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ABSTRACT

Lymphocytes can be stimulated to proliferate in vitro by mitogens
such as concanavalin A. The tumor-promoting phorbol ester 12-O-tetra-
decanoyl phorbol-13-acetate(TPA)can enhance this proliferation, partly
because of an increase in interleukin 2 (IL-2) production. However, if

lymphocytes are treated with TPA for 24 h before concanavalin A
exposure, IL-2 production and proliferation are depressed. The target of

the action of TPA is protein kinase C, which is activated after a short
exposure but down-regulated after a longer one. This study was designed
to determine if the modulation of IL-2 was separable from the modulation
of protein kinase C. \\hen phorbol esters phorbol 12-retinoate-13-ace-
tate, phorbol 12,13-dibutyrate, 12-deoxyphorbol 13-phenylacetate, and
12-deoxyphorbol 13-phenylacetate-20-acetate, as well as nonphorbol tu

mor promoters mezerein, telocidin, and okadaic acid, were tested, all but
okadaic acid reproduced the effects of TPA. However, 12-deoxyphorbol
13-phenylacetate and 12-dcoxyphorbol 13-phenylacetate-20-acetate were
required at nearly 100-fold higher concentrations than TPA to suppress
IL-2 production, suppress mitogenesis, and cause down-regulation of

protein kinase C. A comparison of structures indicated that an R group
at the 12-position was less important for IL-2 production and mitogenesis
than for down-regulation of protein kinase C and the suppression of

mitogenesis. In no case was the modulation of protein kinase C separated
from the effects on IL-2 production and proliferation.

INTRODUCTION

Lymphocytes can be stimulated in vitro by Con A1 to produce

interleukin 2 receptors, IL-2, and a variety of other lymphokines
and surface antigens [reviewed by Crabtree (1)]. The complex
sequence of events that ensues after binding of Con A results
in cell division. However, it is not clear which of the many
biochemical signals are necessary for the activation of each of
the more than 70 genes identified thus far. TPA, a potent tumor
promoter in vivo, has been shown also to have a variety of
effects in vitro on proliferation of lymphocytes from numerous
species [reviewed by Baxter (2)]. In bovine lymph node cells,
TPA enhances Con A-induced IL-2 production and prolifera
tion (3).4 In the absence of macrophages. Con A alone does not
cause IL-2 production and is not mitogenic. This requirement
for accessory cells can be met by TPA, which in combination
with Con A restores both IL-2 production and proliferation (4-
8). In contrast to these stimulatory effects, incubation of lym-
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phocytes with TPA prior to Con A depresses proliferation (9).
Decreased IL-2 production appears to be responsible for this
effect.4

Based on the finding that protein kinase C is a receptor for
TPA (10-13), we and others reported two effects of TPA on
protein kinase C activity. Within minutes, TPA activates pro
tein kinase C, which involves its translocation from the cytosolic
to the paniculate "membrane" fraction (14-18). However,

treatment of cells with TPA for longer times causes a depletion,
or "down-regulation," of protein kinase C activity (19, 20).

In this study, we asked how these TPA-induced effects on
protein kinase C relate to lymphocyte proliferation. More spe
cifically, is protein kinase C activation required for IL-2 pro
duction and cell proliferation? Is down-regulation of protein
kinase C activity responsible for depressed IL-2 production and
proliferation? Or is the presence or absence of protein kinase
C activity correlative but not causative?

In order to try to separate these positive and negative effects,
we used phorbol analogues of TPA, as well as other tumor
promoters: RPA, PDBU, 4-ÃŸ-phorbol, mezerein, 4-Â«-PMA,
DOPP, DOPPA, teleocidin, and okadaic acid (Fig. 1). PDBU
is more hydrophilic than TPA and thus easier to remove from
cells (21). RPA, a TPA analogue in which the tetradecanoyl-
phorbol side chain is replaced by a retinoyl residue, combines
the tumor-promoting properties of TPA with the antipromoting
effects of retinoic acid. Although RPA is as powerful as TPA
as an irritant and as an inducer of ornithine decarboxylase
activity, it is a second- but not first-stage tumor promoter (22).
Mezerein, a daphnane similar in structure to TPA, is a weak
first-stage promoter, but it can induce ornithine decarboxylase
activity in skin to levels as high as those induced by TPA (23).
In vitro, mezerein has many of the same cellular and biochem
ical activities as TPA. The deoxyphorbols DOPP, a tumor
promoter, and DOPPA, a nonpromoter, compete with [3H]-

PDBU for binding (24).
4-/3-Phorbol and 4-Â«-PMA, analogues of TPA, are inactive

as tumor promoters and do not compete with ['Hj-PDBU for

binding to protein kinase C (21). 4-0-Phorbol lacks the ester
groups at carbons 12 and 13 and 4-Â«-PMAis a stereoisomer of
TPA at the 4-position.

