutanol (4:1 v/v) extracted with centrifugation
at 4000 g for 10 minuteg td separate phases. Residual' RNA
was recovered fr?m the nonaqueous phase by re-extraction
with'é ml of 20 mM EDTA pH 7.0 whiéh was pooled with the
previous -aqueous phase. Freshly prepared 4.5 M sodium
acetate pH 6.0 was added to a final coneentration of 5.0 M,
and the solution was stored at -20 C o¥ernight. RNA was
pelleted by centrifugation at 16,000 g for one hour ?t -20
C. The pellet was washed with 95% ethanol, dried., and
resuspended in 0.9 ml distilled water. Two molar potassium
"acet#te pH 5.0 was added to a final concentration of 0.2 M.
§Followin§ the addition of 12 volgmes of 95% etbanol, the
solutién w;s placed at -20 C ovezniéht. RNA was pelleted at
16,600 g as before. The pellet was dried and resuspended in
0.1 ml 3 nM EﬁTA pH 7.0. All glassﬁare uséd for RNA
‘extraction was dry-heat sterilized - (275 C for 4 hours). All

solutions were treated with 0.001 volumes of diethyl

pyrocarbonate (DEP, Siéma) to inactivate ribonucleases.

-

3.4 Determination of Nucleic Acid Comcentration: The
‘ . R :r
approXimate cencentration of nucleic‘!bid in a solution was

~determined by measuring optical density at 260 nm. For the

meéasurement of DNA concentration, the following formula was

used:,

~yt



[DNA] .= O0.D. at 260 nm x dilution factor x 50 mg / O.D.

For the measurement of RNA concentration, the formula was:

[DNA] = O0.D. at 260 nm x dilution facter x 40 mug / O.D.

a

3.5 RestrictionlEnAOnuclgase Digestion: Fqr the purpose of

. restriction endonuclease analysis.by blotting, 5 to 10 mg of
each DNA sample was used. A tenfold concentrated solution of
the incubation buffer (as specified by the manufacturer) was
added to the sample prior to the addition of the restriction
endonuclease (thé activity of each enzyme was established by
digesting ! mug of A?DNA with 1 unit of enzyme for oné hour,
aqd visualizing the digestion éroducts on an agarose gel
stafned with ethidium bromide). Murine DNA samples were

. typically digested with # ten-fold excess of enéyme for
three hours at 37 C. DNA was precipitafed by the addition of
one~tenth volume of 3 M NaCl and two volumes of 95% ethanol

‘(~20 C overnight). Precipitates were pelleted by

centrifugation for 15 minutes at 15,000 g. DNAs were

.

resuspended ‘in 30 ul TE (10 mM Tr%l/pﬁ 7.4, T mM EDTA) .
Five ml of DGE (dye glcerol EDTAJ}was added to .each ;Emgle N
prior to heating to 868 C fof 10 +inqtés. éamples wer; then
loaded onto 0.7% agarose gels (iﬁ 40 mM Tris—acefate pH 8.0,
2 mM EDBA) and electrophoresed f%r approximately 18 ho;;sagt
40 V (these conditions varied éeﬁénding on the resoluﬁion

required). a

b

]

3.6 Transfer of DNA to Nitrocellu;ose: DNAsvwere transferred.
4

3




1
to nitrocellulose using the érocedure of Southern (1375) as
moditfied by éohen (1979). DNA was denatureg by submerging .
the gel in a solution of liS‘M NaCl, 0.5 M NaOH for one
hour. The gel was neutralized by soaking it for a further
three hours in 0.5 M Tris-HCl pH 7.2, 3 M NaCl. The gel was
placed on a wick soaked in 6X SSC (standard sodidm_éitrate?
1X is 0.15 E‘NaCl and 0.015 sodium citrape) and- overlayed
with a preséaked niprocellulose sheet (Schleicher and
Scheull BA-%5, 0.45 um pore size) followed by a 4 inch stack

of paper towels. Tqaﬂgf%r took place overnight, whereupcn

nittocellulosq sheets were baked in vacuo at 80 C and stored

in a dessicator.

3.7 Transfer of RNA to Nitrocellulose: RNA samples were

diluted with DEP-treated water to a volume of 25/ul and
heated to 68 C for ten minutes. An equal yolume of 20X S88&cC
was added, and the RNA was applied to presocaked
nitrocelluloée'sheets in a Schleicher and Schuell slot-blot

apparatus. The sheets were then baked ;é\vacho for 2 hours

N~

3.8 Preparation of [32P] MMTV cDNA: cDNA was synthesized

at 80 C.

from MMTV (C3H) RNA provided by the Office of Program
Logistics, National Institutes of Health, Bethesda,
Maryland. Calf thymus DNA fragments were preﬁared'by the

method of Taylor et al1(1976) and were used to rahdemly ‘

prime synthesis by avian myeloblastosis virus reverse

\36
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transcriptase (Life Scignces} S5t. Petersburg, Florida) [32P]
(:.) -
dCTP (410 Ci/mM) was incorporated by mixing 100 uCi with

0.32 _ug MMTV RNA (boiled to remove. secondaty structure) in a
solution of 40 mM Tris-HC1 pH 8.1, 7 mM MgClz, 1 mM

dithiothreitol, 4 mM KCl, 80 mg/ml of each of the

deoxynucleotide-triphosphates dATP, dGTP and dTTP, 0.7 mg/ml

calf thymus pr{mers and 0.13 mg/mlractinomycin D. The
}eaction took place at 37 C for 45 minutes. RNA’was
hydrolyged by the addition of 3 M NaOH tqo a final ) “,'
cqncentratién of 0.6 M in a 2 Hourpincubation at 37 C. THeD
solution was then neutralized by the addition of 25 ml 0.2 M
Tris-HCl pH 7.4 and 3 M HCl unéil neutral. OThe reaction mix
was applied to a Sephadex G75 column (Pharmacia) an% eluted
.with a column buffer céﬁtaining 0.3 M NaCl, 0.02 M Tris-HCL
pH 7.@ and 3 mM EDTA. A 38 ml void volumi was discarded, and
20 1 ml {ractions were coliected in dr}—heat ster}Lizeg L
scintillation vials, Fractions containing peak radiocactivity
were pooled, and cDNA was precipitated by the addition of
200;ug yeast RNA and 2 volumes gf 95* ethanol (overnight at
=20 C). cDNA was pelleted by a 30 minute centrifugation at
1éf000 £ (4 C). The pellet was dried in vacuo and
‘resuspended‘in 300 ul 3 mM EDTA..A‘Q,Ml al}quot,was spotted_~
on a glass-fibre filter inﬂa scintillation vial, and
folléwing the addition of sqintillagt the radiocactivity of
the cDNA was quantitated in the §cintillation cOunterj

Specific activity ofra/cDNA probe was éypically 108 cpmmag

RNA templ@te.




3.8, Preparation. of [32P]-1abelled DNA'bz Nick
Translation: Plasmid DNA was labelled by nicking with DNAse

I and_fillihg’fn gaps with DNA polymerase I (Klenow

’Tragment),fTwenty—four'units~of DNA polymerase I and 1 ul of

10 dg/ml stock of DﬁAse'I were added to a solution of 50 mM
Trié—HCl'pH 7.4,-5 mM MgCl2, 50 mg/ml bovine serum albumin
(BSA, fraction 4), 3 mg/ml dTTP, 3 .ug/ml dGTP, 13 mM beta
mercaptoethanol, 250 auCi [32P]dCTP, 250 aCi {32P]dATP; apd
q.l,ug template DNA. This mixture was incubated at 15 C for
90 minutes, theglat 68 C fos 10 minutes: Uni%corporated
hucleotides were .removed by centrifuéation through é G75

»

,Spin-column as described by Maniatis et al (1982). A Ll al

"aliquot of solution was spotted on a glass-fibre disc.

Scintillation fluid was added,.and radicactivity measured in

a scintillation counter. The specific activity was typically

108 cpmmg template DNA. Nick translated probes were boiled

7

for 5 minutes prior to use.
/ , &

|l

3.10 Hybridization of [32P] Probes to Nucleic Acids:
Nitrocellulose sheets were preannael®ed overnight at 42 C

¥ith a solution of 6X SSC, 50% (v/v) formamide, 1X

o

‘Dénhérdt’s buffer (0.2% w/v .of each of ‘bovine serum albumin,

ficoll, and polyvinylpyrollidone), 20 ug/ml yeast tRNA, and

-2 mag/ml sheared salmon sperm DNA. Sufficient solution was

added to wet the sheets hhich were placed in sealable

. plastic bags.'The:followingrday a corner of the bag was

' - . -~

“a

»
L -
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‘?v1denced by tltratlon of the eluent
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opened, and MMTV cDNA or a nick translatéd probe (boiled 5
minutes) was ‘introduced through the opening, which was then
resealed. Approximately 106 cpm of probe was added per blot

in most cases. Annealing occured for 2 days at 42 C

whereupon excess probe was removed by washing in a solution

of 2X SSC for one hour at room temperature followed by a

wash in 0.1 X S8SC and 0.1% SDS af 50 C for one hour and a

) b

rinse in 0.1X SSC. Fragménté homologous to the probe were

-

then.visualized by autoradiographf.

hJ

3.11 Growth of A Phage: Stocks of phaée obtained from
various sources were initially plaque purified to ensure

uniformity. Serial ten-fold dilutioms of phage in 1 ml

aliquots of plaque storage buffer (PSB) were performed. One

hundred ul of each dilution,waskmixed with 100 ul of

overnight bacterial culture in a 5 ml tube, and phage were
allowed to adserb for 15 minutes at 37 C. 3 ml of molten NZ
overlay (0.7% agarose) was added, and the conten§§ of the

tube poured out on prewarmed NZ plates (1.5% agar).

Following overnight incubation, isolated plagques were picked

°

with sterile Pasteur pipettes and placed in 1.5 ml préndd%f

*

tubes containing 1 ml PSB and 1. drop chloroform. Phage were
allowed to elute from tﬁé~agar‘plug dVerniéht at room.
temperature A slngle.plaque typlcally contaxned 108 pfu as

roo "

A pr;mary 1nfectlon was performed by adsorblng 0 1 ml of

‘the plaque eluent (appféxnmatelY*Tﬂ5'bfu) thh 0 1 ml ¢

ovefnmgh% culture o g ol; (apprbximately 108 v1able

.o., . L
M T ' '. . A

Y N ., N .
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.The phage suspension was then loaded on a preformed CsCl

‘

cells) and inoculating into Sb ml NZ broth in a 250 ml
flask. Cultures were rotated at_150 rpm in a 37 C waterbath
overnight. The Jlysate was cleared of bacterial debris by

centrifugation in a fixed- angle rotor at 53?0 g for 10

minutes. Lysataé were then titred as before, and stored over
- v ‘

chloroform at 4 C. Tjtres were~typically in the order of 109

£
L4 .

to 1010 pfu/ml. ‘ AN

¢ o

A large scale infectioh was pe{formed by adsorbing 109 pfu
of phage with 1 ml 9vernight culture of E. coli. This
inoculum was then adged to T 1 of NZ broth in a 6 1 flask.
The culture.was inéubated overnight in ‘a reciprocating 37 C
floor shaker at IOQ rpm. Xhe lysate was clarified and titred
as before. A titre of 109 pfu/ml was required before

proceeding to attempt purification.

A

-

o
4

3.12 Isolation of A DNA: Ribonucléése A and DNAse I were
med to the lysa/te at a concer‘n;ratio_n‘ of 10 mg/l, and the
lysate was incubéted‘with slow rotation at 37 C for one
hour.:Twenty—four g/1 NaCl was added, followed with 100 g/1

polyethylene glycol (PEG; Fisher Carbowax 80003. After the

'PEG had dissolved, the lysate'was placed at 4 C overnight.

Phage were removed from the two-phase system by

'

centrifugation in 250 ml bgttles at 16,000 g for 20 minutes.

The bottles were drained b} inversion for 5 minutes, and the

remaining l;dugd was removed. The pellets were resuspended

by répeated pipetting in 20 ml total volume ice-cold PSB.

L)
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block éradient consisting of layers of 3 ml 1.7 g/ml CsCl

(in PSB)t 3 ml 1.5 g/ml1 CsCl, and 4 ml 1.45 g/ml CsCl in a Y
38 ml ultracentrifuge tube. The tube was filled to the top

with PSB, and centrifugedtat 70,000 g for 2.5 hours at 4 C.

The tube was illuminated from below. The bluish-white phage

band was collected from the interface between the 1:5 and

1.45 g/ml layers. Approximately 1 ml of phagé from this

gradient was the placed in a 5 ml ultracentrifuge tube,

which was topped up with 1.5 g/ml CsCl and centrifuged at

125,000 g for 24 hours (to equilibrium). Phage were
collected as before and dialysed against 10 mM Mgblz, 50 mM
Tris-HC1 pH 8.0, and 10 mM NaCl Fo remove CsCl Ytwo 1 1
éhanges at room,temperature). :
DNA was extracted from phage as described by Maniatis et
“al (1982). The phage were transferred to”a 10 ml centrifuge.
tube. 0.5 M EDTA pH 8.0 was added to give a final
concentration of 20 mM. Profeinase K (Boehringer Mannheiﬁ)
was added té a final concentration of 50 umg/ml: SDS (10%
stock Soiution) was added to a final concentration of 0.5%.
The solution was mixed by inversion and placed at 65 C for
one hour. The solutioﬁ was then extracted once with an équal .
. volume of pheno} (equilibrated with TE), once with
phenol;chloroform kl:l v/v), and.once with chloroform.
Phases were separated by centrifugation at 300 g iA a
clinical centrifuge. The aqueous ?ﬁase'was tpansferred\with

a wide-bore pipette to minimize shearing of DNA. Residual

phenol was removed by sequential dialysis' against three 1 1

L d




volumes of TE overnight at 4 C. DNA concentration was

determined as in Section 3.4.

-t

-»

3.13 Preparation of A Arms: The nonessential "stuffer"
‘region of the A vector genome (see Appendix é) was removed
as follows. One hundred ug vector DNA was digested with a’

ten-fold excess of .restriction endonuclease as in Section

\

3.5, ‘ethanol precipitated, and. resuspended in 100 mul TE. Al
al aliquot of the DNA was electrophdreseﬁ.through a 0.5%
minigel which was then stained with ethidium bromide and

visualized on a UV transilluminator to ensure complete i

digestion. gThe DNA was heated to 68 C for 10 minutes to
denature cohesive ends. DNA was loaded on a continuous 5-00%
potassigm acetate (in TE) gfadient in a S’ml ultracéﬁérifuge
tube which wés centrifuged at 400,000 g for 2.5 hours at

room tempefature. Under these conditions (modified from

Maniatis et al (1982)) it was possibie to pellet the left

and right arms. The central stuffer fragment was removed

with the supernatant, which was poured off and discarded.

The pellet was resuspended in_SO.ul TE, and 1 ml was

-

analysed on 4 minigel as before to demonstrate the loss‘of
the central fragment. The'yiéld'from this procedure was
typically 50%.

-~ .
r - N . e
-

3.14 Preparation of Insert DNA by Total Digestion: Exogenous
I
proviral junction fragments identified by Southern blotting

analysis in totally digested DNA were isolated from low
. - )

.
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, ot digestion‘wefe analysed on a 0.4% agarose gel with

A ' ’

melting agarose gels (Seaplaque, Marine Colloids Division,

FMC Corporatidn). A DNA cut with Hind III served as a marker

to localize the region of the gel in which the desired

fragment was presént. A 5 mm slice of the gel was removed
and placed in a 10 ml tube. The tube was placed 4t 68 C for

10 minutes, .or until the agarose was competely melted. 3 ml

of low salt buffer <0.2 M NaCl, 20 mM'ffis pH 7.4, 1 mM

EDTA) was added, and the DNA was bound to an Elutip’d column

(Scleicher and Schuell) attached to a 10 ml syringe. Agarose

P-4

was washed through with an additional 3 .ml of low salt

buffer, and the DNA was eluted with 0.4 ml of high salt

»

buffer (1 M Nadi, 20 mM Tris-HC1 pH 7.4, 1 mM EDTA) into a

1.5 ml Eppendorf tube. DNA was thén precipitated by the

.

addition of 2 volumes of ethanol with storage overnight at
. ,

' -éb C. DNA was résﬁspended in a small voiume of TE at

approximately 500 mg/ml.

