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ABSTRACT

There is solid experimental evidence that adenosine
cyclic 3',5'-monophosphate (cAMP) is involved in the regu-
latiﬁn of cellular proliferation. Other invesfigators have
shown that: (1) administration of substances which increase
_CAMP concentrations in cells frequently affect‘cell growth,
and (2) chapges in the growth pattern of cells are often
associated with concomitant changes in cAMP concentrations
and in the cellular constitugnts controlling cAMP metabolism
and action. In the present gtudy, several aspects of caMmp
metabolism and action were compared in selected. rat mammary
tumors to determine whether substantive changes in sensiti-
vity to cAMP and in cAMP metabolism occur concomitantly with
progression to hormone indepeﬁdence and with reg:ession
stimulated by endocrine ablation.

MTW9 is a hormone-dependent rat mammary adenocarcinoma
which requires the presence of a mammosomatotropic tumor
coimplant (MtTWl0) for growth. MTW9B is an autonomoﬁs
subline of MIW9. The direct effects of various sera, hor-
mones, and substances which elevate cellular concentrations
of cAMP on tumor DNA synthesis were compared in MTW9 and
MTW9B using organ culture methods. Significant results were

extended in studies using an established human breast cancer
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cell liné (MCF-7). Since aggregation of these cells pre-
vented direct counting, a technique was developed to assess
growth by estimating the number of nuclei after mild soni-
cation of expeximental cultu;es. |

Sera taken from MtTWlO—bearing rats (MtT serum) was
found to promote both (3H)thymidine incorporation into MTW9
explants and MCF-7 cell growth. These effects could not be
duplicated by normal female rat serum alone or in combination
with hormones simulating the known endocrine conétituents
of MtT serum, Insulin was stimu;atory only at very high
concentrations. 1 mM cAMP inhibited MCF-7 cell growth, but
did not significantly affect (3H)thymidine incorporation
into MTW9 explants. Whereas in vivo administration of
10 mg DBcAMP (dibutyryl cAMP) suppressed tumoxr DNA synthesis
in MTW9, 1 mM DBcAMP failed té directly alter DNA synthesis
in organ-cultured MITW9 or MCF-7 cell growth. Several cAMP
phosphodiesterase inhibitors, including l-methyl-3-isobutyl-
xanthine (MIX), markedly suppressed DNA synthesis in MTWO
and MCF-7 cell proliferation. Though neither 1 mM DBcAMP
nor a low concentration of MIX (0.l mM) was inhibitory alone,
the combination of these compoﬁents was effective in sup-
pressing cell proliferation. Addition of MtT sexrum to cul-
tures prevented the inhibitory effects of MIX, but not those

of cAMP or DBcAMP plus MIX. These actions of MtT serum could
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not be duplicated by selected combinations of hormohes
and sera.

MIW9B was observed to be markedly less sensitive than
MTW9 to the inhibitory action of MIX on DNA synthesis;
Although substantial high-Km phosphodiesterase activity‘
was evident in MTWO, this activity was not detectable in
the autonomous tumor, MTW9B. ILow-Km activity was also |
significantly diminished in MTW9B as compared with MTW9.
Both cAMP-binding and cAMP~dependent pfotein kinase activi-
ties were enhanced in MTW9B cytosols. Anion-exchange
chromatography'bf tumor cytosols showed that Type II pro-
tein kinase activity was 2-fold greater in MTWOB than in
MTW9. However, exposure of each of these tumors to MIX in
organ culture elicited a similar dose-dependent activation
pattern of cAMP-dependent protein kinasg activity. Addition
of MtT serum failed to influence the pattern of activation
seen with MTW9 explants.

MTW9 regresses rapidly when the supportive MtTWlO is
surgically removed. c¢AMP phosphodiesterase, cAMP-binding,
and protein kinase activities were found to be significantly
reduced in regressing tumor cytosols. when purified parti-
culate fractions were isolated by methods used by oﬁher
investigators to obtain cAMP phosphodiesterase activities

that are optimally responsive to hormondl control, activity
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in these fractions from regressing tumors wasAsubstantially
reduced from values found in fractions from growing tumors.
These data are consistent with, but do not prove, the
concept that hormone—depeﬁdent tumor growth may be at least.
" partially controlled by opposing interéctions beﬁween the
cAMP éystem and growth-stimulating hormones. It is further
possibBle that sera from MtTWlO-bearing énimals contains an
unidentified substance capable of antagonizing the inhibitory
actions of the cAMP system on the growth of some mammary

cancers.
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INTRODUCTION

ijgctives

Following the diséovery of adenosine cyclic 3',5'-
monophosphate (cAMP) in mammalian cells 5y Rall and Sutﬁer—
land (1958), the biological role of this ubiquitous nucleo-
tide as a major intracellular regulator has been firmlf
established. 1In sharp contrast to the advanced state of
investigations of cAMP mechanisms mediating specific endo-
crine effects, our knowledge of the possible role of cAMP
in the control of cell growth and differenﬁiation is -
fragmentary. Experimental evidence supporting the concept
that cAMP is involved in the regulation of cellular pro-
liferation include the following:

(1) changes in the intracellular concentrations of
cAMP and the activation of cAMP-dependent protein kinases
are often correlated'with changes in the growth status of
tissues (proliferating, static, regressing):;

(2) agents which increase intracellular concentrations
of cAMP or which éctivate protein kinases often elicit
subsequent changes in the growth status of tissues; and

(3)~alterations in the érowth status of cells during
developmental and neoplastic pfocesses are frequently

‘associated with aberrations in the proteins governing camp



metabolism.

However, there are wide variations in the responses
of diverse cell types to changes in cAMP levels, and the
information available on mechanisms whereby the nucleotide
exerts its influences on growth is limited.

In the present study, experimental models for human
breast cancer .were utilized to explore the purported
gfowth~regulatory role of cAMP. ;mportant characteristics
of cAMP action and metabolism were compafed in the hormone-
dependent rat mammary édenocarcinoma, MTW9, and its
hormone-autonomous subline, MTW9é. Attempts were made to
determine whether:

(1) substances which elevate cellular concentrations
of cAMP directly inhibit DNA.synthesis in MTW9;

(2) progression to hormone autonomy in MTW9 is asso-
ciated with decreased sensitivity to growth control by
CAMP;

(3) progression to hormone autonomy is also associated
with aberrations in cAMP metabolism;

(4) alterations in cAMP metébolism accompany mammary
tumor regression induced by endocrine ablation; and

(5) grqwth—stimulating hormones directly oppose the
inhibitory action of ¢AMP on hormone-dependent tumors.

In the course of this study, the following key cellu-



lar components controlling cAMP metabolism in MTW9 were
partially characterized: cAMP-dependent protein kinases,
cAMP-binding proteins, and cAMP phosphodiesterases.
Significant results obtained using organ-cultured rat
mammary tumors were applied to the examination of human

mammary cancer cells in culture.

The cAMP System: cAMP Metabolism and Protein Phosphoryla- -

tion
Sutherland's discovery of cAMP and subsequent formula-
tion of the second messenger hypothesis were important
achievements in molecular endocrinology. cAMP has since
been implicated in the regulation of numerous cellular
processes, including transport, permeability, secretion,
transcription, growth, and differentiation (Robison, 1971).
The second messenger hypothesis provided a conceptual
framework for explaining some of the mechanishé'whereby
membrane—~acting effectors can elicit a variety of specific
metaboliec changes within cells. Early research ekplored
endocrine modulation of adenylate cyclase activities in
the control of intracellular cyclic nucleotide concentra-
tions. Although cAMP mediation of endocrine effects was
extensively documented By the end of the 1960's, the

mechanisms of its intervention remained unclear until the



discovery by Walsh et al. (1968) of a‘cAMP-dependent pro-
;ein kinase in skeletal muscle and its role in the regula-
tigg of glycogenolysis.. It has subsequently become
generally recognized that protein kinases mediate most, if
not all, of the effects of caMP.

The state of phosphorylation has been shown to exert
_ considerable influence-over the structure and function of
protein molecules-(Kleinsmith, 1975). Control is exertéd*
via the regqulation of kinases that promote the attachment
of phosphate and of protein phosphatases that catalyze its
removal. Hormones play important role; in the regulation
of the synthesis, degradation, and activities of these
enzymes.

Cellular components which regulate the‘metabolism and
effects of cAMP are collectively referred to as the éAMé
system. A simplified representation of the underlying
mechanisms is illustrated in Figure 1. Membrane-acting
effectors regulate cAMP synthesis by binding to specific.
receptor proteins which are functionally linked to adenyl-
ate cyclases within cell membranés. Besides extrusion from
the cell, the subsequent fate of cAMP depends upon its
interaction with either of two molecular entities: phos-
phodiesterases or cAMP-binding proteins. cAMP phospho-

diesterases irreversibly hydrolyze the nucleotide to
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Schematic representation of the major compo-

nents of the cAMP system, which is thought to mediate the
biological effects of numerous humoral substances upon.

cells.

PDE, cAMP phosphodiesterase; RC,

c~AMP-dependent

protein kinase holoenzyme; R, regulatory subunit of RC;

C, catalytic subunit of RC.




5'-AMP. Biological effects of cAMP are thought to'follow
its binding to the regulatory subunit of cAMP-dependent
protein kinases. The cAMP-dependent enzyme exists as a
relatively inactive dimer (RC) 6r tetramer (R2C2) in which
the enzyﬁic activity of the catalytic subunit (C) is re- |
strained by the associated regﬁiatory subunit (R). cAMP
frees the catalytic subunit by binding with high affinity
and specificity to the regulatory suBunit. In cAMP-depen-
dent protein kinases, the nucleotide promotes the dissocia-
tion of the inactive RC complex and theréby generates
catalytically-active C subunits.

Protein kinases are commonly classified on the basis
of two characteristics: substrate specificity and cyclic
nucleotide responsiveness. Nucleotide-unresponsive kinases
are designated as phosphoprotein kinases (Rubin, 1975), and
usually act on nutritive proteins, e.g., phqsvitin or
casein. Nucleotide-responsive protein kinases are usually
studied with histone substrates. Two major forms 6f cyto-
plasmic cAMP-dependent protein kinases have been found in’
most tissues, Types I and II (Coxbin, 1975). Type II
differs from Type I in its requirement for~autophosphoryla—
tion of the regulatory subunit for full responsiveness to

cAMP, and its lower salt dissociability (Rubin, 1975).

Hofmann et al. (1975) determined that the holoenzyme of



Type II in bovine cardiac muscle is a tetramer consisting
of dimeric regulatory and catalytic subunits, with the
following apparent molecular weights: RpCz, 174,000 dal-
tons; Rp-cAMP,, 98,000 daltons; and C, 38,000 daltons.
cAMP-dependent protein kinases have been characterized in
a variety of tissues. .In most casés the catalytic sub-
units appear to be identical; differences in molecular be-
havior are usually attributable to dissimilar regulatory
subunits. It ié poséible that kinase isozyﬁes are regula-
ted primarily through ehanges in the availability of
different regulatory subunits. Activated catalytic sub-
units can alter the function of specific proteins by con-
trolling their states of phesphorylation. Ionic condi-
tions and certain enzyme substrates have been shown to
modify the dependence of kinases upon cAMP for activation
(walsh, 1979)f Additionally, evidence has been presented
for the translocation of cytoplasmic catalytic subunits
- to the nucleus with subsequent increases in nuclear protein
phoéphorylation (Turkington, 1973). Cho-Chung gg_gl..
(1978) have recently shown that ﬁhe latter process may be
an important mechanism in the induction of rat mammary
tumor regression by DBcAMP (dibutyryl cAMP).

Hormones can influence cAMP-dependent phbsphorylation

systems at several levels:



(1) adjustment of cyclic nucleotide concentfatidns by
direct influences on the activities of adenylate cyclases
and phosphodiesterases;

(2) induction and degradation of enzymic and binding
activities involved;

(3) control of cytosol ions, modulator proteins, and
other modifiers; and

(4) regulation of substrate availability.

In addition to cAMP, several other substances partici-
pate in the regulation of protein phosphorylation. Aanalo-
gous to cAMP, cGMP (guanosine cyclic 3',5°'-monophosphate)
levels are elevated by several hormones and neuro-
transmitters; and specific cGMP—dépendent protein kinases
and substrate proteins have been identified (Schlichter,
'1978). 1t has been'proposed that cGMP acts as a positive
stimulant for cell growth and that it may function antagof
nistically to cAMP. However, this simplistic model has
been seriously challenged (Pardee, 1978). Changes in cal-
cium transport and compartmentation have been associated
with specific protein phosphorylétions. and these may be
catalyzed by calcium-dependent protein kinases (Krueger,
1977). Calmodulin, a putative intracellular calcium-
binding protein, may mediate many of the effects of calcium

on protein phosphorylation via regulation of phosphodi-



esterases, adenylate cyclases, and protein kinases (Cha-
fouleas,‘1979). Many steroid hormone effects are either
synergistic with or ant:agonistic to the actions of caAMP.
There is evidence that steroid hormones influence protein
- phosphorylations both directly by altering the level of -
cAMP (Ross, 1977), and indirectl& by modifying the auto-
phosphorylation of protein kinases via processes depen-—
dent upon protein synthesis (Liu, 1976). Insulin often
acts in opposition to hormones whose effects are mediated
by cAMP. It has been observed to inhibit specific protein
phosphorylations and lipolysis without decreasing intra—:
cellular levels of cAMP in fat cells stimﬁlated by ACTH
(adrenocorticotropic hormone) (Forn, 1976). Insulin may
decrease the sensitivity of protein kinases to cAMP-stimu-
lated subunit dissociation'in‘the rat diaphragm (walsh,
1979). oOther stimuli associated with alterations in the
phosbhorylation of specifié pfotéing include light, intexr-

feron, hemin, thyroid hormone, and viruses.

Effects of cAMP on Growth

Many physiological effects thought to be mediated by
cAMP can be mimicked or potentiated by the administration
of cAMP, cAMP analogs, adenylate cyclase stimulators, or

phosphodiesterase inhibitors. Conventional methods for



eliciting cAMP effects in tissues involve the administra-
tion of such agents either singly or in combination. How-
ever, widely differing effects on growth have been ob-
tained, and these vary with the specific tissue exémined
and the experimental conditions employed. In most studies
to date, cAMP has been.shown to suppress cell growth and
promote differentiatiop. Burk (1968) was first to report
the direct inhibition of cell proliferation by cAMP. The
nucleotide was added in combination with theophylline to
cultures of BHK hamster cells. Other investigators have
observed reversible and dose-dependent inhibitions by
cAMP, DBcAMP, and phosphodiesterase inhibitors of a
variefy of normal and neoplaétic cells in culture, includ-
ing HeLa (Ryan, 1968); 373 (Speppard, 1971), human lympho-
cytes (Gallo, 1971), mouse embryo fibroblasts (Johnson,
‘1972), and mouse lymphosarcom§4(Daniel.,1973). Naseem and
Hollander (1973) demonstrated a concentration dependent
and readily reversible inhibition of growth in plasma cell
tumors in culture by cAMP and prostaglandin E; (PGE;).
cAMP has also been found to be effective in reversing other
tumor cell characteristics, e.g., loss of density inhibi-
tion, random organization, infinite lifespan, agglutination
by plant leétins, and tumorigenicity (Johnson, 1971b).

