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ABSTRACT

It is proposedthat lossof a growth-inhibitoryresponseto transfonning
growth factor @3(TGFIJ) contributes to breast cancer progression. Because
cellular TGFfi responsiveness often correlates with TGF@ type II receptor
(TGFfi-IIR) expression, we have examined the ceHulardistribution of TGFfi
fiRs in tumor and nontumor mammary epithelial cells. By immunoblot
analysis, TGF@-HR was detected both in membrane and cytosolic fractious of
MDA-231 tumor cells as well as in normal human breast epithelial cells. The
cytosolic protein appeared to be more abundant and was detected as a clear
perinuclear staining by immunocytochemistry. The glycosylation patterns of
the cytosolic and membrane form were different, indicating distinct receptor
pools, The cytosolic TGFfi-LIR did not bind @I4abeledTGFfi1 but had a
detectable in vitro and in vivo kinase activity. MCF.7 breast cancer cells
express the TGF@J-IIR mRNA but show undetectable cell surface TGF@3-IIR
protein by affinity cross-linldng. However, low levels of TGFI3-IIR were
observed in MCF-7 cytosoL Sequencing of the coding region of TGFfi-LIR
from MCF-7 cells indicated a point mutation (A439V) in a nonconserved
region of the kinase domain. When MCF-7 cells were treated with sublethal
doses of Adriamycin that induce cell differentiation, the membrane localiza
tion ofTGF@3-IIRand TGFIJ response were restorecLOur results indicate the
presence of a prominent, kinase-active TGF@3-IIRin the cytosol of several
mammary cell lines. This cytosolicpool ofreceptors is the only detectable one
in MCF-7 cells. Loss of wild-type membrane receptors due to defects in
trafficking presents a potential new mechanism for escape from negative
growth control.

INTRODUCTION

The family of TGFI33-like growth factors participate in the regula
tion of cell proliferation and differentiation, extracellular matrix for
mation and degradation, and angiogenesis, as well as immune func
tions (reviewed in Refs. I and 2). In most normal epithelial cells,
TGF@3sact as potent growth inhibitors. Three distinct TGFI3 isoforms
(TGFj31â€”3)and many related peptides have been described in mam
malian cells (reviewed in Ref. 3). They are Mr 25,000 polypeptides
secreted in a latent, inactive form. The latent complex frequently
contains the NH2-terminal remnant of the precursor protein (latency
associated protein) as well as latent TGF@-binding protein, which is
involved in the secretion and matrix association of TGFI3 (4, 5).
Because most cells can produce latent TGFj3 as well as cell surface
receptors, activation of these complexes plays an important regulatory
role in the paracrine/autocrine actions of TGFI3.

Three major cell surface receptors that bind TGFI3 have been

identified and named type I, II, and III receptors (reviewed in Refs.
6â€”8).TGF3-IIIR is a proteoglycan also known as betaglycan and it
most likely functions as a storage protein as well as in presenting the
ligand for the signaling receptors (9). TGFf3-IR (ALK-5/R4; Ref. 10)
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and TGF@-IIR (1 1) are transmembrane serine/threonine kinases di
rectly involved in signal transduction. Several different receptor com
plexes can bind TGFI3 in vitro, but thus far, only TGFj3-IR/IIR
complex has been shown to mediate TGF@ signals (12). TGFf3-IIR is
constitutively phosphorylated in the absence of ligand, and the phos
phorylation status does not considerably change by TGF!3 binding
(13). It is believed that TGFJ3-IIR binds ligand first and determines the
ligand specificity of the complex. TGF@-IR, which alone cannot bind
TGFI3, is then recruited to the complex most likely containing several
receptor molecules (14, 15). A ligand-dependent phosphorylation of
the GS domain of TGFJ3-IR by TGFf3-IIR is required for signal
propagation and leads to the activation of downstream signaling
cascades (13, 16). The effects of TGF@ on growth and extracellular
matrix production can be uncoupled, and the functional contribution
of the two types of receptors is under investigation (17, 18).

Several proteins that can associate with the cytoplasmic parts of the

signaling receptors have been identified, but their role in signal propa
gation is still open. FKBP12 and farnesyl transferase bind to the cyto
plasmic domain ofTGF@3-W (19, 20). Chen et a!. (21) reported that a WD

domain-containing protein named TGF/3-receptor interacting protein-i
associates with TGF@3-HRand is phosphorylated by the receptor kinase.
A new family of proteins called Mothers against dpp (MADs) have
recently been connected with the signal transduction by TGFI3 proteins
(22, 23). Ligand-dependent translocation to nucleus and transactivating
activity of MADs seems to associate with TGF@3-mediatedsignals.

Loss of growth-inhibitory response to TGFJ3 is a common phenom
enon in tumor progression. Because TGF@ responsiveness correlates
with TGFj3-IIR levels (24, 25), attention has been given to mutational
changes or deletions of TGF@-IIR in cancer cells. In colon and gastric
cancers with microsatellite instability, TGFf3-IIR mutations in the
polyadenine tract are common (26â€”28).In head and neck squamous
carcinomas, point mutations in the kinase domain have been reported
(29). Also in T-cell malignancies, retinoblastomas, and other types of

cancers, genetic changes or loss of TGFf3 receptors contribute to
aberrant TGF/3 responsiveness (Ref. 30; reviewed in Ref. 31).