- -

3.15 Preparation of Partially Digested' Insert DNA: Twenty kb

fragments of.partially digested murine DNA were prepared
following Maniatis et al (1982). Conditions were established
to generate a maximum proportion of partially‘digested Sau
3Al fragments of 20 kb by Sefial two-fold dilutions pff

énzyme in a 1 mg reaction for. one hour at 37 C. The products
) )

[ ,
markers to indicate the 20 kb region. Similar conditions

were then used to digest-500 mug of DNA,Aénd the extent of

digestion was ménitored as _betfore. The DNA was ex¢raéted{ /

[}



~
twice with equal volumes of phehoi:chlorof;rm'(lrl v/v) as
in Section 3.12. The‘DNA was ethanol precipitated and spun
as in Section 3.5, and washed once with 70% ethanol. The DNA
was then redissolved in 509.&1 TE, heated to 68 C for 10
minutes, and cooled to room température. ThelDNA was loaded
on a 38 ml.10-40% sucrose (in TE) density gradient and
centrifuged at 100,000 g for éé hours.at‘room témperature.
The bottom of the tuﬁe was then punctured with a needle, and
1 ml fractions were collected. Ten ul of each fraction was
mixed with 10 wul water and 5 .l DGE and analysed on a 0.4%'
agarose gei as before to dete;mine which fractions contained
20 kb DNA. These fractions were pooled, aialysed against 4 1-
TE at 4 C to remove sucrose, and ethanol brecipitated as
before. DNA was then redissolved in TE at avconcentraﬁion ot
approximately 500 wmg/ml. The yield from 500 mug starting .
material was typi;ally aro?nd 10.ug." ’
3.16 Ligation of Arms and Inserts: Concentrations of arms
and inserts were calculated following the method of
Maniatis’g; g; (1882). Forlequations used and a sa;ple ) v
calculation, see appendix 3. For totally digested DNA, it
w;s determined that for phe'p;oduction gf éohcatamers the
: concentrafion of‘é 10 kﬁ insert should be 24 mg/ml and the
cohcentrétion.of arms should be 550 mg/ml. Therefore-a 10 al
reaction was set up cont;ining 0.24 mg (0.5 u1} insert and 5
ug (5/ul) vector4arms with distilleg water to 16 ml. The |

DNAs were heated to'68 C for 10 mihuteé and éoolea to room L
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téﬁperatdre. Two ]l of 10X ligation buffer (0.2 M Tris pH

7.5, 0.1 M MgClz, 50 mM DTT, 10 mM ATP) was added, followed

'by 2mal (4.8 Weiss units) T4 DNA ligase. - Ligation occured at

15 C overnight (except in the case.of Eco RI cohesive ends
which were ligated at 12 C). Ligation was confirmed by the ¥
preéence of very hiéh-molecular weight concatamers when an

aliquot 'of the sample was analysed dn a 0.4% minigel.

3.17 In Vitro Packaging: Packaging reagents were prepared

.

according to Protocol II 'of Maniatis gL'_; (1982). Sonicated

extracts from BHB 2690 (the prehead donox) were prepared by
,sy.')& g

‘inducing a 1 1 culture of the lysogen by elevating the

temperature from 32 C to 45« for 15 minutes when the
culture was ih midlog phase (reading 60 in the Klett .
colorimeter). The chlture was then incubated at 37 C for 3
hours with vigourous aeration:‘Cells weée recovepgd by
centrifugation at 4000 g for>10 minutes in 250 ml bottles.
The supernatanté were dra%ned, and residual liquid was
removed. The pellets were resuspended in 3.6 ml total volume
sonication buffer (20 mM Tris-HC1 pH 8.0, 1mM EDTA, 5 mM‘ |

beta mercaptoethanol). The suspension was transferred to a '~

10 ml cenﬁ{ifdge tube (on ice) and disrupted with\a neédle

‘sonicator at maximum power with six bursts of ten seconds

“ -

separated by cooling periods of‘SONéeconds. The suspensioﬁ
was then clarified by centrifugation at 30,000 g for 10
minutes at 4 C. To the supernatant was added an equ#l volume

of sonication buffer and one-sixth volume of freshly

-

-
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prepared packaging buffer (6 mM Tris-HC1l pH 8.0, 50 mM
5perhidine. 50 mM pupresciﬁe, 20 mM MgClz, 30 mM ATF, 30 mM
beta mercagtoethaqol). Fifteen ul aliquots of the ;onicated'
extract weée frozen in:l.S ml Eppeﬁdorf tubes by iﬁmersion

7/ ’ '
in liqudd n%xrogen and stored at -70 C. The preparation of
- /

ffeeze—thaﬁ exracts from gHB 2658 (the packaging protein

« &

dorior) was similar except that induced cells were
. ® .

resuspended in 3 ml ice-cold sucrose solution (10% sucrose

w/v in 50 mM Tris-HCl pH 8.0) and distributed to six 1.5 ml

tPHes. 25 ml lysozyme solution (2 mg/ml in 0.25 M Tris pH
8.0) was added to each tube and these tubes were immersed in
liquid nitrogen. The solution was allowed to thaw, whereupon

25 ml packaging buffer was added to each tube. The extracts

+

were pooled and centrifuged at 275,000 g for one hour at 4 C
in the ultracentrifuge. Ten ml aliguots of the supernatant
were frozen in 0.5 ml Eppendorf tubes by immersion in liquid
nitrogen and stored at -70 C. ¢

- .

Recombinani phage were .assembled by mixing 1 ml ligated
DNA with the contents of 1 tube each of freshly thawed
sonicated and freeze-thawéd'extrécts. and incubating at room

temperatukre for one hour. One ml of PSB and a d;op of

N *
chloroform were then added, and the titre was determined as

- R 4

in Seétion 3.11.

3.18 Screening Plaguesg by Hybridization: Volumes of in vitro

packaged phage containing approximately 105 pfu were

pipetted into 10 ml -tubés. Three hundred mal of overnight

46
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culture was added to each tube; the phage were allowed toi
adsorb for 15 minutes at 37;0 and 6.5 ml NZ overlay was
added to each tube, which was inverted to mix the contents.
The contents were then spread on 150 mm plates containing NZ
agar. Incubation was at 37 C overnight. .
flaque lifts were performed as described in Maniatis et al
(1982).‘Nitrocellulose filters (Millipore HATF) were trimmed
fo fit inside the 150 mm plates and marked assymetrically
with fluorescent ink. Filters were then placgq in contacth
with the surface of the agar such that the marks were
aligned with similar marks on the bottom bf the plate. When
the filters had wet evenly, they wefe inverted and floated
in a Pyrex dish containing’l.S M NaCl, 0.5 M NaOH for 30
seconds. Filtgrs were transferred to a neutralizing soluhgon
©of 1.5 M NaCl, 0.5 M Tris-HCl pH 8.0 for 5 minutes, and
finally to.a solution of éX SSPE (0.36 M ﬁgCl, 20 mM NaH= P04
pH 7.4, 20~mMjEDTA). Filters were air dried, baked in yvacuo

at 80 C for 2 hours, and hybridized as in Section 3.10.

A

3.19 Preparation of Plasmids: Plasmid stocks were prepared
from single colonies Strééked on antibioti; plates and weré,
used to inoculate 20 ml overnight cdltures (agtibioticé‘were
present in all media used subsequently u ess otherwise
stated). The overnight éultufe'was then used to.inoculate\a

1 1 culture in a-6 1 flask incubated at 37 C. on a

. . S —
reciprocating floor shaker until the culture was in log
phase (Klett = 80). At this point the plasmid was amplified

s
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by the addition of spectinomycin at 170 mg/l. Cells were
harvested by centrifugation in 250 ml bottles at 16, 000 g
for 10 mlnutes at 4 C. The pelleted cells were then

resuspended in 5 ml per bottle of ice cold sucrose (25% w/v

-

in 50 mM Tris-HC1l pH 7.5), and harvested again by

: 1 %
centrifugation as before. The cells were resuspended in 10

~

ml total volume sucrose solution. Five ml of lysozyme

°

solution 220 mg/m} in 0.25 M Tris-HC1 pH 7.5) was added, and
the solution was mixed slowly on.ice for 5 ﬁinutes. 10 ml.

%*25 M EDTA was added, followed by 15 ml Brij-sodium
deoxycholate (l%4w/y Brij-58, 10 mM sodium deoxycholate, 10

.

mM Tris-HC1l pH 7.5, 1 mM EDTA).‘The solution was mixed by

.pipetting up and down once, then kept on ice for 10 minuteg.

‘Cell walls and chromosomal DNA were removed by

centrifugation at 41,000 g at 4.C. To the supernatant was

added NaCl at the rhte of 3% w/v, and PEG at the rate of 10%

w/v. The solution was kept on ice for 2 hours with
occasional mixing, then centrifuged at 1000 g in a clinical

centrifuge for 10 minutes. The pellet was thoroughly
Lo ‘

.

'resusbendea in 13 ml TE. CsCl was added at the rate of 1

g/ml to give a final density,of 1.55 g/ml. Ethidgum bromide
was added to 60Q‘ug/ml Plasmid DNA was aeparated “from
chromosomal DNA by centrifuging to equ111bn1um (2 dzys) at

100,000 g at 4 C. The plasmid band was visualized with UV

r o %
light and collected with g hypodermic needlef Ethidium~

bromide was- removed by 3 extractions with l-butancl followed

.

by 3 extractions with phenol. DNA was dialysed against-

.
~
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several 1 1 changes of TE at 4 €. The concentration of

plasmid DNA was determined as in Section 3.4.

3.20 Restriction Endonuclease Digestion and Phosphatase

Treatment of Plasmids: Plasmids were digested with a ten

fold excess of restriction endonucleases as in Sectidn 3.5.
Zinc sulphate was added after one hour of incubation to .a
final concéﬁtration of 5 mM, and the solution wa; made
!ﬁkaline by the addition of a one-tenth volume of 1 M
Tris-HC1 pH 9.0. One unit of calf intestinal alkaline
phosphatase was added per microgram of plas&id DNA. The .
solution was then incubated for a further hour at 37 C.
Enzymes were removed by extractions with equai volumes of
phenol, phenol:chloroform (1:1 v/v) énd chloroform. Phases
were';eparated with 3 minute centrifugations at 15,600

The DﬁA was>then precipitated from the aqueous phase by the
additioﬁ-of NaCl to 0.3 M and 2 volumes of 95% ethanol with
storage overnight at -20 C. The DNA was pelleied by
centrifugation for 15 minutes in the micrqfuge, dried, and

7
resuspended at approximately 100 afg/ml in TE.

3.21 Ligation of Ins ft NA into Plasmid Vectors: Insert DNA
(typically isoclated as rqétriction fragments from law |

melting agarose as despribed in Section 3:14) was ligated to:
g ten fold molar excess of plasﬁid vec£or DNA to minimize

circularization of the inserts. A 20 wul reaction contained 1

-

ug (10 ml) of vector DNA, 0.1 ug (1 aml) insert DNA with  °
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-
sterile distilled water to 16 ml. The DNAs were heated to 68
C for 10 minutes to denature cohesive ends, then éooled to
room température. Two ul 10X ligation buffer /(described in
Section 3.18) and 2 mul T4 DNA ligase (4.8:Weiss units) were
added, and the reaction was incubated at 15 C overnight,.
except iﬁ the caéé of Eco RI cohesi;e ends, in thch case
incubétioh was at 12 C overnight. N

3.22 Transformation of Plasmids into E. coli: Plasmids were

introduced into E. coli following a modified procedure of
Mandel and Higa (1970). An overnight cultﬁre of HRB101 was
inoculated into a 250 ml sidearm flask containing 40 ml of .
LB broth. The culture was incubated at 37 C with shakiﬁg at
50 rpm uﬁtil\the culture was in midlog phase (Klett = 70).
The culture was chilled on ice for 20 minutes, and harvested
by centrifugation at 5900 g for 5 minutes at 4 C in 'a fixed
.angle rotor. The cells were resuspended in 20 ml ice-cold
0.1 M MgClz, and cgnﬁrifuged,as before. The cells were
tresuspended in 2 ﬁl ice-cold 0.1 M CaClz. and kept on ice
for at least 30 minutes. Two hundred wl_ of cell suspension

was mixed.with 0.1 ug plasmid DNA\TE“§QQ‘QI TE, The

suspension was incubated on ice for 30 minutes,- at 42 C for
2 minutes, then o; ice qu an additional 30 minutes: 1 ml of
LB broth (without aﬁtibioticg) was added, and'thé cells were
incubated at 37 C for one hour. Cells were serially .diluted

in broth, and ten-fold dilutions were plated by adding 6.%

ml, molten top agar (0.7%) and spreading on antibiotic

-




‘Phenola Distilied at 180 C; stored at ‘4 C in
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plates.

3.23 Antibiotic Screening'and Colony Hybridization:
Transformants were screened for the presence of inserts by

picking colonies with sterile toothpicks and replica plating

on two types of plates: the first of_which contained the
antibiotic for which the plasmid-borne resistance gene had
presumably been disrupted by the insert, and the second of

which contained a secohd antibiotic for which the* resistance

.

gene was intact. Colonies displaying the predicted

sensitivity were picked from the setond plate and replated

.

on another containing the same antibiotic. The presence of

the insert was confirmed by hybridizing insert probe to a

nitrocellulose filter applied to the.plate and processed as.
in Section 3.18 (with an additional 3 minute bath in 10% SDS

~

prior to base treatment).

3.24 §glutioﬁs and Media: ‘ . oo ® .
TE: 10 mM Tris—HCl‘pH 7.4 and 1 mA)EDTA. ’

SDS: 10% w/v sodiuﬁAdodecyl sulphate in?watef.

the dark. Priér to use phenol was saturated with an ;qual
volumeé of TE.

Pronase: 10 mg/ml in 20" mM fris—ﬁCl pH 7.4.. Pronase Jas
selfjdigested at 37 «C for 2 hours, then'étoréd at -20 C.

Ethidium bromide: 10 mg/ml stock solution of ethidium

bromide in water diluted in TAE to 10 mug/ml.



e ®

‘EDGE: 5 parto O 125% bromophenol blue (1h 25% glycerol) and &

parts O 2 M EDTA - : 1 TR
S;Q 0.15 M Nagl'and 0. 015 M sodlum 01trate v : ; -
DEP All‘solutldns not sultable for autoclaVLng were- ’ o iﬁ?~
J.sterlllzed by the addltlon of dzethyl pyrocarbonaté to 0. 1?
:,%. ;/v Solutlons were v1gourously shaken, phen allowed to

etand overnlaht before use. .

oA

- ,gg:.l%'wyv NZ amine, 0.5% yeé%t extract, 10 WM MgClz, and 10 ifﬁ?&

mH NaC’,/Ihe pH of NZ broth was adjusted to 7. 5 w1th‘NaOH T ;“2

prior to autoclaving.

- - -

LB: 1% w/v Bacto~tryp£one (Difco), 0.5% yeast extracp{ and

10 mM NaCl The pH was adjusted to 7.5 with NaOH prior.to o
- autbelavlng s ) o K . . . S

4

;;9 Ag_ghlgt;C§ 25 mg/ml 5tock swlutlons Ahpiciliin and

.

>‘s%reptomyc1n were ﬂlssolved in water and sterilized by : "

flltratlon Chloramphenlcol was dlssolved in 100 % ethanol,

<«

' and tetracycllne in 50% ethanol All were stored at -20 C..

s

Amplc1111n was used at 50.ug/m1 chloramghenicol.at iO'?
.ug/ml tetracycllne at 154ug/ml, and streptomycin at. 25
_.ug/ml AntlblotrCS were added to agar 1mmed1ately prior to
L the pourlng of. plates, when the temperature of the agar was
. no blgher than 50 C '
?‘253: 190 mM NaCl 10 dM MgClz, 20 'mM Tris-HC1 pH 7.5, and

“‘H“d,q‘ (w/v} gelatln o o .

-

!




" induced mammary tumor was 1nvestlgated toudetexmlne,Lf a

L
7

correlatlen could be made betWeen prov1ral content and

» Ot . .
Yeu, D ..

-“tumorlgen1c1ty The cells chosen for thls study were ‘primary -
cultures derlved by Soule g& gl (1981) frém a‘single mammary
alﬁadenocar01noma (number 282) dlsseelated in methylcelLulose

Thls tumor arose in a BALB/C mouse foster nursed on a CBH

Nt T -

3,'mouse (BALB/chSH) sueh that it rece1Ved 1nfect10us MMTV via

“ﬁbht' thé C3H mllk Slngle colonles from the tryps;n d155001ated
'“1“2 tumor were plcked from methylcellulose eultures and -

“established asemonolayer'cultures. The tumorlgenicity of

theselcultures was determined in. three‘hosts 8., week old

R “'BALB/c- males, 6 week old Sw1ss athymic’ females; and 3 tc~4§

week-old BAL§/0 females. Table 4 whleh rev1eWs the data of

. b \ e

IR

,ﬂrm ; A?"Soule Qi él (1981)»u5h°W5 that diséqplated cells from the

orlglnal mammary tumor (262) fo:med secondary tumora in 4 of
Y
Y4 BALB/c maiﬁ and 3 of 3 athymlc Sw1ss female Hice. The MCB

subllne formed secondary tumors xn 5.0f 5 athymic Swiss

. female mice and 4 of 6 BALB/c females and males. The MC4
% . C e

s

" .
ALB/c females, and 1 of 9 BALB/c males. All of the tumors

A

kn subline formed tumors in-4 of SEathymiC female mice, llOf 4

[y
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Tumorigenicity of Mammary Tumor Subcultures in Three Hosts?

BALB/c male BALB/c -female Athymic. Swiss
femalé
Dissociated ) _ 100%
Tumor 262
Mc-3
cell line
MC-4 ‘ “
cell lifie
MC-5 e
cell line )
a Percentage of animals havi;{g palpable tumors after 3} weeks.'
2 x 106 cells injected either subcutaneously (BALB/c males, Swiss
females) or into mammary fat pads (BALB/C females). Data from Soule
et al (1981). o
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which resulted from the injection of MC3 or MC4 cells were
carcinomas. MC5 cells were not tumorigenic in any of these
systems. .

