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ABSTRACT
STUDIES OF MOUSE MAMMARY TUMOR VIRUS
COMPOSITION AND REPLICATION
by
Frank Maldarelli
Advisor: Dr, M. J, Yagi
Studies of mouse mammary tumor virusﬂkMMTV) replication revealed virions
purified from spent culture medium of MJY«mammary tumor cells censistently
contained 7 polypeptides, Principal protein constituents were products of
MMTV env gene (gp52 and gp37,7<33), and gag gene (p2k, plk, pB8), which
were present at anproximately 1856«2350 moleculés each ner MMTV narticle,
A fourth gag protein, plT7; was detected, but was present In only 1079
woiecuies oer wirien, WiV provein Dlsty was pré;ent in fewesy nwdoers
(350 molecules/virion), and was similar to the cytoskeletal protein actin
in electrophoretic mobility and in DNaée I~bjinding and polymerization act-
ivities. To determine whether the cytoskeleton was invalved in MMTV
replication, effects of microfilament-disrupting cytochalasins B and D, and
of microtubule-disrupting colcemid were examined, Cytodisruptive agents
altered MMTV production and polypeptide composition, but did not specifically
inhibit MMTV polypeptide synthesis, Cytochglasin treatment reduced or e«
liminated budding MMTV particles, although levels of MMTV cell surface
antigens were only slightly decreased, These data indicated proper MMIV

production required an intact cytoskeleton, Exposure of mammary cells to lQﬁM



. asse

in 2-5 folc increases ia synthesis of MMIV polyprotelin gre-
cursors Pr76%MV and Pr7:838 , in levels of cz1l1 surfacz MMIV
antigens, ang in wvirion gprecduction. HC treatment also
decreased env  precursor rr7680V . half-life, and alterea

, . .o - . env
incorporation of 2h-monosaccharides into precursors Pr76

. . env ~ N .
ana Pr79 . These data sugqest2d HC effects were not

restrict=d to MMIV transcriptional stimulation. Prolongecé HC
exposure decreased MMTV production to levels obtained fron
untreated cells. HC-induced increases in MMTV production
were obtained with increased doses of HC, or by cell passage
in HC-free wmecium, followed by restimulation using 14‘#M HC.
inese data indicated prolonged HC exposure reversibly
altered hl responsiveness. The necessity of monolayer ori-
entation of masamary tumor cells for MMTV procuction was

sed by wmeintaining MJY-alpha cells in suspension cul-

Ui

turé. “amMTV  production in FJY-teta cultures was increaseg
10-200 fold over MJ7Y-alpha cells. These data indicated ﬁdm-
mary tamor c=ll 3rowth and TV production do nct reguire
s01id sueostratum, and that MMTV production cun be stimulateca

oy alternaste qrowth conditions.
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Chapter I

INTRODUCTION

B, .RETRQVIGUSES .

Mouse mammary tumor virus (MMIV) is an oncogenic member of
the Retroviridae family, d2fined s that group of enveloped
ANA-containing animal pathogens which replicate via a DNA
intermediate (replication class VI; Luria, et al., '1958;
Matthews, 1982). Retroviruses induce persistent infections
in mammals, birds, and reptiles, which result in neoplastic,
inflammatory, or sponaiform disease states. Four Retrovirus
aroups have been identified based on appearance and location
of the virion <core, and the presence and shape of surface
proijections (oernhard, 1958). However, as shown in Taople 1,
there is no appar2nt correlation between the morphology oif

the virion particle, and the disease induceaq.

B 310LOGY OF _tMIVa -



Table 1. Correlation of virion type with retrovirus subgroupe.

B LR e I N e Lk R e T s L e el —
.

Virion morphologic type

Subqgroup associated disease A . B Cc D
Oncovirldae neoplastic + + + +
Spumaviridae neuro-deqgenerative - - + -
Lentiviridae inflammatory - - + -
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Early investigations of mammary carcinoma in mice identified
females of several strains with high and 1low incidences of
mammary adenocarcinoma (Murray, 1911; Dmochowski, 19533
Heston., 15u49). Foster nursing studies among the inbred
mouse sStrains suggested participation of extrachromosomal
factors in mammary tumor induction; mammary tumor-inciting
activity was identified as a milk-bérne agent horizontally
transmitted from lactating females to suckling newborns
(Staff of hoscoe d. Jackson Memorial Laboratory, 1933; Bitt-
ner, 1936). Mammnary tumors were induced in agent-free, low
tumor incidence (K1%) mouse strains, such as EALBE/c, by fos-
ter nursing pups on high tumor incidence (>90% strains,
such as C3H; over 90% of BALB/cfC3H females developed mam-
mary tumors at 3-8 months. Reciprocally, tumor incidence in
C3nfBALEB/c pups was decreacsed by 0-60% (Medina et al.,
1970; Heston &t gl., 1550).

Although theses experiments demonstrated that milk was &
primary vector in mice, other natural modes of transmission,
including vertical (through germinal cells), and horizontal
(by sperm, aerosol, or arthropod-borne transmission), were
also reported (Hilgers and Bentvelzen, 1978). cxperimental
transmission of mammary tumor inciter activity was accom-
pvlished by inoculating milk or cell-free tumor extracts into
susceptible mice. Identification of inciter activity as a
true virus followed purification of virus-like particles

trom milk of infected females, and demonstration that inocu-
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lation of these purified preparations reproduced mammary
adehocarcinomas with incidence, latency, and histopathology
characteristic of the naturally induced disease (Lyons, ang
Moore, 1962, 1%65).

Foster nursing and experimental transmission studies
identitied strains such as BALB/c which were easily infeéted
witn MMIV in contrast to :other low incidence strains, such
as C57581/6, which were refractory to MMTIV infection andg
oncogenesise. Crosses of high tumor incidence females with
low tumor incidrnce males resulted in intermediate tumor
inciaence in hybrids (Eittner, 1944), suggesting that gesnet-
ic components were involved in susceptibility to mammary
inciter-induced tumors.

Devalopment of.mammary tumors aftgr MMIV exposurz was
also dependenf. on the hormonal state of the host. MMTV
expression and mammary tumor deveiOpment was restricted'to
females; removai of principal scurce of sex steroids by
oophoreactomy resulted 1in decreases in mammary tumor inci-
dence (Lathrop and Loeb, 1916). Experimental administration
of hormones relatad to pregnancy and ‘lactation (estrogens,

progesterone, prolactin) to lMTIV-infectec, castrated,
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C3H female or mele mice resulted in high incidence of mam-
mwary tumors (Dmochowski, 1953). Studies of steroid'th&rapy
after surqgical renoval or transplantation of endocrine and
reproductive orqans documented the role of pregnancy-related
‘hormon2s in MMIV viremia and virus-induced tumors (iNandi and
McGrath, 1973).

The moce of MMIV transmission, tumor latency, and histOf
oétholoav of MMIV induction of mammary tumors in inbred
mouse strains have been employed as taxonomic determinants
to classify four MMIV virus strains: 1) MMIV-S (standara) is
naturally transmitted via milk in mouse strains such as C3H
or A. Aiveolar andi papillary adenocarcinomas arise from
MMTV-5-induced sites of acinar proliferation (hyperplastic
alveolar nodules, HANs; Dunn, 1959; Nanai and McéGrathn,
1973). 2) HMMIV-P (plaque~forming), founa in European
strains GR, KRII1, OUD, 1is transmitted via milk or germinal
cells. MMIV-F induces alveolar and papillary adenocarcino-
mas, as well as, preneoplastic,» pregnancy-depenadaent plagues
adjacent to mammary ductal epithelium (Bentvelzen and Daams,
1969) . 3) MMIV-L (low, nodule-indﬁcinq virus, NIV) is
transmitted by milk or germinal cells. MMTIV-L induces HANs,
but few 0f these lesions progress to mammary adenocarcino-
mas, and tumor incidence 1is low (Nandi and McGrath,
1973). 4) An endogenous, integrated MMIV provirus,
MMIV-0, has peen identitfied in the the cenome of uninfectea

BALB/c mice. M TV=0 1s beleived to be the cause ot
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rare adenocarcinomas in retired female breeders (Varmus,
et al., 1972). Cohen and coworkers (1979) identifiea 3
provirus-like elements in wuninfected BALB/c 1liver DNA by
restriction mapping, but it is not known which
site(s) are expressed in tumorigenesis. Characteristics

determining individual virulence and histopathology of

MMTV-0 have not bean icentifiedg.

o RQZTECTION aND_RISTRIGUTION_QF_MMIV.

Identification of a viral etiologyy 1in mouse mammary tumori-
genesis led to studies determining the organ distribution
of MMIV. The methods employed were visual electron micro-
scopic detection of viral particles 'and biocassays wﬁich
measured tumorigenicity of organ extracts from infected ani-
mals inoculatea into susceptible mice (Nandi and McSrath,
1973). 1lhe 6-7 month long bicassay detected infectious MMIV
in milk, mammary glands, mammary tumoré, HANs, and blood of
infect2d, lactating females. However, complex titration
curves optailned from {in vivp assays were not useful in
determining MMIV titer. Limitations of tissue sampling for
electron microscopy resfricted sensitivity, and the accuracy
of particle counting varied +/-100%, even with large sample

sizes.
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IThese early sStudies were later repeated wusing sensitive
enzyme assays detectina virion-associated reverse transcrip-
tase, and immunoassays for virion proteinse. IThese methods
confirmed the bidsassay results and also detected MMIV in
spontaneous renal adenocarcinomas (Felluga, et al., 1969),
pulmonary adenoma (Calafat, 19;9) » reticulum cell sarconas
(Seman and Dmochowski, 1973), leydig cell sarcomas
(Pourreau-Schneider, et al., 1968), and carcinogen-induced
lung or ependymal tumors (Rogney,et al., 1975; Moore, et
ales 1509). dWhather MMIV is present in these non-mammary
tumors as an etiologic agent or is incidentally expressed is
unknowne.

In addition to neoplastic tissue, MMTV antigens and
intracellular particles were identified in normal tissues of
intfected animals, including salivary gland, thymus, and epi-
didymis. MMTV antigens were also detected in brain, heart,
spieen, kianey, 1liver, and bone marrow, but this could be
due to blood-borna MMIV contamination (Aogney, et 2l., 1975,
Henarick, et al., 1978; Zangerle, et al., 1977). It is not
Anown why-MMIV is expressed in epithelizl cells of several
enuvoderm-derived organs, but induces neoplasia only in mam-
mary qglandse. All MMIV-infected organs undergo rapid cellu-
lar proliferation during the exposure period to MMTIV (1-4
weeks post partum) . However, the mammary gland is the only
organ of this qroup which responds to cyclic steroid hormone

stimulation by wuniergoing repeated cellular proliferation.
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Presumaply, these factors contribute to mammary carcinogene-
sis, although specific events which result in mammary adeno-

carcinomas have not been described.

D, VIRLON._MOHPHOLISY

tarly electron microscopic observations of Porter and IhompJ
‘ son (13%46), and Bang (1953) 1identified intracytoplasmic and
extracellular virion-like particies in thin sections of C3H
mammary tumor tissuee. Subsequent studies of infected mam-
mary glands and tumors identified three viral structures:
intracellular type A particles, particleé budding at the
cell surtace, and extracellq}ar type b virions. Intracyto-
plasmic type A particles were described as doﬁqhnut-shaped,
consisting of two concentric, electron-lucent shells, 70 nm
in diameter, which were 1identified in perinuclear aggre-
gates, and near intracellular vacuoles, or cell. surfaces
(Bernhard, 1958, 1260; Bang, et al., 1556a; Pitelka, 1964).
Particles pudding at the tips of microvilli were associated
with cellular filaments and consisted of electron-dense,
centrally located cores enveloped by a patch of plasma mem-
brane containing spike-like projections (Bang, et al.,
1956a,u) . Thin-section preparations of purified B8-type

extracellular MMIV revealed spherical, 120-140 nm, particles
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with a 70 nm, electron-dense, eccentrically 1located core
surrounded by @ thin shell (Sarkar and Moore, 1974; Sarkar
et al., 1975). As revecaled by negative stain and freeze-
fracture/freeze-ctch techniques,' the outer membrane of the
B-type virion contains a reqular arrangement of spike-like
proiections, 95 & long and 15 A wide, consisting of a stalk
and Knobe. (Clarxz2 and Attridge, 1970; Sarkar and Moore,:

1974: Calafat and Hageman, 1968) .

E.. VIRIQN.COMPOSITION,

The chemical composition of MMIV particles is 27% llipid,
0.8-1% RNA, 2-3# carbohydrate, ana €5-70% protein by weighf'
(Lyons and Moore, 19€5). Three principal virion-associated
RNA classes were identitied by sucrose gradient fractiona-
tion: 1) MMTV 70S RNA, composed of 2 non-covalently linked
copies of capped, polyadenylated (poly A+), positive-
stranded, noninfectious, MMTYV genomic KNA (Duesberg and
Blair, 1966). 2) The 55 .cellular tRNA, demonstrated to par-
ticipate in revers2 transcrption (Haseltine, et al., 197b).
3) MMTV virions also contain a diffuse, 13-30S RNA of
unknown origin and function. This QR’NA species consists of
poly A+ and poly A- Hh(NA, some of which may be partially

deqraded virion genomes and/or ribosomal in origin (Sen et
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al., 19¢1; Dickson and Peters, 19061; Cickson, et QL-; 1981).
Intracytoplasmic type A virion particles contain 70S MMTV-
related RNA and ©ONA which is not a cDHNA copy of MMTIV kNA,
but is apparently cellular in origin (Smith and Wivel, 1973;
Tanaka, 1977).

The polypeptide composition of MMIV B-type particles, as
analyzed by SDLS-PARGE, consists of 7-8 proteins and glycobro-
teins (Dickson and Skehel, 1974; Yagi and Compans, 1977;
Teramoto, et ale., 1973; Sarkar QL'QL., 1977). Relativzs lev-
els of principal MMIV polypeptides, including gp60, gp52,
p44, go37.7-33, p24, pl7, plu, and p8, were comparable in
MMTV derived from milk and tissue culture sources. Viral
origqin of gp52, gp37.7-33, p24, pl7, pl4, and p6 was eluci-
'dated by demonstrating: 1) immune responses to these pro-

teins following infection or inoculation (Schlom, et al.,

i

ﬂ1978a; Blair, 1981l). 2) syntnhnesis ot these proteins in vivo
only in MMIV-infected cells (Nandi and M4cGrath, 1973) and by
3) synthesis of these species 1in vitro using translation
systems grimed with 70S genomic MMTV  RNA  (Dickson and
Peters, 19bl). Virions purified from ﬁilk contained ssveral
additional hign molecular weight proteins not observed in
MMTV from tissue culture sources, which were identified as
contaimminants acdsoroing to the virion surtace.

Investigations of the structure, location, and function
of MMTIV proteins icentified gp60, gpd52, and gp37.7-33 as

membrane-~-associated glycoproteins: 1) Labeling of intact
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virions by galactose oxidase tritiation resulted in
3H-labeled carvohydrate side chains in &ll three glycopro-
teins (Sheffield and Daly, 1976), although lactoperoxidase-
catalyzed 1iodination of intact MMIV 1labeled only gp52
(Witte, et al., 1973). 2) Detergent treatment disrupted the
virion membrane and removed gqpé0, gp52, gp37.7-33 from
intact virions (Teramoto, et al., 1973). 3) Virion-
associated agqp60 and gqp52, but not gp37.7-33, were cleaved
after exposure of intact MMIV to trypsin (Yagi and Compans,
1977). These studies suqgested that gp52 ané gp60 were both
exposed on the virion surfzce, and gp37.7-33 was probably an
inteqral membrane protein, with only a small portion of the
molecule, principally carbohydrate, exposed to the exterior.
However, gp52 and qp37.7-33 apparently comprise the virion
surface proizction. kemoval of spikes from MMIV by treat-
ment with Streotowvces griseus protease type VI resulted in
loss of gpS2 and qo37.7-33 from the remaining "pald" parti-
cles (Cardiff, et al., 1974). MMTIV spikes, extracted as
aqqreqates (rosettes) from virions bty Tween B80/ether treat-
ment, were composed of both gp52 and q§37.7—33.

The function of MMIV spikes is unknown; analogous pro-
jections on influenia. VSV, and MulLV viruses interact with
specific cell surface receptors, suggesting the spike is
involved, in host recognition and virion attachmeﬂt.
Althouqh the MMIV spike may participate in recognition and

virion attachment, the route ot intection of MMIV (by inges-
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tion) may result in spike degradation before particles reach
the target organe. ILn vitro exposure of purified MMIV to
trypsin or chymotrypsin resulted in cleavage of gpb52, as
demonstrated py $0S-PAGE, but electron microscopic observa-
tions revealed protease-treated virions retained character-
istic spike morphology, and immunologic assays demonstratea
GpS2 antiqenicity in treéted virions (Yayi ané Compans,
1977) . pioassay revealed MMTV infectivity was neither
enhanced nor reduced by protease treatmente. These data
inoicated exposures to proteolytic agents similar to those
founc in the mous2 digestive tract did not destroy function-
al cnaracteristics.of the MMIV virion (Sheffield, et al.,
1977).

MHMTIV surface pro;eins, especially gqp52, have teen impli-
catea in the host immunologic response to MMTV. Pretreat-
ment of MMIV with anti-qp52 antisera neutralized infectivi-
ty., and neonatal immunization with gp52 decreased the
incidence and prolonged the latency of MMIV-induced tumors
(Charney and Moore, 1978, Sarxar and Moore, 1976). . However,
naturally circulating 1lgG antibodies té gp52, identifiea in
lactating C3H mice, did not protect the infected mother or
the suckling pups from subsequent tumor developrmente. The
presence of circulating gp52 Ig¥ blocking antibody, and an
altered cellular immune response as measurad by jin !;Lg;
cellular cytotoxiéity assays may contribute to an immunolo-
qically tolerant state permitting tumor proliferation

(3lair, 1961).
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The intcrior of the MMIV particle contains p28, pl?7, pl3,
p8, and the MMIV reverse transcriptase. Pl4 was reported to
be a basic protein with nucleic acid-binding activity which
was suggqested to participate in packaging of nucleic acid
into virions (arthur, et al., 1978b). Reverse transcrigptase
is present 1in virions at one copy per particle, and is
apparently associated with virion KNA.

Tne virion protein pd4d has been suggested to be cellular
actin, since 1t has an electrophoretic mobility identical to
actin in SDS-FR gels. The close associaiion and alignmenti
of bucding E-tvpe particles with actin-containing microfila-
ments has further supported tne concept that actin is incor-
porated into virions (Damsky, et al., 1977; Tyrrell, ana
Ehrnst, 1979). Functional identification of this protein as
actin has not been obtained, and its location within the
virion particle has not been assianed. Why this putative
nost-encoded cytosreletal protein is 1incorporated into
virion particles with the exclusion of other cellular pro-
teins is not Knowne |

Virion proteins from MWTV strains ﬁave been compared to
determine whether the observed biologic differences corre-
late with aetectable changes in polypeptide structures.
Comparative tryptic peptide mapping of gp52 and p24 from
MMIV-P and MMIV-S suggested strain variations in both the
maior internal and external virion proteins (Gautsch, a2t

ale, 1577), ©but no differences in tne tryptic peptide maps
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of ap36, ply, or pl0 of MMIV-P or MMIV-S were detected.
Comparison of the amino acid compositions of the polypep-
tides from MMTV-P and =S revealed that gp52 or p24 of MMIV-S
could not bpe distingquished frcm corresponding polypeptides
of MMIV-pP (Dion, et al., 1979a; Yagi, et al., 1978c).
Greatest variation in amino ecid composition was observed in

qp34, which appeared identical in tryptic peptide maps.

F. ANTIGENICITY OF .MMTV BOLYPEPTIDES.

Antigenicity of M4TV oproteins was 1identified by Lezhnevea
(1961) and bilair (1965), who detected specific 1lines ot
immunoreactivity ovetween purified MMIV and antisera' from
infected mice or rabbits immunized with purified virions,
usina agar immunodiffusione. Subsequent investigations
revealed z-6 additional precipitin bands in immunodiffusion
assays (Blair, 1969), and electron microscoric examination
of the precipitin front identified MHIV envelope material
reacting with the antisera (Blair, 1965). Radiocimmunoassay
(RIA) technigues revealed that principal MMTIV polypeptides
(ap52, ap37.7-33, p24, plu, p8) were antigenically distincte.
Common group-specific determinants were detected for each
protein from MMIV-5, -L, and -P variants. Direct and compe-

tition RIA also identified unique type-specific determinants
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in gp52 and pZ4 from MMIV-S, ~-L, and -P, confirming ana
expanding data obtained from the tryptic peptide mapping
studies (Arthur, et 2l., 1978a,b; Arthur, et al., 1961).
However, type spacificities were also detected in gp36 and
pl0 of MMIV-S, ~L, and -P, preyiously found to have identi-
cal tryptic peptide maps. Future studies using restriction
enzyme and seaquencing analysi§ of <cDNA copies of MMTV

genomes should identify additional differences among MMTV

strainse.

Go  LHTRACYTORLASMIC TYEE A BAHTICLES.

The polypeptide composition of intracytoﬁlasmic type A par-
ticles from infect2d mammary tumois or tumcr cell lines has
bpeen analyzed by SDS-PAGEl(Tanaka. 1977; Smith; and Wivel,
1972, 1973)« The degree of purity of these preparations was
not detérmined. and a consistent polypeptide profile has not
been reported; 3-7 polypeptides were détected in all reports
although only two proteins were consistentiy present. The
molecular weights of A4 particle proteins do not correspona
to polypeptides of b-type particles. However, a 70,000 mw
species present 1in A particles was immune precipitated by
antisera to the major MMIV.core protein p24, and may repre-

sent a precursor to this gaq producte. (Smith and Wivel,
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1973) . Common structural features of intracellular type A
particles and extracellular B'virions suggested either a
precursor/product relationship, or that type A particles

represented products of abortive assemblye.

-

H._CULIURE..QE._MMIV. PRODUCING _CELLS.

ig vitrp methods for culturing MMIV-producing cells were
develooed to obtain a reproducible source of MMIV virions
and to enable a detailed dissection of MMIV replication.
Maintenance of organ cultures of mammary glands from MMIV-
infected animals 1identified strain-dependent steroid and
polypeptide hormon2 requirements for mammary gland mainte-
nance, (Elias, 1959; Lasfarques and Murray, 1959; Lasfargues
and Feldman, 1963; Singh, €t al., 1970). Low levels of MMIV
production were detected from organ cultures compara2d to
that from milk: highest MMIV yields were detected when
qlanas were developed and secreting caéein, a state requir-
ing insulin, estradiol, progesterone, prolactin, and corti-
sol (Lasfarques and Feldman, 1963). This hormone cocktail
was developed empirically, ana the relative contribution of
egach component to aland differentiation or MMIV production
was not determinzi. Establisnment of primary cultures ot

mammary tumor cells provided a wuseful tissue culture systen
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to produce and analyze MMTV (Lasfargues and Lastargues,
1975; McGrath, 1971;. Nandi, et al., 1972; Kimball, et al.,
1976)« McGrath (1971) demonstrated proliferation and organ-
ization of dissociated mammary tumor epithelial cells into
characteristic pulsating, three-dimensional, acinar-like
vgome" cultures after insulin and glucocorticoid exposure.
Primary cultures produced relatively large amounts of MMIV
for up to 50 days (Kimball, et al., 1976), following which
domes collapsed, MMIV production declined, and the remaining
epithelioid cells were overgrown by contaminating fibrob-
lasts. McGrath (1371) suqqested MMIV maturation and release
reguirad dome tormatione. |

Several epithelial-~-like mammary tumor cell lines produc-
ing MMIV-S, -L, and -P were derived using technigues to
selectively remove fibroblast contamination; however, most
of these lines (except HJY-alpha) also produce detectable
levels of mouse leukemia virus (MulVs; Yagi, 1973; Owens and
Hackett, 1972; Arthur, et ale., 1979; Fine, et al., 1974).
Cloning of several lines has been unsuccessful in removing C
particle contamination, and in some éases resulted in com-
plete loss of deta2ctable MMIV expression (Sykes, et al.,
1963) . Tumoraenicity, 1latency, and pathology induced by
MMIV derived firom tissue culture sources were identical to
tnat ovtained from infecteé milk (Arthur, et al., 1979).
Yields of HMIV from tissue culture sources are unexpiéinably

variable and cell line-dependent. Culture supplements for
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in vitro MMIV production are unclear; serum reguirements for
proliferation of MamS5mt/cl cells have been replaced bty a
chemically defined supplement including thyraxine, mannitol,
oleic acid, lecitnin, and cholesterol (Bauer, et al., 1976;
Nagle ana Fine, 1978). it is not known whether elements of
chemically defined ﬁedium support MKMTV replication directly,
or indirectly, by promoting cell replication. All currently
available producer 1lines are stimulated by glucocorticoia
treatment (Uickson, et al., 1974) . Dexamethasone and hydro-
cortisone are the most potent stimulants of MWIV, and are
active at 1 x 10-8 M; corticosterone, aldosterone, and deox-
yccrticosterone are active at 1 x 10-4 -1 x 10-6¢ M. High
concentrations (1 x 10-5 M) of testosterone, estradiol, and
deoxycorticosteron2 inhibit qlucocorticoid induction of- MMTV
(Dickson, et al.,1974).

Heterologous cell lines in which MMTV genomes were estab-
lished by molecular clonihq and transfection did not produce
extracellular virions, but MMIV RNA and polypeptides were
synthésized in a hormone-dependent manner (Firestone, et

al., 1982, Buetti and Diggelmann, 1981).

