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Abstract

Stimulation of T cells with antibodies directed towards the T
cell receptor complex results in the activation of mitogen-asso-
ciated protein kinase (MAPK ). Two pathways have been de-
scribed in other cell types that can lead to MAPK activation.
One of these pathways involves the activation of Ras, leading to
the activation of Raf-1, and the subsequent activation of MEK
(MAPK or ERK kinase). The contribution of this pathway in T
cells for anti-CD3 or phorbol myristate acetate (PMA )-me-
diated MAPK activation was examined. We detected the Kki-
nase activities of Raf-1 and MEK towards their substrates
(MEK for Raf-1 and MAPK for MEK) in this pathway leading
to the activation of MAPK. Stimulation of the T cells with
either anti-CD3 antibody or PMA resulted in a rapid activation
of both Ras and Raf-1. MEK activity towards kinase-active or
-inactive recombinant MAPK also increased upon stimulation.
In addition, both MAPK and p90™* were activated in these
cells. We suggest that activation of MAPK and the subsequent
activation of ribosomal S6 kinase (p90™*) occurs by the Ras/
Raf-1/MEK cascade in T lymphocytes stimulated by ligation
of the T cell receptor complex. (J. Clin. Invest. 1994.93:2134~
2140.) Key words: T lymphocyte ¢ cell signaling « kinase activa-
tion ¢ kinase * mitogen-associated protein

Introduction

The T cell receptor is made up of multiple proteins that trans-
duce a signal (antigen/MHC) received at the surface of the cell
to the nucleus. There are multiple second messenger pathways
activated after T cell receptor stimulation, including the trig-
gering of calcium fluxes, activation of protein kinase C, and the
induction of several tyrosine kinases (for review see references
1-5). These changes can then affect more downstream events,
particularly the increased transcription of certain activation-re-
lated genes and cell proliferation ( 1-7). Several reports demon-
strate that mitogen-associated protein kinase (MAPK)! under-
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goes tyrosine as well as threonine phosphorylation, which re-
sults in its activation after T cell receptor stimulation (8-12). It
is thought that MAPK, a serine/ threonine kinase, is one of the
intermediates in the transduction pathway leading to the in-
crease in gene transcription and proliferation (13-16).

MEK (MAPK or ERK kinase), which lies directly up-
stream of MAPK in this cascade, has recently been character-
ized in several systems. This dual-specificity kinase is capable
of activating MAPK and has been suggested to be a conver-
gence point in the MAPK regulatory network (17-19). To
date, two distinct mechanisms have been proposed to activate
MEK (20-24). One pathway involves the Ras-dependent acti-
vation of Raf-1 kinase (21-24). The second pathway involves
the activation of MEK kinase (20). Little is known about the
regulation of MEK kinase except, like Raf-1, it is capable of
activating MEK (20).

We determined if the Ras/Raf-1/MEK cascade has a role
in anti-CD3-induced activation of MAPK in T lymphocytes.
In addition, we demonstrated the ability of anti-CD?3 to acti-
vate p90™* since MAPK has the ability to phosphorylate and
activate this important regulatory protein (25). After addition
of either anti-CD3 or phorbol myristate acetate (PMA ) we now
report increases in Ras, Raf-1 kinase, and MEK activities. In
addition, we show the concurrent activation of both MAPK
and p90™¢. We propose that Ras-dependent activation of Raf-
1 and MEK is responsible for the stimulation of MAPK and
p90™ in T cells activated by anti-CD3 or PMA.

Methods

Cells and reagents. The human T lymphocyte cell line Jurkat was ob-
tained from American Type Culture Collection (Rockville, MD). The
cells were maintained in RPMI 1640 (GIBCO, Grand Island, NY)
supplemented with 10% FCS (Hyclone, Logan, UT), 50 U /ml penicil-
lin-streptomycin, and 2 mM glutamine at 37°C and 7% CO,. Anti-
CD3 (OKT3) was obtained from Ortho Pharmaceutical Corp. (Rari-
tan, NJ); PMA, protein A-Sepharose beads (PAS), and purified rabbit
IgG were purchased from Sigma Chemical Co. (St. Louis, MO). Mono-
clonal mouse anti-MAPK antibody was purchased from Zymed
(South San Francisco, CA). Polyclonal rabbit anti-MEK antibody was
obtained from Transduction Laboratories (Lexington, KY) and rabbit
polyclonal anti-Raf-1 was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Affinity purified polyclonal rabbit anti-mouse rsk1
S6 kinase antibody was purchased from Upstate Biotechnology, Inc.
(Lake Placid, NY). The recombinant wild-type and kinase-inactive
forms of MEK and MAPK were expressed and purified as de-
scribed (26).