Subcutaneous administration of DBcAMP has been shown to

10



inhibit the growth of dimethylbenzanthracene (DMBA)-
induced skin tumors in mice (Posternak, 1976). Both cAMP
and aminophylline have been used to suppress the prolifera-
tion of Ehrlich tumor cells in ascitic fluid and in solid .
.tumdrs (Seller, 1973). Keller (1972).inhibited the growth
of Walker 256 carcinomas in rats using DBcAMP both alone
and in combination with theqphylline. PGE;, togeéther with
DBCAMP or a phosphodiesterase inhibitor, suppresses the
proliferation of neuroblastoma cells (Prasad, 1972).
Theophylline administration has been used to promote the
regression of a "human desmoid tumor (waddell, 1975).
Papaverine has caused temporary regression of disseminated
neuroblastomas ih patients (Helson, 1975);'and has been
effectively.used in clinical trials with metastatic neuro-
blastomas (Heléon,.1976); Cho-Chung et al. (1974) ob-
served that ig_gigg_admiﬁistration of DBcAMP, 8-thiomethyl
cAMP, or 8-bromo cAMP suppressed the growth, ana.in.some
cases stimulated the regression, Of a variety of rat mam-
mary tumors, including MTW9 and tumors induced by N-nitro-
somethylurea and DMBA. In the latter study, 1 mg/day/200 g
body weight proved to be an effective dose of DBcAMP. No
toxic effects of the drug at this dosage were evident, and

2',3'-AMP, 5'-AMP, and sodium butyrate failed to affect

tumor growth. DBcAMP injections have been reported to
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enhance the growth of the hormone-responsive rat mammary
adenocarcinoma R3230AC; however, this effect was attrib-
uted to an increase in cell size and differentiation rather
than a change in cell number (Klein, 1977).

In contrast, there is evidence that caAMP can promote
the growth of some cells. Green (;978) demonstrated the
_stimulation of epidermal cell proliferation by several
substances known to increase cAMP concentrations, e.g.,
cholera toxin, DﬁcAMP, l—methyl-3;isobufylxanthine, and
isoproterenol. The gréwth of thymocytes and rat.fibro-
blasfs is enhanced by cAMP; powever, this effecﬁ can be
reversed by elevated concentrations of calcium (Whitfield,
1973). Prqliferation of chick embryo fibroblasts (Hori,
1973) and 373 ce;ls (Schor, 1974) has been promoted by low
concentrations‘of cAM:E*'(Zl.O‘5 M). In vivo administration
of cAMP (20 pg/day) stimulates the growth of methylcholan-
.thfené-inducéd tumorsfin mice, énd 5156 influénces Other'aﬁ—
no:mal morphological characteristics (Johnson, 197la).
cAMP administration also increases the incidence of DMBA-
induced skin tumors in mice (Curtis, 1974).

A biphasic response to cAMP has been seen in some
cells, with growth stimulation by low concentrations of
cAMP or DBcAMP and growth suppression by elevated concen-—

trations. Such 6bservations have been made with lympho-
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blasts (Whitfield, 1973) and BHK cells (Furmanski, 1973).
‘However, this phenomenon has not been generally found.
ﬁyus et al. (1977) have sﬁggested that growth responses to
cAMP may be at least pértially due to the activity levels
of different protein kinases within a tissue.

DBcAMP administration has been observed to inhibit
the growth of MTW9 in vivo (Cho-Chung, 1974), and recent
evidence provides support for the concept that mammary
tumor regression in fesponse to ovariectomy shares common
mechanisms with the reéression achieved by administration
'lof DBCAMP. (Cho-Chung,-1978). It has been proposed that
growth ¢ontrol in some tumoxs may involve antagonism be-
tween cAMP and stimulatory hormones (Shafie, 1979).

In the present study, I examined the effects of caAMP,
DBcAMP, and phosphodiesterasejinhibitors on DNA synthesis
in MTW9 in organ culture. In attempts to avoid the. extreme
cqmplexities of whole aniﬁal studies, in vitro models were‘
used for the study of factors affecting tumor growth.
Organ culture techniques have been widely used to investi-
gate endocrine mechanisms in mammary tissue (Welsch, 19773
Ceriani, 1972; Lewis, 1974), and advantages over cell cul-
ture methods. include the preservation of tissue organiza-
tion, known to be important for some hormonal effects

(Heuson, 1975). Results from these experiments were fur-
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ther evaluated by a similar investigation using human
breast cancer cells in culture (MCF-7). While optimizing
the in vitro growth conditions of these tissues, I also
studied the direct éffect of several ho?mones and sera on
(3H)thymidine incorporation in MTW9 and on MCF-7 cell
growth.

Alterations in. the cAMP System in Neoplasia

A growing body of évidence'supports the concept that
the protein phosphorylétion system participates in the
regulation of growth,.and that the principal effectors of
this system, e.g., cyclic nucleotides and calcium ions,
play important roles in controlling cell proliferation
(Rubin, 1975; Greengard, 1978). Therefore, one might ex-
pect major changes in the growth status of tissugs to be
associated with substantial alterations in the caAMP system.
"-Indeed, neoplastic transformation is often associated with
aberrations in both.the cellular concentration of cAMP and
the major components controlling cAMP metabolism and pro-
tein phosphorylation: adenylate cyclases, phosphodiesﬁer—
ases, cAMP-binding proteins, and cAMP-dependent protein
kinases.

In general, transformed cells in culture have been

reported to have lower concentrations of cAMP than their
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normal counterparts (Ryan, 1973). Tisdale and Phillips
(L274) found cAMP levels to be inversely correlated with
ﬁalignancy in somatic cell hybrids. However, investiga-
tions have shown that cAMP levels need not be correlated
with transformation (Peytremann, 1973). Similarly, cAMf
levels within tumors in vivo do not follow any apparent
pattern. Cohen et al. (1975) observed that cAMP concen-
trations in mammary adenocarcinoma cells in culture were
substantially reduced from normal values, fhough CAMP
levels were significantly elevated in ﬁMBA—induced rat
- mammary tumors. Other researchers have found elevated
levels of cAMP in a vafiety of human breast cancers, in-
cluding breast carcinomas (Minton, 1976). An inverse rela-
tionship has been reported for cAMP levels and meiogic
activity in mouse epidermis (Marks, 1972) and DMBA-induced
rat mammary tumorg.(Matusik,'1976)f Minton gg;g;, (1974)
found substanﬁiallylelevated levels .of cAMP in human breast
cancers. However, these authors.have postulated that de-
fects in cAMP-binding or protein kinase activity may ac-
count for the failure of cAMP to inhibit growth in such
cancers.

Defects in cAMP metabolism may be associated with neo-
plasia which have low endogenous concentrations of cAMP or

whose transformed characteristics are reversed by stimu-
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lated increases in cAMP. Adenylate cyclases in‘some neo-
plastic tissues are less sensitive to physiological ac-—
tivators, e.g., Morris hepatoma cells to glucagon (Makman,
1971), transformed 3T3 cells to PGEj; (Peery, 1971), and
leukemia cells to epinephrine (Polgar, 1973). Ney et al.
(1969) 'have observed that although cAMP levels are elevated
in adrenocortigal carcinomas when compared with no;mal
tissues, these tumors are unresponsive to the action of
ACTH (which raises cAﬂP lévels 26-50—fold in normél tis-
sues). Alterationg in plasma membrane §haracteristics
may influence hormone—recéptor and adenylate cyclase sys-
tems (Benfwich, 1972). Anderson et al. (1973) have sug;
gested ﬁhét kinetic analyéis.ma} be necessar§ for revealing
certain éefeéts in adenylatélcyclase activity. |
Positive correlations‘haVe beeﬁ fouﬁdvbetween adenyl-
ate cyclase activities and growth rates in rat hepétomas
(Brown, 1970). The same invéstigators'repbrted'ind;eased
adenylate cyclase activity in dimethylaminobiphenyl-induced

rat mammary carcinomas (Brown, 1969). Adenylate cyciases
in hepatocarcinomas have been shown to be refractory to
hormone stimulation (Christoffersen, 1972). Only DBcAMP-
sensitive Walker 256 rat mammary carcinomas are responsive

to PGE]-stimulated adenylate cyclase activity in vitro and

to PGE]-promoted regression in vivo (Clair, 1974). Although
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alterations in adenylate cyclase activities may be related
to aberrant growth patterns in some neoplastic tissues, no
simple correlation has been found causally linking adenyl-.
gte cyclase activity to‘the control of proliferation.

" ¢AMP phosphodiesterases play a strategic role in réguh
lating cellular levels of cAMP by irreversibly hydrolyzing
the nucleotide to 5'-AMP. Cells exert fine control over
cAMP hydfolysis by alﬁering‘the numbe:, distribution, and.
molecular forms of cAMP phosphodiesterases, and also
through mediation by small molecules and regulatory pro;
teins (Richman, .1978; Katz, 1978). Geﬁerally, mést :
phosphodiesterase activity is associated with cytosol frac-
tions and can be resolved using electrophoresis and gel
fiityaﬁiqn into two mgjor molegu;ar forms: low- and high- _
Km (Michaelis constant) enzymés (Thompson, 1978). Investi-
gations of tumor phosphodiesterase activity have revealéd
‘a variety‘éf-enzyme alterations i# neoplas£ic tissues.
However, changes in phosphodiesterase activity do not-adf
‘here to any apparent pattern. Cohen et al. (1976) reported
phosphodiesterase activity to be diminished in transformed
rat mammary cells in culture. Phosphodiesterase activity
is drasticélly reduced in some transformed cells, e.g.,
.SV40—transformed 373 cells (D'Armiento, 1972) and Novikoff

rat hepatoma cells (Schroder, 1972). Chatterjee et 1.

e S——
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(1975) observed that diminished phosphodiesterase levels
and elevated cAMP concentrations were associated with
metastasizing capacity in rat mammery tumors. Low-Km
phosphodiesterase activity was increased in human breast
tumors and correlated positively with malignancy in one'
study (Singer, 1976). Cho-Chung et al. (1977a) identified
two major forms of cAMP phosphodieéterase activity in
Walker 256 mammary carcinoma cells. whereas both DBcAMP-
responsive and unresponsive cell lines had similar basal
levels of phosphodiesterases, PGE] induction of low-Km
activity in organ cultures occurred only in those cells

. which were growth-inhibited by DBcAMP. cAMP is known to
induce phosphodiesterases in a wide variety of cells
(Raska, 1973), and a defect in this process is suggested in
‘DBcAMP-unresponsive mammary carcinoma ¢ells (Cho-Chung,
;977a).

. Transformed mouse fibroblasts have been observed to
contain enhanced levels of cAMP phosphodiesterase and un-
uéually low levels of cGMP phosphodiesterase (Lynch, 1975).
In normal rat mammary gland,lSapag—Hagar et al. (1974) have
reported that high-Km phospﬁodiesterase increases signifi-
cantly éuring lactation; the authors sﬁggest that this en-

zyme may play a role in the growth and differentiation of

the mammary gland.
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In many tumors, there is a molecular defect in the
cAMP system beyond the level of cAMP geﬁeration and degra-
dation. Alterations in cAMP-binding activities have been
observed in several neoplastic tissues. Only responsive
strains of Walker 256 mammary carcinoma regress in re-
sponse. to exposure to DBcAMP. Unresponsive strains con-
tinue to grow and have been shown to;contain very low con-
centrations of cAMP-binding protein (Cho~Chung, 1977b). A
hepatoma cell line with low levels of cAMP and adenylate
c&clase has been furthér chﬁracterized as unresponsive to
cAMP because of a deficiency in binding protein (Granner,
1974). Deficient cAMP-binding has been reported in C3H
~ mouse mammary carcinomas (Majumder, 1977a).. Using somatic
cell genetics, Daniel et al. (1973) .observed that decreased
sensitivity to the lympholytic effects of DBCAMP were cor-
related with defective regulatory subunits of protein -
kinases in mutant lines éf S49 lymphoma cells. -Further-
more, Tisdale et al. (1976) observed that diminished caMmp-
binding activity parallels the loss of sensitivity to the
cytotoxic action of both DBcAMP and alkylating agents
thought to act through éAMP in cultured mammary cancer
cells. Decreased cAMP-binding affinity was associated
with human adrenocortical tumors (Riou, 1977). In very

interesting work, Prasad (1975) has used DBcAMP and PGE)
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to acﬁieve irreversible differentiation in cultured neuro-
blastoma cells. These agents augment cAMP-binding protein
levels, and this may provide a permanent mechanism for the
protection of cAMP. The authors suggest that such auto-
regulation of binding protein should be considered in de-
signing therapy for patients with neuroblastoma. However,
. related mechanisms do.not seem operative in non-neural |
‘tumors, e.g., sarcoma and gligl. .Yet, enhancing cAMP-
binding protein for the treatment of cancers may prove
useful. Further study could provide insights into pro-
cesses involved in the spontaneous remissions that occur
_in patients with other cancers.

Several important observations have been made regard-
ing protein kinase activities in normal and neoplastic
tissues. Distinct molecula: éormé of cytoplasmic (Majum-
der, 1971) apd nuclear (Desjardips, 1975) protein kinases
.havé-been characteri?ed~in the rat mammary élﬁﬁd. furking—
ton further demonstrated prolactin‘inducgion'of kinase and
cAMP-binding activities, followed by extensive phosphoryla-
tions in.mouse mammary explants (Turkington, 1973). The
same authors also described significant differences be-
tween normal and neoplastic rat mammary tissue in nonhis-
tone chromosomal protein (NHCP) phosphorylation patterns.

Eppenberger et al. (1976) recently reported enhanced levels
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(3-fold) of cAMP and cAMP-dependent protein kinases in
human primary carcinomas. Diminishea'sensiﬁivity to ac-
tivation of proteiﬁ kinases was obéérved in DBcAMP-unre-
sponsive Walker 256 tumors (Cho-Chung, 1977c¢c). 1In ufe—
thane-induced lung tumors, cytoso;ic cAMP—dependent_prof
tein kinase acti&ity is enhanced 2-fold over the normal
tissue (Malkinson, 1977). |

| In the present stﬁdy, I explorea the possibility that
substantive changes in cAMP metabolism might be meaning-
fully associated with (1) the progressién ofuhormone—
dependent tumors to a hormone-autonomous state, and
(2).the induction bf ;eéressidn in hdfﬁohe—depeﬁdeﬁt tumors
by endocrine ablation. Seve#ai kéy @omponehté in tﬁe cAMP
systém were compafed in growing MTWO tﬁmors, regressing
MTW9 tumors, and'autOnomous tumors (MTWO9B). Numeroﬁs
differences among these tumors were observed, and results
" aré interpreted in view of previously reported investiga-
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MATERIALS AND METHODS

Rat Mammary Tumors

MTW9, a transplantable rat mamnmary adenocarcinoma, is
an excellent research tool for investigation of human mam-
mary cancer because of the stability of its endocrine de-
- pendence and ease of propagation. The maintenance aﬁd
important characteristics of this tumor line havé been de-
scribed in detail elsewhere (MacLeod, 1964; Kim, 1975;
Hollander, 1978). Briefly, MIW9 is maintained by coim-
plantation with a mammosomatotropic tumor, MtTWlO0, at éif-
ferent sites in'syngeneic Wistar-Furth female rats. After
a latent period of about 3 weeks, which presumably permits
establishment of the supportive MtTWl0, MTW9 becomes pal-
pable, and then grows steadily to a diameter of 2 to 3 cm
in about 6-8 wgeks. Ovariectomy during this growth phase
results in‘the cessation of further growth, but does not
stimulate regressién; ﬁowéver, resection of the MtTWlO
during tﬁis period causes the rapid regressi&ﬁ of the mam-
mary tumor within 2 weeks. Growth of the mammary tumox
can be prevented by ovariectomy at the time of implanta-
tion. | |

MTW9B is an autonomous subline of MIW9 which grows

rapidly in male, female, and ovariectomized rats. Measure-
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.ments in Dr. V. Hollander's laboratory have determined
that prolactin and estradiol receptors are undetectable in
the MTWOB tumor used in this study (unpublished observa-
~tion). Evidently, the tumor used in this study is a vari-
ant of tumors used in other laboratories, since substantial
levels of estradiol receptor have been found in another
MTW9B subline (Ip, 1978).