I. MOLECULAR_BIOLOG

1, GENOME .STRUCTURZ
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Retrovirus infection is initiated by particle uptake and
virion uncoating, ana proceeds by transcription of viral EkNA
to DNA psinq a virion-encapsulated reverse transcriptase;
newly generated ONA is inserted in heterogeneous sites with-
in the host qcnome. The MMTV genome consists of three genes

coding for virion components: 1) env, for envelope proteins,

2) qaq, for internal viral proteins, and 3) pol, for reverse

transcriptase. The genome structure of MMTIV is similar to
other retroviruses in size (8.5-9 Kkbp) and gené order

(5'qaq-pol-envi®). Src sequences, or their corresponding

polypeptides, nave not been identified in MMIV-infected
cells, and the 44TV genome bears a closer resemblance in
genetic structure to méuse leukemia virus than to the sarco-
ma virusese. As in all naturally occurring RNA tumor virus-
es, long terminal repeats (LTRs), qeperated during reverse
transcription, have been found in integrated MMIV genomes.
MMIV LTR of endogenous or exogenous MMTY proviruses is 3-4
times longer (1300 bp) than LIRs of other retréviruses, and
contains an additional open reading frame (denoted the MMTV
orf gene) coainag for 198 amino acids. .The corresponding KNA
or protein products to this putative gene have not been con-
clusvely identified ( Dickson et al., 1981; Donehower, et

dale., 1981l; Kennedy et él...1982).

2. TRANSCRIRTION

Transcription of the MMTV genome is similar, although

more complex, than that observed in other RNA tumor viruses.
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Intection with most retroviruses results in production of
two classes of virion-specific cell-associated RNA, 245 and
358 (Hayward, 1977; Fan and Baltimore, 1973), whereas, MMTIV-
specific, ©poly A-containing RNAs have at least three sizes:
35S, 245, and 138 (Robertson and Varmus, 1979).
Intermediate-sized RNA . species have been reported as well
(Groﬁer. et al., 1980), and size heterogeneity exists in the
largest class of RNR (28-35S; Dickson and Peters, 1960).
Mapoing of RNA transcripts to the MMIV genome has not been
recorted; analogous mapping studies with C-type viruses dem-
onstrated that .the 35S mkNA 1is a -full lenqgth copy of the
retrovirus genome. The 245 RNA encodes the 5°' terminus of
the gyenome and the eny gene, with the intervening gag-pol
genes reported to be spliced out. The viral or cellular
oriain of the 135 ANA has not been determined. Identifica-
tion of sequences for proper initiation, capping, and polya-
denylation of MMIV mMRNA in long terminal repeats (LTks)
suqgestea these reqions may participate in MMTIV transcrip-
tion regulation (Donehower, et al., 1981; Varmus, 1982).
Rate of MMIV transcription is reguléted by glucocorticoid
hormones (Farks, et als, 1975). Exposure of MMTIV-producing
cells to 1 x 10-5 to 1 x 10-8 M steroid - results in 10-260
fold increases in production of extracellular reverse tran-
scriptase activity, and in synthesis of MMIV KNA, as deter-
mined by hybridization of 3H-labeled, 355 MMIV RNA (Parks,

et al., 1977; Parks, et al., 1975, Ringold, et al., 1979).
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Steroid-modulated increases in MMTV ENA does not représent
traditionally defined induction of RHNA, since exposure
increases synthesis only in cells already expressing MMIV.
However, demonstration of steroid binding to intracellular
receptors, transport of hormone-receptor complexes to nuc-
lei, and a correlation between the binding affinity of ster-
oids and their potency in MMIV stimulation, suggest that tﬁe
mechanism of MMIV ®mRNA amplification is similar to that
observed in classical mRNA induction by hydrocortisone (kin-
gold, 1578).. Recent studies by Payvar, (1982), Hager
(1983), Hynes (1983), Pfahl (1983), and Scheidereit (19863)
have attempted to 1locate specific sites on the MMIV genome
which are required for steroid stimulation or which bind
activéted steroid-receptor complexes, but consistent data
have not been obtained.

Following mkNA amplification, increases in intracellular
MMIV protein synthesis and extracellular virion production
were detected, although the magnitude of stimulation (2-10
fold) is typically less than stimulation of MMIV RNA (Parks,
et al.. 1975; Dickson, el al., 197&); The basis for this
differ=nce is unknown, and other effects of glucocorticoids
on MMIV expression and mammary tumor cells have not teen

extensively investigated.

3. IRANSLATION Al PROCESSING.
Iranslation of MMIV mRNA in vivo or in yvitro yields 4

high molecular weight precursors: pris0838/pol , Prii1o838
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Pr76gag . and Px:7(:~env . Prlbog_ag/pc’l contains gagq proteins
p2&, p8, £ld4, and reverse transcriptase (Dickson and Atter-
will, 1979, 19%80; Hacevskis and Sarkar, 1978). Pr?fagon-
tains p24, plu, and p8; Pr110%®8 contains these species ang
an additional 30,000 m.w. protein. Pr76¢%"W consists of env
proteins gg52 and ap37.7-33. Pactomycin mapping studies
revealed that gag proteins are arranged NH2-p24-p8-pld-COOh
and envy proteins are arranged NH2-gp52-gp37.7-33-COOH (low
levels of pr110828 prevented mapping of p30; Massey ana
Schochetman, 1%979; Dickson and Atterwill, 1979). However,
principal precursors prieo8a8/pol , Pri1o8as, l>r'76838,Pr76env
may not be the only proaucts of translation of MMIV mkNA.
MMTV polypeptides with short (5-10 min) half lives, or with
high molecular Qeiqhts (2200,000) may be synthesized, but
not detecteﬁ, due to technical limitations of 1labeling or
identification. MHYTIV polypeptide intermediates and products
may be primary products of mRNA translation and not the
result of precursor processing, since significant levels of
intermediates and products were detected using in vitro
translation of genome-length 35S MMTV.mRNA, and by immune
preciopitation of pulse-labeled, MMIV-infected mammary tumor
cells (Sen gt al., 1981; Dickson and Peters, 1S8l). MMTV -
encoded proteins wnich do not react with existing antisera
to virion proteins will not be identified in immune prescipi-
tation studies. An illustration of this point may be the

recently descrioed virion 135 RNA which was reportea to
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encode proteins of mw 18,000-31,000 not antigenically relat-
ed to Kknown MMIV virion proteins (Sen et al., 1981; Dickson
ef al., 1981). Comparison of existing information with
sequencing data and analysis of precursor processing kinet-
ics would be useful in determining the actual number and
size of MMTY productse.

Processing of MMTIV gag and env precursors to mature prod-
ucts proceeds via a series of intermediates (Fig. 1) Gag
processing was deduced py identifying _gag-related proteins
using anti-p24 or anti-p8 antisera and then matching corre-

sponaing fragments of tryptic peptide maps of precursors,

. . . ) 1l
intermediates, and products. Levels of gag precursors Prlbdﬁg/po,
Pr11083% and Pr76%®® and intermediates Pr9%38 , pres-615238
Pﬂ@gag, and Pr38gag have not been determined, and the

rate limiting steps in production of virion p24, pl4, and p8
are unknown (Dickson and Afterwill, 1978, 1979). The half-
life of Pr76%%8 has been estimatea at 30'-2h; variability
has been attributed to inability to detect changes in amount
of precursor, and susceptibility of precursors to proteoly-
sis. Intracellular levels of gag proaucts p24, plu, and pb
were low or undetectable, preventing precise Kinetic analy-
sis. Dickson and coworkers (1978) detecteda incorporation ot
gag precursors Pr76€%® , pro1%8@8 , and Pr3s%28 in MMIV-P using
a rapid harvest/protease inhibitor technigue, and suggested
that cleavage of intermediates to mature MMIV gag proteins

may occur directly prior to, or after, 1incorporation into



Fige 1. Processing scheme of MMIV env and gag precursorse.

24
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MMTV PROTEIN PROCESSING
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budding virions. DJata of Sen and coworkers (1980) suggestea
MMIV virions contained a protease which participated in pre-
cursor maturation. As shown in Fige. 1, pr3fs is the
direct Drecursof to p24 and pld, while p8 is derived direct-
ly from Pr'iégag . Oifterential incorporation of Pr765®8  ana
Pr38gag into MMTV virions provides a:mechanism for incorpo-
rating different ralative amounts of mature gay proteins in
virions. Testing of this model by determining relative

molarity of p24, pld and p8 1in mature MMIV virions has not

been carried out.

v

Glycoprotein precursor processing of Pr76™ to gp52 and

ap37.7-33 oroceeds‘ via 1-2 intermediates. Pr7;%nv was
reportad to be the more highly glycosylated product of Pr76°",
which is cleaved ‘to gp52 and gp37.7-33 (Dickson and-Atter-
will, 1980; Anderson, et al., 1979).  Sarkar and Racevskis
(1683) suggested that:?; 79°™Y is not cleaved, bput is shed

into the culture m2dium as a soluble antigen. Rates of MMTV

eny pecursor synthesis and processing have not bpeen sluci-

env

dateq. Pr76 has been reported to have a half life of 30

min-2 h (Dickson and Atterwill, 1978; Anderson, et al.,

I\

l.,

1979;: Nusse, et al., 1978; facevskis and Sarkar et

-1983) . 1wo problems in these analyses incluce detection of
small amounts of precursor, and susceptibility of precursors
to proteolysis. Difficulties encountered in kinetic studies
of MMTV polyprotein processing may be alleviated using amino
acig analoques and protease inhibitors to suppress precursor

Dreanqown.
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Following translation, events 1in precursor processing
include specific glycosylation, phospnorylation, and proteo-
lysis (Dickson and Atterwill, 1981; Nusse, et al., 1978).
Pr76env was reported to incorporate glucosamine and fucose
(Anderson, et ale, 1979 Dickson and Atterwill, 1980;
Racevskis and Sarkar 1983), but the level of incorporation
was not - guantitated, and it is not. Known how the carbo-
hydrat2 content or structure of Pr7€ﬂ“’ compares to that of
qp52 or gp37.7-33 in the mature virion. Intracellular sites
of processing of MMTV proteins were studied by Dickson
(1980) with ambiguous results concerning intracellular loca-
tion of proteolytic éleavaqes. 4l though Pr?ﬁenv and gp52
were identified in subcellular fractions, no evidence of
precursor turnover was presented, and gp57.7-33 was not well
visualized. The relative levels of MMIV proteins in differ-
ent cellular subfractions were not investigated. The carbo-
nydrate structures of MMIV virion glycoproteins ars not
known, althouah compositional studies of Yagi et al.
(1978c) suqgqested several oligosaccharide chains were pres-
ent. Yaqi and coworkers (1977, 1978c)‘demonstrated addition
of sialic acid, 534, and fucose, thought to be late steps in
alycoprotein synthesis, occurred with MMTV virion glycopro-
teins ap52 (sialic acid, S04, fucose) and qgp37.7-33 (sialic

acid, fucose only). N

Yo LATE STEPS_OF REPLICATION.
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Late steps in MMIV replication require appropriate trans-
port of polypeptides and ENA, assembly of components, and
pudding ot particles at the plasma membrane. Investigations
of nerpes, pox, rhabdo-, and paramyxoviruses have suggested
tnat late steps in virion replication are dependent on an
intact cellular cytoskeleton (Stokes, 1976; +#ang, et al.,
1976; Naito and Matsumoto, 1978; Richardson and Vance, 1978;.
Hiller et al.. 1979; Guiffre, et al., 1982). Electron
microscopic observations of MMIV-infected cells revealed
close associations between actin-containing wmicrofilaments
and intracellular MMIV particles (Damsky, gt al., 1977), but
the role of the cytoskeleton in MMIV maturation.has not been

elucidated.

Final events in MMTV rpplication include budding of
virion oartiéles and their release from thev'host cell sur-
face. Similar ﬁo other retroviruses, MMTV buds only from
anterolateral plasma mempranes jin vitro. Boulan-Rodriquez
and Sabatini (1978) and Roth and coworkers (1983) gaemon-
strated that other enveloped viruses, such as influenza, bud
solely from basolateral membranes, whiie still others (vesi-
cular stomatitis virus) bud trom apical cell membranes.
These final steps are virus-dependent, and do not vary with
the host cell employed for productive infection. The basis
for site-specific virion-budding is unknown, but a knowledge

of late steps in replication may facilitate its understand-

ing.
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Jda. . SUMMARY

Investigations of MMIV replication have contributed to
understanding of viral-induced mouse mammary carcinogenesis.
Howeveyr, detailed information describing the reglication of
MMTIV has not been obtained. Investigations reported in this
thesis have adadressed host cell involvement in MMIV replica-
tion. Studies described here characterize virion polypep-
tiae pd4, previously suqgested to be cellular actin, and
examine the necessity of an intact cellular cytoskeleton. for
MMTV replication.

Production of MMTV in vitre 'has been achieved in mammary
cells cultured on organic and synthetic supports, but the
relationship betwean cellular proliferation .and virus pro-
duction has not be=2n defined. Invesfigations described here
established conditions for growth of MJY-alpha cells in sus-
pension. Stimulation o£ MMTV production by this adaptation
without altering cell gqrowth rate suggested independent con-
trols of MMIV production and cell proliferation.

Glucocorticoids are routinely used to stimulate MMIV pro-
duction, but knowledge2 of <cellular response to steroig
treatment is incomplete. Effects of short-term and pro-
lonqged exposure ©of MJY-alpha <cells to hydrocortisone were
investiqated to further define glucocorticoid-induced
responses in MMIV-producing cellse. The studies presented
here demonstrated a complex interaction between replicating

particles and the nost cell.
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MATERIALS AND_METHODS.

a._TISSUL. CULIURE METHODS.

lngQLiURESg

The epithelioid MJY-alpha cell line is a chronic producer
of MMIV and was derived from spontaneous BALB/cfC3H mammary
adenocarcinomas (Yagi, 1973). Cultures released viable
cells into the medium after the layers became confluent ana
supcultures were initiated by'harvesting and seeding 5.3 X
104 released cells/cm2 Cells were maintained in KPMI 1640
supplemented with 16% fetal bovine sérum (FS8S), 1.89 ;4M
povine insulin, and antibiotics (maintenance medium) in a 37
deg C, 5% CO2 numidified incubator.

Suspension cultures of MJY mammary tumor cells (denoted
MJY-beta cells) were initiated in 50 ml sterile translucent
conical centrifuge tubes (Corning Science Products Div.,

Corning, NY) by seeding 1 x 107 cells in 20 mls of mainte-

..30-
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nance medium. Culture tubes were tightly capped, horizon-
tally mounted, and shaken at a. rate of one excursion per
secona on an Eberbach 5850 shaker (Courtesy of Dr. A. Lan~
ger, Uepartment of Community Medicine, Mt. Sinai School
Medicine) in a 37 deg C room. Medium was chancgea 48 h after
seeding, and daily thereafter by pelleting cells at 800 x g
for 10 min and resuspending the pellets in 20 ml of fresh
maintenance mediume. Suspension cells grew logarithmically
with a doublina time of 18- 22 h until a saturation density
of 5-7 X 10¢ cells/ml medium was attained. Aliquots of late
log or stationary phase cultures were used for subculture.
Observations‘ of MJY-mammary tumor cells were made 1in
situ, or after staining with May-Grunwald-Giemsa. Photomi -~
croqraphs were taken using an Olympus PM-10AD system with a
large format Polaroid camera. Rouiine screening for myco-

plasma was consistently negative (Yagi, 1974).

2., TRLPSINIZATION OF MONOLAYERS.,
MJY-alpna cell layers were incubated with a sgline-

trypsin-el1A solution and released - cells harvested as

described (Yaqi, 1973).

3 DETEAMINALLION OF..VIABLE .CELL_NUMBSER.

Numpers of viabla released, susygension, or trypsinizea
mondlayer MJY-mammary tumor cells were enumerated on a hemo=-
cytometer after"staininq with 0.01% trypan blue vital stain

in phosphate-buffered saline (PBS).
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4o . PLATING.EEEICIENCY, Plating ‘efficiency of MJY-mammary
tumor cells was determined by seeding petri dishes with 3 X
105 released or suspension cells/cm?2 in maintenance medium,
and incubating at 37 deq C for 2 he. Monolayers were then
washed twice with warm maintenance medium, adherent cells

removed by trypsinization and viaple cells enumerated.

S+ URTAKE,. AND . INCORPORALION OF RADIOLABELS.

Uptake and incorporation of radiolabeled DNA, HKNA, and
protein precursors into monolayer and suspension cells were
determined usinu 1late log cultures of MJY-alpha and beta
cells treated 1in the Dreéence or absence of HC for 24 h.
Cultures were then incubated for 6h in labeling medium con-
taining radiolabels with per ml concentrations of 0.5-0.1

WCi 1%C-amino acids, 5-15 xCi 3Sk-uridine, or 10 4Ci
3H=-thymidine, Cell 1layers were then washed twice with
phosphate-buftered saline at 4 deq C, scraped and uniformly
suspendad in TE buffer. Cells resuspended in TE buffer were
mixed with trichloroacetic acid (TCA; final concentration
10% w/v), and the precipitates washed with cold 5& TCA (w/v)
on Q.45 #M Millipore filters. Sanples were dried and count-
ed by liguid scintillation wusing a toluene-Liguifluor cock-
tail. Soluble radioactivity in the cel}/ICA mixture was
determined following removal of the precipitated material by

centrifugation at 1000 x g for 20 min at 4 deg C.
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B MUIV. _VIRIONS.

1, UNLABELED MMTV_VIKIONS.

MMTV particles were harvested trom spent media of MJY-
alpha monolayer or beta suspension cultures every 24 he.
Comparative analyses of virus production wutilized cells
gqrown in maintenance medium in the presence or absence of 14

uM hydrocortisone éHC).

~Large scale MMIV procduction was carried out by growing
MJY-alpha cells in maintenance meaium in 175 cm2 flasks or
450 cm2 roller bottles. When confluent, the medium was
changed to RPMI .16u0 supplemented with 18% newborn calf
serum (NCS), 1.83 4 M bovine insulin, and 14 yM HC and anti-
biotics for the next 2 days, followed by the same medium
with NCS reduced to 10% for an additional 3-5 dayse. Spent
culture supernatants were harvested for MMIV purification

every 24 h from th2 confluent cultures.,

2, LABELED _MMIV. VIRIONS.

Labeled MMIV virions were obtained from newly confluent
MJY-alpha cultures stimulated for 24-48 h with 14 yM HC in
maintenance medium followed by addition of radiolabeled pre-
cursors in RPMI 1640 medium supplemented with 28 FGS, 1.89

MM bovine insulin, and 14 uM KC. The concentrations (per ml)

of each radiolabel were: 2.5 pCi 14C-amino acids, 10 ACi
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3sS-methionine, 10 4Ci 3H-uridine, SAyCi 3H‘q1uco§amine, 10
uCi 3H-leucine After a 24 h labeling period, media werzs har-
vested daily for an additional 48 h, and MMIV purified from

spent culture fluid as described.

3, . VIRUS _RURIEICAILON,, .

MMTV was harvested from spent culture fluids Af MJY-alpha
and beta cells by pelleting at 100,000 x g for 50 mine. The
pellets were resuspended and MMIV concentrated and partially
purified by centrifugation on discontinuous 65/32.5/15%
(w/v) sucrose gradients at 300,000 x g for 30 min (Yagi, and
Compans, 1977). MMTV at the 32.5/65% interface was collect-
ed by bottom puncture, &and purified by centrifugation on
15-65% (w/v) linear_sucrose gradients. Gradients containing
r;diolabeled MMIV were fractionatea by bottom puacturs into
0.3 ml fractions. Microliter aliquots of the fractions were
counted, and MMIV-containing fractions were pooled, pellet-
ed, and processed for electrophoresis or immune precipita-
tione. Unlabeled MMIV was identified in gradients as a
light-scattering band between 1.16 and 1.16 g/cc density

markers and harvested by bottom puncture.

Com-LABELING AND . JISQLATION QF. _PBOLYPEPTIDES RELEASED _FHOM

MJY=aLPHA _CELLS.
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Polypeptides released from MJY-mammary tumor cells were
labeled by incubating MJY-alpha or MJY-beta cultures with 10
or 100 ‘pCi 3sS-methionine/ml maintenance ﬁedium for 6 h.
Spent supernatants were then harvested, cleared at 300,000 x
g for 30 min to remove debris and MMIV particles. The
resultant supernatants were further processed for electro-

.phoresis.

Qe _LMMUNOLOGIC ERQCEDURES..

1a IMMUNOGENS AND _ANTISERA .

MMTV particles wused as immunogens were 1isopycnically
purified from confluent, HC-treated MJY-alpha cultures.
Individual MMIV proteins were isolated by preparative
SDS-PAGE (Yagi, et al., 1978b).

Preimmune sera were obtained from New Zealand whit2 rab-
bits before immunization by subcutaneéus injection with 400
Pq of qp52, ap37.7-33, p24 or, formalin-fixed MMIV in com-
plete Freund®s adjuvant (Yagi and Compans, 1977). A booster
immunization of 100-300 M& MMIV proteins in incomplete adju-
vant was administered after 2 weeks. Sera were obtained 2
weeks after immunization and weekly thereafter. Immunoelec-

trophoresis (faqi and Compans, 1977) detected precipitin
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lines of identity using immune sera and corresponding immu-
nogen; no cross-reactivity of individual MMIV polypeptides
was identifiec. preimmune sera were consistently negative

in these assayse.
2..Staphlpcoccus aurgus

IMHUNOSORBENT .

Formalin-fixed, heat-killedS. aureus (Cowan I strain) was
optained from Calbiochem (Pansorbin, La Jolla, CA), oOr was
prepared according to the method of Kessler (1975). Seed
cultures of bacteria were the generous gift of Dr. E. Ain-

binder, Department of Pediatrics, Mount Sinai School of Med-

icine (MSSM).

3 IMMUNE _BRECIPITATION _QF VIRIONS.
Metabolicéllv-radiblabeled MMTV was obtained as described
previously in section 2B and disrupted in 0.05 M phosphate
buffer containing 0.1 M NaCl and 0.1% Triton X-100, - pH 7.5
(RIP buffer). Samples were incubated with anti-MMIV antis-
era (1:3.7 dilution) for 25 min at room temperature (KI) ana
immunoprecipitates collected by the method of Kessler (1975)
using S. gureys immunosorbente. Frecipitatés wére'washeu 5X
in RIP buffer and resuspended in either RIP buffer, for
scintillation counting, or in 1% 5DS/2-mercaptoethanol for
electropnoresis. Samples 1in SDS/2-mercaptoethancl were
heated at 100 deg C for 1 min to disrupt immune complexes,
"and centrifuged at 10,000 x g for 1 min in a Beckman Micro-

tuge B to remove 5. aureus before electrophoresise.
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BOLYPERTIDES..

Cell-associated MMTIV oproteins and glycoproteins were
optained by immune precipitation from newly confluent MJY-
alpha cells grown in 100 mm petri dishes. For these stud-
ies, JY mammary tumcr cells were maintainéd and labeled in
the presence or absence of i4 yM HC, or were given HC-
containing medium -just 24-48 h prior to and during labeling.
(1) Labeled proteins were precipitated from cells incubated
for 15 min-24 h with 100 4 Ci 355S-methionine/ml laﬂeling
meaium or for 24 h with 60 u4Ci 3H-leucine/ml medium. Label-
ing for 15 min to> 4 n was accomplished by adding to each
petri dish one ml labeling medium with isotopes, ané incu-
bating at 37 deq. C in a humidified, % CO02 1incubator on &
rocker platform (Bellco, NY). Cells 1labeled for 6-24 h
receivéd 2-2.5 wl medium with isotoupes and were placed on
the rocker. (2) Labeled glycoproteins were precipitatec
from cells preincubated for 18 h with depletzd medium con-
sisting of labeled medium diluted 1:1 with phosphate-
buffered saline. Following preincubétion, cultures were
labeled for 3.5-4 h in depleted medium supplemented with
1.69 uM bovine insulin and either 3H-glucosamine,
14C-glucosamine, or 3H-mannose (100 UCi/ml depleted medium).
(3) sulfated glyconroteins were labeled by incubating cells
for a total of 48 h with inorganic 35504 Cells received 1

mCi 358Q4/ml labeling medium for 24 h. Spent medium was



36
then harvested and the cells relabeled with inorganic sul-
£até for an additional 24 h before immune precipitation.

Immune precipitation of intracellular MMIV polypeptides
was carriea out using techniques adapted from the method ot
Kessler (1975). Radiolabeled MJY-alpha cells were washed
twice with 5 ml of phosphate-buffered saline at 4 deg C and
drained.  Protease inhibitors (Sigma Chemical Co.,  St.
Louis, MO) at final concentrations of lojuM pepstatin, 10 g
soybgan trypsin inhibitor/ml, and 1 mM N-ethyl maleimide
were added, and c211s disrupted in RIP buffer. Lysis was
completed by passing scraped cells througﬁ a 27 gauge needle
S times. Nuclei were removed by centrifugation at 1000 x g
for 10 min at 4 3isqg C. Cleared supernatants were preab-
sorbed by incubation for 15 min at RT with rabbit preimmune
sera and 10X (w/v) feormalin-fixed, heat-killed Staphlococcus
aureus (sample:sera: S. aursus = 100 pl:lo pl:SO ul), then
centrifugqzd at 10,000 x g for 1 min (Beckman microfuge).
Preabsorbed supernatants were incubated with rabbit anti-
gp52, anti-qgp37.7-33, anti-p2d4, or anti-MMTIV antisera for 25
min at RT, followed by 10% S. aureus for 15 min at KT (sam-
ple:sera: §. aureas = 100 @1:33 ul:150 ul) before centrifu-
gation at 10,000 x g for 1 min. Precipitates were washed 5
X in RIP buffer, resuspended in 20 Ml 1%
SDS/2-mercaptoethanol, and heated at 100 deg C for 1 min to
disrupt immune- complexes. The suspensions were centrifuged

at 10,000 x g for 1 min to remove S. aureus, and the resul-

——— e 1. -
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tant supernatants processed for SDS-PAGZ. SDS-PAGE of
immune precipitates contained large amounts of reduced 1gG
neavy chain (mw 52,000) which caused alterations in electro-
phoretic mobility of MMIV gp52. Analysis of immune precipi-
tated MMIV virions indicated gp52 migrated with a mw of
48,000, Immune precipitation with several lots of anti-p2i
antisera resulted in degradation of MMTV precursor Pr7683& ,
and this antisera was not used to quantitate MMIV gag poly-

peptides.