The two nonphorbol compounds, teleocidin and okadaic acid,
are similar in potency to TPA in mouse skin tumor promotion
(25, 26). Teleocidin inhibits [3H]-TPA binding to the paniculate

fraction of mouse skin and activates protein kinase C activity
in vitro. It is mitogenic for murine fibroblasts (27), human
lymphocytes (28, 29), and melanocytes (30). In combination
with lectins it induces high levels of IL-2 and transferrin recep

tors in lymphocytes (29, 31). Okadaic acid is classified as a
non-TPA-type tumor promoter because it neither competes
with ['H]-TPA binding to the particular fraction of mouse skin

nor activates protein kinase C in vitro (26). Recently, okadaic
acid was shown to be an inhibitor of smooth muscle phospha-
tases and the phosphatases PP1 and PP2A (32-34).
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Fig. 1. Comparison of the structures of TPA, RPA, PDBU. DOPP, DOPPA,
mezerein, telecidin, and okadaic acid.

MATERIALS AND METHODS

Materials. Con A (2 times crystallized) was obtained from Miles
Scientific (Naperville, IL), TPA from Midland Chemical Co. (Brewster,
NY), absorbent cotton from Fisher Scientific (Pittsburgh, PA), and
leupeptin from Boehringer Mannheim (Indianapolis, IN). Gentamicin
sulfate and histones II-AS (calf thymus mixture) were purchased from
Sigma Chemical Co. (St. Louis, MO). Calf serum was purchased from
GIBCO (Gaithersburg, MD). [7-"P]-ATP (10 Ci/mmol) was obtained
from NEN (Boston, MA), Triton X-100 from Pierce (Rockland, IL),
and PDBU, 4-/3-phorbol, RPA, mezerein, DOPP, DOPPA, and 4-Â«-
PMA from LC Services (Woburn, MA). IL-2 was purchased from
Electro Nucleonics Inc. (Silver Springs, MD). [3H]-TdR was from ICN

(Irvine, CA). Teleocidin and okadaic acid were the generous gifts of
Dr. Hirota Fujiki, National Cancer Center Research Institute (Chuo-
ku, Tokyo, Japan).

Cell Culture. Lymph node cells, isolated from bovine retropharyngeal
lymph nodes and cultured as described previously (18), were routinely
held in culture for 16-20 h (1 x IO7cells/ml), in RPMI 1640 medium

supplemented with 5% calf serum and 0.1% gentamicin sulfate, before
Con A was added at 2.0 fig/ml. When cells were incubated with one of
the test compounds, it was added during this first culture period. All
compounds were dissolved in dimethyl sulfoxide and added to the cells
to a final concentration of 0.1% dimethyl sulfoxide; shown previously
not to affect proliferation (3, 35). DNA synthesis was measured by
[3H]-TdR incorporation, as described previously (36).

Macrophage Depletion. Lymph node cells were depleted of macro
phages by allowing them to adhere to plastic flasks during an overnight
incubation and by two passages of the remaining nonadherent cells over
cotton columns (37). Recovery of cells after the overnight incubation
was usually 50%, as was the recovery of cells after each passage over
cotton. There was no apparent loss of specific subpopulations of T cells
by these procedures, as determined by EN or EA rosetting with sheep

RBC, by binding of peanut lectin agglutinin, or by reaction of mono
clonal antibodies to bovine CDS, CD6, CD4, and CDS (7). Viability
remained near 90%.

Treatment with TPA and Other Compounds. Lymph node cells were
incubated for 16 h with the various compounds over a range of concen
trations, as indicated for each experiment. After the incubation, the
cells were washed 3 times by centrifugation and resuspension in fresh
medium. ['H]-TdR incorporation was measured 48 to 50 h after the

addition of either Con A (2.0 Mg/"il), Con A and TPA (100 nM), or
Con A and IL-2 (10%).