Oonly small, rapidly growing tumors were used for bio-
chemical study since these are mést likely to be free of
necrosis and to be maximally responsive to hormones

(Lewis, 1974).

Organ Culture Technique

Animals were sacrificed by cervical dislocation and
suﬁmerged in 95% ethanol for é—B‘minutes. Tumors were'ex-
cised under aseptic conditiqns, trimmedvof.surfbuﬁdiné cbn-
'nectiQe tiﬁsue; énd,éutiﬁiﬁﬁia scalpel blade.iﬁto piepéé
measuring approximately 1 mm3. ALl tissue‘was kept moist
with M199 supple&ented with penicillin (1000 U/ml) and
sﬁreptomycin (1000 pg/ml). Explants were randomly distrib-
uted into plastic multiwell tissue culture dishes (9.6 cm2,
Flow Laboratories, Rockville, Md.) containing 2 ml of M199.
In each well ten explants were supported at the surface of

the culture medium on a stainless steel grid. Cultures
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were incubated in a humidified atmosphere of 95% 03/5% COj
at 37°C. Preliminary experiments established these condi-
tions as optimal for explant viability and (3H)thymidine
incorporation.

Representative tissue explants were fixed in 9% fé;-
malin and processed for histological éxamination using
hematélein—eosin staining. Subéequent examination indi-
cated that there was‘good maintenance of tissue organiéa—
tion with little evidence of necrosis for at least 96 hours

in culture.

Measurement of bNA Synthesis

| Four hours prior to the ené of each incubation

périod, 1 pci of (ﬁethyl-3H)tbymidine (40-60 Ci/mmol, New
England Nuclear, Bbston, Mass.) was'addéd to~each culture
to determine the rate of'(3H)thymidine inco;poraﬁion iqtp
DNA. Cultures were terminated by freezing at -90°C, and
all subsequent procedures were performed at 2-4°C unless
otherwise stated. 'The tissue from each dish was ﬁomoge-
nized in 2.0 ml Qf 0.5 N PCA using. a Polytron. PT-10 tissue
disruptor (Brinkmann Instruments, Inc., Westbury, N. Y.)

| at its maximum setting for 5 seconds. The homogenate was
centrifuged at 10,000 x g and the pellet was washed with

1.5 ml of 0.5 N PCA and again centrifuged. The washed
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-pellet was resuspended in 1 ml of 0.5 N PCA and maintained
at 90°C for 20 minutés. This. preparation was chilled at
2-4°C for 15 minutes and cenfrifuged as before. To mea-
sure the incorporation of (3H)thymidine into tumor DNA,
the resulting superﬁatant fraction was analyzed for DNA
using a diphenylamine colorimetric method (Burton, 1956),
and for radioactivity by liquid scintillation counting in
a Packard Tri-Carb Liquid Scintillation Spectrometer.
Appropriate corrections were made for quenching. The re-
sults are expressed as'dpm (3H)thymidine/ug DNA. ‘A single
tumor was used in each experiment and evgry‘gondition was
" performed in duplicate.

Control studies established the above procedures as
optimal for the extraction of DNA from tumor explants.
Prior extractioh'with érganic.solvgnts did not influence
the results, pfesumably because tumor fat éontent is very
low. .The incorpoﬁaﬁion of radioaétivity was cémpletelf
inhibited by the addition.of 1 mM'hydroxyurea. an inhibitor
of DNA synthesis, 10 minutes before the (3H)thymidine
pulse.

Substantial changes in the incorporation of (3H)thymi-'
dine inta DNA are generally interpreted as indicative of
changes in DNA synthesis (Lewis, 1974; Hallowes, 1977;

Takizawa, 1970a). However, it should be noted that changes
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in the uptake and metabolism of (3H)thymidine can influ-
ence incorporation rates where there are no net changes
in DNA synthesis.

Using representative samples under the various experi-
mental conditions employed in this study, the acid—soluﬁle
pool of radioactivity was measured and found not to be
significantly altéred by hormone, serum, or methylxanthine
treatment. Therefore, the sﬁbstantial change; in | |
(3H)thymidine incorporation into DNA found in this study
were most probably due to alterations in DNA synthesis.
Changes in cellular uptake or metabolism of (3H)thymidine
have, at most,'a hinor effect. Because of the limitations
inherent in estimating growth by (3H)thymidihe.incorpora—
tion; observations_made using_organ culture were extended

in studies uéing an established breast cancer ceii line.

Human Breast Cancer Cells -

The human breast cancer cell line, MCF-7, was origi—_
nally derived from a pleural effusion (Soule, 1973) and
has been extensively characﬁérized (Lippman, 1975; Lipp-—
man, 1976a; Linebaugh, 1977). Our line was generously
donaﬁed by Dr. M. Lippman (NCI, NIH, Bethesda, Md.) and
‘has been maintained by weekly passage in Falcon plastic

tissue_flasks (75 cmz, Becton, Dickinson and Co., Oxnard,
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Calif.) containing 10% FCS in 20 ml of MEM sﬁpplemented
‘with 2 mM L-glutamine, 0.1 mM MEM nqn—essential amino
acids, penicillin (1000 U/ml), and streptomycin

klOOO pg/ml) (SMEM). Cultures were incubated in a humidi-
fied atmosphere of 5% COp in air at 37°C. For subcultur-
ing and initiating experiments, cells were detached using
1 mM EDTA in Hanks' Balanced Salt Solution (HBSS),without
Cé++ or Mgtt. MCF-7 cells wé;e égltureﬁ acéordiné to the
standards of biological safety set by the Nationél Cancer

Institute (Bethesda, Md.).

Measurement of MCF-7 Cell Growth

In all experiments, cells in logarithmic growth phase
were plated at a density of 104 cells/well in plastic
multiwell tissue culture dishes (2 cm2, quw Laboratqries,
Hamden, COQﬁ.) containing 1 ml SMEM;With.B%YFCS. After an
initial 24 hour period for cell attachment, the medium was
reﬁbved, each well was rinsediwith 1l nl MEM,‘and 1l ml of
the experimental medium was added. After 4 days the
medium was replaced with fresh medium and after 8 days,
experiments were terminated by rinsing each well with HBSS,
detaching the cells with 1 ml HBSS - 1 mM EDTA, and soni-
cating for 5 seconds using a Kontes tissue disruptor

(Kontes, Vineland, N. J.) set at its lowest speed. Cell
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number was determined by counting nuclei with a cytoéraf__
(Model 6300A, Ortho, Mahopac, N. Y.) previously calibrated
using hemocyfometer counts. Data are expressed as means
+ S.E. for triplicate determinations. All experiments
were. repeated two or more times with similar results.

Extreme aggregation of MCF-7 cells prompted the
development of the above technique for determining cell
number. The percentage of cells having multiple nuclei
was insignificant. Phase cogtrasf microscqpy with aceto-
orcein nuclear staining revealed that mild sonication re-
sulted ip complete digrﬁption of cells without siénificant
nuclear aisruption or aggregation.

Cell growth was not limiteé in'this.study by vessel
size since comparable growth kinetics were observed when
cells wére plated ét either.higher (2 x 104 cells/well) or
lower (0.3 x 104 cells/Wéli) density. Thefe was an expo-
nential inc;ease in cell.ngmber to a final dénsity of at
least 2.5 x 103 cells/well.

To eliminate the possible influence of differential
cgll attachment on subsequent growth kinetics, cultures
were permitted to attach under uniform conditions prior to
the addition of experimental media. Experimental condi-
tions used in this study did not cause significant cell

detachment from the plating surface.
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Preparation. of Hormone Solutiqns and Sera

Porcine,cryst&lline insulin (25.4 U/mg, Lilly
Research ILaboratories, Indianapolis, Ind.) was dissolved
in 0.005 N HCl at a concentration of 1 mg/ml and stored at
2-4°cC.

Ovine (NIH-P-S-12) and rat (NISMDD-I-2) prolactins
and rat growth hormone (NIAMDD GH-I-?) were dissolved di-
rectly into culture media at concentrations 50-fold greater
than the desired final concentrations.

Corticosterone, piogesterone, and 17-B estradiol
(Steraloids, wilton, N. H.) were.disso;ved in absélute
ethanol ana diluted with medium so that the final ethanol
concentration after addition to cultures was less than
0,1%. The concentration of ethanol used did not influence
the éxperimental resulfs.

To simulate tﬁe major endocrine constituents in the
sera. of MtTWlO—beariﬁg animals, séveral hormoneé were com-
bined in é mixture referredito here as MHS (Table 1l).

Blood was collected fqllowing.deqapitation from groups
of~normal male and femaie wistgr-Furth rats and from
MtTWwlO-bearing rats. After overnight clot retraction at
2-4°C, serum was prepared by centrifugation. Prolactin
was measured by radioimﬁunoassay and concentrations in MtT

sera consistently exceeded 1000 hg/ml,,whileAthose from
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TABLE 1

. Serum hormone concentrations

Hormone ' . : | | Normal Female MtT MtT Hormone Reference
' Serum . Serum Simulant '

Estradiol (pg/ml)®. 5 - 45 u +a° 1

Progesterone (rig/m]..b)a s 12 i 1 ' | 34 + 3 33
Corticosterone (ug/100 m1)® 20 + 1 33 + 4 33 |
Prolactin (ng/ml) o 10 - 250 500 - 10,060 10,000 ' Diamond, .1976
Growth Hormone .(ng/ml) ‘ ' ._ 5-10 - | 54Q0 + 670 : 5,000 Ito, 1971 °
Insulin (pUu/ml) - - 27.1-_ 8 142 + 43 y 142 Martin, 196§

%Measured by RIA in the laboratory of Dr. Neena Schwartz (Biological Sciences Departmenfc,

Northwestern University, Evanston, Ill.).
b A

- "Mean + S.E.



control animals were always below .50 ng/ml.

Subcellular Fractionationvof Mammary Tumors

Animals were sacrificed by cefvical dislocation and
mammary tumors were quickly excised and submerged in ice-
cold 0.9% saline. All subsequent procedures were performed
at 2-4°C. Tumor tissue was trimmed free of connective tis-
sue, finely minced, and homogenized with a Polytron PT-10
set at 1/2 maximum speed for 20 séconds in 10 volumes (w/v)
of homogenization buffér (HB) containing 10 mM potassium
phosphate buffer, pH 7.2, 0.5 M sucrose, 5 mM MgCl,, and
0.1 mM phenylmethylsulfonylfluoride (PMSF). Cytosols
were obtained by direct centrifugation of the homogenate in
a Beckman Model L uitra-centrifuge fof 1 hour at 35,000 rpm
usiné an éW—36 rotor. Centrifugation of the homogenate in
-a Sorvall RCZ—B qentrifuge for 10 minutes at 3,000 rpm
using an.éS—34 rétor préduced é}éost—nﬁcleaf‘sééernatanfl
fraction and'a.crude nuclear pellet. A crude particulate
fraction was obtained by ultracentrifuging the post-nuclear
. supernatant fraction as'described above, followed by re-
homogenizing and washing the bellet in HB, and resusbending
the washed pellet in 10 volumes of HB. The Triton-extrac-
ted particulate fraction was prepared by treating the

washed pellet with 0.2% Triton X-100 and ultracentrifuging
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as before. A purified particulate fraction resulted from
:layering the post-nuclear supernatant fraction onto a disF
continuous, sucrose gradient (0.5M/1M/2M), ultracentrifug-
ing as descfibed above, and.collecting the particulate
material settling at the 1M/2M interface. A purified
nuclear fraction was produced by resuspending the crude
nuclear pellet in 10 volumes of HB, filtering through 4
layers of cheesecloth, and ultracentrifuging as described
above through a 2.0 M sucrose cushion. :Nuclei were washed
with 5 volumes of nucléar buffer (NB) containing 10 mM
potassium phosphate buffer, pH 7.2 and 5 mM MgCl,. Ex-
traction of nuclei using 10 mM potassium phosphate buffe;,
PH 7.2 with 2 mM EDTA and 150 mM NaCl for 1 hour and cen-
trifugation for 10 minutes at 10,000 rpm in a Sorvall RC2-B
produced‘a saline ﬁhclear.éxtfact. ‘The fesulting nuélear

. pellet was fesuspended in 2.33 volumeé of HB and slowly
broﬁght té O.é M:Néél By tﬁé droéwise addiﬁién of 1 volume.
of NB containing 2 M NacCl. .ihe resultant chromatin prepa-
ration was sheared with the Polytron PT-10 set at 1/2
maximum speed for 20 seconds, stirred fof an additional
hoqr and ultracentrifuged as described above. The super-
natant fraction was dialyzea agaihst 50 voluﬁes of HB
cﬁanged 3 times during. a 36 hour period and was centrifuged

for 10 minutes in a Sorvall RC2-B at 10,000 rpm with a
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SS-34 rotor. This final supernatant fraction constituted

the 0.6 M NaCl chromatin extract.

Anion—Exchange Chromatography of Tumor Cytosols

All procedurés were carried out in a preparative cold
room at 2-4°C. Tissue cytosol# were désalted b? Sephadex
G-25 -gel filtration using the'ﬁollowing prdcedure. Ten ml of.
.cytosol:were - applied £o a 1.6 x 38 cm column previously
equilibrated with .01 M potassium phosphate buffer, pH 7.0
containing 0.1 mM dithiothreitol (DTT). The column was
eluted with the same buffer at a hydrostatic pressure of
100 cm and 4-ml fractions were collected with an LKB.frad—
tion éollectér. Effluent protein concentratién waé moni-
tored by absorbance at 206 nm and 280 nm using an LKB
Uvicord III UV absorptiometer and salt concentration was
estimated from efflﬁent conductivity using an LKB con-
ductolyéer”(Mddel'5300A). ‘Protein and salt effluent peaks
were effectively Sepa¥§ted,'with virtuéLly‘all of ﬁhe pro-
tein kinase activity associated with the protein peak
(Figure~2). | |

TheAdesaited pfbteiﬁ péak was pooledAand slowly
appliedvfo a DE-52 (Whatmah) anion-exchange column (1.6 x
24 cm) previously equilibrated with the above buffer. The

column was eluted over a l6-hour period with a linear
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Figure 2. Desalting of MTW9 cytosol by Sephadex G-25-
chromatography. All procedures described in Materials

. and Methods.
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gradient qonsisting.qf_,OI - 0:4 M pptassium phpsphate.
buffer, pH 7.0 with_0.5 mM DTT, and 4-ml fractions were
collected. |

Control experiments established that chromatography
did not influence the association of catalytic. and regula-
tory subunits of cAMP-dependent protein kinase; and the’
activation ratio (AR: -cAMP/+cAMP) remained constant
throughout these procedures using either activated or un-
activated cytosol preparations. ‘Preliminary experiments
indicated the importance of reducing the cytosol salt con-
centration prior to application onto the anion-exchange
column in order to-prevent~f%ow—through of cAMP-binding
and protein kinase activities.