S» ENZYME-LINKED _[MMUNQSORBENT ASSAY (ELISA).

MMIV production in MJY-alpha “cells was quantitated using
a direct ELISA adapted from the method of Khan et al.
(1981). MMIV for sensitization of ELISA titer plates (Inmu-
;on II, Vanquard. VA) was purified Qy isopycnic centrifuga-
tion or obtained from clarified, spent culture medium cen-
trifuged at 100,000 x g for 50 min. Sample wells were
coated with dilutions of MMIV preparations or released MJY-
alpha cells disrupted in 2% NP-40 in 0.15 M carbonate buff-
er, pH 8.6 by overnight (18 h) incubation at 4 deg. Sample
wells were then washed 3 X with ELISA wash buffer (0.5%
Tween-80 in 0.15 4 NaCl/ 0.01 ¥ Na phosphate buffer, ph
7.4). To reduce nonspecific adsorption, wells were incubat-
ed with 0.5% bovine serum albumin (BSA) in ELISA wash puffer
for 1 h at 4 deqg C. Adsorbed wells were washed, incubated
with raooit anti-MMTV or preimmune sera (1:50 dilution in

ELISA wash buffer) for 1 h at 37 deqg in an humidified cham-
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per, and then wasned as above. Bound antibody was detected
by in;uoation with alkaline pﬁosphatase-conjnqated goat
anti-rabbit IqG (Dynatech, Inc., 1:1000 dilution in ELISA
wash buffer) for 1 h at 37 deg. Following washinyg, retained
alkaline phosphatase activity was determined by reaction
with 100 'pl p-nitrophenyl phosphate substrate (1 @mg/ml in
0.1 M diethanolamine) at 37 deqg; the reactiﬁns were stopped
with 25 ul 3 N NaOH when the absorbance at 410 nm of the
most deeply colored sample was 0.7-1.4. AU410 of all samples
was then determined using the Dynatech ELISA plate reader
(courtesy of Dre. Do Eucher,' Cepartment of Microbiology,
MSSM). Efficiency of MMTV binding to ELISA plates, estimat-
ed by sensitizing wells with detergent-disrupted 35S-labeled
MMfV revealed 73% of the total, virion-associated 35S
remained bound affer 24 h sensitization. Reproducible
titrations were obtained in parallel ELISA determinations,
with a 6% wvariation in A410 in corresponding duplicete
wellse. Backgqround absorbance using preimmune sera was
always less than 0.05 at 410 nm. Absence éf MMTV as a sen-
sitizing antigen, or use of heteroloéous protein (e. ge
bovine serum albumin) to sensitize plates did not signifi-

cantly increase the absorbance at 410 nm.

ta DELEAMINATION OF .MMTIV. _SUREACE_ANTIGENS.
Levels of MMIV surface antigens were determined wusing
fluorescent antioody staininge. 1 X 107 MJY-alpha cells

‘releasad from confluent monolayers were washed and resus-



41
pended at 5 X 106 cells/ml in Minimal Essential Medium con-
taining 2% newoorn calf serum (MEM/2X NCS). Cells were
incubated with 1:50 - 1:1000 dilutions of anti-MMIV antise-
rum for U5 min at 4 deg C with occasional agitation, and
then washed twice. Antibody-binding cells were labeled with
fluorescein isothiocyanate-conjugated goat anti-rabbit IgG
for 45 min at 4 deys « C with occasional agitation. Cells
were washed twice more before resuspension in 1X paraformal-~
dehyde in'o.ls M NaCl. Microscopic observations were made
with a Leitz fiuorescence microscope. Analysis of fluores-
cence was carried out by M. Zanjani using the prototype
Eecton-Dickinson FACS analyzer. Cell-associated (f{luores-
cence intensity in each sample was deiermined on 10,000
cells at a fate of 300-600 cells/sec. The 1logarithm of
cell-assbciated fluorescence intensity was determined, and a
photomultiplier tuoe was used to amplify and convert the
signal into log voltaqe quantities ranging from a low value
of 1 to a high value of 256. The FACS was interfaced with
an HP-85 «calculator/HP32901M flexible disc drive which
stored data, qenerated histograms of léq fluorescence inten-

sity, and determined mezh and coefficient otf variation of

l1og fluorescent intensity.

& . SUS=POLYACRYLAMIDE GEL ELECTHOPHORESIS_ (SDS=PAGE).
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1o QNE-DLUENSIONAL SOS=PAGE.

Samples were disrupted under reducing (1% SDS (w/v)/l%
2-mercaptoethanol) or ncn-reducing (1% SDS) conditions by
neating at 100 deq C for 1 min. Gradient (10-20%, 7.5-15%,
or 5-12% w/v ) polyacrylamide-SDS gel electrophoresis using
a discontinuous 1Iris/qglycine pbuffer system was cérried out
as previously describeda (Yayi, et al., 1976c). ¥olecular
weights of polypeptides on SDS-polyacrylamide slab gels were
determined by comparison of electrophoretic mobilities of
proteins under stuly with polypeptide stdandards of predeter-
mined molecular weicht: phosphorylase A (94,000 mw), bovine
serum albumin (63,000 mw), I4G heavy chain (52,000 mw),
ovalbumin (44,000 mw), carbonic anhydrase (30,000 mw), soy-
bean trypsin innibitor (20,000 @w), and alpha-lactalbumin
,(1u.100);' (Pharmacia, NJ). 14C-carboxymethylayed polypep-
tides wused as standaras 1included 1intact gamma4globulin
(150,000 mw), phosphorylase A, bovine serum.albumin. ovaibu-
min, and carbonic. anhyarase, as above (New England Nuclear,
SBoston MAR). A linear relationship was identiiied between
loq molecular weisht and migration aistance. Gels were
fixed, stained with coomassie blue, and densitometrically
scanned as described in section H. 3. Protein Determina-
tion. Radioactive samples were processed fof quantitation
of radioactivity as previously described (Yagi, et al.,

1976cC) .

22 Ln0=RLMENSLONAL S0 -RAGR.
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Sécond dimension SDS-PAGE was carried out on samples
electrophoresed on 10-20% or 7.5-15% gradient polyacrylamide
slab gels in the first dimension. Electrophoresed gel lanes
were excised and heated at 100 deg C for 1 min in 0.06 M
Tris buffer, pH 6.8, containing 1 mM dithiothreitol (10 mls
puffer/excised gel 1lane). Gel lanes were then placed
lenqthwise across the origin of a second 10-20% or 7.5-15%
gradient polvacrylamide gel. A 5% acrylamide.stackiné gel
was cast around the gel lane, with a single sample well for
polypeptide molecular weight markers. Electrorhoresis was
carried out as described, and the gel processed for coomas-

sie blue staining.

3. ..AUTORBDIOGRARHY.  SDS-PAGels (7.5-15% or 5-12% gradient
polyacrylamide) ware dried onto filter paper using a BIOKAD
gel dryer (courtesy of Dr D. S. Beattie, Department of Bio-
chemistry, MSSM). Gels were then placed on KODAK X-0-MAT
film and sealed in light-exclusive film holders. Film was

exposed at =70 deg C for 4-14 days and developed according

to Kodak product Jdirections.

Fe .ACTIN.EQLYMERTZATIQN PROCEDURES,
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1. _DISRUPTION. OF .MMIV WITH _NON-JONIC DETERGENI_ _FOR BCTIN

ROLYMERLZATION .,
Isopycnically purified MMIV was pelleted at 300,000 x g

for 30 min, and resuspended at 4 deg C in 20 mM Tris-maleate
buffer containing 5 mM EDTA, 10 mM dithiothreitol, 0.34 M
sucrose, and 0.5% Triton X-100, pH 7.4 (disruption buffer,
Hartwig and Stossel, 1976; Weihing, 1976). Lysis was com-
pleted by forcing the suspension through a 27 gauge needle
5-7 times at U4 deqg C. Undisrupted virions, were removed by

centrifuging the lysates at 100,000 x g for 30 min.

2. ACTIN_ASSEMBLY ASSAY.

Polymerization of detergent-disrupted MMIV was monitored
in either a Behring nephelometer, or in a Cary 210 recording
spectrophotometer using a wavelength of 350 nm. | Parallel
controls contained rabbit or dog skeletal musclé actin in
disruption buffer. Increases in sample turbidity upon addi-
 tion of a mixture of ATP (final concentration 5 mM), KC1l
(0.1-0.5 M), and MgCl (2 mM), or ATP alone (5 mM) were meas-
ured at 25 deg Ce. Samples were then incubated overnight at
4 deqg C, pelleted at 100,000 x g for 3 h, and the superna-
tants and pellets individually processed for electrophore-

sise.

3. QNAJE_ L. BINQING B5568X

DNase I-Sepharose beads (Worthington Biochemicals, Free-

hold, NJ; generous gift of Dre S. Puszkin, Department of
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Pathology, MSSM) were washed and hydrated overnight in MES
(2{ N-morpholincjethanesulfonic acid) buffer containing 0.5%
triton X-100 and 0.1 mM ATP, pH 6.7 (MESTA buffer). éinding
was initiated by adding samples in MESTA buffer containing 1
mM CaCl2 directly to DNase I-Sepharose beads (slurry:sample,
1:2). After incubation at 25 deg C for 5-8 h, the mixtures
were washed 5 X with MESTA buffer. After the final wash,
proteins were eluted from beads by heating at 100 deg C for
1 min in 1% SDS/1% 2-mercaptoethanol (Garrells and Gibson,
1976) . The eluted proteins were separated from the beads by

centrifudation. and were then processed for electrophoresis.

4o IRYRSIN_RIGESIION_QFE MMIV,
Isopycnically purified MMIV or purified rabbit muscle

skeletal actin suspended in 30X sucrose in 0.01 M Tris buff-
er, containing 5 mM EDTA, pH 7.4 (TE buffer) was incubated
with trypsin-IPCK (Worthington Biochemicals, Freehold, NJ; 2
pa MMTV/1 pg trypsin) for 30 min at 25 deg C. Control MMTV
samples were incubated without trypsin. Digestion was ter-
minatéd by adding trypsin inhibitor (1 ug inhibitor/1 pg
trypsin) and cooling to 4 deg C. MMIV-containing prapara-
tions were then diluted in TE buffer, purified on isopycnic
gradients as described above, and the repurified MMIV pro-
cessed for electrophoresise. Preparations containing rabbit
muscle skeletal actin were processe& for electrophoresis

directly after termination of digestione.
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Ga TREATMENT WITH. CYTODLSRUBTIVE DRUGS.

12 QRUGS. .

Colcemid (Sigma Chemical Co., St Louis MO) was dissolved
in PBS at 0.5 or 1 mg/ml and stored at -20 deg C. Cytocha-
lasin B, from Helminthosporium dematioideum, and cyto’chaia-
sin D, from Metarrbizeum anisopliae or Zvgosporium mansonii
(Sigma Chemical Co., Ste. Louis MO) were reconstituted in
100% ethanol at 2.5 mq/ml and diluted in media before use.

Final ethanol concentrations did not exceed 0.4% in our

experiments.

2+ QBUG TEEATMENT.

Petri dish cultures were primed for 2& h with growth
medium containing 14 FM HC before labeling'fOt another 24 h
with 4 uCi glucosamine and/or 10 uCi 35S-methionine per ml
labeling mediun. Media containing radioactive labels were
removed, and cell cultures were then continuously treated
with 2.1 yM CB or CD for 24 h, or witﬁ 0.28 M colcemid for
48 h- in isotope-free labeling medium. Cul ture supernatants
were harvested every 6 or 8 h; after each co;léction, cells
received fresh labeling media containing drugse. Following
the treatment period; all cultures were incubated with drug-
free labeling medium for another 24 h during which time

additional viral harvests were made. Parallel control cui-.
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tures received drug-free labeling medium and were subjected

LN

to identical harvest procedurese.

IBEATMENL.

The effects of CB, CD, or colcemid on uptake and incorpo-
ration of amino acids, émino sugars, and nucleosides were
determined using radiolabels with per ml concentrations of:
5-10 uCi 3H-glucosamine, 0.5-10 uCi l“'C-‘ami.no acids, 5-10

UCi 3H-leucine, or 5-15 KCi uridine. Petri dish cultures
were primed with media containing 2.1 uM CB, CD, or 0.28 UM
colcemid, or no drug additive. Radiolabeled precursors were
added either at the initiation of treatment or for a 1 h
pulse after 23 h of drug exposure. Labeied cells were
washed, scraped, and ICA-precipitable radioactivity Jeter-
mined as described for monolayericells above (Section A.
S5Ee) o Soluble radioactivity in the cell/ICA mixtgre was
determined following removal of the precipitated material by

centrifugation at 1000 x g for 20 min at 4 deg C.

ta GENERBL_METHODS .

ls ELECTRON._MICROSCOPY,
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Thin sections of cell layers were prepared and procéssed
for electron microscopy and examined as previously described
(Yagi, et al.. 1980) in collaboration with Dr. N. W. King,

Jr. (New England Regional Primate Ctr., Harvard Univ., MA)

2._._MEASUREMENT. OF. _LACTATE_PRODUCTION _AND_CELLULAR _REDOX
STATE.

The cellular redox state (NAD+/NADH ratio) was measured
as described (Krebs and Veech, 1979, Williamson, et al.,
1967). Lactate dehydrogenase activity in MJY-alpha cells
was assayed as described (Bergmeyer, et al., 1974) . Lactate
production was measu}ed by the colorimetric procedure of

Barker (1857), and pyruvate determined by the method of

ducher et alas (1974).

3..RROQTRLIN QETERMINATION.

Proteins in solution were quantitated by a modified Lowry
pgocedure (Lowry, et al., 1951; Markwell, et al., 1979).
Coomassie blue-stained SDS-polyacrylamide gels were scanned
at 590 nm and stained protein bands were quantitated using
an EC transmission densitometer (EC Apparatus Corpe. St.
Petersburqg, FL.) using bovine serum albumin or electrophore-

sis molecular weight marker proteins as standards.

YandIATISILCAL. TESTING .

Differences in the relative levels of radiocactivity asso-
ciated with MMIV polypeptides in cytodisrdption studies were

tested for statistical significance using Dunnett's test for
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multiple comparisonse. Student's t-test was used to Jeter-
mine statistical significance of differences in means of
.fluorescence intensity in studies employing fluorescence
activated cell sortere. Analysis of variance procedure was
employed to determine statistical significance of levels of
MMIV polypeptides 1in coomassie-blue stained ' preparations

(2ar, J., 1974).

2.+ .RARLQISQIDPES s |
L-[14CtU ) amino acid mixture (280-305 mCi/mMol,

L-[4,5-3H¢N? leucine (52.2 Ci/mMol), D-[ 6=-3H¢N?]mannose (6.3
Ci/mMol), and D-[6-3H(N>] glucosamine hydrochloride (6.3
Ci/mMol) were obtained from New England Nuclear (Boston,
MA) . [5,6~3H]uridine (46 Ci/mMol) was obtained from ICN
Pharmaceuticals (Irvine, CA); [355)0, (25-40 Ci/mg) and
L-[(35S]methionine (600-1100 Ci/mMol) were purchased from

Amersham Radiochemicals (Arlington Heights, IL).
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RESULTIS

B VIBION_COMPOSITION,

Lo MMIY. .ROLYPERTIODE COMPOSITION.

The protein composition of MMIV was established to
enable comparison with virions from cells grown under
alternate cultﬁre conditions or exposed to various drugse.
MMTIV was routinely purified from supernatants of MJY-
alpha cultures at 24 h intervals. Proteins from purified
virions were separated by SDS-PAGE, revealing seven poly-
peptides with apparent molecular weights of 52,000
(gp52), 44,000 (pus), 37,700-33,000- (gp37.7-33), 24,000
(p24), 17,000 (p17), 14,000 (pl4), and 8,000 (p8).
Scanning densitometry of these gels provided a repro-
ducible measure of the relative 1levels of MMIV poly-
peptides (Table 2). MMTV env protein gp52 and gag pr p2i
accounted for >50% of the total detectable protein in

virions harvested under these culture conditions.

- 50 -
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Table 2. Polypeptide composition of MMIV

T VS g Sob g SN RS ST S EE, W P S 5 S S S S S G P TS S SR S -—— - — e

Percent of Total Polypeptide-associated staining

(’/“ S. D.)’

48 b oy B, R LY

24 h harvest 6-8 h harvest 2 oM Benzamidine

Polypeptide n=92 n=14 ‘ n=2

aps2 30.4 +/-5.4 29.9+/-5.7 26.4 +/- 3.3
pud : 3.7 ¢/-2,13 Te2¢4/-1.9 Seli ¢/- 2.1
qp37.7-33 15.8 +/-4.0 20.04/-5.2 21.6 +/- 2.1
‘p24 23.3 +/-4.9 21.8+/-U.6 22.0 ¢/~ 0.4
p17 _ 3.8 +/-2.5 5.14/-3.9 4.0 +/- 247
plu 10.6 +/~2.2 10.2¢/-2.7 Beb6 +/- 0.6

8 12.7 ¢+/-4.1 6.64/-2.97 11.4 +/- 3.1

1 MMTV was purified from media incubated with MJY-alpha cultures
for 24 h, 6-8 h or after 24 h treatment with benzamidine.
Polypeptices were guantitated by scanning densitometry of
coomassie blue- stained gels.

2 no. of samples. .

3 Relative 1level of the polypeptide in these virions was
significantly different from polypeptide from MMIV produced under
other conditions at p<0.05 using analysis of variance proceagure.
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Despite reproducibility of MMTV polypeptide profile,
alterations in the proteins were detected by modifica-
tion of standard procedures. For 1large scale production
of MMIV, cells were grown in medium containing newborn
calf serum (NCS) in place of fetal bovine serum (FBS).
Polypeptide profiles of virions from these cultures con-
tained an additional polypeptide, p85 (Fig. 2), which
accounted for 10-40X of total <coomassie blue-staining
material. A protein with a similar electrophoretic
mobility was reported present in variable amounts 1in
MMIV preparations from milk and tissue culture sources
(Teramoto, et al., 1973, Sarkar, et al., 1977), but the ori-
gin of this polypeptide is unknown.

Alterations {in MMIV pblypeptide profile were also
detected when virions were harvesfed from MJY-alpha cells
at 8 h intervals or from cells treated for 24 h with ben-
zamidine (2 mM), a serine protease inhibitor (Table 2). A
comparison of the standard MMTV profile with virions from
these cultures revealed that the relative levels of pdd
were increased by either technique, aﬁd p8 was decreased in
MMTV from short harvest cultures (Table 2). It is not known
whether these quantitative differences in MMIV polypep-
tides exerts any effect on the stability or the infectivity
af the virions. Treatment with the protease inhibitor
or fregquent harvesting also did not yield MMIV particles
containing detectable levels of polypeptide precursors (Fige.

2B) .
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Figs 2. SDS-PAGE of MMIV. A. MMTV harvested from MJY-alpha

" cultures qrown in maintenance medium supplemented with 14 uM

HC for 24 h (1) or in maintenance medium supplemented with
14 M HC with 18% NCS in place of 18% FBS (2). Be MMIV
harvested from MJY-alpha cultures grown in labeling medium
alone for 24 h (1) or 8 h (3), or in labeling medium medium
supplemented with 2 mM benzamidine for 24 h (2).
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2. INCOBPORATION OF RADIOLABELED PROTEINS INTO MMIV.

MMTV polypeptide composition was investigated further
by analyses of MMIV purified from MJdY-alpha cells
labeled for 24 h with 3H-leucine, 35S-methionine, or
t4C-amino acids. Seven principal MMIV polypeptides incor-
porated  3H, 14, and 35S-radioactivity (Table 3).
Radiolabeled MMIV was also obtained 24-48 h following
removal of the 1labels 1indicating that ceilular pools
of :adiolabeled amino acids and/or virion polypeptides were
relatively 1largqge, and had not completely turned over
after 24 he. The 85,000 mw protein observed in MMIV from
MJY-alpha cells grown in 18% NCS was not detected fol-
lowing 35S-methionine labeling, suggesting it 1is a serum
contaminant. It is possible this polypeptide is synthesized
de novo and contains few methionine residues. An addi-
tional polypeptide, qp60, which did nét stain with coomas-
sie blue, was identified by the three radiolabels (Table
3).

As expected from investigations of MMTV polypeptide
composition, gpS2 and p24 accounted for 46% or more of 3H,
14C, or 355 radioactivity. Comparison of 3H,“HC, or 35S

incorporation revealed variations in the relative levels
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Table 3. Incorporation of radiolabeled proteins into MMIV.

s i e 1t gm0 701 #5 gn mven Py mag e e o i ovn by -y

Percent of total polypeptide-associated MMIV

radiocactivity?

MMIV protein 14C~-amino acids 35S-methionine | 3H=leucine
ap60 6.8 2.0 2.0

aps52 29.1 22,8 28.5
puy 4.8 %2 24

qp37.7-33 24,0 . 24.6 26.2
p24 17.7 41.2 23.7
p17 5.7 % 5.2
pld 6.7 6.6 7.1
p6 5.3 : 4.1 9.3

—d — 29! e 9. ——

1 MMTV was purified from spent culture medium harvested 24 h
following addition of 35S-methionine, 3H-leucine, or 14C-amino

acids. MMTV samples were sub jected to SDS-PAGE, and

polypeptide-associated radiocactivity determined as described.

2 Incorporation into these polypeptides 1is negligible during
labeling period. .
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Table 4. Molar levels of radiolabeled-MMIV polypeptides in MMIV1

— - i e a—

Labeling period?

fmol
radiolabeled protein Chase period
fmol

355 3H . JSS'polypth{dg_

methionine 1leucine a |
Protein label label 0-24 h3 24~-48 h¢
gp52 1.00 1.50 _ 0.50 0.39
qp37.7-33 0.86 1.60 0.70 0.36
p2u 1.30 2.20 0.75 0.22
pl7 2uxiS 0.79 . Lwdd **#%:
ply 1.02 1.30 SRS L T 2
p8 0.81 3.07 TaREk s uS

- - - -

1 femtomolar levels of 355~labeled MMIV proteins were determinedby
the formula:
dpm incoporated into MMTV polypeptide
/ no. of residues of amino

specific activity of label acid per protein
2 MMTV was obtained from MJY-alpha <cells 1labeled for 24 h
with- - 3H-=leucine or 35S-methionine, and
polypeptide-associated radiocactivity was determined after

SDS-PAGE separation. Experiment was performed 3 times and a
representative sample is presentede. :

3 MJY-alpha cells were chased with fresh medium at 6 or 8 h
intervals following labeling. Representative sample was
obtained from medium harvested from the 16-24 h chase.

* MJY-alpha cells were chased with fresh medium at 8 or 12 h
intervals during the 24~48 h after labeling. HRepresentative
sample was obtained from medium harvested from the 40-48 h
chase. :

5 quantity not sufficient for analysis
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of MMIV polypeptides, possibly due to differential
incorporation of the radiolabeled amino acid residues.
To enable direct comparison of radiolabeled MMTV
polypeptides, the relative molarities of the proteins
were determined. Isotopic incorporafion into MMIV pro-
teins was analyzed in conjunction with previously pub-
lished amino acid compositions of MMTV polypeptides (Yagqi,
et al., 1978c¢c). For each MMTV protein, the quotizsnt of
incorporated radiocactivity and numbers of corresponding
amino acid residues present yielded the relative molar
amount of polypeptide (Table 4). Comparison of ratios of
355-labeled polypeptides or ratios of 3H-labeled polypep-
tides suqgested gp52 and gp37.7-33, which are synthassized
as a single polypeptide precursor, were present in equi-
molar amounts in virions. However, gag gene products,
also synthesized as a polyprotein precursor, were not found
in equimolar amountse. Although molar 1levels of p2i were
approximately equivalent to pl4 and ﬁo p8, 1level of pl7
(calculated from a single determination of 3H leucine incor-
poration) was 2.7-fold lower than p2d.

To investigate incorporation of prelabeled proteins
into MMIV, molarity of virion-associated 35S-labeled
gp52, gp37.7-33, and p24 was measured in MMIV harvests

obtained during a 48 h chase period following wuniform
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labeling of MMIV proteins. Only 355-labeled MMIV proteins
were investigated because of higher specific activity of
labeled protein. compared to 3H-labeled polypeptides (Table
4). As shown in Table 5, ratios of 35S-labeled
gp52:9p37.7 and gpS2:p24 varied, but were not significant-
ly different from those measured during the labeling peri-
od, and remained relatively constant throughout the 48 h
chase period. These data suggest pool sizes of
35S-methionine or 35S-labeled MMIV gag or env proteins
were similar.

Determination of relative 114C-radioactivity in polypep-
tides after 14C-amino acid 1labeling has been wusa2d to
calculate numbers of individual protein molecules in
.each virion particle (Adolph and Haselkorn, 1972). Simi-
lar calculations (Appendix A, Table 6), revealed MMIV par-
ticles contain 1800-2400 of each principal MMIV env and
gaq polypeptide. These findings are 30 - 60X greater
than values reported by Sarkar and Moore (1974) who
employed polypeptide-associated coomassie Dblue staining

to estimate numbers of polypeptides per MMTV virion.

ot e s 6 e e T T e oo

The presence of protein-protein disulfide bonds among
MMIV polypeptides was also investigated. Previous f£find-
ings by Dion and coworkers (1979b) indicated interprotein
disulfide bonds were present between gps52 and

gp37.7-33, and between gp37.7-33 and p24 in MMIV-P; the
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Table 5. Comparison of relative molarity of MMTV polypeptides.

Ratio of molarity of MMIV prot:eins1

Time period n2  gp52/gp37.7-33 gp52/p24  p24/pl73 p24/pls p24/p8
Labeling period 2 1.0240.17 1.3540.11 2.73  1.4540.30 1.1540.62
Chase I 0-26h- 8  1.16+0.32 1.0840.39 - - -

Chase II 24-48 h 3 1.5340.40 0.99+0.38 - - -

lmolar levels were determined as described in Table 4 for each MMTV profile obtained;
mean of n ratio determinations presented + S.D.

3number of samples.

single determination.
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Table 6. Numbers of protein molecules in MMIV particles.

