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Platelet-derived growth factor (PDGF) increases the mitogenic activity of epider-
mal growth factor (EGF) in several cells lines, including BALB/C-3T3. PDGF-
treated BALB/C-3T3 cells manifest a reduced capacity to bind 25I-labeled EGF
due to a loss of high affinity EGF receptors. Cholera toxin potentiates the ability
of PDGF to both decrease EGF binding and initiate mitogenesis. Whether PDGF
increases EGF sensitivity via its effects on EGF receptors is not known and
requires a more complete understanding of the mechanism by which PDGF
decreases EGF binding.

12-O-tetradecanoylphorbol 13-acetate (TPA) also reduces EGF binding in
BALB/C-3T3 and other cells, presumably by activating protein kinase C and,
consequently, inducing the phosphorylation of EGF receptors at threonine —654.
PDGF indirectly activates protein kinase C, and EGF receptors in PDGF-treated
WI-38 cells are phosphorylated at threonine-654. Thus, the effects of PDGF on
EGF binding may also be mediated by protein kinase C. We investigated this
hypothesis by comparing the actions of PDGF and TPA on EGF binding in
density-arrested BALB/C-3T3 cells.

Both PDGF and TPA caused a rapid, transient, cycloheximide-independent
loss of >>I-EGF binding capacity. The actions of both agents were potentiated by
cholera toxin. However, whereas TPA allowed EGF binding to recover, PDGF
induced a secondary and cycloheximide-dependent loss of binding capacity. Most
importantly, PDGF effectively reduced binding in cells refractory to TPA and
devoid of detectable protein kinase C activity. These findings indicate that PDGF
decreases EGF binding by a mechanism that involves protein synthesis and is
distinct from that of TPA.
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The ability of nontransformed cells in culture to proliferate in response to a
given mitogen is often dependent upon prior or concomitant sensitization by a second
mitogen. Density-arrested BALB/C-3T3 cells, for example, do not respond prolifer-
atively to epidermal growth factor (EGF) unlesss pretreated or co-incubated with
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platelet-derived growth factor (PDGF). In this system, PDGF initiates proliferation
by rendering quiescent cells “competent” to re-enter the cell cycle [1]. EGF in the
presence of somatomedin C (SmC) mediates the subsequent Gy/G; traverse of com-
petent cells [2]. EGF and SmC also promote the progression of quiescent NRK,
AKR, 10T% and Swiss 3T3 cells; PDGF, while not obligatory for the traverse of
these cells, reduces the concentration of EGF required for their stimulation [3-5].
The mechanism by which PDGF sensitizes cells to EGF is not known.

Competence formation requires only a brief exposure (2-4 hr) of cells to PDGF.
Once rendered competent, cells remain responsive to EGF and SmC for several hours
following the removal of PDGF from the culture medium [1,6]. This observation
implies the existence of stable PDGF-induced changes in the intracellular environment
that denote the competent state. The addition of PDGEF to target cells elicits a variety
of responses including altered distribution of cytoskeletal components such as vinculin
[7,8], preferential gene transcription and protein synthesis [9-13], and changes in ion
transport [14-15], and phospholipid metabolism [16-19]. Although each of these
events represents a potential competence signal, or may be involved in the generation
of that signal, a relationship between these processes and the subsequent actions of
EGF has yet to be defined.

HETEROLOGOUS RECEPTOR MODULATION

PDGF and EGF communicate with target cells via specific receptors located in
the plasma membrane; hormone-bound receptors are rapidly internalized and ulti-
mately degraded [20,21]. Cellular capacity to bind '>’I-EGF is reduced following
treatment with PDGF, the result of an indirect action of PDGF on either the number
or affinity of EGF receptors [22-27]. This finding is paradoxical, given the synergis-
istic effects of PDGF and EGF on mitogenesis and contrasts with data showing
increased SmC binding in PDGF-treated BALB/C-3T3 cells [28]. The ability of
PDGF to modulate EGF binding demonstrates, however, that EGF receptors are
targets of both PDGF and EGF and, thus, potential mediators of the effects of PDGF
on EGF sensitivity.

In support of this hypothesis, Wharton et al {23} and Leof et al [29] have shown
that cholera toxin and other agents that increase cellular levels of cyclic AMP enhance
both PDGF-induced competence formation and the loss of EGF binding capacity
produced by PDGF. Treatment of density-arrested BALB/C-3T3 cells with optimal
levels of PDGF produced, at most, a 60-70% loss of EGF binding capacity, whereas
PDGF in combination with cholera toxin reduced '*>I-EGF binding greater than 90% .
Moreover, cells treated with both PDGF and cholera toxin no longer required EGF for
Gy/G, traverse [23].

