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T-lymphocyte stimulation requires activation of several protein kinases, including the major phorbol ester
receptor protein kinase C (PKC), ultimately leading to induction of lymphokines, such as interleukin-2 (IL-2).
The relevant PKC isoforms which are involved in the activation cascades of nuclear transcription factors
involved in IL-2 production have not yet been clearly defined. We have examined the potential role of two
representative PKC isoforms in the induction of the IL-2 gene, i.e., PKC-a and PKC-u, the latter being
expressed predominantly in hematopoietic cell lines, particularly T cells. Similar to that of PKC-a, PKC-u
overexpression in murine EL4 thymoma cells caused a significant increase in phorbol 12-myristate 13-acetate
(PMA)-induced transcriptional activation of full-length IL-2–chloramphenicol acetyltransferase (CAT) and
NF-AT–CAT but not of NF-IL2A–CAT or NF-kB promoter–CAT reporter gene constructs. Importantly, the
critical AP-1 enhancer element was differentially modulated by these two distinct PKC isoenzymes, since only
PKC-u but not PKC-a overexpression resulted in an '2.8-fold increase in AP-1–collagenase promoter CAT
expression in comparison with the vector control. Deletion of the AP-1 enhancer site in the collagenase
promoter rendered it unresponsive to PKC-u. Expression of a constitutively active mutant PKC-u A148E (but
not PKC-a A25E) was sufficient to induce activation of AP-1 transcription factor complex in the absence of
PMA stimulation. Conversely, a catalytically inactive PKC-uK409R (but not PKC-aK368R) mutant abrogated
endogenous PMA-mediated activation of AP-1 transcriptional complex. Dominant negative mutant Ha-
RasS17N completely inhibited the PKC-u A148E-induced signal, identifying PKC-u as a specific constituent
upstream of or parallel to Ras in the signaling cascade leading to AP-1 transcriptional activation.

Molecular cloning and biochemical studies identified pro-
tein kinase C (PKC) enzymes as members of a distinct family
of serine/threonine protein kinases, playing critical roles in the
regulation of cellular differentiation and proliferation of di-
verse cell types (reviewed in reference 36). In an attempt to
find PKC isoforms that are involved in growth control and/or
activation of T lymphocytes, we have identified PKC-u (5),
whose human gene locus was recently mapped to chromosome
10p15 (15). PKC-u is characterized by a unique tissue distri-
bution, i.e., in skeletal muscle, lymphoid organs, and hemato-
poietic cell lines, particularly T cells (4, 5, 10, 34, 39, 53), and
by isoenzyme-specific activation requirements and substrate
preferences in vitro (4). PKC-u undergoes cytosol-to-mem-
brane translocation in T cells stimulated with phorbol esters
(4), implying that this isoform is likely to be involved in T-cell
activation pathways. The unique expression and functional
properties of PKC-u suggest that it may play a specialized role
in T-cell signaling pathways.
T-cell activation results in the expression of interleukin-2

(IL-2), an autocrine growth factor that is a critical stimulus for
the growth and differentiation of B and T lymphocytes. Phar-
macological and biochemical studies indicate that activation of
two major signaling pathways, one of which can be triggered by
phorbol esters (such as phorbol 12-myristate 13-acetate [PMA])
and the other of which can be triggered by Ca21 ionophores, is

required for induction of IL-2 (reviewed in reference 51). A
substantial amount of work over the past several years has
shown the requirement of cooperative interactions of several
transcription factors, including AP-1, NF-kB, NF-AT, and NF-
IL2A (Oct-1), with the minimal inducible promoter/enhancer
region of the IL-2 gene (11).
Several lines of evidence point to AP-1 as a critical tran-

scription factor for IL-2 regulation. AP-1 is a dimer of different
members of the Fos (c-Fos, FosB, Fra-1, Fra-2, and FosB2)
and Jun (c-Jun, JunB, and JunD) family of proteins (1). AP-1
thereby interacts with the IL-2 regulatory region directly (25,
26, 33, 47) and also indirectly as a component of NF-AT and
NF-IL2 (37, 50). AP-1 activity is regulated by de novo synthesis
of Jun and Fos proteins, as well as by posttranslational modi-
fications such as phosphorylation and dephosphorylation (1, 8,
9, 30, 43, 48). Two potential AP-1-binding sites have been
identified in the mouse and human IL-2 enhancer region at
2150 bp (proximal AP-1) and 2180 bp (distal AP-1). These
elements show sequence similarity to the consensus AP-1 en-
hancer sequence and have been studied by deletional, muta-
tional, and gel shift analyses (14, 18, 25, 40). Most of these data
support an important role for AP-1 in IL-2 transcription, es-
pecially as a result of the interaction with the proximal en-
hancer site (25).
PKC has been implicated in the activation of AP-1 in T

lymphocytes, as demonstrated by studies involving PKC-spe-
cific pharmacological inhibitors (24, 28) or PKC down-regula-
tion by chronic phorbol ester treatment (26, 52). Nevertheless,
specific PKC isoforms responsible for AP-1 transcriptional ac-
tivation and mode of action remain to be identified. Studies
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presented here include overexpression of wild-type and mutant
PKC isoforms, i.e., dominant negative ‘‘kinase-dead’’ mutants
PKC-u K409R and PKC-a K368R, as well as pseudosubstrate
mutants PKC-u A148E and PKC-a A25E, which are mutation-
ally activated and therefore independent of mitogen or recep-
tor stimulation for enzymatic function. We report that al-
though both PKC isoenzymes are involved in the activation of
the IL-2 promoter, overexpression of only PKC-u (but not
PKC-a) delivers a signal contributing to AP-1 enhancer acti-
vation in a Ras-dependent fashion. These studies implicate
PKC-u as a specific constituent of the signaling cascade that is
involved in T-cell activation and functions with other signaling
cascades to induce AP-1 gene transcription.