TGFfJs are potent growth suppressors of human mammary epithe
hal and breast carcinoma cells and act as negative autocrine growth

inhibitors (32). They also participate in the modulation of mammary
gland development in vivo (33, 34). Malignant progression is associ
ated with acquisition of insensitivity to growth inhibition by TGFI3.
Estrogen receptor-positive breast carcinoma cell lines in general lose
sensitivity due to inadequate TGFf3-IIR expression, whereas most
estrogen receptor-negative cell lines express TGFJ3-IIR and retain a
low level of sensitivity (35). Mutations in TGF@3-IIRhave not been
described in mammary carcinomas. We have here characterized the
expression of TGFJ3-IIR mRNA and protein as well as cellular local
ization and function in cultured breast carcinoma cells.

MATERIALS AND METHODS

Antibodies. Four different antibodies against TGF@3-IIR were used in the

studies. Dr. Xiao-Fan Wang (Duke University, Durham, NC) kindly provided

polyclonal rabbit antibodies 2732 and 2617. 2732 was raised against the
extracellular domain of the type II receptor overexpressed in Sf9 cells as a

HIS-tagged protein. It recognizes TGFf3-IIR in Western blotting and immu
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TGF@31. After washes with binding buffer, the bound â€˜251-labeled TGF@l was

cross-linked with 800 ,.tM BS3 (Pierce, Rockford, IL) for 15 mm at 4Â°C in the

same buffer without BSA for 20 mm. The reaction was stopped by washes with

binding buffer, and the samples were subjected to SDS-PAGE in 5â€”15%

gradient polyacrylamide and visualized by fluorography.

In Vitro Kinase Assay. Cytosolic and membranefractionswere immuno
precipitated with TGFf3-IIR antibodies (a220 and a2732), and the kinase

activity was determined in vitro. The immune complexes bound to Sepharose

beads were incubated with [y-32P]ATP(3000 Cilmmol; Amersham Corp.) in
kinase buffer [50 mM Tris-HCI (pH 7.6), 150 mM NaCI, I mM NaF, 1 mM

NaMo4, 1 mM Dli', S mM MgC1,, and S mM MnCl2] for 30 mm at 30Â°C. The

beads were washed with RIPA buffer, and immune complexes eluted by
incubating in 1% SDS for 5 mm at 95Â°C. SDS concentration was diluted to

0. 1%, and a second immunoprecipitation was performed with the same anti
body for 2 h at room temperature where indicated.

Immunocytochemistry. Cells were plated on 35-mm dishes (MatTek

Corp., Ashland, MA) at low density and allowed to adhere for at least 24 h. All
of the incubations were at room temperature except for antibody incubations,
which were at 37Â°C.Cells were fixed in PBS/4% paraformaldehyde for 20
mm, washed three times in PBS for 10 mm each, and permeabilized with
PBS/0.2%TritonX-100for20mm.Afterwashes,thenonspecificbindingwas
blocked with PBS/3% BSA and PBS/5% normal donkey serum for 30 mm
each. The plates were washed and incubated for 1 h with antibody in PBS/3%
BSA-0.l% Triton X-l00. The antibody was preincubated with 100-foldexcess
of blocking peptide for 2 h at 37Â°Cwhere indicated. Washes were followed by
incubation with donkey antirabbit-IgG-CY3 antibody (Jackson ImmunoRe
search, West Grove, PA) for 1 h. Visualization was performed by laser
scanning confocal microscopy.

RNA Isolation and Northern Hybridization. Poly(Ai@RNA was puri
fled from cultured cells using oligo-dT cellulose chromatography as described

(38). For Northern analysis, 3 p@gof mRNA were fractionated on 1.2% agarose

gels containing formaldehyde and transferred to nitrocellulose membranes

(Micron Separations, Inc., Westboro, MA) by capillary transfer. Prehybridiza
tion and hybridization were performed at 42Â°C in 50% formamide, 250 @tg/ml

single-stranded DNA, 1X Denhardt's, 50 @g/mlpoly(A), 0.1% SDS, and 5X
SSC. cDNA probes for TGF3-IIR (11) and TGF@-IR(10) were labeled with
I32PIdCTP(>3000 Ci/mmol; Amersham Corp.) using a Rediprime labeling kit
(Amersham Corp.).

RT-PCRand Sequencing.RT-PCRfrom400 ng of poly(A)@RNAwas
used to amplify two overlapping fragments of TGF@3-IIR sequence from

MCF-7 cells. As described by Wrana et a!. (13), the upstream and downstream
fragments were amplified with primer pairs 201/104 and 204/I 1 1, respectively.

The PCR products were ligated into pBluescript KS vector (Stratagene, La
Jolla, CA), and several independent clones were isolated and sequenced with
an automated sequencer.

Soft Agarose Colony.forming Assay. A single suspension of 3 X l0@cells
was plated in 35-mm Petri dishes in 0.8% agarose/10% FCS in the presence of
different doses of human recombinant TGF@31as described previously (32).
After 10 days, colonies measuring 50 im were counted using an Omnicon
stem model II image analyzer (Bausch & Lomb, Rochester, NY).