In the absence of PDGF, cyclic AMP elevating agents also act synergistically
with EGF to promote the Gy/G; traverse of BALB/C-3T3 cells and other cell lines
[4,30-33]. In addition, comparison of three nontransformed cell lines revealed a
direct correlation between cyclic AMP content at quiescence and ability to respond
mitogenically to EGF [4]. In contrast to PDGF, however, agents increasing cellular
cyclic AMP levels did not affect the binding of EGF to its receptors; down regulation
and degradation of EGF-receptor complexes were also unaffected by these agents
[4,34]. Thus, the mechanism by which cyclic AMP increases EGF sensitivity may
differ from that of PDGF.

142:GFTP



Modulation of EGF Receptors JCB:145

COMPARISON OF THE EFFECTS OF PDGF AND TPA ON EGF BINDING

To address the question of whether PDGF potentiates EGF sensitivity by
modulating EGF receptors, experiments were performed to determine the mechanism
by which PDGF decreases EGF binding. Like PDGF, the potent tumor promoter,
12-O-tetradecanoylphorbol 13-acetate (TPA) also reduces EGF binding in several cell
lines [35-48] and initiates the proliferation of density-arrested BALB/C-3T3 cells
[49]. When added to intact cells, both agents induce the phosphorylation of EGF
receptors at threonine-654 [50-51]. Threonine-654 is also phosphorylated in vitro by
protein kinase C [52], the binding site and cellular mediator of TPA [53]. PDGF
indirectly stimulates this kinase by increasing the turnover of phosphatidylinositol and
the formation of diacylglycerol, the endogenous activator of protein kinase C [16-
19]. Phosphorylation of purified EGF receptors by protein kinase C has been shown
to reduce the affinity of these receptors for EGF [54]. These observations suggest
that PDGF and TPA decrease EGF binding by a common process involving the
activation of protein kinase C and the consequent phosphorylation of EGF receptors
at threonine-654. Direct confirmation that TPA reduces EGF binding by this mecha-
nism is provided by experiments showing that cells transfected with EGF receptor
c¢DNA containing Ala-654 did not exhibit a loss of EGF binding capacity in response
to TPA [55].

To determine whether PDGF acts like TPA, we compared the actions of PDGF
and TPA on EGF binding in BALB/C-3T3 cells. In the first set of experiments,
density-arrested cells were incubated at 37°C in medium containing 25 ng/ml PDGF
or 500 nM TPA. At various times, the monolayers were rinsed and '>>I-EGF binding
was measured at 4°C. In response to PDGF, 2’I-EGF binding decreased to within
30% of control (quiescent, nonrefed cultures) within 15 min, increased to 50% by
45-60 min, and between 1 and 3 hr, declined from 50% to 25% (Fig. 1). Binding
capacity remained at this reduced level for at least 4 hr (data not shown). TPA also
rapidly and transiently reduced EGF binding; the response elicited by TPA during the
first hour of treatment was greater than, but qualitatively similar to, that observed
with PDGF. In contrast to PDGF, however, ’I-EGF binding in the TPA-treated
cells did not decline after 60 min but continued to slowly increase. PDGF, therefore,
differs from TPA in its ability to effect a secondary, sustained decrease in EGF
binding activity.

