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SUMMARY

In human embryonic lung fibroblasts, transforming growth fac-
tor-g1 (TGF-B1) induced a time-dependent down-regulation of
M. muscarinic receptor binding sites as measured with the
nonselective hydrophilic ligand [PHWN-methyiscopolamine
(NMS). This down-regulation was slow, with 58% loss of all
receptors after 24 hr of treatment. The affinity of [PHJNMS for
the remaining sites was unaltered by TGF-g1. The loss in
[PHINMS binding was accompanied by reduced adenylyl cy-
clase activity and functional desensitization of M, muscarinic
receptors. Northern blot analyses showed a 72% decrease in
the steady state levels of m2 muscarinic receptor mRNA after
24-hr TGF-B1 treatment. Recovery of m2 muscarinic receptor

mRNA after TGF-B1 treatment was siow, with a half-life of ~8
hr. There was no effect of TGF-B1 on the m2 muscarinic re-
ceptor mMRNA half-life measured in the presence of actinomycin
D, but the rate of m2 muscarinic receptor gene transcription
measured with nuclear run-on assay was reduced by 50%,
indicating reduced gene transcription. Cycioheximide (10 ug/
mi) pretreatment abolished the TGF-B1 effect, indicating that
de novo protein synthesis was required for receptor down-
reguiation. In summary, we have shown that TGF-g1 induced
desensitization and down-regulation of M, muscarinic receptor
protein and gene that was mediated through reduction in the
rate of m2 receptor gene transcription.

The TGF-B family consists of a group of closely related
proteins from mammals (TGF-g1, TGF-g2, and TGF-83) and
a large group of more distantly related members, including
activins/inhibitins from a variety of species (1). TGF-Bs occur
as disulfide-linked proteins composed of 12.5-kDa ho-
modimers that are synthesized and secreted by most cell
types as latent high molecular weight complexes. They exert
their action by binding to specific cell surface serine/threo-
nine kinase receptors (2). The receptor or receptors for
TGF-B1 are found on nearly all cell types (3, 4), but the
nature of the biological response to TGF-B1 varies with the
cell type. TGF-B1 has important physiological roles in the
regulation of embryogenesis, tissue repair, inflammation, or
cell adhesion, growth, and differentiation (5). TGF-81 is
stored in high concentrations in platelets and expressed in
activated monocytes and macrophages at sites of wound heal-
ing or inflammation. TGF-B also is a potent chemotactic
cytokine for fibroblasts, neutrophils, monocytes, lympho-
cytes, and alveolar macrophages. mRNA transcripts for TGF-
Bl, TGF-B2, and TGF-B3 isoforms are expressed in airway
smooth muscle cells, fibroblasts, and epithelial cells, and
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high concentrations of TGF-B are found in the epithelial
lining fluid in human lower airways (6).

The mechanisms by which TGF-81 exerts its cellular ef-
fects are unclear, although one of the earliest effects of
TGF-B1 involves regulation of gene expression. TGF-g1 stim-
ulation of target cells results in increased expression of ex-
tracellular matrix-associated genes, such as collagen, fi-
bronectin (7), and integrin (8, 9), as well as proto-oncogenes
such as c-sis, c-myc, and c-fos (10, 11). TGF-B1 has also been
reported to alter the gene expression of interleukin-18 (12),
cyclooxygenases 1 and 2, and phospholipase A, (13).

Muscarinic acetylcholine receptors are encoded by five dis-
tinct and intronless genes (m1-m5). The expressed m1, m3,
and mb receptors are coupled to phosphoinositide hydrolysis,
whereas the m2 and m4 receptors are coupled to the atten-
uation of adenylyl cyclase. Expression of muscarinic acetyl-
choline receptor genes in cell lines has made it possible to
explore the pharmacological and molecular properties of the
individual receptors (14, 15). However, much less is known
about the factors that regulate the expression of muscarinic
receptors, in part because the noncoding promoter and en-
hancer regions that directly control transcription of the indi-
vidual muscarinic receptor genes have not been sequenced.