Animal sacrifice, subcellular fractionation, and col-
umn chromatogféphy wéré pérfofmed on thé same‘day, and
fractibhs coliégted from'the_DE—52‘bblumn were assayed im-
‘mediatély fdr éAMP*Einding'and proteip‘kinase‘actiyities;
Tﬁe recovery of ﬁhese aétivities ffom_the anion—exchanéev

column was greater than 80% of the cytosolic activity.

cAMP-Binding Assay

Binding of (3H)cAMP to protein was determined using a
modification of the membrane filtration method of Gill and

Garren (1969) under cAMP exchange conditions (Wilchek,
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.1971; Dokhac, 1973). 1In a total volume of 0.2 ml the
assay mixture contained: 66 mM Tris-HCl buffer, bH 7.3,
6.8 mM aminophylline, 12.5 mM MgCl., 100 yM ATP, 50 nM
(3H)cAMP (37.7 Ci/mmol) (New England Nuclear, Boston,
Mass.), and 20-50 ug protein. -Following incubation at
24°C for 1 hour, reactions were filtered through Millipore
filters (0.45 pym HAWP) prewetted with ice-cold 0.25 mM
Tris-HCl buffer, pH 7.3, containing'lo mM MgCl,. Filters
were rapidly washed 3 times with.S ml of ice-cold buffer,
dried, and dissolved in 5 ml of scintillation fluid.
Radioaqtivity was counted in a Packard Tri-Carb liquid
sgintillation spectrometer.

Binding‘of (3H)cAMP to MTW9 cytosol was linear up to
50 pg protein. Under these conditions more than-90% of the
prebound sites were exchanggd.within 30 minutes (Figure 3).
Competitive binding studies suggested that this assay was .
'highly épecific for cAﬁé (Tab;é 2).‘.Only noﬁ-radioaétive
cAMP and 8-Br-cAMP competed effectively with (3H)cAMP at
. equimolar concentrations. At 100-fold malar excess, CIMP
and DBcAMP were significantly competitive and GMP and cGMP
were only weakly competitive. A 2,000-fold molar excess
of adenine, adenosine, AMP, ADP, or ATP did not decrease
(3H)cAMP binding. Adenine and hypoxanthine enhanced cAMP

binding at 100-fold molar excess.

L
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" Figure 3. Exchange of prebound cAMP. cAMP-binding sites
in MTW9 cytosol were saturated by incubation with 50 nM
(3H)cAMP as described in Materials and Methods except that
incubation was carried out for 3 hours at 2-4°C without
the addition of ATP. Effective conditions for the ex-~
change of prebound cAMP were determined by measuring the
amount of bound radioactivity which was released following
the addition of a 100-fold molar excess of nonradioactive
cAMP under the conditions indicated. Data shown are the
means of duplicate determinations from one experiment, and
equivalent results were obtained in a second experiment.
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TABLE 2

Competition study of cAMP-binding activity in MTW9

cAMP-binding was determined in MTW9 cytosols using’
50 nM (3H) cAMP as described in Materials and Methods in
the presence of various potential competitors at the in-
dicated concentrations (molar excess of competltor in the
parentheses) Results are expressed as the percentage of
(3H) eAMP bound in the presence of competltor/( H) caMmp
bound in the absence of competitor. The results are from
a single study and have been repeated. -, Not determined.

% cAMP*binding

Competitor 50 nM _(1x) 5 M (100X) ° 100 pyM(2,000X)
None 100 100 100
cAMP 41 16 3
CGMP 98 - 91 32
cIMP 97 6l -

. cUMP . 103 . 96 -
8-Br-cAMP 68 - 21 -
DBcAMP 89 55 30
Adenine - 126 1lle6
_Adenosine - 107 . 117 .
AMP - - 97
ADP - - 100
ATP - - 104
GMP . - . 91 -
Hypoxanthine - 135 137
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Determination of Protein Kinase Activity

(7—32P) ATP was preéared from (32P)H3P04 (New England
Nuclear, Boston, Mass.) using the glycolytic exchange
reaction of Glyﬁn and Chappell (1964). The product was
verified by polyethyleneimide thin 1ayer chromatography
using 2 solvent systems and strip coﬁnting with a Packafd
radiochromatdgram.scanner (Model 7201).

A protein kinase assay was developed from tﬁe method
described by witt (1975). The reaction was in a total
volﬁme of 50 pl containing: 50 mM potassium phosphate buf-
fer, pH 7.0, 10 mM Na?, 0.2 pM EGTA, 1 mM aminophylline,

1 mM MgCl,, 200.pg histone (Sigma Type II-A), l-lp nmol .
'(7—32P) ATP (0.1l -‘0.4 pci), and in somé cases 2.5 pyM cAMP.
Reactions were initiatéd by the addition of 10-50 ug of
protein and were incubated for 20 minutés at 30°C. Assays
were terminated by.pipe;tihg 40 pl of the mixture onto a
2.5 cm phosphocellulose paper disc (Whatman P8l). Discs
were batch?ﬁashed in ¥ﬁnning tap water, rinsed with aceténe
and petféleum ether, dried, and counted in 3 ml of écintil-
Lation fluiﬁ using an Interﬁechniéue SL-30 1i§uid écintil—
lation spectromefer.

Agreement between replicate samples was consistently
excellent and isotope incorporation was linear during the

assay time for the enzyme concentrations used. The
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incorporated isotope was not labile to mild acid treat-
ment (0.1 N HCl, 80°C, 10 minutes). Blank values, which
were obtained by either using boiled enzyme or assaying in

the absence of exogenous substrate, were always very low.

. Determination of cAMP Phosphodiesterase Activity

CcAMP phpsphqdiesterase activity in various subcellu-
lar fractions was measured by the quaﬁtitatiﬁe separation -
of (3H)cAMP metabolites by ion—exéhange thin layer chroma-
tography (TLC) (Rangel~Aldao, 1978). Assay tubes con-~-
tained the following components in a total volume of 15 pl:
40 mM Tris-HCL :buff.er, pH 8.1, 10 mM MgCl,, 2 mM DIT,

25 pyg BSA, 1-100 pyM (3H)cAMP (34 Ci/mmol), ané'l-lo pg
protein. After incubation for 5 minutes at 32°C, the
reaction was terminated by thé addition of 1.5 plrof a
stopping solution which included 0.2 .M EDTA, pH 7.0,
iZ.S mM 5'-AMP, and 12.5 mM cAMP: five pl of the fiﬁal
mixture were chromatographed as described by Rangel—kidao
et al. (1978), exceét ﬁhat optimum metabolite separation
was obtained using 15 mM MgCly for elution. The radio-
activity in each metabolite band was measured in 3 ml of
scintillation fluid using an Intertechnique SL-30 liquid
scintillation spectrometer.  Blank values were determined

by the addition of stopping solution prior to incubation,
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and they were consistently very low. The production of
(3H) inosine was found not to be significant in these

studies.

Although (3H)camp hydrolysis was linear under the
present assay conditions for at least 10 minutes, the
appearance of the two major degradative products,'(3H)5'-'
AMP aﬁd (3H)adenosine, followed separate time courses.
The importance 6f fully éuéntitating 5ot£ éroducts‘is il-
lustrated in Figure 4. This became especially important
when measuring phosphodiesterase activity in MTW9B homo-
genates and in all particulate fraEtions, since 5'-
nucleotidase activity was Subétantially elevated in these
preparations. (3H)cAMP hydrolysis was linear with the

addition of up ﬁo 10 pg of cytosol protein.
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" Figure 4. Time=-course for the appearance of the major.
metabolic products of ( 3H) cAMP hydrolysis. (3H)cAMP was
hydrolyzad by MTW9. cytosol under the conditions described
in Materials and Methods. Results are the means + 8 .E.
for one experiment and equivalent results were obtained
in a second experiment. :
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RESULTS

Effects of Sera and Hormones on Tumor DNA Synﬁhesis

An organ culture technique was developed to assess the
direct effects of various hormones and sera on tumor DNA syn-
thesis under well—defiﬁed conditions. The rate of DNA synthe-
sis in MI'W9 explants was substantial when compared to synthe- |
tic rates observed in other rapidly-growing mammary tumors
in culture (Iturri, 1976; Wang, 1971). Following an initial
25% decrement during the first 24 hours in culture, tumor
DNA synthesis was maiytained aﬁ a steady rate in medium alone
for at least 96 hours (Figure 5). Addition of 10% MtT serum
to the incubation medium produced a peak of activity at 4é
hours. Hence, this time-poipt was selected for examining the
effect of various hormones, séra, and cAMP phosphodiesterase
inhibitors'on DNA synthesis.

Inéulin and MtT serum were observed to stimulate thy-
_ miaine incoréération.4—foid énd 2-fold, respe¢£ivelyA(figﬁre.
6). Normal female rat sérum, rat prolactin,’a;d rat g#gwth
hormone each increased the incorporation of thymi@ine into
DNA by approximately 30%. Neither MHS, a .combination of hor-
mones simulating the knowniendocrine.constituents.of MtT
serum, nor male rat serum influenced DNA synthesis under the

~ experimental conditions. Supplementing female rat serum
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Figure 5. Time-course of DNA synthesis in MTW9 explants
during the initial 96 hours in culture. DNA synthesis was-
measured by the incorporation of (3H)thymidine into DNA as
described in Materials and Methods. Cultures were incuba-
ted in culture medium alone or in culture medium containing
10% MtT serum. ' Each point represents the mean + S.E. (n=10).
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Figure 6. Effects of various hormones and sera on DNA syn-~
thesis in organ-cultured MTW9. DNA synthesis was measured
.by the incorporation of (3H)thymidine_ into DNA during 44~
.48 hours of incubation as described in Materials and

- Methods. The indicated components were present in the
medium from the beginning of the incubation period. M199, -
Medium 199; MtT, serum from MtTWlO-bearing animals (10%);
MHS, MtT hormone. simulant (10%); ¥ , female rat serum
(10%); 0™, male rat serum (l0%); xrPrl, rat.prolactin

(5 pg/ml); rGH, rat growth hormone (5 pg/ml); I, insulin
(L0 pg/ml). Statistical analysis was performed usihg
Student's -t test. *, significantly different from control
value (p< 0.01l). Each value is the mean + S.E. (n=5).
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with either prolactin, ovine prolactin, rat growth hor-
mone, or MHS also failed to significantly affect the rate

of DNA synthesis observed with serum alone.

Effect of MtT Serum on the Growth of MCF-7 Cells

For this study I decided that the optimum method for ..
éssessing growth would be to measure increases in cell
number over several generations. waever, clumping of
MCF-7 cells after detachment froﬁ cuiﬁure dishes prevented
direct cell counting. Hence, I developed the technique of
counting nuclei described in Materials an64Methoas.' This
method proved to be very reliable, and a cémparison study
showed that attempts at counting cells using a hemocyto-
meterAsignificantly underestimated the number of cells as
determined by counting huclei;

In view of the unique endocrine composition and growth-
promoting activity-of MET éerum (Hollander, 1978), I ek-
pléred possible effects of MtT éer&m‘énnéhé growth of hu-
man mamhary cancer cells. Since rat serum concentrations
greater than 5% caused considerable variability in growth
. rates, only concentrations below 5% were employed in this
study.

Figure 7 shows that MCF-7 cells were especially sensi-

tive to low serum concentration, and that maximal increases
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Figure 7. Effects of various sera on the growth of MCF-7
cells. Cells were cultured and cell proliferation was
measured as described’'in Materials and Methods. ' For each
experimental condition the medium consisted of SMEM con-
taining the indicated amount of serum. MtT, serum from -
MtTWlO-bearing rats; § , serum from normal female rats;
FCS, fetal calf serum. Each point represents the mean of
triplicate determinations and S.E.'s were less than 15%.
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in cell number were produced at a concentration of 1%.
MtT eerum wes significantly more effective fhan FCS in‘pro-
'moting cell proliferation, and this effect was most pro-
nounced at very low cohcentrations in the range of 0.0l -
- 0.20%. MEtT serum was generally 50% more effective than
normel'female rat serum in‘stimulating cell growth.

Both prolactin (Shafie, 1977) and estrogen (Lippman,
1976b) have been reported to stimulafe MCF-7 cell growth.
However, in this study neither prolactin alone nor MHS (a
combination of hormenes known to be present in MtT serum,
which included 11 pg/ml estradiol) augmented cell growth

wheﬁ combined with 0.2% FCS (Figure 8).

Effects of cAMP Phosphodiesterase Inhibitors on Tumor. DNA

Synthesis

Addition of the potent cAMP phosphodiesterase inhibi;
fof,'ﬁlx;;to ergan'cult&res after é@'hours ef incubation'
produced a marked suppresSion'of-thymiaine incorporatioh
into MTW9 explants (Flgure 9). ThlS effect was dose—depen—
dent Wlth 50% lnhlbltlon occurring at approx1mate1y 0.08 mM.
MIX. The max1ma1 effect of 1 mM MIX was observed after 24
hours.

While less active than MIX, other methylxanthine phos-

phodiesterase inhibitors, oxtriphylline, aminophylline, and-
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Figure 8. Comparison of the effects of MtT serum, FCS,

. prolactin,-and MHS on MCF-7 cell growth. Cells were cul-.
tured and cell proliferation was measured as described in
Materials and Methods. For each experimental condition the
medium consisted of SMEM containing the indicated amount of
serum and hormones. MtT, serum from MtTWlO-bearing female
rats; FCS, fetal calf serum; Prl, rat prolactin (1 pg/ml);
MHS, MtT hormone simulant (10%). Each value is the mean +
S.E. of triplicate determinations. :

49



c A
s |
° ~ S
h g o “
c | - \=' \
2 ! g€ \I\(lmM
o 8o B 805 MiX
] i € % i N
&~ |l 27 N
8 e =2 N
(1) 8 \ m 1 1 1 1
£ \ = 4 24 32 48
© o . I\\ C .
E 2 40} ' \ 4 ulture time (h)
E AN
_ Foy
& 20f i {\{’}5\\}‘
] -~
| Se~aa
1 Iso =~ ~‘§7"
/!
:/ 1 1 [ 1 1/1
0.2 0.4 0.6 o8 . I 5
MIX (mM)

-Figure 9. (A). Time-course of the 1nh1b1t10n of DNA syn-_
thesis in MTW9 explants by l-methyl-3-isobutylxanthine (MIX).
Tumor explants were incubated for 24 hours in Medium 199
alone. After this initial period, 1 mM MIX was added to the
culture medlum. DNA synthesis was measured by the incorpora-
tion of ( H)thymldlne into DNA at the indicated time points

- as described in Materials and Methods. Each point represents
the mean + S.E. (n=3). (B). Dose-response curve of the in-
hibition of DNA synthesis in MIW9 explants by MIX. After an
initial incubation for 24 hours in Medium 199 alone, cultures
were exposed to the indicated concentration of MIX for an
additional 24-hour perlod. DNA synthesis was measured by the
incorporation of ( H)thymldlne into DNA during 44-48 hours of
incubation as described in Materials and Methods. Is0, con-
centration of MIX causing 50% inhibition of ( H)thymldlne
incorporation. Each point represents the mean + S.E. (n=4).