— . 8y B

Polypeptide Number molecules/virion!
ap52 ' 1805.73
puy | 351.24
gp37.7-33 ' 2180.45
p24 , 2382.91
pl? | 1079.64
ply ~ | 1558.00
p8 2128.00

! Numbers of molecules per virion were calculated using the
-formula:
N(i) = w X r (i)
m(i)
where N{(i) = number of molecules of protein i in particle,
w = protein mass in particle (2.66 X 10-8, Lyons, M.,
and Moore, D. H., 1962)
r(i) = proportion of total 1%C-amino acid incorporation
into protein i
m(i) = molecular weight of protein i.
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authors suggested disuifide bonds were involved in gener-
ating the eccentric orientation of the core in the B-type
particle. However, the aggregated proteins were not identi-
fied, and the abundance of these inter-protein bonds was
not determined. To identify the presence of similar
disulfide bonds between MMTV-S

polypeptides, virions were dissociated 1in the presence
or absence of sulfhydryl reducing agents, and analyzed by
one- and two-dimensional SDS-PAGE. With one excep-
tion, no significant decreases in ;he relative levels of
MMTIV gag or env proteins or the appearance of new
protein bonds were observed between the two viral prepara-
tions (Iable 7). The one ‘protein which was decreased
under non-reducing conditions’ was pud, a minor protein
reported to be ceilular in origin. Since pdd may not be
of viral origin, the relative 1levels of MMIV proteins
were guantitated independently; again no éignificant
decreases were observed among the known polypeptides
(Table 7). Additional high moleculaf weight proteins were
not detected in non-reduced MMIV samples, although an
increase in coomassie-blue staining material at tﬁe ori-
gin of the standard 10-20% gradient poiyacrylamide gel was
noted. A 7.5-15% gradient gel was employed to better
resolve proteins in the higher molecular weight region.

Under these conditions, proteins with 1lower molecular
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Table 7. Polypeptide composition of reduced and nonreduced MMTV

Relative level of MMIV polypeptide?

Reduced Non-reduced

with without with . without
Polypeptide puy pud puu puy
qp52 24,0 26 .4 21.6 21.7
puu , 9.4 - .- -
gp37.7-33 20.3 22 .4 18.9 19.0
p24 | 29.0 32.0 38.1 38.3
p17 0.6 0.7 1.4 1.4
pld 12.3 13.6 16.2 16.3
p8 4.3 4.7 2.9 2.9

1 Isopycnically-purified MMTV was disrupted in 1X SDS, and h=2ated
at 100 deg C in the presence or absence of 1% 2-mercaptoethanol
for 1 min, and subjected to SDS-PAGE (10-20% acrylamide
gradient) . Protein bands were stained with coomassie blue and
guantitated by densitometry as described. Three replicate
samples were electrophoresed for each group, and a representative
sample is presented as percent of total polypeptide staining;
relative levels were calculated with or without p4l.
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weights (<35,000) were not identified or guantitated with
precision, and the gp52 peak was widened and occasional-
ly split (Fig. 3). Analysis of MMTIV obtained from MJY-
aipha cells cultured in NCS revealed a decrease in
relative amount of 85,000 mw contaminant in non-reduced
samples, with the appearance of a polypep;ide with elec~
trophoretic mobility corresponding to a molecular
weight of 165,000, suggesting disulfide 1linked dimers

of the 85,000 contaminant.

A two-dimensional electrophoresis system was employed
to identify disulfide-linked proteins without ambiguity.
Gel lanes of single dimension 7.5-15% gradient SDS-PAGE
of MMTV which had been disrupted énd run in the presence or
absence of 2-mercaptoethanol were next heated in the
presence. ¢f . reducing agent...1 mM. dithiot?sztol. ‘ggigﬂteua.
horizontally,'A:;Ew Qubiéct;ﬁcEQ‘; 5:1;"«‘graé;é;z¢gDs PAGE..
Polypeptides not linked to other proteins by disulfide
bonds would exhibit similar electrophoretic mobilities
in both gels, and migrate along é single diagonal in
the second dimension. Disulfide-linked polypeptides which
migrate as aggregates in the first dimension are disrupted
by DTI, and do not migrate along the predicted d;ago—
nal in the second dimension. These analyses revealed that

all principal MMIV proteins migrated along a single diag-

onal without additional polypeptides (Fig. 4), suggasting



66

Fig. 3. Densitometry scans of MMTIV disrupted under reducing
or non reducing conditions. MMIV purified from MJY-alpha
cells maintained in medium with 18% NCS was disrupted at 100
deg C with 1% SDS in the presence (A) or absence (B) of 1%
2-mercaptoethanol. Preparations were subjected to SDS-PAGE
on 7.5-15% gradient polyacrylamide gels. Protein bands were
stained with coomassie blue, and samples scannsd by

densitometry as described.
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Fiqe 4. Two-Dimensional SDS~PAGE separation of MMTV
polypeptides. Cut gel lanes of MMTV, disrupted and
electrophoresed in presence or absence (B) - of
2-mercaptoethanol were heated at 100 deg C in the pra2sence
of 1 mM dithiothreitol, electrophoresed as described, and
protein bands were stained with comassie blue.
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the absence of disulfide bonds between MMTIV proteinse.
The 165,000 mw polypeptide identified in one dimensional
non-reduced samples was resolved as a dimer of the
85,000 contaminant. Ihese findings indicate that principal
MMIV-S polypeptides are not linked by disulfide bonds,

.suqqestlng that the characterlstic B-type particle appear-
N AR TR

. N (SN .
- -
2, ., NPEN 0 T L DU

ance does not require proteln protein disullidé linkages.

|

Be MMIV _VIRION PROTEIN P44,

1. MMIV-ASSOCIATED POLYMERIZATION ACTIVITY.

Although MMTIV virion proteins gp52, gp37.7-33, pau,
pl7, pld, and pB8 have been demonstrated to be products
of the MMIV genome, several other proteins are apparently
not viral in origin. The 44 ,000 dalton virion protein,
puu, was suggested to be cellular actin éue to similar
electrophoretic mobility to actin purified from rabbit
muscle. Characterization of pud4 was  undertaken by
assessing whether actin-like activities were demonstrable in
MMIV particles using the polymerization reaction specif-

ic for actin. In this assay, conversion of G-actin monom-

ers into F-actin polymers requires a minimal concentra-
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tion of 0.1-0.2 mg actin protein/ml and occurs at 25 deg
o following addition of the effector molecules ATP,
K+, and Mqg++ (Korn, 1978). Actin polymerization is then
detected by monitoring increases in sample turbidity
as a function of time. Addition of effector molacules
to intact MMTV particles failed to initiate actin polymer-
ization (Fig. 5). However, polymerization occurred when
MMTV virions were first lysed in Iriton
X-100-containing disruption buffer prior to ﬁhe addition of
K+, Mg++, and ATP. Lysis of the MMTV particles was
requifed -for exposure of the G-actin-like species. Incu-
bation of Triton X-100-disrupted MMIV with ATP alon2 also
resulted in increases in the turbidity suggestive of
actin crosslinking (Fig. Sj. Similar ATP-dependent reac-
tions have been' observed in Dictylostelium .extracts,
which mediated crosslinking of actin-containing fibers
(Hartwig and Stossel, 1976).

Separation of polypeptides in cleared extracts polymer-
ized with K=+, Mg++, and ATP by SDS-PAGE revealed that
93% of solubilized MMTIV puuy was present in the pre-
cipitated complex (Fige. 6) . Several other MMIV pro-
teins were also detected and included an 85,000 mw
protein, and approximately 6% of the solubilized inter-
nal core protein, p24 (Fiqg. 6) . Their presence may
be attributed to specific interaction with pd4, or to non-

specific trapping during polymerization. Undisrupted
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Fig. S. Polymerization activity in MMTV. A.
Isopycnically-purified MMTV was incubated in the presence or
absence of 0.5 M KCi, 2 aoM MgCl2, and S moM ATP, and
polymerization monitored by nephelometry. Undisrupted
virions, effector molecules added at time 0 (8). Virions
disrupted in 0.5% Triton X-100, no additions ({ © ).
Detergent-disrupted MMTV, effector molecules added at time O
(e). Incubation buffer without MMTV, effector molecules
added at time 0 (0). be MMIV was incubated in the pressence
or absence of S5 mM ATP, and turbidity :increases were
monitored spectrophotometrically against a buffer blank.
Undisrupted virions, ATP added at time 0 (A ). MMIV
disrupted in 0.5% Triton X-100, no additions (©O).
Detergent-disrupted MMIV, ATP added at time 0 (e@).
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Fige 6. Proteins in polymerized MMTIV lysates. .

Cleared lysates of isopycnically purified MMIV were
polymerized with K+, Mg++, and ATP as described in Materials
and Methods, and electrophoresed in SDS, 10-20% gradient
polyacrylamide gels (A). Rabbit muscle skeletal actin (3)
and MMTV (C) were electrophoresed for compayison. A Sample
of MMIV lysate containing < 0.1 mg actin/ml threshold for
polymerization demonstrates presence of 85,000 mw
contaminant and p24 (C). '
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cores remaining after preclearing may sediment with actin

polymers and could also account for the low levels
of p2l. The 85,000 mw protein was also detected in
the pellets when effector molecules were addeid to

MMTV lysates containing a concentration of p4d4 beldow the
threshold for polymerization (less than 0.1 mg/ml), sug-
gesting that its presence may have been due to

nonspecific salting out of this protein.

2. BINDING QF P44 TO_DNASE I.

The identity of pl4 was further assessed by examin-
ing if pu4, like actin, possessed the ability to stochiome-
trically complex with DNase I (Lazarides and Lindﬁerg,
1974) . DNase 'I-Sepharose was incubated with either
deterqent-disrupted MMIV or purified dog skeletal mnuscle
actine. Complexes were washed and bound polypeptides
released by heating the mixtures in electroghoresis dis-
ruption buffer for 1 min. SDS-PAGE analysis revealed 3
proteins released from the [CNase I reagent alone (Fig. 7).
Analyses of the bound proteins in botﬁ the MMIV and skele-
tal muscle actin preparations demonstrated that virion pud
complexed to immobilized DNase 1 as did contreol actin
protein (Fig. 7). Quantification of MMTV polypeptides by
séanninq densitometry revealed that approximately 1008 of
MMIV pu4 was bound after 5-8 h incubation. MMTV internal

core proteins wer2 also bound to DNase I-Sepharose; elu-
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Fige 7. SDS-PAGE analysis of binding of MMIV pd4d4 to DNase I.
SDS~-PAGE analysis of polypeptides bound to DNase I-Sepharose
incubated with isopycnically purified, detergent-disrupted
MMIV (A), dog actin (B), or incubation buffer (C). bound
polypeptides were eluted as described and electrophoresed on
a 10-20% acrylamide gradient gel. A sample of purified actin
prepared without incubation with DNase I was includeid (o)
for molecular weignt comparison. Periods denote polypeptides
eluted from DNase I-Sepharose in the absence of protein
addition.
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ates contained 74% of total virion p24, 598 of p8, and
40% of pil3. In contrast, p85, gp52, and gp37.7-33 did
not exhibit any affinity for the bound enzyme. Presence of
core proteins may result from binding of intact cores
to puy, with subsequent binding of the entire complex to

DNase 1 via pud.

3. INCORPORAIION OF 3SS—-LABELED Pu4 IN MMTV.

LT

As demonstrated in Section A-3, levels of wvirion-
associated pld were significantly lower than levels of
principal MMIV proteins. To investigate whether low
incorporation was due to a relatively small intracellu- -
lar pool of pild, incorporation of radiolabeled plHl4 into
MMTV was determined: during and following 24 h
35SS-methionine labeling. Determination of molar levels of
35S—~labeled protein revealed 1levels of 35S-p44  were
2.3-3.5 fold 1lower than other 35S-labeled MMIV gag oOr env
proteins in MMTIV obtained duriné labeling period (Table
8). After a 48 h chase period, molar amounts of
3sS-labeled gag or env proteins decreased 37-65 fold as
pools of cell-associated 355-labeled MMTV polypeptides
were depleted. Molar levels of MMTV-associated 35S5-p44
also decreased after labeling period, but the magnitude of
this decrease (6-7 fold) was 1less than ﬁhat observed for
MMIV gag or envy proteins; no differences in relative
levels of 35S-p44 in MMTV harvested early (0-8 h) or late

(40-48 h) during the chase period were observed. During
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Table 8. Incorporation of 35S-~labeled polypeptides into MMIV

Level of 35SYMMTV polypeptide

Chase periods

Labeling period . ' . . - —_—
0 - 24 h 0 -8nh \“0 - 48 h
MMIV . et e e e et —— —— — oo —
protein  35S5¢dpm?} (fmol)2 3s5S¢dpm? (fmol) 3sstdpm? (+mu>
ap52 16,928 6.90 1418 0.58 533 0.22
puy 7,090 2.89. 1072 O.u4 1147 G.u?7
Qp37.7-33 22,222 - 9.10 1499 - 0.61 597 0.24
cad 31,548 12.90 l481l 0.60 ugs G.23

Sl mame (TR AL e s mERem P o e - — . -

1 MMTV was obtained from MJY-alpha cells labeled for 24 h with
3sS-methionine and polypeptide-associated radioactivity was
determined after SDS-PAGE separation. Ihree replicate
experiments were performed and typical trial is presented.

2 Mpolar levels of MMIV polypeptides were determined using the formula:

(dom incorporated into MMIV polypeptide)
— /no. of residues of lapelinc

specific activity of 355-methionine amino acid per polypeptige
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the final chase period (40-48 h), 35S-p44 was the princi-
pal radiolabeled polypeptide. These data indicated a
larger pool size existed for 35S-p44 than for labeled MMIV
env or gagq proteins suggesting that synthesis and/or pro-

cessing of puld was independent of other virion proteinse.

.

4, LQCATION OF Puu JIN MMIV VIRIONS.
The inability of intact MMIV virions to participate in

polymerization reactions suggested that the plld-associated
actin-like activity was not exposed on the virion sur-
face. To further investigate the internal location of
puu, intact MMIV virions were subjected to 1limited
trypsin digestion, follqwed by repurification and SDS-PAGE
analysis. As previously reported (Yagi and Compans 1977),
trypsin treatment decreased the levels of the external
spike glycoprotein gp52 by 50% due to enzymatic cleavage
(Fige 8)e« The levels of nonglycosylated polypeptides not
exposed on the virion surface, including the internal
core protein, p24, were unaffected ﬁy trypsin treatment.
Likewise, 1levels of pd4d in MMTV were not decreased by
trypsin treatment; 92% of pd4 remained after proteodlytic
digestion (Fiq. 8). Exposure of purified actin to
trypsin under identical conditions resulted 1in com-
plete deqradation, with an absence of coomassie blue-~

staining material in the 44,000 mw region of the SDS-gel.
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Fige 8. Irypsin treatment of MMTV. Densitometry profiles of
isopycnically purified MMIV treated with buffer or trypsin,
repurified, and subijected to electrophoresis as described. A.
control MMIV. B. trypsin-treated MMTV.
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Prolonged trypsin exposure (2 h) resulted in disruption
of MMITV virions and degradation of all proteins.
Inaccessibility of pld4 to proteolytic degradation indi-
cated that  puu, " 1like nonglycosylated MMIV polypep-
tides, occupied an internal location in the virion parti-
cle.

Association of pdd4 with MMTV cores was also detect-
ed in deterqgent-disruption studies. Intact MMIV virions
~were exposed to Triton-X-100-containing disruption buff-
er and immediately <centrifuged at 100,000 X g for 30
min; SDS-PAGE analyses of supernatants and pellets on
10-20% qradienf polyacrylamide gels revealed lysis of
viral outer‘ membrane, - with loss of gpS2 and gp37.7-33
from pelleted, tpzu-containing cores. The majority of puy
remained core-associated (Table 9). Resuspension and
incubation of the cores in disruption buffer for 72 h in
the absence of K+, Mg++, or ATP to favor depolymeri-
zation of actin, followed by repélleting of the cores
resulted in decreased 1levels of plil4 compared to p28. These
data suggest that pudd4 is bound to thé MMIV core, and that
only a portion may be dissociated in the presence of depo-

lymerizing buffer.
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Table 9.. Presence 2f actin in MMTV cores.

» t

— e ot .

percent of level of protein in intact virion3

ratio
Sample gpS2 puy p24 plud/p24
Intact MMTV 100 100 100 0.375
Disrupted virions:
Pelletad core
preparations! 0 67 100 C.2u9
Cores incubated with
depolymerizgtion buffere2 0 48 100 0.180

1 Isopycnically purified MMTV was lysed in disruption buffer, and
pelleted at 100,000 X g

2 Pellets containing viral cores were disociated for 72 h as
described and repelleted.

3 Levels of gp52, pud, and p24 were determined by scanning
densitometry.
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C. DETECTION_ _OF MMTV _PROTEINS IN MJY-ALPHA CELLS.

[ Sty e o ir R0k TS N TR e S PRV o S Sy

1. ELISA DETECTION OF _MMTV PROTEINS.

LR B BRI, £ Yerriog) =it

Studies of MMTV replication required accurate
assays to determine levels of MMTV antigens. The feasi-
bility of a direct, enzyme-linked immunosorbent assay
(ELISA) as a rapid, sensitive measure of MMIV polypep-
tides was investiqafed. As described in Materials and
Methods, a reproducible one-step protocol was employed to
bind test samples . directly to ELISA plates for
assay, eliminating requirements for a second spacific
Ybridging® antibody. ‘Dilutions of anti-MMIV antiserum
(1:25-1:5000) detected MMTV antigens bound to ELISA plates
as evidenced by increases 1in absorbance at 410 nm.
Corresponding dilutions of pre-immune serum resultad in
10-fold 1lower A410 values, which constituted backgrounad
absorbance (Fig. 9 RA). At relatively high protein lev-
els (500-1000 ng/well), no differénces in absorbance
vyield were obtainad with 1:5-1:100 anti-MMIV antisera;
the presence of this plateau reqgion suggested 2ither
rabbit anti-MMTV or goat anti-rabbit IgG- (Fab frag-
ment) was limiting reagent with an excess of MMTV protein.
A minimum of 3-5 ng MMIV protein per well was required

to obtain significant elevations in A410 wusing anti-
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Fig. 9. Enzyme-linked assay of MMIV. A. Detection of MMIV

antigens by ELISA. ELISA wells were sensitized with

isopycnically purified, detergent-disrupted MMIV (3.8 Mg

MMTV protein/well). Wells were then incubated

rabbit-anti-MMTV (4 ) or preimmune rabbit sera (¥v), 2nd the
ELISA completed as described. B. Sensitivity of ELISA.

ELISA wells were sensitized with serial dilutions of MMIV

proteins, and incubated with various dilutions of rabbit

antisera: 1:5 (Q), 1:10 (m), 1:50 (o), 1:100 (e, no

antisera (v).
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MMTV antiserum dilutions of.1:5—1:100 (Fige 9 B); dilution
of 1:50 anti-MMTV antiserum was employed for routine
guantitation of MMTV polypeptidese.

The ELISA procedure was applied to quantitate levels
of MMTV in partially purified preparations of MMIV. A
crude MMIV preparation was obtained from <clarified, spent
culture mediunm by centrifugation at 100,000 x g for
50 min. Viral pellets were resuspended and aligquots
further purified on 1isopycnic gradients. As shown in
Fiq.. 10, titration <curves of serially diluted crude
and purified MMIV were nearly identical, indicating use of
partially purified .virions did not result in interfer-
ence or high bacquoun@ absorbance. Significant reactiv-
ity was not observed when preimmune sera was employsd 1in-
place of anti-MMIV antiserum, suggesting contaminants
in partially purified MMTV preparations did not con-
tribute excess background. Routine use of ELISA to gquan-
titate MMTV production in crude MMTV preﬁarations
using an independently qenerated isopycnically purified MMIV
sample as a standard confirmed this demonstration.
ELISA determinations of daily MMTV vyields from confluent,
HC-treated, MJY-alpha cells were compared to valvues

obtained wusing scanningqg densitometry of coomassie blue-
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Fige 10. Detection of MMTV in partially purified MMIV
" preparations by ELISA. Aligquots of NMMIV pelletted from
culture supernatants or isopycnically purified by sucrose
gqradients (approximately 100 upg MMIV/ml) were s2rially
diluted for sensitization of ELISA wells. Wells were then
incubated with 1:50 dilution of anti-MMTIV or 1:50 dilution
of pre-immune sera, and bound antibody detected as
described. Pelleted MMIV (@), anti-MMTV antisera; purified
MMIV (©0), anti-MMTV antiseras



O.D.

410

0.81

0.71.

0.6-

0.5

0.4

0.37

0.1

Qe

92

0.0

4!

42 43
Fold dilution

of ontiserao

e



93

stained proteins of SDS-PAGE separations of purified MMIV.

As shown in Tables 10, comparable values were obtained with

these methods.

2. RADIQLABELING INTRACELLULAR MMTV_POLYPEPTIDES.

Metabolic radiolabeling of cellular proteins was accom-

plished by incubation of MJY¥-alpha cells in media con-
" taining protein or glycoprotein precursors. Proteins were
labeled by incubation with 80-100 uCi 3H~leucine
or 35S-methionine/ml medium for periods of 15 apin-24
h. Short pulse labeling of MMTV glycoproteins by directly
incubating cells with 14C~ or 3H—glucosamine or
JH-mannose was not possible due to the relative}y large
intracellular glycose pools, and tb the low specific activ-
ity of the available radiolabeled monosaccharides. Labeling
was accomplished by preincubating cells for 12-18 h in
qlucose-depleted medium, followed by addition of 100 uCi
3SH- or 14C-labeled glycoses/ml depleted medium for
3-3.5 he This modification resuited in a two-fold
increase in uptake of 3H radioactivity. Prolonged incu-
bation 1in deplet=d media (230 h) resulted in cell
death; consequently long (24 h) labeling periods, similar
to those used for protein 1labeling were not possible.
Sulfated gqglycoproteins were 1labeled by incubation with

35504; S04 uptake was proportional to the concentration



Table 10. MMTV production in
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MJY-alpha cells.

Method

g MMIV/1X 108 cells

Po LAY

Scanning densitometry?t 18.2

ELISAZ 14.5

! MMTV was isopycnically purified from confluent, HC-treated
MJY-alpha cells and quantitated by the SDS-PAGE scanning
densitometry protocol as described.

2 MMTV was pelleted from clarified media of contluent,
HC-stimulated MJY-alpha <cells, and gquantitated using ELISA as
described. Samples were quantitated 4-10 times and
representative sample is presented.
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of SO4 in culture medium, precluding use of SO} depleted
medium. Although uptake of 35504.into MJY-alpha cells was
low relative to other radiolabeled precursors, dincubation
of cells for 24-48 h with medium containing 10-5 M SOL
and 35504 at a final specific activity of 66 mCi-100 mCi
355/mMol SQ4 did result in measurable incorporation into

immane precipitated MMTV proteins.

fw
i

=
5

IOIMMUNOPRECIPITATION PROCEDURES.

ok e PR R SeSaesl—4— Aty Sy O~ 8

Radioimmunoprecipitation procedures using anti-MMTV
immune sera and the immunoabsorbent S. aureus were developed

. o s i

to detect MMTV proteins in MJY-alpha cells. To obtain
MMIV proteins, MJY-alpha cells were first 1lysed 1in 0.1l%
Triton X-100 which disrupted plasma and cytoplasmic mem-
branes. Intact nuclei were removed by centrifugation;
the resulting cytosol-containing supernatant (denoted S1)
was further cleared of radiolabeled contaminants by incuEa-
tion with preimmune sera and the S. aureus immunosor-
Hent. Nonspecifically bound 35S-labeled polypeptides were
eluted from S. aureus cells as described, and analyzed
by 7.5-15% gradiasnt acrylamide SDS-PAGE (Fige. 11); 6-10
polypeptides with mw 240,000, and 6-7 polypeptides with
mw 14-40,000 were detected with all lots of rabbit preimmune
sera tested. Two polypeptides, with mw of 180,000 and
44,000 were also identified by SDS-PAGE after incubation

of labeled cell lysates with S. aureus immunosorbent without

—— e .y o
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Fig. 11. Autoradioagram of SDS-PAGE of precipitations
A.Preimmune’precipitation. MJdY-alpha cells were labeled with
35S-methionine, lysed, incubated with rabtbit preimmune serum and
S. aureus, then pelleted as described. Solubilized

pellets (3.) were subjected to SDS-FAGE on 7.5-15% gradlent

qels adjacent to mdolecular weight markers (i) and
autoradiographed.

B. Immune precipitation. Cell supernatants cleared of debris
were immune precipitated by incubating with anti-MMTV and S.
aureuse. Immune complexes were washed, solubilized, and subjected
to SDS-PAGE and autoradloqraphy (&) adjacent to molecular weight
markers (3).
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antisera, suggesting these polypeptides contaminated
immune precipitations by binding directly to the immuno-
sorbent. Preabsorption was incomplete, as SDS-PAGE anal-
ysis of MMIV polypeptides isolated from cleared superna-
tants using specific anti-MMTV antisera and S. aureus
cells revealed variable amounts of persisting contami-
nants of 180,000 daltons, 44,000 daltons, 16,000 daltons,
and 14,000 daltons (Fige. 11) . Contaminants were present
reqardless of specificity (gp52, gp37.7-33, p24), or
degree of dilution (1:3-1:30) of rabbit antisera
employed, suggesting nonspecific binding was responsible
for their presence. Although these contaiinants did not pre-
vent specific precipitation of MMIV  proteins, the
160,000, 16,000, and 14,000 dalton proteins did obscure
detection of MMIV proteins which exhibit similar elec-
trophoretic migration. Addition of ionic detergents (0.05%
SDS) or chaotropic cholate derivatives (0.5% deoxycholate,
0.5% CHAPS) throughout preclearing and immune precipita-
tion steps did not remove these proteins; use of S. aureus
cells preincubated with unlabeled cell lysates, as suggest-
ed by rRacevskis and Sarkar (1978), was also ineffective 1in
preventing contamination by these proteins in immune
precipitates. Acetone extraction of immune precipitates

prior to electrophoresis to remove bound, 1lipid-soluble
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contaminants, also did not reduce nonspecific background.
Although it was possible to reduce 1levels of cp-180
and cp-44 contaminants by centrifuging S1 supernatants‘
at 100,000 x g for 30 min prior to immune precipita-
tion, high speed centrifugation also reduced levels of
MMIV polypeptides, and this step was not incorporated
into the immune precipitation protocol.