To gain a better understanding of the regulation of mus-
carinic receptor expression, particularly in inflammatory dis-

ABBREVIATIONS: TGF-g, transforming growth factor-g1; NMS, N-methyiscopolamine; PGE,, prostagiandin E,; GAPDH, glyceraidehyde-3-
phosphate dehydrogenase; SSC, standard sodium citrate; HEL, human embryonic lung; SDS, sodium dodecy! sulfate; BSA, bovine serum
albumin.
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eases, we investigated the effect of TGF-B1 on the gene
expression of M, muscarinic receptors in HEL 299 cells. Of
the five muscarinic receptors, these cells express only the M,
subtype (16). Moreover, HEL 299 cells have been shown to
express high levels of TGF-B1 receptors that bind %°I-
TGF-B1 with very high affinity (4).

Experimental Procedures

Cell culture. HEL 299 cells were obtained from the American
Type Culture Collection (code CCL 137; Rockville, MD) and main-
tained in Dulbecco’s modified Eagle’s medium (GIBCO-BRL, Paisley,
UK) supplemented with 10% fetal calf serum, 2 mMm L-glutamine, 100
IU/ml penicillin, 100 ug/ml streptomycin, and 2.5 pg/liter amphoter-
icin B in 95% air/6% CO, at 37°. All experiments were performed on
cells at passage 9. The medium was replaced every 3—4 days, and on
reaching confluence, cells were subcultured by detaching the mono-
layer with 0.05% trypsin/l mm EDTA. Treatments were carried out
so that cells could be harvested simultaneously at preconfluence.

Radioligand binding studies. All of the membrane preparation
procedures were performed at 4°. Cells were washed twice with
Hanks’ balanced salt solution, harvested by cell scraping with ice-
cold Tris buffer (25 mM, pH 7.4), and homogenized with an Ultra-
Turax homogenizer (Kinematica, Littau, Switzerland). Membranes
were pelleted by centrifugation at 40,000 X g for 20-min and resus-
pended in an appropriate volume of Tris buffer. The protein concen-
tration was measured with the use of the Lowry assay (17). CHINMS
(80.4 Ci/mmol; New England Nuclear, Stevenage, UK) saturation
curves were carried out as previously described (16). Binding data
were analyzed with the computerized nonlinear regression program
LIGAND as previously described (18).

cAMP measurements. After stimulation, the cells were washed,
and the cAMP-phosphodiesterase inhibitor Org 20241 (30 uM) was
added to fresh media for 30 min at 37°. From each treatment group,
we measured both basal levels of cAMP and accumulation after
forskolin exposure (100 uM) for 10 min in the presence and absence
of carbachol (100 uM). Cells were harvested by the direct addition of
1 ml of boiling water to each well. Cells were then boiled for an
additional 2 min before centrifugation at full speed in a microcentri-
fuge at 4° for 5 min. The supernatant was collected and stored at
—20°. Aliquots (500 wul) of cell extracts were acetylated by the con-
secutive addition of triethylamine and acetic anhydride. cAMP con-
tent was measured with radioimmunoassay as described previously
(19). Briefly, a 200-ul acetylated sample was added to 50 ul of
adenosine-3',5'-cyclic phosphoric acid-2-O-succinyl-3-[*?*Iliodoty-
rosine methyl ester (2000 Ci/mmol, Amersham, Amersham, UK) in
0.2% BSA (~2000 dpm) and 100 ul of anti-cAMP antibody in 0.2%
BSA. Samples were incubated overnight at 4°, and free and antibody-
bound cAMP were separated through charcoal precipitation in 100
mM phosphate buffer, pH 7.4. Protein assays were performed with a
Bio-Rad protein assay (Hemel, Hempstead, UK) according to the
manufacturer’s instructions.