50



theophylline, gave qualitatiyelylsimilar results (Figurg
10). The non-methylxanthine cAMP.phosphodiesterése inhibi-
tor, papaverine, had greater potency in suppressing thymi-
dine incorporation.  However, direct addition of 1 mM cAMP
or of 1 mM DBcAMP (a lipid-soluble analog of cAMP) caused

only modest decreases in DNA synthesis.

Inhibition of MCF—7 Cell‘Growth-by_cAMP and cAMP

Phosphodiesterase Inhibitors

The effects of cAMP phosphodiesterase inhibitors ob-
served in the previous experiments were further evaluated
using human mammary cancer cells in culture. These ;éents
were also found to be effective inhibitors~of growth in
MCF-7 cells. MIX suppressed cell proliferation in a dose-
dependent manner, with 50% inhibition occurring at a cbn—
centration of approx;mately 0.5 mM (Figure ll). Other
methylxanthine cAMP phosphodiesterase inhibitors, oxtri-
phylline, éminophyiiine,.and~theophylline, and. the noﬁ-.
methylxanthine cAMP phosphodiesterase inhibito;, papaverine,
were also effectiﬁe in suppressing cell growth (Figure 12).‘
‘ Although the addition of 1 mM cAMP to the culture medium
. prevented cell growth, 1 mM DBqAMP»did not sigpifiéantly_
influence the growth rate when added alone. However, the

combination of 1 mM DBcAMP with a very low concentration of
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Figure 10. Effects of c¢cAMP, DBcAMP, and cAMP phosphodi-
esterase inhibitors on DNA synthesis in organ-cultured

~ MTW9. Tumor explants were incubated for 24 hours in Medium

199 alone. After this initial period the indicated compo-
‘nents were added at a concentration of 1 mM, and DNA syn-

thesis was measured after 48 hours as described in Materials N

and Methods. M199, Medium 199; MIX, l-methyl-3-isobutylxan-
thine; Am, amlnophylllne Theo, theophylllne PAP, papaver—
ine. Each value is the mean + S.E. (n= ) -
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Figure l1ll. 1Inhibition of MCF-7 cell growth by l-methyl-
3-isobutylxanthine (MIX). Cells were cultured and cell
proliferation was measured as described in Materials and
Methods. For each experimental condition the medium con-
sisted of SMEM containing 1% FCS and the indicated amount
‘of MIX. Each point represents the mean + S.E. of triplicate
determinations. 1I50., concentration of MIX resulting in 50%
inhibition of cell growth.
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Figure 12. Inhibition of MCF-7 cell growth by cAMP and
-cAMP phosphodiesterase inhibitors. Cells were cultured -and
cell proliferation was measured as described in Materials
and Methods. For each experimental condition the medium
consisted of SMEM containing 1% FCS and the indicated com-
ponent(s). MIX, 1 mM MIX; Ox, 1 mM oxtriphylline; Am, 1 mM
aminophylline; Theo, 1 mM theophylline; Pap, 0.1 mM papa-
verine; cAMP, 'l mM cAMP; DBCAMP, 1 mM DBCAMP; DBCAMP + MIX,
1 mM DBcAMP + 0.1 mM MIX. Each value is the mean + S.E. of
.triplicate determinations.
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MIX (0.1 mM) was unexpectedly effective in suppressing

cell proliferation.

Reversal of MIX-Inhibited DNA Synthesis in MTW9 by

MET Serum

‘Sinée hormone-dependent mammary tumor growth may be
at least partially regulated by an endocrine-~cAMP antago-
nism (Bodwin, 1978; Shafie, 1979), various hormones and
rat sera were tested for their ability to block the inhibi-
tory action of MiX on tumor DNA synthesis. The addition
of MtT serum to the incubation medium was found to sub-
stantially'antagonize'the inhibitory action of MIX on tu-
mor DNA synthesis (Figure 13). By contrast, male and fe-
male rat sera, MHS, and rat prolactin elicited ohly*modest
increases in nucleoﬁide incoéporation in the presénce of
MIX. The combination of MHS with. female rat serum did not.
significanﬁly éitéf.the effect“of eiﬁﬁef compéﬁénf aloné;
Likewisé;.iﬁ the presence of ‘1 mM'MiX, iﬁsﬁlih’stimdiafion-
of DﬁA synthesis was only 15% of its gtimulation withput.

MIiX.

Reversal of MIX-Inhibited MCF-7 Cell Growth by MtT Serum

. Bvidence from other laboratories suggests.that caMP

'

and growth-stimulating hormones may oppose each other ih
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Figure 13. Effects of various hormones and sera on DNA
synthesis in organ-cultured MIW9 in the presence of MIX.
The indicated components were present in.the medium from .
the beginning of the culture period. 1 mM MIX was added
at 24 .hours and DNA syntheésis was measured after 48 hours
as destcribed in Materials and Methods. Abbreviations,
symbols, and concentrations are described in Figure 6.
Statistical analysis was performed using Student's t test.
*, significantly different from control value (P'< 0.01).
Each value is the mean + S. E. (n—5)
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the control of mammary tumor growth (Shafie, 1979; Bodwin,
1978). The ability of various sera to antagonize the in-
hibitory action of MIX on MCF-7 ceil growth was examined
by increasing the concentration of sera in cell cultures
(Figqre 14). Elevated concentratioqs of FCS and of normal
female rat serum elicited only ﬁodest increases in cell

. growth, whereas 3% MtT serum substantially antagonized the
inhibitory action of 1 mM MIX. A combination of hormones
simulating the known endocrine components of MtT serum
(MHS) combined with 0.2% FCS also failed to significantly
reverse growth inhibition by 1 mM MIX.

To help resolve the question of whether MtT serum was
directly interfering with the action of MIX or with that
of DBcAMP, MtT serum was added to cultures containing 1 mM
DBcAMP together with a very 16w concentration of MIX (Fig-
"ure 15). Elevgted'concentrations.ongtT'serqm were inef-
'fectiv; in preventing the inhibitory effects of this prepa-
ration..'Likewisé;’MtT serum was also unable éb'ééuﬁteract

the suppression of cell growth by caMP.

Decreased Sensitivity to MIX ih MTWOB

The inhibitory actions of methylxanthines on tumor ex-
plant DNA synthesis were compared in MTW9 and its auto-

nomous subline, MIW9B. Dose-response curves show that
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Figure 1l4. Reversal of MiX-inhibited MCF-7 cell growth by
MtT serum. Cells were cultured and cell proliferation was .
measured as described in Materials and Methods. For each
experimental condition the medium consisted of SMEM con-

- taining the indicated component. MtT, MtT serum; fz\?, nor-

' 'mal female rat serum; FCS, fetal calf serum; MHS, MET hor-

mone simulant. Each value is the mean % S.E. of triplicate
determinations. s : " c
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Figure 15. Inability of MtT serum to reverse the inhibition

. of MCF-7 cell growth by cAMP or by DBcAMP + MIX. Cells were
cultured and cell prollferatlon was measured as described in
Materials and Methods. For each experimental condition the
medium consisted of SMEM containing 3% MtT serum and the .
indicated component(s). 'MIX, 1 MM MIX; cAMP, 1 M cAMP;
DBCAMP + MIX, 1 mM DBcAMP + 0.1l mM MIX. ©Each value is the
mean + S.E..of triplicate determinations. . :

59



MTW9 is markedly more sensitive to the action of MIX
(Figure 16). Notably, DNA synthesis in MTW9 explants was
suppressed by more than 70% at 0.2 mM MIX, whereas this
concentrat.ion of phosphodiesterase inhibitor did not sig-
nificantly affect (3H)thymidine incorporation into MTW9B
explants. However, very high levels of MIX (5 mM) were.
able to fully suppress DNA synthesis in'MTWQB. The cog-
centrations of MIX required to achieve 50% inhibition of
DNA synthesis (Igzg) in MIW9 and MTWI9B were .08 and .73 mM,
respectively. Similar patterns of inhibition were seen
using the other methylxanthihe CcAMP phosphodiesterase'in-

hibitors, aminophylline and oxtriphylline.

Diminished cAMP Phosphodiesterase Activity in MTWOB

Alterations in cAMP phosphodiesterase activity have
been found to be correlated with changes in the ‘growth
status anﬂ cAMP—sensitivity,of several tissgeg (éee intro-,
éﬁction). Sinqe MiWQ Qés much more-éensitiVe éhgﬁ MTWIB "
to the inhibitory action of MIX (Figure 16), and it is
probable that MIX exerts its effects through cellular phos-
phodiesterases, it was important to compare phosphodiester-
‘ase activity in Mfw9 and MTWQB.

Biphasic kinetics were observed when cAMP phosphodi-

esterase activity in MTWO homogénateé was subjected to
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double-reciprocal analyses (Figures 17 and 18). .Apparent
Michaelis constants (Km's) and épparent maximum velocities
(Vmax's) were dete;mingd f;om the linear portions of the
plots (Lineweaver and Burk, 1934). Although other inter-
pretations are possible, e.g., positive cooperativity,
these kinetic patterns are most probably due to the presence
of two major enzymatic forms, a low-Km and a high-Km en-
zyme, which havebéen obsexrved in several other tissues
(Thompson, 1978; Levin, 1978). 1In contrast, kinetic analy-
sis of phosphodiesterase activity in MTW9B homogenates re-
veals the presence af only a single, low-Km enzyme (Fig-
ure 19). |
Comparisons of cAMP phosphodiesterase kinetics in
MIW9 and MTWO9B homogenates reveal several important dif-
ferences (Table 3). Whereas éhe ﬁigh-Kﬁ enzyme is not
- detectable in the autonomous fumor, MTW9B, there.;s a sub- .
stantial concentration of this form in the hormone—depeﬁ-
.dent‘ihmor; Miwé. ‘Aiso, the 1ow;Km enzyﬁé‘hés significah£;¥
ly eﬂhanced-tissue concentration and greater.affinityAfogf
CAMP iﬁ MTW9.. |
When MIW9 and MIW9B homogenates were mixed together’
fbr 1 hour at 22°C, no significant change from the expeqted~
" additive values in phosphodiesterase aétivity was observed

(data not shown). Thus, it is improbable that a readily-
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Figure 17. Hydrolysis of (3H)cAMP by MTW9 as a function of
substrate concentration. Enzyme activity was measured im-
mediately after the preparation .of tumor homogenates as
described in Materials and Methods using substrate concen-
trations in the range, 1 - 100 yM. Results are expressed

. as the means + S.E. for one experiment and equivalent re-
sults were obtained in three separate experlments.
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Figure 18. Kinetic analysis of (3H)cAMP hydrolysis by
MTW9. Enzyme activity was measured as described in Figure
17.- Velocity- (V) .is expressed as (pmol/min/mg. protein) x
10-3., Apparent Michaelis constants (Km's) and apparent
maximum velocities (Vmax's) were determined from the linear
.portions. of the plots by regression analysis. ' Results are
expressed as the means + S.E. for one experiment and equi-
valent results were obtained in three separate experiments.
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Figure 19. (a). Hydrolysis of (3H)cAMP by MI'W9B as a
function of substrate concentratlon. Experlmental details
identical to those described in Figure 17. (B). Kinetic
analysis of ( H)cAMP hydrolysis by MIW9B. Experimental
details identical to those described in Figure 18.

65



TABLE 3

Kinetic parameters for cAMP hydrolysis by tumor homogenates

cAMP phosphodiesterase activity was determined in tumox
homogenates as described in Figure 17. Kinetic parameters
were determined by Lineweaver-Burk analysis. The respective
units are: Km, pM cAMP; Vmax, pmol/min/mg protein. ND, not
detectable.

cAMP phosphodiesterases

Low-Km enzyme High-Km enzyme

Tamoyxr Km ) ..Vmax “Km vmax

MTWO 2.52 970 22 2485
b b

MTWIB | 4.5 640 ND ND

®Each value represents.the mean of three determinations and
S.E.'s were less than 15%.
bSignificahtly different from corresponding MTWO values’

(p < 0.01). .
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diffusible factor, either stimulatory or inhibitory, ac-—-
counts for the differences in cAMP phosphodiesterase ac-

tivities between these two tumors.

Altered cAMP-Binding and cAMP-Dependent Protein Kinase

Activities in.MTW9B

App;oximately 80% of the cAMP-dependent proteiﬁ kinase
activity in MTW9 was associated with the cytosol fraction
(Figure 20). The activation ratio ranged from .2 ﬁo <3 in
growiné tumors. A substantial amount of the total activity
(15%) is associated with the particulate fraction, and
membrane solubilization is réquired to detect most of ﬁﬁat
activity. Further study could distinguish between endoge-
nously bound kinéses and any activity which may have be-
come trapped during fractionation. A small percentage of
the tofal érotein kinase gctivity (5%) was fqund in the
nuclear fraction, was not énhanced by treatmenf with de-
térgent? and was largely ‘solubilized tnder -physiological
salt conditions.

Casein has been widely used as a substrate for the
study of cAMP-independent protein kinaseAactivity; aﬁd
casein phosphorylatioﬁ iﬁ tbé pxesgnce'ofAsubcellulér frac-
tions of MIW9 was similarly independeht of cAMP. Sub-

cellular distribution of casein kinase activity was similar
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Figure 20. Distribution of protein kinases in subcellular
fractions of MIW9. Subcellular fractionation and the .
measurement of enzyme activity were performed as described
in Materials and Methods except kinase activity was deter-
mined using casein as substrateu([j) or histone. as sdbstrate .
in the presence () or absence (@) of 2.5 pM cAMP. " The '
fractions are: C, 100,000 x g cytosol; P, crude particulate
fraction; TP, P + 0.2% Triton X-100; TPg, 30,000 x g super-
natant fraction from TP; TPp, 30,000 x g pellet from TP re-
suspended in 10 volumes homogenization buffer; N, purified
nuclear fraction; .15 Ng, saline nuclear extract; .6 Ng,
0.6 M NaCl chromatin extract. Results are expressed as
means + S.E. (n=3). | N
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to that of histone kinase, with the exception that high
salt extraction (.6 M) of the .15 M NaCl-extracted nuclear
preparation unmasked greater nuclear casein kinase activity,
and quantitatively separated this activity from that of the
histone kinases.

