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Characterization of a 150 kDa Accessory Receptor for
TGF-b1 on Keratinocytes: Direct Evidence for a GPI
Anchor and Ligand Binding of the Released Form
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Abstract Transforming growth factor-b (TGF-b) is a key modulator of epidermal development and homeostasis,
and has been shown to potently regulate keratinocyte migration and function during wound repair. There are three
cloned TGF-b receptors termed type I, type II, and type III that are found on most cell types. The types I and II are the
signaling receptors, while the type III is believed to facilitate TGF-b binding to the types I and II receptors. Recently, we
reported that in addition to these receptors, human keratinocytes express a 150 kDa TGF-b1 binding protein (r150)
which forms a heteromeric complex with the TGF-b signaling receptors. This accessory receptor was described as
glycosyl phosphatidylinositol-speci®c anchored based on its sensitivity to phosphatidylinositol phospholipase C (PIPLC).
In the present study, we demonstrate that the GPI-anchor is contained in r150 itself and not on a tightly associated
protein and that it binds TGF-b1 with an af®nity similar to those of the types I and II TGF-b signaling receptors.
Furthermore, the PIPLC released (soluble) form of this protein is capable of binding TGF-b1 independently from the
signaling receptors. In addition, we provide evidence that r150 is released from the cell surface by an endogenous
phospholipase C. Our observation that r150 interacts with the TGF-b signaling receptors, together with the ®nding that
the soluble r150 binds TGF-b1 suggest that r150 in either its membrane anchored or soluble form may potentiate or
antagonize TGF-b signaling. Elucidating the mechanism by which r150 functions as an accessory molecule in TGF-b
signaling may be critical to understanding the molecular mechanisms underlying the regulation of TGF-b action in
keratinocytes. J. Cell. Biochem. 83: 494±507, 2001. ß 2001 Wiley-Liss, Inc.
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Transforming growth factor-b (TGF-b) is a 25
kDa multi functional growth factor which plays
a central role in the wound healing process
[Roberts and Sporn, 1990; O'Kane and Fergu-
son, 1997]. It is an important regulator of the
immune response [Letterio and Roberts, 1998],
angiogenesis, reepithelialization [Roberts and
Sporn, 1990], extracellular matrix synthesis,
and remodeling [Peltonen et al., 1991; Yama-
moto et al., 1994]. During wound healing, re-

epithelialization initiates the repair process
which is characterized by recruitment of epi-
dermal stem cells, keratinocyte proliferation,
and the formation of an epithelial tongue of
migrating keratinocytes at the wound edge
[Clark, 1996]. TGF-b is chemotactic to kerati-
nocytes and induces the expression of integrins
on the migrating epithelium [Hebda, 1988;
Zambruno et al., 1995]. In spite of its promi-
gratory effect on keratinocytes, TGF-b is a
potent inhibitor to epithelial cell proliferation
in vitro [Pietenpol et al., 1990] and in vivo [Glick
et al., 1993]. Targeted deletion of the TGF-b1
gene in keratinocytes causes rapid progression
to squamous cell carcinoma [Glick et al., 1994].
In addition, the epidermis of transgenic mice
expressing a dominant negative TGF-b receptor
exhibits a hyperplastic and hyperkeratotic
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phenotype [Wang et al., 1997]. These results
support the importance of proper expression of
TGF-b and regulation of its function in epider-
mal development and homeostasis.

There are three widely distributed TGF-b
receptors, type I, type II, and type III, all of
which have been cloned [Roberts and Sporn,
1990; Massague, 1998]. The types I and II
receptors are both transmembrane serine/
threonine kinases that are essential for TGF-b
signal transduction. The type III receptor, also
known as betaglycan, is a high molecular
weight proteoglycan which is not required for
signaling, but is believed to play a role in
presenting the ligand to the type II receptor
[Lopez-Casillas et al., 1993]. Endoglin, is
another TGF-b receptor predominantly
expressed on endothelial cells [Gougos and
Letarte, 1990]. According to the present model
of TGF-b signal transduction, binding of TGF-b
to the type II receptor which is a constitutively
active kinase, leads to the recruitment and
phosphorylation of the type I receptor [Wrana
et al., 1994]. The activated type I kinase
phosphorylates its intracellular substrates
Smad2 and Smad3 which allows them to form
a complex with Smad4. This heteromeric com-
plex then translocates into the nucleus where it
regulates expression of target genes [Heldin
et al., 1997].

Although the types I and II receptors are
central to TGF-b signaling, it is possible that
accessory receptors interacting with the signal-
ing receptors modify TGF-b responses. For
example, both endoglin and type III receptor
which form heteromeric complexes with the
type II receptor have been reported to modulate
TGF-b function. When overexpressed in myo-
blasts, endoglin inhibited while type III recep-
tor enhanced TGF-b responses [Letamendia
et al., 1998]. In addition, endoglin was shown
to antagonize TGF-bmediated growth inhibtion
of human vascular endothelial cells [Li et al.,
2000]. Similarly, the newly identi®ed type I-like
receptor BAMBI which associates with TGF-b
family receptors can inhibit signaling
[Onichtchouk et al., 1999].

