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Direct evidence that ERK regulates the production/secretion of interleukin-2 in
PHA/PMA-stimulated T lymphocytes

Y.Q.LL* C.S. T. HILL* C. J. DERT & A. FERRANTE* *Department of Immunopathology, Womens’ and Children’s Hospital,
North Adelaide, Australia, and T Department of Pharmacology, University of North Carolina at Chapel Hill, NC, USA

SUMMARY

Although p21™%, raf-1 and MEK have been shown to regulate directly the transcriptional activity
of NFAT (nuclear factor of activated T cells) and/or the interleukin-2 (IL-2) promoter, direct
evidence that the extracellular signal-regulated protein kinase (ERK) is involved in regulating
IL-2 production is still lacking. Here, we demonstrate that transfection of Jurkat cells with
a dominant negative mutant of ERK1 (Erk1-K71R) resulted in the suppression of mitogen-
stimulated production/secretion of IL-2. This was accompanied by a parallel inhibition of
mitogen-stimulated ERK activity. These data provide direct evidence, for the first time, that ERK
plays a vital role in regulating the production/secretion of IL-2.

INTRODUCTION

Engagement of the T-cell receptor leads to the activation of a
number of intracellular signalling molecules. These include
members of the extracellular signal-regulated protein kinase
(ERK) cascade which consists of p21™* and/or protein kinase
C, raf-1, mitogen-activated protein (MAP) kinase/ERK kinase
(MEK)-1 and -2 and ERK.! Although it is currently not clear
how GTP-loaded p21™° stimulates the kinase activity of raf-1,
activation of ERK is achieved via the phosphorylation of
MEK1 and MEK2 by raf-1 and the subsequent dual phos-
phorylation of ERK1 and ERK2 by MEKI and MEK2.2
Cantrell and others have demonstrated that transcriptional
activation of NFAT (nuclear factor of activated T cells), a
transcription factor that regulates interleukin-2 (IL-2) gene
transcription, or the IL-2 promoter required coactivation of
the Ca?" /calcineurin- and p21™s-dependent pathways.>~> The
effect of activated p21™° could be mimicked by phorbol
12-myristate 13-acetate (PMA),>> a known activator of the
ERK cascade. However, there are conflicting reports regarding
the ability of members of the ERK cascade to substitute for
p21™ in synergizing with the Ca®?* pathway to stimulate
the transcriptional activation of NFAT. While studies from
Cantrell’s laboratory have demonstrated that activated MEK
was unable to synergize with ionomycin to stimulate NFAT,?
Whitehurst and Geppert® reported that activated MEK or
raf-1 could synergize with ionomycin to stimulate NFAT-
driven reporter gene expression but was unable to
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stimulate IL-2 promoter-driven reporter gene expression.
Studies in Jurkat or EL4 cells have also demonstrated that
transfection of these cells with a dominant negative mutant
construct of p21™%, raf-1, or MEK, or overexpression of
MKP-1, a dual specificity phosphatase which dephosphorylates
activated MAP kinases, block NFAT- or IL-2 promoter-driven
reporter gene expression.''® However, direct evidence that
ERK per se participates in the regulation of NFAT or IL-2
promoter activity, or IL-2 production is still lacking since
MKP-1 also uses dual-phosphorylated c-jun N-terminal kinase
(JNK) and p38 MAP kinases as substrates.” This problem is
compounded by the demonstration that the activity of JNK
and p38 is also stimulated in activated T lymphocytes’ and
studies in U937 cells have demonstrated that conditional
expression of MKP-1 preferentially attenuated signalling via
p38 and JNK.1°

The aim of the present study was therefore to investigate
whether ERK played a direct role in regulating IL-2 pro-
duction. Using Jurkat T leukaemic cells that had been transi-
ently transfected with a dominant negative mutant of ERK,
we provide direct evidence that ERK participates in the
regulation of mitogen-stimulated IL-2 production.

MATERIALS AND METHODS

DNA constructs

The pSV pB-galactosidase was obtained from Promega
(Annandale, NSW, Australia). The construction of dominant
ERK (pCMV-Erk K71R) has been described previously.!!4
All plasmids were purified using the Qiagen maxi plasmid kit
(Qiagen GmbH, Hilden, Germany). The anti-ACTIVE® ERK
antibody was obtained from Promega and anti-ERK?2 antibody
was obtained from Santa Cruz (CA).
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Transfection of Jurkat cells

