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Tumor necrosis factor (TNF) has been shown to induce the phosphorylation of a 27 kDa protein in a time- and concen-
tration-dependent manner in HeLa D98/AH,, ME 180 and bovine aortic endothelial cells. This phosphorylation could
be reproduced by the calcium ionophore, A23187. However, this phosphorylation was not observed in L929 cells, for
which TNF is highly cytotoxic, suggesting that it might play a role in actions of TNF other than the induction of cell
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1. INTRODUCTION

Tumor necrosis factor (TNF), a protein secreted
by monocytes/macrophages, causes the necrosis of
solid tumors in vivo [1,2] as well as inhibiting the
growth of several normal and tumoral cell lines in
vitro [3,4]. TNF also has important im-
munomodulatory effects [5—7] and plays a role in
endothelial cell metabolism, increasing the syn-
thesis of prostacyclin [8] and modifying the
hemostatic properties of these cells [9,10]. The se-
quence of events responsible for these effects of
TNF is, as yet, unknown.

The regulation of many cell functions occurs via
the phosphorylation of key proteins by specific
protein kinases. The activities of these kinases are
modulated by increases in cyclic nucleotide or
cytoplasmic calcium levels and by the hydrolysis of
phosphoinositides generating diacylglycerol
(review [11]). It therefore appeared to be impor-
tant to define the protein substrates
phosphorylated upon addition of TNF to sensitive
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cells. The reproduction of a similar pattern of
phosphorylation by other protein kinase activators
might help to elucidate the intracellular signal in-
duced by TNF. In this report, we show that, in
some cells, the addition of TNF causes the rapid
phosphorylation of a 27 kDa protein and that this
effect is reproduced by the calcium ionophore,
A23187. However, in the cell line L929, which is
particularly sensitive to the cytotoxic action of
TNF, this phosphorylation is not observed.

2. MATERIALS AND METHODS

2.1. Cells

Bovine aortic endothelial cells were isolated from fresh
bovine aortas obtained from the slaughterhouse. The en-
dothelial cells were dissociated from the muscle layer by col-
lagenase treatment as described previously [12,13]. These cells
were cultured in a medium consisting of 3:1 DMEM/Ham’s
F12, 100 U/ml penicillin, 100 zg/ml streptomycin and
2.5 xg/ml amphotericin B, supplemented with 20% fetal calf
serum. They were used up to the fifth passage.

HeLa D98/AH2 and ME-180 were originally obtained from
cervical carcinomas. 1929 cells are derived from a mouse
fibrosarcoma. HeLa and L929 cells were grown in DMEM,
ME-180 in MEM. Both media were supplemented with 10%
fetal calf serum and penicillin and streptomycin as above.
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2.2. Measurement of TNF-induced cytotoxicity

Cells were seeded in 3.5 c¢m Petri dishes. In order to ascertain
if TNF was cytotoxic or cytostatic, cells were incubated for 24 h
with medium containing 1-5 £Ci/ml [*H]thymidine (Amer-
sham). Tritium release was measured on aliquots of medium
after incubation with varying concentrations of TNF for a fur-
ther 24 h. The DNA content of dishes was measured as already
described [14]. Prostacyclin release by bovine aortic endothelial
cells was determined by the radioimmunoassay of its degrada-
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without phosphate then incubated for either 1 or 4 h in MEM
without phosphate and 50 Ci/ml *2PO, (Amersham). The
total medium concentration of phosphate was adjusted to
107° M with KH,PO,. Agents were added at specified times
before the end of incubation. Cells were stopped by rinsing
rapidly once with Hank’s buffer without phosphate then adding
400 41 of a lysing buffer (62 mM Tris-HCl, pH 6.8, 10%
glycerol, w/v, 5% g-mercaptoethanol, v/v, 2.3% SDS, w/v)
containing protease inhibitors (0.1 mg/ml trypsin inhibitor,

2.5 pg/ml leupeptin, 50 xg/ml phenylmethylsulfonyl fluoride,
w/v). SDS-PAGE was carried out on gradients of 6.5-20%
polyacrylamide [15]. Molecular mass standards (Amersham)
were used to calibrate each gel.