Adenylyl cyclase activity. Adenylyl cyclase activity was as-
sayed in a 100-ul reaction mixture containing 26 mM Tris, pH 7.4, 5
mM MgCl,, 0.5 mM ATP, 20 uM GTP, 5 mM phosphocreatine, 25
units/ml creatine phosphokinase, 0.5 mg/ml BSA, 5 mM SDS, 30 uM
Org 20241, and the muscarinic receptor agonist carbachol (100 uMm).
Forskolin (100 uM) was added to the reaction mixture to amplify the
muscarinic inhibition. The incubation was started by the addition of
the membrane suspension (~5-10 ug protein) and was carried out at
30° for 10 min. The incubation was stopped by boiling, with subse-
quent cooling of the samples and centrifugation for 10 min at 12,000
X g. After storage at —20°, the amount of cAMP in the supernatant
was determined with radicimmunoassay as described above.

Northern blot analysis. Cells were washed twice with Hanks’
balanced salt solution, and total RNA was isolated according to the
method of Chomczynski and Sacchi (20). Poly(A)* RNA was prepared

with the PolyTract mRNA isolation kit (Promega, Southampton, UK)
according to the manufacturer’s instructions. Samples of mRNA
were size fractionated on a 1% agarose/formaldehyde gel containing
20 mM morpholinosulfonic acid, 5§ mM sodium acetate, and 1 mM
EDTA, pH 7.0, and blotted onto Hybond-N filters (Amersham)
through capillary action with the use of 20X SSC (1X = 150 mM
NaCl, 15 mM citric acid).

Cloned human m2 muscarinic receptor cDNA corresponding to the
third intracellular loop and consisting of an EcoRI/Pstl fragment
(550 base pair) was used as a probe. Prehybridizations and hybrid-
izations were carried out at 42° with the probes labeled to ~1.5-2 X
108 cpm/ml in a buffer containing 50% formamide, 50 mM Tris-HCl,
pH 7.5, 5X Denhardt’s solution, 0.1% SDS, 5 mM EDTA, and 250
ug/ml denatured salmon sperm DNA. After hybridization, the blots
were washed to a stringency of 0.1x SSC/0.1% SDS at 65° for 30 min
before exposure to Kodak X-OMAT-S film. To account for differences
in loading or transfer of the RNA, the blots were hybridized with a
1272-base pair Pst1 fragment from rat GAPDH cDNA. The intensi-
ties of the signals were then quantified with the use of laser densi-
tometry (Quantity One Software, PDI, New York, NY).

Nuclear run-on assay. For the measurement of gene transcrip-
tion, nuclei were prepared according to the method of Greenberg and
Ziff (21). Isolated nuclei were resuspended in 10 mM Tris'HCI, pH
7.4, 5 mM MgCl,, 50% glycerol, 0.5 M sorbitol, 2.5% Ficoll, 0.008%
permidine, and 1 mM dithiothreitol and stored at —70° until use. In
vitro transcription was performed with nuclei (5 X 107) incubated for
30 min at 27° with 300 xCi [32PJUTP, 0.625 mM ATP, 0.31 mmM CTP,
0.31 mMm GTP, 40 mM Tris-HCI, 150 mm NH,Cl, 7.5 mM MgCl,, and
120 units RNasin. DNA digestion was carried out with a 15-min
incubation at 27° with RQ-1 DNase (75 units) and RNasin (40 units)
before protein digestion for 3 hr at 37° with proteinase K (1 mg/ml)
in buffer containing 10 mM Tris‘HC], pH 7.4, 15 mM EDTA, 3% SDS,
and 3 mg/ml heparin. RNA extraction was then carried out with a
phenol wash, a phenol/chloroform (1:1) wash, and a chloroform wash
and then precipitated three times with 100% ethanol in the presence
of 1.33 M ammonium acetate. The radiolabeled RNAs were dissolved
in 100 ul of TE buffer (10 mm Tris-HCI, pH 7.4, 1 mM EDTA) and
added to 2 ml of hybridization solution [50% formamide, 5X SSC,
0.1% SDS, 1 mM EDTA, 10 mM Tris-HCl, pH 7.5, 56X Denhardt’s
solution, 50 pug/ml yeast tRNA, 100 pg/ml salmon sperm DNA, 0.02
pg poly(A)*, and 0.02 ug of poly(G)* RNA). After a 4-hr prehybrid-
ization in the above buffer, hybridization was carried out at 42° for
72 hr to 10 ug of the immobilized plasmid pGEMS3Z as a control or to
plasmids containing inserts of rat GAPDH and human m2 musca-
rinic receptor cDNAs. The filters were washed first in buffer A (300
mM NaCl, 10 mM Tris'HCI, pH 7.4, 2 mM EDTA, 0.1% SDS, 1 ug/ml
RNase A, and 10 units/ml RNase T1) at 37° for 30 min, washed
second in buffer B (10 mM NaCl, 10 mm Tris'HCl, pH 7.4, 2 mM
EDTA, and 0.4% SDS) to a stringency of 55° for 30 min, and auto-
radiographed.