Previous studies have shown that prolonged exposure of cells to high levels of
TPA renders cells refractory to TPA [56-59]. Cellular desensitization to TPA is
accompanied by a dramatic decline in the number of binding sites for TPA [56,60].
In accord with the concept that protein kinase C is the receptor for TPA, the activity
of this enzyme in TPA-pretreated cells is reduced or absent [61]. The loss of protein
kinase C activity results from degradation, as opposed to inactivation, of the kinase
[62]. To determine whether PDGF decreases EGF binding in the absence of protein
kinase C, quiescent BALB/C-3T3 cultures were exposed to 600 nM TPA for 20 hr at
37°C under conditions nonpermissive for cell cycle traverse. The duration of the
exposure was sufficient to allow EGF binding to recover to essentially control levels
(Fig. 2). Such treatment resulted in the loss of detectable levels of protein kinase C
activity and the consequent inability of cells to respond to TPA in terms of 1)
decreasing '>’I-EGF binding and 2) initiating DNA synthesis (Fig. 2 and data not
shown). PDGF, however, reduced EGF binding to a similar extent and in a compa-
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Fig. 1. Effect of PDGF or TPA on EGF binding. Density-arrested BALB/C-3T3 cells were incubated
at 37°C in medium alone (A) or medium containing 25 ng/ml PDGF (O), 500 nM TPA (@), or both
(A). At various times after refeeding, the cells were rinsed with binding medium and !2’I-EGF binding
was determined at 4°C. The amount of '2I-EGF specifically bound by quiescent, nonrefed cultures
represents 100%. Reproduced from Proc. Natl. Acad. Sci. USA 83:3834-3838, 1986, with permission.
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Fig. 2. Effect of PDGF or TPA on control or TPA-pretreated cells. Quiescent cultures were incubated
for 20 hr in medium supplemented with 0.25% platelet-poor plasma and 600 nM TPA. TPA-pretreated
(@) or nontreated control (O) cells were refed with medium containing 25 ng/ml PDGF (left panel) or
600 nM TPA (right panel). '2’I-EGF binding was determined at the indicated times. Reproduced from
Proc. Natl. Acad. Sci. USA 83:3834-3838, 1986, with permission.

rable manner in both control and TPA-pretreated cultures. In agreement with previous
reports [59-63], cells desensitized to TPA also remained mitogenically responsive to
PDGF (data not shown). The ability of PDGF to reduce EGF binding in cells
refractory to TPA implies that the mechanism by which PDGF modulates EGF
binding differs from that of TPA and thus, unlike that of TPA, is independent of
protein kinase C. Whether PDGF activates other kinases that phosphorylate EGF
receptors, and whether such phosphorylation is responsible for the loss of EGF
binding capacity, are at present unknown.
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REQUIREMENT FOR PROTEIN SYNTHESIS AND EFFECT OF CHOLERA
TOXIN

As described above, the secondary decrease in EGF binding induced by PDGF
is not observed in cells receiving TPA. Unlike the initial reduction produced by TPA
(or EGF) [64], this secondary loss of EGF binding capacity was strictly dependent on
continued protein synthesis (Fig. 3, and data not shown). When added to cells in
combination with PDGF, cycloheximide not only prevented this delayed decrease but
allowed binding capacity to recover to essentially control levels. Cycloheximide had
a similar effect on cells treated with both PDGF and cholera toxin, and 5,6-dichloro-
B-ribofuranosylbenzimidazole, an inhibitor of mRNA synthesis, also reversed the
loss of binding capacity produced by PDGF (data not shown). These observations
suggest that PDGF may decrease EGF binding by two distinct processes that differ in
their requirement for protein and RNA synthesis.

Although PDGF and TPA affect EGF binding dissimilarly and perhaps act via
different mechanisms, the inhibitory actions of TPA on EGF binding, like those of
PDGF, were enhanced by cholera toxin. When suboptimal amounts of TPA (5-50
nM) were added to cells in combination with cholera toxin, '>’I-EGF binding de-
creased at a faster rate and to a greater extent than was observed in cells receiving
TPA alone (Fig. 4). Higher concentrations of TPA (500 nM) elicited a rapid and
maximum response and, thus, obscured these effects of the toxin. At this concentra-
tion of TPA, however, an additional effect of cholera toxin was evident; this agent
antagonized the recovery of binding that began at 1 hr in the TPA-treated cells.
Regardless of the dose of TPA or of the presence of cholera toxin, '23I-EGF binding
increased after 3 hr; binding activity, however, remained lower in the toxin-treated
cells (data not shown).
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Fig. 3. Recovery of EGF binding in the presence of cycloheximide. Cycloheximide was added to cells
in spent medium to a final concentration of 10 ug/ml. Fifteen minutes later, the cultures were refed with
medium containing 25 ng/ml PDGF and 10 pg/ml cycloheximide (@). Cells not pre-exposed to
cycloheximide received PDGF alone (O). '*’I-EGF binding was determined at various times after
refeeding. Cycloheximide at the concentration used inhibited protein synthesis greater than 95%.
Reproduced from Proc. Natl. Acad. Sci. USA 83:3843-3838, 1986, with permission.
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Fig. 4. Enhancement by cholera toxin of the TPA effect. Confluent cells were pretreated with medium
containing 1 pg/ml cholera toxin for 2 hr. Nontreated (O) and toxin-treated cells (@) were then refed
with medium supplemented with 5 nM (left panel), 50 nM (middle panel) or 500 nM (right panel) TPA;
cells pre-exposed to cholera toxin also received the toxin at 1 pg/ml. '>’-EGF binding activity was
measured at various intervals after refeeding. Reproduced from Proc. Natl. Acad. Sci. USA 83:3834-
3838, 1986, with permission.