R ¢ To determine whether there was a correiation between

pioviral ¢opy number and tuﬁorigenicity, the proviral

content of tumor 262 and its sublines was analysed by

restriction endonuclease Aigestion with the enzyme Eco RI
which generates 2 proviral junction fragments per integrated
provirus (Cohen et al, 1979). Digestion with this enzyme
(Figur; 5) revealed that tumér 262 contained 5 tc 6 acgquired
MMTV proviruses in addition to the endogenous comp}ement of .
.2 complete copies agd a subgenomic fragment‘in BALB/¢ (Cohen
. et al, 1979). The o;iginal mammary tumor and jits dissociated
s
cells were found to have identical Eco RI restriction .
patterns indicating that no méﬁor rearrangements occured in
tﬂe p;éﬁiruses during disseﬁiation.’The nontumorigenic
subiine MC5 was féund to contain in excess of 7 acquired‘ﬁﬂj“

L IR S
1 ‘ P

’ ’copies of the MMTV provirus as evidenced by g;eater than 14 "
novel MMTV Eco RI frégments in addition to the 5 fragments
of endogenous origin. Surprisingly, in the DNA of the highly
tumorigenic sublines MC3 and.MCQ‘no newly vauireé MMzV
fragments could be detected; A similar patternvemerged from | .
digestion with Bam H1 (figﬁre 8) which also generates two
juifction fragments per intqgratéd provirus. No novel MMTV

junction fragments could be detected in MC3 or MC4 DNA, but

a large number were detected in the DNA of the MC5 subline.

‘ o Both the tumor and its dissociated cells were‘dgain found to

* *

<




Figure 5: Comparison of Eco Ri digestions of BALB/c mammary
tumor and methylcellulose colony subline DNAs. DNA ‘was
extracted from e&éh sample, electrgophoresed in a 0..7%
égarose gel, transferred to(nitrocellulo;e, and annealed )
with MMTV [32P] cDNA (specific act;vity approximatel§ 108
cpm/ug template RNA) . All lanes contained’S‘ug ﬁNA. (A)
BALB/c i(low mammary tumor incidencé) spontaneous mammary
tumor DNA; this DNA has.tﬁg same MMTV-specific Eco RI
pattern as BALB/c normal o%g?n DNA (Morris et al; lSBO)T (B)
DNA frop the dissociated cells of tumor 262. (C) DNA from
éumor 262. (D) MC5 s@bline b&A. (E) MC4 subline DNA. (F) MC3

“subline DNA. The‘endogenous MMTV proviral Junction fragments

of 10, 6, 5, 4.7 and 4 Md are 16.7, 9.6, 7.8, 7.6, and 6.7

]

kb in size, respectively.
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Eiég;g_ﬁ: Bam HI diéestions o{ BALB/c normal organ, mammary
tumor, qﬁd(tumor subline DNAs. The analysis w;s performed as
in Figure q: (A) BALB/c normal organ DNA.»(B) DNA from cells
dissociated froﬁ tumor 262. (Cj DNA from tumor 262. (D) MC4
_subline DNA. (E) MC3 subline DNA. (F) MC5 subline DNA. The

endogenous MMTV'juncqion fragments of 12, 7, 2.5 and 0.7 Md

are 18.2, 14.4, 4.3 and 1.1 kb in size; respectively.

1 ~ ‘







of 6 acquired proviruses.

60

ot

-
-

contain about a dozen additional MMTV fragments indicative

-

s

"An exogenous source of the acquired proviruses‘(from
infectious MMTV rather than from amplification of endogenous
proviral sequences?) was eonfirmed by the presence of a 1.1

kb (0.7 Md) Bam HI fragment (Figure 6) and a 4.1 kb (2.5 Md)

Pst I fragment (Figure 7) in DNAs containing acquired

copies. Each of the fragments is génerated 'by cleavage at an
; , 4
additional site in proviruses of exogenous origin (Cohen et

al, 1979) and can therefore be used to identify exogenous

pfoviruses.'These fragments wefe(ﬁetected.in DNA from the
original tumor and its dissociated cells and in MC5 DNA, but
not in DNA from the MC3 or MC4 sublines. ‘

Tﬁe raesults thus far present a paradoxical situation.

- .

Whereas the nontumorigsnic subline contained numerous -
acquired qppie; of exogenous MMTV proviruses, no such
proviruses could be detected in the highly tumorigenic

-
sublines; a finding opposite to’the intuitive notion that a

~direct correlation should exist between proviral «content and

tumorigenicity. The apparent absence of exogenous proviruses

in the tumorigenic sublines would seeb to question whether

.
‘

such proviruses were responsible for this phenotype.
" This paradox was resolved when tumors resulting’f;omfthe
injection of MC3 or MC4 cells by Soule et al (1981) were

-

examined. Eco RI digestion of such tumors (Figure 8)

~revealed that DNA from such tumors contained one acquired

MMTV provirus. The proviral junction fragments were of

’ . .

»




Figure 7: Examination of DNA samples for acayired MMTV DNA
sequences. The analysis was performed as in Figure 5: except
Pst 1 was used to digest DNA samples. (AJ DNA from
Aissociated cells from tumor 262. (B) DNA from tumor 262.
(C) BALB/c normal organ DNA. (D) MC4 subline DNA. (E) MC3
subline DNA. (F) MC5 subline DNA. (G) DNA from MC3 tumor 2;
this mémmary tumor reéqltea from injectionugf 106 MC3 cells
into a BALB/c female mouse. (H) DNA from MC3 tumor 1; this
mammary tumor resulted from‘}njection of 106 MC3 cells into
a Swis$ athymic nude mouse. Pst fragments of 3.3, 3.1, 2.5,
1.1, 0.9, 0.6 and 0.5 Md are 5.4, 5{1, 4.1, 1.8, 1.7, 1.5_‘

‘and 0.8 kb in size, respectively.






.Figure 8: ¥co RI digestion of MC3 cell and MC3 tumor DNAs.
The analysis was performed as in Figure 5. (A) MC3 subline

DNA. (B)

C3 tumor 2 DNA. (C) MC3 tumor 1 DNA. (D) BALB/c
normal - organ DNA. The endogenous BALB/c junction fragments

" of 10, 8, 5, 4.7 and 4 Md (16.7, 9.6, 7.8, 7.6 and 6.7 kb)

[

are indicated with lines. Arrows designate acquired proviral
junction fragments of 7.5 and 6.5 Md . (11.5 and 10 'kb). The
6.5 Md junction fragment is partially‘obscurred by the 6 Md
endogenous fragment in this exposure. The large number of
proviruses in MC5 Eeli DNA (see Figure 5) make it impossible

to dete}mine whether the junction fragments detected in MC3

tumors are also present in MCS5 DNA.

) '
/ . .
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identical size im all 4 tumors tested (two are shown in

Figure 8). Simiiar results were obtained when Bam HI was

used to digest the tumor DNAs (Figure 9). These results

suggb%t’that the qells in the MC§7and MC4 sublines which-are

tumorigenic and ultimately predominate in the tumor have an

acquired provirus associated with tumerigenicity. These

¢ells are apparently a minor popqlation of the sublines

grown ;n culture (discussed in Section §5.1).

The transcriptional activity of acquired MMTV proviruses
in MC3 and MC5 sublines was Quantif;ed by hybridization
kinetics (Table 5). Whereas normal BALB/c mammary cells
generally produce very low levels of MMTV RNA corresponding
to approximately 1 genoﬂ% éqgivalent per cell (Varmus et al,
1933),‘t£e nontumofigenic MQS\subline produced g;eatef than
500 genome eguivalents per’cell and could be stiﬁulated By
dexamethasone treatment to produce greater than 2000 genome
equivaients per éell. Thé highly tumorigenic MC3 subline
produéed very low leveis of MMTV RNA (less ;han 1 ge;ome

v ° “

éqqivalent per cell). There is therefoge no correlation

- bBetween. levels of MMTV RNA transcription and tumorigenicity

in the.tumor cell sublines,

gt e IR
. v

4 2 Mechanism gf Tumo lgd ngg bx ﬂtv The M;MvZ locus
of GR m1¢e has ‘been shown to be résponsxble for germllne
transm1551on of the hlgh tumor: 1nc1dence of GR:mlce, as

A

descrlbed Jin Sectxon 2 4. It has not been prev1ously

Ll determlned whether th1s lbdus has direct tumorlgenic

AN Y "‘
-

A
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\‘as performed as in Flgure 5. (A) BABB/C normal
e )
(B)-MCS tumor 1 DNA. (C) MC3 tumor 2 DNA. The

endogenous BAL‘/Q Junction f{ggments of 12 7 and 2 5 Md
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3 kb) are indicated w1th lines. Arrows

deslgnate acgulred ﬁfoviral Junotlon fragments of 9.2 and

54Md(16and83-kb) ' S

4 - %
s
e
R . . !/ . PR
- u
- 4 k4 ‘
y . A
> * »
’
. - .
-
. [} . \"
[ - -
- - .
i
»
- . <
= -
? * . s..
- 4 R
-, " -

&






-

Table 5 ‘ Q';

MMTV RNA in Mammary Tumor Subcultures-

8

DR

.

Sburce of RNA

MC5 - dex®

MCS + dex

PCBidex

MC3 tumore

BALB/C£C3H - .
marrmax;y tumor
MMIV virion

RNA

Percentage 70S Genome
Hybridization® * Crt i E:quivalents/Cellb
50 1.7 x 10 ‘ 575
90 5.6 57107 )
50 ) 4.9 2050 °
90 1.7 x 10* ’
10° 10% T
1 10* 1
50, 5.2 x 104
- 50 10t 1000
90 102 .
50 2 x 1072 -
7x 107}

90 -

2 Values derived from perceni:age annealing vs Crt curves.

Data from Morris et al (1982). ‘

b

r«:S grown without dexamethasone N

IVCS grown with 10

-5

Calculated by the procedure of Varmus et al (1973)

.
.-’,"f\;-

M dexamethasone ) “‘-\.,,&.

€ Tumor resulting fram inject:"Ldn of 106 MC3 cells into aEhymic ‘Swiss

™.
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A . .
potential as a result of its expression or its effects on

neighbouring genes or whether its tumorigenicity depends on

the production of MMTV genomic RNA which is reverse
transcribed and integrated as a provirus at some other
proto-dncogenic locus. To address this problem, a series of

tumors from GR micé foster-nursed on C47Bl mi;e (GRf mice)

were examined at the DNA and RNA levels. Since C57Bl mice

do not transmif milk-borne MMTV (Nandi and McGrath, 1973),

all acquired p;ovirdses in'tgmor DNA can be assumed to bé?
derived‘frbm'tgg\ngx-2 ;ocus of the GR mice in which'they
afise. - t. ’

The proviral content.of GRf tumofS’w;$ determine? by -

;est:ictionjgndonuclease analysis using the enzyme Eco RI

whicﬁ,cleaves the MMTV provirus at a single sitd generating
’ .

.2 junction fragmenfs per provirus (Cohen et al, 1979).

Southern transfers 6f Eco RI digested tumor DNAs were

aqpéaled with a cloned DNA fragment def;yed from the MMTV

LTR labelled with 32P by nick‘translationt(Figﬁre 10). Four

GRf. tumors were found. té contain a single acquired MMTV

provirus (tumors tl, t8, tl4, and t15); %ivé contdined 2
e , ya

t2, t11, t12, t13, and t17) ‘ds

acquired proviruses (tumor
P : 7 . / . .
did a benign cyst adenoma (t16); two tumors (t6 and t9) and

one mammary.hyperpi,sia~(t7) contained S,acquired proviral
copies. As reﬁepfgg;by Madlnne? et al (1981), the -

- -

‘autoradiographic signal from acduired.broviruses relative to

endogenous proviruses varies significantly indicating ‘that

the tumors were heterogeneous with respect to phe number of

- ¥ ~
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Figure 10: Presence of newly agquired MMTV DNA: sequences in

‘abnormal growths from GRf mammary glands. DNA was extracted, -

digested with Eco RI, electrophoresed in 0.7% agarose gels .
and transferred to nitrocellulose prior to anneiling with a

[32P} MMTV LTR probe (approximately 108 cpm/ug template

‘spacific activity)., All laneg,contained 5 ug of DNA. (A) GR

liver DNA. (B) tumor t17. (C) benign cyst adencma t16. (D)

‘tumor t15. (E) tumor tl4. (F) tumor t13.. (G) .tumor t12. (H) °

.-

5

4 ‘ . .
tumor t11. (I) tumor t9. (J) tumor t8. (K) hypegplasia t7.

(L) tumor t6. (M) tumor,t2. .(N) tumor tl. -
5 o } 4, _ 4 ‘
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- mammary tumors tested, the exception bel

*
cells containing acquired proviruses. It is conceivable that

proviruses resident in cells forming a minor®' population of

the tumor could escape detectidn in this analysis. The copy
numbers above therefore represent minimum values.ﬁ
Cioned fragments from the int-1 and jint-2 loci,yere
labelled with 32P by nick translation and annealed\to
Southern transfers of Eco RI or Bgl Il ‘(data not shown)
digested tumor DNAs to determine if there were proviral t
integrations at these loci 'in GRf tumors (Figure 11).
Iptegrations in the vicinity.of these loci‘ean be defected'
By this method (Nusse and Varmus, 1982;*Peters et al, 1983)
since the introduction of proviral gsequences alters the

restrictlon pattern of the region. This Fesults in the

appearance of an additional band on the autoradlogram

- corresponding to the altered jipnt locus. Integrations could

be‘detécfad at ene or both int loci in 1984 11 B—iypeﬂ

§/115. Two tumors

(t8 and tl17) and a mammary hyperplasia (t7) were found to

-

contain prbvirar,inﬁegrations at both jint loci. It -is

possible that tumor t15 contained proviral integrations \

-

outside the detection iinits of the probes used (from 5 to

. . - .
‘10 kb upstreanm and‘dqwnatream of these fragments).

RNA expression from the int genes in GRf tumors was

<:;examined by slot blot hybridization (Figure 12). Unselected

tumor RNA was applled to nltrocellulose f1lters and '

hybrldlzed w1th probes from the coding regions of the in&

loci (Nusse and Varmus,1982; Dickson al, 1884). All six

/T
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" Figure 11: Presence of newly acquired MMTV DNA sequences in
' ‘the vicinity of the int-1 or %3142 loci. The aqalysis‘was
ﬁérforméd'as'in Figure 10, except that 1Q‘ug of each sampie

, was digesteﬁ'with Eco RI. DNA fragments were anneafed with

. | éitherl[3ﬁ!ﬂ labe%leq ini—}-or'inL-Z p;obe§ Oapproximaﬁely
108 cpm/ug template specific activity) (A) GR liver DﬁA. (B)

@ . tumor t17. (C) benign cyst adenoma t16. (D) tumor t15. (E) -
tumor ti14.. (F) tumor t13..(G) tumor t12. (H) tumor tll. (I)
tumor t9. (J) tumor t8. (K) hyperplasia t7. (L) tumor t6.
(M) tumor. t2. (N) tumor tl.  All samples except tl15 .and £16
contain MMTV proviral ingegrations in int-1 or int-2. The

integration 6f a provirus was detected at int-1 in sample

t17; howéver the. altered int-1 specific fragment ié

obscurred By the homologous allelic fragment in this ' ./?
exposure. An altered int-2 specific fragment in t7 (lane k)
\ . T '
is too faint to be seen at this exposure. ’ 3
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Figure 12: Slot blot analysis of GRf liver and abnormal

growthé'from GRf mammary glands. 5..ug of RNA from each

N N J .
tissue was applied to nitrocellulose strips and annealed

with [32P] iaBélled‘in&-l or in&-? grobes (approximatgly 108

cpm/ug template. specific activity). The presence of RNA in

[}

all samples was confirmed by hybridization to dihydrofoigte

o L .
reductase cDNA. : S, ; 4
e ' ‘ ) .
C e X ' L. . B - . o T
. s .
- L]
v - - .
- . ' - — ?
N ’ . N
4 » B
v
1‘ ¢ - " R
T, .
. >
] 4 i
! L3 ’ : . v
¢ -
AY - N
* s
) ' ) .o
. .
- ’ '~ P »
. 3 ) .
- . ¥
[



\ 76
. ') . .
1 ’ _
) ’ y
4 L} ‘.
. PROBE
. int-1  int-2 ’
t1-° ’
. té - . l. X
{7 a» a ° ® ) ' )
) 1l e
) 112 a» - 7 .
. t13 - -
t14 e - .
. ‘liver '
-~ | ) .‘.
’ - / - )
- PR - e ’ .
. W
. v —_
- ] v 4
.1. . |
' 3}




7
tumors ahd the mammary hyperplasia for which RNA was
available céntained int-1 trans#%ipts. Fivs of the six
tumors which contained lg_ 1 R A also contained jnt-2 RNA
(1n no case was’ int-2 RNA al%n detected) All tumors in

whlch int RNA gould be detect d contained at least one

provirus in the vicinity of an jipt locus, however in some
. cases jigt RNA’could be detected in a tumor lacking a 4
provirus at the corresponding locus (for example tumor té6
contained Both int-1 and int+2 RNA:_but integration could
only be detected at the jnt- iocus). The presence of RN@ in
511 elote was eonfirmed by hybridization to a [3%P] cDNA
probe prepared against d;hyd ofolate reductase RNA (the gift

of Dr. W. Flintoff, Universi & of Western Ontario) which -

preneoplastic HAN outgrowth lines generated by Medina

(1973) was examined to determine if integration at-a

specific locus was responsible for the distinctive phenotype
v

of these tissues. These HAN outgrowth lines (described in
Table 2).Were induced by two distinct qarcinogenic regimens:

a0 ‘ . oral administration of 7,12~dimethylbenzenthraéene or

prolonged hormonal stimulation. As such, genomic
rearrangements at a common locus in separate HAN lines would
strongly implicate that locus as being involved in the

transitionefrom iormality to preneoplasia. ' Aé

T P




Restrictionlendonuclease analysis was nsedmto_QUantify the
proviral content of HAN'ontgnowths Thls revealed‘that the )
D2, C4, and 'C5 HANs had acqulred new.copies of’th;?MﬁTv
provirus. Bam' HI Junctzon fragments of 13.0 and 2.3 kb,wefe'
detected in D2 HAN DNA - (F;gure 13 panels A and B) whereasr '
C4 and CS HANs contained junct;onvfragments of'lO b and 2. 37~‘,
kb. The 1.1 kb internal Bam HI fragment characterlstlc of
exogenous MMTV (Cohen g& al, 1979) was also detected in D2,

C4, and C5 DNA D1 HAN DNA conta;ned only the endogenous

proviral frasments Slmllar results were obtained w1th Bgl

K

II digestion (Figq;e 13,; panel Gf, whlch ymelded a novel 1.6
kb junction fragment in dlgeste of D2, C4 and C5 DNA but

not in D1 DNA (the other Bgl II Junctlon fragment may have

i

been obscurred by an endogenous band) The total prov1yal

<mmntent was determlned by Eco RI dlgesticn, thch revealed-Q

novel junction fragments Of 4«7 and 10 5 hb in DZ and 05 DNA
v/‘J.

and 6 novel. junction fragments in"C4 DNA S;nce Eco RI

-'/

cleaves the MMTV prov1rus at a aihgle site (Cohen gt gl
-'1979), the number of provmruses Ln pz C4 and C5 HAN DNAs
must therefore be 1, 3 ahd l resPedtlvely Slagle et gll

S i ‘ 1'4
(1985) have also recently reborted the p&esenéb of one

0

acqulred prowlrus in D2 HAN DNA. The lack pf adquired
J ,
provxruses‘in the low tumor 1nc1den0e D1 HAN was zeported by
* \\ \\4,54 . ‘; I'r H

Ashley et.al (1980) and Slagle et al (l9§5) Fewer Junptlon

1‘ B

fragments were detedted-in.Bam HI. and Bgl II ngestions of

C4 HAN DNA than in Eco RI dlgestlons of thé‘same DNA which

may be the result of comigtration of novel Junctnon”fragments

Ll




HAN DNA and C5 HAN DNA mixed prior” to dlgestlon Theﬂ

the gel in panel B. (C) Lanell BALB/c liver DNA lane 25 D2 °
:HAN DNA lane 3, C4 HAN DNA; lane 4, cs HAN DNA Slzes of

.(endpzenous BALB/C fragments served as’ markers)nuu.&w.