Recently, we reported the identi®cation of a
150 kDa glycosyl phosphatidylinositol (GPI)-
anchored TGF-b1 binding protein (r150) that
can form a heteromeric complex with the types I
and II TGF-b receptors on human keratinocytes
[Tam et al., 1998]. GPI-anchored proteins lack
transmembrane and cytoplasmic domains, and

are attached to the cell membrane via a lipid
anchor in which the protein is covalently linked
to a glycosyl phosphatidylinositol moiety. GPI-
anchored proteins have been reported to associ-
ate with cholesterol and glycosphingolipid-rich
membrane microdomains [Brown and London,
1998; Hooper, 1999], and to have roles in
intracellular sorting [Rodriguez-Boulan and
Powell, 1992] and in transmembrane signaling
[Brown, 1993]. Also, the GPI anchor enables a
protein to be selectively released from the
membrane by phospholipases [Metz et al.,
1994; Movahedi and Hooper, 1997]. We char-
acterized r150 as GPI-anchored, based on its
sensitivity to phosphatidylinositol phospholi-
pase C (PIPLC). However, it is important to rule
out other possibilities, namely, (i) r150 is not
itself GPI-anchored, but is tightly associated
with a protein that is GPI-anchored, and there-
fore is susceptible to release by PIPLC; (ii) r150
is a complex of two lower molecular weight
proteins which became inadvertently cross-
linked during the af®nity labeling procedure.

In the present study, we demonstrate that the
GPI-anchor is contained in r150 itself and not on
a tightly associated protein and that it binds
TGF-b1 with an af®nity comparable to those of
the signaling receptors. Furthermore, the
released (soluble) form of this protein binds
TGF-b1 independent of the types I and II
receptors. In addition, we provide evidence that
r150 is released from the cell surface by an
endogenous phospholipase C. These ®ndings,
taken together with the observation that r150
forms a heteromeric complex with the signaling
receptors, suggest that this accessory receptor
in either its membrane anchored or soluble form
may potentiate or antagonize TGF-b responses
in human keratinocytes.

METHODS

Cell Culture

Neonatal keratinocytes were prepared from
foreskin tissue obtained at newborn male
circumcision as described by Germain et al.
[1993]. The keratinocytes were cultured in
serum free keratinocyte medium (Gibco, Bur-
lington, Ontario) and cells of third to ®fth
passage were used for experiments. The immor-
talized keratinocyte cell line, HaCaT, was
obtained from Dr. Boukamp (Heidelberg, Ger-
many), and the mink lung epithelial cells
(Mv1Lu) were from ATCC. Both cell types were
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maintained in Dulbecco's Minimal Essential
Medium (DMEM) supplemented with 5% FBS,
1 mM sodium pyruvate, 2 mM glutamine, 100
U/ml penicillin, 100 mg/ml streptomycin, and
0.25 mg/ml amphotericin (Gibco, Burlington,
Ontario). All cells were maintained at 378C in an
atmosphere of 5% CO2/air.

Af®nity Labeling of Cells

Iodination of TGF-b1 (Collaborative Bio-
medical) was done as described [Philip and
O' Connor-McCourt, 1991]. Af®nity labeling
technique was performed as detailed previously
[Dumont et al., 1995]. Brie¯y, cell monolayers
were washed with ice-cold binding buffer (DPBS
or Dulbecco's phosphate-buffered saline with
Ca2� and Mg2�, pH 7.4) containing 0.1% bovine
serum albumin (BSA). Cells were incubated
with 100±200pM of 125I-TGF-b1 for 3 h at 48C.
In some experiments, incubations were done in
the absence or presence of increasing concen-
trations of unlabeled TGF-b isoforms to deter-
mine the competition pro®les of the receptors.
The receptor-ligand complexes were cross-
linked with 1mM Bis- (Sulfosuccinimidyl) sube-
rate (BS3, Pierce). The reaction was stopped by
the addition of glycine and the cells were
solubilized, and separated on 3±11% polyacry-
lamide SDS gel. The results were analyzed by
using autoradiography, followed by quanti-
tative densitometry (Gel-Cypher, Lightools
Inc, Encinitas, CA).

Temperature Induced Phase Separation in Triton
X-114 of r150 and Hydrolysis by PIPLC

Temperature induced phase separation in
Triton X-114 and PIPLC treatment was per-
formed as described previously with modi®ca-
tions [Bordier, 1981]. Keratinocytes were
af®nity labeled with 150 pM of 125I-TGF-b1
and lysed in TBS (10 mM Tris-HCl, pH 7.5, 150
mM NaCl) containing 1% Triton X-114, 1 mM
phenylmethylsufonyl ¯ouride and protease
inhibitor cocktail (200 mg/ml BSA, 1 mg/ml
leupeptin, 10 mg/ml benzamide, 10 mg/ml
soyabean trypsin inhibitor, and 2 mg/ml pep-
statin) for 60 min at 48C. The cell lysates were
centrifuged at 13,000g for 15 min at 48C. The
Triton X-114 soluble material was incubated at
308C for 10 min followed by a 10 min centrifuga-
tion at 13 000g at room temperature to separate
the detergent rich phase from the aqueous
detergent poor phase. An aliquot (20%) from
each phase was precipitated with ethanol/

acetone, and analyzed by SDS-PAGE and auto-
radiography. The remaining 80% of the deter-
gent phase was utilized to determine the effect
of PIPLC on the detergent solubility of r150
using the method of Lisanti et al. [1988]. Brie¯y,
the GPI-anchored protein enriched detergent
phase was incubated with or without 0.6 U/ml of
PIPLC (Roche Diagnostics) for 1 h at 378C with
mild agitation. Temperature induced phase
separation was then repeated. Both the aqueous
and detergent phases were precipitated by
adding ethanol/acetone, and subjected to SDS-
PAGE and autoradiography.

Af®nity Labeling of Soluble r150

Neonatal keratinocytes were harvested by
treating con¯uent monolayers with Hanks'
balanced salt solution containing 5 mM EDTA
(pH 7.5). The cell pellet was washed with DPBS
and treated with 0.6 U/ml of PIPLC or left
untreated, for 1 h at 378C with mild agitation.
The supernatant containing the released GPI-
anchored proteins was collected and concen-
trated by Centricon 30 (Amicon). Aliquots of the
concentrated supernatant were af®nity labeled
with 150 pM of 125I-TGF-b1 in the absence or
presence of excess unlabeled TGF-b (7.5 nM)
and analyzed by SDS-PAGE as described above
except that the solubilization step was omitted.