Since radioimmunoprecipitation was to be employed to
study MMIV precursors and their cleavage, ﬁhe stability
of MMTIV precursors was: investigated. Lysates of pulse-
labeled confluent, HC-stimulated MJdY¥-alpha cells were
immune precipitated immediately after lysis, or after
incubation at 22 deg (o for 3 he Quantitation of
MMIV precursor-associated 355 identified by SDS-PAGE
revealed that 95% of precursor-associated radiocactivity

remained, indicating that incubation at RT did not sig-

nificantly affect precursor breakdowne.

4, __MMIV_POLYPEPTIDES _IMMUNE PRECIPITATED FROM _MJY-ALPHA
CELLS. |

MMTV is conmposed of 7 polypeptides derived from high
molecular weight polypeptide precursor products of the enyv
and gaq genes (Dickson and Atterwill, 1978, 1980). Studies
were carried out to identify these precursors and their pro-
cessing sequences in MJY-alpha cells. MMIV polypeptides
in. lysates of 35S-methionine- or 3H-leucine-labeled MJY-

alpha cells were separated by immune precipitation
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using anti-MMTV antisera. SDS-PAGE analysis of immunopre-
cipitates identified several precursors and virion polypep-
tides transcribed from the MMTV _gag gene.: P24, the core
| protein, was the only virion‘polypeptide of gag origin that
was identified (Fig. 12). The other gag components, pl7,
ply, and p8 were not typically detected by anti-MMTIV
antisera due to interference from the cellular:contami-
nants, c¢p-16, cp-1l4. Several polypeptide precursors and

|
intermediates of mature gag gene products, were also

detected  using anti-MMTV antisera, includi#g Pr110838
(110,000 mw), Pr95°*® (95,000 mw), and Pr3sf€. ' (38,000
mw, Fig. 12). Previously reported gag intermediates with mw
68,000-61,000 were not -clearly resolved. A 76,000  mu
polypeptide was also detected, but it was not possible
to determine whether this polypeptide was Pr7é2® or Pr7e6°"V.
Altering - the gradient of the polycrylamide gel to 5-12%
and carrying out electrophoresis for longer periods did
resolve these two species (Fig. 13), although anti-MMTV
antisera could not distinguish betweén the peaks for the
env and gagq precursors. In addition, the Pr68,000—61,000gag
intermediates were more clearly resolved in the 5-12.5%
gradient gelse. The number and electrophoretic mobility
of MMTV ggg precursors in the MJY-alpha cells were con-
sistent with previous findings, although  the relative

amounts of 35S-labeled Prllogag and PtQSgag were low
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Fige 12. Cell-associated MMIV polypeptides. Lysates of
confluent HC-stimulated MJY-alpha cells labeled for 4 h with
35S-methionine w2re immune precipitated with anti-MMTV
antisera as described; precipitates were subjected to
SDS-PAGE on 7.5-15% gradient polyacrylamide gels and
radicactivity determined as described.



MW

3
355dpm (x107) 102
-10 0
1500
- 50
] gp37.7-33
1000 -
p!80O prosd?? gpS52/ pr3g999
prag???
Pri10%%9
) - 10
500 -
lo 20 30 40 S0 60 70 80 90

Fraction number



103

Fig. 13. Separation of Pr76gag and Pr76env. Lysates of MJY~alpha
cells pulse-labeled with 100 #Ci 35S-methionine/ml medium for 15 min
were immune precipitated with anti-MMIV antisera, subjected to
SDS-PAGE on 5-12.5% gradient polyacrylamide gels and radiocactivity
determined as described.
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compared to that obtained by Dickson (1979) . Prle6o0
reported to be synthesized at 1low levels (Dickson and
Atterwill, 1979) was inconsistently present, and not usu-
ally resolved from the c¢cp-180 contaminant.

Antisera elicited to detergent-disrupted MMTIV particles
also detected major virion polypeptide products of the
MMTV env gene. The two glycoproteins, 35S-gps52?, and
358-gp377-33 were identified (Fig. 12). As previously
described (Dickson and Atterwill, 1980), 1large amount of
immunoglobulin heavy chain (mw 52,000) altered the elec-
troohoretic' mobility of immune precipitated gp52, which
subseqguently comigrated with a minor gaq intermediate
Prus : electrophoresis on 5-12% gradignt polyacrylamide
gels did not resolve these speciés (Fig. 13). Immune
‘precipitation studies using énti-pzu and anti-gp52 both
identified a 48,000 mw component (see below, Fig. 15),
indicating both proteins are found 1in MJY-alpha cells, and
that the 48,000 mw peak obtained with anti-MMIV sera con-
tains gp52 and Pruagag. Immune precipitation detected
the principal MMIV env precursor, Pr76€Snv (Fig. 12). How-~
ever, MMIV protein Pr79env, a cell-associated gljcopro-
tein reported to be an intermediate in env precursor
processing, and gp60, a virion-associated glycoprotein of
uncertain origin, were not readily detected. The relative
levels of these polypeptides were possibly too low to

detect, and/or these polypeptides were obscured on the

gels by the more abundant 355-labeled species.

gag/pol
b}
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Since epnv proteins gp52 and gp37.7-33 of the virion
are hiqghly glycosylated, experiments were carried out to
identify the intracellular glycosylated polypeptides using
radiolabeled carbohydrates. MJY-alpha cells were labeled
with 3H-glucosamine or 3H-mannose fot 3.5-4 h, lysed,
and MMTV components immune precipitated with anti-MMIV
antiseré. SDS-PAGE (Fig. '14) revealed Pr76envwas the
principal 1labeled species, accounting for 40% of the
total MMIV-associated 3H radioactivit}. In addition, Pr79env
which was not clearly identified following 35S-methionine
labeling, was consistently detected after 3H—qlucosamine -
labeling and contéined 15-20% of total 3H-radioactivity
Previous studies uiFh other MMIV-producing cell 1lines sug-
gested intracellular pr79°™ and gp37.7-33 did not con-
tain mannose (Sarkar and Racevskis, 1983), althougﬁ carbo~-
hydrate analysis determined virion-associated gp37.7-33
from MJY-alpha cells did contain this moiety (Yagi, M.
et ale., 1978c). SDS-PAGE analysis of immune precipitates of
3H-mannose labeled MJY-alpha cells resulted in
3H-incorporation into MMTV glycoproteins (see below, sa2ction
P 3., Figqg. 26) . It is not known whether pravious
findings resulted from alternative processing of env
glycoproteins in different cell lines, or reflect dif-
ferent sensitivities of the immune precipitation assay.

A 3H-labeled 60,000 mw 91Ycoprotein was detected by

immunoprecipitation with anti-MMIV antisera after labeling
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Fig. 14. MMTIV glycoproteins in MJY-alpha cells. Confluent,
MJY-alpha cells were labeled with 3H-glucosamine,

or 35SJ0A, and immune precipitated with anti-MMIV

antisera as described. Immune precipitates were subjected to
SDS~-PAGE on 7.5-15% gradient polyacrylamide gels, and radioactivity
determined as described. Samples presented here were
electrophoresed on different slab gels, accounting for variation in
polypeptide mobility. A. 3h—glucosamine labeling, 3.5 h. B.

B. 35504 labeling, 48 h.
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with 3H-glucosamine, but not 3H-mannose (Fig. 14) This
glycoprotein may correspond to gpé60. |

Previous reports documented fhat virion-associated
gp52 was a sulfated glycoprotein, whereas, gp37.7-33
did not contain sulfatad glycose residues (Yagi and Com-
pans, 1977). To determine whether intracellular sulfat-
ed eny proteins occurred, MJY-alpha cells were labeled
with inorganic 3550, as described, and immune precici-
tated with | anti-MMTV antisera. SDS-PAGE analyses
(Fig. 14B) revealed MMTV precursors Pr76env, as well
as, intracellular gpS5S2 incorporated 35504‘ Radiocactivity
was detected throughout the gp37.7-33 mw region, suggest-
ing all forms of this heterogeneous protein were sulfated.
Because of prolanged' 35804 labeling periods (36-u48

h) required to obtain sufficient radiolabeled

material for immune precipitation, relatively large

amounts of cell contaminants cp-180, cp-16, cp-14
were also detected (Fig. 1u4B). Previous reports demon-
strated extracellular MMTV particles purified from

35504-1abe1ed MJdY-alpha <cells contained 35S-labeled gpé60,
gp52, and an 85,000 mw component (Yagi and Compans, 1977),
but no 355~ radioactivity was detected in virion
gp37.7-33. Lack of gp37.7-33-associated 35S radioactivity
in MMIV purifiea from 355Q4-labe1ed MJY-alpha cells was

confirmed in a repetition of this experiment. It is possi-
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ble gp37.7-33-associated 3550, was removed during process-
ing steps prior to 1its incorporation into virions.

To selectively identify MMTV gag or env proteins in
MJY-alpha cell lysates, antisera elicited against specif-

ic MMIV proteins were employed in immune precipitation

studies. Anti-p24 antisera detected priﬁcipal gag pre-
gag gag gag

cursors, Pr76 . Prus ., and Pr38 :, . as well as,

mature p24 (Fiqg. 15). Both anti-gp52 and anti-gp37.7-33

identified principal MMIV precursor Pr76env; neither antis-
era identified 3ss-prm° '  or 355-gp60 from 1lysates of
3sS-methionine-labeled MJY-alpha cells, similar to results
obtained using anti-MMTV antiséra. It is possible these
polypeptides were not present in sufficient 1levels for
consistent detection by immune precipitation. Although gp52
and qp37.7-33 isolated from<Q1rus particles were reported
to be immunologically distinct (Yagi and Compans, 1977),
anti-gp37 precipitated a 52,000 mw protein (Fig. 16). It
is possible anti-gp37 recognizes common antigenic determi-
nants on carbohydrate moieties of gpS2 and gp37.7-33. No
gag proteins weres identified using‘anti-gpsz or anti-
gp37.7-33 antisera, and no env proteins were present
in immune precipitates using anti-p24 antisera, demon-
strating that common antigenic determinants were not
detected between intracellular MMIV env and gag polypep-

tidese.

6= QUANTITATION OF MMIV: PROTEINS.
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Fig. 15. Discrimination of MMIV env and gag precursors. Lysates
of 35S-methionine pulse labeled MJY-alpha cells were immune
precipitated with anti-p24 (), anti-gp52 (B), or anti~MMTIV (A),
subjected to SDS-PAGE on 7.5-15% gradient polyacrylamide gels and
autoradiographed as described.
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Fig. 16. MMIV epv proteins in MJY-alpha cells. Lysates of

MJY-alpha cells labeled 20 h with 3H-leucine (80 pCi/ml medium) were
immune precipitated with anti-gp52 antisera (A) or anti-gp37.7
antisera (B), subjected to SDS-PAGE on 5-12.5% gradient
polyacrylamide gels and radioactivity determined as described.
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Although MMTV  antigens have been detected in lysates
of infected cells, the relative levels of cell -
associated MMTV polypeptides and MMTV particles released
from the cells have not been compared. Development of
ELISA and immune precipitation technigues permitted quant}-
tation of cell-associated MMTIV in MJY-alpha cells.
Femtomolar/nanomolar levels of radiolabeled amino acid
incorporation into TICA-precipitable material and MMIV pro-
teins were achieved by incubating cells with 100 yCi
355-methionine and 80 yCi 3H-leucine/ml mediﬁm for 18-24 h
(Table 11). 35S incorporation was lower than 3H, and
the magnitude of this reduction was greater for MMIV pro-
teins (25-fold 1less than 3H? than for the 35S-TCA
precipitated (4-fold 1less than 3H, Table 11). Relafive
di;ferences are partially attributable to 1lower methionine
content of MMIV proteins compared with total cellular pro-
teins. Prior amino acid analyses (Yagi, et al., 1978c)
demonstrated that the methionine content of MMIV proteins
was 6-fold 1lower than that of leucine. As shown in
Table 11, 1incorporation of 35S or 3H into MMIV proteins
accounted for 1less than 1% of corresponding total cell-
incorporated radioactivity. The level of cell-associated
MMTIV protein was calculated assuming the fraction of
total TCA-precipitable radiocactivity associated with MMTV
proteins was equivalent to the fraction of the total cell

protein associated with MMTV. Determination of the total
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Table 11. Levels of cell-associated MMIV proteins in MJY-alpha cells.

D P A WD el A G . - S—— - ——————— . 4h. - GO S e

Incorporation?

TCA-precipitable

Label MMTV radioactivity? radiocactivity? Jilg protein/108 cells

dpm (x 105? fmol dpm (x 105? fmol

3H 2.37 2.05 250 216.0 ‘95

3sSs 1.79 0.08 760 34.2 2u

! HC-stimulated MJY-alpha cells were uniformly labeled by
incubating with 355-methionine (100 uCi/ml medium) and 3h-leucine
(80 pCi/ml medium) as described. Cells were lysed, and clarified
cytosolic supernatants were prepared for immune precipitation.
Experiment was performed 2-3 x using incubations of 15 min-24 h,
and a representative sample from 21 h time period is presented.

2 Determined by immune precipitation of labeled MJY-3alpha cells
with anti-qp52 and anti-pad. Data reported for entire 100 mnm
petri dish.

3 Clarified supernatants were TCA-precipitated, and radiocactivity
determined as described in Materials and Methods.

¢ MJY-alpha cells were enumerated by hemocytozeter, and protein
content was determined by Lowry assay as described in Materials
and Methods. MMIV content was determined using formula:

MMTIV protean in 1 X 108 cells =

HHIV-asSociated radiocoactivity (dpm)
e e = e e e e ———_————— X protein content of

TCA-precipitatle radioactivity (dpm) 1 X 106 MJY-alpha cells
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cell protein by Lowry assay revealed MJY-alpha cells con-
tained 1 x 10-10 ug protein/cell. Consequently, the level
of viral protein in MJY-alpha cells was 2.0-9.5 «x 10-13’ug
MMIV protein/cell or 20-95 p9 MMTV protein/1 X 108
cells when calculated usihg either 3H or 35§ radioactiv;
ity.

The utility of a one-step ELISA assay to determine levels
of MMIV poiypeptides in MJY-alpha cells was evaluated
usihq serial dilutions of detergent-disrupted MJY-alpha
cells as the sensitizing antigen. However, relatively high
protein concentrations were required to detect cell-
associated MMIV protein, and protein overloaded wells
resulted in excessive backgqround, preventing routine use in
quantitating cell-associated protein.
| Comparison of detérminations of levels of cell-
associated MMTV protein (Table 11) and yield of extracel-
lular MMIV-associated .protein (Table 10) revealed daily
production of MMIV was lower than levels of MMIV protein
synthesized. To determine whether - this difference was
due to shedding of soluble MMIV antigens, spent culture
medium  of MJY-alpha  cells labeled 24 h  with
35S-methionine were cleared of virions and immune precipi-
tated with anti-MMIV antisera. lSDS-PAGE analysis did not
consistently identify any MMTV protein, although gp52 was
occasionally detected (Fig. 17) . .Parallel experiments

using ELISA to quantitate MMTV antigens in CIeared media



118

Fig. 17. MMIV proteins shed from MJY-alpha cells. MJY-alpha cells
were labeled with 100 MCi 35S-methionine/ml labeling medium for 24
h; spent labeling medium was cleared of debris and virions by
centrifugation at 300,000 x g for 30 min, and immune precipitated
with anti-MMTIV antisera as described. Immune precipitates were
subjected to SDS-PAGE on 10-20% gradient polyacrylamide gels, and
radiocactivity determined as described. Molecular weight of peaks
was estimated by comparison with non-radiocactive markers in an
adjacent lane.
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supernatants revealed levels of MMIV antigens were at the
lower limit of ELISA sensitivity (3-4 ng MMIV protein/SOlpl
spent media). These data suggest shedding of MMIV protein
from cells ;méﬁhtéd‘ to 1064‘nq MMIV protein per day per 1
x 108 cells, and represented a minor pathway for release of

MMTIV proteins from MJY¥-alpha cells.

1. MMIV.ANTIGENS ON MJY-ALPHA CELL SURFACES.

Indirect immunofluorescence using rabbit anti-MMTV
antisera and FITIC-conjuqated gqoat anti-rabbit IgG was
used to identify MMIV antigens expressed on MJY-alpha cell
surfaces. Viable MJY-alpha cells stained by this pro-
cedure had bright green punctate fluorescence uniformly
distributed on cell surfaces; intracellular staining, or
fluorescence capping was not observed. Unstained cells or
cells stained with preimmune sera had a low level of
diffuse, dull grey cytoplasmic fluorescence. Further enu-
meration of cells with surface bound fluorescence and
quantitation of the fluorescence intensity was carrisd out
using a fluorescence-activated cell aﬁalyzer. Analysis of
unstained samples revealed . all MJY-alpha cells
exhibited a relatively low level of autofluorescence
(Fige. 18A). Staining with nonspecific, preimmune rab-
bit serum as the first antibody did not increase
autofluorescence (Fiqg. 18B). However, all MJY-alpha

cells were stained by anti-MMIV antisera, resulting in
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Fig. 18. Histogram analysis of fluorescent labeling of MJY-alpha
cells. Viable MJY-alpha cells released from confluent,
HC-stimulated MJY-alpha cells were stained with anti-MMTIV (C),
preimmune sera (B), or buffer (A) as the first antibody, and
FITC-conijugated goat anti-rabbit antisera as the second antibody as
described in Materials and Methods.
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increased fluorescence Aintensity of the entire cell
population (Fig. 18C). Flubrescence intensity of a
significant proportion of cells was greater than maxi-
mum recordable value of the . analyzer using 1:4 - 1:100
fold dilutions of anti-MMTV antisera (Fig. 19B), which
pfecluded discrimination among subgroups of cells with
different levels of cell surface MMIV antigens. Staining
MJY-alpha cells with 1:500 dilutions of anti-MMTV antis~
era resulted 1in less than % of cells with fluorescence
intensity qreater than maximum. A single, broad, symme-
trical peak of fluorescence was resolved, with intensity
range of 50-250 (Fig. 19C). The standard deviation of
fluorescence intensity, a measuré of wvariability in
deqgree of cell-associated fluorescence, was 28% greater
for cells stained with anti-MMTV antiserum than uns-
tained cells, or cells stained with pre-immune serum.
These data suggested 1levels of MMIV expression varie@
on MJY-alpha cel} surfaces, although distinct cell
populations exhibiting high and 1low levels of MMIV were
nof detéctable.

- These ibitial studies demonstrategdg the practicality
of identifying anti-MMIV antigens on cell surfaces using
a polyclonal antisera to MMTIV proteins. This procedure
can be wused to quantitate and compare MMTV exprassion

on surfaces of infected normal and tumor cells from in
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Fige 19. Histogram analysis of MMIV antigens on MJY-alpha cell
surfaces. MJY-alpha cells were fluorescently labeled using
anti-MMIV or preimmune sera as described. A. Stained with 1:10
dilution préimmune serum. B. Stained with 1:100 dilution anti-MMTV.
C. Stained with 1:500 dilution anti-MMTV.
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vivo and ig vitrp sources. Inclusion of monospecific or
monoclonal antibodies to MMTV components in this assay
would enable detection of specific viral polypeptides and
could be developed for the gquantitation of thesz pro-

teins. .

P. ALTERNATE CULTURE_OF MAMMARY EPITHELIAL CELLS

— —— a—

1. GROWIH OF_MJY-¥AMMARY CELLS IN SUSPENSION.

Requirement of a solid support for in !iggg cultivation
of epithelial-like cells waé evaluated by investigatiﬁg
growth of MJY-alpha cells in suspension. The MJY-alpha ade-
nocarcinoma cell line was routinely grown in tissue tulture
as an epithelial monolavyer. When confluent, the monolayer
released viable cells into the culture medium. MJY-alpha
cells released from mondlayers were uséd to initiate suspen-
sion cultures using maintenance medium and a shaking proto-
col described in Materials and Methods. Cultivation in sus-
pension regquired a minimum seeding density of 1-2 X 105
cells/ml medium for growth (Fige. 20); log increases in cell
number were detected using seeding densities of 1 X 105 -1

X 106 cells/ml after variable initial 1lag periodse. The
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Fig. 20. Logarithmic growth of MJY mammary tumor cells in
suspension. MJY-beta cells were seeded at 1 X 104 - 3 X 106
cells/ml maintenance medium as indicated, and numbers of viable
cells determined over the next 6 days. Standard deviation of cell
counts was 10-12%.
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doubling time of suspension cells (denoted MJY-beta) 1in 1log
growth phase rangsd from 16-24 h (Fig. 20); wvariation was
related to seeding density: shortest doubling times were
detected with highest seeding densities (1-2 x 106 MJY-beta
cells/mi medium) while longest doubling times were observed
after initiating cultures with 1 x 105 MJY-beta cells/ml
medium (Fig. 20). -Regardless of seeding density, suspension
cultures attained saturation densities of 5-7 x 106 MJY-beta
cells/ml medium within 3-5 d after seeding. Similar lag
periods, growth rates, and time to saturation density have
been observed in 4JY mammary tumor cells in monolayer cul-
ture (Yaqi, 1973, 1974).

To determine whether the saturation density achieved by
MJY-~-beta cells was limited by 1levels of available nutrients
or growth factors, medium of stationary MJY-beta cultures
was replenished either on the standard 24 h schedule, or on
a 12 h schedule, and cell proliferation compared. As shown
in Fige 21, more frequent medium replenishment resulted in
2-fold increases in cell number compafed to cultures refed
on a 24 h basis. These findings indicated saturation densi-
ty attained by MJY-beta cells was not an intrinsic cell
parémeter. but a variable dependent upon cultivation condi-
tions and/or nutrient requirements. For routine culture
maintenance, MJY-beta cells were seeded at 5 X 105 cells/ml

medium, and were subcultured at 3-4 X106 cells/ml medium.



130

Fige 21. Saturation density of MJY mammary tumor cells in
suspension. MJY-beta cells were grown until confluent as
medium was then replenished on a 24 h (0) or 12 h (@) schedule;
numbers of viable cells were determined as describea at 12 h
intervals. Standard deviation of cell counts was 10-12%.
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Cultivation of MJY-beta cells in maintenance medium contain-
ing 14 M HC did not alter cell doubling time (Tabl=2 12),
and only minor fluctuations were observed in growth curves
(Fig. 22). Continuous culture of MJY-beta «cells in HC-
containinq maintenance medium for >10 passages did not
result in alterations in cell doubling time or saturation
density.

As previously detefmined (Yagi, 1973), MJY-alpha monolay-
ers require relatively high (18%) 'concentrations of FBS for
optimal cell qrowthe. To determine whether similar serum
concentrations were required for proliferation of MJY-beta
cells, released cells from confluent MJY-alpha monolayers
were seeded in monolayer or suspension in RPMI 1640 medium
supplemented with 2, 6, 12, or 18% FBS (v/v), and 1.89 yM
bovine insulin/ml medium. As shown in Fig. 23, MJY-beta
cells exhibited stringent serum requirements; mediuh supple-
mented with 2% or 6X% FBS did not support cell growth.
Growth of MJY-beta cells in 12X FBS was characterized by
prolonged log phase doubling times and reduced stationary
phase saturation densities compared to corresponding parame-
ters in MJY-beta cells maintained in 18X FBS. In contrast,
mondlayer cultures grown in 2, 6, or 12X FBS all exhibited
log growth (Fig. 23B); doubling times and saturation densi-
ties did not vary mére than 105 from corresponding parame-
ters measured in MJY-alpha cells cﬁltured in 18% FBS. How-

ever, release of viable cells from confluent monolayers into



Table 12. Growth of MJY-alpha and -beta cells.

Doubling time (h)

Culturel? -HC +HC
MJdY-alpha 22+ /-2 : 22+/-2
MJY-beta 25+ /-2 : 21+/-2

2 MJY-alpha cells were seeded at 5 x 104 cells/cm2 and
MJY-beta cells were seeded at 1 x 10S5cells/ml medium;
doubling times were determined from da11y cell counts
during expoential growth phase

as described. Experiment was repllcated 2-5 times, and
a typical experiment is presented.

133
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Fig. 22. Effects of HC on proliferation of MJY mammary tumor
cells. MJY-beta (B) or alpha (R) cells were seeded.in the presence
or absence of 14 MM HC, and cell numbers were detaﬁlned daily as

described.
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culture medium, which represented 1% of the total cell num-
ber, was significantly decreased in cultures maintained‘in
serum-depleted medium (Fig. 23B). These data suggested MJY-
beta cells were more similar in serum requirements to MJY-
alpha released cells.than to monolayer cells. The more
stringent serum requirements exhibited by MJY-beta cells
newly initiated in suspension were aléo Jbserved in cells
maintained in suspension for prolonged (>3 passages) peri-
ods, sugqgesting altered serum sensitivity was an immediate
and persistent characteristic of MJY-beta cells.

To deterhine whether cultivation in suspension prevented
subsequent monolayer growth, stationary phase MJY-beta cells
were seeded 1in petri dishes after more than 5 passages in
suspension. Plating efficiency of MJY-beta cells was 2gquiv-
alent to that measured £or. newly seeded cells released from
confluent MJY-alpha monolayers (Table 13). Observations of
newly seeded MJY-beta cells revealed predominantly rounded
cells with relatively high nuclear/cytoplasmic ratio, simi-
lar to newly plated MJY-alpha cells (Fige. 24); discernible
cytoplasmic processes were evident within 3 h of plating
(Fige 24), demonstrating growth in suspension did not pre-
vent attachment or spreading on solid substrates. Subseq-
uent observation for 3-5 d revealed continued epithelial-
like appearance indistinquishable from MJY-alpha cells.