Eiguxﬁilﬁ: Common sizes\of proviral‘junctlon fragments in
HAN DNAs DNA was extracted dlgested to completlon ‘with a B

’

restrictlon endonuclease (Bam HI in panels A and B; Bgl II

in panel c), electrophoresed through a 0.7% aganose gel éﬁd

.4\,A

transferred to nitrocellulose Homologous fragment;awere

identlfied by hybridlzat;en {o [32P] MMTV CDNA“(SPQCiflC'
activ1§yﬂapproximatef§ 108 meﬁug RNAdmempla%e) Five ug of

DNA was present in each lane (A)‘Lane 1, D1 HAN DHA'llane

‘V(,‘-

2, D2 "HAN DNA lane 3, C4 HAN DNA; lane 4,°C5 HAN DNﬁ, lane

.5 BALB/c llver DNA (B) Lane l;ﬂBALB/c llver DNA .lane ZgﬁDé =
""HAN DNA_ and c4 HAN DNA mixed prior to, ditgstlon,"lane 3, C4.

1nternal 1.1, kb'Bam HI fragment has been run off the end of

i ) -» PE

o,
Y

Al

’newly acquired n;Bv1ral junction fragments are 1ndxcated

. R4 . PR . .
v ) o L
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with gndogenoug‘junction fragmehts\pr the presence of very
4 . B
lhrge‘junction fragménts which do‘not'pransier efficiently

to nf{rocellulose (personal observation).

To confirm that the acquired proviruses in D2, C4,]§nd Cs

. -~

Lo . 5 \
HANs were of exogenous: origin rather than the result of

amplification of endogenous sequences, DNA from HANs was

digested with the restriction endeoniuclease Pst-! (Figure
\

14) *The 4.1 kb internal Pst 1 ffagmept characteri'stic of

exogenous>MMTV proviruses ((Cohen et al, 1979)‘Qas detected’
'

in D2, C4, and C5 DNA, but not in D1 HAN DNA.

The striking similarif& of Bam HI, Bgl II, and Eco RI’

,

restriction patterns of D2, C4, and C5 HAN DNAs meke it
highly probable that acquired ﬁfoviruses‘in these tissues

“reside at the same genetic locus, since random integration

s

would be unlikely to generate so madny comigrating fragments
(the statiéticél probability of such an occurance 1is

calculated in/Section 5.3). To deiermine if this locus was

-

. .one.of the .putative proto-oncogenes jnt-1 of';nt-ﬁ (Nusse et
. al, 1984; Dickson et al, 1984) Eco RI digests of HAN ‘DNAs

were analysed by hybridization to cloned probeg from the int

loci labelled with 32P by nick t;anslatioﬁ?(Figure 15).

Proviral integratibns in the vicinity of these loci can be

'Qetected~in4£hé form of additicnal bands pn‘Southern blots

of DNA carrying such inteérations as opposed to normal mouse
s 1

DNA (Nusse and Vakmus, 1982; Peters et al, 1983). No such
alterations wefe detected in HAN ﬁNAs indicatring that the

common ‘site of MMTV proyfral integration in these DNAs was

L4

{ ' o )
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. ¢

)
-

Figure 14: Presence of proviral restriction fragments in HAN
B L J M ’

DNAs which are characterisﬁic'of‘exogenous MMTV. Five uglbf

.

each DNA was digested with Pst I prior to analysis as in

Figure 12. (1) D1 HAN DNA. (2) D2aHAN DNA. (3) C4 HAN DNA.

(4) C5 HAN DNA. (5) BALB/c_liver DNA. The 4.1 kb fragment is

. .y i :
associated with exogenous MMTV and is not present in BALB/c

+

liver or D1 HAN DNA, o : .

.
-
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Figure 150 Test “or MMTV integraticns in the visinity of the

‘ A
1
LAz Five ug of each DUA waz digested withH

Bel I] arnd analysed as in Figur= 1Z. The "¢

)

tfrom int-1 and int-2 (bsxes) were labelled wiefy
P |
dr"‘

probes. The specifid activity of pfobes
was apﬁroﬁimapely 1@3 cpm/ugﬁtemplafé. ?A).igg—l prpbel Lane
.1, BALB/c liver DNA digeséed with Eco RI; lane 2, D2 HAN'DNA-
digested with Eco RI; lane 3, BALB/c liver DNA digested with
Bgl 11: lane 4, D2 HAN,DNA digested with Bgl II. (B) int-2

.  probe. Lans 1, BALB/c iiver DNA digested with Eco RI: lane
. "2, D2 HAN DhA digested with Eco RI. Restric?%on maps' of k
int-1 and int-2 were modified from Nuss#/;%g Yarmus (1982)

| Yand Peters =t al (1383) respecﬂivelyffﬁiggbs refer to the
tranécriptiona% units. Regionsz bounded by asterisks denote
aregs of proviral integration in tumors. The restriction map
of 1nt-H was derived from the data given in Figures 13 and

14 and from additional experiments using pol and env‘ .

4 N : .
_specific probes (sé&e Gray et al. 1886) Restriction sites are
) . as fdllowsj E is Eco RI, B 1s Bam‘HI. Bg is-Bél II, € is Sac

I, Kis Kpn I - , ,
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not 'in the v1c1nity of the int loci. The common MMTV
“prov1ral integration site in preneoplastlc HAN DNAs
apparently :epres!hts a new locus assocxatedowlth the
hyperplestic phenotype; we have therefore.designated this
locus int-H. L]

4.4 Molecular Cloning of the int-H Locus: Since an analysis

of .the role of in;JH in the induction of murine mammary

hyperplasias requires cloned’probes from(this region,

*

cloning strategies were devised to recover these sequences

from the genomes of hyperplastic tissues. Because of the

cepacity ef A Phage vectors to carry large DNA inseft : & v
. I A "

fragments and the relative ease of screenlng A llbrarles

w;th DNA probes, it was decided to attempt to clone ;n; B

sequences in A phage vectors.

s

‘The‘init;al strategy was to isolate restriction fragments

identified as novel proViral Junction fragments by

[ Y

hybrldizatlon to MMTV probes as descrlbed,;n section 4.3.

.

These fragments would be cloned in A substitution vectors as
described by Maniatis et al (1982). The 4.7 kb and 10.5 kb

’ o
Eco RI Junctlon fragments were ‘chosen since they could be -

resolved from the endogenous.BALB/c Eco RI junctlop.

fragments of 16.7, 9.8, 7.8, 7.6 ard 6.7 kb. AgtWES-AB was

»

el
&

insert. fragments of sizes from 2. to 15 kb (Leder et al,

chosen as a.vector since it is capable of replicating with

. . ~7 ’ .
1977) 'DNA was purified from agarose slices containing the?

approprlate fragments and ligated 1nto AgtWES AB arms.
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Approximately 500,000 recombinant clones of this preparation
were screened as,plaques following in vitro packaging. One

plaque conpained Sequeﬂces hemologohs_to MMTV.'Ihis clone

-was found to contain -a truncated junction frakment

v

dentaininguthe 5’ portion of the acquired MMTV provirus

v

T . (indentified by its having the exogenous restriction .
‘pattern); but no cellular_sequeeces f;om the region’adjacent
td it: A ;eeodbinatien event had apparently eliminated the °
éequences of infegest (this.phenoﬁenon is discusSed in

Section 5.4), and no further attention was given to this

v

' clone.

&

) The above findings prompted speculation that int-H locus
¥ ’ " %
contained sequences which were difficult-to clone in E. coli

hosts for ungnown reasons. It was decided fo-attempt to
. ' . L )
Clone/overlappipg,ZOxkb fragments*generated by partial

. digestion of HAN DNA with avrestticfion endonuelease -

9

recogn;zing a tetranucleotide seduence ‘as described by
Maniatis et 31 (1982) It was hoped that an MMTV probe could

- - : be used to identify clones carrying all or some of the
e “acquigtd provirus of HAN DNA and a portion of the cellular
. ‘ . sequences flanking it without‘the‘sequences which might be
’ interfering with the_replication of clones caifyidg entire
‘ e Eco RI junotion fragments. A.ngmber:df‘vector,systems were
. employed withput_success?lfineIIY. witﬁ tﬁe;agailability of

vector;host systems specifically designed for the . '

° . 3

propagation of sequences Whlch resist cloning in

’

conventional vectors {Wyman g& gl, 1985), ‘a successful

v .




.ox

-

fto be reacting with.a repeat sequence element known to be

88

strategy was arrived at. HAN DNA partlally dlgested with Sau
3Al was ligated lnto arms prepared from the vector Charon'
" 35. Recomblnants were plated on the recA- recBC E. Qgil host
strain DB1161. Such a strategy minimizes the deletions which
occur when certain sequences ard clened'in“E. égli (Wyman et
al, 1985). - 4
Appro&imately 500;000\recombinant clones containing 20 kb
Sau 3A1 fragments of bz HAN DNA ligated into the Bam HI 3}te
of Charon 35 arms were screened on lawns of DBl1181. Seven
clones were found to contain sequences homologous to the
probe (the identification and isolation of one such clone is
1llustrated in Figure 18). These clones were plaque
purified and rescreened with probes derlved from the |

cellular sequences flanklng the endogefgpbus proviruses (Units

I1 and I11) of the BALB/c-mouse straln (these cloned probes

~ . - . -

- ' . R
were a gift\f;om Dr. Gordon Pgters, Imperial Cancer Research

L

- Fund, London, U.K.). Four’qlones (X1-2, X4-3, X5-1, and

,

DY-1) contained sequences derived from the 5’ end«of unit

- N : P .
III5 one (X5-1) apparently contained the entire Unit III

1]

provirus with flanking sequences from both ends; one (X3-1)

contained sequences from the 5’ end of Urit II; one,.clone

(X2-3) hybridized weakly with the 5’ probe, but w#s thought

present in the Unit III 5° probe (personal communlcatlon of
!H. Gordon Peters and’ persdhal observat1on) DNA was
isolated from a large scale culture of AX2-3 and analysed by

resttiction endonuclease analysis (Table 6). The results of




Figure 16: Identification and isolation of a phage clone

containing MMTV sequences. (A) Approximatély 10,0QO
recombinant phage cdones were.plafed per 150 mm plate. (B) A
piaque containing MMTV.s;quenqes is idegtified by the |
auto?adiogrépﬁic signal from nitrocellulose transferg. Sucﬁ
p}aques were picked.frpm the plate and stored in plaque
storage buffer. (C) Purified MMTV-positive plaques were -

replated at a lower density (100 to 1000 plaques per plate)

and tested to ensure purity.
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. .o o " Table 6
» - .
/ Restriction Endonuclease Analysis oft X2-3 Insert DNA X
- ‘ ' I \'
a . . 3
En. Eco RI Sac 1 HI Pst 1
Enzyme | Sac 1 BamyHI .
Pragrents® (kb) = 7 B 25+
' 4.7+ 5.3+ 27 4.5+
3.8 s 2.2 o 3.0+
' , 2.0+ . 2.0* o 2.8
17.5kb 17.5kb : 2.4
L} : C : ‘ 2.3
’ . . ! L
2.0
o 7
- . ' . . 1.5*
. ) ‘
. 0.9*
. 21.1kb

2 o RI, Sac I and Pst I ,Cleave .at the boundaries of the insert; in

each case phaée arm fragments of 10.6 amd”19.6 kb are generated.
The vector's Bam HI sites are destroyed by liéation to Sau 3AI
fragments; Bam HI fragments i‘ncluée the vector arms. Not all Pst I
fragments_cwld be mapped; one Pst I fragment may be derived frcmi 2
the vector arms. . .

b Fragments hybridiz‘ing to MMIV probés are indicated with an asterisk.

The + d‘enoteé fragments containing repeated sequence elements..

P




these and other expefiménts_were used to generate a Partial
réstriétion‘map‘of)~X2-3 (Figure 17). A 17.5 kb DNA ;nsert’
fragmént was cloned cont;}niné an MMTV provirus along with
flanking sequences at éither end. A portion of the 5’ end of
the provirus had apparently suffered some deletion with'the
loss of two Pst 1 sites flanking the so*called.Jpoison“ \.
sequence'préviouslyAshowﬁ to be régistant to cloning in E.
coli (Majors and Varmus, 1881 and 1983). In/add%tion, the
expected Bam HI sites in the proviral env .gene were not
detected, although hybridization to a cloned env probe
indicated that! no major deletion had occured in the regionf
Small deletion% or point mutatioﬁs Eould account for this
findiﬂé. | ‘

The cellular sequ€hces of AX2-3 appear not to have
unaergong major alterations in the courée of cloning as
évidenced by'a res{;icyion profile of cellulgr séﬁuences
matching that predicted by the analysis of restriction
fragments d7ﬁcfibed in section 4.3. A repeated sequence

eléement was detected at the 3’ end of the‘insert fragment;

probes containizjwﬁgjs élement hybridize to a largé number

"of restriction ¥raments in mouse DNA resulting in a-"smear®
The presence of this element may explain the weak

hybridization to the Unit III 5' probe which contains

repeated sequences. *

>
-

A %50 5§ Hind III fragment from the 3’ flanking cellular
sequences was used as a probe to confirm that7\X2-3 does in
fact contain sequences derived from the int-H locus (Figure

Za




! -
o8 - . ) ’
[ ’ ° ) ':.
PR Figure 17: Partial restriction map of AX2-3. Restriction
" N B B E s “ '
L © 7 P g3ites were arranged on the basis of single and douBle
2 "‘ - ' B - ‘ 3
) » digestions of X2-3 DNA anfl plasmid subclones of AX2-3
fragments. E d¥notes Eco RI sites; S, Sac I sites; B, Bam HI
» 7 B
,E PR © sites; P, Pst I sites. The open triangle denotes the region
g__-"-. " ‘L _‘in v’:h_ich..a deletion ‘has occurred. THe open boxes repreéent

Lol . e ¢ f :
‘proviral LTR.xegions; it is not known whether the left LTR

.

i - . P s - , '
i85 complete. “Proviral structural g€nes are denoted by the

thick line,.- A r’e’pe‘a‘ted sequence ele'i“ixént is. denoted by closed
R LI - . A . -
gé arms ‘are sho

s

: diamé;‘;;ds. ‘Th;_ pha wn gfé‘,‘.wa‘:/};":\xl‘ines.
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18). This p}obe detecto a 9.8 Lb provi. :junctioo'fragméht ,
in Asp 718 digested D2 HAN DNA which connot'oo detected in
BALB/c liver DNA: The 9:6 kb‘Asb 718'fragm;nt was s%own to
be the\S;Aproviralojunction fragﬁent of fhe jpt-H locus of’

fInteresfingly, the normal allele of ipt-H could not be

detected in D2 HAN DNA indicating ﬁﬁot only the altered
locus, is present Thls may. be the result of chromosomal loss
or a loss and/or dupllcation of the part of the chromosome
o which the int-H locus. resxdes The 450 bp Hind 1III was
also sobcloned into the plasmid vector GB2 (Figure 19). This
piasmid shares no sequence homology with the ‘commonly used
cloning vectors (Churchward et al, 1984). This subclone'will

be uséd as a probe in the future Lsolatlon of a normal int-H

s,-

. ’ 100us

y
4. 5 E;gl;m;gggz Inv gﬁ&;gg&;gn into ;hg E QQL; of 1nt*ﬂ
The conservation of int-H sequenoes in the genomes of
nonmurlne species was explored by hybr1d121ng the H450 probg
"». [ . to rat and human’ DNA restrlctlon fragments under condltlons

K Y

e ;~of neduoed stringency (as in Section '3.10"except that
AT R

\' ~v 1Y

Eﬁﬁ‘ hybrid;zab;on occuréd -at 37 C and. washxng at 45 C 1nstead of

3
A - Tk ;.--»“n

50 C) A set of in&'ﬂ relaﬁsd sequences was revealed 1n

ﬁquse, rat and human DNAs (Figure 20) Approxlmately six

-
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e

Figure 18: Demonstration that AX2-3 contains sequences
derived from jint-H. Lanes A, C, and E contained 5 mg of

BALB/c llver DNA digested with Asp 718. Lanes B, D, and F

‘ﬁu contained 5 mg of D2 HAN DNA dlgested with Asp 718. The

:spec1f1c activity of the probes was approx1mately 108

cpm/ug template The 3’ probe contains sequences fromuthe

viral env gene. Thé HﬁSO probe detects an altered int-H

locus in D2 HAN DNA not detected in normal BALB/c DNA.