MATERIALS AND METHODS

Reagents and plasmids. PMA was purchased from Molecular Probes Inc.,
Eugene, Oreg. Phytohemagglutinin and phosphatidylserine (PtdSer) were pur-
chased from Sigma Chemical Co., St. Louis, Mo. pIL-2/0–CAT, containing 2,000
bp of the human IL-2 promoter upstream of the chloramphenicol acetyltrans-
ferase (CAT) reporter gene (47); 273/160Col-CAT, consisting of sequences from
273 to 160 of the human fibroblast collagenase gene (8); and pZIPneo-RasL61
(8) were obtained from M. Karin. Synthetic multimers of the NF-IL2A and
NF-AT elements of the IL-2 promoter upstream of the CAT gene (14, 45) were
kind gifts of G. R. Crabtree. Additionally, an NF-kB–CAT construct (42) was
obtained from N. D. Perkins. Plasmid pEF-RasN17 was constructed by shuffling
the full-length coding regions of pEXV3RasN17 (23) into expression plasmid
pEF-neo (a kind gift from Y. Liu), downstream and under the control of the
EF-1a promoter (35). Plasmid pRc/CMV-Xenopus PKC-z (13) was a kind gift
from J. Moscat. Human PKC-u, rat PKC-ε, and bovine PKC-a wild-type cDNAs
were subcloned into the cytomegalovirus (CMV) expression vector pRc/CMV
(Invitrogen) essentially as described previously (4) or subcloned in pEF-neo,
respectively. Site-directed mutagenesis of PKC cDNA was performed with the
Transformer system (Clontech, Palo Alto, Calif.) as described by the manufac-
turer. The PvuI selection primer (59-CGGTCCTCCGTTCGTTGTCAG-39) and
the mutagenic primers PKC-u K/R409 (59-TTTTCGCAATAAGGGCCTTAA
AG-39), PKC-u A/E148 (59-GCCGGGGTGAAATCAAGCAGGC-39), PKC-a
K/R368 (59-GTACGCCATCAGAATTCTGAAGAAGG-39), PKC-a A/E25 (59-
CGCAAAGGGGAGCTCAGGCAGAAGAAC-39), and PKC-ε A/E159 (59-
CGCCAAGGGGAGGTCAGGCGCA-39) were used in this study.
Transient transfection of COS-1 cells and partial purification of recombinant

His6-tagged PKC isoenzymes. COS-1 cells were seeded at a density of 106 cells
per 10-cm-diameter dish containing Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum at 378C. One day later, the cells were
transfected with 20 mg of circular plasmid DNA per dish by lipofectamine
treatment (Gibco-BRL, Gaithersburg, Md.) as described by the manufacturer.
At 48 h posttransfection, cells were lysed in 1 ml of buffer A (150 mM NaCl, 20
mM N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid [HEPES; pH 7.5], 1%
Nonidet P-40, 50 mg each of aprotinin and leupeptin per ml, 1 mM phenyl-
methylsulfonyl fluoride). The six-histidine-tagged PKC proteins were purified,
and the kinase activity of recombinant PKC or control preparations was deter-
mined by measuring 32P transfer from [g-32P]ATP into the [A25S]PKC substrate,
the synthetic peptide RFARKGSLRQKNVY (representing the pseudosubstrate
sequence of PKC-a [22] with an alanine-to-serine substitution), by using the PKC
assay system described recently (4).
Immunoblot analysis. Immunoblot analysis with the isoenzyme-specific anti-

bodies anti-PKC-a and anti-PKC-u was performed as described previously (4).
Isoenzyme-specific antibodies anti-PKC-ε and anti-PKC-z were purchased from
Gibco-BRL and used as recommended by the vendor.
Transient EL4 thymoma and COS-1 cell transfections. Transfection of EL4

cells by the DEAE-dextran method and PMA (5 ng/ml unless indicated other-
wise) stimulation were performed as previously described (4). Briefly, 2 3 107