125I-TGF-b1 Binding to Mv1Lu Cells

To test whether soluble r150 regulates the
binding of TGF-b to its receptors, the super-
natant obtained from PIPLC treated HaCaT
cells were used in a 125I-TGF-b1 Mv1Lu binding
assay. The HaCaT cells, which display the r150
with identical properties as the neonatal kera-
tinocytes [Tam et al., 1998], were grown in T-
25cm2 tissue culture ¯asks (Falcon) were left
untreated or treated with PIPLC, and the
resulting supernatants were concentrated by
Centricon 30 (Amicon). Mv1Lu cells were
incubated with 50 pM of 125I-TGF-b1 in the
absence or presence of increasing doses of the
concentrated supernatant for 3 h at 48C. The
cells were washed, solubilized and the bound
radioactivity was determined by a gamma
counter.

To rule out the possibility that any alteration
in 125I-TGF-b1 binding caused by the super-
natants was not due to the presence of TGF-b1,
the above binding assay was also done in the
presence of the supernatant treated with an
anti-TGF-b1 antibody. The supernatant was
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incubated with the antibody (15 mg/ml) over-
night at 48C. It was then precleared of immune
complexes and excess antibody that may inter-
fere with the assay by incubating with a protein
A Sepharose slurry (PharmaciaBiotech) for 2 h
before addition to the assay. The TGF-b1
antiserum [obtained from Dr. M. O'Connor-
McCourt; Moulin et al., 1997] was puri®ed on a
HiTrap Protein G column (PharmaciaBiotech)
following standard procedures. The speci®city
of the antibody was veri®ed by Western Blot
analysis.

Determination of TGF-b Concentration
in HaCaT Supernatant

The concentration of TGF-b1 was quantitated
in the supernatants from HaCaT cells left
untreated or treated with PIPLC using a mink
lung epithelial cell-luciferase assay as described
by Nunes et al. [1996]. This quantitative
bioassay for TGF-b is based on the ability of
TGF-b to induce the expression of plasminogen
activator inhibitor type 1 (PAI-1) gene. The
mink lung epithelial cells stably transfected
with an expression construct containing a
truncated PAI-1 promoter fused to the lucifer-
ase reporter gene were provided by Dr. D.B.
Rifkin (New York University Medical Center).
Brie¯y, these cells were incubated with varying
doses of HaCaT supernatant, and the luciferase
activity (expressed as relative light units) was
quantitated by a Berthold Luminometer.
Recombinant TGF-b1 (Austral Biochemicals;
0.5 pM±50 pM) was used to create a standard
curve.

Immunoaf®nity Chromatography and
Immunoblotting of r150

Neonatal keratinocytes were harvested by
treating con¯uent monolayers with Hanks'
balanced salt solution containing 5 mM EDTA
(pH 7.5). The cell pellet was washed with DPBS
and treated with 0.6 U/ml of PIPLC for 1 h at
378C with mild agitation. The supernatant
containing the released GPI-anchored proteins
was puri®ed through a TGF-b1 af®nity column
(made available by Dr. M. O'Connor-McCourt,
Montreal, Quebec). The column was prepared
by incubating 1 mg of TGF-b1 in a 200 mM
HCO3 (pH 8.3) buffer containing 30% (v/v) of n-
propanol with 5 mg of Reacti-gel (Pierce) for 72 h
at 48C. The reaction was stopped by the addition
of 200 ml of 2 M TBS (pH 7.4), and the gel was
washed to remove any unbound TGF-b1. The

supernatant containing the GPI-anchored med-
ium was loaded on the column equilibrated with
50 mM Tris (pH 7.4) and eluted with a 10 mM
citrate/300 mM NaCl buffer (pH 2.5). Fractions
of 0.5 ml were collected, and each fraction was
analyzed for binding to TGF-b1, and immuno-
blotted for the presence of GPI anchor.

To verify binding to TGF-b1, an aliquot from
each fraction was af®nity labeled with 150 pM of
125I-TGF-b1 and analyzed by SDS-PAGE and
autoradiography as described above, except
that the solubilization step was omitted.

The fraction containing r150 and adjacent
fractions were immunoblotted with the anti-
CRD antibody to detect the GPI anchor. The
anti-CRD antibody is speci®c to the inositol 1,2
cyclic monophosphate moiety, known as the
`cross-reacting determinant' (CRD) which is
exposed in GPI-anchored proteins that have
been hydrolyzed by PIPLC. The antibody
obtained from Oxford GlycoSystems (Wake-
®eld, MA), was raised against the inositol 1,2
cyclic monophosphate moiety of the trypano-
some variant surface glycoprotein (VSG). Sam-
ples were analyzed on 3±11% polyacrylamide
gradient SDS gels and transferred to nitrocel-
lulose membrane. The membrane was blocked
in TBS-T (30 mM Tris, 150 mM NaCl, pH 7.5,
0.5% Tween 20) containing 5% non-fat dry milk
and was incubated overnight with 4mg/ml of the
anti-CRD antibody at 48C. The blots were
washed in TBS-T and incubated for 3 h at room
temperature with the alkaline phosphatase
conjugated secondary antibody (1:1500) (Roche
Diagnostics). The membrane was then sub-
jected to chemiluminescence analysis (CDP-
Star) as detailed by the manufacturers (Roche
Diagnostics).