The Jurkat leukaemic T cells were maintained in a humidified
atmosphere of 5% CO, in 95% air (37°) in RPMI-1640 (Cell
Image, Adelaide, Australia), supplemented with penicillin,
streptomycin and 10% fetal calf serum (FCS). Cells were
washed twice in serum-free RPMI-1640 before use and were
transiently  transfected using Lipofectamine (Gibco,
Melbourne, Australia) under serum-free conditions. Prior to
transfection, plasmid DNA (10 pg in 300 pl medium) was
mixed with liposome (5 pl in 500 pl medium) and the mixture
was left to stand at room temperature for 2:5-3 hr. The DNA-
liposome complex was added to cells (4 x 1051 x 107 in 200 pl
medium) and cells were incubated at 37° for 8-12 hr. Control
cells received pSV P-galactosidase-liposome complex and a
portion of these cells was used to determine transfection
efficiency. Then, 3-9 ml fresh RPMI-1640 (20% FCS) were
added and cells were further incubated for 36-40 hr. The
expression of P-galactosidase did not affect either cytokine
production or ERK activity (data not shown). We have
consistently found that 60-70% of the pSV p-galactosidase-
transfected cells express the enzyme.

Assay for IL-2

Forty-eight hours after transfection, cells (4 x 10° in 4 ml)
were incubated with PMA (100 nm)/phytohaemagglutinin
(PHA, 1 pg/ml) for 20 hr and aliquots of the supernatant
were taken for cytokine estimation by enzyme-linked immuno-
sorbent assay (ELISA). To examine the role of MEK1, non-
transfected cells were preincubated with PD98059 (50 um) for
45 min prior to the addition of PHA/PMA. Control cells
received dimethyl sulphoxide (DMSO).

Partial purification of ERK

ERK was partially purified and assayed according to the
methods described by Anderson er al. with some modifi-
cations.!>™!7 Briefly, transfected cells (1 x 107) were incubated
with PHA/PMA (37°) for 5 min and incubations were termin-
ated by centrifugation (3000 g for 3 min at 4°). The cell pellets
were resuspended in 0-9 ml of 25 mm Tris—HCI (pH 7-5), 2 mm
EGTA, 25 mm NaCl, 1 mm Na;VO,, 38 mM p-nitrophenylphos-
phate, 10 pg/ml pepstatin A, 10 pg/ml aprotinin, 10 pg/ml
leupeptin, 2 mM phenylmethylsulphonyl fluoride and 1 mm
dithiothreitol, sonicated (3 x 10 seconds, output of 2 units,
Ultrasonics Sonicator, Farmingdale, NY) and centrifuged
(100000 g for 15 min). Cytosolic fractions were adsorbed onto
phenylsepharose CL4B and after washing the beads with
ethylene glycol (2 x 10% followed by 2 x 35%, v/v), ERK was
eluted with 200 pl 60% ethylene glycol. Previous studies have
demonstrated that ERK is eluted by ethylene glycol at concen-
trations between 35 and 60% (v/v).!> Kinase activity in the
samples was determined as described below. In some experi-
ments, Laemmli buffer was added to the samples which were
then stored at — 20° until Western blotted

ERK assay

Partially purified ERK (15 ul) was added to 35 ul of assay
mixture (25 mm Tris—HCI, pH 7-4, 50 mm B-glycerophosphate,
0-33 mg/ml myelin basic protein, 1-5mm EGTA, 0-1 mm
sodium orthovanadate, 10 mm MgCl,, 10 pg/ml protein kinase
A peptide inhibitor, 40 um ATP and 0-1uCi y[**P]ATP)
(Betasec, Adelaide, Australia) and the mixture was incubated
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for 20 min at 30°. Assays were terminated by spotting aliquots
of the reaction mixture onto P-81 filter paper followed by
extensive washing with 75 mwm orthophosphoric acid.
Radioactivity was determined by liquid scintillation spec-
trometry. Since omission of the protein kinase A inhibitor
from the assay mix did not affect the incorporation of 3?Pi
into myelin basic protein (ref. 15, and data not shown) and
the assay mixture did not contain a phospholipid, neither
protein kinase A nor C could contribute to the enzymatic
activity measured. Moreover, Western blotting of the phenylse-
pharose CL4B-purified extracts demonstrated the presence of
immunoreactive p42 and p44 ERK isoforms (data not shown).
Our other studies have excluded the possibility that p38 could
contribute to the kinase activity in these fractions.!®

Western blotting

Denatured proteins were separated on 10% polyacrylamide
gels and transferred to nitrocellulose (100 V, 1-5hr).
Immediately after transfer, blots were stained with Ponceau S
(0-1% in 5% acetic acid) to confirm equal loading of all lanes
of the gels. Affinity-purified polyclonal anti-ACTIVE® ERK
antibody (diluted 1:20000) and anti-ERK2 antibody (diluted
1:1000 or 1:200) were used to detect dual-phosphorylated
and non-phosphorylated ERK isoforms, respectively. The
ERK immune complexes were detected by enhanced chemi-
luminescence as described earlier.!®

Statistical analysis
Results were analysed by Student’s z-test and were considered
significant if P<0-05.