-t
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Figure 19: Subcloning of an int-H fragment. The 450 bp~Hind

II1 fragment fiom AX2-3 was ligated'into the Hind II1 site
of glasmid dB2 and transformed into E: ¢oli HB101l. A ser}es
of tgansformants (A) were replated Bh.strgptomycén plafé;?
(B) ‘A nitrocellulose filter was appligzlko f£e plat;, then
hybridized with an H450 probe ﬁo'identify tfansfofman£s*
‘having H450 inserts.

..







-ﬁigg;e 20: Deﬁection of ;ggsﬁ releted sequences in the
genomes of rats and humansj’lO ag of each sample was
digested with Ecb RI or Bam HI, electrophoresed through 0.7%
agarose, transferred to nitrocellulose sheets and hybridized
w1th‘[;zP] labelled H450 DNA probe under relaxed
‘hybrldlzatlon conditions descrlbed in Section 4.5. The
spec1fle actlv;tylof the prebe was approximately 108

cpm/ug template: Lanes A and E qentaihed BALB/c‘normsl
mammary gland bNA: Lanes B aed F contained GR no;;al.mamhary

'gland DNA. Lanes C and G contained normal rat mammary gland

DNA. Lanes D egd’H con;ained'normal human mammary gland DNA.

~

-
.

b ... »
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predicted by increasing phylogeneti¢ separation, human
. - é ‘
sequences hybridized to a lesser extent than rat sequences.
. S~ Lt .
Only two fragments related to int-H were detected in human

N R 4
DNA. - )

RNA expression from the jignt-H locus wés_examined using
slot blot hybridization to-the same 450 bp Hind III probe.
! Z

Lowvlevels of int-H transcripts were detected in unse'lecte'd

whole-cell RNA from a D2 nodule and from a mldpregnant

mammary gland, but not from D2 ‘tumors lactatlng maﬁmary_

LN

glands, or normal liver (Fig%Zl). . ‘ .




Elggxg;ZL: RNA slot blot analysis "‘of int-H transcripts.
Unselected whole-cell RNA‘was‘aéplied to nitrocellulose
filters (5 mg per slot) and hybridized with 106 cpm of [32P]
labelled H450 DNA or to [32P] labelledvdihydrofq}ate :
reductase cDNA.~Th¢ specific activity of both probes was

approximately 108 cém per g of temp;ate. All tissues were

from BALB?C mice.
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‘CHAPTER 5
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5.1 MMTV Proviruses in Tumor Cell Subpopulations: Previcus . .

-~ work in our laboratory hasvesfablished that‘mouse‘mammary
' tumors cdntain more than one pdpﬁl;tion of MMTV>fhfécPed
cells (MacInnes'gL gl; 1981). These subpopulatioﬁé‘were
shown to persist despite selective pressure in the férm»of
-changes in_hormonal milieu, suggesting an'iﬁteraepenQency or
iﬂteraction:_Alfhouéh'diffe;ences were detected in the MMTV
proviral content of these éubpopulatiOnég no attempf was -
made to .correlate spécific proviral patterns with
tumorigenicity. This was the objective of %ge experiments
described in Section 4.1.

Subpopulatioﬂs of an MMTV—in%Pcea m;mhary gdenocardinomaf
were isolated from méthylcefiaiose cultureslgf the
Aissociated tumor (Soule‘gi al, 1981) and assayed for
tumorigenicity by injéctioﬁfinto syngeneic and athymic .
hosts. Two subpopulatgons (MC3 and MC4) we?e found to be
highly tumorigenic; one (MC5) was not tumorigenic in any of
the host systems. The baradbxical,fin&ing from restriction,
_endonuclease analysis of these subpopulations wés that thg

tumorigenic sublines MC3 and MC4 did not appear to contain

any exogenous proviruses to account for their tumorigenic

phenotype whereas the nontumorigenic MC5 subline had

numerous exogenous proviruses. The proviral content of these

-
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tumor sublines is reflected in MMTV‘RNQ expression as
assayed by liquid h;%ridization analys;s. MC5 célls‘producg
greater than‘ZOOO 708 éenomé equivalents per cell wherégs
less than 1 genome equivalent per cellf;as detected -in MC3
RNA. Tbe benign nature of MC5.cells despite_their production
of MMTV - RNA may in part be explained by a lesion in | )

processing of gpb2 which precludes the prcduction of

infectious virions (Soule et al, 1981). The tumorigenic

- nature of MC3 and MC4 cells is more easily understood when

tumors'arisingﬂfrom the injection of‘these cells ai?
analysed. ‘

Restriction endonuclease analysis of ﬁCS and MC4 tumors
revealed that aA acguired MMTV provirus was resident in the

genomes of these tissues. The{pfoviral Junction fragments

RI or Bam Hl cleavage of 4 separate MC3

. 7

generated by Eco

'tumors wefé of - identical size indicating that they arose

from cells pie—exisp;ng in thé MC3 subline since BALB/cfC3H

mammary tumors contain integrated MMTV proviruses at many

AQifferent sites, and -there does not appear to be a preferred

integration site (Cohen et gl, 1979). The tumorigenic cells

6f the MC3 subline may contain this provirus, but may be -

:outnumbered by normal cells which are known to populate -

mammary tumors (Slemmer, 1981) and persist in shortrterm

Y

cultures (McGrath et al, 1981). The growth of these cells ~

may be selected for under the conditions of the

,tumorigenicity assay such that they prgdominate in the

experimental tumors aliowing the detection of the acquired -
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provirus. Similar results were obtained from the analysis of

. MC4 tumors.

<

The analysis of‘tdmof subpopulations demonstrated thatv "
tumorigenicity-dbéq-not correlaté with total proviral
, . content, but rather’ that a specific proviral integration
,8ite or sites.may be'}nvolved in ;umorigéQesism This finding

preceded the discovery Sf“the dnt-1 and int-2 loci (Nusse

.

and Varmus, '1983) whose activation occurs by site specific N
s _, integration of MMTV proviruses, and whose activation may be

responsible for the tumorigenicity of MC3 and MC4 tumor s

sublines. Unfortunately, MC3 or MC4 tumofs are no longer

available to test this hypothés%s. ; ‘-

‘e

The low levels of MMTV RNA expression in MC3 and MC4

tumors suggested that transcription of proviral segquences is

o — -

not\required for the tumorigenic prbcesg. The gnhancqment of
éxpression of neighbouring genes mediated by elements in
uﬁfv proviral LTRs has seen-suggégted as the mechanism of
int locus activation (Nusse et al, 1984; Dickson et al,

1884); no proviral transcription is, required for this

proposed ermhancement to occur, ) t

The striking difference in restriction batterns among

@

tumor.262,'the MC3 subline, and the MCH subline’ provide very

clear evidence that MMTV-induced mammary adenocarcinomas are

complex structures whose components cannot be‘appreciated

) ¢ -

from the study of the parental tumor alone. Indeed the very
cells in the tumor contributing the tumorigenic phenotype

imay not be detected by a holistic approach. MMTV-induced

- g
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tumors have long been described as clonal tumors (Cohen et "’

al, 1979; Traina-Dorge and Cohen, 1983). If this is taken to

4

mean tumors having a clonal origin it may well be true; if
it is taken to meah that tumors. are uniform then it is

clearly false (no distinction has previously been made). The

»

results of“this study along with those of MacInnes4§L al
' )

(1881) épﬂ Heppner (1981) indicate  that mammary tumors must

be thought of as an assortment of ¢ells rather than amassed

" clones of a cell. ‘The well-differentiated glandular

histology of mammary adrenocarcinomas (Dunn{ 1959)'suggests
that this should be the case; the regular appearance of

“variants in cultured mammary tumor cells suggest how .

heterogeneity may arise -(Lasfargues and Lasfé;gues,‘IQS;).

. 3.
Tumors: The Mtv-2 locus of GR mice has been shown to bé

responsible for the germline transmission of the high tumor
incidénce.of GR mice (Michalidés g&‘glg 1981). Furthermore,
the acquirea proviruses detected in the‘tumqrs of‘Gﬁ miqe
have a similar restricfiqn'map fg‘;he MLX-Z.locus and may be
derived from it (Fanning et al, 1980 a,b). The presence of
milk-borne MMTV haé previocusly dade‘the role of Mtv-2
difficult to interpret, sihce acquifed‘proviruses could hgve
oriéinated frqm either souﬁcé.'To éliMinate {his .
cdmpiication, GR pups were*foster-nursea on C57/Bl females
which'ao’pot;transmit-dnféctxéus MMT$ vié.thé‘milk (Nandi

*and McGrqth,’1973). Acquired proviruses in these

-
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foster nursed GR mloe (GRf mlce) ére derlved solely from

- Mtv 2, and by studylng them 1t has been p0531ble to

T
v determ;ne whether the M; 2 locus has direct tumorlgenlc

o potentlal ;g ;;_g (for example by affectlng n@lghbourlng N ’@ﬁ “
"genes) or: whether relntegratlon of Mtv 2 derlved prOV1ruses

at other loel is part of MLX 2 mediated tumorlgene51s
B
It has been sh0wn in Sectlon 4. 2 that the tumors of GRf

. mice typically carry from 1 to 3 acqulred coples of the MMTV

provirus in their genomes. Slnoe no mllk-borne virus was .
“ ¥ .
present, these proviruses must have been derived from Mtv-2.
, ) ;
In 10 of 11 GRf mammary tumors, MMTV proviral integration

-

could be detected in the vicinity of one or both of.the
int-1 or int-2 loci. As has been reported fqr mammary tumors.

induced by milk-borne MMTV, enhanced transcription of int-1

.,

and int-2 is generally associated with local MMTV proviral

-

integration (Nusse et al, 1984; Dickson et al, 1984). Tumor

-

induction by Mtv-2 ﬁherefore fits the. curreant raradigm of e

- int locus activation (Dickson and Peters, 1985);Japplyiné

Occam’s razor, there need not be any direct effect of the"

Mtv-2 lecus other that to transcribe MMTV RNA as a source of ° -
¢, ! . : ~ L -
new proviruses. It -is not currently known whether the action - L7

of the Mtv-1 locus, which is associated with germline e
transmission of a low mammary tumor incidence in the C3H/He

strain (Bentvelzen, 1974) also can be explained within the
[ . G oL
int activation paradigm. -

-

The activation of int loci in GRf tumors can be contqasted‘.

-

to findings in the analysis of mammary tumprs arising

. ' . - \ ‘\’
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spontaneously in C3Hf /Ki mﬁce.(CSH/Ki mice fregd‘of
milkjborne MMTV by foster-nursing). Popko and Pauley (1985)
reported that no MMTV proviral integraf&ons could be
detected at either int locus in th;se tumors, nor could
int-1 or‘}nL—Z RNA be detectedf C3Hf /K1 ﬁice were sHow; by
these authors to lack both Mtv-1 and Miv-2. Tumors arising
in C3Hf/Ki'mice qpﬁarently do not do éouby a me;hanisﬁ
simila; to %he induction 6f tumors by Mtv-2; mechanisms of
mouse mammary tumor induction must theréfore exist outside
the int activatiqnqparadig%. One GRf tumor (tlg) antainéd

| .
no detectable int locus integration and may also have arisen

,“b_y a\sel;ujarate mechanism. Alt.‘natively, an int locus
:integration may exist in tﬁ&s tumor outside the limits of
Eztecfion of the'probes used.
The involvement of both int loci in 7 of 11 mammary
~ tumors (conéid?ring both KNA and DNA data) parallels
concerted DNA fa%n{angements at two distinct loci in Moloney

muring leukemia viru§~induced thymomas as reported by

Teichlis et al (1985?, These authors have presented evidence

for a syneréistic effect for activated Mlvi-1 and Mlvi-Z2

loci pcurring ‘in the 'samé“‘thymbma cells; it is pos*ble that
‘a synergism occurs in some GRfiﬁumorS'although further '

experiments are required to démonstrate proviral activation .

of both loci in the same cells.
Finally, it is interesting that a GRf mammary hypérplasia .
(t7) wés found to contain MMTV imtegrations in the viéinity

of both int-1 and int-2 and contained ipt-1 Rgﬁ( If - 4

. -

-
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progression from'nqrmality to the tumorigenic phenotype'
occurs in fwo séeps in mouse\mammary tissue as proposed by
Cardiffv(198§) (see Chapter 2), int loﬁus activation muét
have occurred in ihe first transitién in hyperplasia t7 or
this tissue had already gndergone the genetic event or

< ,

events to affect  the next transition but had yet to do so

phenétypically. These themes are discussed further in ’ \g_ﬂ;

section 5.5.

-

5.3 A _Common MMTV Proviral Integration Site in Frecancerous

Mammary Hyperplasias: Mammary carcinogenesis is a complex

process which in the mouse model may be composed of two

definable stages: from normality toc hyperplasia and from
:hyperplésia to the fully tqmorigenic phenotype (Cardiff,

1984). Activation of the int-1 and int-2 loci has been

A s . ,
propose? to be involved in the development of tumors (Nusse

o

and Varmus, 1982; Feters et al, 1983) and can be detected at

an early stage when tumors are first palpable (Peters et al, ;

1984 b). One hyperplasia.has been described (see preceding
section) in which int éctivatgon had already occurred. While

- 3

considerable data has bgen accﬁmulated with regard to the

molecular basi§ of the transition to the fully transformed
phenotype, much less is known about the earlier transition
from normality to hyperplasia.

To address this problem, the involvement of MMTV
proviruses in inductiqn of murine m;ﬁmary hyperplasia was

examined by restriction endonuclease.analysis of .

V.
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hyperplastic alveolar nodule (HAN) outgrowth lines (created

h Aand'reviewed b§ Medina, 1873, 1978). Exogenous MMTV
i' proviruses were detected in the genomes of highly
tumorigenic D2, C4 and C5 HANs but not in the genowe of the
. . HOQ tumor incidence D1 HAN (see égction 4.3). In:§§ite of
) the diggrﬁe origins‘of these HANg (D2 was chemically \
induced; C4 4&nd Cb were hormonally induced) comigrating
4 . proviral junction fragmentg qpuld be detected in DNA from
5_4»1 the tumorigenic HANs digested with Bam HI, Bgl II, Eco RI
and Sac I. Sixteen examples of comigrating jurl:tion
fragments have been discovered to date: the probability of
this maﬁy comigrating Jjunction fragmeﬁts arisiﬁg'from
digestion with hexanQCleotide restrictionjendoguclease
digeétion:of proviruses residing at differenf genomic sites
(given a gél\résolution of 'plus or minus 500 bp) is ‘ ‘
' ' {1000 x (1/4)8716_ It is theréfore extremely unlikely that’
»
the acquired proviruses of DZ, C4: and C5 HANs reside at
different genetic loci. We have suggesied‘that'these .
b proviruses reside at the game lgcus— a locus which méy be
;nvolvéd in the induction of hypérplésias. We have the}efore
R called this locus ig;-H. i

) The int-B .locus does not appear to be part of or reﬁated

to the previously described‘putative mammary proto-oncogenes
.7 .

int-1 or int-2 (Nusse et al, 1984; Dickson et al, 1984), The

‘partial ‘restriction map’ of the int-H locus cannot be
. O .

superimposed on any region of either int locus. Probes

o ! derived from the int loci do not detect any rearrangement in
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-HAN tissue indicafﬁve of the integration of an MMTV
provirué. It wiil bé necessary to confirm by chromosome
mapping ‘that jnt-H is a distinc£ locus. =~

One lmportant unresclved question regardiﬁé the
involvement of MMTV in the induct?on of tumorigenic HANs
concerns the source of this virus. The éALB/c mice in which
52; C4 and C5 HANs were generated do not produce 6r transmit
infectious MMTV (Nandi and McGrath, 1973; Medina, 1873). No
MMTV was administered intentionally at the time of induction
(Medina, 1973). It has been previously noted that the
acquired provirus.of D2 HAN has a ;ifferent restriction
' pattefn than,those’of the GR, RIII and C3H variaqts of- MMTV
(Drohan et gl, 1981); our data indicate that this ié also
true for C4 and C5 HAN. It is therefore unlikely that D2, C4

~
and C5 HANs became infected with a conventional strain of

MMTV. It is also unlikely that the acquired provirus of ’
these ﬁANé is the result of'amblificationvof an endogenous
provirus since .the restriction pattern of the former -

closely resembles exogenous MMTV (see Figure 13r. The most
likely source of the acquired proviruses of D%; C4 and C5 . /
HANs is therefore an gnqharacterized’infectiou;“hMTV.

variant. Drohan é& al (1981) p;ve reported that the BALB/cV

»

subline of mice has become infected with such a variant;*it

. z
i8 not known whether this variant is the same as that of
. tumorigenic HANs, however their restriction maps sﬁggest

that they may at least be related.




