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ABSTRACT We have evaluated the muscarinic acetylcho-
line family ofG protein-coupled receptors (mAChRs) for their
oncogenic potential. These receptors are preferentially ex-
pressed in postmitotic cells, transducing signals specified by
their endogenous agonist, the neurotransmitter acetylcholine.
Cells transfected with individual human mAChR genes were
morphologically indistinguishable from parental NIH 3T3 cells
in the absence of agonist. In contrast, when cultures were
supplemented with carbachol, a stable analog of acetylcholine,
foci of transformation readily appeared in ml, m3, or m5 but
not in m2 or m4 mAChRs transfectants. Receptor expression
was verified by ligand binding and was similar for each
transfected culture. Transformation was dose-dependent and
required only low levels of receptor expression. In transfor-
mation-competent cells, agonist induced phosphatidylinositol
hydrolysis, whereas in m2 or m4 transfectants, receptors were
coupled to the inhibition of adenylyl cyclase. These findings
demonstrate that mAChRs linked to phosphatidylinositol hy-
drolysis can act as conditional oncogenes when expressed in
cells capable of proliferation.

Receptors for polypeptides, such as epidermal growth factor
and platelet-derived growth factor, can induce cellular trans-
formation when constitutively activated (1-4). Structural
mutations or unregulated availability of ligand are mecha-
nisms known to account for their transforming activity.
These receptors are prototypes of a class that mediate signal
transduction by virtue of an intrinsic protein-tyrosine kinase
activity (2, 5, 6). When the mas oncogene was discovered, a
class of cell-surface receptors lacking protein-tyrosine kinase
domains was also implicated in cellular transformation. The
mas oncogene product has a structural motifcharacteristic of
receptors that mediate signal transduction by coupling to
GTP-binding proteins (G proteins) (7). Although mas has a
weak focus-inducing activity in vitro, cells transfected with
this gene are highly tumorigenic in nude mice (7). More
recently, G protein-coupled serotonin receptors have been
shown to convert fibroblasts to a tumorigenic state (8).
Because in these latter cases exogenous ligand is not required
for transformation, either these genes encode aberrant re-
ceptors or endogenous ligands are responsible for their
activation. Thus, ligand independence has limited the study
of the mechanism by which these receptors mediate trans-
formation.

In the present study, we have directly tested the hypothesis
that normal G-protein-coupled receptors can induce agonist-
dependent neoplastic transformation. We chose a family of
cell-surface neurotransmitter receptors, human muscarinic
acetylcholine receptors (mAChRs), which possess sequence
homology with both mas and the serotonin receptor (9-12).
Muscarinic receptors are preferentially expressed in neurons

and other postmitotic cells, and they transduce signals spec-
ified by their endogenous agonist, the neurotransmitter ace-
tylcholine. The mAChR family consists of five distinct but
highly homologous subtypes (ml-mS), which are encoded by
five separate genes (9-12). Individual mAChRs have func-
tional differences when expressed by cultured cells. Odd-
numbered mAChRs potently stimulate phosphatidylinositol
(PtdIns) metabolism, arachidonic acid release, and open
Ca2+-dependent potassium channels by coupling with a per-
tussis toxin insensitive G protein. m2 and m4 mAChRs
couple to a pertussis toxin-sensitive G protein to inhibit
adenylyl cyclase (13-15). Depending upon assay conditions,
ml, m3, and m5 mAChRs have been linked to both increases
(16) and decreases (17) in mitogenesis.

MATERIALS AND METHODS
Transfection. Plasmid DNA transfection of NIH 3T3 (18)

cells was performed by the calcium phosphate precipitation
technique, as modified by Wigler et al. (19). Mass populations
expressing the transfected gene were selected for ability to
grow in the presence of Geneticin (G418) (GIBCO); trans-
formed foci were scored after 2-3 weeks. Individual G418
colonies or transformed foci were isolated with the aid of
cloning cylinders and maintained in Dulbecco's modified
Eagle medium/10% calf serum.
DNA Constructs. Human mAChRs genes (9-12) were in-

serted into an expression vector, pDS, which contained a
dominant selectable marker, neo (20). pDS v-fgr was derived
from pSV2v-fgr, which contained the biologically active
Gardner-Rasheed feline sarcoma virus proviral genome (21,
22).