Recombinant human TNF was prepared as described [16].

tion product, prostaglandin 6-keto-F,, [13].

2.3. Phosphorylation of cell proteins _
Subconfluent cell layers were rinsed twice with Hank’s buffer
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Fig.1. (Gel 1) HeLa D98/AH; cells (lanes): 5 «M A23187, 30 min (A); 0.2 U/ml TNF, 5 min (B); 0.2 U/m! TNF, 10 min (C); 0.2 U/ml
TNF, 30 min (E); 20 U/ml TNF, 5 min (F); 20 U/ml TNF, 10 min (G); 20 U/ml TNF, 30 min (H); 2000 U/m! TNF, 5 min (J);
2000 U/ml TNF, 10 min (K); 2000 U/ml TNF, 30 min (L); control cells (D and I). (Gel 2) Bovine aortic endothelial cells (lanes): 1 xM
A23187, 5 min (A); 1 M A23187, 10 min (B); 0.2 U/ml TNF, 5 min (C); 0.2 U/ml TNF, 10 min (D); 0.2 U/ml TNF, 30 min (F);
20 U/ml TNF, 5 min (G); 20 U/ml TNF, 10 min (H); 20 U/ml TNF, 30 min (J); 2000 U/mi TNF, 5 min (K); 2000 U/ml TNF, 10 min
(L); 2000 U/ml TNF, 30 min (M); control cells (E and I). (Gel 3) ME-180 cells (lanes): 0.2 U/ml TNF, 30 min (A); 20 U/ml TNF,
30 min (B); 2000 U/ml TNF, 5 min (E); 2000 U/ml TNF, 10 min (F); 2000 U/ml TNF, 30 min (G); 2000 U/ml TNF, 60 min (H);
2000 U/ml TNF, 4 h (I); control cells (C and D). (Gel 4) L929 cells (lanes): 5 xM A23187, 10 min (A); 5 xuM A23187, 30 min (B);
0.2 U/m! TNF, 30 min (C); 20 U/ml TNF, 30 min (E); 2000 U/ml TNF, 5 min (F); 2000 U/ml TNF, 10 min (G); 2000 U/ml TNF,
30 min (I); 2000 U/ml TNF, 60 min (J); 2000 U/ml TNF, 4 h (K); control cells (D and H).
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3. RESULTS AND DISCUSSION

The early events after TNF binding to its recep-
tor are still unclear. As the increase in the levels of
many intracellular second messengers will
ultimately modify the phosphorylation of a usually
discrete number of protein substrates, we decided
to study the effects of TNF upon protein
phosphorylation in several cells which are sensitive
to the cytostatic/cytotoxic action of TNF. Fig.1
shows the increase in the phosphorylation of a
27 kDa protein which is induced by TNF in bovine
aortic endothelial cells, HelLa D98/AH, and
ME-180 cells: the cytotoxic effect of TNF on these
cells is shown in table 1. The induction of this
phosphorylation was rapid, usually occurring
within 5 min of TNF addition, thereby making it
one of the earliest effects of TNF which has been
reported in the literature. Longer incubations (up
to 4 h) using HelLa D98/AH, and ME-180 cells
showed that the phosphorylation of this protein
was maximal at approx. 30 min. Phosphorylation
was also dependent upon the concentration of
TNF used: in ME-180 cells, TNF increased the
phosphorylation of the 27 kDa protein at a con-
centration (0.2 U/ml) which was insufficient to in-
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duce cell death (cf. table 1 and fig.1, gel 3, lane A).

Fig.1, gel 4, shows a representative experiment
using 1929 cells. In 5 separate incubations in
duplicate, using TNF concentrations up to
2000 U/ml (causing approx. 80—90% cell death in
24 h) and for times ranging from 5 min to 4 h, no
phosphorylation of a 27 kDa protein could be
seen.