RESULTS

TGF@Receptor mRNA Expression in Breast Carcinoma Cells.
TGFf3-IR and TGF@3-HRmRNA expression in three breast carcinoma
cell lines was studied by Northern hybridization analysis. MDA-231,
MCF-7, and T47D cells all expressed TGF(3-IR mRNA; the detected
transcript amounts were comparable to mRNA levels in mink lung
epithelial cells (MvlLu) known to express abundant amounts of all three
TGF@ receptors (Fig. 1). All cell lines except T47D also expressed
TGFf3-IIR mRNA. T47D and MCF-7 cells do not exhibit any TGFI3-HR
binding by affinity cross linking at 4Â°C(see Fig. 8A; 24, 39â€”41).

TGF@-HRProtein Content in Cellular Fractions Cytosolicand
membrane fractions of cells were separated by SDS-PAGE and immu
noblotted with anti-TGF@3-llR antibodies. Antibody a2732 directed
against the extracellular domain clearly recognizes a Mr 70,000 protein in
the membrane fractions of MDA-23l breast cancer and HMECs as well

noprecipitation. 2617 was raised against subdomains IX/XTFail of the type II

receptor, which were generated as a GST fusion protein in bacteria; it is
efficient in immunoprecipitating TGF(3-IIR. The antibody C-16 (ct220; Santa
Cruz, Santa Cruz, CA) raised against the COOH terminal amino acids (550â€”
565) was used for immunoprecipitation as well as for immunocytochemistry.
Affinity-purified polyclonal ct-TGF/3-IIRwas a gift from Dr. Kohei Miyazono
(The Cancer Institute, Tokyo, Japan) and was raised against intracellular
juxtamembrane parts of the receptor. It was used to detect the receptor protein
by immunocytochemistry (36).

Cell Culture and Metabolic Labeling. HMECs from Clonetics Corp. (San
Diego, CA) were cultured in MEGM media (Clonetics Corp.). The human
breast carcinoma cell lines MCF-7, T47D, and MDA-231 (American Type
Culture Collection, Rockville, MD) were cultured in IMEM (Life Technolo
gies, Inc., Grand Island, NY) supplemented with 10% (MDA-23 1 and T47D)

or 5% (MCF-7) fetal bovine serum (Hazelton, Lenexa, KS). The culture media
for MCF-7 and T47D cells also contained 10 nisiinsulin. MCF-7adr cells (37)
were provided by Dr. Ken Cowan (National Cancer Institute, NIH, Bethesda,
MD) and cultured as the parental cell line. MvlLu mink lung epithelial cells
(American Type Culture Collection) were cultured in McCoy's media supple

mented with 5% fetal bovine serum.
Subconfluent (â€”80%)cultures were labeled with 100 p@Ci/mlof [32P]P1

(Amersham Corp., Arlington Heights, IL) in phosphate-free media overnight.

Following labeling, the samples were prepared as described below.
Cell Fractionation. Cells grown on 60- or 100-mm culture dishes were

washed with cold PBS (170 mrsi NaC1-l0 mM sodium phosphate buffer, pH 7.4),
scraped into fractionationbuffer [20 mMTris-HCI(pH 7.4), 2 mrviEDTA, 25 mM
NaF, 1 mM DTT, 2 mM NaMo4, 2 mM NaVO4, 1 @g/mlaprotinin, and 1 j.tg/ml
leupeptin) and sheared by passing through a 26-gauge needle five times. After
centrifugation at 100,000 X g for 60 mm, the soluble fraction (cytosol) was
removed,and the pellet was resuspendedin fractionationbuffer containing0.8%
Triton X-lOO for 20 mm at 4Â°C.The membrane fraction was cleared from
insolublematerialby centrifugationat 12,000X g for 15mm. Triton X-lOOwas
added also to the cytosol fractionsto yield a 0.8% final concentration.

Western Blotting and Immunoprecipitation. For Western blotting,
l00-@.tgaliquots of protein were separated by 8% SDS-PAGE and transferred
to nitrocellulose membranes by semidry electrophoretic transfer (Bio-Rad,
Hercules, CA). Nonspecific binding was blocked with 5% nonfat milk in
TTBS [50 mM Tris-HC1 (pH 7.5), 150 mM NaCl, and 0.05% Tween 20] for 1 h
at room temperature. The membranes were incubated with antibodies in the
same buffer for 1h at room temperature and washed three times with TTBS for
10 mm each. Bound antibodies were detected using peroxidase-conjugated
anti-immunoglobulins (Amersham Corp.) and enhanced chemiluminescence

detection system (KPL, Gaithersburg, MD).