Results

Effect of TGF-81 on muscarinic receptor density and
function. Saturation experiments performed with the hy-
drophilic nonselective muscarinic antagonist [*HINMS re-
vealed a single class of binding site (B,,,, 450 * 35 fmol/mg
protein) with a dissociation constant (Kp) of 0.21 * 0.09 nM.
Northern blot analyses on isolated mRNA revealed expres-
sion of the m2 muscarinic receptor mRNA transcript (6.1 kb)
with no evidence of m1, m3, or m4 receptor mRNAs. Treat-
ment of HEL 299 cells with TGF-B1 (2 ng/ml) induced a
time-dependent decrease in the [*HINMS binding sites so
that after a 24-hr incubation, 58% of the sites were down-
regulated (Fig. 1). The affinity of PHINMS for the remaining
sites was unaltered by this treatment.
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Fig. 1. Effect of TGF-B1 on the density of muscarinic receptors. Pre-
confluent cells were treated with vehicle (CTRL, control) or TGF-g1 (2
ng/mi) for the times indicated. The density and the affinity of muscarinic
receptors were measured by saturation experiments with the hydro-
philic nonselective muscarinic antagonist [°H]NMS. Values are mean +
standard error of three to five separate experiments performed in
duplicate. », p < 0.05 compared with control.

Functional desensitization was assessed by measurement
of cAMP accumulation after TGF-B1 stimulation for 24 hr. In
untreated cells, forskolin induced a large increase in cAMP
accumulation that was inhibited significantly by carbachol
(Fig. 2). The inhibitory effect of carbachol on forskolin-in-
duced cAMP accumulation was lost after a 24-hr TGF-B1
treatment. Higher concentrations of carbachol did not pro-
duce any inhibition of forskolin-induced cAMP accumulation
in TGF-B1-treated cells. The basal level of cAMP accumula-
tion was not affected by such treatment. The ability of the
B.-adrenergic receptor agonist procaterol (10 uM) to generate
cAMP was also reduced after TGF-B1 treatment. This effect
could be the result of B,-adrenergic receptor decrease after
TGF-B1 treatment (data not shown). Because cAMP accumu-
lation experiments suggested that TGF-B1 altered the activ-
ity of the adenylyl cyclase, experiments were performed to
directly measure the activity of the enzyme. The basal activ-
ity of adenylyl cyclase was not altered by 24-hr TGF-B81
stimulation. However, the forskolin-stimulated enzyme ac-
tivity was decreased in membranes prepared from TGF-B1-
treated cells (Fig. 3). The adenylyl cyclase activity data with
forskolin are consistent with the decreased ability of forsko-
lin to stimulate cCAMP accumulation in intact cells (Figs. 2
and 3).