Extraction of Cells. After treatment with the test compound, cultures
were collected on ice, diluted (v/v) with ice-cold phosphate-buffered
saline, and washed 3 times by resuspension and centrifugation. Cells
were lysed and extracted exactly as described previously, in order to
obtain the paniculate and cytosolic fractions (18).

Protein Kinase Assay. Kinase activity was determined by phosphoryl-
ation of histone in gels, as described previously (18, 20). Briefly, 25
and 50 ng of protein from each sample were electrophoresed in non-
denaturing gels. After incubation of the gels for 30 min with the
substrate histone, ["y-'2P]-ATP was added for an additional 30 min.

Finally, the gels were fixed, washed, dried, and exposed to Kodak XRP-
5 film. Changes in kinase activity were determined by scanning the
radioautograms with a laser densitometer (model 2202 Ultrascan; I kit,
Gaithersburg, MD).

Detection of IL-2 Activity. IL-2 activity in cell-free culture medium
was bioassayed by using the incorporation of |'H]-TdR by an IL-2-
dependent cell line, BT2 [bovine T-cytotoxic cells, obtained from Dr.
Paul Baker, Immunex (38)], as described previously (7). Aliquots of the
culture medium, obtained at indicated times, were tested at 1/2, 1/4,
and 1/8 dilutions with BT2 cells (1.0-5.0 x 105cells/ml, 0.2-1.0 x IO5
cells/well) in triplicate in 96-well flat-bottomed dishes. After 18 h of
culture, 0.2 /jCi of ('H)-TdR was added/well and incubation was con

tinued for another 18 h. Cells were harvested onto glass fiber filters
and |'l l| lilK incorporation was determined by liquid scintillation

spectroscopy.

RESULTS

Proliferation. Total lymph node cell preparations stimulated
with Con A incorporated approximately 130 times more ['Hj-

TdR than unstimulated cells (Fig. 2). In contrast, macrophage-
depleted lymph node cells incorporated less than 10% of that
of the total lymph node cells. However, when TPA was com
bined with Con A, |'H]-TdR incorporation was equal to or

greater than that of the total lymph node cells. The increased
incorporation occurred at a concentration as low as 10 p\i TPA
(Fig. 2A). The other phorbol esters, PDBU, RPA, DOPP, and
DOPPA, as well as mezerein and teleocidin, also were co-
mitogenic (Fig. 2, A and B, Table 1 and data not shown). RPA
was co-mitogenic at concentrations about 5 to 10 times higher
than TPA; PDBU was comitogenic at about 50- to 100-fold
higher concentrations. DOPPA, DOPP, and mezerein were
effective but over a different concentration range and to higher
levels than TPA. DOPPA caused the highest response, 2-3-
fold higher than all other compounds tested. The responses to
DOPP and mezerein were less than those to DOPPA but greater
than those to TPA. The amount of ('H)-TdR incorporation

seen with either mezerein or DOPP plus Con A was about 1.5-
fold more than that caused by TPA plus Con A over the same
range of concentration (5 nM to 1.0 MM).

The concentrations of compounds which gave 50% of their
maximum co-mitogenic response were compared to that of
TPA, which gave 50% response at 0.1 nM (Table 1). RPA and
PDBU gave 50% of the maximal response at between 1 and 10
nM. TPA, DOPP, and DOPPA were effective at 'An to Viooof
these concentrations. 4-/a-Phorbol and 4-Â«-PMA were not co-
mitogenic (Table 1).
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Fig. 2. Co-mitogenic effect of phorbol es
ters and teleocidin in lymphocyte cultures de
pleted of macrophages. Lymph node cells de
pleted of macrophages were incubated at 3 x
10e cells/ml with Con A (2.0 (jg/^l) and the

