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Stimulation of prostaglandin production in C-9 rat liver cells by trans- 
forming growth factor (TGF1-e was synergistic with that of the tumor promoter 
12-O-tetradecanoyl-phorbol-13-acetate (TPA). TGF-a and TPA synergized the 
release of radiolabelled compounds from [3H]arachidonic acid prelabelled C-9 
cells. 1-Oleoyl-2-acetyl-glycerol (OAG) and TGF-a also synergized prosta- 
glandin production in the C-9 cells suggesting that the tumor promoter was 
mimicking the physiological activator of protein kinase C, 1,2-diacylglycerol. 
TGF-a and TPA also synergistically stimulated arachidonfc acid metabolism by 
NRX-49F rat kidney cells. In A-549 human lung carcinoma cells, TGF-S, but not 
TGF-a , stimulated arachidonic acid metabolism synergistically with TPA. 
(‘J 1985 Academic Press, Inc. 

Several growth factors, including epidermal growth factor (EGF), platelet- 

derived growth factor (PDGF), interleukin-1, as well as sarcoma, kidney, and 

bladder carcinoma transforming growth factors (1,2), stimulate arachidonic 

acid metabolism by cells in culture (3-11). The transforming growth factors 

probably contained transforming growth factor (TGF)-a- or E-like polypeptides 

or both (2). We show here that both recombinant human TGF-a and human TGF-8, 

independently, can synergistically stimulate arachidonic acid metabolism in 

the presence of 12-O-tetradecanoyl-13-acetate (TPA) and that TGF-a can syner- 

gistically stimulate arachidonic acid metabolism in the presence of l-oleoyl- 

2-acetyl-glycerol (OAG). The synergistic stimulation of arachidonic acid 

Abbreviations: EGF, epidermal growth factor; MEM, minimal essential 
media; OAG, 1-oleoyl-2-acetyl-glycerol; PDGF, platelet derived growth factor; 
PGD2, prostaglandin D2; PGE2, prostaglandin E2; PGF2a, prostaglandin F2a; 
6-keto-PGFl,, 6-keto-prostaglandfn Fla; TGF-a, transforming growth factor-a; 
TGF-S, transforming growth factor-S; TPA, 12-O-tetradecanoyl-phorbol-13- 
acetate; TxB2, thromboxane B2. 
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metabolism by TGF-a and TPA in C-9 cells appears to reflect increased deester- 

ification of arachidonic acid from its cellular lipids. 

MATERIALS AND METHODS 

Cells were grown as monolayers using MEM containing 2 mM L-glutamine and 
supplemented with 10% (v/v> fetal bovine serum. Cells treated with trypsin- 
EDTA (0.25%) were seeded at 0.4 x lo6 tells/35-mm tissue culture dishes 
(Falcon Plastics, Oxnard, CA) in 1 ml of the serum-supplemented medium. After 
1 day of growth, the medium was removed, and each dish was washed twice with 1 
ml of MEM and then incubated in 1 ml of MEM containing the indicated sub- 
stances at 37" in an atmosphere of 95% air-5% CO2 for 24 hours unless speci- 
fied otherwise. The culture media were collected and, after centrifugation to 
remove any floating cells, analyzed by radioimmunoassay. For radiolabelling 
of the cells, [3H]arachidonic acid (5,6,8,9,11,12,14, 15-[3H(N)], 87.4 Ci/ 
mmol) (New England Nuclear, Boston, MA) was added to cells at the time of 
seeding. The seeding for these radiolabelling experiments was at a density of 
2.0 x 106 cells per 60 mm dish. After incubation for 24 hours, the unincor- 
porated [3H]arachfdonic acid was removed by washing the cells 5 times with 
MEM. In the radiolabelling experiments, fatty acid-free albumin, 5 mgs per ml 
(Sigma Chemical Co., St. Louis, MO) was present in all culture media. 

The phorbol ester (TPA) was purchased from CMC Cancer Research Chemicals, 
Inc. (Brewster, NY). 1-Oleoyl-2-acetylglycerol (OAG) was purchased from 
Molecular Probes, Inc., Junction City, OR. The rat liver cells (the C-9 cell 
line) and the A-549 cell line were obtained from the American Type Culture 
Collection (Rockville, MD). The NRK-49F cell line was obtained from Dr. 
Michael Newman, Department of Biochemistry, Brandeis University, Waltham, MA. 
The TGFa and TGF-8 were generously supplied by Dr. Rik Derynck, Genentech, 
Inc. (South San Francisco, CA) and Dr. Anita B. Roberts, National Cancer In- 
stitute (Bethesda, MD), respectively. 