CONCLUDING REMARKS

The data presented here and in previous reports [23,29)] demonstrate that the
effects of PDGF on EGF binding in density-arrested BALB/C-3T3 cells are 1)
potentiated by agents that increase cellular levels of cyclic AMP, 2) are dependent, in
part, on protein synthesis, and 3) presumably do not require protein kinase C. In
addition, the data show that PDGF-induced competence formation and changes in
EGF binding are correlated in two respects: 1) cholera toxin potentiated the actions
of PDGF on both processes and 2) TPA pretreatment did not abrogate the effects of
PDGF on either process. In contrast, as reported by Collins and Rozengurt [59],
vasopressin decreased EGF binding and stimulated DNA synthesis in quiescent, but
not in TPA-pretreated, Swiss 3T3 cells. A definitive relationship between heterolo-
gous receptor modulation and mitogenesis, however, has yet to be demonstrated and
requires a more complete understanding of the mechanism by which PDGF decreases
EGF binding and knowledge of the fate of EGF receptors in PDGF-treated cells.

REFERENCES

. Pledger WJ, Stiles CD, Antoniades, HN, Scher, CD: Proc Natl Acad Sci USA 74:4481-4485, 1977.
. Leof EB, Van Wyk, 1], O’Keefe EJ, Pledger WJ: Exp Cell Res 147:202-208, 1983.
. Wharton W, Leof EB, Olashaw NE, O’Keefe EJ, Pledger WJ: Exp Cell Res 141:107-114, 1983.

W =

4. Olashaw NE, Leof EB, O’Keefe EJ, Pledger WI: J Cell Physiol 118:291-297, 1984.

5. Dicker P, Pohjanpelto P, Pettican P, Rozengurt E: Exp Cell Res 135:221-227, 1981.

6. Singh JP, Chaiken MA, Pledger WI, Scher CD, Stiles CD: J Cell Biol 96:1497-1502, 1982.

7. Herman B, Pledger WJ: J Cell Biol 100:1031-1040, 1985.

8. Herman B, Harrington MA, Olashaw NE, Pledger WJ: J Cell Physiol 126:115-125, 1986.

9. Pledger WJ, Hart CA, Locatell KL, Scher CD: Proc Natl Acad Sci USA 78:4358-4362, 1981.
10. Kelly K, Cochran BH, Stiles CD, Leder P: Cell 35:603-610, 1983.

11. Hendrickson SL, Scher CD: Mol Cell Biol 3:1478-1487, 1984.

12. Greenberg ME, Ziff EB: Nature 311:433-437, 1984.

13. Kruijer W, Cooper JA, Hunter T, Verma IM: Nature 312:711-716, 1984.
14. Mendoza S, Wigglesworth NM, Pohjanpelto P, Rozengurt E: J Cell Physiol 103:17-27, 1980.

15. Cassel D, Rothenberg P, Zhuang Y-X, Deuel TF, Glaser L: Proc Natl Acad Sci USA 80:6224-

6228, 1983.
16. Habenicht AJR, Glomset JA, King WC, Nist C, Mitchell CD, Ross R: J Biol Chem 256:12329-

12335, 1981.

146:GFTP



17.

18.
19.
20.
21.
22.
23.
24,
25.
26.
27.
28.
29.
. Wharton W, Leof EB, Olashaw NE, Earp SH, Pledger WJ: J Cell Physiol 11:201-206, 1982.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43,

49.
50.
51.
52.
53.
54.
55.

56.
57.
58.

59.
60.
6l.
62.
63.
. Aharanov A, Pruss RM, Hershman HR: J Biol Chem 253:3970-3977, 1978.

Modulation of EGF Receptors JCB:149

Brown KD, Blay J, Irvine RF, Heslop JP, Berridge MJ: Biochem Biophys Res Commun 123:377-
384, 1984.

Berridge MJ, Heslop JP, Irvine RF, Brown KD: Biochem J 222:195-201, 1984.

Chu S-HW, Hoban CJ, Owen AJ, Geyer RP: J Cell Physiol 124:391-396, 1985.

Carpenter G: Mol Cell Endocrinol 31:1-9, 1983.

Bowen-Pope DF, Rosenfield ME, Seifert RA, Ross R: Int J Neurosci 26:141-153, 1985.

Wrann M, Fox CF, Ross R: Science 210:1363-1365, 1980.