Immunoprecipitation of r150

Two different anti-CRD antibodies (i) Oxford
GlycoSystems antibody and (ii) an antibody
raised against a mammalian GPI-anchored pig
membrane dipeptidase (MDP) were used for
immunoprecipitation studies. The latter anti-
body was isolated from the bulk of the anti-MDP
antiserum by fractionation on a column of the
immobilized form of the trypanasome VSG.
Both anti-CRD antibodies are speci®c to the
inositol 1,2-cyclic monophosphate and have
been well characterized [Zamze et al., 1988;
Broom®eld and Hooper, 1993]. Cells were
af®nity labeled with 200 pM 125I-TGF-b1 and
cell extracts were incubated with the anti-CRD
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antibody. The resulting immune complexes
were treated with protein A Sepharose (Phar-
macia-Biotech) slurry and the beads were
pelleted by centrifugation, and were analyzed
by SDS-PAGE followed by autoradiography.

RESULTS

Binding Af®nity of r150 for TGF-b Isoforms

We have previously reported that in addition
to the types I, II, and III receptors, keratino-
cytes express a novel GPI-anchored TGF-b1
binding protein r150 which forms a heteromeric
complex with the TGF-b signaling receptors
[Tam et al., 1998]. Since this protein has the
potential to regulate TGF-b signaling, we
further characterized this protein. Here we
determined the relative af®nity of r150 for the
three TGF-b isoforms and report that its af®nity
for TGF-b1 approximates that of the TGF-b
signaling receptors, and that r150 is predomi-
nantly a TGF-b1 binding protein. Keratinocytes
af®nity labeled with 125I-TGF-b1 in the absence
or presence of increasing concentrations of
unlabeled TGF-b1, -b2, or -b3, were analyzed
by SDS-PAGE and autoradiography (Fig. 1A),
and competition curves for r150, type I and type
II receptors were created from the autoradio-
gram using quantitative densitometry (Fig. 1B,
C, D). r150 is not sensitive to reducing agents
since its migration pattern is identical when the
SDS-PAGE analysis is done under non-redu-
cing (Fig. 1A) or reducing conditions [Tam et al.,
1998]. The half-maximal inhibition of 125I-TGF-
b1 binding was determined from the competi-
tion curves as the TGF-b isoform concentration
at which the inhibition was 50% of that observed
when no unlabeled ligand was present (Table I).
The concentration of unlabeled TGF-b1
required for half maximal inhibition of 125I-
TGF-b1 binding by r150 is only 1.2 and 1.3 times
higher than that required by type I and II
receptors respectively. Although r150 also binds
TGF-b3, it does so with a much lower af®nity as

compared to the types I and II receptors since it
requires a six-fold higher concentration of TGF-
b3 to reach half-maximal inhibition of 125I-TGF-
b1 binding than the types I or II receptors.
Unlabeled TGF-b2, even at 40 times excess
concentrations minimally inhibited 125I-TGF-
b1 binding of r150.

Partitioning of the Membrane Bound and
Released r150 in Triton X-114

In order to ascertain that the membrane
bound r150 is hydrophobic as expected of a
GPI-anchored protein and that the released
r150 behaves as a hydrophilic soluble protein,
we used the temperature dependent phase
separation property of the non-ionic detergent
Triton X-114. Phase separation using Triton-X
114 results in the partitioning of hydrophilic
proteins into the aqueous detergent poor phase
while integral membrane proteins and lipid
attached proteins partition into the detergent
rich phase. This procedure has been useful in
distinguishing between the amphipathic (mem-
brane bound) and hydrophilic (released from
cell surface] forms of GPI-anchored proteins
[Hooper, 1992].

Af®nity labeled keratinocytes were subjected
to Triton X-114 partitioning and the detergent
rich phase containing hydrophobic proteins and
the detergent poor phase containing the hydro-
philic proteins were analyzed by SDS-PAGE. As
expected of a GPI-anchored protein, r150 parti-
tioned predominantly into the detergent rich
phase, along with the transmembrane type I, II,
and III receptors (Fig. 2A). We then tested the
partitioning of soluble r150 in Triton X-114.
When the detergent rich phase containing the
membrane bound af®nity labeled r150 was
left untreated or treated with PIPLC, and the
temperature-induced phase separation was
repeated, the aqueous phase of the sample
treated with PIPLC was enriched in r150 while
that of the sample left untreated contained only
low amounts of r150 (Fig. 2B). These results

TABLE I. Concentration of Unlabelled TGF-b1, b2, and b3 at Which Half-Maximal Inhibition
of 125I-TGF-b1 Binding to TGF-b Receptors on Keratinocytes was Observed

Radioactive Ligand Competing Ligand

Concentration at half maximal inhibition (pM)

150 kDa Type I Type II

125I-TGF-b1 TGF-b1 220 180 165
TGF-b2 ± ± ±
TGF-b3 1950 300 360
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strongly indicate that the PIPLC-released r150
is indeed hydrophilic. In contrast, the detergent
phase of samples left untreated with PIPLC
contained the major portion of r150 while the
detergent phase of samples treated with PIPLC
contained minimal amounts of r150 (data not
shown).