Analysis of Receptor Expression. Cell membranes were
isolated, and binding was assayed as described (23). Satura-
tion experiments were done at 10 different concentrations of
L-[N-methyl-3H]scopolamine methyl chloride ([3H]NMS; 1
pM-1 nM) in duplicate. Data were fit by using nonlinear
regression with the equation y = BmaxXN/Kd/(l - BmaXN/
Kd) with the program KAL on a Mac II computer, where y is
specific binding and X is free ligand concentration. Nonspe-
cific binding was determined with 10 ,uM atropine.

Ptdlns Hydrolysis. Subconfluent NIH 3T3 transfectants
were incubated in 24-well plates with myo-[3H]inositol at 1
,Ci/ml (1 Ci = 37 GBq) for 48 hr. Immediately before an
experiment, cells were washed twice with Eagle's medi-
um/10 mM LiCl and incubated for 10 min at room temper-
ature. Cells were treated for 1 hr with 0.5 ml of medium/10
mM LiCl containing experimental agents. Inositol phos-
phates were extracted with 0.5 ml of ice-cold 10% (wt/vol)
trichloroacetic acid and analyzed by ion-exchange chroma-

Abbreviations: PtdIns, phosphatidylinositol; [3H]NMS, L-[N-
methyl-3H]scopolamine methyl chloride; mAChR, muscarinic ace-
tylcholine receptor.
tTo whom reprint requests should be addressed.

4703

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.



Proc. Natl. Acad. Sci. USA 88 (1991)

tography by the method of Berridge et al. (24). Ten concen-
trations ofcarbachol (50 nM-333 tuM) were used to determine
ED50 and maximal responses.
cAMP Assays. Transfected NIH 3T3 cells were grown to

90% confluence in 24-well plates. Medium was replaced with
0.25 ml of Eagle's medium/1 mM 3-isobutyl-l-methylxan-
thine containing experimental agents. The reaction was
stopped after 10 min of incubation at room temperature by
adding 0.25 ml of an ice-cold solution containing 0.1 M HCl
and 1 mM CaCl2. cAMP levels were determined by using a
Gammaflow automated RIA for acetylated cAMP (Atto In-
struments, Potomac, MD).

RESULTS
Conditional Transformation of Certain mAChR Transfec-

tants. Expression plasmids carrying each of the human
mAChRs were transfected into NIH 3T3 cells, a murine
fibroblast lacking endogenous mAChRs (18). Expression of
each mAChR gene was driven by the Moloney leukemia virus
long terminal repeat, a potent transcriptional promoter in
NIH 3T3 cells. The same constructs also contained a dom-
inant selectable marker, neo (20), that conferred resistance to
Geneticin (G418), thereby permitting determination of trans-
fection efficiencies. As shown in Table 1, the number of
G418-resistant colonies was nearly identical for all plasmid
DNAs tested, except for mS, which was not further exam-
ined. In contrast, transforming activity varied widely among
DNA constructs. The v-fgr oncogene (21, 22) efficiently
induced focus formation, whereas mAChR transfectants ap-
peared morphologically indistinguishable from parental NIH
3T3 or vector-transfected cells (Table 1). However, when
maintained in the presence of carbachol, a stable analog of
acetylcholine, foci of transformation readily appeared in
cultures transfected with ml or m3 but not with m2 or m4
mAChR genes (Table 1). Focus formation increased as a
function of agonist concentration (Table 1), and carbachol-
induced transformation was prevented by the muscarinic
antagonist atropine (Fig. 1).

Agonist Requirement for Maintenance of the Transformed
State. To determine whether transformation of ml and m3
AChR transfectants required agonist for maintenance of their
transformed state, foci were picked and replated on a lawn of
untransfected NIH 3T3 cells in medium lacking carbachol.

Table 1. Focus-forming activity of cloned human muscarinic
acetylcholine receptors

Focus-forming activity in Colony-forming
carbachol per pmol of DNA activity per pmol

DNA clone 0 M 1 AM 100lAM of DNA

pDS <1 <1 <1 2800
pDS ml <1 36 580 2400
pDS m2 <1 <1 <1 2400
pDS m3 <1 34 280 1900
pDS m4 <1 <1 <1 2600
pDS m5 <1 <5 47 600
pDS v-fgr 1900 - - 3700