indicated concentrations of the test com
pounds. Incorporation of [3H]-TdR was used
as a measure of DNA synthesis at 48-50 h
after the addition of co-mitogens. Data are
expressed as the mean Â±SD of triplicate cul
tures. In A. B, and C, phorbol esters and mez-
erein were tested between 0.01 n,Mand 1.0 JIM.
Incorporations with no additions and with Con
A alone with 61 Â±12 cpm and 2,202 Â±297
cpm, respectively. Lymph node cells, not de
pleted of macrophages, gave responses of 254
Â±38 cpm and 33.046 Â±4.403 cpm, respec
tively, with no additions and with Con A alone.
Incorporation with Con A in the absence of
macrophages was 1% of that with macro
phages. The experiment was repeated three
times with essentially the same results. â€¢,
TPA; O. DOPPA; â€¢DOPP; A, mezerein. In
D, teleocidin was tested at 0.001 to 1.0 MMand
TPA at 0.01 and 0.1 JIM. The responses with
no addition and with Con A alone were 76 Â±
27 cpm and 543 Â±190 cpm, respectively. The
responses of total lymph node cells were 248
Â±71 with no additions and 23,358 Â±1,935
cpm with Con A (n = 2). â€¢.TPA; D, teleocidin.
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Table 1 Comparison of concentrations required for modulation of lymphocyte activation parameters
The concentrations were calculated from data presented in Table 2 and Figs. 2-5, as well as data not shown. All data were graphed for each compound and the
jo was read directly from the graph.

CompoundsTPARPAPDBU4-ff-Phorbol4-n-PMAMezereinDOPPDOPPATeleocidinOkadaic50%

of
maximal

co-mitogenesisresponse
(nivi)Â°0.11.010NE'NE1.0O.I0.15NEMaximal

IL-2
production(nM)Â»10ND'NDNENE5010IO100NE50%

suppression ofmitogenesisfCon

A50-1

00nM1
00-300nMlOOnMNENElOOnM1-3

MM1
-3MM200-300

nMNA*Con

A +TPA1

00-200nM1
00-200nM100-

200 nMNENElOOnM1-10/jM1-lOnM>1

(iMNA50%

down-regulation
of protein kinaseC(nM)'50100200NENE100500400300NE

* The concentration required for 50% of a maximal co-mitogenesis response determined with each compound is listed. The amount of co-mitogenesis was
determined by [3H]-TdR incorporation into DNA by macrophage-depleted lymph node cells incubated in the presence of the compound and Con A.

* Maximal IL-2 production was achieved at the concentrations shown. IL-2 activity was measured as indicated in "Materials and Methods."
c The indicated concentrations inhibited mitogenesis with either Con A or the combination of Con A and TPA by 50%.
a Protein kinase C activity was down-regulated by 50% at the concentrations listed. Protein kinase C activity was determined as described in "Materials and

Methods."
' ND, not determined.
rNE, no effect.
* NA, not applicable.

Teleocidin was also co-mitogenic with Con A (Figure 2B); at
levels between 10 nM and 1 ^M, it gave the same level of
response as TPA, although it was not active at 1 nM. Over a
concentration range of 1 nM to 1 MM,okadaic acid was not co-
mitogenic with Con A. In fact, the Con A response in lymph
node cells was inhibited 50% by 1 to 10 nM okadaic acid and
100% by 100 nM.

In summary, all compounds tested except okadaic acid, 4-ÃŸ-
phorbol, and 4-cv-PMA were co-mitogenic with Con A in lym

phocyte proliferation assays. DOPP and DOPPA were more
potent than TPA.

Production of IL-2 Activity. All of the compounds that en
hanced proliferation in combination with Con A also enhanced
IL-2 production under the same conditions. In general, there
were no specific differences among the phorbol esters, mezerein,

and teleocidin in the maximal amount of IL-2 that was pro
duced. The concentration required for maximal IL-2 production
varied but in general followed the order obtained for co-mito
genesis (Table 1, Figs. 3 and 4). However, the amount of IL-2
produced by the combination of Con A and TPA was not
directly proportional to the amount of proliferation obtained.
As with proliferation, okadaic acid, 4-0-phorbol, and 4-a-PMA
were ineffective in inducing IL-2.

Translocation of Protein Kinase C Activity. We have shown
previously that, within 5 min of addition, TPA alone causes
translocation of protein kinase C activity in unstimulated lymph
node cells, whether or not macrophages are present (18). In the
present study, DOPPA, DOPP, and mezerein (10 nM) were all
similar to TPA, in that they caused a 2-3-fold increase in
protein kinase C activity in the paniculate fraction of unstim-
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Fig. 3. Production of IL-2 activity. Lymph node cells were incubated as
described in the legend to Fig. 2. At 24 h. medium was removed and assayed for
IL-2 activity. Data are expressed as units of IL-2 activity produced/ml of culture
medium. The background proliferation of BT2 cells caused by each of these
compounds alone never exceeded \2ri of the response obtained from media of
treated cells, d. TPA; â€¢.DOPP; D. DOPPA; and B. mezerein.