murine EL4 thymoma cells were cotransfected in duplicate with 5 mg of an
enhancer/promoter-CAT reporter gene construct, 1 mg of pCMVb, a b-galacto-
sidase expression vector (Clontech), and 20 mg of distinct wild-type or mutant
PKC expression plasmids or a vector control, respectively. The cells were resus-
pended in 10 ml of complete medium and 24 h later were stimulated in the
absence or presence of PMA for an additional 24 h. The cells were harvested,
protein concentrations were determined by the Bradford assay (Bio-Rad,
Melville, N.Y.), and the enhancer/promoter activation was measured by deter-
mining the expression of the CAT reporter protein by a CAT enzyme-linked
immunosorbent assay (ELISA; Boehringer Mannheim Biochemicals, Mann-
heim, Germany) as specified by the manufacturer. For normalization of trans-
fection efficiencies, the level of b-galactosidase reporter protein was measured in
the same cell extracts by using a b-galactosidase ELISA (5 Prime3 3 Prime,
Boulder, Colo.). Transient cotransfection of COS-1 cells with a promoter-re-
porter CAT plasmid, pCMVb, and the indicated PKC expression vectors was
done with Lipofectamine (Gibco-BRL). Subconfluent cultures of COS-1 cells

were transfected and were starved in Dulbecco’s modified Eagle’s medium–0.5%
fetal calf serum for 18 h prior to stimulation with 100 ng of PMA per ml for an
additional 24 h. Cells were lysed and CAT expression was determined as de-
scribed above. The results shown are obtained with different preparations of
expression plasmids and represent the mean and standard error of the mean
from three representative experiments done in duplicate.

RESULTS

Functional characterization of recombinant mutant PKC
isoenzymes. Mutant PKC isoenzyme cDNAs were generated
by site-directed mutagenesis of the cDNA, and their biochem-
ical characteristics (in comparison with those of the wild-type
protein) were studied with recombinant PKC protein prepara-
tions in vitro. COS-1 cells were transfected with the appropri-
ate PKC expression constructs or a vector control, and the
recombinant PKC was purified by exploiting the COOH-ter-
minal six-histidine (His6) fusion tag and analyzed in standard
PKC kinase assays against substrate [A25S]PKC peptide in the
absence or presence of known PKC cofactors including PtdSer,
PMA, and Ca21 as described previously (4). The results are
summarized in Table 1. Mutant isoforms in which Lys at the
ATP-binding site is replaced with Arg (PKC-u K409R and
PKC-a K368R) are enzymatically inactive (and therefore

TABLE 1. Kinase activities of recombinant PKC wild-type or
mutant proteins in vitroa

Recombinant PKC enzyme Cofactorb Enzyme activity (%)c

None EGTA 36 2
None PtdSer/PMA/Ca21 2 6 3
PKC-u wt EGTA 30 6 7
PKC-u wt PtdSer/PMA/Ca21 100 6 5

PKC-u K409R EGTA 2 6 2
PKC-u K409R PtdSer/PMA/Ca21 2 6 2

PKC-u A148E EGTA 70 6 9
PKC-u A148E PtdSer/PMA/Ca21 100 6 19

PKC-ε wt EGTA 25 6 15
PKC-ε wt PtdSer/PMA/Ca21 100 6 20

PKC-ε A159E EGTA 65 6 14
PKC-ε A159E PtdSer/PMA/Ca21 100 6 25

PKC-a wt EGTA 18 6 4
PKC-a wt PtdSer/PMA/Ca21 100 6 10

PKC-a K368R EGTA 3 6 2
PKC-a K368R PtdSer/PMA/Ca21 2 6 2

PKC-a A25E EGTA 80 6 15
PKC-a A25E PtdSer/PMA/Ca21 100 6 14

a COS-1 cells were transfected with various PKC cDNA expression constructs,
and His6-tagged PKC was partially purified as described in Materials and Meth-
ods. Purified PKC or vector control preparations were assayed in an enzymatic
assay in the absence or presence of the indicated cofactor combinations. pRc/
PKC-z wt has been extensively characterized by Diaz-Meco et al. (13).
b The concentrations of cofactors used are 280 mg of PtdSer per ml, 10 mM

PMA, and 1 mM CaCl2. To measure PKC activity in the absence of Ca21,
ethylene glycol-bis(b-aminoethyl ether)-N,N,N9,N9-tetraacetic acid (EGTA) (1
mM final concentration) was added instead of CaCl2.
c To correct for differences in transfection efficiencies, enzyme activities are

expressed as a percentage of cofactor-dependent phosphorylation of the
[A25S]PKC peptide, which was determined separately for kinase-active PKC
preparations in each experiment. Data are means 6 standard deviations.
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termed kinase dead), and mutant isoforms in which Ala in the
pseudosubstrate sequence is replaced with Glu (PKC-εA159E,
PKC-u A148E, and PKC-a A25E) to introduce a negative
charge that mimics the presence of a phosphate at this location
are constitutively activated, since these mutants show elevated
basal kinase activity (65, 70, and 80%, respectively) in the
absence of any cofactors (Table 1).
Immunoblot analysis with PKC isoform-specific antisera de-