Human mAChRs genes or v-fgr were inserted into an expression
vector, pDS, and 0.05-1 ,ug of plasmid DNA was transfected into
NIH 3T3 murine fibroblasts (18) as described (19). Media containing
various concentrations of the muscarinic cholinergic agonist, carba-
chol, or the muscarinic cholinergic antagonist, atropine (10 gsM),
were replaced every 2 days. Foci of transformation were scored after
2-3 weeks. Efficiency of transfection was determined by scoring
neo-resistant colonies in medium containing G418 (0.750 mg/ml). No
foci of transformation were observed in cells maintained with atro-
pine, and atropine abolished carbachol-induced focus-formation
(data not shown). Results represent the averages of three indepen-
dent experiments.
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FIG. 1. Focus assay after transfection of NIH 3T3 cells with
mAChR DNAs. NIH 3T3 cells were transfected with 1 ,tg ofpDS (A),
0.3 ,ug of pDS v-fgr (B), or 1 ,ug of pDS ml (C-F) plasmid DNA.
Cultures were maintained in Dulbecco's modified Eagle's medium
(A-C), supplemented with 100 jLM carbachol (D), 10 ,uM atropine
(E), or 100 ,uM carbachol and 10 ,uM atropine in combination (F).
Plates were stained 3 weeks after transfection.

Fig. 2 shows that under these conditions, cells returned to
their nontransformed morphology. In contrast, foci arose
when the culture medium was supplemented with carbachol.
Furthermore, focus-derived cells could form large colonies in
soft agar in the presence, but not in the absence, of agonist
(data not shown). Thus, ml and m3 mAChR transfectants
possessed properties of fully malignant cells. These findings
showed that ml and m3 mAChRs were potent transforming
agents and that agonist was required for induction and
maintenance of malignant transformation.

Verification of mAChR Expression in NIH 3T3 Transfec-
tants. To directly examine mAChR expression in transfected
cells, several ml and m3 foci were cloned and evaluated for
receptor expression by binding of a labeled nonselective
mAChR antagonist, [3H]NMS. Receptor numbers were
found to be higher in cloned ml and m3 foci as compared with
parental Geneticin-selected mass cultures (Table 2). This
finding suggested that high levels of receptor expression were
required for transforming activity. Binding to m2- and m4-
transfected mass cultures was similar to that for m3 trans-
fectants (Table 2). Thus, the lack of foci in m2- and m4-
transfected cultures demonstrated an intrinsic difference
between ml and m3 as compared with m2 and m4 mAChRs.
We also investigated binding characteristics of mAChRs
expressed in NIH 3T3 cells. Dissociation constants and total
binding sites for representative G418-selected clones re-
vealed Kd values of 63, 82, 38, and 26 pM for ml-m4
receptors, respectively. These affinities are nearly identical
to those described in other cell lines (16, 17, 23).
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FIG. 2. Reversibility oftransformation in NIH 3T3 expressing ml
mAChR. (A) Focus of transformation that arose 2 weeks after
transfection with 1 jxg of pDS ml DNA in the presence of the
muscarinic cholinergic agonist carbachol. (B) Focus was isolated
with the aid of a cloning cylinder, trypsinized, and plated on a lawn
of NIH 3T3 cells in medium lacking carbachol.

Quantitation of Transformation Induced by Carbachol. To
explore quantitative aspects of transformation induced by
activation of ml and m3 mAChRs, we devised an assay for
ligand-dependent transformation that involved plating
mAChR transfectants on a lawn of NIH 3T3 cells. Without
carbachol, no foci of transformation were seen. However,
when concentrations of the agonist from 100 nM to 1 mM
were added to the culture medium, foci arose in <1 week in
a clonal ml transfectant (Fig. 3). Furthermore, the number of
foci seen was directly proportional to, ligand concentration
(Fig. 3, and see below). At a carbachol concentration of 1
mM, 100lo of the ml transfectants plated gave rise to foci of
transformation. Under these conditions as well, focus for-

Table 2. Ligand binding to transfected cells
Binding of [3H]NMS,

fmol of [3H]NMS per mg
of protein

Mass Cloned
DNA clone culture focus

pDS <1
pDS ml 430 640 ± 58*
pDS m2 90
pDS m3 63 496 ± 146*
pDS m4 40

Receptor density ofeach G418-selected mass culture or individual-
cloned focus was measured by specific binding of the nonselective
mAChR antagonist [3H]NMS to membranes prepared from specified
cell lines, as described (13). Nonspecific binding was determined
with 10 IM atropine.
*Data are means ± SEM of six cloned foci.