RESULTS
Stimulation of Jurkat cells with PHA (1 pg/ml)/PMA (100 nm)

for 5 min resulted in increased ERK activity (Figs 1 and 3).
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Figure 1. Inhibition of PHA/PMA-stimulated ERK activity by
PD98059. Cells were preincubated with DMSO (0-1% v/v) or PD98059
(50 pum) for 45 min prior to the addition of PHA/PMA. After 5 min,
ERK activity was determined as described in the Materials and
Methods. Results are means +SEM of three experiments. Significance
of difference between unstimulated and mitogen-stimulated cells:
*P<0-05.
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Western blotting of the samples with the anti-ACTIVE® ERK
antibody which detects dual-phosphorylated, active ERK
revealed that PHA/PMA caused the appearance of a strong
band of immunoreactive material that migrated with an MW
of approximately 43000 (ERK2) (Fig. 2a, lane 2) and a faint
band that migrated with an apparent molecular weight of
44000 (ERK1). Probing parallel blots with an anti-ERK2
antibody (diluted 1:1000) revealed equal loading of ERK?2 in
all the lanes and at lower antibody dilutions (1:200), the
antibody revealed ~50% more ERK1 in ErkK71R-transfected
cells than in control cells (data not shown).

To investigate whether the ERK cascade regulates the
production of IL-2, we first examined whether blocking the
activation of MEK affected the ability of PHA/PMA to
stimulate IL-2 production. This was achieved by using the
selective MEK1 antagonist, PD98059, which had previously
been demonstrated by Alessi et al.'® to inhibit MEK1 activity
by >80% at 50 pm of inhibitor. Preincubation of Jurkat cells
with PD98059 (50 um) for 45 min blocked the stimulation of
ERK activity by PHA/PMA (Fig. 1). PD98059 almost com-
pletely prevented PHA/PMA from stimulating the production
of IL-2 (Fig. 4).

The above data are consistent with the ERK cascade being
involved in regulating IL-2 production. To provide direct
evidence that ERK regulates IL-2 production, cells were
transiently transfected with a dominant negative mutant of
ERK (Erkl-K7IR), a kinase-dead ERK.?° Previous studies
have demonstrated that transfection of cells with Erk1-K71R
blocked both ERKI1- and ERK2-mediated responses and
cotransfection of cells with dominant negative ERK1 and
ERK2 constructs did not result in a greater degree of inhibition
than that observed when cells were transfected with only the
ERKI1 mutant.' Transient transfection of Jurkat cells with
Erk1-K71R suppressed the ability of PHA/PMA to stimulate
the production of IL-2 (Fig. 5). The ERK mutant also sup-
pressed the ability of PHA/PMA to stimulate ERK activity
(Fig. 3). In contrast to kinase activity, PHA/PMA-stimulated
ERK2 dual-phosphorylation was not affected by Erk1-K71R
although Erk1-K71R reduced the level of ERK1 dual phos-
phorylation (Fig. 2a, lane 2 versus lane 4).
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Figure 2. Lack of effect of dominant negative ERK1 on PHA/PMA-
stimulated ERK phosphorylation. Cells were transfected with pSV
p-galactosidase (lanes 1 and 2) or pCMV ErkK71R (lanes 3 and 4).
Forty-eight hours after transfection, cells were challenged with DMSO
(0-1%, v/v, lanes 1 and 3) or with PHA/PMA (lanes 2 and 4). After
SDS-PAGE, samples were Western blotted using the anti-ACTIVE®
ERK antibody (a) and immunoreactive material was detected by
enhanced chemiluminescence. The presence of equal amounts of ERK2
in all lanes was confirmed in a duplicate blot that was probed with
an anti-ERK2 antibody (b).
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Figure 3. Inhibition of PHA/PMA-stimulated ERK activity by domi-
nant negative ERK1. Cells were transfected with pSV B-galactosidase
or pCMV ErkK71R as described in the Materials and Methods.
Forty-eight hours after transfection, the ability of PHA/PMA to
stimulate ERK activity was determined. Results are the means +SEM
of six to eight individual experiments. Significance of difference
between unstimulated and mitogen-stimulated kinase activity:
*P<0-05.
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Figure 4. Inhibition of PHA/PMA-stimulated IL-2 production by
PD98059. Cells were pretreated with PD98059 (50 pm) and stimulated
as described in the legend to Fig. 1. The supernatants were harvested
and the amount of IL-2 that was secreted was assayed by ELISA.
Results are the means+SEM of seven experiments. Significance of
difference between unstimulated and mitogen-stimulated cells:
*P<0-001.