tected ;80-kDa (PKC-u) or ;82-kDa (PKC-a) proteins, re-
spectively, in COS-1 cells transfected with the corresponding
PKC expression plasmids but not in cells transfected with
pTag-p56lck, pTag-p59fyn (2), or a vector control (Fig. 1). A
reduced level of mutant PKC-u A148E and PKC-a A25E per
cell equivalent (ca. 25 to 30% of wild-type levels) was con-
sistently obtained after cell lysis and Ni21-chelating resin
purification, presumably because of enhanced sensitivity to
proteolysis or translocation to 1% Nonidet P-40 lysis buffer-
nonextractable cellular compartments (data not shown). To
compensate for this reduced yield, three times more COS-1
cell equivalents (in comparison with PKC wild-type prepara-
tions) of the A/E mutants were used in the Western blot
(immunoblot) analysis in Fig. 1. Transient COS-1 cell trans-
fection with pRc/PKC-ε wild-type (wt) and pRc/PKC-εA159E
mutant expression plasmids did demonstrate high PKC-ε pro-
tein expression, as shown by immunoblot analysis with PKC-
ε-specific antibodies (data not shown). pRc/PKC-z wt plasmid
demonstrated high expression in COS-1 cell transfection as-
says, as previously described by Diaz-Meco et al. (13). Fur-
thermore, COS-1 cell-derived recombinant PKC-z wt protein
demonstrated high enzymatic activity in vitro in a standard
immunocomplex kinase assay (data not shown).
IL-2 production in stably transfected human leukemic T-cell

lines. IL-2 promoter activation requires antigen receptor en-
gagement plus an accessory signal usually supplied by the an-
tigen-presenting cell. T-cell activation in a human leukemic
T-cell line, Jurkat E6-1, can be mimicked by agents that bypass
the receptors, such as PMA and soluble anti-human CD3
monoclonal antibody OKT3. Jurkat cells were stably trans-
fected with the pRc/CMV vector control, or His6-tagged
PKC-u and PKC-a pRc/CMV cDNA plasmid constructs and
G418 drug-resistant cell mass populations were expanded and
analyzed for activation-induced IL-2 cytokine secretion. The
expression of transfected PKC-u and PKC-a was assessed by
immunoblotting of Ni21-chelating resin precipitates, em-
ploying PKC isoform-specific antibodies (Fig. 2B and C).
Comparable levels of recombinant PKC were detected in
PMA/OKT3-stimulated Jurkat cells, representing approxi-

mately fourfold overexpression relative to the levels of en-
dogenous PKC-u or PKC-a isoforms, respectively. Recom-
binant expression from the CMV promoter, however, was
significantly lower in nonactivated Jurkat E6-1 cells, sug-
gesting that the CMV immediate-early promoter, driving
the expression of PKC transgenes in pRc/CMV, requires
activation signals for efficient transcription (1a).
IL-2 titers in test culture supernatants were determined as

described previously (3). Figure 2A demonstrates that overex-
pression of either PKC-u or PKC-a in Jurkat cells promotes a
marked increase in PMA/OKT3-induced IL-2 production (6.5-
or 6.0-fold over the vector control, respectively; PMA and
soluble monoclonal antibody OKT3 at final concentrations of
10 ng/ml and 2 mg/ml, respectively). PMA alone did not stim-
ulate IL-2 production in any of the transfected Jurkat cell
populations. These results indicate that both PKC-u and
PKC-a provide signals in the pathway leading to IL-2 produc-
tion.
Transient overexpression of distinct PKC isoforms in mu-

rine EL4 thymoma cells. Next, we decided to use transient-
transfection assays to further investigate the cellular signaling
cascade(s) involving these two representative PKC family
members. Requirements for activation of an IL-2 promoter/
CAT reporter construct transfected into T-cell lines were

FIG. 1. Immunoblot analysis of recombinant PKC-a or PKC-u preparations
from transiently transfected COS-1 cells. Lysates from COS-1 cells transfected 48
h earlier with His6-tagged pRc/PKC-u K/R (lane 1), pRc/PKC-u A/E (lane 2),
pRc/PKC-u wt (lane 3), pRc/PKC-a K/R (lane 6), pRc/PKC-a A/E (lane 7),
pRc/PKC-a wt (lane 8), pTag/Lck (lane 4) (2), pTag/Fyn (lane 9) (2), or the
pRc/CMV control vector (lanes 5 and 10) were purified with an Ni21-chelating
resin and subjected to immunoblotting with a mixture of anti-PKC-a and anti-
PKC-u antibodies, followed by goat anti-rabbit immunoglobulin G-peroxidase
conjugate and use of a chemiluminescence detection kit (ECL reagent). The
sizes of the molecular mass standards are shown (in kilodaltons).