Transforming growth factor-f? (TGF-8) was purified from human platelets as 
described by Assoian et al. (12) -- except that urea was removed by desalting on 
Cl8 high performance liquid chromatography. The preparation used was free of 
contaminants as analyzed by SDS-polyacrylamide gel electrophoresis and silver 
staining. In particular, there was no evidence for contamination with 
platelet-derived growth factor. There was no evidence for contamination with 
EGF. TGF-a was a recombinant product of 50 amino acid residues produced by 
expression of the appropriate human coding sequence in E. coli as described by 
Derynck et al. (13). -- The final product (Lot No. 8/31 TEFl) was homogeneous by 
analysis on HPLC and by amino acid composition and its concentration, analyzed 
by inhibition of [1251]EGF binding, is given as EGF equivalents. 

Measurement of Arachidonic Acid Metabolites. Products of arachidonic 
acid metabolism are released into the culture medium. The concentrations of 
prostaglandin E2 (PGE2), prostaglandin F2a (PGF2a), and the stable, hydrolyt 
product of prostacyclin, h-keto-prostaglandin Fla (6-keto-PGFla) in medium 
were determined by radioimmunoassay using antisera of known specificities. 
The antibodies directed against PGE2, PGF2, and h-keto-PGFla are highly 
specific. 

ic 

Statistical Analysis. Results of each experiment were subjected to 
analysis of variance, and the standard errors (SE) were calculated from the 
residual error term of that analysis. 

RESULTS 

The C-9 cell line of rat liver cells metabolizes arachidonic acid via the 

cyclooxygenase, not the lipoxygenase, pathway. About 95% of the cyclooxy- 
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Fig. 1. Synergistic stimulation of 6-keto-PGFl, production by increments of 
TGFa in presence (A) and absence (A) of TPA. Data represent the means and 
SEM for analyses of 3 to 6 dishes. Production of h-keto-PGFl, (rig/ml) in MEM, 
0.42 f  0.057 (0); in TPA (8.5 nM), 1.05 2 0.060 (X). PGF2, (rig/ml), with TPA, 
0.036; with TPA and TGF-a, 0.168. PGE2 (rig/ml), with TPA 0.030; with TPA and 
TGFa, 0.088. 

genase products is prostaglandin 12 (PGI2), measured as its stable hydrolytic 

product 6-keto-PGFl,; PGE2 and PGF2u are the other products. EGF as well as 

PDGF stimulates arachidonic acid metabolism by C-9 cells (14). TPA also 

stimulates metabolism of arachidonic acid in many cells, including the C-9 

cells (15). TGF-a in the presence of TPA dose dependently synergized arachi- 

donic acid metabolism (Fig. 1). TGF-8, at least at the highest level used 

(0.08 nM), did not statistically significantly synergize the stimulation of 

arachidonic acid metabolism with TPA. All of the cyclooxygenase products of 

this cell (PGFzu, PGE2, as well as the h-keto-PGFl,) were increased synergisti- 

cally during incubation of the cells with TPA and TGF-a. The stimulation must 

have occurred at or before the formation of the endoperoxide intermediate. 

The C-9 cells, when prelabelled with [3H]arachidonic acid, released radiolabel 

and h-keto-PGFlu into the conditioned media synergistically (P <O.Ol) when 

treated with both TGF-a and TPA (Table 1). Deesterification, most likely 

a phospholipase A2 reaction, was being stimulated. However, the possibility 

that reesterification of enzymatically liberated arachidonic acid was inhib- 

ited directly or indirectly by the TGF-a cannot be ruled out. 