â€¢0 50-

EÂ£

40-

c'â€”'

30-1

2Â°'CM1

10-1n.-â€¢

â€¢4-11n,Â«â€” 4C=LA 1

o o
o oâ€¢-in

Â°Â° o o
o oâ€¢-m

Fig. 4. IL-2 production by phorbol esters, teleocidin (Teleo). and okadaic acid
(Oka). IL-2 production was measured as in Fig. 3. Each compound was tested
directly at all concentrations with the BT-2 cells. The amount of IL-2 activity
produced by BT-2 cells in the presence of these agents never exceeded 10Drof the

activity obtained from the culture medium of lymphocytes incubated with Con A
plus the compound.

ulated lymph node cells within 5 min of addition. Kinetics of
the response were similar to those seen with TPA (data not
shown).

Inhibition of Proliferation by Preincubation. The various phor
bol esters were tested to see if prolonged pretreatment of lymph
node cells caused a subsequent suppression of proliferation in
response to Con A. As previously reported (9), suppression was
evident after at least 12 h of TPA treatment and persisted as
long as TPA was present.4 In this study, after a 16-h treatment

with 100 or 500 nM TPA, the mitogen responses to Con A or
to the combination of Con A and TPA were depressed by 65 to
75% (Table 2). DNA synthesis was restored if IL-2 was added
with Con A to the pretreated cells.4

Pretreatment with DOPP caused less suppression than with
TPD. DOPP at 1 fiM caused only 45% suppression of the Con
A response. While TPA at a concentration of 100 nM sup
pressed the response by about 70%, 10 n\i DOPP was needed
for observation of the same effect. Likewise, a reduction of 78%
in the response to Con A plus TPA was caused by 100 nM

Table 2 Effect of a 16-h pretreatment with various compounds on f'lf/thvrtiitiine

incorporation in response to Con A or to Con A and TPA
The percentage of proliferation response was calculated by dividing the cpm

of ['H|-TdR incorporated into DNA after treatment with a compound by the cpm

obtained with untreated cells. The percentage of response is Â±percentage error
for replicates (n = 6) of two experiments.

Compound

r-i Response

to Con A

rr Response to

Con A and TPA

TPA
lOOnM
500 nM

DOPP
lOOnst
500 nM

10 MM

32 Â±6
26 Â±6
27 Â±5

83 Â±15
48 Â±15
55 Â±15
28 Â±15

24 Â±2
23 Â±6
22 Â±4

106 Â±17
65 Â±15
42 Â±10
22 Â±9

DOPPA100
nM500

nM1
pM10

â€žMRPAlOOnM500

nMMezerein100

nM500
nMIâ€žMTeleocidin100

nM500
nM1

MM69

Â±1227
Â±1431
Â±1324

Â±927

Â±1022
Â±235

Â±824
Â±638
Â±863

Â±2660
Â±2662
Â±19112

Â±1746
Â±1541
Â±IO22

Â±738

Â±2131
Â±229

Â±516
Â±323

Â±3134

Â±1595
Â±552
Â±5

TPA, while 10 ^M DOPP was required to cause the same effect.
Thus, at least 10- and sometimes 100-fold higher concentra
tions of DOPP were required to obtain the same amount of
suppression seen with 100 n\t TPA.

Similarity, a 10- to 100-fold higher concentration of DOPPA
was needed to suppress the response as much as 100 nM TPA
(Table 2). Teleocidin also was less effective than TPA. Teleo
cidin at l ÃŸMlowered proliferation in response to Con A by
38% and that in response to Con A plus TPA by 48% (Table
2).

Whether pretreatment with okadaic acid suppressed mitogen-
esis could not be determined, because it inhibited mitogenesis
when added directly with mitogen, although cell viability was
similar to that of untreated cells. Treatments with RPA, PDBU,
and mezerein caused effects similar to those seen with TPA
(Table 2). Pretreatment with 4-fi-phorboI or 4-o-PMA did not
depress proliferation (data not shown).