5.4 Molecularx Cloning of the int-H Locus: Initial attempts

to clone the int-H locus employed the phage vector gtWES
B and the E ¢coli host strain DP50SupF. (a system designed by
Leder et al, 1877). Completely digested Eco RI proviral

junction fragments were isolated from sliceg of an agarose

gel, ligated into vector arms and packaged in vitro.

Although cone clone was identified containing a 5’ junction
fragment, later analysis revealed that the cellular flanking
sequences from this clone had been deleted. Such a deletion

was not unprecedenﬁed, having been reported in the melecular

cloning of the Balbiani ring \ONA from Chironomus tentans

b4

(Case, 1982) and in the cloning of an interspersed repeated
DNA sequence from the Kangaroo rat Dipodomys ordii (Linn aﬁd

Lark, 1982). Phage clones of human (Taub

t al, 1883) and

murine (Nikaido et al, 1981) immunoglobin genes have also

. ¢

suffered deletioné in specific fegions. Although efforts
were made to clone int-H sequences in various vectors other
thah gtWES. B (Charon 3A, Charon 4A, L47.1AB and EMBLS)
the probleﬁ remained intraptablé. .

‘ A potential explanation for the resisﬁande of int-H

sequences to cloning was suggested by the finding of"Leach
.and Stable (1983) that synthetic palindromes greater than 30
bp in length were very unstable in conventional yeétor—host

systems. These authongs suggested that secondary structures

such as the cruciform structure formed by palindromes are

excised from recombinant phage clenes through the action of

host recombination nucleases. As predicted, the loss of
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sequences through deletion was prevented by u;ing a host -
deficient in recombination enzymés. Taking advaﬁt;ge_of thié
ratidnale, Murray’g& él (1984)’wéfe able to’ construct wheat
genomic libraries in a:recombination-deficient phage .vector
system despite the pre;ence in wheat DNA of a high repeat
sequence content. Similarly, Wyman et al (1985) have
demonstrated that a substanfial propofiion of éhe,human
genome (8.9%) which fqrms secondary structuresAin_phage
vectors can only be propagated in bacterial-hosts bereft of
recémbination systems. It was deeided to'qttempt to minimize
the 1§ss of cloned int-H sequences in a“similar manner.

Charon 35 was Ehosen as a vector since it allows the
cloning of 20 kb DNA fragments and can be propagated on .
recA- hosts (Loenen and Blattner, 1983). Charon 35 has the
addiﬁional advantage of having‘a gam gene whose product -~
inhibits the exonuclease V enzyme of E} goli, thus blockiné4
the recBC recbmbination system (Sakaki gt -al, 1978). When
this vector is plated on E. goli DB1161 (r@cA'rech-sbc-
~see Appendix 1) the ability of the: host to mediate deletlon
is gpverely restricted. )

One clone (AXZ:B) containing ipnt-H sequences was isolated
from approxi;ately 500,000 recombinant phage containing _
partialiy digested Sau 3A1 fragments of D2 HAN DNA ligated
‘into t%e BamHl sites of Charon 35 arms (See Section 4.4). A
number of clones were isolatgd containing endogenous MMTV

proviruses, predominantly Unit III. The uneven

representation of endogenous clones' (for example 5 Unit III .




<

-

clones, but no Unit I clone) indicates that £he presence of'
these clones in the D2 library was not stochastic in spite
of the ;;eciélized"vgctof-host system. ‘ .
" Restriction endonuclgase.aéalysis 6f2\X2-3 indicated that -
some deletion or deletions had occurred at the 5"eﬁdAof'the
provirus; this deletion femoved,the “poison” sequence,. -
préviously shown to bevdifficult téfclpne (Majors and '
Varmus, 1981, 1983). Small deletions or point.mutagigpg : -,
\\\ also eliminate Bam Hl sites from tge pfoviral env genp.,lt: .
is not known how these alterations arose in thé- '

- recombination-deficient ho;:; conceivably the mutatio;s in -
;his host are "leaky", or other recombination péfhways
exist. Although a repeated sequence element was detected 5’

to the provirus, it is not known whether this element.of

. . o N » .
some other sequence contributed to the difficulties

. ’ e

encountered in cloning this region.

molecdlar observ;tiéns regarding the acquired MMTV provirus

common to three hygerpla;tic alvgdlar noduie outgrowth lines
cén_be telated té the weéith.of'biol$gical‘Pbservaéions“ . S
;feviously.acéﬁmulated in an attempt to synthesize a .
molecular-basis for the-préneopiastic lésién: In order to do
~this,'it»is fifét necéséa;y to appreéiaté tﬁe normal

development of mammary epithelium. ’ : L

Mammary tissue from virgin animals (and ffom males at all

stages of-development) is in a quiescent state characterized <
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by.little cell division and no prodﬁctibn of milk proteins
(Vorherr, 1974). In the female, pregnanéy evokes fn intense

“stimulation of ductal and alveolar growth mediated{by luteal
égdrplacentaf'sex stéroids, élacental lactogen, prolactin
.and\ch;rionic gonadotropin. The midpregﬁant mammary gland is

in a state of maximal cellular pr;iiferation; the population

of mammary epithelial stem cells expands g;eatly,'then
differentiates into presecretory cells and myoepithelial 1}
cells due to the influence of prolactiﬁ, placental lactogen,
insulin, cortisol aﬁdAgrowth factors. It is not uﬁtil
pregnancy is at term that milk proteins (caseins, whey :
acidic pfotein,oclactalbumin and othefs) are produced. At
£he onset of lactation, the withdrawal of luteal aﬂd
placental sex steroids and lactogen and incre;sed pituitary
prolacfin stimulates the synthesis aﬂd release of milk fats
ahd proteins‘into the alveolar lumen. Oxytocin release

dufing suckling causes subsequent ejection. Because ihe
secretory alveolar cells have completed their program of -
differentiation, cell division has largely subsided in the
lactatin% gland.

ALIn a number of ways, the preneoplasfic HAN outgrohth lines

D2, C4 and €5 resemple normal mammary epitheliunm at the

éarly to midpregnant st#ge of development. Firstly, béth

types of tissues are in a state of cellular proliferation

(unlike virgin tissue), -but ére restricted to growth in the

’

, , ,
mammary fat pad ;nd cannot be transplanted to another site

(Medina, 1978). Secondly, preneoplastic HANs and early to
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milk proteins (Hohmann et al,1972; Vorherr, 1974) which

to complete -its developmental program and p¥*oduce milk

The cQéfginate repression of a set of mammary-specific genes

& e - . . B [N
a2 LA .- . . AN L . 0
-

midpregnant glands do not prodice éigﬁifibant amounts of

obvicusly distiqguiéhes them from Lactgtiﬁﬁ tissuéﬂvfhe
important differéﬁce between these types‘bfj;issues iSjthat
N " ) . . . - B ,»‘
midpregnant mammary gland tissue can be hormonally induced

4

éfoteins,yhereas preneoplastic tissue cannot (see Table 7). "

in the breneo;;astic HAN outgrowths with an integrated MMTV
provirus‘ét the igng loéus (D2, C4 and C5 HANs)ﬁbut not in
a HAN (Dl)'lacking this provifus‘suggests that the provirus
may in'séme,way be ﬁediating this repres;ion. Two models for
this coordinate reéiession are presented in Figure 22.

Ip the first model, the‘exp£eséion of a repressor molecule
is responsible.for ?estriéting-expression of milk protein
génes in inapg;opriate‘tissues and if nonlactating mamméry

P =

tissue. An activator, whose expression may be sensitive to |
. * . }

R .
-

the hormonal changes occuring late in pregnancy, is not
- %Y
expressed at other times. Proviral insertion in the vicinity
of the repressor gene causes increased and constitutive -
-

expression of the repressor molecule such that no activation

of milk protein genes can occur. This would account for the

lack of inaucibility of mflk protein genes in HANS gréwn in
vitro (Hohmann et al, 1972). The consequence of such an
event in vivo could be devélopmental blockage of mammary
epithelium at a proliferative stage. Cells blocked at this

stage may be considered to han undergone the first

g

4
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HAN " Provirus® I
' Dl , - 770

D2 + 560

c4 +:

C5 ) .+

Normal

BALB/c mid-

pr:egnant - 2700

manmary

tissue
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Induction of Casein® Caseinb
positive s

7P Fold induction  cells(s) °
5100 -3 6.6 60-75
720 1.3 1- 3
not done 1
not done 1
- 7500 3 100

a cpm casein/mg wet weight of tissue explants synthesized at 48 hr in

3

b

Data from Hohmann et E_]; (1972).

Cells reactive with casein specific antibody in direct

vitro in insulin (I) or insulin, hydrocortisone and prolactin (IFP)¥

immnoperoxidase ’assays. Data from McGrath et al (1985) and Smith

- et al (1984).

' confirmed with cloned probes.

€ Presuged from analysis described in Section 4.3. Yet to be
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Figure 22: Models of inf—H function in normal and
a2
preneoplastic tissues. Milk proteih genes (¥, 8, and €

' caseins, whey acidic protein (WAP) ando€lactalbumin) are

regulated by binding of a repressor molecule (open circle)

or activator molecule (open square) to a regulatory sequence’

Ad

(cldsqd box). The milk protein genes become active during
the late stages of pregnancy. A proviruses is proposedvto
have inserted at the point indicated by the broken lines.

The presence of the provirus in hyperplastic tissue results

in constitutive repression of milk protein genes due to

increased expression of the repressor (upper diagram) or

insertional inadtivation of the activator gene (lower

diagram).
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transition fiom normality to ﬁréneoplasiav(see Figure 4).

- T

HaV1ng already achelved a llmltless potential for division

(as evidenced by the serlal transplantatlon studies oI

4

'Med;na (1973)), these cells may be predlsposed to becomlng

tumorigenic upon.a second .h1t . The nature of thls second -
hit is 'tnknown, but it would presumably free the cells from

the organ restricted growth characteristic of HAN t}ssuee

. . X
(Medina, 1978).

Increased expression ef'ihe putative repressor coeld arisé -
as a reault of pfoviral enhancemeht as has been postulated
for.tﬂe activation of the int loci~(Dicksdn et al, 1984;~ ‘
ﬁusse et al, 1984) or downstream proaotion is seen in the

actlvatlon of the myc proto oneogene by av1an "leukosis

virus (Hayward et _;, 1981; Payne et gl. 1882).

o ’ ~ e 3
In the second modél,-the putative activator gene is

"disrupted by proviral insertion. qule precedent for

insertional inactivatiop of génes by proviruses exists in

the literature having been suggested as the mechanism

T, bonsible:for the dilute coat ¢olour mutation in DBA/2J

L]

‘ice (Jenkins et al, 1981)ﬁand the disruption of a collaged'
_gene in theé Mov-13 strain of mice (Jaenisch et al, IQEB).
Integration of an MMTV prov1rus into the activator gene

might result in a truncated unstable or permuted gene

“product, 1f.any product'ls made at all.

From these two models one can make predictions which can
bé tested eﬁperiﬁentally. The enhahcemenfgdownetream

promotlon.model suggests that the product of the int-H locus

»




.

(a 'repressor) should be present in norﬁal nonlactating

mammary tissue, preneoplastic tissue, and normal nonmammary

123 .

tissue. The second model suggests that the int-H product (an.

activator) should be present in lactating tissue alone. .

Preliminary data (Figure 21) are in accordance with the

first model, since RNA transcripts of int-H were detected in 

preneoplastic Dé¢HAN cells and in normal midpregnant cells,
but not''in cells from lactating tissue. Since the former are
proliferating tissues, continuous production of the
repressor may be required to maintain reérgssion of newly
synthesized copies of the mammar&—specific génes, Int-H 'RNA

~
levels may be lower in quiescent normal tissues.

Finally, it can be speculated that if the int-H gene
s

.product is a repressor, it may have DNA binding properties.

ConserQation of sequences has Peen observed among other DNA
binding proteins, for example between the homeo~Box gené of
Drosophila (which is a developmental regulator of
segmentation) and the yeast A%ting-type regulatofyfprotein‘,
both of which have DNA binding activity (Desplan et al,
1985). The family of related sequences detected® by the’ int-H
probe under relaxed hybridization.conaitions (Figure 20) may
represent genes encoding other regulatory or'DNA Bindiﬁg
proteins. It will be very intefesting to determine whether
nucleic acid homolégy exists, and efforts are underway to

sequence a portion of jint-H for computerized search’and
comparison.

-




5.8 Summary andk Prospectives: The analysis of mouse mammary

~ tumor subpopulations has offered a lesson which (stated

- -

" [ ’ -
¥ simply)’is:.any observat;on from whole tumor samples

represenfs an average of traits from potentially dissimilar
compogpﬁts. While seeming more like common sensg than
scientific revelation, this fact has not been fully

appreciated in discussions of the clonality of MMTV-induced

mammary tumors (Cohen et al, 1979; Traina-Dorge and Cohen,

1983) where conq&giipns were drawn f#om the anélysis'éf
78 - . " s

i

whole tumor DNA. - | ’;_ ‘ S e . .
The full understanding of “the role of MYTV in the -
-tgmorigenid process was not made mqte distépt’by the finding
. that the“tumorigeniciendogenous locus,\mgx;g, operates
within ?he %g; actiyation paradig&u It haé previou;ly been
suggesfed-that Mig—é'mediated tumorigenesis may fep;esent a
novel mechaﬂiﬁm of tumor induction (Michalides and Nu§se,
1981).
Finally, it is hﬂbéd that $he disco;ery of a genetic locds
associated with the:p;éneoplastié\phenotype will proviée a

new impetus for the siud?'pf4mammafy %pmor induction and

progreésion. Withgcibned‘sequehcééﬁin hand it should be

‘possible in the future to learn more about @he role of this

locus in normal, prenecplastic and neoplastic'Mamgari

tissue. ‘ e -
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'Eéahefichia coli Strains

P "

QEﬁQ SupF (Leder et g;, 1877). Genotype: F-, ton Ab3,

dap D8, lac Y1, gin V44, (supE 44), A(gal-uvr B)47, N-,
3 M ‘ .

. tyr T58, (supF 58), gyr A29, A(thy A57), hsd S3.°

\

3

(=]

LE 392 (Murray et.al, 1977). Genotype: F-, hsdR 514,
(rk-, mk-), (supE 44), (supF 58), lac Yl or A(lac IZY)6,
gal K2, gal T22, met Bl, trp R65, A -’ -1

. , P i ,
" DB 1161 (Wyman et al, 1985). Genotype: thr 1, ara 14,
p ‘ N b .

leu B6,4§(gpt—proA)82, lac Y1, tsx 33, (supE 44);'gal‘K2l
A=, frp 27(B or C), rac-, sbc B15, his G4, rfb‘Ql, rec A56“
sr} 300: Tn 10, rec B21, rec C22, end A5, rpé L31, bdg Kb1, ‘ .Q'

xyl 5, mtl 1, arg E3, thi 1, A(hsd)26(zr-, m-).

HB 101 (Boyer and Rouland-Dussoix, 1869). Genotype: F-,
hsd S20(rb-, mb-), rec Al3, ara 14, pfo A2, lac Y1,
gal K2, rp& L20(Smr), xyl 5, mtl 1, (supE 44), \-.

v

BHB 2688 (Hohn and Murray, 1977). Genotype: (N205 recA- ,

JJimmé34, cIts, b2, red-, Eam,'Sam/#}).

. J o ‘ . &
EBE_2690 (Hohn and Murray, 1977). Genotype; (NZ05 recA-

[$imm434, cIts, b2, red-, Dam, -Sam/31}).

.




APPENDIX 2

Vectors Used in the Molecular Cloning of int-H ] .r

o
-

W E™ -—B— S-

" EcoR1 Ec'o R1
o 5 . 10 15kb .
L ]

o

thﬁgE;S-)\B was' designed by Leder et al .('1977)' to be incapable
of bropagation outside of the iaboratory.}Amber mutations |
exist in three eséential genes (VW'. E., and 8); 'th’is phage
therefore rgquires a host strain {such as DP50 SuypF) .
carrying an ambezﬁh’pbressor mutation. Recombinants are
generated by repl}acing the nonessentiél "B" fragment with
Eco RI fragments of 2 to 15 kbl The diagram was modified

from Leder et.al (1977).
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AfCharon 35:

~ [
c £
. G - " . -
\ o ~—E.coli stuffer — § . JRN ‘
s L 1 L} 1 P
* ' ’ Bam H1 , Bam H1
0] \x 5 10 15kb
oA L L - .
. Y . .
A\

i ‘ .

‘A Charon 35 was designed by Loenen and Blattner (1983) to

suppress rec BC mediated recombinatioh.through Lis gam

.

protein function. The centraf\"stuffer"-fragment was derived

from partially Bam HI digested E. coli DNA and can te ‘

replaced with fragmentsz of 9 to 20 kb. The diagram was
: : -

modified from Loenen and Blattner (1983). .

-




“MN-ELroRl
Smal, Xmal

' pGB2 was constructed by Churchward et al (1984) so as not to
share sequence homology with other commonly used plasmid and -

phage cloning vectors. pGB2 carries a resistance gene for

spectinomycin and streptomycin and a polylinker into which
L4 -

various types of restriction fragments can be inserted. The

diagram is from Churchward et al (1934).