Soluble r150 Binds TGF-b1

We next examined whether r150 released
from the cell surface is capable of binding TGF-
b1. Data shown in Figure 3A demonstrate that

soluble r150 in the supernatant obtained from
keratinocytes treated with PIPLC could be
af®nity labeled with 125I-TGF-b1. This binding
was speci®c since it was markedly reduced
when the labeling was done in the presence of
unlabeled TGF-b1, unlabeled TGF-b1 did not
exhibit any competition for these complexes.
The low molecular weight bands below 97.4 kDa
appear to be nonspeci®c since unlabeled TGF-b1
did not exhibit competition for these complexes
in a reproducible manner. The fact that released
r150 binds TGF-b1 indicates that r150 is

Fig. 1. Af®nity cross-link labeling of human neonatal kerati-
nocytes with 125I-TGF-b1. Con¯uent monolayers were af®nity
labeled with 100 pM 125I-TGF-b1 in the absence or presence of
unlabeled TGF-b1, -b2, or -b3. Solubilized cell extracts were
analyzed by SDS-PAGE under non reducing conditions and
autoradiography (a): Competition curves for r150 and the types I
and II TGF-b receptors were derived by densitometric analysis of

a typical autoradiogram. The data for each binding complex are
expressed as a percent of the value in control wells incubated
with 125I-TGF-b1 alone and are plotted against the concen-
tration of unlabeled TGF-b1 (b), -b2 (c), or -b3 (d). The
autoradiogram and competition curves are representative of
three different experiments.
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capable of binding the ligand in the absence of
type I, II, and III TGF-b receptors or an intact
membrane structure. Interestingly, detectable
amounts of r150 were observed in the super-
natant not treated with PIPLC, which led us to
suspect that there might be an endogenous
phospholipase capable of releasing r150.

That the soluble r150 can inhibit TGF-b1
binding to TGF-b receptors was demonstrated
using a binding assay. As seen in Figure 3B, the
supernatant from PIPLC treated keratinocytes
competed in a dose dependent fashion for 125I-
TGF-b1 as seen by decreased binding to MvLu1
cells. The supernatant from a T-25cm2 ¯ask
treated with PIPLC inhibited binding by
33% (P< 0.005) and 50% (P< 0.04) at doses of
1 and 2 respectively (approximately 1� 106

cells, represented as an arbitrary unit of ``1'' in

Fig. 3B). The inhibition of binding with the
supernatant from cells not treated with PIPLC
is consistent with the observation that detect-
able amounts of r150 is present in this super-
natant, alluding to the presence of an
endogenous phospholipase capable of releasing
r150 (Fig. 3A; also see below, Fig. 5). This
inhibition of 125I-TGF-b1 binding corresponded
to 15% and 31% (P< 0.03 in both cases),
respectively for doses 1 and 2. In the super-
natants obtained by PIPLC treatment, the
inhibition of binding at doses 1 and 2, however,
was signi®cantly higher (P< 0.03 in both cases)
than in the untreated supernatants.

To rule out the possibility that the competi-
tion observed by PIPLC treated supernatant
was due to TGF-b, the supernatant was neu-
tralized with anti-TGF-b1 antibody prior to

Fig. 2. Temperature induced phase separation in Triton X-114
of TGF-b binding proteins on human neonatal keratinocytes.
Keratinocytes af®nity labeled with 125I-TGF-b1 were lysed in
1% Triton X-114. The Triton X-114 soluble material was
incubated at 308C for 10 min followed by centrifugation at
room temperature to induce phase separation of the detergent
rich phase and the aqueous detergent poor phase. (a): An
aliquot (20%) from each phase was precipitated with ethanol/
acetone, and analyzed by SDS-PAGE under reducing condi-
tions. 125I-TGF-b1 labeled proteins in the aqueous (Aq) and the
detergent rich (Det) phases, representative of three different

experiments, are shown. (b): The remaining 80% of the
detergent phase was utilized to determine the effect of PIPLC
treatment on the partitioning of r150 in Triton X-114. The
detergent phase was incubated in the absence (ÿ) or presence
(�) of 0.6 U/ml of PIPLC followed by temperature induced
phase separation and ethanol/acetone precipitation as above, to
distinguish between the hydrophilic and amphipathic forms of
the proteins. Analysis of the 125I-TGF-b1 labeled proteins in the
aqueous phases of PIPLC treated (�) and untreated (ÿ) samples,
by SDS-PAGE under reducing conditions are shown. The results
shown are representative of two different experiments.
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Fig. 3. (a): Af®nity labeling of soluble r150 with 125I-TGF-b1.
To verify that the soluble form of the r150 can bind to TGF-b1,
human keratinocytes (HaCaT) were left untreated (ÿ) or treated
with 0.6 U/ml of PIPLC (�). The GPI-anchored proteins released
into the supernatant were concentrated and an aliquot was
af®nity cross-link labeled with 150 pM of 125I-TGF-b1 in the
absence or presence of excess unlabeled TGF-b1 and subjected
to SDS-PAGE under reducing conditions. The result shown is
representative of four different experiments. (b): Inhibition of
125I-TGF-b1 binding to TGFb receptors by soluble r150.
Con¯uent monolayers of HaCaT cells grown in T-25cm2 culture
¯asks were left untreated or treated with 0.6 U/ml of PIPLC for
60 min at 378C. The supernatants were collected and
concentrated by Centricon. MvLu1 cells were af®nity labeled
with 50 pM 125I-TGF-b1 in the absence or presence of indicated
doses of supernatants and 125I-TGF-b1 speci®cally bound was