FIG. 3. Ligand-dependent transformation of NIH 3T3 cells ex-
pressing ml or m3 mAChRs. Approximately 200 cells, derived from
a clone of G418-selected pS ml-transfected cells expressing 1100
fmol of [3H]NMS-binding sites per mg of protein, were plated
together with 2 x 105 untransfected NIH 3T3 cells. Cultures were
grown without carbachol (A) or with 0.1lM (B), 1.0 AM (C), 3.0 tM
(D), 10 ,uM (E), or 100 ,uM (F) carbachol and stained after 2 weeks.

mation was prevented by atropine (10 ,uM) (data not shown).
Taken together, our findings demonstrate that receptor num-
ber as well as agonist concentration are direct determinants
of transformation in this system.

Second-Messenger Coupling in mAChR Transfectants. To
determine whether mAChRs expressed in NIH 3T3 cells
were coupled to second-messenger generation systems,
transfectants were examined for known biochemical effects
in response to agonist. Significant Ptdlns hydrolysis was seen
in cells expressing ml or m3 receptors but not in m2 and m4
expressors, even at very high agonist concentration (Fig. 4).
Carbachol decreased cAMP levels only in forskolin-treated
cells expressing m2 and m4 mAChRs (Fig. 4). Similar results
were obtained by using a number of other clones expressing
m2 or m4 mAChRs subtypes (data not shown). These findings
demonstrate that known biochemical responses characteris-
tic of mAChRs are reflected in our NIH 3T3 cell transfec-
tants. We conclude that only those mAChRs coupling to
Ptdlns hydrolysis are transforming in NIH 3T3 cells, whereas
adenylyl cyclase inhibition is neither necessary nor sufficient
to induce focus formation in mAChR transfectants.

Quantitative Relationship Between Focus Formation and
Extent of PtdIns Hydrolysis. Observations that transforma-
tion as well as PtdIns hydrolysis were dose dependent for ml
and m3 transfectants provided an opportunity to characterize
the relationship between the biological and biochemical re-
sponses to agonist. Thus, we compared G418-selected NIH
3T3 cell clones expressing comparable levels ofeach mAChR
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FIG. 4. Effect of carbachol on cell transformation, Ptdlns (PI)
hydrolysis, and cAMP levels in G418-selected NIH 3T3 clones
expressing different mAChR subtypes. Carbachol-induced cell trans-
formation (A), activation of PtdCho hydrolysis (B), and inhibition of
forskolin-stimulated cAMP accumulation (C) were measured in cells
expressing ml, m2, m3, or m4 mAChRs, as indicated. Receptor
expression was 600, 300,370, and 650 fmol of [3H]NMS binding sites
per mg of protein for ml-m4 mAChRs, respectively. Cell transfor-
mation was determined by plating cells on a lawn of nontransformed
NIH 3T3 cells. Cells were maintained with the indicated concentra-
tions of carbachol, and foci were counted 2 weeks later. Each data
point represents the average SEM of triplicate plates from two to
three separate experiments, expressed as the ratio of foci to the
number of plated cells x 100. PtdIns hydrolysis was determined as
described. Each data point represents the average SEM for
triplicate samples from three to four separate experiments, expressed
as ratio of 3H-labeled PtdIns accumulated in stimulated versus
unstimulated cells. Atropine (10 ,uM) prevented the carbachol-
dependent accumulation of 3H-labeled PtdIns (data not shown).
Inhibition of adenylyl cyclase was determined by measuring the
effect of carbachol on cAMP accumulation induced by forskolin, in
the presence of isobutylmethylxanthine (100 ,uM). Cells, treated for
10 min with saline solution (bar 1) or 1 mM carbachol (bar 2), did not
accumulate detectable cAMP. Treatment with 10mM forskolin alone
(bar 3) or in combination with 1 mM carbachol (bar 4) is also shown.

cAMP was measured by RIA as described. *, P < 0.01 versus
forskolin alone. Data are means ± SEM of three replicate determi-
nations.

Table 3. Effect of carbachol on Ptdlns hydrolysis
and transformation

Ptdlns hydrolysis Transformation

Binding, Maximal Maximal
fmol activation, EC"0, transformation, EC50,

Gene [3H]NMS* fold uM % ILM

neo 0 1.0 ND 0 ND
ml 38 1.3 1 2 t

612 2.2 1 >95 10
919 6.5 0.5 >95 6

m2 308 1.2 t 0 ND
m3 60 1.6 3 3 t

373 2.1 1 >95 3
1309 4.1 3 >95 8

m4 654 1.3 40 0 ND

G418-selected clones expressing different mAChR subtypes were
tested for PtdIns hydrolysis and cell transformation in response to
carbachol at 50 nM-333 1uM. Results represent the averages from
three to four experiments. SE was <5% of the mean for each
determination. EC5o, half-maximal concentration. ND, not deter-
mined.
*Binding is indicated in fmol of [3HINMS per mg of protein.
WValues were too low to be determined with sufficient accuracy.