For immunoprecipitation, the cytosol and membrane fractions in 1-mI
aliquots were precleared with protein A-Sepharose (Sigma Chemical Co., St.
Louis, MO) for 30 mm at 4Â°Cand incubated with specific antibodies overnight

at 4Â°C,followed by absorption with protein A-Sepharose for 1.5 h. The
Sepharose particles were washed three times with RIPA buffer [50 mrvi

Tris-HC1(pH 8.0), 150 msi NaC1, 1% NP4O,0.5% sodium deoxycholate, and
0.1% SDSJ, and the immune complexes were eluted with Laemmli sample
buffer and analyzed by SDS-PAGE.

tasI.labeled TGF@J1Binding and Cross-Linking. Binding with cells
grown as monolayers was performed in 100-mm tissue culture dishes with 1
ng/ml of â€˜25I-labeledTGFf31(173 @.sCi/@g;DuPont NEN, Boston, MA). Cells
were incubated in binding buffer [128 mM NaCl, S mM KC1, S mist MgSO4, 1.2

mM CaCl2, 50 mM HEPES (pH 7.5), and 0.2% BSA] containing labeled

TGF3I for 4 h at 4Â°C with gentle rocking. Nonspecific binding was deter

mined in the presence of IOOX molar excess of unlabeled recombinant TGF!31

(Genentech, South San Francisco, CA). After washes, the bound â€˜251-labeled
TGFf31 was cross-linked to cell surface receptors with 50 j.@Mdisuccinimidyl

suberate (Pierce, Rockford, IL) for 15 mm at 4Â°Cin the same buffer without
BSA. Cells were then scrapped and solubilized as described (32). The samples
were subjected to SDS-PAGE in 5â€”15%gradient polyacrylamide, and labeled
receptors were visualized by fluorography.

For binding assays with soluble receptors, TGFJ3-IIRwas immunoprecipi
tated from cytosolic and membrane fractions as described above. After washes
with RIPA buffer, the Sepharose beads were incubated with 1 ng/ml of
â€˜25I-labeledTGF@31in binding buffer for 4 h at 4Â°Cwith rocking. Nonspecific
binding was determined in the presence of 100-fold molar excess of unlabeled
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detected (data not shown). We failed to detect any specific membrane
staining, which may reflect the lower number and more diffuse pattern of
receptors in the plasma membrane. Double staining with a nuclear YO
PRO stain indicated no colocalization (data not shown), supporting a
clear extranuclear pattern. MCF-7 cells showed a very diffuse staining,
not the typical perinuclear pattern seen in all other cells. The cells grow
in clusters, and they have a very high nuclear:cytosol ratio typical of
neoplastic cells.

Glycosylation Patterns of TGFfI-IIRs. To determine whether the
cytosolic and membrane form of TGF(3-HR differ in their glycosylation
pattern, MDA-231 cells were treated with I or 5 pg/mi tunicamycin
overnight, fractionated to cytosolic and membrane compartments, and
subjected to TGFf3-IIR immunoblotting. Tunicamycin blocks formation
of protein N-glycosidic linkages, and as expected, a clear reduction in the
molecular weight of the membrane TGFf3-IIR was observed (Fig. 4B).
No detectable change in the cytosolic form was seen. Treatment with
endoglycosidase F and H in vitro, which cleave already formed oligo
saccharides, of cytosolic and membrane fractions of MDA-23l cells
followed by immunoblouing showed a similar result. The membrane
TGFI3-IIR was affected by glycosidase treatment, whereas changes in the
cytosolic form were not detected (Fig. 4A). These results suggest distinct
glycosylation patterns for these two forms of TGFJ3â€”HR.

Affinity Cross-linking of TGFfi1 to Cytosolic and Membrane
TGFfJ-IIRs. To learn if TGFj3-IIR in the cytosol can bind TGF-@,
we performed â€˜25I-labeledTGF/31 binding and affinity cross-linking
analyses of immunoprecipitated TGF@3-IIR.Immune complexes from
membrane fractions exhibited â€˜251-labeled TGFf31 binding, which
could be competed with unlabeled TGFJ3I (Fig. 5A). As expected for
the ligandfTGF@-IIR complex, the size of the cross-linked receptor in
SDS gel was Mr â€”94,000. A less prominent competed band (Mr
â€”65,000) corresponding to the size of TGFj3-IR was also detected,
but its identity remains to be established. No binding to the cytosolic
TGF@3-IIRcould be detected. Simultaneous Ip-Western experiments
showed that this was not due to inefficient immunoprecipitation of the
cytosolic form (Fig. SB). The results were similar when either cs220 or
a2616 antibody was used to immunoprecipitate TGF3-IIR. Both of
these antibodies are directed against cytoplasmic sequences of the
receptor and should not interfere with TGF@1 binding. Because bind
ing might be affected by other factors present in the cytosol, we also
performed the experiment by incubating cytosolic and membrane
fractions directly with â€˜251-labeledTGFI31 followed by cross-linking
and analyses by SDS-PAGE (data not shown). The results were
similar, indicating that membrane but not cytosolic TGF/3-IIR can
bind TGFI3I with high affinity.

In Vitro and in Vivo Kinase Activity of TGF@J-IIRs. Character
ization of the function of the cytosolic TGF@3-IIRinvolved in vitro and
in vivo kinase assays. In vitro kinase assay with immunoprecipitated
TGF@-IIR from MDA-23l membrane fractions resulted in Mr 60,000