Down-regulation of Protein Kinase C. Down-regulation of
protein kinase C occurred to different extents in the presence
of the various phorbol esters. PDBU (100-200 nM), mezerein
(100 nM). and RPA down-regulated protein kinase C activity
by 50%, similarly to 50 nM TPA, during a 16-h incubation
(data are presented in Fig. 5 and summarized in Table 1).
DOPP and DOPPA required higher concentrations (400 to 500
nM) to down-regulate protein kinase C by 50%; they did not
decrease the activity to less than 25% even at concentrations as
high as 10 n\i (Fig. 5). Teleocidin down-regulated protein
kinase C to 50% at a calculated concentration of 300 nM (Table
1). 4-0-Phorbol, 4-Â«-PMA, and okadaic acid did not down-
regulate protein kinase C activity (data not shown).

DISCUSSION

We concentrated on four effects of TPA on lymphocyte
activation. First, TPA in combination with Con A stimulated
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Compound Concentration
TPA 1 nM

50 nM

100 nM

500 nM

1 uM

Percent
Activity

95
72

40
17

15

RPA 5 nM

10 nM

50 nM

500 nM

MEZEREIN 50 nM

100 nM

500 nM

1 uM

PDBU 100 nM

500 nM

DOPP 100 nM

500 nM

1 uM

10 uM

DOPPA 100 nM

500 nM

1 uM

10 uM

TELEOCIDIN 100 nM

500 nM

1 uM

Fig. 5. Percentage of protein kinase C activity remaining after incubation of
lymph node cells for 16 h. Percentage of protein kinase C activity remaining was
determined by dividing the activity obtained for treated cells by that obtained for
untreated cells. Protein kinase activity was measured in total. All extractions are
as described in "Materials and Methods."

proliferation. Second, protein kinase C is translocated within
minutes of TPA addition. Third, a prior incubation with TPA
suppressed DNA synthesis in response to mitogens. Fourth,
long term treatment with TPA down-regulates protein kinase
C activity.

Although the substituent at the C-12 position (Fig. 1) is
different for the tumor-promoting phorbol esters TPA, PDBU,
and RPA, all caused these same four effects but at different
concentrations (Table 1). However, the concentration of each
one required for the suppression of mitogenesis was nearly the
same as the concentration at which each caused the down-
regulation of protein kinase C. Furthermore, 4-/3-phorbol,
which has no substituent at the 12- or 13- position, and 4-Â«-
PMA, which has the same substituents at positions 12 and 13
as TPA but has the 4-hydroxyl in the Â«-position rather than
the ÃŸ-,produced none of these effects. Neither of these is a
tumor promoter in vivo (21). Together, these results indicated
that the same stereochemistry is important in vivo and in vitro.

Mezerein, which contains the basic phorbol ring structure as
well as a cyclopenterone ring at the 9-, 13-, and 14-positions,
an alkene group at the 13-position, and a long chain lipophilic
group at the 12-position, also caused effects similar to TPA. It
caused 1.5-fold more incorporation of ['H]-TdR when tested as
a co-mitogen than did TPA, but not necessarily at the same
concentration. However, the concentrations which suppressed
mitogenesis were similar to those which down-regulated protein
kinase C.

In contrast, results obtained with the two deoxyphorbols,
DOPP and DOPPA, indicated different structural requirements
for some of these effects. In the first case, DOPP and DOPPA

were better co-mitogens than either TPA, PDBU, or RPA, an
effect especially obvious when the lymph node cells were de
pleted of macrophages. DOPPA caused 2.5-fold more [3HJ-
TdR incorporation than did TPA; DOPP caused 1.4-fold more.
Edwards et al. (39) reported TPA to be a better mitogen for
human lymphocytes than DOPP and DOPPA, while DOPP
and DOPPA were more potent than TPA in the co-mitogenic
stimulation of the mixed lymphocyte response. In the bovine
cells, none of these compounds were mitogenic alone.

Another difference between the deoxyphorbols DOPP and
DOPPA and the other phorbol esters was the degree of suppres
sion of mitogenesis and the down-regulation of protein kinase
C. An overnight treatment of cultured lymph node cells with
DOPP and DOPPA caused less suppression of subsequent
[3H]-TdR incorporation than did TPA, even at a 20-fold higher

concentration. One hundred-fold more DOPP or DOPPA was
necessary to see the same amount of suppression as with TPA.
Similarly, these high concentrations of DOPP and DOPPA
were required to cause down-regulation of protein kinase C. A
comparison of the structures of these compounds (Fig. 1)
suggests that the substituent at the C-12 position may not be
required to stimulate mitogenesis but is required to suppress
mitogenesis. However, there is a definite requirement for a
substituent at the C-13 position for co-mitogenesis. 12-0-
Tetradecanoylphorbol lacks a side chain at the C-13 position
and is not a tumor promoter (4). Although it was not used in
these studies. Mastro and Pepin (9) found that 12-O-tetrade-
canoylphorbol (100 nM) did not suppress mitogenesis when
incubated overnight with lymph node cells.

