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TGF-B Receptors Are Diminished After Retinoid
Exposure in Rat Liver Epithelial Cells
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Abstract When rat liver epithelial cells were exposed to retinoic acid or retinol for 24 hr, the levels of
transforming growth factor-B (TGF-B) receptors were reduced in a dose-dependent way. The decrease appeared after
12 hr of incubation with the retinoids and binding levels remained low until 24 hr after the removal of the molecules.
Retinoid treatment induced a fourfold enhancement of transglutaminase (TGase) activity in the cell membranes, and
cystamine, an inhibitor of TGase, prevented the decrease of the receptors. Neutralization of TGF-B by a monoclonal
antibody did not suppress the decrease of the binding levels, indicating that decreased TGF-B binding capacity was not
due merely to the internalization of ligand-bound receptors promoted by a stimulation of TGF-B synthesis. Thus,
retinoid treatment resulted in an intense disappearance of the functional receptors from the membranes that seemed to
be mediated by increased TGase activity. This phenomenon can represent a strong signal attenuation for TGF-B

following retinoid exposure.  © 1996 Wiley-Liss, Inc.
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Retinoids play an essential role in controlling
cell growth and differentiation by acting on gene
expression and protein synthesis [Blomhoff et
al., 1990; Wolf, 1990]. Retinoids are required in
normal growth of bone, reproduction, or embry-
onic development. They can also block the
growth of malignant cells, and the chemopreven-
tive action of retinoids in carcinogenesis is now
well recognized and has proven efficient in the
treatment of cancers [Verma, 1991; Corbeil et
al., 1994].

Transforming growth factor-ps (TGF-Bs) are
also multifunctional molecules that have been
involved in cell growth and differentiation. There
are three distinct but highly related mammalian
isoforms of TGF-Bs, named -B1, -B2, and -B3.
The mature active forms are homodimers of two
12-15 kDa subunits, but in most cells TGF-Bs
are released as a biologically inactive precursor
(latent TGF-B) consisting of the dimeric mature
protein associated with a dimer of the N-termi-
nal proregion. The three isoforms of TGF-$ play
key roles in embryogenesis and carcinogenesis
[Attisano et al., 1994].
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Defining the relationships between the reti-
noids and TGF-Bs has been a topic of tremen-
dous interest in the past years. Several studies
have shown that TGF-B synthesis can indeed be
modulated by all-trans retinoic acid (RA) treat-
ment in different models: In vivo, treatment
with RA induces TGF-Bs synthesis in epithelia
of the rat [Glick et al., 1991]. In vitro, increased
synthesis of TGF-B1 or TGF-B2 has been de-
scribed in HL-60 cells [Falk et al.,, 1991] or
chicken chondrocytes [Jakowlew et al., 1992],
but RA has also been shown to reduce TGF-p
production in Ito cells [Davis et al., 1990]. More-
over, retinoids cannot only increase TGF-B pro-
duction in bovine endothelial cells, but also me-
diate its activation by the induction of
transglutaminase (T'Gase) [Kojima et al., 1993;
Kojima and Rifkin, 1993]. Thereby, in many
instances, TGF-B can mediate the effects of RA
in epithelial cell growth and differentiation.

The active form of TGF-8 binds to three ma-
jor cell surface proteins in most cells, designated
as type I, II, and III receptors [Attisano et al.,
1994]. Type I and II receptors are glycoproteins
of approximately 55 and 75 kDa, and have both
been identified as serine/threonine kinase recep-
tors. They seem to be involved in signal transduc-
tion and to interact with each other in heterodi-
meric complexes to mediate the signal [Attisano



TGF-g Binding and Retinoids 231

et al., 1994]. Type III, named betaglycan, is an
853 amino acid proteoglycan, that does not seem
to be involved in signal transduction, but plays a
key role in TGF-B action mechanism by binding
the ligand and presenting it to the signaling type
IT receptor [Attisano et al., 1994]. These pro-
teins have been cloned, but there is only meager
information on the regulation of their synthesis.