FIG. 2. Enhanced IL-2 production in PKC-u- and PKC-a-overexpressing Jur-
kat E6-1 cells. Jurkat cells were stably transfected with the PKC-u and PKC-a
linearized DNA plasmid constructs by electroporation in a BTX T820 ElectroS-
quarePorator (BTX Biotech Inc., San Diego, Calif.), at 320 V and with five
repetitive pulses each for 99 ms, and G418-resistant cell masses (1 mg of free acid
G418 per ml of medium) were expanded and analyzed for activation-induced
IL-2 secretion. Cells transfected with nonrecombinant pRc/CMV vector plasmid
served as controls to exclude potential vector-dependent effects. (A) IL-2 titers
in test culture supernatants were determined in a conventional 24-h bioassay by
measuring the proliferation (i.e., [3H]thymidine uptake) of an IL-2-dependent
indicator T-cell line (CTLL-2), and secreted IL-2 was quantitated by comparison
with a recombinant IL-2 standard as described previously (3). (B and C) Western
blot analysis of Ni21-chelating resin-precipitated protein fractions derived from
pRc/CMV- (lanes 1), pRc/PKC-u (lanes 2), or pRc/PKC-a (lanes 3)-transfected
and PMA/OKT3-stimulated Jurkat cells (2.5 3 106 cell equivalents per lane),
followed by immunodetection with the corresponding antiserum as indicated.
The arrowhead indicates the position of PKC proteins. The open arrowhead in
panel B indicates an unidentified protein recognized by anti-PKC-u serum.
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shown to faithfully reflect those of the endogenous IL-2 gene
(31, 44). We used the well-studied murine EL4 thymoma cell
line, since in contrast to Jurkat E6-1 cells (Fig. 2A), phorbol
ester alone, a well-characterized PKC activator, is capable of
inducing high-level IL-2 gene expression in this cell line (6, 7,
31, 44) in the absence of a second signal such as phytohemag-
glutinin or anti-CD3 antibody. To test activation of the IL-2-
promoter, murine EL4 thymoma cells were transfected with 5
mg of pIL-2/0-CAT, stimulated for 24 h with the indicated
stimuli, harvested, and analyzed for CAT expression. The
PMA-induced transcriptional activity of pIL-2/0-CAT was sig-
nificant and $60% of that induced by stimulation with immo-

bilized antibodies to CD3 plus PMA or phytohemagglutinin
plus PMA (Fig. 3A).
To investigate the potential role of PKC-u and PKC-a in

induction of the IL-2 gene, EL4 cells were transiently cotrans-
fected with cDNA constructs of PKC-u or PKC-a and the
pIL-2/0-CAT reporter (PKC expression plasmid was used in
fourfold molar excess to statistically ensure cotransfection in
each cell, which harbors the promoter/CAT reporter gene con-
struct) and cells were subsequently stimulated for 24 h with
PMA or left unstimulated, lysed, and assayed for CAT expres-
sion. To allow a comparison between different experiments,
which vary with regard to transfection efficiencies, the different

FIG. 3. Enhanced PMA-induced IL-2–CAT gene expression in EL4 thymoma cells by transient overexpression of PKC-u or PKC-a. (A) EL4 cells were transfected
with 5 mg of pIL-2/0–CAT. At 24 h posttransfection, the cells were incubated for another 24 h with the various amounts of PMA, 100 mg of anti-(mouse CD3) 2C11
monoclonal antibody per ml used to coat plates, 5 mg of phytohemagglutinin (PHA) per ml, or medium (as a control), as indicated. (B) EL4 cells were transfected with
5 mg of pIL-2/0–CAT plus 20 mg of pRc/PKC-u, 20 mg of pRc/PKC-a, or 20 mg of the pRc/CMV vector control. At 24 h posttransfection, the cells were stimulated for
24 h with different amounts of PMA, as indicated. (C) EL4 cells were transfected with 5 mg of pIL-2/0–CAT plus different amounts of pRc/PKC-u, pRc/PKC-a, and
pRc/CMV vector control plasmid DNAs as indicated; however, the total amount of plasmid DNA used for each transfection was previously adjusted to 20 mg with empty
vector pRc/CMV. At 24 h posttransfection, cells were stimulated for 24 h with 5 ng of PMA per ml. In all panels, at 48 h posttransfection, cells were harvested and
CAT expression was determined as described in Materials and Methods.
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cell populations to be tested were cotransfected with 1 mg of a
b-galactosidase expression plasmid, pCMVbgal, and results of
enhancer/promoter activation (i.e., CAT reporter protein ex-
pression) were normalized to the corresponding b-galactosi-
dase reporter. PMA titration indicated that concentrations as
low as 1 ng of PMA per ml caused a detectable increase in
transcriptional activity. Cotransfection with either PKC-u or
PKC-a augmented the PMA-induced IL-2 CAT transcrip-
tional activity (Fig. 3B), and this effect increased as a function
of the amount of PKC expression plasmid (Fig. 3C). Maximal
PKC-induced effects were obtained with 20 mg of PKC expres-
sion plasmid and 5 ng of PMA per ml (e.g., 2.7- or 2.8-fold for
PKC-u and PKC-a, respectively), and these conditions were
subsequently used in the following experiments. This enhanced
transcriptional activation of IL-2 CAT was completely depen-
dent on the kinase activity of PKC, since inactive kinase-dead
PKC-u K409R and PKC-a K368R did not demonstrate any
stimulatory effect on PMA-induced IL-2 CAT expression (data
not shown). These results are consistent with the effects of
overexpressed PKC-a or PKC-u on IL-2 production in stably
transfected Jurkat cells (Fig. 2A) and demonstrate that PKC-a
and PKC-u enhance IL-2 production through a direct effect on
IL-2 promoter transcription, suggesting that their enzymatic
activity is likely to influence the transcriptional activity of one
or more of the nuclear binding factors regulating IL-2 gene
expression.
To examine the response of defined enhancer elements