240 A

-k
(=]
(=]

CAMP accumulation
(pmol/mg protein)
8

[=1]
o

*
* .U
CTRL

TGF-81

783

S Basal

B Forskolin

| Forskolin +
| Carbachol

.- — -

Adenylyl cyclase activity
(pmol/mg prot./10 min)
o 5 8 8 :
‘—H-
L%
|
L avre

TGF-B1

Fig. 3. Effect of TGF-B1 on forskolin-stimulated adenylyl cyclase ac-
tivity. Modulation by TGF-B1 of adenylyl cyclase activity in membranes
derived from control (CTRL) and TGF-B1-treated cells. Membranes
from cells treated with or without TGF-g81 (2 ng/ml) for 24 hr were
assayed under the conditions described in Experimental Procedures.
Values are mean * standard error of six determinations. *, p < 0.01
compared with forskolin in control cells.

Because TGF-g1 alters the cAMP accumulation and ad-
enylyl cyclase activity, it was difficult to speculate about
functional cholinergic desensitization. In another set of
experiments, we determined that, surprisingly, cAMP ac-
cumulation evoked by PGE, stimulation in intact cells was
not altered by TGF-B1. Carbachol no longer inhibited
PGE,-induced cAMP accumulation in TGF-B1-treated cells
(data not shown). Similar results were obtained at the
level of adenylyl cyclase activity. These results suggest
that functional desensitization of M, muscarinic receptors
occurs after TGF-B1 stimulation of HEL 299 cells.

Effect of TGF-B1 on muscarinic m2 receptor gene
expression. To address the question of whether the down-
regulation of muscarinic M, receptors in HEL 299 cells is due
to changes in the steady state levels of mRNA, the level of m2
receptor mRNA was measured with Northern blot analysis
after TGF-g1 stimulation. TGF-B1 decreased the steady state
levels of m2 muscarinic receptor mRNA by 68% and 72%
after 12 and 24 hr of incubation, respectively (Fig. 4). These
results suggest that the down-regulation of M, muscarinic
receptors in HEL 299 cells by TGF-B1 involves a decrease in
the receptor synthesis as a consequence of the decrease in its
mRNA. Recovery of m2 muscarinic receptor mnRNA was eval-
uated after 14 hr of TGF-B1 treatment. After TGF-B1 stim-
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Fig. 2. Functional desensitization of muscarinic receptors by TGF-g1. Effect of TGF-B1 on forskolin-induced (A) and PGE,-induced (B) CAMP
accumulation in control (CTRL) and TGF-B1-treated cells. After stimulation with TGF-g1 (2 ng/ml) for 24 hr, cells were washed, and the
phosphodiesterase inhibitor Org 20241 (30 um) was added to fresh media for 30 min at 37°. cAMP was extracted and assayed with radioimmu-
noassay under basal conditions (open bars) or after forskolin (100 um) or PGE, (1 um) exposure for 10 min in the presence (striped bars) and
absence (solid bars) of carbachol (100 um). Values are mean * standard error of six experiments performed in duplicate. *, p < 0.005 compared
with forskolin stimulation in vehicle-treated cells. #, p < 0.05 compared with PGE, stimulation in vehicle-treated cells.
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Fig. 4. Kinetics of TGF-B1-induced down-regulation of m2 receptor
gene expression in HEL 299 cells. Preconfluent cells were treated with
TGF-p1 for the indicated time period and harvested for Northem blot
analyses. CTRL, control. GAPDH was used as an internal control. Top,
representative Northem blot; bottom, densitometric measurements of
the Northem blot data. Values are mean * standard error of three to six

independent experiments.
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Fig. 5. Rate of m2 muscarinic receptor mRNA recovery after TGF-B1
removal. Cells were treated with TGF-B1 (2 ng/ml) for 14 hr. After this
treatment, TGF-g1 was washed out, and recovery of m2 receptor
mRNA was followed over a 24-hr period. Values are mean * standard
error of three or four determinations.

ulation, recovery of m2 receptor mRNA was followed over a
24-hr period. The results presented in Fig. 5 show that the
kinetics of m2 receptor mRNA recovery were slow. The levels
of m2 mRNA returned to control values after 12-24 hr of
TGF-B1 washout, with an estimated half-life of 8 hr.