In this study, we have examined the effect of
retinoid exposure on the levels of receptors for
TGF-B in cultures of rat liver epithelial cells
(named REL cells) and CCL 64 cells. We ob-
served that in REL cells, retinoid treatment led
to a sharp decrease of the three types of recep-
tors, and that TGase seemed to be involved in
this event.

MATERIALS AND METHODS
Materials

TGF-B1, cystamine, and retinoic acid (RA)
were obtained from Sigma Chemical Co. (St.
Louis, MO). 125I-TGF-B1 (120-180 wnCi/ng) was
purchased from Dupont (Wilmington, DE). All
culture reagents and retinol (RET) were ob-
tained from ICN (Costa Mesa, CA). Neutralizing
antibody against TGF-B1, 2, 3 was purchased
from Genzyme (Cambridge, MA).

Cell Culture

The isolation of the clone of REL cells was
described previously [Lagarrigue et al., 1992].
CCL 64 cells were purchased from the ECACC
(Salisbury, UK). REL cells and CCL 64 cells
were grown in Dulbecco’s medium containing
10% fetal calf serum, 2 mM L-glutamine, 50
Ul/ml penicillin, 50 p.g/ml streptomycin, and 10
wg/ml gentamycin, at 37°C in a humidified atmo-
sphere. Incubations were performed in this me-
dium and products were diluted in dimethylsulf-
oxide or ethanol. The final solvent concentration
was not higher than 0.5% (v/v) and did not
affect cell viability.

125).TGF-B1 Crosslinking

Cells were seeded at 4 x 105 cells per dish,
allowed to spread for 24 hr, and incubated for 24
hr without or with the molecules. At the end of
the incubations, cultures were carefully washed
twice in phosphate buffer saline (PBS). Cells
from companion wells incubated without or with
the molecules were trypsinized and counted on a
Coulter-Counter Channelyzer. For affinity
crosslinking assay, affinity labeling was per-

formed as described by Cheifetz et al. [1986].
The cells were incubated in binding buffer (40
mM Hepes, 128 mM NaCl, 5 mM KCI, 1.2 mM
CaCl,, 5 mM MgSO,, 5 mg/ml BSA, pH 7.4)
containing 1 x 108 cpm of '25I-TGF-B1 for 3.5 hr
at 4°C. Cells were then washed three times with
binding buffer and treated with 700 ul of 0.15
mM disuccinimidyl suberate (Pierce, Rockford,
IL) for 15 min on ice. Following centrifugation
(15,000 x g for 10 min at 4°C), cellular material
was solubilized for 40 min at 4°C in 10 mM Tris
buffer, pH 7, 1 mM EDTA, 1% Triton, 1 mM
phenylmethylsufonyl fluoride (PMSF), and 50
png/ml leupeptin. SDS-PAGE of the Triton-
solubilized receptors reduced with 1% B-mer-
captoethanol was performed according to the
procedure of Laemmli [1974], using 7.5% poly-
acrylamide gel. After electrophoresis, the gels
were stained with Coomassie blue, dried, and
exposed to Kodak XAR film with an enhancing
screen.

The autoradiographies were scanned and the
intensity of the bands quantified by a computer
image processing system (Biocom 500, France).

Preparation of Cytosol, Membrane,
and Total Protein Fractions for Type Il
Receptor Immunoblotting

Confluent cell monolayers were washed twice
in PBS, scraped off, and ultrasonicated on ice in
the presence of 10 mM T'ris buffer, pH 7, contain-
ing 0.25 M sucrose, 1 mM EDTA, 1 mM PMSF,
and 10 pg/ml leupeptin. The samples were cen-
trifuged at 15,000 x g for 15 min at 4°C and the
supernatants were collected (cytosol fraction).
The pellets were washed with the same buffer
and solubilized for 40 min at 4°C in 10 mM Tris
buffer, pH 7.0, containing 1 mM EDTA, 1%
Triton, 1 mM PMSF, and 50 pg/ml leupeptin.
After centrifugation at 15,000 x g for 15 min at
4°C, the supernatants were collected (mem-
brane fraction).