The differences between DOPP and DOPPA and TPA, RPA,
and PDBU may simply be due to hydrophobicity and their
ability to intercalate into the plasma membrane or to different
rates of degradation. However, the difference between DOPP
and DOPPA and other promoters in the down-regulation of
protein kinase C and in the suppression of mitogenesis, com
pared to stimulation of mitogenesis, indicates that these com
pounds may differentially bind to protein kinase C. It is also
possible that certain isozymes of protein kinase C are affected
more by some of these compounds than by others. Studies of
competition with ['H]-PDBU binding to protein kinase C in

dicate that DOPP binds with the same affinity as TPA, but
DOPPA binds only one tenth as well (24). However, our results
indicated that both were better co-mitogens than TPA. One
reason may be that only a short exposure or a small percentage
of activation of protein kinase C is required for proliferation.
Another possibility is that, because DOPP, DOPPA, and mez-
erein did not suppress mitogenesis or down-regulate protein
kinase C, the apparently higher proliferation may result from
lack of negative regulation. Therefore, the results seen with
TPA may reflect the average of positive and negative influences.

The effects of teleocidin on IL-2 production and on prolifer
ation were similar to those seen by others with human lympho
cytes (29). However, this present study is the first to report that
teleocidin down-regulated protein kinase C and suppressed
mitogenesis. Because teleocidin is not a phorbol compound, the
only requirement may be the ability to bind to protein kinase
C. Computer modeling studies have led to the design of other
compounds that bind protein kinase C (40-42). Two of these
compounds have been tested.5

Our studies with okadaic acid indicate that not all tumor

5 D. S. Grove and A. M. Mastro. Differential activation and inhibition of

lymphocyte proliferation by modulators of protein kinase C: Diacylglycerols,
"rationally-designed" activators and inhibitors of protein kinase C. Exp. Cell

Res., in press.
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promoters enhance proliferation or IL-2 production in lympho
cytes. Okadaic acid inhibited mitogenesis, was not co-mito-
genic, and did not down-regulate protein kinase C in lympho
cytes. Also, it was reported not to compete with ['H]-TPA in

binding to mouse skin or to activate protein kinase C in vitro
(26). Thus, okadaic acid either acts distally in the protein kinase
C pathway by inhibiting phosphatase activity or acts through a
different pathway to promote tumors.

In summary, we found that the down-regulation of protein
kinase C always correlated with the suppression of mitogenesis
and IL-2 production. Concentrations of compound required to
cause a 50% down-regulation of protein kinase C also caused a
50% suppression of mitogenesis. Similarly, compounds that did
not down-regulate protein kinase C, DOPP and DOPPA, did
not suppress mitogenesis. None of the compounds has a differ
ential effect on protein kinase C and IL-2 production/prolifer
ation. Moreover, because lymph node cells depleted of protein
kinase C still responded to IL-2, it is likely that production of
IL-2 receptor does not require protein kinase C and that the
interaction of IL-2 with its receptor is not protein kinase C
dependent.

During the time this work was being completed, two reports
appeared which provide more evidence for the role of protein
kinase C in the production of IL-2-induced mitogenesis. Mills
et al. (43) showed that a line of T-lymphocyte mutant cells

lacking protein kinase C were unable to proliferate in response
to TPA, with or without ionomycin. However, these mutants,
an IL-2-dependent line, still proliferated in response to IL-2.
Valge et al. (44) treated a mouse T-cell clone with 50-200 nivi
TPA for 30-48 h, to deplete cells of protein kinase C. These
cells no longer responded to Con A or antisera directed against
the T-cell receptor. These data support our conclusion that the
activation of protein kinase C is required for IL-2 production
but not for response to IL-2 and that the down-regulation of
protein kinase C causes a suppression of proliferation because
of a block in IL-2 production. Current work is focused on
determining the link between protein kinase C activity and IL-

2 production/proliferation.
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