within the IL-2 promoter to PKC-a or PKC-u overexpression,
EL4 cells were transiently transfected with IL-2 promoter-
derived enhancer/promoter reporter gene constructs. Synthetic
multimers of the NF-IL2A and NF-AT elements (14, 45), an
NF-kB–CAT construct (29, 42), and 273/160Col-CAT, a con-
struct composed of a CAT reporter gene under the control of
a collagenase (Col) promoter that contains a single AP-1 phor-
bol ester response element (8, 48) were used for this purpose.
As shown in Fig. 4, transient overexpression of both PKC-u

and PKC-a in EL4 thymoma cells caused an'2.0-fold increase
in the PMA-induced transcriptional activation of the NF-AT
promoter-CAT (Fig. 4A) reporter gene but did not signifi-
cantly affect PMA-induced transcriptional activation of NF-
IL2A (Fig. 4B) or NF-kB promoter-CAT reporter genes (Fig.

4C). Similarly, a control Rous sarcoma virus-CAT promoter-
reporter element was not significantly modulated in its PMA-
dependent transcriptional activity by PKC-u and PKC-a over-
expression compared with the vector control (data not shown).
Thus, PKC-u and PKC-a overexpression was not a general
stimulator of transcription.
Overexpression of PKC-u but not PKC-a leads to an en-

hanced PMA-dependent stimulation of 273/160Col-CAT in
EL4 cells. Since the activation of AP-1 CAT expression in
response to PMA depends largely on the copy number of the
AP-1 enhancer (20, 49), we decided to use 273/160Col-CAT
(8), which contains only a single copy of an AP-1-binding site,
to study AP-1 transcriptional activation under more physiolog-
ical conditions. It was previously shown that the collagenase
promoter 273/160Col-CAT, but not synthetic promoters con-
taining multiple AP-1 sites, accurately reflects AP-1 transcrip-
tional activity in T lymphocytes (49).
Interestingly, and in contrast to the previous promoter ele-

ments used, PKC-u but not PKC-a cotransfection induced a
significant (2.85-fold) increase in the PMA-dependent tran-
scriptional activity of 273/160Col-CAT over that of the PMA-
stimulated pRc/CMV vector control (Fig. 5A). To account for
the dependence of the PKC-a isoform on Ca21 as cofactor, the
Ca21 ionophore A23187 was used for stimulation; however,
PKC-a overexpression did not synergize with A23187 (1 mg/
ml) alone or A23187 (1 mg/ml) in combination with PMA (5
ng/ml) to induce 273/160Col-CAT promoter/reporter gene ex-
pression in comparison with a vector control (data not
shown). Deletion of the AP-1 enhancer sequence rendered
273/160Col-CAT unresponsive to PKC-u-generated signals,
since the 260/160Col-CAT reporter (lacking an AP-1-bind-
ing site) was induced by PMA to a lesser degree and the
PKC-u-specific effect was abolished (Fig. 5B).
Neither overexpression of PKC-ε nor overexpression of

PKC-z (a phorbol ester-nonresponsive isoenzyme) had a sig-
nificant effect on the PMA-induced transcriptional activation
of 273/160Col-CAT in EL4 cells (data not shown). Therefore,
of these four representative PKC isoforms, PKC-u is the only
PKC isoenzyme capable of significantly enhancing PMA-de-
pendent AP-1 transcriptional activation in EL4 cells. Ectopic
expression of PKC-u in COS-1 cells was used to confirm the

FIG. 4. Effect of transient overexpression of PKC-u or PKC-a on NF-AT, NF-IL2A and NF-kB–CAT enhancer/promoter CAT reporter elements in EL4 thymoma
cells. EL4 cells (2 3 107 per assay point) were transfected with 5 mg of NF-AT–CAT (A), 5 mg of NF-IL2A–CAT (B), or 5 mg of NF-kB-CAT (C) plus 20 mg of either
pRc/PKC-u, pRc/PKC-a, or pRc/CMV vector control plasmid DNA as indicated. At 24 h posttransfection, the cells were stimulated in the absence (medium control)
or presence of 5 ng of PMA per ml for an additional 24 h. At 48 h posttransfection, EL4 cells were harvested, and CAT expression was determined as described in
Materials and Methods.
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PKC-u isoenzyme-specific stimulation of AP-1 CAT in a non-
hematopoietic cell line. By comparison with PKC-a, PKC-ε,
and PKC-z, PKC-u induced a markedly higher increase in
PMA-responsive AP-1 CAT expression (6.0-fold) relative to
that of the vector control (Fig. 6).
Expression of a constitutively activated PKC-u A148E mu-

tant induces PMA-independent transcriptional AP-1 activa-
tion. To demonstrate that PKC-u by itself is sufficient to induce
AP-1 CAT expression, we expressed the activated form PKC-u
A148E in resting EL4 cells. Expression of PKC-u A148E re-

sulted in a significant increase in AP-1 CAT expression in the
absence of PMA stimulation when compared with that in
PKC-ε A159E, PKC-a A25E, or vector control transfections
(Fig. 7). This activation level, however, was suboptimal, since it
could be further increased by PMA stimulation (Fig. 7), indi-
cating either a submaximal activation status of PKC-u A148E
(as suggested by the a basal activity of only '70% of this
mutant enzyme in vitro [Table 1]) or the requirement of ad-
ditional, PKC-u-independent PMA-responsive signaling events
for full activation of AP-1 CAT transcription in these cells.
Transient expression of oncogenic RasL61, a constitutively ac-
tive Ras mutant, induced basal AP-1 CAT expression ;5-fold
(compared with the ;14-fold induction over basal activity by
PKC-u A148E), and no significant synergistic collaboration of
PKC-u A148E and RasL61 on AP-1 CAT expression in tran-
sient-coexpression experiments in resting EL4 cells could be
observed (data not shown).
Expression of kinase-dead PKC-u K409R mutant abrogates