Total cellular proteins were extracted by lysis
buffer (10 mM Tris buffer, pH 7.5, 1% SDS, 1
mM EDTA, 1 mM PMSF, 10 png/ml leupeptin).
Each sample corresponding to 100 x 103, 150 X
103, 1,000 x 1083 cells/lane for total, cytosol, and
membrane fractions, respectively, was adjusted
to 2% SDS, 10% glycerol, and 50 mM B-mercap-
toethanol before 7.5% SDS polyacrylamide gel
electrophoresis analysis.

The proteins were transferred to a nitrocellu-
lose membrane (Schleicher and Schuell) at 100
mA for 16 hr in 25 mM Tris, pH 8.0, 192 mM
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glycine, and 20% methanol. Immunodetection method of ZI-TGF-B crosslinking. The three
of TGF-B type Il was carried out according to types of receptors commonly found in most cells
the manufacturer’s recommendations with the can be detected in REL cells [Mercier et al.,
anti TGF-B type II receptor antibody, TGF-B 1995]. Figure 1A and B shows that a treatment
(R-1) (C-16) (Santa Cruz Biotechnology, Santa of 24 hr with increasing doses of RA or RET
Cruz, CA). resulted in a progressive reduction of the
125]-TGF-B binding to the receptors. The effects

TGase Assay of the molecules were very similar. We assessed

At the end of the different incubations, cells by densitometric image analysis that, when REL
were washed three times and scraped from the cells were incubated with 1 M RA, the percent-
Petri dishes in cold Ca?* and Mg?*-free Hepes age of type I receptor remaining was 54 + 14,

buffer (129 mM NaCl, 5 mM KCl, 0.3 mM 37 + 3 for type II and 42 = 10 for type III as
Na,HPO,, 1 mM NaHCO;, 5 mM glucose, and
25 mM Hepes, pH 7.4, 1 mM PMSF, 10 pg/ml
leupeptin). The supernatant obtained after ultra-

compared to controls (mean of four experi-
ments). For 1 uM RET, the values were very

S 3 ) . close: 55 + 9 for type I, 42 = 7 for type II, and
SOl’llCE.ithIl on ice and centrifugation (1.5’000 X8 49 = 10 for type III. In contrast, when CCL 64
15 min, 4°C) represents the cytosolic fraction.

The pellet was washed and solubilized in Hepes
buffer containing 10 mM CHAPS (3-[3-cholami-
nodopropyl) dimethylammonio]-1-propane sulfo-
nate), centrifuged at 15,000 x g for 15 min at
4°C, and the supernatant collected as the soluble

cells were incubated in the same conditions, the
binding levels were not reduced at any dose as
compared to controls (Fig. 1C). Time course
experiments on REL cells showed that an inter-
val of 12 hr was necessary to observe a decrease

membrane extract. (Fig. 2). When RA was removed after a 24 hr
TGase activity was measured as the Ca2*- exposure and binding was checked after varying
dependent incorporation of “C-putrescine (Am- time intervals, we observed that each type of
ersham, Corp., Arlington Heights, IL) into N,N- receptor increased progressively with time but
dimethylcasein, according to the protocol remained lower than control values up until 24
described by Kojima et al. [1993], except that hr (Fig. 3).
Whatman GF/C glass filters were washed four The abundance of the type II receptor at the
times with 10 ml of 5% TCA. Protein concentra- cell membrane was directly assessed by Western
tion was measured by the method of Lowry et al. blot analysis. Figure 4 shows a typical autoradi-
[1951]. ography. Type II was mainly found in the cyto-
RESULTS solic fraction, which remained unchanged when
RA or RET was added. Yet RA and RET treat-
To examine the effects of retinoid exposure on ment reduced the amount of protein at the cell
the expression of TGF-B receptors, we used the surface, implying that the decrease observed
A A B
00105 1 uM
kDA kDA
200~ 200~
116- 116-
97 - 07~
66 - - -
Fig. 1. Effect of retinoid exposure on TGF-B receptor levels in the presence of protease inhibitors, and subjected to electropho-
REL cells and CCL 64 cells. Confluent REL cells (A and B) or CCL resis on 7.5% SDS-PAGE. The autoradiogram from a fixed, dried
64 cells (C) were incubated for 24 hr with the retinoids at the gel is shown. The position and molecular mass of protein
indicated concentrations. They were then incubated for 3.5 hr standards electrophoresed on parallel lanes and of the three
at 4°C with 50 pM '25I-TGF-B1. Cells were treated with 0.15 types of receptors are indicated.