subtype for PtdIns hydrolysis and focus formation in re-
sponse to various concentrations ofagonist. As shown in Fig.
4, we observed that curves for PtdIns hydrolysis were nearly
superimposable upon those for focus formation. We then
determined the half-maximal dose (EC5o) for both PtdIns
hydrolysis and transformation by using several clonal trans-
fectants selected for variations in receptor expression. For
each clone examined, the half-maximal concentration of
carbachol required for cell transformation was nearly iden-
tical to that necessary to stimulate PtdIns hydrolysis (Table
3). Furthermore, the maximal PtdIns hydrolysis response
was proportional to the number of mAChRs expressed by
respective ml or m3 clonal transfectants.
Very few foci were seen in cells expressing low numbers of

ml or m3 mAChR. In contrast, >95% of ml or m3 transfec-
tants, binding >612 or 373 fmol of[3H]NMS per mg ofcellular
protein, respectively, gave rise to foci of transformation. A
similar analysis of the remaining ml- or m3-transfected
clones revealed that below a level of 90 to 100 fmol of
[3H]NMS binding per mg of protein, no effective agonist-
induced focus formation was observed. These findings sug-
gest a low threshold of receptor expression for agonist-
induced transformation. Taken together, our findings also
demonstrate a close relationship between the activation of
PtdIns hydrolysis and cellular transformation.

DISCUSSION
The protein products of the mas oncogene and 5-hydroxy-
tryptophan lc (serotonin) receptors are transforming in NIH
3T3 cells and are thought to be coupled to PtdIns hydrolysis
(7, 8). However, correlation between this biochemical re-
sponse and transformation has not been directly demon-
strated. Furthermore, overexpression of G protein-coupled
receptors can overcome the specificity of coupling to second
messengers (25, 26). Thus, involvement of particular bio-
chemical pathways in cellular transformation induced by G
protein-coupled receptors cannot be inferred from biochem-
ical responses measured in other systems. In the present
study, we have demonstrated a close relationship between
agonist-induced transformation and extent of Ptdlns turn-
over. Our findings suggest that other G protein-coupled
receptors -linked to PtdIns hydrolysis might also possess
transforming potential.
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Inhibition of adenylyl cyclase has been implicated in the
mitogenic response to substances, such as serotonin or
lysophosphatidic acid (27-29), and thus also to transforma-
tion. In the present study, we have shown that receptors
actively inhibiting adenylyl cyclase do not induce focus
formation or anchorage-independent growth, whereas stim-
ulation of receptors coupled to Ptdlns hydrolysis are highly
transforming. We have also shown that the cAMP response
to forskolin was not decreased in cells expressing ml or m3
mAChRs. Thus, in contrast to previous suggestions (27-29),
our present findings establish that inhibition of adenylate
cyclase is neither sufficient nor necessary for transformation
of murine fibroblasts.
We cannot rule out the possibility that second messengers

other than PtdIns hydrolysis may be involved in the trans-
formation response seen. Activation of mAChRs may trans-
form NIH 3T3 cells by coupling to arachidonic acid release
and prostaglandin synthesis or by altering the behavior of ion
channels (13-15, 17). Alternatively, the ras oncogene product
(a GTP-binding protein) has been suggested to alter G pro-
tein-coupled receptor functioning (30-32), including m2
mAChR-mediated activation of cardiac K+ channels (33). If
so, a provocative linkage may exist between G protein-
coupled receptors and p2lras. Finally, tyrosine phosphory-
lation, one of the hallmarks of oncogene-induced transfor-
mation, can be induced in neutrophils or platelets by chemo-
tactic agents (34) or thrombin (35, 36), respectively, both of
which can activate G protein-coupled receptors (37-39).
Thus, further investigation will be required to determine the
contributions of each of these various biochemical processes
to malignant transformation.
Expression ofmAChRs as well as other G protein-coupled

receptors is limited to neurons or other terminally differen-
tiated cells. In general, this family of receptors transduces
signals involved in differentiated functions performed by
mature cells. Thus, the transforming action of these recep-
tors, when activated in fibroblasts, suggests that biochemical
responses normally signaling differentiated functions might
contribute to naturally occurring tumorigenesis when elicited
in immature cells having proliferative capacity.
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