The mechanisms involved in m2 receptor down-regulation
by TGF-B1 were also investigated. The protein synthesis
inhibitor cycloheximide (10 ug/ml) suppressed the TGF-B1-
induced down-regulation of muscarinic m2 receptor expres-
sion, whereas cycloheximide alone had no effect on the steady
state levels of muscarinic m2 receptor mRNA (Fig. 6). This
suggests that synthesis of at least one protein factor is re-
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&

Cyclo. TGF-§1 +
Cyclo.

Fig. 6. Effect of cycloheximide on TGF-g1-induced down-regulation of
m2 muscarinic receptor mRNAs. Cells were treated for 14 hr with
vehicle (CTRL), TGF-B1 (lane 2), or cycloheximide (CYCL; lanes 3-5) or
pretreated for 1 hr with cycloheximide (10 ng/ml) before incubation with
TGF-B1 (CYCL + TGF; lanes 6-8). mRNA was then isolated and
evaluated for m2 muscarinic receptor expression with Northemn biot
analyses. Top, representative Northem blot. Bottom, densitometric
measurements of the Northemn blot data. Cyclo., cycloheximide. Values
are mean * standard error of five independent experiments. *, p <
0.001 compared with control.

POXCX .

CTRL TGF-B1

quired for TGF-B1 stimulation to alter m2 receptor mRNA
levels. This was further substantiated with the use of a
protocol in which the addition of cycloheximide was delayed
until 4 hr after TGF-g1 stimulation. Steady state levels of m2
muscarinic receptor mnRNA measured 10 hr after cyclohexi-
mide addition show that this translation inhibitor fully pro-
tected against TGF-Bl-induced m2 receptor mRNA down-
regulation (data not shown).

The half-life of m2 mRNA was evaluated after TGF-B1
stimulation with the use of the RNA polymerase inhibitor
actinomycin D. These experiments showed that TGF-B1 did
not induce destabilization of the m2 message (Fig. 7). The
half-life estimated from these experiments (3—4 hr) was not
altered by TGF-B1 treatment. This result suggests that
TGF-B1 induces down-regulation through a mechanism in-
volving transcriptional rather than post-transcriptional al-
teration of the muscarinic m2 mRNA. This was confirmed
with nuclear run-on assays. The rate of muscarinic m2 re-
ceptor gene transcription showed a 50% reduction after 18 hr
of TGF-B1 treatment (Fig. 8).

Discussion

TGF-B1 affects the expression of multiple genes and may
thereby regulate a broad spectrum of physiological re-
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Fig. 7. Degradation rate of m2 muscarinic receptor mRNA. Cells were
treated with vehicle or TGF-g1 for 14 hr. After this incubation period,
cells were washed, and actinomycin D (5 ug/ml) was added for the
times indicated. mMRNAs were extracted and evaluated for m2 receptor
mRNA expression with Northem blot. Values are mean + standard error
of three separate experiments.
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Fig. 8. Relative rate of nuclear transcription of the m2 gene after
TGF-B1 treatment. Cells were treated for 18 hr with TGF-g1, and nuclei
were collected for nuclear run-on assays. 32P-labeled mRNA was tran-
scribed in vitro from isolated cell nuclei, and 1.5 X 10° cpm of run-on
products were hybridized to each blot as described in Experimental
Procedures. The plasmids used were pGEM3Z without an insert (neg-
ative control) or containing m2 receptor and GAPDH cDNA inserts.
Values are average of two separate experiments and the ratio
of the absorbance of m2 and GAPDH in control (CTRL) and TGF-g1-
treated cells.

sponses. In this study, we investigated its effect on the ex-
pression of M, muscarinic receptors in HEL 299 cells and
provide evidence for the transcriptional down-regulation of
muscarinic m2 receptor gene by TGF-g1.