mM disuccinimidyl suberate, extracted with 1% Triton X-100, in
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with the crosslinking method was not due to a
reduction of the affinity for the ligand, but to a
reduction of the receptors detectable. The fact
that no change was observed in the total ex-
tracts under retinoid exposure suggested that
the compounds did not reduce the receptor syn-
thesis.

To investigate the possibility that the de-
crease was a consequence of an internalization
of the receptors due to an interaction with the
ligand, we designed several experiments using a
TGF-B neutralizing antibody. Cells were coincu-
bated at 37°C for 24 hr with increasing concen-
trations of TGF-B1 corresponding to 2-10-fold

& RA RET
G0 2 12 24 2 12 24 Hours
L R T T S
kDA
200-
116~
97 -
66 -

Fig. 2. Time course of the effect of retinoids on receptor levels
in REL cells. Confluent cells were incubated for the specified
times in the presence of 1 uM RA or 1 uM RET (+), or in the
absence of retinoids (-). The first two lanes show the expres-
sion of the receptors at time 0; cells were labeled with 50 pM
125-TGF-B1 with (lane 7) or without (fane 2) 3,000 pM unla-
beled TGF-B1. Crosslinking was performed as described in
Figure 1.
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the total production of TGF-f in these cells
[Mercier et al., 1995] and 50 wg/ml neutralizing
antibody, and the level of binding was examined
by crosslinking. Figure 5A shows that the anti-
body is indeed able to counteract the binding of
the ligand and the internalization of the com-
plexes, since the level of receptors remains un-
changed in all the samples containing the anti-
body.

In a further step, cells were coincubated with
the retinoids and the antibody for 24 hr, and the
receptors checked by crosslinking. Figure 5B
shows that, in this case, the antibody cannot
counteract the decrease of the receptors. There-
fore, we excluded the possibility that the de-
crease observed was a mere consequence of the
internalization of ligand-receptor complexes.

As TGase (E.C.2.3.2.13) is an enzyme that is
known to be induced by retinoid exposure [Cai
et al., 1991; Nara et al., 1989] and is expressed
in hepatic cells [Tkura et al., 1988; Piacentini et
al., 1992], we checked whether TGase could be
involved in this phenomenon. TGase is inhibited
by primary amines, and particularly cystamine
[Folk, 1980]. We therefore coincubated REL
cells with retinoids and cystamine. Cystamine
100 pM was the highest dose used, as higher
concentrations appeared toxic. As shown in Fig-
ure 6A, while cystamine alone did not modify
the level of any type of receptors in REL cells,
addition of cystamine prevented the decrease of
the receptor expression in cells treated with the
retinoids. Densitometry showed that, when cells
were coincubated with retinoids and 100 pM

A RA_withdra_walﬁours} B 100 TGF-B8 RECEPTORS
0 2 12 24 - O Typel
e, L L N |
KDA 6. 801 B Typell
& B Type lll
200- -1 2 60
(@]
116~ o
w407
o
97 - ) 2 20
LR BB
0
e -1 RA - + + + +
RA withdrawal 0 2 12 24
- (Hours)

Fig. 3. Reversibility of the effects of retinoids on TGF-B recep-
tor levels. Confluent cells were incubated for 24 hr in the
presence (+) or absence (—) of 1 uM RA. At the end of the
incubation, RA-containing (+) or not containing (=) media
were removed. Cells were reincubated for the indicated times
in the usual medium and submitted to "251-TGF-B1 crosslinking