‘e
L]




: ' APPENDIX 3
< ) ' B _‘ ¢
- Determination of Ligation Conditions for the Censtruction of

Recombinant Phage Genomes

) -

Following the rationale o6f Maniatis et al (1982) pp 286-288:

-

if "§" is the effective concentration of one end of a DNA
R i .
‘molecule in the neighbourhood of the otheér end of the same

molecule, . o *

-

-

§ = (3/2 77 1b)3/2 ends/ml

where 1 = length of DNA in centimetres, and b = lengfh'ofﬁg
randomly coiled segment of DNA (which is 7.7 x 10-8 cm for A
DNA in ligation buffer). Also,

\ ‘ “ .
C s C 3= JA(MWA/MW)2/3 ends/ml

= 5.5 x 1022 /MW3/2 ends/ml

for a duplex liﬁear DNA molecule with cohesiQe endsd if "iv

is.the concentration of all ehds,

ie = 3MoM x i0'3 en&s/ml _

where No is Avogadro’s number.




For totally digested DNA of 10 kb (6.25 Md), j = .3.52 x 1012
.ends/ml. ForA gtWES-AB arms of 35 kb (21.9 Md),  the value.of

J = 5.37 x 1011 ends/ml. To get concatamerization i should

be much greater than j. Using the larger (inserf) value of

J, to get i/j = 10, .

i = 105 = 3.52 x 108 ends/ml .
since i = i(inserts) + i(arms)

i = (2NoMinserts + 2NoMarms) x 10-3 ends/ml

’

= 15NoMinserts x 10-3 ends/ml

2

= 3.9 x 10-12M

Therefore the concentration of ingerts should be" o
(3.9 x 10-12M) x (6.25 x 108 g/M)
= 2.44 x'10-5 g/ml

= 24 ag/ml

A similar calculatidn for the concentration of arms DNA

gives a value of 550 ug/ml.




Bibliography

-

-Altrock, B.W., Cardiff, R.D., Puma, P.P., and Lund, J.K. (1882,
Dgtection of acquired provirus sequences in mammary tumors

from low-expressive, low-risk mice. J. Natl. Cancer Inst.
J

68, 1037-1041.

Ashley, R.L.. Cardiff, R.D.. and Fanning, T.A. (1380).

Reevaluation of the effect of mouse mammary tumor virus .
infection on the BALB/c mouse hyperplastic outgrowth. J.
Natl. Cancer Inst. 65, 977-986.

e 4

-

Bentvelzen, *P. (1974). Host-virus interactions in murine mamm-rv
carcinogenesis. Biochem. Biophys. Acta. 355, 236-259.
Bentvelzen., P. (1982). Interaction between host and viral

N ~

genomes in mouse mammary tumors. Ann. Rev. Genet. 16, 273-255.
-

Bentvelczen, P., Daams, J.H., Hagemann, P., and Calarat. J.

(1970). Gehetic transmission of viruses that incite
mammary tumors in mice. Proc. Natl. Acad. Sci. U.3.A. 87,
377-384.

- ~“ .

Bgrenglum. I.

and Sﬁpbik, P. (1949). The persistencs of
o ‘

»
-

latert tumor cells induced in the mouse's skin by 23 cingle
R . . . o
application of 9:10 dimethylbenczanthracene. Er. J. tlancuer

3, 384-386.

131

- nt




Bishop, 'J.M. (1983). Cellular oncogenes ‘and retroviruses.

Ann.Rev. -Biochem. 52, .301-354.

o

Bittner, J.J. (1836). Some possible effects of nursing on the

mammary gland tumor incidence in milk. Science B4, 182.

A

Bittner. J.J. (194Z). The milk-influence of breast tumors in

mice. Science 35, 462-463.

R
i

Boot, L.M. and Mahlbock, O. (19568). The mammary tumor incidence

in the C3H mouse strain with and without agent (C3H; CH3E: C3He

Acta. Univ. Int. Ca. 12, 569-581.

v j ‘ P
Bo}er. H:W. and Roulland-Dussoix, D. (1969). A complementation
analysis of the restriction and modification systelm of DNA in

Escherichia coli. J. Mol. Biol. 41, 459-472.

A J

b

Callahan, R., Gallijlan, D., and Kozak, C. (1884). Twq

genetically traﬁsmitted BALB/c mouse mammary tumor virus
genomes located on chromosbmes 12 and 16. J. Virol. gg,
1005-1008.

p ‘.
Cardiff. R.D. (1984). Protonecplasia: The molecular bionlegy of

murine mammary hyperplasia. Adv. Cancer Res. 42, 167-190




Uardigf. n.l., Fuentes, M.J., Young, L.J.T., Smith, G.H.,
Teramoto, Y. A, Altreock, B W., und Pratt, T.5. (1478,
verologizal and biochemical characterization of the mousc mammary

tumor ‘virusg Qith localization of pl0O. Virology §ﬁ€ 1587-167%

-

Carr, J.K., Traina-Dorge, V.L.., and Cohen. J.C. (1985). Mouse

)
mammary tumor virus gene expression regulated in trans by Lps

locus. Virology 147, 210-213.

-~

., [ J
’*VQ&E?? S.T. (1982). Selective deletion of large segments of.

Balbiani ring DNA during molecular cloning. Gene 20, 169-176.

-

Churchward, G., Belin, D. and Nagamine, Y. (1984). A pSCl(1

derived plasmid which shows no seqiience homoleogy to other

commonly used cloning'vectors. Gene 31, 165-171.

]

Cifone, M.A. and Fidler, I.J. (1981). Increasing.métastic

potential is associated with increasing genetic instability

of clones iscolated from murine neoplasms. Froc. Natl. Acad.

Sci. U.S°A. 78, 6949-6952.
Coffin, J. (1982). Structure of the retroviral genome. In RNA
Tumor VirGses. Weiss, Teich, Varmus and Coffin, Eds. Cold Spring

Harbor Laboratory, New York. (.




134
, .
3
Cohen, J.., shank, P.R., Merris, V... Jardifr, K., =and Varmns,
=) . .
H.E. (1979). Integration of che DNA of mouse mammary tumor virus

° L]

in virns-inf=-ted normal and neoplastic tissues of the mouse,
Cell 15, 333-345.

*

Cohen, J.C. and Varmus, H.E. (1979). Endogenous‘mammary;tumour
virus DNA varies among wild mice and segregates during
inbresding. Naturs 278, 418-423.

Cohen, J.C. and Varmus, H.E. (19880). '  Proviruses of MMTV in

normal and neopl%stié tissues from GR and C3H mquse strains. J.

el . -

Virol. 35, 298-305. J/#ﬂ T

Daniel, €C.W., DeOme, K.B., Ypung, L.J.T., Blair, P.B. and

P

J
Faulkin, L.J. Jr. (18868). The in vivo life span of normal -

.
-

and preneoplastic mouse mammary glands: A serial

°

transplantation study.- Proc. Natl. Acad. Sci.:U?S.A., 61,
53-60.

)
DeOme, K.B., Faulkin, L.J. Jr., Bern, H.A. and Blair, P.B.

(1959). Development of mammary tumors from hyperplastic -

alveolar nodules transplanted into gland-free mammary fat
o 3] N . a

pads of femal= C3H mice. Cancer Res. 19;.515—520.

Desplan, .. Theis, J. and O'Farrell, P.H. (1985). THe
Drosophila developméntél gene, engrailed, encodes a. o

sequence-specific DNA binding activity. Mature 318,  630-625.




P'.

T = . — . 135.

oy T ‘ig T
: . . .
Y rDickgon, C., and Peters, G. (1981). Protein coding

.. potential 6f mouse mammary tumor virus genome RNA as"
sxamined by 'in vitro tfanslation. <J. Virol. 37, 36-47.

2

Dicksqn, cC., Sﬁith, R. and Peters, A. (1981). In vitro
synthesigﬁpf polypeptides encoded by the long terminal

.7 repeat region of mouse mammary tumour virus DNA. Nature 291,

.....
.

a0, ’ ¢ : S
&ﬁicksqh, C. and Peters, G.:(19853.¢ Oncogenesis by mouse

mammarfitumour viyus. In Viruses and Cancer, Rigby and

car ®, P G - R
Ch Wilkie Eds. Cambridge Press, London.

.
o f 1
. . .
R -

zf?DiéksogyaC. and Peters; G. (1983). “ProteinS‘%npoded by

“tméuse mammary tumour.virus. Curr. Topics Immun. 106, 1-34.

*: Dickson, C., Smith, R., Brookes, S., and Peters, G. (1984).

-

Tumorigenesis by mouse-mammary tumor virus: Proviral
e J ~ B .
activation of a cellular gene in the common integration

‘ .

region int-2. Cell 37, 529-536..

on

- .
- . »

Dmochowski, L. (1954). Discussion in: Proceedings,

symposium on 25 years of progress in,mammélian'genetics and

Ly

cancer. J. Natl. Cancer Inst. 15, 785-787. '

‘?




Dmochoéski,}L. (1960). Viruses and tumors in 'the light of
.electron hicfoscope stu&ies: A revieﬁ. Cancer Res. Zﬁ,
9%771015.

Drohan, W., Teramoto, Y.A., Medina, D. and Schlom, J.
(1981). Isoléfion'and characteriz#tion of a new mouse
~mammary tumor virus from BALB/c mice. .Virdlbgy 114,

175-186. o , - e -
. .

Dudley, J.P. and Varmus, H.E. (1981). Purification and
traﬂslation of mﬁfine mémmary tumor virus mRNAs. J. Virol.
39, 207-218. T \v

|
‘Dunn, T.B. (1959).. Morphology of mammary tumors in mice. -
In The Physiopathology of Cancer 2nd.Editionm, fh‘Homburger,

Ed. Hoeber-Harper, New York. =~

Fanning, T.G., Puma, J.P. and Cardiff., R.D..(1980a).
Identification and partial characterization of ah endogenvus
form of mouse mammary tumor virus that ié transc;ibed into

] .
the virion associated RNA genome. Nucl. Acidsi\iii. 3,

I

5715-5723.

Fanning, T.G.5” Puma, J.P., and Cardiff, R.D. (1980b).
Selective amplification of mouse mammary tumor virus in‘

mammary tumors of GR mice. J. Virol. 36, *109-114.

136




Faulkin, L.J. Jr. and DeOme, K.B, (1960). Regulation of
growth and spacing of gland elements in the mamﬁary tfat pad

of the C3H mouse. J. Natl. Cancer Inst. 24, 953-969.

[

Faulkin, L.J. Jr. (1966). ~;kperplastic lesions of mouse

mammary glands after treatment-with 3-methylcholanthrene.

J. Natl: Cancer Inst. 36, 289-298.
v )

Fialkow, P.J. (1979). Clonal origin of human tumor;:; Ann. ..ie0

Rev." Med." 30, 135-143. : . oot 4 .
A .:. R :.’)". . "7' “ e

A b

M

)

Fialkow, P-J.,’Sagebiel, R.W., Gartler, S.M. and Rimoih;

D.L7 (1971). Multiple cell origin'of hereditary
neurofibromas. New Eng. J. Med. 284, 293-300.
- . . ‘ . )
. 'y -
Firzlaff, J.M. and Diggelmaum, H. (1884). Dexamethasone

s
increases the number of RNA polymerase Il molecules

transceribing integrated mouse mammary tumor virus DNA and

flanking mouse sequences. Mol. Cell Biol. 4, 1057-1062.

)

Friedewald, W.F..and Rous, P. (1850).

'

The pathogenesis of
deferred cancer: A study of the afterteffects of. -
methylcholanthrene on rabbit skin. 'J. Exp. Med. 91,

459-484. %
\\

137




G}ongr B.%, ana'Hynes, N. (1980)f: Number and ;oqétéop ot

138

Gillespie, D. Gillespie, S., Gallo, R.C., East, J.L., and
Dmochowski, L. (1973). Genetic origin of RD114 and other

RNA tumour viruses assayed by molecular hybridization.

Nature 244, 51-54.

Gray, D.A., Lee Chan, E.C.M., MacIlnnes, J.I., and Morris,

V.L. (1986)" Réstriéﬁion endongclease map of endogenous

mouselmammary tumor virus loci in GR, DBA and NFSimicei’
Virology 148, 237-242.

e

4

mouse mdammary tumog.virﬁs proviral DNA of normal tissue and °
. . ' -~ o : '

of mammary tupors. J. Virel. 337 1013-1025.

D) .‘

.

%, .

. 'Groper,éﬁ., Kennedy; N., Rahmsdorf, U.;uﬁefflﬁch,‘P.. van

i

Ooyen, A., and Hynes, N.E. (ISSZ)[J'Introdﬁction of a
préviral’ mouse mammary tumor virus gene, and a chimeric

MMTV-thymidine ‘kinase gene into L cells_results in their

=

glucocorticoid responsive expression. Hormones & Cell Reg.

8, 217-228.

Haaland, M. (1811). Spontaneous tumors in mice. In Fourth

Sc¢ientific Report, Imperial Cancer Research Fund! :

-

Hayward, W.G., Neel, B.E., and Astrin, S.M. (1881). .

\

Activation of a dellular oncogene by promoter inseftﬁonxin "’, i

ALV-induced lymphoid leukosis. Nature 280, 47544ﬁ9.' N by

b Vv

Yo




iy

« Tumor Cell Héterogeneity, Owens, Coffey &.Baylin Eds.

‘Ann. N.Y. Acad. Sci. 71, 931-942.

'Hill, R.P. 'Chambers, A.F. Llng, U., and Harris, J.F.

(1884). Dynamlc heterogenelty Rapid'generatioﬁ of
‘ﬁe%gpatlc var;ants in mouse B16 meiénoma cellé.aWSciencé
'224,7998-1001: . .. . 7%

ﬁ.Hohﬁannﬁ'P.'ﬁBerﬂ};H.A.‘ and Cole, R.D. (1972) .fm' ST
o . e i 7 \.

Heppner, G.H.'(1981). Tumor subpopulation interac€ibhs§‘ln

Academic Press, New York.

-~

Heston, W.E..  (1958). Mammary tumors in agent-free mice.

0 ,
Heston, W.E:4and Deringer,'M.K. (1952). Test for a maternal

°

influence in the”devélopment of_hammary‘gland tumors in

agent-free 'strain C3Hf miée.. J. Natl. Cancer Inst. 13

A}

167-175.

R .
Requp51veness‘of preneoplastlc a?d neoplastlc mouse mammary

- . ‘z 0
tlssues to hormones Casexn and histone synthe51s J.?ﬂ

Natl Cancer Inst 49 365 360 ~.; 3; ’ § &,\. :fuﬂ
» .. . RN ‘;l«"‘ ’2- R ‘ \‘-Y; ‘.‘ A : '

. '{x

Hohn, B, andsMnrtay, ”1%(197§§‘y Paqkéglng recomblnant«DNA

Ly A

molecules 1nté bacté 1ophage partches in’ 1; “Pxow

Natl Acad.. S . .\3259 3283. . %W‘h * f"ﬁ

Wi




Hynes, N., Groner}y B., Diggelmann, H., Van Nie, R.,
Michalides, R. (1979). Genomic location of mouse mammafy
tumor virus pro&iral’DNA in normal mouse tissue and in
mammary tuﬁors. Cold -Spring Harbor Symp. Quant.'Biol. 44,
1161-1168. : )

Iséqcs, J.T. (1985). 'ﬁetermination of the number of events
required for mammary carcinogenesis in the Sprague-Dawley
female rat: Cancer Rgs. iﬁ, 4827-4832.

Jaenisch,* R. Harbers, K., Schnieke, A., Lohler, I.,
Chumakov, D.. Jahner, D., Grotkopp., D.. and Hoffman, E.
(1983). Germline:integfation of Moloney murine leukemia
. : virus at the Mov-13 locus leads to recessive.lethal mutation

and early embryonic death. Cell 32, 209-216.

Jenkins, N.A., Copeland, N.G., Taylor, B.A., and Lee, B.K.

. Y Tw”(1981) Dilute (d) coat colour mutation of DBA/2J mice is
! NN ‘ a55001ated w1th ‘the site of integration of an ecotroplh MuLV
} X o

genome ‘Nature 293,}370 374.

Kennedy,:NgJ Knedlitscheki - érﬁner,'B., Hynes, N.E.,

(X

D Herrllwh P. Mlchalides, RT; and Qén Ooyen, A.J.S. (1982)
' )“;V‘. 3 \ s

§@; D 1{ ;Ew_ The long tPrmlnaI ereats of an’ endogenous mouse mammary

tumour v1rus ;are 1den$1ral and contain a long oan reading

NJJ rrame extendlng 1nto ad?ﬁcent aequences B Nature 295,

3 A w .

. . . . .
622 624 o . : Cow - ) "
° - s . .
b P ~, . haty R ‘ : '
P z A . T TN ~ S .ﬂ\ i
- R iy * S
| S ; AT
2 . « 4
~ 4 "}4' N "y . o D !
S “ 5 R Y
- . I
- .
’
T ) R 9 \ N .
U PR 4 » \
. I s LN
b R o K. BRI
1 " K o ‘b) . - : ’ .
1 [ PN
4 . LA A
s s b g ™ <
‘ s, o
NN o

140




141"

* Kozak, C.A. (1985).. Retroviruseskaé.chromosomal genes in

the mouse. Adv. Cancer Res. 4, 295-336.

Lagios, M.D. (1983). Human breast precancer: A survey.

Cancer Surveys 2(3), 383-402. ~ |

~

Land, H., Paroda, L., and Weinberg, R.A. (1983). Cellular

o
[(%]

|

oncogenes and multistep carcinogenesis. Science, 2

T71-778.