MvlLuHMECMDA-231MCF-7CMCMCMCM
Fig. 2. TGFf3-IIR protein in cytosolic and mem

brane fractions of MvlLu, HMEC, MDA-23l . and
MCF-7 cells. Cytosolic (C) and membrane (M)
fractions were prepared as described in â€˜Materials
and Methods.â€•Aliquots (100 @.&gof protein) were
separated by 8% SDS-PAGE and transferred to
nitrocellulose membranes for immunoblotting with
a2732. Bound antibodies were detected with per
oxidase-conjugated secondary antibodies and en
hanced chemiluminescence detection. Arrow, Mr
70.000 TGFI3-IIR. Left. molecular weight markers.
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Fig. I . TGF@-IR and TGF(3-IIR receptor mRNA expression in breast carcinoma cells.
Poly(A)@-nch mRNA was isolated from subconfluent cell cultures and analyzed by
Northern hybridization using TGF(3-IR, TGFj3-IIR, and glyceraldehyde-3-phosphate de
hydrogenase (GAPDH) probes successively. The â€”6-kbTGF@-IR, â€”5.5-kb TGF(3-IIR,
and â€”1.3-kb GAPDH mRNAs were the only bands detected. All exposures are from the
same nylon filter. mRNA levels from breast carcinoma cells (T47D, MDA-23l, and
MCF-7) were compared to expression levels in mink lung epithelial cells (MvlLu).

as MvlLu cells (Fig. 2). Surprisingly, abundant amounts of TGFI3-HR
were detected also in the cytosolic fractions. Because a majority of the
cellular protein pool is present in the cytosol, the immunoblot data using
equal protein amounts from both particulate and soluble fractions suggest
that TGFf3-IIR is more abundant in the cytosolic than in the membrane
compartment of those cells tested. Other transmembrane growth factor
receptors, like epidermal growth factor receptor and HER2 were re
stricted to the membrane fractions (data not shown), supporting adequate
cellular fractionation. In accordance with affinity cross-linking studies,
TGFI3-IIR was undetectable in MCF-7 cell membranes. However, low
levels of the Mr 70,000 protein were detected in the cytosolic fraction.
Longer exposure time was needed to visualize the TGFI3-IIR in MCF-7
cytosols. No TGF@3-IIRbands were detected by immunoblot of either
cytosol or membranes from T47D cells that lack TGF!3-HR mRNA (data
not shown).

Immunocytochemical Localization of TGFI3-IIR. To further ex
amine the subcellular localization of TGFI3-HR, we performed immuno
cytochemical staining of MDA-231, MCF-7, HMEC, and MviLu cells
with TGFf3-IIR antibodies. The staining as visualized by confocal mi
croscopy showed a distinct granular perinuclear pattern in all except
MCF-7 cells (Fig. 3). A similar pattern was detected with two distinct
antibodies that could be blocked by immunizing peptide in the case of
a220 antibody. This result is consistent with the immunoblot analysis and
suggests a more abundant cytosolic distribution of the receptor protein.
When permeabilization was performed with saponin (final concentration,
0.024%), a milder agent than Triton X-lOO, a similar staining pattern was

TGF@-IR

TGFf@-hR

GAPDH

.@ â€”@ @-@ @.@

cx2732
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Fig. 3. lmmunocytochemical localization of TGF@3-IIR.MDA-231, HMEC. MvlLu, and MCF-7 cells were cultured in 35-mm Matlek dishes. Subconfluent cells were fixed with
PBS/4% paraformaldehyde and stained with a-TGFf3-IIR or with a220 -1+ blocking peptide as indicated in â€œMaterialsand Methods.â€•CY3-conjugated secondary antibodies were
visualized by laser scanning confocal microscopy.

and Mr 70,000 phosphorylated proteins most likely representing the
core and the mature glycosylated form of the receptor (Fig. 6A).
Interestingly, the Mr 58,000 form detected in the cytosol fraction was
also kinase active. A similar pattern of precipitated phosphoproteins
were detected with both a220 and cr2732 antibodies in MDA-23l
cells, suggesting that all three forms represent TGFj3-IIRs. A Mr
37,000 phosphoprotein coprecipitated with both cytosolic and mem
brane TGF@3-IIRwhen a220 antibody was used. This phosphoprotein
was more abundant in the cytosolic fractions. Whether the Mr 37,000
protein represents a TGF@3-IIR binding protein like TGF@3-receptor
interacting protein-i (21) or a proteolytic fragment remains to be
determined. As expected, no phosphoproteins were detected in
MCF-7 membrane fractions. The Mr 58,000 and Mr 37,000 bands seen
in all of the other cell lines were present also in MCF-7 cytosols,
supporting the immunoblotting data, which indicated the presence of
a cytosolic TGFf3-IIR in these cells.

To determine TGF(3-IIR in vivo kinase function, MDA-231 and
MCF-7 cells were incubated overnight with [32P]P1, fractionated in
cytosol and membrane compartments, and immunoprecipitated with
a220. The steady-state levels of phosphorylated TGFf3-IIRs in intact
cells were then assessed by SDS-PAGE. The predominant phospho
protein recognized was a Mr 60,000 protein in both fractions from
MDA-23 1 cells but only in the cytosol of MCF-7 cells (Fig. 6B). The
nonspecific Mr >97,000 band was not competed with immunizing
peptide (data not shown).