(A). Densitometric image analysis of the bands was performed
and is shown in B. Values are expressed as percent of controls
which corresponded to cells incubated for the first 24 hr
without RA, and reincubated for the indicated times in the usual
medium.
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A RA  RET
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Fig. 4. Immunoblotting analysis of type II-TGF-B-receptor.
Total (A), cytosolic (B), and membrane (C) protein extracts from
cells incubated without or with 1 uM RA or 1 uM RET for the
indicated times were analyzed with the type II-TGF-B-receptor
antibody. In C, the last lane noted shows the receptor in a
cytosolic extract. Samples loaded in A corresponded to 100 %
103 cells, in Bto 150 x 103 cells, and in Cto 1,000 x 103 cells.

cystamine, about 80% of the control binding
level was recovered (Fig. 6B).

TGase activity was measured in REL and
CCL 64 cells, and Table I summarizes the re-
sults obtained. In REL cells, TGase activity pres-
ent in the membrane fraction was markedly
enhanced by retinoid exposure (3.7-fold with
RA; 4.8-fold for RET). In CCL 64 cells, although
a TGase activity was detectable both in the
membrane and cytosol fractions, retinoid treat-
ment did not modify the activity as compared to
controls. Thus, TGase activity was indeed higher
in the membrane of REL cells after retinoid
incubation.

DISCUSSION

The receptors for TGF-B have been the sub-
ject of intense interest, especially in the under-
standing of their diverse functions. Yet, informa-
tion on their regulation remains fragmentary. If
most studies have focused on the effect of RA on

the synthesis of TGF- or other growth factors
[Dmitrovsky et al., 1990; Miller et al., 1990;
Piazza and Ritter, 19931, only a few have de-
scribed the effects of RA treatment on the expres-
sion of TGF-B receptors. In HL-60 cells expo-
sure to RA increased the levels of TGF-B binding
[Falk et al., 1991], and in the murine epidermal
cell line JB6 addition of RA could prevent the
decrease of receptors caused by TPA exposure
[De Benedetti et al., 1991]. It has also been
reported that glucocorticoids could increase the
expression of the type III receptor in osteoblast-
like cells, either post-transcriptionally [Cen-
trella et al., 1991] or transcriptionally [Na-
kayama et al., 1994].

Our data showed that exposure to RA and
RET led to a sharp decrease of the levels of the
three types of receptors expressed in the REL
cells. The results obtained with the cross-link-
ing analyses can indicate either that the number
of receptors was reduced, or the affinity for the
ligand was decreased. Immunoblotting experi-
ments for type II receptor showed that the quan-
tity of detectable protein was indeed reduced.
Surprisingly, we consistently detected a large
amount of protein in the cytoplasmic fraction, a
very small proportion being present at the cell
membrane. The data obtained by this method
showed a decrease of the protein after exposure
to retinoids. The fact that the total extracts
were not modified upon retinoid treatment indi-
cated that changes in protein synthesis were not
involved, and that only the receptors detected at
the cell surface were diminished. It is not clear
from our experiments whether the quantity of
protein was reduced or if the receptors werein a
form undetectable by the antibody and the li-
gand. Our results suggested that TGase was
involved in the decrease, since addition of cysta-
mine, a TGase inhibitor, restored the receptor
levels (Fig. 6). TGase is an enzyme associated
with the plasma membrane, and catalyzes the
formation of an amide bond between the y-car-
boxamide group of peptide-bound glutamine resi-
dues and the primary amino groups such as the
e-amino group of lysine residues [Folk, 1980].
TGase can therefore crosslink the receptors to
each other or to other membrane proteins in a
way that reduces the binding of the ligand and
the antibody. Contrary to REL cells, in CCL 64
cells, TGase activity was not increased by reti-
noids, and the receptor levels were not modified
by RA and RET. This observation is consistent
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Fig. 5. Effect of the addition of a TGF-B neutralizing antibody
in the incubation medium on receptor levels. A: Confluent cells
were incubated for 24 hr with TGF-g1 at different concentra-
tions, in the presence or absence of 50 pg/ml anti-TGF-$1,2,3
neutralizing antibody (Ab). The incubations were realized at
37°C, and "?%I-TGF-B crosslinking was performed as described
in Materials and Methods. B: Confluent cells were incubated in
the same conditions as indicated in Figure 1, and in the pres-
ence or absence of 50 pg/ml neutralizing antibody.