PMA-mediated AP-1 transcriptional activation in EL4 cells.
Consistent with the above finding, a kinase-dead PKC-u
K409R mutant (whose expression was driven by the CMV
immediate-early promoter in the pRc/CMV plasmid) signifi-
cantly inhibited endogenous PMA-mediated activation of AP-1
CAT expression in EL4 cells (Fig. 8A). Almost complete abro-
gation of the PMA signal could be obtained by the inhibitory
PKC-u K409R mutant once PKC-u K409R expression was
driven by the stronger EF-1a promoter (Fig. 8B), which fur-
ther increased the recombinant expression level of PKC-u
K409R in EL4 cells'fivefold (1a). Again, this effect was isoen-
zyme specific, since similar PKC-a K368R mutant expression
plasmids did not demonstrate a significant effect in this partic-
ular signaling pathway (Fig. 8). Transcriptional activity of NF-
IL2A–CAT was unaffected by EF-1a promoter-driven expres-

FIG. 5. Overexpression of PKC-u enhances PMA-dependent stimulation of
AP-1 CAT in EL4 thymoma cells. EL 4 cells (2 3 107 per assay point) were
cotransfected with 5 mg of the 273/160Col-CAT (A) or 260/160Col-CAT (B)
reporter plasmid plus 20 mg of the indicated pRc/PKC-u or pRc/PKC-a wild-type
expression or pRc/CMV vector control plasmid. At 24 h after transfection, the
cells were left unstimulated (medium control) or were stimulated with 5 ng of
PMA per ml for an additional 24 h, and CAT expression was determined as
described in Materials and Methods.

FIG. 6. Ectopic expression of PKC-u wild type in COS-1 cells enhances
PMA-dependent stimulation of AP-1 CAT. COS-1 cells were cotransfected with
5 mg of the 273/160Col-CAT reporter plasmid plus 20 mg of the indicated
pRc/PKC-z, pRc/PKC-u, pRc/PKC-ε, or pRc/PKC-a wild-type expression plas-
mid or the pRc/CMV vector control. At 18 h after serum starvation, the cells
were left unstimulated (medium control) or were stimulated with 100 ng of PMA
per ml for an additional 24 h, and CAT expression was determined as described
in Materials and Methods.
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sion of the inhibitory PKC-u K409R mutant (data not shown),
demonstrating that PKC-u K409R is not a general inhibitor of
transcription.
Dominant negative Ha-RasN17 blocks the PKC-u A148E-

mediated AP-1 CAT signal in EL4 cells. To determine the role
of Ras in the PKC-u-mediated signal leading to AP-1 CAT
transcription, cotransfection of dominant-negative mutant Ha-
RasN17, which blocks the activation of normal Ras protein,
with PKC-u at a ratio of 1:1 was performed. The plasmid
pEF/RasN17 used in these experiments has been previously
characterized (19). As shown in Fig. 9, coexpression of domi-
nant-negative mutant Ha-RasN17 completely inhibited PMA-
dependent PKC-u wild-type and PKC-u A148E-induced,
PMA-independent AP-1 CAT signals, placing PKC-u either
upstream of or parallel to Ras in the signaling cascade.

DISCUSSION

The fact that T cells express several different species of PKC
isoenzymes makes it difficult to determine the specific cellular
functions of individual isoenzymes. Therefore, the involvement
of PKC, a major phorbol ester receptor, in the transcriptional
regulation of phorbol ester-inducible genes was determined via
overexpression of distinct and representative PKC isoenzymes.
In the present studies, three distinct forms of PKC-a or PKC-u
constructs, encoding (i) wild-type PKC, (ii) inhibitory kinase-
dead PKC, and (iii) pseudosubstrate mutant PKC protein,
were used; the latter produce cofactor-independent and there-
fore constitutively activated kinases. These mutant PKC isoen-
zymes with different biological and biochemical properties pro-
vide useful tools for investigation of the signal transduction
events in the cell involving the given PKC isoform. Similar
mutations in the kinase domain for PKC-a, PKC-ε, and PKC-z
isoenzymes or in the regulatory pseudosubstrate domain for
PKC-a, PKC-d, PKC-ε, PKC-h, and PKC-z isoenzymes have
been successfully created (12, 13, 16, 17, 21, 32, 38, 41).
The IL-2 gene promoter, most of the transcription factors

that activate it, and the signals that regulate its activity are well
characterized. Therefore, measurements of IL-2 gene activa-
tion represent a physiologically relevant end point assay to
investigate the effect(s) of overexpressed PKC isoenzyme-me-
diated perturbations in the T-cell-signaling pathway. Potential
effects of representative PKC isoforms on gene regulation have
been analyzed in transient-cotransfection studies in which dis-
tinct PKC wild-type or mutant cDNA expression constructs
described above and promoter/CAT reporter genes were co-
transfected into the same cell. Using this experimental assay
system, we were able to examine the activation of each PKC
isoenzyme individually in intact cells, in direct comparison with
the vector control. The observed '2.5- to 3-fold increase in,
e.g., IL-2/CAT expression in PKC-overexpressing EL4 cells
suggests that the PMA-induced transcriptional activity is ex-