Anion-exchange chromatography of MITW9 cytosol prepa-
rations resolved cAMP-dependent protein kinase activity
into the two major apparent molecular forms, Types I and
II (Figurg 21), which have béen identified in several other
tissues. These activities elute at approximately 0.1 M
and 0.2 M potassium phosphate, réspectivgiy, and each coin-~
cides with a peak‘of high-affinity cAMP-binding. Type II
activity was enhanced 100% in MTW9B. This increase was
most probably due to an elevation in holoenzyme since the
activity was highlyAdependent'upon cAMP,.and there was a
_parallel increment in cAMP binding. . A different elution
pattern was:observed when MIWOB cytosol preparations were
}chfométdgraphed; ""Since other invegtigators have repérted
similar changes aSsociated with deQeloping and neoplastic
tissues_(Lee, 1975; Kuo, 1975), it is important to note the
change in PKII/PKI ratio between MTW9 (0.87) and MTW9B

(L.92).
Kinetic analysis of cAMP-binding by the method of

Scatchard (1974) and protein kinase activity by the method
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Figure 21. Comparison of anion-exchange elution patterns .
of protein kinase and cAMP-binding activities in MTW9 and
MTWO9B. Tumor cytosols were prepared and chromatographed -
as described in Materials and Methods. Aliquots of 10 pl
were assayed for protein kinase activity in the presence.
(-o—-) and absence (~o- ) of 2.5 uM cAMP using histone as
substrate. Aliquots of 50 pl were assayed for cAMP-bind-
ing activity (-r#+-). Representative elution patterns from-
individual experiments are shown and equivalent results
were obtained in at least three separate experiments.
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of Lineweaver and Burk (1934) revealed several additional
differences between MI'W9 and MTW9B (Tables 4 and 5). The
total amount of cAMP4binding and cAMP-dependent protein
kinase activity in MTW9B were higher by 20% and 40%, re-
spectively. However, the apparent cAMP-binding affinity
associated with PKII was 100% lower and histoqe kinase
affinity was significantly decreased in MTW9B. Aas has.been
generally found in other tissues (Rubin, 1975), histone
kinase affinities for both major enzyme forms were similar.
To examine whether the decrease in sensitivity to MIX
in MTW9B might be attributable to a defect in the‘func—
tibniné of thé cAMP“system, the ability of‘MIx to rapidly
activate cAMP-dependent protein kinases was compared in
MTW9 and MTWOB. Addition of 1 mM MIX to MIW9 and MTWI9B
explants after 24 hours in culture promoted a dose-dependent
activation of c¢AMP-dependent protein kinases’within 1 hour

- [ 2

(Table 6). However, the pattern of actiﬁation was similar
in.both tumors ;;éer the coﬁéitions of this exﬁeriment.
Since previous results had shown that MtT serum effec—
tivély qpposed the inhibitory action‘of‘MIx on MTWO ex-
plants (Figure 13) and on MCF-7 cells (Figure 14), the pos-
sible influence of this serum on the activation of prbtéin
kinases in MTW9 was explored. It was observed that inclu-

sion of 10% MtT serum in the incubation medium from the
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TABLE 4

Comparison of cAMP-binding and protein kinase activities
in MTW9 and MTWOB

X The preparation of tumor cytosols and measurement of
cAMP-binding and protein kinage activities were performed
- as described in Materials and Methods.

Protein kinase

activity
cAMP-binding : (units/mg protein)
Tumox | (pmol/mg.pfotein) (=)cAMP _ (+)CcAMP .
MTW9 15.9 + 1.2° 140 + 13 4.51 + 27
MIWOB 20.4 + 1.6° 155 + 11 623 + 32°

. 2Each value represents the mean + S.E. of four determinations.
bSignificantly greater than corresponding MITW9 value

(p £ 0'.61)' .
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TABLE 5

Comparlson of apparent cAMP-binding and protein kinase
substrate affinities in MTW9 and MTW9B

The preparation of tumor cytosols and measurement-  of
cAMP-binding and protein kinase activities were performed
as described in Materials and Methods. cAMP-binding affini-
ties were determined by Scatchard analysis-and kinase sub-
strate affinities were calculated using Lineweaver-Burk
analysis.

cAMP-binding Protein kinase
affinity " substrate affinity
K4 (nM cAMP) Km (pg histone) _
Tumoxr PKI PKIX A PKI PKIT
MTWO - 5.9% 21 28 30
b b b

MTWOB 6.2 39 53 56

aﬁach value represents the mean of three determinations.
bSn.gnlflcantly greater than correspondlng MTW9 value

(p € 0.01).
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TABLE 6
Activation of protein kinases in tumor explants by MIX

Organ cultures of rat mammary tumors, MTW9 and MTWOB,
were prepared and maintained as described in Materials and
Methods.. At 24 hours, the indicated concentrations of MIX
were added to the cultures. After 1 hour, cytosols were
prepared and protein kinase activity measured as described
in Materials and Methods.

Protein kinase activity
(pmol/min/mg protein)

 Activation
) Ratio
Tumor MIX (mM) (=) cAMP (+)cAMP _ (-cAMP/+cAMP)
MTW9 0 131 + 7% 506 + 26 .26
.25 185 + 14 476 + 22 .39
1 240 + 21 438 + 33 .55
MIWOB S0 151 + 9 601 + 27 .25
25 2614 15 544419 .48
1 . . 262 +21 466 +14 - .56

aEach value represents the mean i.S;E- of three determina-

tions.
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beginning of the culture period did not appreciably affect
the subsequent activation of protein kinases by MIX'under

the conditions described in Table 6.

Effect of MtT Resection on the cAMP System in MTW9

Surgical removal (resection) of the supportive mammo-
.somatotropic tumor (MtTwWlO0) in an MTW9-bearing animal re-
sults in the rapid regression of MTW9 (Hollander, 1978).
Tumoxr sizes we?e decreased 20% and tumor DNA synthesis was
dramatically reduced by éhe fourth day following resection
(Table 7). Concomitantly, there were substantial changes
in the tumor cAMP system. cAMP-binding and cAMP-dependent
protein kinase activities in tumor cytosols were reduced
30%. These alterations were most pronounced yhen compared
to the activities observed in'the autonomous tumor, MTW9B.
cAMP-bindiﬁg_and protein.kinase activitieé were diminished
2-foldiin the regressing tumor when compared to MTW9B. Sig-
'nificéntfchanges in‘dAMP’phosPhOdiesEéraée'adtivities'were
also detected in the ¥egressing mammary tumor.(Figure 22).
Both low- and high-Km enzymes were diminished 40% in the
homogenates.and 80% in the purified particulate fractions
of regressing .tumors. |

In experiments similar to those describea in Table 7,

it was observed that (3H)thymidine incorporation into MTW9
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TABLE 7

Changes in DNA synthesis, cAMP-binding, and protein kinase
dctivities during MI'W9 regression

Four days after MtT resection, when mammary tumors had
decreased about 20% in size, they were excised and divided
into two portions. One portion was rapidly prepared for
organ culture and-DNA synthesis was measured during the
first four hours in culture as described in Materials and
Methods. Cytosol was prepared from the remaining tumox
tissue and cAMP-binding and protein kinase activity were
measured as described in Materials and Methods.

Protein kinase

DNA synthesis cAMP-binding activity
' (units/mg protein)
Tumors (dpm/ug. DNA) (pmol/mg protein) (-)cAMP - (+) cAMP
MTW9 1058 + 117%  15.9 + 1.2 140 + 13 451 + 27
MIWS = b b b
Resect 94 + 12 10.8 + 0.9 137 + 4 315 + 13

®fach value represents'the mean jiS.E. of four determinations.

bSignificantly less than corresponding MIW9 value (p < 0.01).
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Figure 22. Changes in cAMP phosphodiesterase activities
during MTW9 regression.. Four days after MtT resection, when
mammary tumors had decreased about 20% in size, they were
excised and cAMP phosphodiesterase activity was measured in
homogenates and purified particulate fractions as described
in Materials and Methods. Each value represents the mean +
S.E. (n=4). In all cases values obtained with regressing
MTW9 tumors were significantly less than values obtained
with growing MTW9 tumors (p < 0.0l1).
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explants was significantly decreased 24 hours after the
in vivo administration of 10 mg DBcAMP (from 860 to 410

dpm/pg DNA) .
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DISCUSSION

Effects of Sera and Hormones on DNA Synthesis in MTW9

and on MCF-7 Cell Growth

Establishing an organ culture method which demon-~
strated reproducible endocrine effects on (3H)thymidine
incor;oration into DNA proved to be a formidable task.

The difficult and time-consuming procedure described in
Materials ahd Methods was developed only after careful
evaluation of a variety of techniques. The primaﬁy pur-
posé for developing the culture methods used in this sfudy
‘was to examine the direct effects of substances Which in-
crease cellular concentrations of cAMP upon the growtﬁ of
mammary cancers. While optimizing culture conditions, I
also evaluated the stimulatory actions of appropriately
selected hormones and.sera on DNA synthesis in MTW9 ex-
plants and on MCF:-7 cell growth.

Growth and differentiation of the normal mammary gland
are thdught to be iegulétéd by éOmplex eﬂdocrine infer%

" actions involving estrogens, progestins, adrenal cortical
hormones, prolactin; insulin (wood, 1975), and pfdbably
Aédéitioﬁai ﬁumofal'mééiafors which rémain té Be~defiﬁéé
(Gospodarowicz, 1976; Sirbasku, 1978; Kano-Sueoka, 1978}.

Many human and animal mammary tumors exhibit similar hor-
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mone dependencies and regress in response to various endo-
crine manipulations, e.g., ovariectomy (Diamond, 1976),
hypophysectomy (Huggins, 1959), anti-hormone treatments
(Heuson, 1971), and experimental pancreatic di&betes (Heu-
son, 1972). However, qdr knowledge of the endocrine
mechanisms which are involvéd in the control of mammary
tumor growth is very limited.

The transplantable rat mammary adenocarcinoma, MTW9,
has proven to be a useful tool for the study of tumor hoxr-
mone dependencies (Hollander, 1978; Diamond, 1979).

Growth of this tumor can be stimulatéd either by coimplan-
tation with a pituitary mammosomatotropic tumor, MtTWlO,
or by chronic administration of perphenazine, a dopamine
antagonist which promotes host secretion of prolactin.

This is the first study £o my knowledge of direct hor-
monal effects on DNA synthesis in MI'W9. MtT serum and in~
sulin have p¥eviously been shown to stimulate (3H)thymiAine
.ihcoféoration iﬁ'orégn-cuitﬁred.MTWQA, a édblihe of MTWQ'
which grows in normal female rats withouﬁ'an’MtTWlO coim-
plant (fakizawa,.1970a{ 19705). Siﬁilarly. I observéé
that both MtT serum and insulin increased DNA synthesis in
MTW9 (Figure 6). 1Insulin has been shown to stimulate DNA
synthesis in a variety of mammary organ (Elias, 1959; Heu-

son, 1967) and cell (DeMeyts, 1976) cultures, and sensi-
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tivity to its action in MIW9 observed in the present stud-
ies suggests that endocrine responsiveness was at least
partially preserved. However, since pharmacologic concen-
trations of insulin are generally'reqdired for these in
vitro effects, the physiological significance of insulin;s
action on DNA synthesis remaiﬁs unclear. Alsé, the mecha-
nisms whereby insulin exerts these effects have not been: de-
fined. Of possible importance to this study, insulin has
been shown to enhance the activities of cAMP phosphodi-
esterases in several tissues (House, 1972; Iliano, 1972;
Kono, 1975) and to inyibit adenylate cyclase systems in
others (Londos, 1978). |

A combination of hormoneé resembling the known endo-
crine composition of MtT serum (MHSﬂ failed to mimic the
action of MtT serum on DNA syhthesis in MTW9, whereas simi-
lar combinations have been shown to be stimulatory in
several other neoplastic mammary tissues ig_ziggg.(Kbyama,
1972; Lewis, 1974). ‘Although there are reports ind;cating{
that prolactin can directly enhance DNA synthesis in cul-
tured mammary tissue (Hallowes, 1977; Rudland,~1977), I
found that neither ovine nox rat“prélactin énhanced thymi-
dine incorpération when used alone or in combinatién with
MHS, normal female serum,‘or MtT serum. |

Hormonal and serum effects on DNA synthesis observed
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in organ culture experiments with MI'W9 were further evalu-
ateé in the human breast cancer cell line, MCF-7. The
growth-stimulating potencies of complex solutions, e.g., sera
and . tissue extracts, can be assessed by sequential dilu-
tion. A comparative dose-response study of the'effectsjof
MtT, normal female rat, and fetal calf sera revealed sig-
nific;ntly different potencies for promoting MCF-7 cell
growth (Figure 7). The order of activity was MtT > female
> FCS. FCS stimulates the growth of most cell lines, and
is a standard supplement to tissqe culture media. Growth-
stimulating activities in FCS have not beer fully charac-
terized. From the data obtained, it is not possible to
determine whether the differences observed among MtT,
female rat, and fetal calf sera are due to variations in
the concentrations of common sera components or to the
presence of unique growth factors.

Tbe endocr?ne requirements of hormone—dependent human.
breast canceré héve r;t been clearl§ defiﬁéé éMatsuméto, o
1978). ' prolactin and.estrogen have longlbeen thought to
- play dominant-roies in the control of hormore—dependent
mammary. tumor growth (Costlow, 1978). However, to my
knowledge, there is little evidence that either esfrogen or
prolactin is directly mitogenic to mammary cells. Methods

used to measure the direct effects of estrogen and prolac-
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"tin on cell growth have generaily been limited to short-
term (3H)thymidine incorporation (Hallowes, 1977; Rudland,
1977), which may represent terminal rounds of DNA synthe-
sis prior to differentiation rather than continued pro-
liferation (Topper, 1974). Since the growth of serum-
maintained cell cultures may require several serum compo-
nents, the study of the effect of a single substance upon
cell proliferation is often best evaluated in the presence
of a growth-limiting concentration of serum. Although
MCF-7 cell growth has been reported to be responsive to
estrogen (Lippman, 1976b) and prolactin (Shafie, 1977), in
agreement with other reports (Barnes, 1979), I found -that
neither estrogen nor prolactin directly stimulated these
cells when combined with a growth-limiting concentration of
fcs (Figure: 8).

The presence of mammosomatotropic tumors in animals
creates a unique serum endocfine composition which has been
dﬁly partiaiiy aﬁalyzed (biamoﬂd,'19795. IE is poésibie
- that eievated serum prolactin stimulates the production of
.growth fé&tors in MtTWlOéﬁeafing animals. It has béen pfo-
posed that the in vivo growth-promoting activity of estro-
gen is mediated through induced growth factors (Sirbasku,
1978). A combination of hormones simulating the endocrine

composition of MtT serum (MHS) not only failed to promote
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cell growth, but was actuaLly mildly inhibitory. It was
previously observed that a hormone combination similar to
MHS failed to mimic_the ability of the MtT tumor to pre-
vent ovariectomy-induced régression of MTW9 (Diamond,
1978). This finding, coupled with my observations, is
consistent with fhe concepﬁ that th serum contains an as
yet unidentified component which is capable of stimulating
tumor growth. Alternatively, it is possible that estrogen
or prolactin promotes in vivo tumor growth by altering
other'physiological prbcesses, e.g., immunological mecha-
nisms (Kim, 1979), tumor blood supply through angiotr9pic._
factors (Brem, 1977), or induction of plasminogen activator

in tumor cells (Laug, 1975).