The above studies suggested MJY-alpha and beta cells

exhibited similarities in appearance and growth -rate,



Fig. 23. Effects of fetal bovine serum on growth of MJY mammary
tumor cells. MJY-alpha cells released from confluent monolayers were
seeded in suspension (A) or monolayer (B) culture in RPMI 1640
medium supplemented with 1.89 uM bovine insulin and 18% (e ), 12%
(o), 6% (A ), or 2% (v) fetal bovine serum; numbers of

viable cells were detemined as described.
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Table 13. Plating efficienéy of MJY-mammary tumor cellse.

Percent cells adheringt?

MJY¥-alpha cells 79.

MJY-beta cells au

1 MJY-alpha or -beta cells were seeded at

1.5 x 105 cells/cm2 in petri dishes, incubated
for 2 h at 37 deq C, washed 2 X with warmed
maintenance medium; adherent cells were
trypsinized, and viable cells enumerated as
described. Experiment was replicated 2-4 x,
and representative data are presented.
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Fig. 24. Newly seeded MJY mammary tumor cells. MJY-alpha (A) and
beta (B) cells were seeded in maintenance media on cover slips,
alloweg to adhere for 3 h at 37 deg C, then stained with
May-Grunwald-Giemsa. X 400. .
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although differences in serum sensitivity were noted. To
investigate whether cultivation in suspension also altered
metabolic functions of mammary tumor cells, rates of DNA,
RNA, and protein synthesis, and 1lactate production in MJY-
alpha and beta cells were compared. MJY-alpha and beta
cells were labeled with 3H-uridine, 3H-thymidine, or
14C-amino acids for 15 min to 6 h, and levels of cell-
assoclated, TCA-precipitable radioactivity determined. For
these experiments, MJY-beta or alpha cells wereA labeled
while in late log phase, and monolayers were not yet releas-
ing cells into the medium. The rates of 3H-incorporation
after 3H-thymidine 1labeling were similar in MJY-alpha and
-beta cells, suggesting there were no alterations in DNA
synthesis following cultivation in suspension (Table 1l4).
These data are consistent with similar doubling times
observed for MJY-alpha and beta cells. Greater differences
were observed in the rates of incorporation ,¢ 3H—-uridine
and 14C-amino acids; these were 33-50% lower in MJY-beta
cells than MJY-alpha cells (Table 14). Whether these chang-
es reflect alterations in the uptake, incorporation, pool
size, or metabolism of RNA and protein precursors must be
established. Spent medium from stationary .phase MJY-beta
cultures contained lactate 1levels twice as high as tha£

obtained from confluent MJY-alpha cultures consisting of
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Table 14. Metabolic parameters of MJY-mammary tumor cells.

e | o e R GBS oo Sa—— ——

dpa incorporated/ug protein/h?

— s

14C-amino
Sample 3H-uridine 3H-thymidine acids Lactate?
Monolaver 315.0 614 .4 72.6 25 +/- 0.1Y
Suspension 212.u4 721.2 37.6 Se2 +/- 0.54

! MJY mammary tumor cells were labeled with 5-10 uCi radiolabeled
precursor as describea. Cell-associated, TCA- precipitable

radiocactivity was determined at 1, 2, 4, and 6 h, and rate of

incorporation determined. Standard deviation of determinations

was 10-12%. Protzin was determined by Markwell modification of

Lowry assaye. Data are from a representative trial of an

experiment done in duplicate.

2 Spent media was collected daily from MJY-alpha and -beta cells,
and levels of extracellular lactate determined. Levels were

determined in duplicate for cultures treated for 24 h in the

presence or absence of 14 yM HC, and the data pooled. pata

expressed as MH lactate produced per 1 x 106 cells per 24 h.
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monolayer and released cells. This suggested that metabolism

of . carbohydrates or lactate in MJY-alpha and beta cul-
tures‘uas not identical (Table 14). Parallel studies in
which MJY¥-alpha and beta cells were exposed to 14 yM HC for
24-48 h prior to initiation_of experiments did not alter the
rate of radiolabel incorporation or lactate production com-
pared to corresponding untreated sampies (Table iu). Alter-
ations detected in incorporation rates of RNA and prbtein
precursors and lactate production suggest there are differ-
ences in metabolic characteristics due to growth of mammary
tumor cells in suspension vs. monolayers. Howéver, these
preliminary studies did not evaluate relative contributiéns
of released and adherent cells in monolayer cultures, and it
is not known whether similar alterations occur in other
phases of the qgrowth cycle, or under conditions of reduced

serume

2. MMIV PRODUCTION IN MJY-BETA CELLS.

Cultivation of mammary tumor Cells.in suspension repre-
sents a unique adaptation for MJY-alpha epithelial-like
cells, which typically exhibit polarized organization of
orqanelles on a solid éubstratum. Under these conditions,
MMIV buds only from anterolateral plasma membranes of
infected cells; qrowth in suspension eliminates this orien-

tation and a potential restriction on MMIV replication.
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MMTV production was investigated in MJY-beta cultures grown
to a density of 1-2 x 10¢ cells/ml medium, and treated for
48 h with HC in maintenance mediume. Spent culture fluid
harvested every 24 h and subjected to standard purification
proéedures for MMIV yielded a light-scattering band with a
buoyant densitv of 1.17 g/cc in final isopycnic gradients.
SDS-PAGE of the light-scattering material revealed the poly-
peptide pattern for MMTV; seven principal MMIV proteins‘cor-
responding to qp52, pu#4, gp37.7-33, p24, pl7, pl3 and pb
were identified. The relative 1levels of MMTIV polypeptides
from MMIV from MJY-alpha and -beta cells were similar (Table
15) and only minor differences in gp52, gp37.7-33, and p24
were noted. These findings demonstrated that MMIV was syn-
thesized by MJY-beta cells, indicating in vitro production
of MMIV does not require cellular attachment or polarized
cellular organization.

To determine whether MJY-beta cultures produced similar
levels of MMIV compared to MJY-alpha cells, yields of MMTV
from late 1log cultures of monolayer and suspension cells
were quantitated. Significant increases in MMIV production
by MJY-beta cells were detected (Table 16). Suspension
cells routinely produced 10-200 fold more MMIV than compara-
ble MJY-alpha cultures. Increases in MMTV ;ield were

observed within 48 h of initiating MJY-beta cultures and.
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Table 15. MMIV from MJY-alpha and beta cells.

— — a8 St o hn 1& o b o —— — - —— —_———

Relative level of polypeptide-associated staining?

—— o — o . —— ;o ey, s s s o - n

A
Polypeptide MJY-alpha oo ;g;l MJY¥-beta
. |
P - ;

. QDSZ 30-“ +/_ Sou ' : 26.0 "/— 5.'4
P4y 3.7 +/- 2.1 *dg 6.5 +/~ 2.7
qp37.7-33 15.8 +/- 4.0 | © 1 19.1 +/- 0.6

| -
P24 " 23.3 +/- 4.9 | T 17.5 +/- 1.5
pl7 ' 3.6 +/- 2.5 ' ! i 8.8 +/- 1.4
pl4 10.6 +/- 2.2 | 12.3 +/- 2.6

P8 12.7 +/- 4.1 i 9.7 +/- 1.7
i

—— e nt B BT - ——— —— —— — — — — —

1 MMTV was purifi=d from MJY-alpha and beta cells, and processed
for electrophoresis as described. Representative SDS-PA gels

with coomassie blue-stained proteins are presented from MJY-alpha

(A, 2.7 pg) and beta (B, 93 pg) are shown. Relative levels of

coomassie blue stained polypeptides were determined from 5-9 MMIV

samples, mean +/- standard deviation are presented.
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Table 16. Production of MMTV in MJY mammary tumor cells.

& .
MMTV yield gﬂg MMIV protein/10 cells)?

Sample Control HC-Stimulated
MJY-alpha cells 0.2 2.7
MJY-beta cells 93.8 194.2

[PPSRy s . B e e S+ G A . b et} St

1 MMTV was purified from spent cultures of MJY-alpha or

beta cells, subjected to SDS-PAGE, and MMTV yield determined

by scanning densitometry as described.

Comparisons were performed 8 times and - a representative experiment
is included.
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were consistently elavated throughout the 16 wk cultivation
period. These findings indicated that suspension cultures
may represent a viable alternative to monolayers for obtain-
ing largqe quantities of virions for analysis.

Exposure of MJY-beta cells to 14 /LM HC resulted 1in 2-5
fold increases in extracellular MMIV compared to that
obtained in wuntreated suspensions. Similar increases in
MMTV production were detected after steroid stimulation of
MJY-alpha cells (Table 16), suggesting gfowth in suspension

did not alter steroid-induced increases in MMIV production.

3, PROLONGED HC_EXPOSURE OF MJY-ALPHA AND -BETA CELLS.
Although production of MMTIV 1is stimulated by glucocorti-

coids, the duration of steroid responsiveness by mammary
tumor cells in vitro has not been determined. The effects
of prolonged glucocorticoid exposure on MMIV production were
ascertained by culturing MJY-beta cells in the presence or
absence of 14 M HC. As shown in Table 17, exposure of MJY-
beta cells to 14 ;4M HC for 11-13 days resulted in the
expected 3-5 fo0ld increase in MMTV production. Treatment
for >14 4, however, resulted in decreased MMIV production
compared to levels obtained in cultures without HC. Attenu-
ation of MMIV production was consistently observed during 16
subsequent cell passages in HC-supplemented medium. Similar
reductions in MMTV production were detected after prolonged

exposure of MJY-alpha cells to HC
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Table 17. Production of MMIV in MJY-beta cells following exposure

to HC.

s L meem — ——

MMTV yield (kg protein/l X 108 cells)?

Culture duration Control HC~-treated
Days 11-13 58.6 205.1
Days 14-21 40,2 42.7

— [T peuoeir SV 4 ——. e

1 MMTV was obtained from MJY-beta cells maintained in the
presence or absenc= of HC for 21 4 (3 passages); MMTV yield
was determined daily by quantitative SDS-PAGE, and typical
values obtained during the periods indicated are presented.
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To investigate whether MMIV production in cells grown in
the presence of HC were permanently refractory to glucocor-
ticoid stimulation, MJY-beta cells maintained in 14 4 M HC
for greater than 3 passages (denoted HC-LT) were stimulated
with 28 or 60}1M HC. As shown in Table 18, MMIV production
increased 2-3 fold within 72 h  of exposure to elevated con-
centrations of HC. . It was also possible to restore HC
responsiveness to 14 UM HC by subculturing HC-LT MJY-alpha
cells for 7 days in HC-free maintenance medium. Exposure of
these cultures to 14 UM HC again resulted in 2-3 fold
increases in MMIV yield within 24 h (Table 18). These stud-
ies demonstrated that the depression of MMTV production in
HC-LT cells was reversible by either increasing the HC con-
centration or by brief subculture in HC-free medium.

The effects of prolonged glucocorticoid exposure on MJY-
alpha cell-associated MMTIV proteins were examined by immune
precipitation. As demonstrated abové. 10 cell-associated
MMTIV env and gagq precursors and products were identified by
immune precipitation. Synthesis of principal MMIV polypep-

nv
& and Priét was identified using

tide precursors Pr76ga
short, 15 min 35S—-methionine pulse-labeling, and anti-MMTV
antisera; Pr76™ was selectively identified wusing anti-gp52

antisera (Fig. 25). Quantitation of polypeptide-associated
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Table 18. MMTV Production in MJY-beta cells after prolonged HC.
N '~ exposure!

Culture Treatment Fold stimulation
Control ' -—- 1.0

Control 14 uM HC 3.5

HC-LT cells2 14 UM HC | 1.1

HC-LT cells3 - 1.4
Subcultured HC-LT* 14 uM HC 2.9

HC-LT cells 28 pM HC 1.9

HC-LT cells 60‘ﬂM HC 2.4

- - e

1 Averaqgqe daily MMIV yield was determined for 1 or 3 d, and presented
as a proportion af corresponding control culture. Experiments were
performed 2 X and a representative experiment is presented.

2 HC-LT cells were continuously exposed to 14 uM HC for 3-5 passages
prior to these experiments.

SHC-LT cells subcultured in absence of added HC for 7 d.

4 HC-LT cells subcultured in the absence of HC for 7 d prior to
restimulation with lu/;M HC for 3 d.
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Fig. 25. MMIV proteins synthesized in MJY-alpha cells.

Lysates of MJY-alpha cells pulse-labeled with 100 .4Ci
35S—-methionine/ml medium for 15 min were immune precipitated with
anti-MMTIV (A) or anti-gp52 (B) antisera, and immune precipitates
were subijected to SDS-PAGE on 7.5-15% polyacrylamide gels as
described. Control cells (panel 1), HC-treated cells (panel 2).,

and HC-LT cells (panel 3) are presented. Experiment was performed
2-5 times and a representative trial is shown.
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radiocactivity by scanning densitometry of autoradiograph
exposures revealed 35S-incorporation into MMTV precursors
pr76%°% and Pr76 W was 2.5-3.2 fold greater in MJY-alpha
cells incubated 1in HC-containing medium (HC-treated cells)
than in control cells. Prolonged exposure to HC resulted in
little o& no increases in these MMTV precursors using either
anti-MMTIV or anti-gp52 antisera. Since only low levels of
other MMTV polypeptides were détected after 15 wmin pulse-
labeling; a longer 1labeling period of 4 h was employed to
enable identification of other MMIV intermediates and prod-
ucts. Under this condition, the relative 1level of
3sS-incorporated into MMTIV intermediates and products was
consistently higher in HC-treated cells than in controls
(Table 19). Prolonged exposuré of MJY-alpha cells to 14 UM
HC did not result in increases in any 35S-labeled MMIV poly-
peptide above levels detected in control cells. Comparison
of steady state levels of cell-associated MMIV proteins
using a 24 h labeling period detected  only minimal (1.1-1.2
fold) elevations 1in cell-associated MMIV proteins in HC-
treated cells compared to control or HC-LT cells.

Similar alterations in the synthesis of MMIV env precur-
-sors were detected when the effects of glucocorticoid treat-
ment on post-translational modification of MMTV polypeptides
were investigated by comparing .glycosylation of intracellu-

lar Pr76®™V , Pr7¢°"™ , and gp52. Although no differences in



Table 19. Effects of HC on cell-associated MMTV precursors and products.

Polypepetide—~associated radioactivity (dpm 3584ﬂg protein)1

MJY-alpha Pr1lo8asg Pr76828

+ . + '
culture Pro58ag Pr76enV Pr61538 gp52 Pr38®?®  gp37.7-33 P24 Total
Control 0.83 4.21 0.86 - 0.83 1.17 1.17 0.34 9.41
HC-treated 1.86 5.09 0.8  0.79 2.01 0.79 0.19 11.59
HC-LT 1.32 2.00 . 0.89 1.16 0.48 0.48 0.48 6.81

1Lysat:esr. of confluent cultures lebeled for 4'h with 35S-meth:l.on:l.ne were immune precipitated with anti-MMTV
and subjected to SDS-PAGE; polypeptide-associated 35S was quantitated for each MMIV precursor or product.
Level of cell protein per sample was determined. by I.owry protein assay, and data presented as:

dpm incorporated into M'TV_polypeptide
ME total cell protein

Results of two experiments were similar, and data from one trial is presented.

9¢1
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total cell-associated radiocactivity were detected after
incubation of control, HC-treated, and HC-LT MJY-alpha cells
with 3H—-mannose or 14C-glucosamine, 1levels of 3H and 3+C
incorporation into‘MMTV eny proteins were increased 1.8-1.9
fold in HC-treated cells compared to control MJY-alpha cells
(Table 20). No increases in polypeptide-associated radioac—_
t;vity were detected in lysates of HC-LT cells (Table 20).
SDS-PAGE analysis of immune precipitates from HC-treated
and control MJY-alpha cells revealed significant differences
in the relative levels of radiolabeled MMIV glycoproteins
(Fig. 26). Pr76env was principal radiolabeled MMIV glyco-
protein, containing 45X of total MMIV-associated radioactiv-
ity in MJY-alpha cells stimulated with HC for 24 h. Control
or HC-LT cells contained increased 1levels of Pr79°"’ com-
pared to Pr76° " (Fig. 26); Pr79°"" accounted for 40-50% of
the total MMIV-associated radioactivity. These findings
suqgest that short-tera, but not prolonged HC ;reatment
alters proceésihé of tﬁe MMIQ ggg polyprotéin precursore.
| To investigate whether HC-induced alterations occurred at
cell membranes, MMIV antigens on MJY-alpha cell surfaces
were identified and gquantitated by immunofluorescent label-
ing with anti-MMTV and analysis by cell sorter as described.
As shown in Table 21, MMTV antigens were detected on surfac-
es of control, HC-treated, and HC-LT cells. However, the
magnitude of fluorescence intensity, a measure of the gquan-

tity of surface-bound antibody, was significantly greater in
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Table 20. Glycosylation of cell-associated MMIV proteins.

Immune precipitated radioactivity (dpm)?

MJY-alpha culture anti-qp52 antisera (3H) anti-MMTIV antisera
Controlz? : 10,634.0 8,330.0
HC-treated?d : 19,036.8 15,591.u4
HC-LT* 10,936.0 7.,8U47.58

1 MJY-alpha cultures were labeled with JH-mannose or

14C-glucosamine as described. Lysates of labeled cultures were
immune precipitated and MMIV-associated radiocactivity

quantitated. Data for each entire lysate (5.5 x 107 cells) is
presentad.

2 Untreated MJY-alpha cultures.

3 MJY-alpha cells treated with 14 uM HC for 24 h prior to labeling.
¢ MJY-alpha cells maintained in 14 4M HC for >5 passages prior to
labeling.

(14C
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Fig. 26. Effects of HC exposure on glycosylation of MMIV
polypeptides. Lysates of MJdY-alpha cells labeled with 3H-mannose were
immune precipitated with anti-gp52 antisera, subjected to SDS-PAGE
on 7.5-15% gradient polyacrylamide gels, and radioactivity
determined as described. A. Control MJY-alpha cells. Bs MJY-alpha
cells stimulated with 14 MM HC prior to labeling. C. HC-LT

MJY-alpha cells.
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Table 21. Effects of HC on expression of MMTV antigens on MJY-alpha

cell surfacesi

Dilution of anti-MMTV antisera

1:50 1:100 1:250 1:500
Sample Mean2 %3 Mean ~ Mean ~ Mean %
Control 205.9 98.5 199.3 95.9 187.5 85.6 185.2 80.4

HC-treated 231,7 98.9 225.4 98.7 209.7 '97.6 200.2 94 .9
HC-LT 205.1 98.9 193.0 96 .8 185.6 83.4 181.8 70.9

LY VWY PR

1 MMIV proteins on MJY-alpha cells surfaces were fluorescently
labeled and analyzed by FACS as described. Use of pre-immune
sera resulted in 168X fluorescing cells with a mean log
fluorescent intensity of 172. Staining studies were repeated 3-4
times and a representative sample is presented. Differences in
means for HC-treated or HC-LT and control were statistically
significant in two-way student t tests with p<<0.0001.

2 Average loq fluorescent intensitye.

3 Proportion of cells fluorescing above background.
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HC-treated cells compared to controls at each corresponding
dilution of. .anti-MMIV .antisera. .(Table 21). ..- A-five . fold.
o, ot '.:

v A e g e

higher dilution of anti-MMTV antisera was fquiéé& to Obtaiﬁ
an equivalenf fluorescent magnitude of HC-treated MJY-alpha
cells compared to unstimulated controls. Prolonged exposure
of MJY-alpha cells to HC did not result in increases in MMTV
sukface antiqehs and the magnitude of fluorescence intensity
of.these cells was similar to that measured on surfaces of
control cells (Table 21). A 1:500 dilution of anti-MMIV
resulted in only 5% decrease in the proportion of fluoresc-
ing, HC-treated cells, whereas, the proportion of cells
fluorescing above background was decreased 18-28% in control
or HC-LT cells.

It is possible short-term HC exposure resulted in accumu-
lation of MMIV antigens on cell surfaces. Similar increases
were not detected by immune precipitation of lysates of
whole cells, perhaps due to relatively low contribution of
cell membrane to the total quantity of cell protein. Alter-
natively, differences in fluorescence magnitude may repre-*
sent differences in reactivity of MMTV antigens on surfaces
of HC-treated and control cells with anti-MMIV antisera.
Studies reported above detectéd differences in glycosylation
of MMIV env proteins detected after short-term HC exposure
which may have altered antigenicity of these polypeptides.

Anti-MMIV antisera used in these experiments was obtained by



163

immunizing rabbits with disrupted preparations of MMIV
obtained from HC-stimulated MJY-alpha cells; greater avidity
of anti-MMTV antisera for MMIV antigens in HC-treated cells
may have resulted in increases in fluorescence intensity.
In addition, reduced temperatures at which reactions took
place (4 deg C) may have prevented binding of low affinity

antibodies.

4. TURNOVER OF MMIV PRECURSORS.

The studies reported above indicated glucocorticoid expo-
sure resulted in alterations in MMIV production, in addition
to, short-term stimulation of virion production. To deter-
mine whether rate of érocessing of MMIV precursors was
affected by HC, turnover of principal epv precursof pr7¢™
was investigated. HC-treated and control were pulse-labeled
with 3S5S~methionine and chased in the absence of label for
0-12 h. Lysates of labeled cells were immune precipitated
with anti-gp52 and 3SS-incorporation into MMTIV polypeptides

env

determined. Half-life determinations revealed Pr76 turn-

over was relatively rapid (190 min); treatment with 1u}LM HC
for 24 h resulted in a 5-fold increase in turnover rate of
Pr?émw’ (Table 22): suggesting qlucocorticoid exposure did
alter MMIV polypeptide processing rate.

Despite relatively rapid turnover of MMTV env precursor,

env

low levels of 35S-Prié6 persisted throughout prolonged chase

env

periods; 5% of 1initial Pr76 remained after 12 h chase,
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Table 22. Effects of HC on turnover of Pr76env.

355-labeled Pr76env remaining

- o a gun

Pulse 1label Chase period
Sample 15 min 1h 2h
Control 1.00 1.04+/-0.56 0.37+/~0.02
HC-stimulated 1.00 0.27+/-0.18 0.13+/~0.04

t(1/2)

min

182

36

1 MJY¥-alpha cells were labeled for 15 wmin with 35S-methionine,
washed, chased for 1 or 2 h, anqmgmmune precipitated with anti
gp52 antiserum; levels of 355-Pr76 were determined and presented

as fraction of total incorporated radioactivity at tim2 Q.
2 Half life determined usina the formula:
- =Rt
where A = 35S—-labeled Pr 7q‘ t time t
A0 = 35S—labeled Pr76 at time to0
K = constant
t = time
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~

while less than 0.001X of labeled precursor would be pre-
dicted by first order kinetics (Fig. 27). To investigate
whether residual 355-Pr76°" was due to incorporation of
free intracellular 35S-methionine remaining at the end of
labelind period, pulse labeled cells were chased for 2 h in
medium containing high (SO}lM) or low (10 uM) levels of
unlabeled methionine SOS-PAGE analysis of MMIV epnv proteins
precipitated . with anti-gp52 revealed no differences in
3sS-methionine incorporation into Pr76-"’  between cultures
chased with 10 or 50 ‘pﬂ methionine. This suggested that
residual 35S-labeled methionine pcol did not. contribute to
' labeling MMTV precursor during the chase period.

Decreases in levels of 35S—labeled precursor were not
accompanied by corresponding increases in intracellular
355-labeled qp52 or gp37.7-33 (Fig. 27) 1in HC-treated or
control cells. 35S~labeled polypeptides were not detected
by immune precipitation in extracellular MMTV obtained dur-
ing chase periods. These data suggest that proteolytic deg-
radation may have contributed to turnover of MMIV precursor,
with a' relatively small proportion of MMIV precursor pro-

cessed into tlie appropriate product.
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Fig. 27. Turnover of 35S-Pr/6°"in MJY-alpha cells. Confluent,

HC-stimulated MJY-alpha cells were labeled with 100 ACi
35S-methionine/ml medium for 15 min, or pulse-labeled and chaseada for
1 h, 2h, or 12 h, then immune precipitated with anti-gp52 antisers,
and subijected to SDS-PAGE on 7.5-15% gradient polyacrylamide gels.
A. 15 min labeling with 3SS-methionine B. 15 min pulse-labeling

and 1 h chase. Cs 15 min pulse-labeling and 2 h chase. D. 15 min
pulse-labeling and 12 h chase. .
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E. Effects of cytodisruption on MMTV.
1, MMIV PRODUCTION.

Studies on the role of the cellular cytoskeleton
in MMTV replication were initiated by examining MMIV pro-
duction during 2.1 JiM cytochalasin B (CB), cytochala-
sin D (CD), and 0.14 pM colcemid treatment. MMIV purified
from MJdY-alpha cultures labeled with 3H;uridine during the
24 h treatment with CB and colcemid appeared as single
bands of 3H radioactivity with bouyant densities of
1.17 g/cc in thes final 1isopycnic gradients (Fige. 28) .
Although MMTV production was not abolishéd, differences in
levels of 3H-incorporation into the MMIV-associated band
were evident, suqgesting alterations in MMTIV production or
in metabolism of radiolabeled uridine occurred.

MMTV production during and following exposure to Z.I/uM
CB or CD or to 0.28,‘M colcemid was gquantitated by immune
precipitation of radiolabeled preparations. Multiple har-
vests obtained throughout the treatment period differentiat-
ed between inmmediate and delayed drug effects.
35S-methionine with high specific activity (600-1200 Ci/
mMole) enabled quantitation of multiple virus harvests;
the 35S-radioactivity was efficiently incorporated into MMIV
qp60, gp52, pi4, gp37.7-33, and p24, although pl7, pl3, and

p8 were not highly labeled due to 1low methionine content

(Yaqi, et al., 1978¢c).
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Fig. 28. Effects of cytodisruptive drugs on MMIV. MMTV was prepared
from spent media of MJY-alpha cells labeled for 24 h with 3H-uridine
(R) , or labeled and treated with 2.1 UM cytochalasin B (B), or 0.1u
M colcemid (C). Final isopycnic gradients were fractionated and
radiocactivity determined as described.
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Exposure to (B resulted in 1.7-2.6 fold increases in
virion-associated radiocactivity throughout the 24 h
treatment period (Table 23). Relative levels of MMTV
continued to be elevated 2-3 fold 24 h following CB
removal. CD had the opposite effect, and reduced levels of
immunoprecipitable MMTIV by 40-80% during the 24 h
treatment period. In addition, extracellular. MMIV continued
'to be depressed by 60-70% during the 24 h period following
CD removale. Reduction in . MMTV production was also
detected during and following treatment with 0.28 M col-
cemid, although prolonged treatment (36-48 h) was

required to observe this effect (Table 23).