The phosphorylation of an apparently identical
protein was reproduced by the calcium ionophore
A23187 (1-5 4M, fig.1), except in L929 cells. This
would suggest that this modification of the 27 kDa
band might be due to calcium-dependent kinases.
However, A23187 at concentrations as low as
30-100 nM in both endothelial (Demolle, un-
published) and HeLa D98/AH, cells (fig.1), in-
duced the rapid phosphorylation of another
protein of 92 kDa; this was not observed in TNF-
treated cells. This suggests that TNF might pro-
duce a localized increase in cytosolic Ca®*. The ac-
cessibility of the 27 kDa protein to TNF-induced
phosphorylation might reflect its cellular location,
e.g. near the TNF receptor. On the other hand, the
fact that TNF does not induce the phosphorylation
of the 92 kDa band could also imply that it does
not cause an increase in cytosolic calcium and that

Table 1
Cells TNF DNA [*H]Thymidine Prostacyclin
(U/ml) content release release
Aortic 0 100 + 3 100 + 4 100 + 11
endothelial 0.2 95 + 4 91 + 4 102 + 18
20 89 + 3° 131 + 1° 167 + 56
2000 84 + 4° 194 + 44° 253 + 52°
HeLa 0 100 = 1 100 = 19
D98/AH, 0.2 102 + 4 128 + 21 n.d.
20 91+ 5 179 + 30*
2000 78 + 3¢ 263 + 8°
L929 0 100 + 2 100 + 18
0.2 98 + 6 112 + 10 n.d.
20 66 + 2° 258 + 54°
2000 8+ 1° 833 + 45°
ME-180 0 100+ § 100+ 6
0.2 105 = 1 98 + 6 n.d.
20 79 + 4° 125 + 12*
2000 56 + 2° 198 + 16°

These values are from representative experiments and represent the
percentages + SD of triplicate dishes with respect to control cells. n.d., not
determined. All statistics were performed using Student’s s-test: * p < 0.05;

b p < 0.01; ° p < 0.001
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the phosphorylation of the 27 kDa protein can be
regulated by at least two different intracellular
signals.

The phosphorylation of a 27 kDa protein in en-
dothelial cells has been shown to be stimulated by
high-density lipoproteins (HDL) [17], which
stimulate the growth of these cells [18]. In addi-
tion, the phosphorylation of a 27 kDa protein can
also be induced in Chinese hamster lung
fibroblasts by various mitogens [19] and in
platelets by thrombin [20]. Our results show that
TNEF, which is cytotoxic for aortic endothelial cells
in these conditions ([21] and table 1), also induces
the phosphorylation of an apparently similar
27 kDa protein, with an identical time course as
the mitogenic agents. As both HDLs and TNF
have other effects on endothelial cells, e.g.
stimulation of prostacyclin formation ([22] for
HDLs, [8] and table 1 for TNF), this protein is
perhaps implicated in the regulation of these pro-
cesses rather than in cell multiplication. Future
studies should determine if the 27 kDa proteins
phosphorylated in response to mitogenic agents or
TNF are in fact identical and if the phosphoryla-
tion involves the same amino acid.

The fact that the 27 kDa band is not
phosphorylated in L929 cells, which are highly sen-
sitive to the cytotoxic action of TNF, suggests that
this phosphorylation is not necessary for cell
death.

Phospholipase A, might play a role in the
cytotoxicity induced by TNF in L1929 cells
[13,23,24]. Recently, Clark et al. (cited in [25])
have found that TNF can induce the synthesis of a
28 kDa protein in bovine endothelial cells which is
related to melittin and has phospholipase
As-stimulatory effects. The relationship between
this protein and the 27 kDa protein phosphory-
lated in our studies merits investigation. Ex-
periments using TNF-sensitive and resistant clones
of the same cell line should help to determine if this
phosphorylation, like the induction of a 26 kDa
protein by TNF [26], is involved in the resistance
of cells towards the cytotoxic action of TNF.
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