DISCUSSION

Studies by Cantrell and others have demonstrated that the
transcriptional activation of NFAT and the IL-2 promoter is
regulated by Ca?" /calcineurin-and p2lras-, raf-1- and MEK-
dependent pathways.!*® Thus, interfering with the function
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Figure 5. Inhibition of PHA/PMA-stimulated IL-2 production by
dominant negative ERK1 Cells were transfected as described in legend
to Fig 3 and 48(h) after transfection, cells were stimulated with
PHA/PMA. Twenty hours after stimulation, aliquots of the culture
medium were removed and the amount of IL-2 which was produced
over this period determined by ELISA. Results are means+SEM of
6-8 experiments. Significance of difference between unstimulated and
mitogen-stimulated cells: * P<0-05.

of p2lras, raf-1, or MEK alters the transcriptional activation
of NFAT or the IL-2 promoter and this is associated with
changes in ERK activity. Although indicative of an involve-
ment of ERK, these observations do not provide direct evi-
dence that ERK is involved in regulating IL-2 production
since interfering with p2lras, raf-1, or MEK signalling will
also affect the function of non-ERK effectors of p21ras, raf-1,
or MEK. While ERK is currently the only known effector of
MEK, multiple effectors of ras and raf have either been
characterized or proposed.?!*?> Thus, the flow of signal via
these effectors will also be affected. Similarly, the data obtained
with cells that overexpress MKP1¢ are consistent but do not
prove that ERK regulates IL-2 production since MKP1 also
dephosphorylates activated JNK and p38, in addition to
activated ERK.” Studies in U937 cells have, in fact, demon-
strated that overexpressed MKP-1 has a preference for JINK
and p38 over ERK.' Hence, direct evidence demonstrating
that ERK regulates IL-2 production/secretion is still lacking.
Using PHA/PMA as stimuli, we now provide direct evi-
dence that ERK regulates the production of IL-2. Thus,
transfection of Jurkat cells with a dominant negative construct
of ERK1 greatly reduced the production of IL-2 in PHA/
PMA-stimulated cells. In our other studies, we have also
demonstrated that the dominant negative ERKI1 mutant
blocked lymphotoxin production (manuscript submitted).
Using HeLa cells, we have recently demonstrated that
expression of Erkl-K71R reduced the ability of PMA to
stimulate p90rsk (unpublished data), a kinase which is phos-
phorylated and activated by ERK.** Using an Elkl reporter
construct, Westwick et al. demonstrated that transfection of
NIH3T3 cells with Erk1-K71R blocked both ERKI1- and
ERK?2-mediated increase in the transcriptional activity of Elk1
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and that cotransfection of cells with Erkl-K71R and
Erk2-K52R did not result in greater inhibition than that
observed with Erk1-K71R alone.!* These studies therefore
indicate that transfection of Jurkat cells with Erk1-K71R was
sufficient to block ERKIl-and ERK2-mediated signalling
events.

Our studies with the anti-ACTIVE® ERK antibody demon-
strated a stronger staining of phosphorylated ERK2 than
ERKI1. This suggests a preferential activation of ERK2 over
ERKI1. Although recombinant MEK1/MEK2 do not show
preferences between ERK1 and ERK?2 as substrates in in vitro
assays,?* a previous study in B cells has reported preferential
activation of ERK2 over ERK1 following engagement of the
B-cell antigen receptor.?

Expression of Erkl1-K71R did not affect the dual phos-
phorylation ERK?2, indicating that the antagonistic action of
Erk1-K71R was exerted at a site(s) post-ERK2 phosphoryl-
ation. In contrast, dual phosphorylation of ERK1 was reduced
in cells that expressed Erk1-K71R. This was despite a higher
level of immunoreactive ERK1 being detected in Erk1-K71R-
transfected cells than in control cells. The data suggest that
Erk1-K71R could interfere with the ability of MEK to interact
with wild-type/mutant ERK1 but not with ERK2. It needs to
be stressed that under the conditions of forced expression of
kinase-dead ERK,?° changes in the level of ERK dual phos-
phorylation could not be interpreted as changes in signalling
via ERK since Erk1-K71R, although not affecting the dual
phosphorylation of ERK2, prevented wild-type ERK from
phosphorylating myelin basic protein in vitro and blocked the
biological functions of ERK1 and ERK2 in intact cells.

In summary, this study provides direct evidence, for the
first time, that ERK is involved in the regulation of IL-2
production/secretion.
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