2s EFEECT _OF_MICROFILAMENT DISRUPTION ON MMTV COMPOSITION.

To determine whether cytochalasin-induced effects on
MMTIV production were accompanied by alterations in virion
polypeptide composition, 1isopycnically purified MMIV K from
cultures treated with CB or CD was subjected to SDS-PAGE.
Treatment with eguimolar doses of either cytochalasin
resulted in modifications in t?pical MMIV profiles,
although the duration of treatment period required to
observe these changes differed for CB and CD. As shown in
Fige 29, changes in MMIV  polypeptide profile were
detectad within 8 h of CD exposure, and were observed
throughout the treatment period. In contrast, exposure of

MJY~-alpha cells to CB did not result in detectable
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Table 23. Effects of cytodisruptive drugs on MMIV production.

— emaman -

Relative levels of MMIV-associated radioactivity

Treatment
2.1 y M 2.1 }AM 0.2€ UM
Treatment period? Control Chb co Colcenic
16 h 1.00 1.75 0.20 0.72
24 h 1.00 2,62 057 1.16
36 h 1.00 o %% 33 ) ) 0.U8
48 h 1.00 L] =% 0.36
Recovery period2
24 h ) 1.00 2. 24 0.32 O.uu

P T e A e g - — oy

1 Levels of MMIV-associated radioactivity were guantitatesa by
ismune precipitation of 35S-labeled MMIV isopycnically purified
from druq treated or control MJY-alpha cells as described in

Materials and Methods.
2 Levels of MMIV-associated radioactivity were gquantitatea by

immune precipitation of 35S-labeled MMIV isopycnically purified
from media harvestzd 24 h after drug removal.
3 CB and CD treatment was carried out for 24 h only.
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Fig. 29. SDS-PAGE analysis of isopynically purified MMIV from
MJY-alpha cells treated with 2.1 uM CB, or 2.1 mm CD, or no

drug. Representative profiles of MMIV harvested from 2 treatment
periods during 24 h exposure to the drug are presented. Proteins in
gels were stained with coomassie blue, and gels were scanned at 590
nme
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alterations in MMIV polypeptide profile until 16-24 h of
exposure. Radiolabeling of MdJY-alpha cells with
35S-methionine and 3JH-glucosamine prior to exposure to
CB and CD also revealed alterations in the relative levels
of three MMTV proteins, qp60, pul, and p24 (Table 24).
The maﬁor internal core protein p24, which comprises 22-24%
of the total virion protein, was decreased by 25-44%
within 16 h and by 50~61% after 16-24 h exposure to
either cytochalasin compound. The other nonglycosylatead
protein, pl4y, was transiently increased 2-fold during the
first 16 h of CD, but not CB, treatment. Exposure to
either cytochalasin resulted in a l.5-2 fold increase
throughout treatment in qpé60, the external, envelope-
associated qlycoprotein (Table 24).

Comparison of the levels of glycoprotein-
associated 3H-glucosamine and 35S—-methionine radioactiv-
ity revealed that the ratios of 3H to 35S in gp60, gp52,
and gqp37.7-33 wer2 depressed (Table 25). This alteration
was most apparent in gp52, the major external virion glyco-
protein and suggqested the occurrence of modifications in the
carbohydrate moieties of the proteins.

In addition to alterations 1in relative levels of MMTV
"polypeptides, 4-5 high molecular weight proteins "were
detected in MMIV from CBb- or CD-treated cells (Fig. 30).
These proteins were not intensely stained with commassie

blue (Fige. 29), although ‘they were 1labeled with
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Table 24. Effects of cytodisruption on MMIV polypeptides.

kelative % of polyeptide-associated radioactivity!?

—— et S, o o e

MMTIV polypeptide control Cce CD Colcemic
0~-16 h :
qQp60: 3H 20.3 25.1 35.72 2647
3ss 12.8 . 21.02 © 20.42 16.8
gpS2: 3H 50.1 Uy.7 42.9 43.9
3%§ 21,8 17.6 14.1 17.8
puu: 3SS 14.8 19.2 27.82 26.02
qQp37.7-33:3H 28.3 29.3 21.4 28.8
38s 24.9 21.6 23.5 22.b6
p2u: 35S 23.6 13.52 lu4.02 22.3
16-24 h
Qpé0: 3K 19.3 40.92 41.02 3247
355 12.9 ' 24.32 23.82 21.4
qpb52: 3H 51.2 2.6 4l1.7 9.2
355 17.9 17.6 12.2 12.5
puus 35§ 32.3 23.9 30.4 36.0
ap37.7-33: 3H 28.6 21.3 17.9 28.2
35§ 17.2 18.8 ' 25.6 18.4

pad: 355 21.5 10.72 8.0 2 11.72

——— - D 4 e e - e e - - - - c—
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1 MJY-alpha cells prelabeled with 35S-methionine ancd
3H-glucosamine were treated with 2.1 uM CB or CD, or 0.28 uM
colcemid. Proportions of 355- and 3H-associated with MMIV
polypeptides were determined for each 6-8 h harvest of MMIV
during the drug treatment. Values represent averages of
polypeptide~ associated radiocactivity for MMIV harvestea between

0-16 h or 16-24 h.
2 Significant in one-way Dunnett's test alpha=0.05.
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Table 25. Glycosylation Ratio.

3H radioactivity/3ss radioactivity in MMTV glycoproteins1

24 h exposure : 48 h exposure
Treatment . gp60 gp52 gp37.7-33 gp60 gp52 gp37.7-33
Control 4.78 9.25 4.95 3.21 7.25  4.33
CB 201 ’(M 3028 5-53 3032 ) - - -
Colcemid 0.28 M 3.24  3.50  2.83 2.80  5.65  3.04

1Cultures‘were doubly labeled with 35S-methionine and 3H—glucosamine, treated with
cytodisruptive drugs, and virions were purified and subjected to SDS-PAGE.
Relative levels of radioactivity associated with virion glycoproteins were
determined as described in Materials and Methods.
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Fige 30. SDS-PAGE of MMTIV from MJY-alpha cells prelabeled with
35S—methionine (===) and 3H-glucosamine (=~~--) for 24 h
before drug treatment. A. MMIV from untreated control cultures
36-42 h after isotopic labeling. B. MMTV harvested at 18-24 h from
cells continuously treated with

2.1 y¥ CB.
C. MMIV harvested 18-24 h from cells treated with 2.1 AM CD. D.
MMTV harvested 26-36 h from cells treated with 0.28}iM colcemid.
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35S-methionine TwO species, with molecular weights of
90,000 and 120,000 also incorporated 3H-radicactivity indi-
cating that they were glycoproteins. These high mdlecu-
lar weight proteins accounted for approximately 50% of
the total virion-associated radioactivity after 24 h treat-
ment, and were still present in MMIV harvested 24 h
after druq removal. To determine whether these polypeptides
were related to MMTV virion proteins, purified,
355-1labeled MMIV from cultures treated with Cb or CD were
disrupted in non-ionic detergqent and subjected to immune
precipitation with antiserum to MMTV. The high molecular
weight proteins were identified in the immune precipi--
tates by SDS-PAGE, suggesting that they shared antigen-
ic specificities with virion proteins. bBecause of limited
quantities of virus generated in these experiments,
further tests of nonspecific binding were not carriei out.
It is possible thesse proteins were nonspecifically bound
to S. aureus, although proteins with similar electroﬁhoret—
ic mobility have not been previously detected 1in immune

precipitations from lysates of untreated cells or virions.

3. EEEECTS_OF MICROTUBULE DISRUPTION ON MMIV_COMPOSITION.

LI P

Exposure to 0.26 j(M colcemid resulted in reversible
alterations in MMIV polypeptide composition, -as demonstratea
by comparison of SDS-PAGE profiles of MMIV harvestead

during (40-48 h) and following (48-72 h) colcemid
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treatment (Fig. 31). Using radiolabeled precursors as
before, alterations in 1levels of MMIV polypeptides were
detectable within 16-24 h of drug exposure (Fige. 30). As
guantitated in Table 24, the nonglycosylated core protein,
p24, was decreased by 40-60%, whereas, gp60 increased by 503X
(Table'zu). The level of plUl4 was significantly increased
within the first 16 h of colcemid exposure, élthough this
difference was not maintained between 16-24 h. As observed
with cytochalasin treatment, the 3H/3SS ratio for all
MMIV glycoproteins, including gp60, was depressed follow~
ing exposure to colcemid (Table 25). In  addition, 4-5
high molecular weight glycosylated and nonglycosylated
p;oteins were present (Fige 30). These polypeptides had
similar eléctrophoretic mobilities as components .observed
in MMIV from cytochalasin-treated cells. Colcemid-induced
alterations in MM4IV polypeptidés were dependent upon the
presence of the drug. Hithin 24 h after colcemid
removal, levels of MMTV polypeptides were similar to
controls although the high molecular weight proteins

persisted.

4. EFFECIS_OF_CYTODISRUPTION ON MMTV POLYPEPTIDE PRODUCTION.

To determine whether alterations in cell-associated
MMTV polypeptides accompanied changes in MNMTV virion

polypeptide profile, synthesis of MMIV proteins was inves-
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Fige. 31. SDS-PAGE of isopycnically purified MMTV from MJY-alpha
cells during and following treatment with 0.28 #AM colcemid. MMIV

was harvested at 8 h intervals throughout the 48 h treatment perioa;
two harvests, obtained during 8-16 and 40-48 h of treatment are
presented. Following colcemid removal, a single additional 24 h
harvest (48-72 h) was oobtained. Profiles of MMIV from untreated
cultures are similar to those in Fig. 29.
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tigated. MJY~-alpha cells treated with CB, CD, or colcemid
for 24 h were labeled with 3JH-leucine throughout the 24 h
treatment period, and with 35S-methionine during the final
3 h of drug exposure. Although several trials were com-
plicated by high molecular weight protein contamination,
immunoprecipitation with anti-MMTV antisera did detect 35S
and 3H-labeled MMIV polypeptide precursors, intermediates,
and products in drug-treated cells. It was not possi-
ble to identify whether the 95,000 and 110,000 radiola-
beled species corresponded to known MMIV gagq precursors or
to the <cross-reacting polypeptides detected in MMTV
virions from cytochalasin-treated cells. Quantitation of
DOleeptide-associatéd radicactivity (Table 26) revealed
levels of MMIV polypeptide synthesis and accumulation
were similar in control and cytochalasin-treated cells.
Minor changes in relative 1levels of several  MMIV
polypeptides were detected, and fur ther s tudy is
required to determine whether consistent deviations
result from CB- or CD-induced alterations of MMIV polypep-
tide processing.

Exposure to 0.28 yM colcemid resulted in 30-40% decreases
in all 35S-labeled cell-associated MMIV polypeptides
(Table 26). Similar decreases in radiolabel incorpora-
tion into total MJY-alpha cell-associated protein were also

detected (see below).



Table 26. Effects of cytodisruption on cell-associated MMTV polypeptides.

Incorporation into cell-associated MMTV polypeptide (dpm/mg protéin)1

Pr76838 '
Pr110828 pro5528 prie™V gp52 pr3gt28 gp37.7~33 p24 Total
Sample 3, 3B 3y 35 3, 35 "3, 35 33 35 3y 35 3, 35 3, 35

Control  169.5 272.8 126.0 217.5 211.0 485.5 109.7 210.4 117.5 '207.6 160.2 191.5 48.2 119.2 942.1 1704.F
CB 2.1 M 116.0 192.8 93.9 204.4 332.3 743.0 95.6 286.5 163.9 284.5 143.8 244.4 65.5 123.7 1011.02079.:
cb 2.1 M 80.1 116.3 96.1 173.3 161.6 502.8 106.6 224.2 123.3 177.8 135.0 170.7 68.5 119.1 771.2 1484.:

Colcemid

0.28 M 141.9 193.7 47.2 146.9 138.1 287.6 93.4 204.7 107.8 193.0 123.5 165.1 39.6 68.3 691.5 1259.-

1MJY-—alpha cells were treated with 2.1 M CB, 2.1 M CD, or 0.28 M colcemid for 24 h, and lebeled with 3H-—leucine
throughout the treatment period, and with 358-methionine during the final 3 h of treatment. Labeled cells were
immune precipitated with anti-MMTV andtisera and analyzed by SDS-PAGE 'as described. Protein was determined by
Lowry assay, and data expressed as:

“~

dpm radioactivity incorporated

total cell protein

981
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Cell-associated MMIV env proteins were identified using
anti-qp52 antisera in the immune precipitations of 1labeled
cell 1lysates. SDS-PAGE analysis revealed CB, CD, Or colcemid
treatment resulted in alterations in electrophoretic
mobility of principal env precursor Pr76%™ , while the
presence of other MMIV env proteins were unaffected (?ig.
32). These findings suggested 1initial alterations 1in
MMIV qlycoprotein processing occurred which did not prevent
subsequent precursor cieavaqe. High molecular weight
polypeptides (90,000 and 120,000 mw) were also identified
in these immune precipitates from cells exposed to CB, CD,
or colcemid. It 1is not known whether these polypep-
tides are similar to virion-associated high molacular

weight polypeptides.

EFFECTS__OF __CYTODISUPTIVE AGENTS __ON___ MMTV__SURFACE

The effects of CB, CD, or colcemid on cell surface
expression of MMTV proteins were éssessed using rabbit
anti-MMIV antisera and FIIC-conjugated goat anti-rabbit
I1qG. A FACS analyzer was also employed to gquantitate the
deqree of immunofluorescence following staining of via-
ble cells with anti-MMTV. A uniform bright green punctate
fluorescence on drug-treated and control cell surfaces

was observed by fluorescence microscopy, suggesting cyto-
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Fiq. 32. Effects of cytodisruption on cell-associated MMTV
proteins. Confluent, HC-stimulated MJY-alpha cells were treated
with 2.1 AM CB (8), 2.1 M CD (D), 0.28 4AM colcemid (E), or no drug
(B) for 24 h. Cells were labeled with 3H—-leucine throughout tne
treatment period and with 35S methionine during the final 3 h.
Lysates were immune precipitated with anti-gp52, and analyzed by
SDS-PAGE as described. Molecular weight markers (A) are included for

comparison.
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disruption did not alter distribution of MMTV antigens
on MJY-alpha cell surfaces. Relative levels of MMIV surface
expression were then. compared by FACS; 2.1 uM CB or 0.28
MM colcemid treatment resulted in 3-5% decreases in the
proportion of resleased MJY-alpha cells staining above
background, and in the relative intensities of cell-
associated fluorescence, (Table 27) . Although these dif-
ferences appeared to be small, they were statistically
significant with p<<0.0001, due to the large numbers of
observations (1 x 104 cells analyzed) per sample.
Determinations of MMIV expression on surfaces of CD-
treated cells were carried out only twice due to the low
numbers of cells released from these culturese. However,
2.1 yM CD treatment decreased the proportion of cells fluor-
escing above background, and reduced the mean intensity of
cell-associated fluorescence (Table 28). These data sug-
gest that CD, 1like CB and colcemid did casuse a reduction

in MMTV surface expression.

6. EFFECT OF_CYTODISRUPTIVE DRUGS_OM_CELLULAR MORPHOLOGY AND

=S ——— A

METABOLISM.
The morphology and metabolism of MJY-alpha cells were

monitored to ascertain any toxic effects of cB, CDh,
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Table 27. Effects of CB and colcemid on MMIV surface expression.

S P TVRSEE P W Gy Y g

Dilution of MMIV antiseral

- o,

1:50 1:100 1:250
Sample Mean2 X3 - Mean ~ Mean ~
Control 231.7 98.9 225.4 98.7 209.7 97.6
Cb 205.7 93.4 221.1 97.9 198.0 68.4
Colcemid 226.6 94.3 220.3 94.3 206.7 91.9

— et s 10 B o fram B e At W o s e eny, g

1 MJY-alpha cells were treated with 2.1 M CB or 0.28 4M colcemic
as described and cell surface MMTV antigens or released cells
stained using raobit anti-MMTV antisera and FIIC-conjugated goat
anti-rabbit IqgG. Staining with pre~immune sera resulted in 16%
of cells fluorescing above background, with a mean fluorescence
intensity of 172. Studies were done twice with antisera
dilutions of 1:50-1:500 and a representative sample 1is showne.
2 Averaqe log fluorescence intensity, as described in Materials
and Methods.

3 Proportion of cells fluorescing above background. Differences
in means for CB- or colcemid~-treated samples were statistically
siqnificant in two-way Student t tests with p<<0.0001 at all
antisera dilutions employed.
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Table 28. Effects of CD on MMIV surface antigen expression!?

P e L T b - o o —

bilution of anti-MMTV antisera

o —— . —

1:10 1:50
Mean - Mean H4
Control 21u4.7 99.1 226.7 99,2
CD 2.1 M 20S.7 . 875 220.0 B7.2

P L N PUF U Vo N

1 MJY-alpha cells were treated in the presence or absence of 2.1
uM CD for 24 h, and MMTIV cell surface antigens were fluorescently
labeled as described. Data are presented trom two independent
experiments. Differences in means for CD-treated samples are
statistically. significant in two-way Student t tests with p<<
0.0001.
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and colcemid. Viability of CB- or CD-treated cells was
equivalent to untréated controls even following prolonged
exposure to elevated doses of drug (21 uM for = 2-10 days).
Treatment of MJY-alpha cells with 2.1 u4M CB did result in
morphologic changes characteristic of this drug, as
shown by comparison of figures 33 and 34. These alter-
ations included zieotic-type blebbing at the cell surface
(Fig. 3u4A), enucleation in 0.4% of treated cells, and
inhibition of <cytokinesis, with generation of binucleate
cells in 3.6% of the . population. There were no
detectable alterations in the wultrastructure of intracyto-
plasmic A—t?pe particles or extracellular B-type parti-
cles (Fig. 3u4B), but the numbers of microvilli were
greatly redueed. In contrast, exposure of MJY-alpha
cells to CD did not induce enucleation or an abun-
dance of zieotic-type Dblebbing, -although binucleated
cells were present at a frequency of 5.3% (Fige 35A,
35B) . Electron microscopic examination revealed a sig-
nificant reduction in numbers of microvilli and in
budding wvirion partiéles (Fig. 35B), but no alterations
in morphology of A- or B-type particles. The cytologic

appearances of CB- and CD-treated cells were similar to

untreated controls within 24 h of drug removal (Fig.
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Fig. 33. Untreated control MJY-alpha cells: A. Confluent monolayer
Teleasing viable cells in situ. Bar= 50 p. B. Parallel cell layers
stained with May-Grlinwald-Giemsa (MGG).

Bar = 25 pe.
C. Electron micrograph depicting B-type particles ( ) and
microvilli )

() on cell surfaces. Bar=1 pu.
D. Intracellular A-type particles. Bar = 0.2 p. E. Extracellular
B-type particles. Bar = 0.2 M.
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Fig. 34. MJY-alpha cells treated with CB: A. MJY—alpha cells

exposed to 2.1 ui CB for 24 h. Note zeiotic
blebbing (.), and binucleate cells ( ). MGG, Bar = 25 M.

B. Electron micrograph of cells treated as in A, wlth B-type ()
and A-type ( ) particles. Bar =1

C. CB-treated cells following 48 h 1n drug-free medium containea
multinucleated cells in the process of nuclear division ( ).
MGG, Bar = 25 ae.

D. Electron microqraph of CB-treated cells 48 h after treatment.
Bar = 2 Re
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Fige. 35. MJY~-alpha cells treated with CD: A. MJY~-alpha cells
treated with 2.1 4 CD for 24 h. Note the presence of

binucleate cells ( ). Bar = 25 M.

B. Electron micrograph of cells treated as in A. Clusters of A- type
are still present ( ). Bar = 2 M.

C. CD-treated cells after 48 h in drug-free medium containing
multinucleated cells ( ). Bar = 25 M. .
D. Electron micrograph of CD-treated cells 48 h after treatment.

Bar = 2 M.
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3uC, 3uD, 35C, 35D), although CD-treated cells continued to
exhibit decreases in numbers of microvilli and budding
virions (Fig. 35D). |

Confluent monolayers of MJY-alpha cells treated with
0.28 ﬂM colcemid 1lacked pseudopodia, and appeared spher-
ical after 48 h exposure, but exﬁibited no reductions in
cellular viability. Monolayers were 1in stationary growth
phase whén exposad to colcemid, and only 5.3% 6f the cells
were arrested in mitosis by the end of the 48 h treatment
period. Morphologic alterations were reversed within 24 h
after drug removal (Fig. 36B). Colcemid had no effect on
the ultrastructure of MJY-alpha cells or A- of B-type MMTV
particles.

The effects of cytodisruptive agents on cellular metako-
lism were assessed by measuring glucose utilization,
the redox state of treated cells, and their uptake ana
incorporation of radiolabeled precursors. Both lactate
production and the cellular NAD+/NADH ratio in CB-treated
cells decreased by 13%, suggesting a reduced rate of
glycolysis (Table 29). The congener, CD, did not
affect these paramgters. Addition of radiolabels during
the 2@ h CB treatment period revealed a 50-708% reducad
uptake and incorporation of 3H-glucosamine, whereas, the
levels of ;*C*amino acids and 3H-uridine were not affectead

(data not shown). More sensitive analyses of precursor
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Fig. 36. MJY-alpha cells treated-with 0.28 yM colcemid for 48 h: A.
in situ, Bar = 50 Me B. Colcemid-treated cells 24 h after return to
drug-free medium

Bar = 50 ;i.
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Table 29. Effect of cytodisruption on the cellular redox

state and lactate production.

——rmme At iie -, —. i ——— - s 44 S .-

Lactate produced

Treatment? NBD+ / NADH2 . (uM/petri dish/24 h)3
None 420 7.81 +/- 0.37
CB 2.1““ » 355 5.93 +/- 0.40
Cb 2.1 FM 410 7.58 */- 0.62
Colcemid 0.28 uM - 7.65 +/- 0.19

e, o sy o e T ——

N R AT Ty S N ) C ke s e Srmsas YRAR o B

! HC-treated MJY-alpha cells were exposed to cytochalasins for 24
h, and to colcemid for U8 h, and parallel controls were

maintained without additions.

2 Cultures were washed, scraped, precipitated with perchloric
acid; 1lactate and pyruvate were measured enzymatically, and free

NAD+ and NADH were calculated according to the procedure of Kretls

(1968) .

3 Lactate was chemically deternined as described from sgent megia
harvested from treated and control cultures.
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uptake and utilization, using 1 h pulse-labeling following
23 h of CB treatment consistently detected reductions of
14C-radiocactivity in the TCA-soluble, but not TCA-
precipitable cellular fractions (Table 30). Under identi-
cal pulse-labeling procedures, no depression was observed
when the non-q;ycéqenic amino acid 3H-leucine was -substi-
tuted for the 14C-amino acid tracer. Unlike CB, CD had
no inhibitory effect on uptake and incorporation of
any metabolic pracursors when examined using 1 h or 24
h labeling procedures (Table 30). In a similar manner,
24 h labeling studies did not reveal any effects of
colcemid . exposure on uptake or utilization  of
3H-gqlucosamine, 1“C-amino acids, or 3H  uridine. How-
evér. 1 h pulse-labeling studies did reveal that colcemid,
like CB, reduced intracellular levels of 14C-amino acids
but not 3H-leucine (Table 30). ‘
Studies described in Results section C. 6. demonstrated
that little if any, of the cell-associated MMIV is released
from MJY-alpha cells as soluble antigen. To determine
whether exposure to dytodisruptive agents resulted in
detectable increases in shedding of MMIV polypeptides,
cleaied media supernatants were prepared from drug-
treated and control 35S-labeled MJY-alpha 'cells. SDS-FAGE
analysis of anti-MMIV immune precipitates did not detect

MMTV precursors, intermediates, or products, demonstrat-
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Table 30. Effect of cytodisruptive drugs on uptake and incorporation

of amino acids and amino sugars

— - 5t ey e - —

———— : e « onn

Relative uptake and incorporation of radioactivity?

TCA-soluble TCA-precipitable<
3 14 o 14 3
mg o 3 i 'i H

Treatment glucosamine c1as leucine Eam no leucin::
; - tacids
None 1.00 1.00 1.00 1.00 1.00
CB 2.1 uM 0.12 0.68 1.00 0.95 1.00
CD 2.1 uM 1.00 1.00 1.00 1.00 1,00
Colcemid 0.28 M 0.71 0.78 1.00 0.85 1.00

conom —— LY -—— g— .

1 MJY-alpha cells were treated with cytochalasins or colcemid for
24 h, and radiolabels were added during the final h of treatment.
TCA-soluble and precipitable radioactivity were determinzd as
described.

2 Incorporation of 3H-glucosamine into TCA precipitable material.
after 1 h labeling of these cultures with 5-10 ftCi
3JH-glucosamine/ml media was negligible.
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ing largqe amounts of MMTV-associated " protein were not
shed into culture medium after cytodisruptive drug treat-
ment. Aliquots of cleared media supernatants were also
subijected to SDS-PAGE prior to immune precipitation to
determine whether druq exposure altered release of non-
MMIV, MJY-alpha cell-associated polypeptides. As shown in
Fiqg. 37, 20-25 3S5S-labeled polypeptides wére synthesized,
and accumulated during the 6 h labeling period. Levels
of the majority of 35S~-labeled polypeptides released
into the medium were unaffected by cytodisruption (Fig.
37). However, exposure to.CB, CD, or colcemid did result
in complete loss of a 200,000 and a 20,000 mw protein, and
levels of several additional polypeptides were altered. The
identity of these proteins is wunknown, and further studies

are required to determine the significance of these changes.
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Fig. 37. Effects of cytodisruption on release of proteins from
MJY-alpha cells. Cleared media supernatants were prepared as
described from untreated MJY-alpha cells labeled with 35S-methionine
for 4 h (A) or from cells treated with 2.1 #M CB (B), 2.1 uM CD (C),
or 0.28 uM colcemid (D) for 24 h, and labeled during the final 4 h
with 35S—-methionine; mw markers (E) are included for comparison.
Experiment was performed 2-3 x and a representative profile is
presented. ‘
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Chapter 1V

T e o e e

As MMIV POLYPERPTIDE COMPOSITION.