HEL 299 cells constitutively express m2 receptors, with no
evidence of other muscarinic receptor subtypes. In these
cells, TGF-B1 induced a time-dependent decrease in musca-

rinic receptors. A marked reduction was seen with 58% loss of
receptor number after a 24-hr incubation with TGF-81. The
loss of [’HINMS binding sites occurred slowly, which reflects
a fall in the steady state levels of m2 receptor mRNA rather
than internalization of the receptors through phosphoryla-
tion. The delay between protein loss and the fall in mRNA
levels may be indicative of the rate of receptor turnover
within the cell. Recovery of muscarinic receptor after TGF-A1
stimulation was investigated. The TGF-B1 effect was long
lasting (half-life = 8 hr) as at least 12 hr was required for m2
receptor mRNA to return to basal levels after TGF-B1 wash-
out. Previous results obtained in the same cell line have
shown that the recovery of M, muscarinic receptor protein
after receptor alkylation occurred mainly through the syn-
thetic pathway, with an estimated receptor synthesis half-
life of ~12 hr (22).

Functional desensitization of M, receptors after 24-hr
TGF-B1 stimulation of the cells was evaluated with cAMP
measurement. Basal concentrations of cAMP were not al-
tered by TGF-B1 treatment. In control cells, forskolin-stim-
ulated cAMP accumulation was significantly inhibited by
carbachol, as expected. However, the inhibitory effect of car-
bachol was lost after exposure of the cells to TGF-g1, al-
though the amount of cAMP generated by forskolin stimula-
tion was also reduced after TGF-B1 stimulation. It is likely
that the inhibitory effect of TGF-B1 on cAMP generation
reflected a decrease in adenylyl cyclase activity. Adenylyl
cyclase activity measured in membranes prepared from HEL
299 cells confirmed a reduced activity of the enzyme by
TGF-B1. Our results differ with those obtained in human
tracheal smooth muscle cells (23) but are in agreement with
data obtained in cardiomyocytes, where forskolin-evoked
cAMP accumulation and adenylyl cyclase activity were re-
duced by TGF-B1 (24).

Because the forskolin effect on cAMP accumulation and
adenylyl cyclase activity was reduced by TGF-g1, it was not
possible to draw a conclusion regarding functional respon-
siveness of M, muscarinic receptors after TGF-B1 treatment.
Unlike forskolin, cAMP accumulation evoked by PGE, was
not altered by TGF-B1. There was no significant difference in
the amount of cAMP generated by the combination of carba-
chol and PGE, compared with PGE, alone in either control or
TGF-B1-treated cells, confirming the functional desensitiza-
tion of M, muscarinic receptors. The discrepancy in results
obtained with TGF-B1 for forskolin and PGE, stimulation of
intracellular cAMP and adenylyl cyclase activity is unclear
but may reflect differences in the adenylyl cyclase isoforms
recruited by the stimuli and their differential sensitivity to
TGF-B1 (25, 26). Indeed, there is evidence of at least eight
isoforms of adenylyl cyclase, which have been classified into
three subfamilies based on sequence similarities. These iso-
forms differ in tissue distribution, subcellular location, and,
most important, mode of regulation (25-27).