Sequencing of TGF1@-IIR from MCF-7 Cells. Because TGFf3-
hR mRNA is expressed in MCF-7 cells but in the absence of any
â€˜251-labeledTGFf3 binding (24, 40), we speculated that there might
be a failure in the processing and/or trafficking of TGFJ3-IIR to the
cell surface. To address the possibility of a causative TGF/3-IIR
mutation in MCF-7 cells, we sequenced the coding region of the
receptor RNA in this cell line. Two overlapping fragments were
RT-PCR amplified, cloned into a vector, and sequenced by auto
matic sequencer. Several independent clones from different PCR

A C M
Endoglycosidase - F H - F H

46

B C M
Tunicamycin Ej.tg/ml] - 1 5 - 1 5

97

46 --

Fig. 4. Glycosylation pattern of the membrane and cytosolic TGF(3-IIR in MDA-23 1 cells.
A, cytosolic (C) and membrane(Al) fractions of MDA-231 cells were incubatedwith endogly
cosidase F or H at 37'C for 20 h; the deglycosylationreaction was terminated by adding
Laemmlisamplebufferandboilingfor5 mm.B,cellsweretreatedwithor withouttunica
mycin (I and 5 @g/ml)in regular growth media for 24 h and fractionated as described in
â€œMaterialsand Methods.â€•Immunoblotting was performed with a2732 as in Fig. 2.
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A

cold TGFf@1

B
C
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â€˜I CMFig. 5. â€˜251-labeledTGFj3I binding and affinity
cross-linking of cytosolic and membrane TGFI3-
hR. Immunoprecipitation from cytosolic (C) and
membrane (M) fractions was performed with a220
antibody raised against residues 550â€”565 in the
cytoplasmic tail of the TGF@-IIR. A, after washes
with RIPA buffer, the protein A-Sepharose beads
were incubated with â€˜25I-labeledTGF@I with or
without bOX cold TGF(3I in binding buffer (see
â€˜Materialsand Methodsâ€•)for 4 h. After cross
linking with 800 @.LMBS3, the immune complexes
were washed, eluted with LaemmLi sample buffer,
and analyzed by 8% SDS-PAGE. B, after washes,
the immune complexes were eluted with Laemmli
sample buffer and analyzed by immunoblotting us
ing a2732 antibody. Arrow, TGFf3-IIR. Left. mo

lecularweightmarkers.

4 @:.@@

220

97

66

46

reactions were sequenced. A single point mutation (Câ€”@T)in the
kinase domain was detected, leading to an alanine to valine change
in amino acid 439 (Fig. 7). Mutations in this codon have not been
reported earlier. This alanine residue is not in a conserved region
of the kinase domain, and whether this conservative change to

A.

Peptide

220

97

66

46

30

valine has an impact on TGFj3-IIR processing or function is
unlikely. One of the clones sequenced contained the 75-nucleotide
insertion in the extracellular domain reported to be present in the
TGFf3-IIb receptor (42), supporting the widespread presence of
this receptor form in different cell types.

CM

a2732

B.

220

97

66

MvlLu MCF-7

1@
â€¢*@

46

Fig. 6. In vitro and in vito kinase assays of TGFf3-IIR. A, cells were fractionated in cytosolic (C) and membrane (M) compartments and immunoprecipitated with TGF/3-IIR
antibodies (a22O and cr2732). Immune complexes were collected with protein A-Sepharose and washed with RIPA buffer. In vitro kinase assay was done by incubating the Sepharose
beads with F'v-32PIATPfor 30 mm at 30'C. After washes, a second immunoprecipitation with the same antibodies was performed. B, subconfluent MDA-23I and MCF-7 cells were
labeled with 100 pCi/mI of [32P1P,in phosphate-free media overnight. Immunoprecipitation from cytosolic (C) and membrane (M) fractions was performed with cr220 antibody.
Samples were analyzed by 8% SDS-PAGE. Left. molecular weight markers.
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Asn Ala Glu Ser

HuTGF@3IIR AAT GCT GAG TCC

MCF-7 AAT GU GAG TCC

438-441

Kinase
domain

Fig. 7. Sequencing of TGFf3-IIR from MCF-7
cells. The coding region of TGF(3-IIRwas RT-PCR
amplified in two fragments and sequenced by au
tomated sequencer. Several clones from independ
ent PCR reactions were sequenced, and the nude
otide sequence was compared to human TGF(3-IIR
sequence form Genbank [Seq ID: 339569 (updated
1/14/1995) Ref. I 1].

Jâ€”COOH
565

TGFI3 Receptors in Adriamycin-resistant MCF-7 Cells. Schin
dler et a!. (43) reported that MCF-7 cells have a failure to acidify
intracellular vesicular compartments, which affects cellular secretion
and recycling pathways. An MCF-7 subline selected for resistance to
Adriamycin (MCF-7adr) displays normal compartment acidification
and organization of the organelles (43). â€˜251-LabeledTGFI3I binding
and affinity cross-linking experiment showed that MCF-7adr cells
express abundant amounts of types I, II, and III TGF@ surface recep
tors, whereas the parental cells only displayed a low level of affinity
cross-linked type I and III receptors (Fig. 8A). Immunoblotting of
cytosolic and membrane fractions with TGFfJ-IIR antibodies mdi
cated receptors in both fractions (Fig. 8B). Interestingly, this cell line
was the only one that expressed more TGF@3-IIR in the membrane
fraction. A clear growth-inhibitory response was observed in a cob

MCF-7/Adr

CM

ot2732

ny-forming assay at 0. 1â€”10ng/ml concentration of TGF/31 (Fig. 8C),
indicating that this chronically selected MCF-7 derivative cell line is
able to process TGF@-IIRs and respond to TGF@ signals.