plotted as a function of the amount of supernatant used. The
arbitrary unit of ``1'' is equivalent to a dose of supernatant from a
T-25cm2 ¯ask (approximately 1� 106 cells). (c): Effect of anti-
TGF-b1 on the inhibition of TGF-b1 binding to TGF-b receptors.
Con¯uent monolayers of MvLu1 cells were af®nity labeled with
50 pM 125I-TGF-b1 in the absence (C), or presence of PIPLC
treated supernatant (�PIPLC - S), or PIPLC-S pretreated with
non-immune rabbit IgG (15mg/ml), or PIPLC-S pretreated with
anti-TGF-b1 antibody (15mg/ml). To demonstrate that the anti-
TGF-b1 antibody effectively neutralizes TGF-b, experiments
were also performed with 100 pM of TGF-b1 (�b1), b1
pretreated with non-immune rabbit IgG (15mg/ml), or b1
pretreated with anti-TGF-b1 antibody (15mg/ml). The values
shown in (b) and (c) are the mean (� S.D.) of at least three to ®ve
different experiments.
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being used in the binding assay. Neutralization
with this antibody had no effect on the inhibi-
tion by the r150 enriched supernatant (Fig. 3C).
In contrast, 100 pM TGF-b1 markedly inhibited
125I-TGF-b1 binding to the cells and this binding
could be neutralized by anti-TGF-b1 antibody,
but not by non-immune IgG. Furthermore,
using a PAI-luciferase assay no TGF-b was
detected in the supernatants of cells untreated
or treated with PIPLC (data not shown). Taken
together, these results suggest that the re-
leased form of r150 is capable of binding to
TGF-b1 and modulating ligand binding to TGF-
b receptors.

Identi®cation of a GPI-Anchor in r150

Although r150 is sensitive to PIPLC, it is
possible that it is not itself GPI-anchored, but is

associated with a protein that is GPI anchored.
Also, it is conceivable that it is a complex of two
lower molecular weight proteins which became
inadvertently cross-linked during the af®nity
labeling procedure. In order to eliminate these
possibilities, we performed Western blot ana-
lysis of r150 after its release from the cell
membrane using an anti-CRD antibody speci®c
for an epitope which becomes exposed in GPI
anchored proteins only upon treatment with
PIPLC.

Keratinocytes were treated with PIPLC and
the supernatant was puri®ed on a TGF-b1
af®nity column. Analysis of fractions by af®nity
labeling and SDS-PAGE demonstrated that the
fraction 21, but not adjacent fractions (repre-
sented by fraction 18) contained a 150 kDa TGF-
b1 binding protein (Fig. 4A). The binding of 125I-

Fig. 4. Identi®cation of a GPI-anchor in r150. Human neonatal
keratinocytes were harvested and treated with PIPLC (as
described in Materials and Methods). The supernatant contain-
ing the GPI-anchored proteins were puri®ed using a TGF-b1
af®nity column (see Materials and Methods for details). After the
addition of the sample to the column, 0.5 ml fractions were
collected during washing and elution. (a): An aliquot from each
fraction was af®nity labeled with 150 pM of 125I-TGF-b1 in the
absence or presence of excess unlabeled TGF-b1 and samples
were analyzed by SDS-PAGE under reducing conditions. Only
fraction 21 demonstrated an af®nity labeled protein at 150 kDa

while in adjacent fractions no 150 kDa band was detectable.
Af®nity labeling pattern obtained for fraction 21 and 18 are
shown. (b): Selected fractions were subjected to SDS-PAGE and
transferred to a nitrocellulose membrane, and the samples were
immunoblotted with an anti-CRD antibody (Oxford GlycoSys-
tems). A 150 kDa protein was detected in fraction 21 but not in
adjacent fractions (fraction 18). Immunoblotting with the anti-
CRD antibody was performed twice and the af®nity cross-link
labeling experiments of soluble r150 was done at least three
times.
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TGF-b1 to this protein is speci®c since it was
blocked in the presence of 5 nM TGF-b1. These
results con®rm that soluble r150 binds TGF-b1.

When the fractions were analyzed by Western
blotting with the anti-CRD antibody, it was
revealed that fraction 21, but not other fractions
contained a protein of relative molecular weight
of 150 kDa which was recognized by the anti-
CRD antibody. Detection of a 150 kDa protein by
the anti-CRD antibody in the absence of
chemical cross-linking demonstrates that
r150, but not an associated protein, contains a
GPI-anchor and, that r150 does not represent
two smaller proteins which got inadvertently
cross-linked (Fig. 4B). Figure 4B also shows that
r150 was not detectable in an adjacent fraction
(fraction 18).

Evidence to Indicate That an Endogenous
Phospholipase C Releases r150 in

Human Keratinocytes

Next, we tested whether the anti-CRD anti-
body can immunoprecipitate r150 and/or copre-
cipitate the types I and II TGF-b receptors.
During the course of these studies, we observed
that the anti-CRD antibody immunoprecipi-
tated r150 from 125I-TGF-b1 labeled keratino-
cytes, even in the absence of PIPLC treatment
(Fig. 5). This result was reproducible using two
different anti-CRD antibodies: the Oxford Gly-
coSystems antibody that is raised against the
CRD epitope of variant surface glycoprotein of
Trypanosoma brucei (Oxford GlycoSystems),
and the antibody speci®c for the CRD epitope

Fig. 5. Immunoprecipitation of af®nity labeled TGF-b binding
complexes on human neonatal keratinocytes with the anti-CRD
antibodies. Keratinocytes not treated with PIPLC were af®nity
labeled with 100 pM 125I-TGF-b1 (a & b) or 125I-TGF-b2 (c): and
were not immunoprecipitated (nip) or subjected to immuno-
precipitation with an anti-CRD antibody against trypanosomal
sVSG (Oxford GlycoSystems) (a & c), or with an anti-CRD
antibody against porcine membrane dipeptidase [Broom®eld