Normal rat kidney cells (the NRK-49F cell line) produce about equal 

amounts of PGE2, PGF2, and PGI2 (if TxB2 and PGD2 or lipoxygenase products are 
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TABLE 1. SYNERGISTIC STIMULATION OF RELEASE OF RADIOLABELLED MATERIAL FROM 
[sH]ARACHIDONIC ACID LABELLED CELLS AND 6-KETO-PGFl, PRODUCTION IN 

RAT LIVER (C-9) CELLS BY TGFa IN THE PRESENCE OF TPAa$hvh 

Release of [3H]-labelled 
compounds from [aH]arachi- 

Agonist concentration donic acid prelabelled cells 6-keto-PGFl, 
IIM cpm/mlf rig/ml 

MEMC 1479 + 40 (4)d 2.53 + 0.222 (4)dpg 
TPA 
TGFa 
TPA 
and 
TGFa 

1.7 
1.8 
1.7 

1.8 

1255 ? 17 (4) 1.78 ? 0.094 (4) 
1459 + 41 (4) 3.03 If 0.309 (4) 

2031 f 131 (4)e 5.65 + 0.589 (4)e 

a 2.0 x lo6 cells per 60 mm dish. 
b After a 60 minute incubation. 
c MEM contained fatty acid-free albumin (5 mg/ml). 
d Data represent the means f SEM for the number of dishes in parentheses. 
e Significantly different from MEM (P <O.Ol). 
f About 10% of the radiolabelled compounds chromatographed with authentic 

6-keto-PGFla and 90% with authentic arachidonic acid. 
g This level of 6-keto-PGFl, is much higher than that seen in Fig. 1, even 

though the incubation was 60 minutes instead of 24 hours. However, more 
cells are used on these experiments (2 x lo6 compared to 4 x 105). In 
addition, the MEM contains fatty acid-free bovine albumin;(5 mg/ml) so that 
any liberated arachidonic acid would be bound and reesterification would be 
inhibited. 

h For this experiment, the TPA concentration was 5 fold less than that used in 
Fig. 1. With this low level of TPA, release of [3H]label is not stimulated 
and the synergistic response with TGF-a is not es large as that seen with 
higher concentrations of TPA (Fig. I). 

produced, they are below the limits of the sensitivities of our radioimmuno- 

the NRK-49F cell line also was 

and TPA (Table 2) [the condi- 

assays). PGE2 and 6-keto-PGFlo production by 

synergistically stimulated (P <O.Ol) by TGF-a 

tioned media were not analyzed for PGF2ol. 

Human lung carcinoma cells (the A-549 ce 11 line) do not metabolize arach- 

idonic acid to a great extent, but when incubated in the presence of TPA, PGE2 

can be measured in the conditioned media. In contrast to the response of the 

C-9 rat liver cells and the NRK-49F rat kidney cells, TGF-B, but not TGF-a, 

synergized PGE2 production (P <O.Ol) in the A-549 cells (Table 3). 

The cellular target of the tumor promoting phorbol esters is protein 

kinase C (16). Its physiological counterpart in the activation of protein 

kinase C is 1,2-diacylglycerol (17), one of two putative second messengers 

produced during phosphatidylinositoltriphosphate hydrolysis (18). 1-Oleoyl- 

2-acetyl-glycerol (OAG), a derivative of diacylglycerol, also activates 

113 



Vol. 130, No. 1, 1985 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

TABLE 2. SYNERGISTIC STIMULATION OF PGE2 AND 6-KETO-PGFI, PRODUCTION IN NRK- 
49F CELLS BY TGF-a AND TPA 

Concentration PGE2 6-k&o-PGFIa 
Agonist TIM ng/m1a 

MEM --- 0.19 ? 0.030 (4) 0.15 f 0.024 (4) 
TGFa 1.8 0.36 i 0.051 (4) 0.44 2 0.012 (4) 
TPA 0.40 A 0.002 (6) 0.60 + 0.029 (6) 
TPAc + TGFa lC8 3.06 + 0.126 (4)b 5.22 + 0.714 (4)b 

a Data represent the means ? SEM for the number of dishes in parentheses. 
b Significantly different from TPA or TGF-a (P <O.Ol). 
= TPA, 8.4 nM. 

protein kinase C (19). TGF-a synergized prostaglandin production (P <O.Ol) 

in the rat liver cells in the presence of OAG (Table 4). 