The protein composition of MMIV includes 6 polypeptide prod-
ucts of the MMIV env (9p52, qp37.7-33) and gag (p24, pl7,
pld, p8) genes. Incorporation studies using 3SS-labeled
polypeptides revealed that gp52, gp37.7-33, p24, pld, and pbd
were principal virion constituents. 35S-labeled gag protein
p24 and env Dfoteins gp52 and gp37.7-33 were present‘ in
approximately equimolar 1levels, indicating principal MMIV
polypeptides were incorporated into MMTV particles at the
same rate during a 24 h labeling period. These ratios
remained relatively constant throughout a 48 h chase period,
suggqesting that intracellular pools of these 355-labeled
proteins were equivalent. Mechanisms regulating intracellu-
lar levels and processing of MMTIV proteins are poorly under-
stood, and it 1is not known how pool sizes of gag and env
proteins with different subcellular distributions are main-
tained. MMTV gag proteins have been reported synthesized on

free ribosomes (Schochetman and Schlonm, 1977), and may be
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incorporated into intracytoplasmic type A particles; env

proteins were immune precipitated from smooth and rough
endoplasmic reticulunm, and from plasma membranes. Immune
precipitation of radiolabeled 1lysates of MJY-alpha cells
using anti-MMTV antisera yielded only low levels of mature
MMIV proteins, making it impossible to directly assesé pool
sizes of gag and egv products. : : i

B-type particles are produced by assembly of MMIV pro-
teins and RNA, with budding from plasma membranes of infect-
ed cells. Assuming the population of B-type particles
obtained from MMIV-producing cultures is uniform, it is pos-
sible to determine the number of MMIV palypeptides incorpo-
rated per virion particle by gquantitative analysis of
14C-incorporation into each MMIV polypeptidé'using the meth-
od of Adolph aAd Hase;korn (1972) . As.illustrated in Appen-
dix A, the number of molecules of each protein can be calcu-
lated from relative proportion of total virion-associated
protein occupied by that protein, and from the molecular
weight of the species. By this method, 1500-2400 molecules
of each principal MMTV polypeptide 'were estimated to be
present in each MMIV wvirion.

Previous studies (Sarkar and Moore; 1974) demonstrated
MMTIV glycoproteins qgp52 and dp37.7-33 were arranged in char-
acteristic, spike-like projections uniformly distributed on
virion surfaces. Using published values for the spike dimen-

sions and interprojection distances, the number of surface
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spikes on the MMIV virion membrane was determined to be
199-~304 (see Appendix B). Calculations based on this val-
ue and on the number of glycoprotein molecules ber virion
suggest that each spike 1is composed of 6-11 molecules
each of gqp52 and gqp37.7-33. The subunit structure of the
MMTV spike has not been extensively investigated, although
Racevskis and Sarkar (1980) wused the reversible cross-
linking reagent dithiobis—succinimidyl proprionate (DTBSP)
to identify a multimer with minimum molecular weight
of 230,000, <consisting 6f 3 molecules each of gp52 and
-qp37.7-33. The authors suggested that this polypeptide
aggreqate comprised the intact MMIV spike. The results
preSented here 1indicate that a 1larger complex of gp52 aﬁd
ap37.7-33 represents the MMIV spike. A dimer Of the
structure postulat2d by Racevskis and Sarkar, including 6
molecules each per spike, would satisfy the minimum cal-
culated stochiometry reported heree.

Investigation of MMIV polypeptide pattern under reducing
or nonreducing conditions did not detect inter-protein
disulfide bonds in MMIV-S. These daéa are contrary to the
findings of Dion, et al., (1979b), who reported
gp52-qp37.7-33 and p2U4-gp37.7-33 disulfide-linked complexes,
but are consistent with the data of Racevskis and Sarkar
(1980) who did not detect native inter-protein disulfide
complexes prior toADIBSP. cross-linking under non-reducing

conditions. Our findings suggested generation of the esccen-
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tric nucleoid of B-type particles does not require inter-
protein disulfide bond formation. Other post-budding events,
such as cleavage of Pr38%2% to p2u4 and p8, may be responsi-

ble for type B particle 'apearance (Dickson and Atterwill,

1979) . .

B, CYTOSKELETAL_ INVOLVEMENT IN MMTV.

Studies reported here establish that the B-type retfovirus
MMTV contains actin-like polymerization and DNase I-binding
activities, and attribute these activities to the nonglyco-
sylated 44,000 mw polypeptide of MMIV. Similarities in pub-
lished amino acid compositions of MMTV pdﬁ and rabbit muscle
skelétal actin support tnis conclusion; altnough seguence
analysis of p4d4 is not vyet available. Although present in
relatively few copies (350 molecules pdld/virion), the pres-
ence of pu4ld is apparently due to its incorporatipn into bud-
ding virions, and not to adsorption io extracellular parti-
cles or contamination of actin-containing vesicles with
MMTV. Copﬁrification of cellular organelles containing actin
was not a source of contamination, as demonstrated by the
absence o0f such structures when prepa;ations.of purified

MMIV are examined by electron microscopy and the lack of

other cellular proteins in MMIV polypeptide profiles gener-
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ated by SDS-PAGE (Yagi, 1973; VYagi and Compans, 1977). 1In
addition, there was no evidence for adhesion of actin to the
exterior of MMIV; pd44 was not accessible to trypsin in
intact virions, and could not be polymerized without'prior
disruption of the viral envelope, indicating that pldl4 was
located within the virion particle. Assignment of an
interior location to pdld is also supported by the inability
to label this protein in intact virions by lactoperoxidase-
catalyzed iodination (Witte, et al., 1973).

The function of cellular actin in MMTV replication is
unknown, as is its role in extracellular virions. Enveloped
RNA and .DNA viruses representing the retroviruses, ortho-
and paramyxoviruses, rhabdoviruses, and poxviruses classes
all conta;n a 44,000 mw protein, suggesting a common mecha-
nism of incorporation or functional role of this protein in
the replication schemes of budding virions (Damsky, et
al., Hiller, et al., 1979; Naito and Matsumoto, 1978;
Tyrrell and Ehrnst, 1979; Wang, et al., 1976). The
involvement of actin and other cytoskeletal elements in
virus replication has been investigafed using the cytodis-
ruptive cytochalasins, vinca alkaloids, and local anaesthet-
ics. Several of these studies indicated the cytoskeleton
participates in replication of budding virions. Colcemid- or
cytochalasin-induced disruption of cellular microtubules
and mic;ofilaments altered production and compositioﬁ ot

MMTV virions. These findings were specific ané not attribu-
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table to the other activities of these agents. The data sug-
gested that disruption of retrovirus replication is another
consequence of cellular cytoskeletal interruption.

The precise manner by which cellular structures contrib-
ute to MMTV production is unknown. Probable mechanisms
inélude participation in ihe intracellular movement of pro-
tein and viral forms, and in the budding of virion particles
from the plasma membrane. Altered processing of MMTIV glyco-
proteins was sugqgested by immune precipitation of pr76°"Y
with decreased electrophoretic mobility from drug-treated
cells. Immunoelectron microscopic studies were not carried
out to determine whether «cytodisruptive drugs altered local
surface distribution of MMTV antigens. Cytochalasins could
directly inhibit MMIV maturation at cell membranes by elimi-
nating interactions between microfilaments and budding
virions, or indirectly by noﬁspecifically reducing microvil-
li formation. Analysis of cell surfaces of drug-treated
cells by FACS detected only minor aiterations in cell sur-
face reactivity to anti-MMTV antisera, despite the great
reduction of budding particles as revealed by electron
microscopic studies.

Concomitant with alterations in MMTV production was the
presence of novel virion-associated proteins, as well as, .
changes in relative 1levels of MMIV polypeptides, and
decreases in glycoprotein 3H/35S ratios. The origin of new

virion-associated proteins, which were detected in drug-
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treated cells by immune precipitation with anti-gp52 antis-
era, is unknown; they may represent products of altered
viral or cellular glycoprotein processing which cross react
with anti-MMTV and anti-gp52 antisera, or they may bea con-
taminants adhering to MMIV polypeptides. The contribution of
these proteins to 35S-radiocactivity in immunoprecipitates
used for virus quantitation may artifactually overestimate
amounts of virions produced in drug-treated cultures. Con-
sequently, - if MMIV production is quantitated by determining
levels of known MMIV proteins in purified MMIV from control
and drug-treated cultures, a 50X increase in the first 18 h
of CB treatment, followed by. a 3-4 fold decrease between
18-24 h is' observed, compared to the 1.7-2.5 fold increases
in MMIV for these time points obtained by immunoprecipita-
tion. Determination of MMIV production ffom‘cultures treated
with CD or colcemid by quantitation of Kknown virion poly-
peptides yields values 10-15% lower than levels detected by
immune precipitation. Reductions in MMIV yield were consis-
tently observed, and may be attributed to inclusion of high °
molecular weight proteins in the immuﬁoprecipitates.

In addition to changes in MMTV production, relative lev-
elsvof virion polypeptides qgpé60, pdd, and p24 were also
affected by cytodisruption. Gp60 has been shown to be
extremely sensitive to proteolytic cleavage, and it has been
suggested that this glycoprotein may be an uncleaved form

of major virion glycoprotein gp52 (Yagi, et al., 197&c).
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The level of qp60 present in MMIV pafsicles is depen-
dent on the environment of the MJY-alpha cells, and is
increased by exposure to anti-MMTV antibody, (Yagi, et al.,
1978a) or to exogenous mouse interferon (Yaqgi, et
ale., 1980). The mechanism for ' these increases in gpé60,
including those observed after CB, CD, or colcemid expo-
sure is unknown. Changes in the levels of puh and the major
core protein p24 may be the result of independent activi-
ties of the drugs on MMIV synthesis and maturation. Altera-
.tions in these polypeptides have never been reported. F24y
is located in the core of the virion particle, and decreases
in its level following drug exposure suggests these virion
particles may be biologically altered. Further studies are
réquired to determine thé significance of these alterations,
and to clarify the mechanism. of the virion alterations

resulting from disruption of cellular cytoskeleton.

T e o s e W

Four MMIV glycoprotein precursors and products were jidenti-
fied in MJY-alpha cells: precursors Pr79  , and Pr76°",
which are exclusively cell-associated, and the glycoproteins
ap52 and gp37.7-33, which are located in MMIV virions and

- infected cells. 1In addition, a presumed viral glycoprotein,
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ap60, was also detected in both virions and cells; whether
this glycoprotein is a product of the MMIV env gene has yet
to be firmly established. Previous jin vitro translation
studies indicated Pr76®™ was the initial polyprotein prod-
uct of the env gene. The other precursor, pr79°™ , Was
detected by immune precipitation with anti-gp52 antisera in
MMTV-S, " but not in MMTV-P-producing mouse mammary cells
(Racevskis, and Sarkar, 1978, Dickson and Atterwill, 1980).
Anderson and coworkers (1979) demonstrated pr19°™ contained
fucose, a marker for terminal glycosylation, and suggested
the relati&ely fucose-deficient Pr'lﬁe“V was further glycosy-
lated to Pr79°™ , and subsequently cleaved to gp52 and
gp37.7-33. However, Sarkar and HRacevskis (1983) recently
reported relatively larqe amounts of fucose-containing Pr76™V
shed into the medium of MMIV-S-infected MuMI73 cells. They

sugqested Pr79°™  was an altered processing product of

uncleaved Pr76wv which was released intact from infected

env

cells. Firestone (1982) detected Pri79 only in HC-treated

HIC-rat cells transfected with the MMTV genome, and suggest-

env

ed it was an altered glycosylation product of Pr7é6 found

exclusively in HC-treated cells. However, in these studies,
env env ’

Pr76 and Pr7.9 were present in control, HC-stimulated,

and HC-attenuated MMIV-S-infected MJY-alpha cells. HC

. treatment was not required for Pr76e%@nthesis. In this

cell line, steroid treatment appeared to affect env precur--

sor processing in MJY-alpha cells. HC exposure did result
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in 5-fold decreases in the half life of Pr76%"W, and in
altered relative incorporation of 3JH-mannose and glucosa-
mine into Pr76 and Pr7°% . 355-methionine pulse precursor
processing in MJY-alpha cells. 3S5S-methionine pulse labeling
studies simultanecously detected Pr76 ™ and Pr79env; Fur-
ther incubation of these cells in isotope-free medium
for 12 h did not result in any cellular accumulation
of Pr79env. Sensitive immune precipitation studies also
did not identify this polypeptide in spent culture medium

e N
W is pro-

from MJY-alpha <cells. These data suggest Pr76
cessed to a highly glycosylated, short-lived intermediate,
Pr79°™ . pr79*™W is then probably processéd by proteclytic
cleavage to qgp52 and qgqp37.7-33, as suggested by Anderson
(1978) . Neither Dickson (1980) nor Raceyskis and Sarkar
(1983) identified a cell-associated gp37.7-33 containing
mannose. However, immune precipitation studies presented
here identified a band of 3H radiocactivity in the entire
qp37.7-33 region after 3H-mannose labeling, suggesting man-
nose is incorporated into all sizes of this heterog=sneous
polypeptide. This conflict with preQious reports probably

represents altered patterns of glycosylation among the dif-

ferent mammary tumor cell lines.

Ds EFFECTS QF_HC ON MMTV.
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MMIV production in ip vitro mammary tumor cell culture is
stimulated by exposure to glucocorticoids. Interaction of
hormone~-receptor complexes with specific  sequences of DNA
stimulated transcription of MMIV RNA resulting in increased
levels of MMIV protein and virions. Results of immune pre-
cipitations revealed short-term eiposure of MJY-mammary
tumor cells to 14 uM HC resulted in 2-5 fold increases in
synthesis of MMTV proteins; however, the quantity of total
cell-associated MMIV protein in HC-st imulated and control
MJY~alpha cells were roughly eqﬁivalent (Lel-1.2 fold great-
er than control). More rapid processing of MMIV precursors
in HC-stimulated cells, detected by pulse chase studies of
Pr76env. may prevent increases in cell-associated MMTV pro-
tein.

Prolonged exposure of MJY-alpha cells to 14 M HC result-
ed in reductions in MMTV yield and in MMIV protein synthesis
to levels obtaiﬁed in untreated cells. The mechanism of this
reduction is not known although glucocorticoid responsive-
ness was detected by treatment with high HC concentrations
or by intermediate culture in HC—freé medium. Attenuation
of qlucocorticoid-induced- alterations in other steroid-
responsive cell types has not been reported. However, simi-
lar results have been obtained in polypeptide hormone-
receptor systems; prolonged exposure of insulin-responsive
cells in vitro to insulin resulted in diminished glucose

transport due to decreased levels of cell surface insulin



220
receptorse. Analogous in vivo or in vitro examples of
steroid-induced “down requlation" of glucocorticoid recep-
tors have not been reported, although lack of response
after prolonged, high-dose steroid treatment of cesrtain
immune diseases has been described. It is not known whether
these therapeutic failures are related to steroid-induced
attenuvation of respongive:cells.

Alternatively, it is possible that glucocorticoid treat-
ment selected steroid-resistant MJY-mammary tumor cells, or
induced increases in levels of steroid-metabolizing enzymes.
However, significant effects of HC exposure on growth rate
or viability of MJY-alpha or beta cells were not detescted,
and HC responsiveness was restored within one passage in
drug-free mediuh. In a preliminary study, equivalent stimu-
lation of-MMTV in HC-attenuated cells was detected with HC
or dexamethasone (a non-metabolizable glucocorticoid), sug-
gesting steroid metabolism was not a significant factor in
preventing MMIV stimulation.

Exposure of MJY-alpha or beta cells to HC resulted in
relatively low (2-5 fo0ld) increases in MMIV production com-
pared to stimulations reported in other cell lines.. Levels
of MMTIV produced in MJY mammary cultures maintained in the
absence of exogenous steroid are relatively high (5;10 Pa/l
x 108 MJY-alpha cells) and MJY mammary cells may be sensi-
tive to 1low level of endogenous cortisol present in fetal

bovine serum (1 x 10-8 M) which may stimulate MMTV produc-
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tion in the absence of exogenous steroid. Previous reports
by Dickson (1974) demonstrated that similar low steroid con-
centrations increased MMTV production in mMtc-5 cells.
Alternatively, MJY-mammary tumor cells may be relatively
resistant to glucocorticoid stimulation. As a result, it is
not known whether thése findings of prolonged HC treatment
may be applied to other MMIV-producing tumor and non-
neoplastic mammary epithelial cells lines, or generalized to

other steroid-responsive systems.

E.._SUSPENSION CULTURES.

-1

In wvitr .cultivation of mouse mammary tumor cells has
employed solid substratum for cell proliferation and MMIV
production, but the requirement of adhesion for cell growth
or virus production has nevér been evaluated. As described,
the epithelial-like MJY-alpha mammary tumor cell 1line was
successfully adapted to growth in susﬁension. Examination of
some of the growth and metabolic characteristics of the sus-
pension (MJY-beta) cells revealed differences compared to
_the parental monoiayer cells. Saturation density of MJY-beta
cells was not static, and could be elevated two-fold by
increasing the fra2quency of culture media replenishment,

suqgesting cell growth was inhibited by exhaustion of nut-
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rients, or by accumulation of waste products, or both. It is
.not known whether similar increases of cell number could be
effected in monolayer cultures of MJY-alpha cells, 1in which
growth rate slows as cells become confluent. Differences in
the tumorigenicity of MJY-alpha and beta cells have not been
investigated. ngpner and coworkers (1972) have obtained
subsets of cells varying in tumorigenicity, growth rate,
morphology, and MMTIV expression from a single mammary tumor,
and further study is required to determine whether MJY-alpha
and -beta cells also ekhibit differential in vivo growth
characteristics.

Significant increases in MMIV production were detected
after cultivation of MJY-mammary tumor cells in suspension,
demonstrating MMIV production in vitro did not require
polarized cellular organization resulting from adherence to
a solid substratum. Increases in MMIV production were
detected without concomitant alterations 1in cell growth,
suqgesting the rate of MMTV production per cell was indepen-
dent of cell replication. The reason for MMIV stimulation 1in
suspension culture is unknowne Althouéh increases in lactate
production and more stringent serum requirements suggested a
more rapid metabolic rate in MJY-beta cells compared to MJY-
alpha cells, it 1is not known whether these alterations
increased MMIV production directly, or were ;pdependent
effects of suspension culture. Determinants of MMTV produc-

tion in mammary tumor cells are not known. Prior investiga-



tions (McGrath, 1971; Nagle and Fine, 1978; Fine, et al.,
1976) revealed certain medium supplements enhanced MMTV
production in mammary tumor cells grown in chemically
defined medium in vitro, but effects of altered cultiva-
tion techniques on MMIV production have not been previous-
ly described. It is possible that cultivation on inert subs-~
trata inhibits optimal MMTV production. MJY-alpha .cells
release virions only from anterolateral cell surfaces, while
cultivation in suspension permits MMTV production from the
entire plasma membrane. However, estimation of MMTV produc-
tion per unit of available cell surface area revealed dif-
ferences in surface area did not entirely account for the
large increases in virus production (Appendix C). Polarized
orqaniiation of organelles in monolayer <cells may have
-iﬁhibited optimal MMTV productione. It is possible released
cells (1-5% total cell number per monolayer culture) may
represent the principal source of MMIV, producing MMIV at a
rate similar to that of suspension cells. Alternatively,
cultivation in suspension may result in greater synthesis or

more efficient processing of MMTV polypeptides into virions.
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These studies addressed several aspects of MMIV composition
and'replication:

Analysis of MMIV polypeptide composition revealed princi-
pal gag (p24, plH, p8) and env (gp52, gp37.7-33) polypep-
tides were present in approximately eguivalent amounts. This
stochiometric relation was not due to inter-protein disul-
fide bondse. An additional virion polypeptide, pd4d, was
detected in 5-6 fold lower 1levels than other MMIV proteins;
p4ld exhibited DNa;e I-binding and polymerization-like activ-
ities similar to the cellular protein, actin, suggesting a
cytoskeletal polypeptide incorporated into extracellular
MMTV particles.

Involvement of cytoskeletal elements in MMIV production
was demonstrated in MJY-alpha cells. ‘Disruption of microfi-
laments by cytochalasins or of microtubules by colcemid
resulted in altered production and composition of extracel-
lular MMTV virions. The lack of significant effects on MMIV
polypeptide synthesis suggested that an intact cytoskeleton
was required for proper MMIV maturation and release from

infected cells.
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Studies of cell~associated MMTV polypeptides were facili-
tated by development of specific immune precipitation,
ELISA, and FACS techniques. Immune precipitation identified
15 3SS—labeled polypeptide precursors and products of MMIV
env and gag genes after 1labeling MJY-alpha cells with
35S-methioninee Similarly, glycosylated forms of MMIV epv
precursors Pr76°™ and Pr79"" , and products gp52 and
qp37.7-33 were identified using carbohydrate labels
3H-qlucosamine and 3Hfménnose 'In addition, intracellular
sulfated forms of qp52, qp37.7-33; and Pr7e°®™ precursor
were identified, although the only sulfated env protein in
extracellular virions was gp52.

Addition of HC to the‘culture medium increased numbers of
MMIV particles chronically shed from MJY-alpha cells within
24 h. Short-term qlucocorticoid exposure also affected env
protein processing; the half-life of Pr76 was reduced 5-fold
after HC treatment and relative incorporation of 3H into

env .
after 3H—-mannose or 3JH-glucosamine

Pr76°% and Pr79
labeling was altered. ‘Prolonged HC exposure abrogated the
stimulatory effects, and MMTIV producfion returned to levels
equivalent to untreated cultures. However, ‘HC responsive-
ness could be restored in these cultures by passage in HC-
free mediume These studies demonstrated a more complex

interrelationship among MMTV produétion, mammary tumor

cells, and HC exposure than previously suggested.
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MJY-alpha tumor cells were adapted to grow in suspension.
Cellular morphology and qrowth rate of these MJY-beta cells
were not altered, although changes in metabolic parameters
were identified. Cultivation in suspension resulted 1in
increases in MMTIV production which were independent‘ of
steroid-induced stimulation of MMTIV. These findings demon-

strated that ig vit

Io qrowth of epithelial mammary tumor
cells, and production of MMTV do not reguire a particular

morphologic orientation or a solid substratum.



ARPENDIX A

Determination of numbers of protein molecules per virion particle

using the method of Adolph and Haselkorn (1972)::
Number of protein molecules, Ni, per MMTIV particle is determined by:

Ni = mpi

wi

where m=mass of protein per particle=2.66 x 10-8

(Sarkar et al.., 1974)

fraction of total protein in polypeptide i

pi

molecular weiqht of polypeptide i

wi

14C incorporation into MMIV polypeptides
after 24 h 1¢C-amino acid labeling
was used to detemine the fraction of total protein in polypeptide i, as

reccommended by Adolph and Haselkorn (1972).
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Determination of number of MMIV spikes per virion particle.

’ ‘

For closest packing of spikes om MMIV surface:

surface area of MMIV particle

no. of MMIV spikes/particle = X 0.74

effective area of each spike

1. Surface area of MMIV particle:
a. Assume a spherical virion particle with diameter = 105 nm
b. Surface area of sphere =4 pi r2

4 pi (52.5 nm)2

Surface area of MMIV particle

3.464 X 10-1% p2

2. Effective area of MMIV spike.

MMIV spikes, arranged in a hexagonal array, have a diameter of

S4.u K, and interprojection distance of 73.7 g (Sarkar ana Moore 1974

Effective area of each spike

spike diameter interprojection diste.

- — — — —— - o———

~ 228 -



229

— ——t e

1.2886 X 10-36 m2

3.464 X 10-1% @2
x 0.74

No. of spikes per particle

1.2888 X 10-16 p2

199 spikes

Ne B. : MMIV diameter estimate may be artifactually low due to drying.

If larger diameters reportea by Bang (130 nm, 1956a)

for calculations, number of spikes per virion becomes 304.85.

No. of qlycoprotein molecules per spike.

Assuming all virion-associated glycoprotein molecules are

incorporated into a spike structure:

no. of molecules/spike = no. of glycoprotein molecules per virion

c———a

no. of spikes per virion

no. of molecules per spike

— s o

qQlycoprotein if 199 spikes/virion if 30u4.8 spikes/virion
qQpS52 9.1 5.9
QD37.7'—33 10.9 7.1

— ———



Comparison of available surface area for virus budding on

MJY-alpha and-beta cells.

l. MJY-alpha cells.

a. MJY-alpha cells produce MMIV virion only at anterolateral
plasma membranese.

b. MJY-alpha cells have a polyqqnal shape with cell diameter=1i4.7 X 10-¢
and a height above petri dish of 5 X 10-¢ m

c. Assuming a cuboidal shape (giving greatest surface area);.
Area = 4 lenath X héiqht + length
available surface area = 4.96 x 10-190 m?

d. Assuming a cylindrical shape with diameter 14.7 X 10-¢ n
and a heiqht of 5 x 10-6 m (giving minimum surface area)

avallable surface area = 4 X 10-10 m2

2. MJY-beta cells.

l. Assume a speherical cell with measured diameter = 14.7 X 10~ m

2. Surface area 4 pi r2

6.79 X 10-10 p2

Surface area of MJY-beta cell is only 1.7 x greater than the smallest
typical 4JY-aloha cell; increases in surface area cannot completely

account for increases in MMIV production in MJY-beta cells.
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