and Hooper, 1993] (c). In the lane marked ``�peptide'' the
immunoprecipitation was carried out using the anti-CRD
antibody which was preincubated with PIPLC treated mem-
brane dipeptidase. Immune complexes were subjected to SDS-
PAGE under reducing conditions and analyzed by autoradio-
graphy. The results shown are representative of at least four to
®ve experiments.
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of the porcine membrane dipeptidase [MDP,
Broom®eld and Hooper, 1993]. Since both anti-
CRD antibodies are speci®c for the inositol 1,2-
cyclic monophosphate epitope exposed only
upon PIPLC treatment, recognition by the two
antibodies in the absence of PIPLC treatment
indicates that an endogenous phospholipase C
cleaved r150 to expose this epitope. The anti-
CRD antibody not only precipitated the r150,
but also coprecipitated the types I and II
receptors. Interestingly, the intensities of the
types I and II bands were much stronger than
that of the r150 itself. The coimmunoprecipita-
tion of the types I and II receptors demonstrates
the heteromeric complex formation of r150 with
those receptors (Fig. 5a,b) which con®rms our
previous ®nding [Tam et al., 1998]. The immu-
noprecipitation with the anti-CRD antibody is
speci®c because the precipitation of labeled
complexes is ef®ciently blocked when the
PIPLC hydrolyzed form of MDP which contains
the epitope to which the antibody was raised
against was included in the reaction (Fig. 5b).
These complexes are not detected when the cells
were af®nity labeled with 125I-TGF-b2 because
r150 has a much lower af®nity for TGF-b2 than
for the TGF-b1 and TGF-b3 isoforms in these
cells (Fig. 5c).

DISCUSSION

In a previous report we have shown that a
novel 150 kDa TGF-b1 accessory receptor (r150)
forms a heteromeric complex with the TGF-b
signaling receptors on human keratinocytes
[Tam et al., 1998]. This accessory receptor was
described as GPI-anchored based on its sensi-
tivity to PIPLC. Here we demonstrate that the
GPI-anchor is contained in r150 itself and not on
an associated protein and that it binds TGF-b1
with an af®nity similar to those of the types I
and II TGF-b receptors. In addition, we provide
evidence that r150 is released from the cell
surface by an endogenous phospholipase C. The
most important ®nding in the present study is
that the released (soluble) form of r150 binds
TGF-b1 independent of the signaling receptors.

We characterized r150 as GPI-anchored,
based on its sensitivity to phosphatidylinositol
speci®c phospholipase C (PIPLC). In order to
prove that the GPI-anchor is present in the r150
itself, it was necessary to rule out other
possibilities, namely: (i) r150 is not itself GPI-
anchored, but is tightly associated with a
protein that is GPI-anchored. Upon PIPLC

treatment, the associated GPI-anchored protein
is cleaved which results in the release of both
the proteins into the supernatant. This has been
shown to be the case for lipoprotein lipase which
was initially identi®ed as GPI-anchored protein
based on its sensitivity to PIPLC; but it was
later found that its PIPLC sensitivity was a
result of close association with a GPI-linked
heparan sulfate proteoglycan [Chajek-Shaul
et al., 1989]. (ii) r150 is a noncovalently
associated complex of two lower molecular
weight proteins whose combined molecular
weights equate 150 kDa, of which one compo-
nent is GPI-anchored. During af®nity labeling,
the two proteins get inadvertently crosslinked
by the chemical crosslinker BS3, and thus upon
analysis by SDS-PAGE, the cross-linked com-
plex is detected at 150 kDa.

By immunoblotting the puri®ed, soluble form
of the r150 with the anti-CRD antibody that can
speci®cally recognize the epitope exposed by the
cleavage of the GPI-anchor by PIPLC, the above
two possibilities were eliminated. Elution from
a TGF-b1 af®nity column and detection as a 150
kDa protein in the absence of cross-linking,
together with its ability to be recognized by the
anti-CRD antibody, prove that r150 has a
relative molecular weight of 150 kDa and that
the GPI-anchor is contained in r150 itself. There
are two GPI-anchored proteins expressed in
mammalian tissues that have similar molecular
weights as r150. These include an isoform of
NCAM (140 kDa) [Rosen et al., 1992] and
ceruloplasmin (135 kDa) [Patel and David,
1997]. However, immunoprecipitation with
antibodies speci®c to these proteins did not
immunoprecipitate r150 af®nity labeled with
125I-TGF-b1 (data not shown).

The soluble r150 is capable of binding to TGF-
b1 as shown by af®nity labeling of the released
protein, and retention on the TGF-b1 af®nity
column. This suggests that r150 can bind TGF-b
in the absence of types I, II, and III receptors or
an intact membrane. That soluble r150 has
the potential to modulate TGF-b binding to its
receptors was demonstrated by its ability to
inhibit 125I-TGF-b1 binding to receptors on
mink lung cells. Although studies of the inhibi-
tion of TGF-b binding to its receptors by r150
used cellular supernatant and not puri®ed r150,
this inhibition is most likely due to r150 itself,
since there was no measurable TGF-b and
neutralizing anti-TGF-b antibody had no effect
on this inhibition. The inhibition obtained by
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the supernatant not treated by PIPLC is likely
due to endogenous release of r150 (Fig. 5). As
expected, exogenous addition of PIPLC resulted
in signi®cantly higher inhibition of binding
since more r150 will be released. In addition,
r150 is the major TGF-b binder released by
PIPLC (Fig. 2). The other potential binder, a2-
macroglobulin is unlikely to be released in
suf®cient quantity during the 1 h incubation.