Wharton W, Leof EB, O’Keefe EJ, Pledger WJ: Proc Natl Acad Sci USA 79:5567-5571, 1982.
Shupnik MA, Antoniades HN, Tashjian AH: Life Sci 30:347-353, 1982.

Collins MKL, Sinnett-Smith JW, Rozengurt E: J Biol Chem 258:11689-11693, 1983.

Bowen-Pope DF, DiCorleto PE, Ross R: J Cell Biol 96:679-683, 1983.

Brown KD, Blakely DM, McDonald M: Biosci Rep 3:659-666, 1983.

Clemmons DR, Van Wyk IJ, Pledger WJ: Proc Natl Acad Sci USA 75:2839-2843, 1980.

Leof EB, Olashaw NE, Pledger WJ, O’Keefe EJ: Biochem Biophys Res Commun 109:83-91, 1982.

Pruss RM, Herschman HR: J Cell Physiol 98:469-474, 1979.

Rozengurt E, Legg A, Strang G, Courtenay-Lack N: Proc Natl Acad Sci USA 78:4392-4396, 1981.
Rozengurt E: J Cell Physiol 112:243-250, 1982.

Hollenberg MD, Cuatrecasas P: Proc Natl Acad Sci USA 70:2964-2968, 1973.

Lee L, Weinstein IB: Science 202:313-315, 1978.

Murray AW, Fusenig NE: Cancer Lett 7:71-77, 1979.

Lee L, Weinstein IB: Proc Natl Acad Sci USA 76:5168-5172, 1979.

Shoyab M, DeLarco JE, Todaro GJ: Nature (London) 279:387-391, 1979.

Brown KD, Dicker P, Rozengurt E: Biochem Biophys Res Commun 86:1037-1043, 1979.
Chandler CE, Herschman HR: J Cell Physiol 105:275-285, 1980.

Magun BE, Matrisian LM, Bowen GT: J Biol Chem 255:6373-6381, 1980.

Saloman DS: J Biol Chem 256:7958-7966, 1981.

Hollenberg MD, Nexo E, Berhanu P, Hock R: In “Receptor-Mediated Binding and Internalization
of Hormones.” Middlebrook JL, Kohn LD (eds): New York: Academic Press, 1981, pp 181-195.

. End D, Tolson N, Yu M, Guroff G: J Cell Physiol 111:140-148, 1982.
45.
46.
47.
48.

King CA, Cuatrecasas P: J Biol Chem 257:3053-3060, 1982.

Logsdon CD, Williams JA: Biochem J 223:893-900, 1984.

Boonstra J, Mummery CL, van der Saag PT, deLaat SW: J Cell Physiol 123:347-352, 1985.
Bequinot L, Hanover JA, Ito S, Richert ND, Willingham MC, Pastan I: Proc Natl Acad Sci USA
82:2772-2778, 1985.

Frantz CN, Stiles CD, Scher CD: J Cell Physiol 100:413-424, 1979.

Davis RJ, Czech MP: Proc Natl Acad Sci USA 82:1974-1978, 1985.

Davis RJ, Czech MP: Proc Natl Acad Sci USA 82:4080-4084, 1985.

Hunter T, Ling N, Cooper JA: Nature (London) 311:480-483, 1984.

Nishizuka Y: Nature (London) 308:693-697, 1984.

Downward J, Waterfield MD, Parker P: J Biol Chem 260:14538-14546, 1986.

Lin CR, Chen WS, Lazar CS, Carpenter CD, Gill G, Evans RM, Rosenfeld MG: Cell 44:839-848,
1986.

Collins MKL, Rozengurt E: J Cell Physiol 112:42-50, 1982.

Rozengurt E, Rodriguez-Pena M, Smith KA: Proc Natl Acad Sci USA 80:7244-7248, 1983.
Rozengurt E, Rodriguez-Pena A, Coombs M, Sinnett-Smith J: Proc Natl Acad Sci USA 81:5748-
5752, 1984.

Collins MKL, Rozengurt E: J Cell Physiol 118:133-142, 1984.

Jaken S, Tashjian AH, Blumberg PM: Cancer Res 41:2175-2181, 1982,

Rodriguez-Pena A, Rozengurt E: Biochem Biophys Res Commun 120:1053-1059, 1984.

Ballester R, Rosen O: J Biol Chem 260:15194-15199, 1986.

Coughlin SR, Lee WMF, Williams PW, Giels GM, Williams LT: Cell 43:243-251, 1985.

GFTP:147