Adriamycin Treatment of MCF-7 Cells. The above experiments
suggest that in MCF-7 cells, the lack of TGF@-IIR on the cell surface
might be a trafficking defect. To further elaborate this hypothesis, we
treated MCF-7 cells with sublethal doses of Adriamycin known to
alter membrane function and induce changes consistent with a differ
entiated phenotype (44). Six-day exposure to 50 nrvi Adriamycin
followed by affinity cross-linking experiment (2 ng/ml of 1251-labeled
TGF@1) indicated that cell surface expression of TGFf3-IIR can be
acutely restored in MCF-7 cells with a simultaneous up-regulation of
type I receptors (Fig. 9). Type III receptors were also increased by this
treatment. This result also indicates that the point mutation detected in
the parental MCF-7 cell TGF3-IIR sequence does not interfere with
membrane trafficking of the receptor. The response to exogenous
TGFJ31 during this initial 5-day treatment with Adriamycin could not
be assessed because the latter results per se in G1 arrest and lack of
detectable cell proliferation. In addition, because both early passage
MCF-7 and MCF-7adr cells do not exhibit PAI-l induction in re
sponse to TGF/31 ,@the acute restoration of this target gene expression
by Adriamycin treatment could not be evaluated.

DISCUSSION

TGF@-HR forms a heteromeric complex with TGFI3-IR in a ligand
dependent manner to mediate TGFI3 signals. Recent studies with cells
transfected with wild-type or mutant receptor constructs are shedding
light on the phosphorylation events required for signal propagation (14â€”
16). The dynamic expression and trafficking of the receptor proteins is
likely to have an impact on cellular responsiveness to TGF!3 signals. The
low number of signaling receptors per cell has made it difficult to obtain
information on the synthesis, recycling, and degradation of TGFI3 recep
tors. In this study, we have characterized the expression and subcellular
localization of TGFj3-IIR in breast carcinoma cells. Using TGF@3-HR
antibodies raised against different TGF(3-IIR domains and a panel of
human breast nontumor and tumor cell lines, we have detected naturally
expressed TGFJ3-IIRS and describe the presence of a cytosolic form
distinct from the membrane form of the receptor.

MDA-23 1 breast carcinoma cells, which show abundant cell sur
face TGF@-IIR in â€˜25I-labeledTGF@1 binding assays, express fair
amounts of the mRNA. Also, MCF-7 cells that do not show TGFf31
binding expressed an mRNA of appropriate size. By immunoblot

4 Unpublished data.
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Fig. 8. TGFj3-IIRs in MCF-7adr cells. A, cell surface receptors from MCF-7 and
MCF-7adr cells were affinity labeled with â€˜251-labeledTGFj3I, cross-linked with DSS,
and visualized by 5â€”15%SDS-PAGE. Arrows, the migration of cross-linked types I, II,
and III TGFI3 receptors. Left, molecular weight markers. B. immunoblot analysis of
cytosolic (C) and membrane (M) TGF/3-IIR of MCF-7adr cells (see Fig. 2). C, growth
inhibitionof MCF-7adrwithexogenousTGFf3I. ThreeX l0' cells/dishwereplatedin a
soft agarose colony-forming assay in the presence of variable concentrations of TGFj31as
described in â€œMaterialsand Methods.â€•Each data point represents triplicate determina
lions; bars, SE.
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in hamster ovary cells that depicted a similar molecular weight than
the membrane receptor form. As in this report, the recognition of this
cytosolic TGF@3-IIRprotein by antibodies raised against extracellular
and intracellular receptor domains (Fig. SB), its association with a
similar pattern of phosphoproteins than the membrane receptor form
(Fig. 6A), and its kinase activity in vivo (Fig. 6B), all suggests that this
protein represents a cytosolic form of TGF@-IIR.

Early passage MCF-7 cells have been shown to express low levels of
TGF@3-IIRand respond to TGFI3I treatment (35). During continuous cell
culture, TGF/3 responsiveness and receptor expression at cell surface are
lost (Refs. 24, 40, and 41; Fig. 8A). The MCF-7 cells used in this study
respond to TGFI3I (10 ng/mI) treatment by only an approximately 10%
inhibition of growth. No cell surface TGFf3-IIRs could be detected, but
low levels of cytosolic receptors were observed by immunoblot and
kinase assays. Despite this lack of cell surface TGFJ3-IIR in MCF-7 cells,
ligand binding by TGFf3-IR is still detectable (Refs. 24, 40, and 41 ; Fig.
8A). This ligand binding by TGF/3-IRis perhapssurprisingbecause
theoretically it should require the presence of ligand-bound TGF/3-IIR
(14, 15). However, COS-l cells transfected with ALK-5 (TGFI3-IR) can
bind â€˜25I-labeledTGFI31 weakly in the absence of type II receptors (46),
suggesting that the result with MCF-7 cells is not unique. In addition,
MCF-7 cells express type II activin receptors (41), which have been
shown in other cell systems to associate with TGFj3-IR; the resulting
heteromeric complex can bind â€˜25I-labeledactivin A (46). Whether this
complex can also bind TGFf3I with low affinity, which would in part
explain TGF/3-IR binding in MCF-7 cells in the absence of cell surface
TGF@3-IIR, is a speculation that requires further study. Another not
exclusive possibility is that a low level of TGF@3-IIRbelow the detection
limit of our assays is present on the surface of MCF-7 cells and that this
very low level is adequate for TGFj3-IR recruitment and ligand binding.
This is supported by the faint â€˜25I-labeled,TGF(3b-labeled TGFI3-IIR
band shown in Fig. 9 (first lane) using a larger amount of labeled ligand
(2 ng/ml) and enhancement by Phospholmager analysis. Up-regulation of
TGF@3-IIRincreased the levels of affinity cross-linked type I receptors,
thus supporting the notion of ligand binding to a type Il/I heteromeric
receptor complex (15). Sequencing of the coding region of TGF(3-IIR
from these cells indicated a point mutation in the kinase domain leading
to an alanine to valine change in amino acid 439. This conservative
change in a nonconserved region ofthe kinase domain is unlikely to result
in loss of protein expression at the cell surface.