DISCUSSION 

The response of the cells to TGFa and TGF-13 was dependent on the cell 

type. TGF-a synergistically stimulated arachidonic acid metabolism in the 

presence of TPA in rat liver and rat kidney cells in culture; TGF-H, at least 

at the highest concentration used, did not. On the other hand, TGF-H syner- 

gistically stimulated prostaglandin production in the presence of TPA in human 

lung carcinoma cells more effectively than did TGF-a. Both TGF-a and TGF-H 

have been found to stimulate bone resorption as assessed by 4oCa release from 

and prostaglandin production by mouse calvaria (11). The synergistic stimula- 

tions of arachidonic acid metabolism by the C-9 and NRK-49F cells are occur- 

ring at or before the formation of the cyclooxygenase catalyzed intermediate, 

TABLE 3. SYNERGISTIC STIMULATION OF PGE2 PRODUCTION IN HUMAN LUNG CARCINOMA 
(A-549) CELLS BY TGF-B AND TPA 

Agonist 

MEM 
TGFa 
TGF-$ 

TPA 
TPA + TGFa 

TPAc + TGF-B 

Concentration 
IlM 

--- 
1.8 
0.1 

1Ca 

0.1 

PGE2a 
(nglml) 

<O.Ol 
<O.Ol 
<O.Ol 

0.66 ? 0.059 (6) 
0.72 ?I 0.035 (3) 

3.20 t 0.000 (3)" 
TPAC + TGF-B 0.02 1.17 f 0.024 (3)b - 

a Data represent the means ? SEM for the number of dishes in parentheses. 
b Significantly different from TPA or TGF-B (P <O.Ol). 
C TPA, I7 nM. 
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TABLE 4. STIMULATION OF 6-KETO-PGFI, AND PGF2, PRODUCTION IN RAT LIVER CELLS 
BY TGF-a IN THE PRESENCE AND ABSENCE OF OAG 

Concentration 6-keto-PGFIaa PGF2ab 
Agonist TIM rig/ml - 

MEM --- 0.08 + 0.013 (3) <0.014 
TGFa 1.8 0.21 5 0.031 (3) <0.014 
TGFa 0.4 0.16 ? 0.016 (3) --- 
OAG 

I:8 
0.24 t 0.015 (3) 0.017 

OAG= + TGF-a 2.32 ?r 0.208 (3P 0.080 
OAGC + TGFa 0.4 0.86 ?I 0.039 (39 --- 

a Data represent means f  SEM for the number of dishes in parentheses. 
b Data are means of duplicate analyses of pools of 3 dishes. Analyses agreed 

within 10%. 
= OAG, 62 PM. 
d Significantly different from OAG or TGF-a (P <O.Ol). 

the endoperoxide, as all products of the endoperoxide metabolism were stimu- 

lated in a similar manner. In the rat liver C-9 cells, the increased endo- 

peroxide formation reflects stimulated liberation of arachidonic acid (Table 

l), probably resulting from increased phospholipase A2 activity. However, 

the possibility that cyclooxygenase activity also is being stimulated cannot 

be excluded. The increased phospholipase A2 activity appears to be mediated 

by TPA's activation of protein kinase C, since the TGF-a's synergistic stimu- 

lation of prostaglandin production was also seen with OAG, a derivative of the 

physiologically activated diacylglycerol that activates protein kinase C (19). 

Thus, the prostaglandin-stimulating activities of the TGFs may be important 

physiologically since their activity can accompany generation of the putative 

second messenger, diacylglycerol, an intermediate in cellular signal trans- 

mission pathways (18). 

Many of the pleiotropic effects of TPA are thought LO result from per- 

turbation of membrane structure (20). By binding to their specific receptors, 

TGFa and the TGF-8 not only are perturbing the membrane structure but also 

are regulating cellular processes and also stimulating deesterification of 

cellular lipids. We are not postulating any role for the pharmacologically- 

active prbducts of the arachidonic acid metabolic cascade in the regulatory 

processes, just altered membrane properties that may accompany stimulation of 

the deesterification pathway. Drugs that block cyclooxygenase or lipoxygenase 

activities may have no effect on processes that accompany altered membrane 
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properties (possibly transformation) but drugs that effect deesterification 

pathways, e.g. corticosteroids (21), may. 

Several observations have encouraged considerable speculation on the 

relationship between prostaglandins and cancer (8). Increased prostaglandin 

levels have been found in blood and/or urine of animals carrying neoplasms, as 

well as in conditioned media of transformed cells growing in tissue culture. 

In addition, it has been shown that arachidonic acid metabolism is associated 

with tumor promotion. Nevertheless, a causal relationship has never been 

demonstrated. Such associations could have resulted from increased growth 

factor activities. Recent studies have demonstrated sequence homologies 

between growth factors , growth factor-receptors and certain oncogene products 

(22-23). Increased production of cellular oncogenes that regulate, directly 

or indirectly, growth processes could have led to greater arachidonic acid 

metabolism. 
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