Effects of cAMP, DBcAMP, and Inhibitors of cAMP Phosphodi-

esterase on DNA Svnthesis in MTW9 and on MCF-7 Cell Growth

The observation that sevéral cAMP phosphodiesterase
inhibitors suppressédv(3H)thymidine incorporation in organ-
cultured MTW9 (Figures 9 and 1l0) is consisteﬁt‘with the re-
. ported inhibition of.growth of MTW9 and several other rat
mammary tumors by the in vivo administration of cAMP ana-

- logs (Cho-Chung, 1974); I.also found that prior in vivo -
administration of 16 mg DBcAMP inhibited subsequént (3H)thy— 4

midine incorporation after 24 hours. MIX was observed to
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inﬁibit DNA synthesis in several other tumors in organ cul-
ture: MTW9-P (perphenazine-maintained MTW9 tumors), MT449
(a2 metastasizing, autonomous rat hammarj adenocarcinoma),
and DMBA-induced rat mammary tumors (data not shown).

Whereas MTW9 growth in vivo is rapidly suppressed by
DBcAMP (Cho—Chﬁng, 1974). additioﬂ of DBcAMP to organ-
cultured MTW9 failed to significantly alter DNA synthesis.
Consistent with these data is the concept that this nucleo-
tide influences in vivo tumor growth indirectly, perhaps
by altering metabolic or immunologic meéhanisms in host
animals (wWebb, 1972; Kim, 1970; Black, 1976). Alternativef
ly, it is possible th;t DBcAﬁP may require prior activa-
tion.by butyrate removal (koontz, 1976), may be actively
extruded from these cells (Brunton, 1979), or may be meta-
bolized by rapidly-induced phosphodiesterases (Raska,
1973). V

To my.knowledge, only Shafie et al. (1977) have
studied the effects of cAMP analogs and phosphodiésterase
inhibitors on theﬂgrowth of MCF-7 cells. A direct compar -
ison with the present study is difficult 51nce these in-
vestlgators measured growth by short-term (3H)thym1d1ne
incorporation. Thelr(obsexvatlons of marked ;nhlbltlon of
growth with 1 mM theophyliine, and significaﬁtly less in-

“hibition with 0.1 mM DBcAMP, are consistent with my re-

85



sults. They also found that high concentrations oflinsuf
lin (10 pug/ml) reversed the inhibitory aétion of theo-
phylline.
In this study, 50% inhibition of cell growth (Igg)

was achieved'using O.S_mM MIX (Figure 1ll). Although the
molecular mechanisms Qhereby MIX represses cell growth are
not known, the most likely pathway ipvolves alterations in
cAMP degradation (williams, 1976) that result in the acti-
vation of cAMP-dependent protein kinases. The ability of
cAMP analogs to inhibit cell growth has been correlated
with their ability to activate protein kinases in several
tissues (Tisdale, 1979). Decreased sepsitivity to the'
éction of cAMP analogs is often associated with molecular
defects in cAMP-binding proteins and cAMP-dependent pro-
tein kinases (Masui, 1978; Iﬁsel, 1975). MIX inhibition of
adenylate cyclase activity has also been reported (Londes,
1978).

"Though MCF-7 cell proliferétion'was repreSSéd'by 1 mM
. ¢dAMP, DBcAMP had no significant effect at_ this concentra-
tion (Figure 12), Growth was suppfegsed by the combination
of 1 mM DBcAMP together with a low concentration of MIX,
~although neither agent.was effective Qhen-added individual-
ly. These data support the concept that MIX potentiates

the effect of DBcAMP through inhibition of cellular phos-
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phodiesteraSes. Naseem and Hollander (1973) observed that
cAMP and PGE;, but not DBcAMP, inhibited the growth of
MPC-1l cells. It has been shown that DBcAMP is less ac-
tive than cAMP in activating protein kinases in some tis-
sues (Tisdale, 1979). Prior butyrate removal is necess$ry
for some of the metabolic effects of DBcAMP (Kaukel, 1972),?
and a deficiency in DBcAMP metabolism might account for its
lower activity in MCF-7 cells. Alternatively, MCF-7 cells
may also be able to metabo;ize DBcAMP more efficiently

' than cAMP to an inactive product. Althouéh it is likely
that most cells - are more permeable to the lipid-soluble
DBcAMP (Boumendil-Podevin, 1977), it is'possible that Mcp-7
breast cancer cells extrude DBCAMP more efficiently than
they do cAMP (Brunton, 1979). It is also possible that
these nucleotides act at different sites in MCF-7 cells,

as hag'been found in some tissges'(Solomon; 1970; Bosmann,
19;1).. The production of butyryl derivatives and the
greater lipid-solubility of DBcAMP may also accoun£ for
éome of the differenées in actiQity bé%ween‘these nucleé—
éides. The inﬁibitory actib;s~of MIX and cAMP upon cell
growth were not attributable to cytotoxic effects; cell
gro&th rapidly resumed when these agentéiwére.rehoved £rom

cultures of growth-inhibited cells.
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Reversal of the Inhibitorz_Actions of MIX by MtT Serum
Growth of.MTWQ can be stimulated either by coimpianta—
tion with a pituitary mammosomatotropic tumor, MtTwWl0, or
by chronic administration of perphenazine, a dopamine an-
‘tagonist which prgmotes'host secretion of prolactin
(Hollander, 1978). Tumors whose growth is supported by
perphenazine administration contain estrogen receptors, and
they regress in.response to ovariectomy with or without
continued perphenazine treatment. By contrast, tumors
stimulated by the MtTWiO coimplant fail to regress after
ovariectomy, although.they too contain estrogen receptors.
Attempts to simulate the endocrine environment of MtTWLO-
bearing animals by administration of hormones to perphena-
zine-maintained animals have failed to block ovariectomy-
induced regression (Diamond, i978). Since a substantial
number (40%) of human breast cancers which contain.receé—
tors for estradiol fail to respond to endocrine therapy
(Matsumoto; 1978), the méchanisms whéreby the mammosomato-
tropic  tumor stimulates growth and blocks ovariectoniy-in-
duced regression of MTW9 are of considerable interest;
Since mammary tumor gréwth may be at least partially
- regulated by antagonisms between’ cAMP and stimulatory hor-
mones (Shafie, 1979), I thought it important to examine

the direct effects of MtT serum upon the inhibitory actions
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of MIX that were demonstrated in previous experimenté.
The addition of MtT serum was observed to sﬁbstantially
block the effects of MiX on DNA synthesis in MIW9 (Figure
13) ané on MCF-7 cell growth (Figure 14). However, MtT
serum did not significéntly reverse the inhibition of
MCF-7 cell gro&th by the combinatioh of 1 mM DﬁcAMP with
a very low concentration of MIX (Figure 15). These data
suggest that MtT serum does not interfere directly with
the actions of either DBcAMP or MIX, but rather that a '
component.of MET serum'opposes the synthesis or accumula-
tion of intracellular cAMP. Consistent with this concept
is the observation that MtT serum is not‘effective in re-
versing growth inhibition by cAMP alone (Figure 15).
Naseem and Hollander (1973) first observed that high
concentrations of insulin (0.5 U/nml) could reverse growth
inhibition by ¢AMP in PCT-1ll cells. sShafie et al. (1977)
showed that insulin (io pé/ml) codld also prevent the in-
hibition of (3H)thymidine incorporation into MCF-7 cells
by theophylline. Likewise, I found that high concentra-
tioqs of iﬁsuliﬁ'(lo pg/mlgo.zs U/ml) were able to partial—
ly aptagonize the inhibitory action of MIX on DNA synthesis
in MTWO explants.. Héwever, the signiﬁicance of £hese re;
sﬁlts with respect to the growth of spontanequs mammary

tumors is uncertain because pharmacological levels of
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..insulin were required. .. Yet, these results, coupled with -
the observation that rat mammary tumor regression in re-
sponse to DBcAMP administration, ovariectomy, and pan-
éreatic diabetes, may share a common mechanism (Shafie,
1979), suggest that an endocrine-cAMP antagonism may play _
avrole in the control of tumor growth.

MtT serum may interfere with MIX action at any of
several possible molecular sites, e.g., cellular uptake of
MIX, phosphodiesterase inhibition by MIx, and degradation of
MIX. It is possible that a compoﬁent of MtT serum inhibits
adenylate cyclase activity. Alternatively, MtT serum may
antagonize growth inhibition by MIX at a step distal to the
" CAMP system. Exogenous cAMP, cAMP analogs, and‘phospho-
diesterase inhibitors have been shown to inhibit the in
gixg_growth of several expefiﬁental‘tumors (Cho—-Chung,
1974), and my results indicate that these agents could have
potential therapéutic valué in at least some.human cancers.
LTheophylline has been used effectively in the treatment of
human desmoid.tumors (wWaddell, 1975); and clinical trials
using papaverine in patients with neuroblastomas have been
successful (Helson, 1975; 1976). My data suggest that the
combination of a cAMP analog'with a phosphodiesterase in-
hibitor may be particularly effective against the growth of

some tumors.
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The failure of,various sera and hormone combinations
to mimic the ability of MtT serum to reverse MIX actions
further supports the hypothesis that MtT serum contains an
unidentified tumor-stimulating activitf. The putative
mitogenic activity of classical growth—stihulating hor-
mones, e.9g., éstrogen, prolactin, and ACTH, has reéently been
seriously challenged (Sirbasku, 1978; Simonian, 1979).
Evidence has been provided for the concept that these hor-
mones stimulaté tissue growth through intermediate growth
factors (Sirbasku, 1978). From the data presented in this
report, it is pqssiblg that the mammosomatotropic tumor
produces a growth factor directly,'or induces its produc-
tion in the intact anim;l. In éddition, somatomedins have
been shown to be elevated in MtT serum (choéhinov, 1977),

and they might cbntribute to growth-promotion by this serum.

Characterization of cAMP Phosphodiesterase, cAMP—Biﬁding,

and Protein Kinase Activities in MTW9

This-is the first study to my knowledge of the cAMP
system in the rat mammary adénocarcihoha, Miw9. Intra-
cellular concentrationsvof cAMP were not evaluated in this
- study since such measurements have pot been found-tq coxr-
rélate well with the growth status of tissues and with

cAMP-mediated effects. This lack of correlation can be
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reasonably explained in view of the dynamics of cAMP metab-
olism} increases in nucleotide synthesis may be balanced by
cAMP binding to receptor proteins, resulting in no detect-
able increases in free nucleotide.

For determining cAMP phosphodiesterase activity, ‘I
chose the highly sgnsitive'assay deve;oped b§ Rangel-Aldao
et al. (1978). Thin-layer chromatography on PEI-cellulose
permitted the identification and full quantitation of the
products of cAMP hydrolysis (Figure 3). The commonly used
resin assay (Thompson,.l97l) has been shown to significant-
ly underestimate phosphodiesterase activity, especial}y if -
5'-nucleotidase and adenosine deaminase are present (Ong,
1976).

Since phosphodiesterases are unstable after purifica-~
tion, most investigators have.studied their properties by
kinetic analysis of activities in whole homogenétes or
subcellular fractions. In most tissues examined, two major
forms of cAMP phosphodiesterase activity, high- and low-
~affinity enzymes, have been resolved by physical or kinetic
methods (Thompson; 1978; Levin, 1978). .Similarly, I found
that phosphodiesterase aqtivity in MTW9 homogenates showsl
_complex kipgtics which is rgsolvable-into-high— anq low-
affinity activities (Figures 17 and 18). Whereas the

Michaelis constants for these activities agree well with
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values found in mammary and'qther tissue types, the maxi:_il
mum activity levels in MT'W9 are elevated.when compared with
other normal and ﬁeoplastic mammary tissues (Singer, 1976;
Cohen, 1976; Chatterjee, 1975; Cho-Chung, 1977a; Clark,
1973). chatterjee and Kim (1975) studied phosphodiesterase
éctivity in MTW9B and MTWOSA. wa enzyme activities weré
distinguished by kinetic analysis in each tumor homogenate.
In MTW9B, the low and high Michaelis constants for high
and low affinity enzymes were 3 pM and 50 pM, respectively,
and maximum velocities were 175 and 1250 pmol/min/mg pro-
tein, respectively. 1In MTWQA, the activity levels for low
and high Km enzymes were 69.9 and 1455 pmol/min/mg protein,
respectively. - In MIW9, I found low- and high-Km enzymes to
have Michaelis constants of 2.5 nM and 22 pM, respectively,
and maximum velocities of 970'and 2485 pmol/min/mg protein,
respectively. Although MTW9 and MTW9A have been shown to
differ from each other in many biochemic¢al characteristics,
the high phosphodiesterase activity found in MTW9 in this
study may be partially related to the differences in assay
'methods employed.

As has been found in other tissues (Klinesmith, 1975;
‘Rubin, 1975), sgbcellular fractionation sbows that most of
the protein kinase activity in MTW9 is associated with the

cytosol fraction (Figure 20). A similar level of cytosol
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protein kinase activity was also found in MTW9-P (pexr-
phenazine-maintained MTW9 tumors) and MTW9-C (ovariectomy-
responsive variaﬁt of MTW9 which grows in normal female
rats). Most of the nuclear activity was active only on
casein, was cAMP-independent, and was substantially acti—
vated by O.G’M NaCl extraction. These results agree with
other studies of mammary tissue (Majumder,.l977b; Desjar-
dins, 1975). Protein kinase activities in MTW9 cytosols
were separated into two major forms by DE-52 chrométography
(Figure 21). The degree of activation of each by cAMP and
also the elution with coincidental cAMP-binding peaks, sug-
gest that these activities represent cAMP-dependent protein
kinases. Whereas identical elution patterns were observed
when protamine was used as the substrate, the kinases were
less dependent upon cAMP. This could be related to the
observation that protamine activates cAMP-dependent pro-
tein kinases (Rubin, 1975). Though two major peaks of pro-
tein kinase activity were reported in mouse mammary gland
' and in C3HBA mouse.mamméry édenocarcinomas,'Type i'was iden-
itified as a cAMP-indépenéent catal&fic sdbﬁnit‘(Majuﬁéer,.
1977).

To measure total cAMbébinding in tumor cytésol preéé-
rations, binding activity was examined under conditions

optimizing cAMP exchange (Wilchek, 197l;'DoKhac; 1973)..
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..Cytosol binding activity was.found to be 15.9 pmol/mg pro-. .
tein {n MTW9. (Table 4), which is in the range commonly ob-.
served for other tissues (1-20 pmol/mg protein) (Talmadge,
1975; Cho-Chung, 1977b; Granner, 1972). The specificity

of the binding sites for cAMP was confirmed by competitive
binding studies (Table 2). (3H)cAMP-binding was signifi-
cantly diminished only by non-radioactive caMP and 8-Br-
cAMP. As repoited by other authors (Menon, 1978), I ob-
served DBcAMP to be a weak competitor for cAMP-binding
sites. when the binding data from each DE-52 peak was ana-
lyzed by the Scatchard method (Scatchard, 1954), the results
agreed with the presence of a single set of specific bind-
ing sites in each peak (Table 5). The equilibrium disso-
ciation constants for Types I and II were 5.9 x 10~2 M and
2.1 x 10-8 M, respectively. ﬁhen fully.activated by camp,
the. protein kinases in Types I and II had similar affini-
ties for histone as. has been reported for most otherAtissues
.studied (Rosen, 1975; Hofmann, 1975; walsh, 1979).