Schindler et a!. (43) reported that MCF-7 cells have a defect in pH
regulation of acidic compartments, leading to defects in recycling and
secretory pathways, and this might influence TGF(3-IIR trafficking.
Drug-resistant cells derived form MCF-7 cells (MCF-7adr) appear
normal in compartment acidification and express abundant cell sur
face TGF@-IIR. MCF-7adr cells were growth inhibited by TGFI3,
supporting intact receptor downstream signaling in this cell line.
Because we were able to enhance TGF@3-IIRtrafficking to cell surface
in the parental MCF-7 cells by Adriamycin treatment, these observa
tions suggest that failure to express TGF/3-IIR might result from a
general secretory defect in MCF-7 cells. Defective membrane traf
ficking has also been suggested to contribute to reduced TGFj3-IIR
surface expression in mitogen-activated CD4@ T cells from patients
with Sdzary syndrome (47). Although the intracellular pool of TGFj3-
lIRs in these cells appears normal, they exhibit little to none TGF@
IIR at the cell surface following mitogen stimulation.

A cytosolic pool of hormonally regulated TGF(3-IIRs in hamster ovary
cells have been reported recently and show similar characteristics to the
cytosolic TGF@3-IIRsin breast carcinoma cells (45). The biological sig
nificance of the cytosolic TGFI3-IIR in normal and tumor mammary
epithelial cells is unknown. On a protein basis, the cellular content of this
receptor pool appears larger than the membrane-integrated form. In some
cells that have lost expression of the membrane form of the TGFI3-IIR,

MCF-7
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66
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Fig. 9. â€˜251-labeledTGFf3I binding and affinity cross-linking of Adriamycin-treated
MCF-7 cells. MCF-7 cells were treated with 50 nsi Adriamycin for 6 days, and cell surface
TGF/3 receptorswere analyzedby affinity labeling and cross-linkingusing 2 ng/ml
25llabeled TGFf3 as in Fig. 8. The samples were analyzed by SDS-PAGE and exposed

to Phospholmager screen for 48 h. Image analysis was done using ImageQuant software
(Molecular Dynamics). Left. molecular weight markers.

analysis of cytosolic and membrane fractions of several cell lines, we
detected a cytosolic Mr 70,000 form of TGF/3-IIR. This cytosolic
TGF@-IIR form was the only detectable one in MCF-7 cells. Immu
nocytochemical studies of breast carcinoma cells as well as human
mammary epithelial cells with two different TGF@3-IIR antibodies
confirmed a distinct perinuclear localization of the receptors. A sim
ilar pattern of staining was obtained when Triton X-l00 was substi
tuted with the milder permeabilizing agent saponin. This result sug
gests that the cytosolic pattern of TGF(3-IIR staining was not due to
Triton-induced release in vitro of receptors from the plasma mem
brane as reported for other transmembrane proteins with short extra
cellular domains.5 The membrane TGF3-IIR but not the cytosolic
form was affected by tunicamycin and deglycosylating enzymes,
suggesting that the latter is an incompletely processed receptor further
supported by its inability to bind labeled ligand (Fig. 5A). It is unclear
as to why the cytosolic form exhibits the same molecular weight as the
membrane form. At least in MCF-7 cells, which exhibit no cell
surface TGF/3-IIR binding, it is very unlikely that it represents inter
nalized cell surface TGF@3-IIR.In preliminary studies, we have been
unable to modulate cytosolic TGF@-IIR levels in MDA-23l cells with
the addition of receptor-saturating doses of exogenous TGFf3I ,6 in
directly arguing against the possibility of internalized type II recep
tors. Recently, Roy and Kole (45) also reported a cytosolic TGFj3-IIR

5 H. S. Wiley. personal communication.

6 Unpublished results.
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this cytosolic pool is the only detectable one. In MCF-7 human breast
carcinoma cells, this failure to fully process a transmembrane TGFI3-IIR
is not related to a mutational event or deletion of the wild-type receptor
gene. The biochemical and molecular mechanisms for defective TGFI3-
IW processing in MCF-7 cells are beyond the scope of this report.
However, exogenous agents that induce differentiation restore membrane
localization of functional TGF@3-IIR,supporting the notion that this is a
phenotypic rather than genetic alteration. It appears then that (acquired)
mislocalization of the TGFJ3-IIR is an additional mechanism for loss of
TGFj3-mediated autocrine growth control and tumorigenicity in human
breast cancer cells.
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