That soluble r150 binds TGF-b1 is reminis-
cent of what is observed of the ectodomain of
type III receptor which has been shown to be
released by a not yet characterized mechanism
[Lopez-Casillas et al., 1994; Philip et al., 1999].
The soluble r150 may act as an antagonist by
preventing the binding of TGF-b to the signal-
ing receptors as has been suggested for the
soluble type III receptor [Lopez-Casillas et al.,
1994]. This is supported by our ®nding which
suggests that the soluble r150 inhibits 125I-
TGF-b1 binding to receptors on mink lung cells.
But unlike the type III receptor, r150 would
antagonize TGF-b1 activity in an isoform
speci®c manner, since it has a low af®nity for
TGF-b2 and a moderate af®nity for TGF-b3, as
determined by competition experiments using
unlabeled TGF-b isoforms. Furthermore, af®-
nity cross-link labeling of keratinocytes with
125I-TGF-b2 or 125I-TGF-b3 did not demonstrate
labeling of r150 (data not shown). Recently, a
soluble type I receptor has been cloned from a
rat kidney cDNA library [Choi, 1999]. In
contrast to the soluble type III receptor, the
soluble type I receptor requires the co-expres-
sion of the type II receptor in order to bind TGF-
b. However, it appeared to potentiate TGF-b
signal transduction and the author has sug-
gested that this potentiation may be due to the
stabilization of the heteromeric TGF-b signal-
ing receptor complex. The observation that the
soluble r150 can bind the ligand independently
of signaling receptors, and modulate TGF-b
binding to its receptors (present study),
together with fact that the membrane bound
r150 binds TGF-b1 and forms heteromeric
complex with the type I and II receptors [Tam
et al., 1998] raise the possibility that r150 in its
membrane bound or soluble form may act as an
agonist or an antagonist of TGF-b signaling by
regulating ligand availability, or stability of the
signaling receptor complex or by directly affect-
ing the signal transduction process.

We predict that r150 has dual roles in TGF-b
signaling depending on whether it exists as a

cell surface anchored protein or as the soluble
form. Consequently, a potential mechanism for
the regulation of its action would be the
hydrolysis of the GPI-anchor. Both the release
of the protein from the cell surface and the
ability of the soluble form to sequester TGF-b
may modulate TGF-b receptor function. Such a
possibility in vivo is supported by our observa-
tion that an endogenous phospholipase C
releases r150 from the cell surface. Since the
anti-CRD antibody only recognizes GPI-pro-
teins released from the cell surface by PIPLC,
and the cells were not pretreated with PIPLC,
the results indicate that there is an endogenous
phospholipase C in keratinocytes capable of
hydrolyzing r150 at the same site as the PIPLC.
The soluble r150 identi®ed in the cellular
extract is not due to protease activity since
proteolytic cleavage will result in a protein of
lower molecular weight. Neither can it be due to
failure of cells to add the GPI anchor during
synthesis, since the antibody will not recognize
that protein. It is of interest to note here that
r150 was detectable upon overexposure of ®lms
in the PIPLC untreated aqueous fractions
obtained by Triton X-114 partitioning (data
not shown).

Although the presence of a mammalian
PIPLC has not been de®nitively established,
the activity of PIPLC-like enzymes have been
implicated in the insulin signaling pathway in
rat liver [Saltiel, 1996]. Furthermore, Movahedi
and Hooper [1997] have demonstrated that the
insulin stimulated release of GPI-anchored
proteins from differentiated 3T3-L1 adipocytes
occurs via the action of an endogenous phos-
pholipase C. We choose the general term of
phospholipase C for the enzyme that releases
the r150 in keratinocytes, since the identity and
speci®city of the enzyme is not con®rmed.
Nevertheless, our results suggest that the
release of r150 involves an enzyme that hydro-
lyzes r150 at the same site as PIPLC. PIPLD
hydrolyze the GPI-anchor at a different site
from PIPLC which does not result in the
formation of the inositol 1,2-cyclic monopho-
sphate, and therefore the anti-CRD antibodies
that we used in this study cannot recognize
PIPLD cleaved proteins [Broom®eld and
Hooper, 1993]. However, PIPLD is expressed
in mammalian serum and has been shown to
be present in keratinocytes [Xie et al., 1993].
It is possible that the activity of both en-
zymes may be involved in regulating the cell
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surface expression of r150 on human keratino-
cytes.

GPI-anchored proteins have been reported to
bind TGF-b on certain cell lines [Cheifetz and
Massague, 1991]. More recently, we reported
the presence of GPI-anchored TGF-b binding
proteins on early passage human endometrial
stromal cells [Dumont et al., 1995] and human
skin ®broblasts [Tam and Philip, 1998]. Both
endometrial stromal cells and skin ®broblasts
displayed a 180 kDa GPI-anchored TGF-b1
binding protein and a 65 kDa TGF-b2 binding
protein. However, whether the GPI anchor is
present in the proteins themselves has not been
ascertained for any of them, and the identities of
these proteins remain unknown. Interestingly,
GPI-anchored proteins have been implicated in
the maintenance of the epidermis. When the
expression of GPI-anchored proteins was abro-
gated in the skin by the tissue speci®c deletion of
the PIG-A gene, a gene essential for GPI-protein
synthesis, mutants died shortly after birth and
their skin was wrinkled and scaly in comparison
to that of the wild type [Tarutani et al., 1997].
Since TGF-b has an important role in epider-
mal homeostasis, it is conceivable that the
GPI-function which is compromised in these
mutants is related to dysregulated TGF-baction
due to the loss of r150.

Our results from the competition experi-
ments demonstrating that r150 has high af®-
nity for the TGF-b1 isoform suggest that it is an
endogenous ligand for this protein. Whether the
membrane bound or soluble form of r150 acts as
scavenger receptors regulating ligand avail-
ability, whether they participate directly in
the modulation of downstream signaling, or if
the release of the soluble form is a regulated
event in vivo, remain to be determined. Identi-
®cation of its structure will facilitate resolution
of these issues. Elucidating the mechanism by
which r150 functions as an accessory mole-
cule in TGF-b signaling in keratinocytes may be
critical to understanding the molecular
mechanisms underlying the regulation of
TGF-b action.
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