Alterations in the cAMP System Concomitant with Progression

to Hormone Autonomy in MTwW9

Changes in the growth status (proliferating; static,
regressing) of tissues during developmental and neoplastic

processes are often associated with changes in the concen-
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trations.and activity levels of specific cellular constit-
uents, such as enzymes, hormone-receptors, membrane con-
stituents, ions, and small molecules. There are many re-
ports of alterations in the proteins controlling cAMP
metabolism and protein éhosphorylation,concomitant with.
developmental changes (Jungmann, 1975; Kuo, 1975; Knight,
.l9?7) and neoplastic transformation and progression (see
introduction). However, to my knowledge no othexr work has
specifically focused upon possible alterations in theée
components after the dévelopment of hormone-autonomy in a
single tumor line. MTW9 is markedly dependent upon hor-
mones, for growth, and progression of this tumor to a hor-
mone-autonomous variant, MTW9B, is thought by some investi-
gators to be due to sequential clonal selection (Kim, 1975).
In this study, I compared several aspects of cAMP metabo-
lism and action in MTW9 and MTWO9B.

MTW9 explants were found to be much more sensitive to
the inhibitorf actiqn of MIX upon DNA synthesis when com-
pared‘to‘MTWQB explants. (Figure '1l6). Since phosphodiester-
ases are the most likely sites for.action'of MIX, it is
poséible that the different sensitivities of MIW9 and MTW9B
to MIX are due to molecular defects in phosphodiesterases
in MTW9B. This idea'ﬁas tested by comparing the soluble

phosphodiesterase activity in these tumors by kinetic anal-
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ysis (Table 3). A high-Km enzyme was not detectable in
MTW9B. Also, the low-Km enzyme in MIW9B had a signifi-
cantly decreased apparent Michaelis constant and maxiﬁum
velocity. These differences could not be attributed to a
diffusible factor. There is evidence that altered sub-
strate affinity plays a role in regulating phosphodiesterase
activity (Pledger, 1976). If there is some defect in cAMP
control of growth in this tumor, one might expect a related
defect in cAMP induction of phospﬁodiesterases. However,
it is unclear how diminished phosphodiesterase activity
in MTWSB}could be causally re;ated to either the hormone-
independent behavior or decreased éensitivity to MIX in
this tumor. ~
Sapag-Hagar et al. (1974) have suggested that in-
creases in high-Km phosphodiesterase in rat mammary gland
in preparation'for lactation play a role in differentiation
of the gland. Proliferation and differentiation are usu-
élly considered to be antagonistic processes in cells, and
the loss of high-Km phosphodiesterase in MIWOB may be caus-—
ally related to the loss of endocrine responsiveness. ' Al-
ternatively, since cellular concentrations of cAMP are more
iikely'to be>re§ﬁla£ed b& fhe loﬁka phosphddiééterase |
(Coheﬁ, 1976), it is poésible that the high—Km activity

performs an additional cellular function, unrelated to cAMP -
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hydrolysis; Analogous to the horhone—receptor deficiencies
in this tumor, diminished phosphodiesterase activity in
MTW9B may reflect a more generalized deficiency in the
cellular cAMP system, which renders these cells unrespon-
give to growth regulation by hormonesi

cAMP-binding and protein kinase activities were also
altered in MTWI9B as compared with MIW9. Both caMP-binding
and cAMP-dependent protein kinase activities were enhanced
in MTW9B. Although apparent cAMP-binding affinities asso-
ciated with Type I enzymes were similar in these tumors,
the binding affinity of Type II was 2-fold lower in MTWSB.
Substrate affinity was also'diminished 2-fold in both Types
I and II in MTW9B (Figure 21; Tables 4 and 5). Type II
protein kinase activity was enhanced 2-fold in MIW9B. Byus
et al. (1977) ﬁave suggested.that differential activation
of protein kinase isozymes may play a role in growth con-
tr&l. fhé diffefencé in‘the Type.II/Type I ;cﬁiQity raﬁio
between MIW9 (0.87) and MTW9B (1.92) could possibly play a
role in the differences in growth control betweeh these:
tumors. However, from these data it is not possible to
assign a specific role to the alte;ed cAMPébinding and pro-
tein kinase activities -in MTW9B.’

-Understanding the cellular role of different caAMP-

dependent protein kinases is complicated by the concept

98



" that the holoehzyme is the inactive form Of'the“enZyﬁe;
Also, since catalytic subunits-have generally been found
to be identical, isozyme patterns in tiésues should be at-
tributable more to the distribution of regulatory.subunits
than to catalytic subunits. Consistent with this reasoﬁ-
ing is the possibility that the greater activity of Type II
" in MTW9B represents increased ;ell content of regulatory
subunit of Type II, and that this subunit plays a role in
the unique growth characteristics of MTW9B. Important
approaches to understanding the role of different enzyme
forms include the study of changes in cellular distribu-
tion of these molecules during cell cycle. In CHO cells
Tyée I activity was observed to be elevated during mito-
sis, while Type II activity was increased at the end of Gy
(Costa, 1976b).

' Experiments were designed to detect possible defects
in the functioning of the cAMP system in MTW9B by examin-
ing the competence of.tumor explants for rapid protein ki-
nase activation. In vitro activation of protein kinases by
MIX was similar in MTW9 and MTW9B (Table 6). These results
provide support for the concept that both of these tumors
have functional cAMP systems,'and that cAMP mediates the
inhibitory actions of methylxanthines on tumor DNA synthe-

sis. However, a similar dose-dependent activation was ob-
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sexrved in each of these tumors, and no differences bétween
the tumors were detectable under these experimental condi-
tions.

Inclusion of 10% MtT serum in the incubation medium
failed to influénce the pattern of protein kinase activa-
tion in MTW9. Thus, the ability of this se?um to antagonize
the inhibitqry'effects of MIX upon MTW9 explants_(Figure 13)
cannot be accounted for by a mechanism which precludes the
rapid acﬁivation of protein kinases. These resuits sug-
gest that MtT sefum does not alter adenyl%te cyélése ér
protein kinase activities. Speculations on possible ex-
planations of these data include:

(1) MtT serum may oppose the action of MIX at a site
distal to the activation of protein kinases;

(2) MtT serum may cause a rapid de—éctivatioﬁ of pro-
tein kinases; or

(3) the inhibitor& aétion of MIX might not be mediated
by cAMP or protein kinase activation. .

. However, no data aré presently ;vailable to support or
refute these possibilities.

It is likely that endogenous concentrations of cAMP
are controlled primarily by opposing synthetic and degra-
dative processes in thése tumors. MIX inhibition of phos-

phodiesterase activity in these tumors probably permits the
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accumulation of cAMP and subsequent activation of protein -
kinases due to ongoing adenylate cyclase activity. Wwhile
optimizing conditions for the protein kinase assay, I ob-
served that methylxanthines did not directly affect protein
kinase activity. However, these data do not rule out the
possibility that MIX may also stimulate adenylate cyclase
or exert other effects, i.e., on membrane transport, in
these tissues.

If MIX inhibits DNA synthesis through protein kinase
activation, it is possible that differential isozyme acfi—
vation may account for the different sensitivities to MIX
in MTW9 and MTW9B. Also, MTWOB may be able to lower cAMP
leveis by extruding the nucleotide from the ceil (Brunton,
1979), by inactivating it by rapidly induced phosphédi-
esterase activity (Raska, 19%3), or by inhibiting adenylate
cyclase activity.

Although there are significant changes in phosphodi-
esteraée; éAM?ébiﬁding, énd'cAMP-deﬁendenﬁ prétein.kinase
activities ‘associated with progression in MTW9, it is not'
possiblé to unequiﬁocally attribute the aecréased sensi-
tivity to MIX and altéred hormone re5ponsivenes$ in MTWOB

to any specific defect in the cAMP system.
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- Alterations in the cAMP System Concomitant with Regression

in MTW9
A striking feature of human breast cancer is the re-

markable remission sometimes obtained with endocrine
therapy. Measurement of the concentration of estrogen
receptors in breast cancers has become a major prognostic
tool in predicting suqcessful responses to endocrine
therapy. However, many human breast cancers still fail to
respond to endocrine therapy, although they contain recep-
tors for estrogen (Matéumoto, 1978). Also, in most re-
sponsive patients the. disease eventually recurs, and is
usually then unresponsivg to endocrine therapy. In spite
of the clinical importance and considerable effqrt in this
field, the specific hormones and endocrine ﬁechanisms in-
volved in breast cancer growt£ and regression remain ob-
scure.

| There is evidence that the cAMP system may play a
role in ovariectomy-induced regfeééion'bf fét‘mémmarylfu-
mors (Cho-chung, 1978; shafie, 1979). I investigated pos-
sible changes in key components in the éAME.Systeh in MTWO
concomitant with tumor regression. MTWO regressés rapidly
in response to the surgical removal of the pituitary tumor
coimplant, MtTWl0 (Hollander, 1978). Phosphodiesterase,

cAMP-binding, and protein kinase activities were found to
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be significantly reduced in regressing tumor cytosols. 1In.
contrast, cAMP-binding and protein kinase activities have
been reported to be increased in DMBA-induced rat mammary
carcinomas during regression induced by ovariectomy, DBCAMP
administration, or streptozotocin-induced diabetes (Shafie,
1979). shafie et al. (1979) have found consistent changes
in the cAMP system in regressing tumors, and they are in-
vestigating the possible role of the cAMP system in mammary
tumor regression. However, a direct comparison of data is
difficult for the following reasons: the changes reported
by these authors vary with regard to the duration of re-
gression; the interpretation of their data involves a con-
troversy concerning nuclear translocation of substantial
amounts of cAMP-binding and protein kinase activities; and
thefe are important differencés between MTW9 and the models
used by these authors.

It is possible that the decreasés in cAMP-binding and
prbteiﬁ kinase actifity seen in MTW9 cytbéols during re-
gression are due to a partial translocation of these acti-
vities to the pucleus. Similar changes in the compartmgnta-
tion of these activities have been reported by several au-
thors (Costa, 1976a; Jungmann, 1974; Lastagna, 1975). Ex-
posure of MTW9 explants to MIX resulted in the activation

of protein kinases, with subsequent decreases in regulatory
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and catalytic subunits in the cytosol (Table 6). Wwhile
other interpretations are possible, e.g., extrusion and asso-
ciation with membrnnous material, these data are consis-
tent with the concept of nuclear translocation. However,
other investigators (Keely, 1975; Zick, 1979) have ques;
tioned the physiological significance of reported nuclear
translocation, and to my knowledge, no definitive evidence
for translocation under physiological conditions has been
presented. Also, in cell fractionation studies using
MTW9, most of the cAMP-dependent protein kinase activity
associated with nuclei could be solubilized by physio-
logical salt concentrations (Figure 20).

Pledger g;;;;. (1976) have observed that serum rapidly
stimulates phosphodiesterase activity (both maximum velo-
city and affinity) in quiescent BHK cells. These authors
postulate that a serum factor may regulate phosphodiester-
ase activity, and that subsequent growth stimulation in
“these cells may resulﬁ from decreased cAMP concentrations.
GAMP connentrations have been found to be increased during
rat'mammary tumor regression following DBcAMP administra-
tion (Bodwin, 1978), insulin deficiency (Matusik, 1976),
inhibition of prolactin secretion (Matusik, 1976), and
ovariectomy (Bodwin, 1978). Bodwin et al. (1980) have sug-

gested that estrogen and prolactin may stimulate ce}l
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growth by lowering cAMP concentrations in célls.- I found- -
that phosphodiesterase activities are decreased in homo-
genates and purified particulate fractions of regressing
MI'W9 tumors. Particulate fractions were prepared by a
method employed by other investigators in the isolation 6f
specific,phoéphodiesterase activities which are optimally
.résponsive to modulation by hormones (Thompson, 1978;
Levin, 1978).

Turkington et al. (1973) reported that prolactin induces
cAMP-binding and cAMP-dependent protein kinase activities in
mouse mammary gland. Prolactin concentrations in MtT sera
are dramatically elevated (Table 1), and diminished prolactin
- edncentrations due to the removal of MtTWl0 coimplants could
be related to decreaéed cAMP-binding and protein kinase
activities found in regressing tumors.

These data suggest possible mechanisms whereby hormones
in MET serum may influence mammary tumor growth by regula-

ting the activity of key components in the CAMP system.
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SUMMARY AND CONCLUSIONS

Sera from animals bearing mammosomatotropic tumors
(MtT serum) was observed to stimulate both DNA synthesis
in MTW9 explants and proliferation of MCF-7 cells. Thesé.
activities could not be mimicked by normal female rat serum.
or by.combinations of hormones known ‘to be present in MtT
serum. Methylxanthine inhibitors of cAMP phosphodiesterase,
but not DBcAMP, suppressed DNA synthesis in MTW9 explants
and the proliferation of MCF-7 cells. However, DBcAMP
potentiated the inhibitory actions of very 16w doses of
methylxanthines. Addition of MtT serum to culturés blocked
the action of phosphodiesterase inhibitoxrs, but not that of
DBcAMP plus MIX. Appropriately selected sera and hormones
failed to duplicate these actions of MtT serum.

A comparison of cAMP action and metabolism in MTW9 and
MTWOB revealed several differences between these tumors.
The hormone-dependent tumor, MTW9, was markedly more sensi-
tive to the inhibitory effects of hethylxahthinés'on DNA
synthesis. cAMP phosphodiesterase activity was reduced and
both caAMP-binding and cAMP-dependent protein  kinase activi-
ties were eleviated in the autonomous tumor, MTW9B. Decreases
in cAMP phosphodiesterase, cAMP-binding, and protein kinase

activities were found in MTW9 tumors during regression induced
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by the removal of supportive mammosomatotropic coimplants.
CAMP phosphodiesterase activity was especially low in
purified particulate fractions from regressing tumors.
In’cqpqlugign,.acFivationAqf thg gAMP system under
the conditions employed in this study inhibits DNA synthesis
in several rat mammary tumors and proliferation of MCF-=7
human breast cancer cells. The combination of a cAMP analog
with an inhibitor of cAMP phosphodiesterase is particularly
effective. It is possible that sera from MtTWlO—beafing
rats contain an activity, unidentified at present, which
is capable of antagonizing the growth-inhibitory action of
the cAMP system, and which may parficipate in the regulation
of mammary tumor growth. Substantive differences in sensi-
tivity to cAMP and in cAMP metabolism found between MTW9
and MTW9B are consistent with the concept that the caAMP
system plays a role in the hormone dependence of MTW9.
Observed alterations in the cAMP system in regressing tumors
provides further support for this idea. Endocrine mechanisms
involved in the regulation of tumor growth are not well
understood. Although these expérimental results do not
provide a definitive conclusion céncerning the role of caMP
in endocrine-responsive cancers, they do support the concept
that hormone-dependent tumor growth may be at least partially
regulated by an antagonistic interplay between supportive

hormones and the cAMP system.
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