° ]

.Lane, M.A., Sainter, A., and Cooper, G.M. (1981). -

Activation of related transforming genes in mouse and human

-

mammary carcinomas. Proc. Natl. Acad. Sci. U.S.A. 78,

5185-5189.

1

A - | Lasfargues, F.Y. and Laéfargues, J.C.(1981). Possible rolg

O

of genetic cell variants in the viral induction of mouse

\

mammary tumors. In Vitro 17, 805-810.

2 i \ »
[
"t

Leach, D.R.F. and Stahl, F.W. (1983). Viability of A phage
' \
- . :

carrying a perfect palindrome in the absence of

recombination nucleases. Nature 305, 448-451. //;5
. ‘ ' ’ .

]

Leder, P., Tiemeier, D., and Enquist, L. (1977). EK2

v

derivatives of bacteriophage Lambda useful in the cloning of

DNA from higher organisms: The NgtWES system.  OScience 188,
’ 176-177. T

. -




142

o ¢

v

Lee. F., Hall, C.V., Ringold. G.M., Dobson, D.E., b, J.,

i . - !
and Jacob, P.E. (1984).. Functional analysis of the stergid .

hormone control region of the mouse mammary tumor virus. .
Nucl. Acids Res. 12, 4191-4206. ) .
' N L4
R v

Little, C.C. (1947). The genetics of cancer in mice. Biol.

Rev. 22,” 315-343. : _ ' 8 e

" ' h

I'Liu, L. and Lark, K.G. (1382). The red functi%F of phage

. v
mediates the alteratiqn, of an interspersed repeated DNA

sequence from the kangaroo rat Dipodomys ordii. Mol. Gen.

. 4
Genet. 188, 27-36.

»
*

Loenen., W., and Blattner, F.R. (1983). Lambda charon .
vectors (Ch 32, 33, 34 and 35) adapted for DNA cloning in

recombination-deficient hosts. Gene 26, 171-1739.

MacInnes, J.I., Lee Chan, E.C.M., Percy, D.H., and Morris,
V.L. (1981). Mammary tumors from"GR mice contain more than .

- » ‘
- one population of mouse mammary tumor virus infected cells.

-

Virol. 143, 119-129.

Mackenzie, I. and Rpus,,P. k19415.' The experiment;l ‘ . .
disclo;ure of latent neoplastic changés in tarred skin. J.

Exp. Med. 73, 391-415.




143
Majogsf’J.E., and Varmus, H.E. (1981). Nucleotid@sequences
at host—proviral'junctions.for mouse mammary tuﬁgr virus.
., Nature 289, 253-258.
-\ ‘ / . ”
. M ]
- // -
. Majors, J.E., and Varmus, H.E. (1983). Nucleotide ~
. & .
sequencing of an apparent proviral copy of env mRNA defines
. determinants of expression of the mouse mammary tumor virus
.. env gene. J. Virol. 47, 495-504. *
- - ]
. Mandel, M. and Higa, A. (1970). Calcium dependent
. . bacteriophage -DNA infection. J. Mol. Biel. 53. 159-162.
Maniatis, .T., Fritsch, E.F., and Sambrook. J. (1982).
Molecular cloning-A laboratory manual. Cold Spring Harbor
Laboratory, Neerork. .
-

- Marmur, J.'(1962).J A procedure for thé isolation of
deoxyribonucleic acid from microorganisms. J. Mol. Biol. 3,

208-218. T K

McGrath, C.M. and Jones, R.F£ (1978). Hormone induction of

! 3 I3 . . . - 0 . .
. mammary tumor virus and its implications for carcinogenesis.

Cancer Res. 38, 4112-4125. ’ -




144

McGrath, C.M., Marineau, E.J., and Voyles, B.A. 11975).
Changes in MuMTV DNA and RNA levels in BALB/c mammary
épithelial cells during malignant transformation by
“exogenous MuMTV and hormones.‘ Virology 87, 339-353.
| ~
McGrath, C.M., Maloney, T., and Soule, H.D. (1981). An
inquiry into the relevance of contact-related transformation
markers to-tumoriggnic growth of mammary epithelial cells. “

. . In The Cell Biology of Breast Cancer, MéGrath, Brennan and

\ Rich Eds. Academic Press, New York.

Medina, D. (1973). Preneoplasfic lesions in mouse mammary

tumcrigenesis. Methods éancer Res. 7, 3-53.

. , ~ Medina, D. (1978). Preneoplasia in breast cancer. 'In

Breast Cancer, W.L. McGuire Ed. Vol. II. Plenum, New York.

Medina, D. and DeOme, K.B. (1968). Influence of mammary

]

tum@r virus on the tumor-producing capabilities of nedule
outgrowth free of mammary tumor virus. J. Natl. Cancer

Inst. 40, -1303-1308:

. -

Michalides, R. and Schlom, J. (1875). Relationship in

nucleic acid sequences between mouse mammary tumor virus

. A
"+ variants. Proc. Natl. Acad. Sci. U.S.A. 72, 4635-4649.

- -




145

Michalides, R. and Nusse, R. (1981,. Molecular biology of

the moyse.-mammary tumor virus. In Mammary Tumors in the
. Mouse, Hilgers and Shryser Eds. Elsevier, Amsterdam.
- Michalides, R., Van Nie, B., Groner,.B., and Hynes, N.E.
(1981). Mammary tumor virus proviral DNA in normal murine
i tissue and nonvirally induced mammary tumors. J. Virol. 38,

- 367-376.

Morris, V.L., Medeiros, E., Ringold, G.M., Bishop, J.M., and

" - Varmus, Q.E. (1977). Comparison of mouse mammary tumor
vifus-specifid DNA in inbred, wild énd Asian micé, and 1in
tumors énd normal organs from inbred mice. J. Mol. Biol:

: 114, 73-81. : . /o
Morris, V.L., Vlasschaert, J.E., Beard, C.L., Milazzo% M.F.,
égd Bradbury, W.C. (1880). Mammary tumors from BALB/c‘mice *
with a reported high mammary tumor incidence have acquired
hew mammary tumor virus'DNA sequences. Virology 1ud, | *
I . ' .
L 101-1089. . —

Vad -

- Morris, V.L., Gray, D.A., Jones, R.F., Lee Chan, E.C.M., and
\thrath, C.M. (1982). Mousevmammary tumor virus DNA
sequences in tumorigenic and nontumorigenic cells from a

mammary adenocarcinoma. Virology 118, 117-127.

[ Y

; .
<




-

Al

Muhlbock, O. (1965) Note on a new inbred mouse

strain. Eur. J. Cancer [, 123-124: ; |

Murray, M.G., Kennard, W.C., Drong, R.F., and Slightom, J.L.
({1984). Use of a recombination-deficient phage lambda

system to construct wheat genomic libraries. Gene 30,

237-240.

Murray, N.E., Brammer. W.J., and Murray. K. (1977). Lambdoid
phages that simplify the recovery of in vitro recombinants.
Mol. Gen. Genet. 150, 53-61.

Nandi, S. and MecGrath, C.M. (1973). Mammary neoplasia in

7') 353_414.

mice. Adv. Cancer Res.
Nikaido, T., Nakai{ S., and Honjo, TB (1981). Switch
region of. immunoglobulin C gene is composed of simple
tandem repetitive sequences. Nature 292, 845—848.

Nowell, P.C./ (1976). The clonal evolution of tumor cell '
populations. Science 194, 23-28.

"Nusse, R., de Moes, J., Hilkens, J., and van Nie, R. (1980):

Localization of a gene for expression of mouse mammary tumor

virus antigene in the GR/MtvZ(-) mouse strain. J. Exp. Med.

152, 712-718. .

1146




-
Nusse, R. and Varmus, H.E. (1982). Many tumors induced by

-

the mouse mammary tumor virus contain a provirus integrated

’

in the same region of the host genome. Cell 31, 99-109.

.Nusse, R., Van Ooyen, A., Cox, D., Fung, Y.K.T., and Varmus,

B

H.E. (1984). Mode of proviral activation of a putative

)
mammary oncogene (int-1) on mouse chromosome.15. Nature

. > ‘
307, 131-136. 4 - . -

Panganiban, A.T. (1985). Retroviral DNA Integration. Cell
42, 5-6. |

Parks, W.P. and Scolnick, E.M. (1973). Murine mammary tumor
cell clones with varying degrees of virus expression.

[}

Virology 55, 163-173.

» )
Pauley, R.J., and Socher, S.J. (1880). Hormonal influences
' 3
on the expression of casein messenger RNA during mouse

mammary tumorigenesis. Cancer Res. 40, 362-367.

Payne, G.S., shop, J.M., and Varmus, H.E. {1982).
Multiple arrangements of viral DNA and an activated host

oncogene in bursal lymphomas. Nature 295, 209-214.

-
”

Peters, G.G. and Glover, C. (1980). +tRNAs a;d priming of
RNA-directed DNA»syﬁfhesis in, mouse mammary tumor virus. J.

Virol. 3%, 31-40. &

147



L}

Peters, G., Brooks,. S.., Smith. R., and Dickson. . (1383,

/]
a

Tumorigenesis by mouse mammary tumor virus: Evidence for a
common region for provirus integration in mammary tumors.

Cell 33, 369-377.

'Y =

T

Peters, G., Kozak, C., and Dickson, C. (1984). Mouse

. - [ -
mammary tumor virus integration regions int-1 and int-2 map

on different mouse chromdsomes: Mol. Cell. Biol. 4,

.

375-378. ' ’ ..

Pefers. G., Lee, A.E., and Dickson. C. (1984). -Activation

~of a cellular gene by mouse mammary tumor virus may oczcur

early in mammary tumor development. NatureJBOS. 273-275.

.
T

’

.. - Pitelka, D.R., DeOme, K.B., and Bern, H.A. (13980). ..

Virus-like particles in precancerous hyperplastic‘mammary‘~

]
25,

tissues of C3H and C3Hf miqe: J. Natl. Cancer Inst.

753-777. . .
o N

v

"

Popko, B.J. and Pauley, R.J. (1985). Mammégy tumeigenes%s'

 in C3Hf/Ki mice: Ex%yination of germinal mouse mammary

.
<

tumor viruses and the int-1 and int-2 putative
proto-oncogeées. Virus Res. .2, 231-243.

- .

Reddy, A.L. and Fialkow. P.J. (1879). Multicellular 5rigin

of fibrosarcomas in mice induced by the chemical carcinogen

3-methylcholanthrene. J. Exp. Med. 150, 878-887.

148

N



-or rabbits., J. Exp. Med.

A

" . cells. .Virology 143, 127-142.

Rous, P. and Kidd, J.G. (1941). Conditional neoplasms and

) subthreshold neoplastic states: A study of the tar tumors

3, 365-389. o ‘

Sakaki, Y., Karu, A.E., Linn, S., ana Echols, H. (1873).
Purification and.propeptjes of the J protein specified by
bacteriophage A\ : An inhibitor of the host Rec BC

recombination enzyme. Proc. Natl. Acad. Sci. U.S5.A. 70,
2215-2219. " . ‘.

Sarkar, N.H., Moore, D.H., Nowinski, R.C. (1972). Symmétry
of the nucleocapsid of the oncornaviruses. Int. Rev. Exp.
‘ .

Pathol. 11, 31-79.:

N .
<Senﬁ G.C., Racevskis, J., and Sarkar, N.H. (1981).°7 .
Syrfthesis of mouse mammary tumor virus protéins in vityro.

.

J. Virol. 37, 963-975.
Slagle, B.L. and Butel, J.5. (1985). Identif}cgiion and
characterization of a mouse mammary tumor virus pfoteiﬂ ) .

uniquely expressed. on the surface of BALB/cV mammary -tumor

’

»

) Sl;éle, B.L.., Wheeler, D.A., Hager, G.L.,'Medina., D., and

) Bupél,lJ.S: (18985). Molecular basis of altered mouse .

v b

mammary tumor virus expression, in the D2 hyperplastic

 §lveqlar'nodule line of BALB/c¢ mice.. Virology, 143, 1-15.




a -
Slemmer, G. (1381). Interacti'ons of different types of
mammary cells during progression and metastasis of breast

neoplasia. In Cell Biology of Breast Cancer, MeGrath,

Brenn;n and Rich Eds. Academic Press, New York.

. , ’ !
Smoller, C.G., Pitelka, D.R., and Bern H.A. (1961).°

Y
Cytoplasmic inclusion bodies in.cq;tisol-treated mammary
tumors oc CSHVCrgl mice. J. Biophys. Biochem. Cytol. 3,

915-920.

¢

‘ , [
Soule, H.D., Maloney, T., and McGrath, C.M. (1881).
Phenotypic variance among cells isolafed-from spontaneous

mouse mammary tumqrs in primary supension culture: Cancer.

a
1

Res. 41, 1154-1164. : ' -

’ ¥ Tk

Southern, E.M. (1975). Détection of specific sequences
among DNA fragments separated by gel electrophresis. J.
Mol. Biol. 98, 503-517. i ) *

"

Strohman, R.C., Moss, P.S., Micou-Eastwood: J., and Spector,

D. (1877). Messenger RNA for myosin polypeptides:
Isolation from singie myogenic cell cultures. .Fell 10,

265-273.




o 151

Taub, R.A., Hollis, G.F., Hieter, P.A., Korsmeyer, 3.,
Waldmann, T.A., and Leder, P. (1983). Variable amplification
of immunoglobﬁlin}.light chains in human boﬁulations. Nature .
304, 172-174.
- . »

Taylor, J.M.,. Illmensee, R., and Summers, J. (1976).,

Efficient transcription of RNA into DNA by avian sarcoma

virus polymerase. Biochem; Biophys. Acta 442, 324-330.

Temin, H.M. (1983). ﬁvplufion of RNA tumor viruses:

Analogy for nonviral carcinogenesis. Prog. Nucl. Acid. Res.

Mol. Biol. 29, 7-18. ' , ~\\~\._

!
- - { ' . .
Traina-Dorge, V. and Cohen, J.C. (1983). Molecular genetics

* 3 1 L
of mouse mammary tumor virus. Current Topics in'M
- T <

Microbiology 108, 35-56.

[

Tsichlis, P.N., Strauss, P.G., and Louse, M.A. (1985).
Concerted DNA rearrangements in Moloney murine leukemia;‘
virus-induced thymomas: A potential éynergistic

relationship in oncogenesis. *J. Virol. 56, 258-267. .
[}
van Nie, R. and VerStraeten, A.A. (1975). Developméent of a

congeneic line of the GR mouse strain without early mammary

- ~ .

tumours. Int. J. Cancer 20, 588-%94,

»




-~

van Nie; R., VerStraeten, A.A., and de Mces, J. (1977).

.
Genetic transmission of mammary tumour virus by GR mice.

Int. J. Cancer 18, 383-390.

"Van Ooyen, A.J.J., Michalides, R.J.A.M., and Nusse, R.

(1983). $Structural analysis of a 1.7 kilobase mouse mammary

4

tumor virus-specific RNA. J. Virol. 46, 362-370.

.Varmus, H'E'h Bishop, J.M.; Nowinski, R.C., and Sarkar, N.H.
(1972). Mammary tumor.virus-specific hucleotidé sequences
in mouse DNA. Nature 238, 189-191. |

1'% | « -
Vagmus, H. and Swanstrom, R. (1982). Réplication of
\retroviruseé.. In RNA tumor viruses, Weiss, Teich, Varmus

and Coffin Eds. Cold Spring Harbor Laboratory, New York.
4 | %

~

»
Varmus, H.E., Quintrell, N., Medeiros, E.:%Béghop,‘J.ﬁ.,
I3 i . "“F‘li‘v “ T "\ i"t.‘ i
Nowinski, R.C., and Sarkar, N.H. (1973)., Transcription ¢t
mouse mammary tumor virus genes in tissues from high an@ low
tumor incidence mouse strains.. J. Mol.” Biol. 78, 663-679. ‘
VerStraeten, A.A. and van Nie, R. (1978). Genetic «

transmission of mammary tumour virus in the DBAf mouse

strain. Int. J.. Cancer 21, 473-475.

, -
A

Vorherr, H. (1974). The Breast: ' Morphology, Physiclegy and’

Lactation. Academic Press, New York.

L 4




Wellings, S.R. (1980). Development of human bréast cancer.

L, 287-314.

= P

K Adv. Cancer Res.

) -
. . ) .

Westerbrink, F. and Koornstra, W. (1979&. The purification
. > and characterizatién of & major glycoprotein of the murine

‘ ) R e
mammary tumor virus.  Anal. Biochem. 94, 40-47.

o

' Wheeler, D.A., Butel,vJ.S.,.Medina, D.5 Cardiff, R.D., gnd

Hager, G.L. (1983). Transcription of mouse m‘mmary tumor

virus: Identificétioh_of a candidate mRNA for the long -

terminal repeat gene product. J. Virol. 46, 42-49.

Willis, R.A. (1967). The Pathology of Tumors.

-

Butterworths, London.

Wyman, A.R., Wolfe, L.B., and Botstein, D. (1985). -
X . .
‘ ¢ Propagation of some human. DNA sequences in-bacteriophage A

vectors requires mutant Escherichia coli hosts. Proc. Natl.,

o, Acad. Sci. U.S.A. B2, 2880-2884.

Zaret, K.S. and Yamamoto, K.R. (1984). Reversible and
persistent changes in chromatin structure accompany

activation of a glucocorticoid-dependent enhancer element.

Cell 38, 29-38.



	Western University
	Scholarship@Western
	1986

	The Role Of Mouse Mammary Tumor Virus In The Induction And Progression Of Mouse Mammary Tumors
	Douglas Andrew Gray
	Recommended Citation


	tmp.1410230611.pdf.MspuO