To gain insight into the mechanism by which TGF-g1
induced m2 receptor down-regulation, we investigated the
effect of the potent protein synthesis (cycloheximide) and
RNA polymerase (actinomycin D) inhibitors on receptor
down-regulation. Cycloheximide abolished the reduction in
the steady state levels of m2 mRNA induced by TGF-B1,
whereas alone it had no effect on m2 receptor mRNA levels.
This suggests that the synthesis of at least one protein is
required for receptor down-regulation. This factor, or a sub-
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sequently induced protein, might alter transcription of the
m2 receptor gene directly or change the degradation rate of
the m2 receptor mRNA. Recently, Lee et al. (28) identified a
261-base region in the 3’-untranslated region of the musca-
rinic m1 receptor gene that is essential in m1 mRNA desta-
bilization. Actinomycin D was used to measure changes in
the half-life of m2 receptor mRNA after TGF-81 addition.
These data indicate that the reduction in muscarinic m2
mRNAs after TGF-B1 treatment was not due to a change in
the mRNA stability but rather reflects a decrease in the
transcription rate of the gene. This was confirmed with nu-
clear RNA run-on assays. Fig. 6 shows that the basal expres-
sion of m2 receptor gene could be markedly reduced after
TGF-B1 treatment. Thus, the reduction in m2 mRNA could
be solely accounted for by transcriptional inhibition by this
cytokine. This result agrees with the transcriptional regula-
tion by TGF-B1 of other genes, including the matrix-degrad-
ing metalloprotease transin (29).

We have shown that de novo protein synthesis is required
for receptor down-regulation. The nature of the protein(s)
induced by TGF-Bl1 activation is not known. However,
TGF-B1 is known to induce DNA binding activity of a number
of proteins, including transcription factors such as activator
protein-1. In the mouse hepatoma cell line BWTG3, TGF-81
induced a rapid increase in Jun-B and Fos-B mRNAs (30).
Furthermore, these authors concluded that this induction
may participate in down-regulation of albumin synthesis.
Similar results were obtained in mouse 3T3 fibroblasts
(which are growth stimulated by TGF-g1) and in lung ML-
CCL-64 epithelial cells (which are growth inhibited by TGF-
B1), in which the c-Jun and Jun-B were induced by TGF-g1
(31). Electrophoretic mobility shift assays with nuclear ex-
tracts from HEL 299 cells treated with TGF-B1 showed a
rapid increase in DNA-binding activity to the activator pro-
tein-1 site (data not shown). This suggests that TGF-g1 may
alter the gene expression of the muscarinic m2 receptor sub-
type through increased expression of activator protein-1
binding proteins in a manner analogous to that described for
the negative regulation of the transin/stromelysin gene ex-
pression by TGF-B1 (32). It was shown that TGF-g1 induces
c-Fos and c-Jun proteins that bind the TGF-g1 inhibitory
element (the consensus sequence GNNTTGGTGA is present
in all genes repressed by TGF-B1) to induce transcriptional
repression. However, direct interactions of these transcrip-
tion factors with the m2 receptor gene promoter cannot be
measured directly as no sequence data are available.

TGF-B1 signal transduction pathways are largely un-
known. Cross-linking and immunoprecipitation studies have
shown that the functional TGF-B1 receptor is a heteromeric
complex (2). Because TGF-B1 receptors are transmembrane
serine/threonine kinases, it is reasonable to suggest that
stimulation of these receptors can lead to the activation of
variety of protein kinases. The resulting phosphoproteins are
likely to be associated with regulation of muscarinic m2
receptor gene through phosphorylation and then activation of
transcription factors (33, 34). This is supported by evidence
suggesting that type I and type II receptors for TGF-p fail to
restore any response to TGF-B when a mutation in the ATP-
binding site (which destroys the kinase activity) of either
receptor was introduced (35).

In summary, we demonstrated that TGF-Bl, a serine/
threonine kinase receptor ligand, decreased the adenylyl cy-

clase activity and induced down-regulation of M; muscarinic
receptor protein and mRNA through a reduction in the rate of
m2 receptor gene transcription. Furthermore, we showed
that protein synthesis is required for receptor down-regula-
tion. We therefore suggest that TGF-81, expressed and re-
leased by many cells within the airways, may modulate cho-
linergic function by reducing gene expression of M, receptors.
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