FIG. 7. Constitutively activated PKC-u A148E mutant can replace PMA in
stimulation of AP-1 CAT in resting EL4 cells. EL4 cells (23 107 per assay point)
were cotransfected with 5 mg of the 273/160Col-CAT reporter plasmid plus 20 mg
of the indicated pRc/PKC-u A148E, pRc/PKC-ε A159E, pRc/PKC-a A25E, or
pRc/CMV vector control plasmid. At 24 h after transfection, the cells were left
unstimulated or were stimulated with 5 ng of PMA per ml for an additional 24
h, and CAT expression was determined as described in Materials and Methods.
The relative fold induction values over that for the PMA-stimulated pRc/CMV
vector control are given.

FIG. 8. Dominant negative PKC-u K409R mutant blocks PMA in stimulation
of AP-1 CAT in EL4 cells. EL 4 cells (2 3 107 per assay point) were cotrans-
fected with 5 mg of the 273/160Col-CAT reporter plasmid plus 20 mg of the
indicated pRc/PKC-u K409R, pRc/PKC-a K368R, and pRc/CMV (A) or pEF/
PKC-u K409R, pEF/PKC-a K368R, and pEF-neo vector control plasmids (B).
At 24 h after transfection, the cells were left unstimulated or were stimulated
with 5 ng of PMA per ml for an additional 24 h, and CAT expression was
determined as described in Materials and Methods.
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tremely sensitive to the given amount of PKC isoenzymes in
the cell, suggesting that the level of distinct PKC isoenzymes
may be a limiting factor in cellular activation events.
We conclude from these studies that PKC-u is competent to

mediate AP-1 CAT transcriptional activation and differs from
PKC-a in its competence to participate in the AP-1 signaling
cascade. The fact that transient transfection of PKC-a induces
the activation of IL-2 or NF-AT CAT in a fashion similar to
that of PKC-u excludes the possibility that the level of PKC-a
expression or its protein stability in intact cells is significantly
lower than that of PKC-u. It appears to be of physiological
importance that the functions of these two representative PKC
family members are on the one hand partially distinct (with
regard to AP-1) but on the other hand partially overlapping
(with regard to NF-AT, NF-kB, and NF-IL2A). Recent work
indicates that PKC-d, the closest relative of PKC-u (the iso-
forms demonstrate a striking sequence similarity in the V1 and
pseudosubstrate regions [for PKC amino acid alignments, see
reference 5]), causes specific activation of AP-1 CAT in a
Ras-dependent manner in NIH 3T3 fibroblasts (21). Consis-
tent with our findings in the EL4 cell model, PKC-a and PKC-ε
did not mediate significant AP-1 activation in NIH 3T3 cells
(21). Recent data obtained by Genot et al. (16) demonstrate
that of PKC-a, PKC-z, and PKC-ε, PKC-ε is the major PKC
isoform responsible for AP-1 transcriptional activation in Jur-
kat cells when a synthetic AP-1 CAT, containing multiple cop-
ies of AP-1 sites, is used. However, a direct comparison of
PKC-ε with either PKC-d or PKC-u is missing in this study.
Considering this limitation, we did reproduce their findings.
Apart from PKC-u, overexpression of only PKC-ε (not PKC-a
or PKC-z) caused a 2.5-fold increase in the expression of 273/

160Col-CAT (which contains only a single copy of an AP-1-
binding site) over a vector control in COS-1 cells (Fig. 6) and
the mutationally activated PKC-ε A159E was sufficient to in-

duce 273/160Col-CAT expression in nonstimulated EL4 cells,
albeit at a rate significantly lower than that produced by PKC-u
A148E (Fig. 7).
The functional divergence of these representative PKC iso-

forms provides a rationale to further explain the presence of
multiple PKC family members in a given cell. Furthermore, it
will permit detailed functional dissection of the complex sig-
naling cascades involving distinct PKC isoenzymes. Undoubt-
edly, more work is necessary to determine the precise mecha-
nism utilized by PKC-u to activate AP-1, but our data represent
an important step toward the identification and characteriza-
tion of molecules that operate downstream of PKC-u and are
involved in growth control and/or activation of T cells. The
ability of PKC-u to activate AP-1 transcriptional activity sug-
gests that it may also be sensitive to negative signals that are
involved in the induction of anergy (46), since the AP-1 com-
plex may be a unique target in anergic T cells (27). Transgenic
mouse models are currently in preparation in our laboratory
for use in a study of PKC-u-mediated AP-1 regulation and to
further illuminate the physiological context of this process.
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