A Control  RA RET
0 50100 0 50100 0 50 100 Cystamine uM

B TGF-B RECEPTORS
0O Typel
0O Typell
B Typelll

% OF CONTROL
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- + - + - +

CONTROL RA RET

Cystamine

Fig. 6. Effect of the addition of cystamine on binding levels. A:
Confluent cells were incubated for 24 hr in the absence (con-
trols) or presence of 1 uM RA or RET, together with increasing
doses of cystamine. Crosslinking analysis was performed as
described in Figure 1. B: Densitometric analysis of the bands.
Cystamine concentration is 100 pM.

TABLE I. Effect of RA and RET on TGase Activity in REL Cells and CCL 64 Cells*

REL cells CCL 64 cells
pmole putrescine/hr/mg protein pmole putrescine/hr/mg protein
Membrane Membrane
Compounds Cytosol extracts Cytosol extracts
None 87 x 12 15+ 2 80 = 28 42 = 10
RA 83 +9 56 £ 6 60 = 2,5 47 + 10
RET 79 £ 8 72 + 12 60 = 10 38 £ 8

*Confluent cells were exposed to 1 uM RA or 1 pM RET for 24 hr. Cytosol and membrane extracts were prepared, and TGase
activity measured as described in Materials and Methods. The background activity measured in the absence of Ca?* (56 mM
EGTA) was subtracted from all values. Values are means = SD from duplicates.

with our hypothesis, linking the decrease of the
receptors to the increase in TGase activity.
When the retinoids were removed, the bind-
ing levels remained low during several hours:
the receptors were not recycled back quickly.

Like for all signaling receptors, the trafficking of
TGF-B receptors is complex. Signaling receptors
are internalized when ligand bound, unlike non-
signaling receptors, like receptors for low den-
sity lipoproteins or transferrin, the behavior of
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which is independent of occupancy [Ajioka and
Kaplan, 1986; Watts, 1985]. However, a recent
study focusing on the trafficking of epidermal
growth factor has shown that its receptor could
also be internalized unoccupied. Yet this event
was much less frequent than when the receptors
were ligand bound, and the free receptors were
recycled back to the cell surface very rapidly
[Herbst et al., 1994]. The control experiments
using the neutralizing antibody (Fig. 5) showed
that if the receptors were internalized, that prob-
ably was in a free state. Another possibility
already mentioned is that the receptors are still
at the cell membrane, but not functional be-
cause linked to other proteins.

Retinoids are known to modify TGF-8 synthe-
sis and activation, and our study shows that
they can also modulate the binding of TGF-B to
the cell membrane, and thereby probably modify
cell responsiveness to TGF-f. Indeed, cell sensi-
tivity to TGF-B action has been correlated with
the receptor levels [Laiho et al., 1990; Mulder et
al., 1993; Mercier et al.,, 1995]. It has been
recently shown that 1,25 dihydroxyvitamin Dg
could reduce by 40% the expression level of
TGF-B type II receptor in osteoblastic cells, and
that the reduction correlated well with a dimin-
ished cell response to TGF-8 [limura et al,
1994]. In REL cells, too, the depressed levels at
the cell surface could represent, as for all signal-
ing receptors, a strong potential attenuation of
the cell responsiveness to TGF-B. It is here of
interest to note that in several cell types, reti-
noids and TGF- can act additively or synergisti-
cally on cell growth [De Benedetti et al., 1991;
Fukuda et al., 1994] or even cell death, espe-
cially in rat hepatic cells [Fukuda et al., 1994].

Our results thus show that, while retinoids
and TGF-Bs are two families of compounds pre-
senting many similarities of effects, in REL cells
treatment with retinoids tends to reduce and
limit the subsequent actions of TGF-Bs.
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