Measurement of Raf-1 kinase activity. Measurement of Raf-1 ki-
nase activity was performed as previously described (26, 27). Briefly,
1.2 X 107 Jurkat cells were stimulated in RPMI 1640 using the appro-
priate conditions. They were then lysed in RIPA (1% sodium deoxycho-
late, 1% Triton X-100, 0.1% SDS, 150 mM NaCl, 50 mM Tris (pH
7.2), 1 mM PMSF, 2 ug/ml aprotinin, 50 uM leupeptin, 200 uM
Na,;VO,, 50 mM NaF). Lysates were precleared by PAS beads and
purified polyclonal anti-Raf-1 antibody (1:100) was added to the ly-
sates. The immune complexes were collected by PAS beads and kinase



assays were performed using kinase-inactive MEK (KMMEK) as a
substrate. The purified recombinant KMMEK runs as a 50-kD protein
because of the six histidine tag and additional amino acids from the
RSET expression vector (Invitrogen, La Jolla, CA). The proteins were
separated by 10% SDS-PAGE and transferred to a nitrocellulose mem-
brane. The membranes were probed using the same anti-Raf-1 anti-
body with an alkaline phosphatase visualization system ( protoblot AP-
system; Promega Biotec, Madison, WI) and subjected to autoradiogra-
phy. Quantitation of 2P incorporation into the recombinant
kinase-inactive MEK was performed with a phosphor-imager (Molecu-
lar Dynamics, Sunnyvale, CA).

Measurement of Ras activation. Cells (5 X 10°) were labeled with
[32P]orthophosphate for 16 h before stimulation. Ras was immunopre-
cipitated using the Y 13-259 anti—Ras antibody and GTP was separated
from GDP by thin layer chromatography as previously described (28).
The radiolabeled nucleotides were visualized by autoradiography and
quantitated with a phosphor-imager. Data are presented as GTP/GTP
+ (1.5)GDRP ratios (28).

MEK activity measurements. Measurements of MEK activity were
performed as previously described (26, 27). After the different treat-
ments, 4-5 X 107 cells were lysed in 600 ul lysis buffer. After lysis, the
samples were centrifuged and 500 ul of the postnuclear cell lysates were
fractionated on a mono-S HR 5/5 FPLC column (Pharmacia, Upp-
sala, Sweden). The fractions were assayed for kinase activity in a
coupled system containing recombinant wild-type MAPK (ERK2,
42-kD polypeptide) and epidermal growth factor receptor peptide
(EGFRg6;-631) (26, 27). Simultaneously, some of the fractions were
also assayed for their ability to phosphorylate recombinant, kinase-in-
active MAPK (KMMAPK) (26, 27). Phosphorylated KMMAPK
(which also runs as a 50-kD protein) was separated on a 10% SDS-
PAGE gel and transferred onto nitrocellulose membranes. Phosphory-
lation of KMMAPK was then visualized by autoradiography and
quantitated by phosphor-imager. The assay was performed using en-
zyme, substrate, and time so that the activity measured is linearly re-
lated to enzyme concentration.

Immunoblotting. After different treatments, 2.5 X 106 Jurkat cells
were lysed in RIPA buffer and immunoblotted as previously described
(29). Briefly, samples were electrophoresed through 10% SDS-PAGE
gels and proteins were transferred to nitrocellulose membranes. Mem-
branes were incubated (2 h) in blocking buffer; monoclonal anti-
MAPK (1:2,000) or anti-p90™ (1:10,000) were then added to the
blocking buffer and blots were incubated for an additional 2 h at room
temperature. The blots were washed in TBST (25 mM Tris-HCl (pH
8.0), 125 mM Na(l, 0.025% Tween 20) and incubated with alkaline
phosphatase-conjugated goat anti-rabbit Ig (1:10,000 in TBST; Pro-
mega), for the anti-p90™ blots, or alkaline phosphatase-conjugated
goat anti-mouse Ig (1:10,000 in TBST; Promega) for the MAPK blots.

D907 activity measurements. p90 ribosomal S6 kinase activity was
detected as previously described (30, 31). Cells (2.5 X 10°) were stimu-
lated and p90™ was immunoprecipitated from postnuclear lystes using
polyclonal rabbit anti-mouse rsk 1 S6 kinase antibody (32) and protein
A-protein G coupled beads. The beads were washed and resuspended
in kinase buffer (50 x1) containing v[*P]ATP and 125 uM S6 peptide
(RRRLSSLRA). Kinase reactions were incubated (30°C for 15 min),
stopped by the addition of EDTA, and the supernatant (25 ul) was
applied to filter paper (P81; Whatman Inc., Clifton, NJ). Filter papers
were washed and radioactivity bound to the filter papers was deter-
mined by liquid scintillation counting. Parallel samples were immuno-
precipitated in the same manner and resuspended in sample buffer and
immunoblotted using the immunoprecipitating antibody. The assay
was performed using enzyme, substrate, and time so that the activity
measured is linearly related to enzyme concentration.

Results and Discussion

Two pathways leading to the activation of MAPK have been
described in other cell types (20-24). We determined if the
triggering of one of these pathways occurred after stimulation

of T cells through the T-cell receptor. Because of recent ad-
vances we were able to measure the specific kinase activity of
Raf-1 towards a downstream substrate, MEK (20, 26), in the
proposed pathway, as well as measuring the ability of cellular
MEK to phosphorylate and activate recombinant MAPK in
activated T cells. In this report we demonstrate the activation
of the Ras/Raf-1/MEK/MAPK /p90~* pathway in T cells
stimulated after ligation of the T-cell receptor.

Activated Raf-1 kinase has been proposed to phosphorylate
and activate MEK (21-24). A recombinant kinase inactive
MEK (KMMEK) that lacks kinase and autophosphorylation
activities because of mutation of lysine®’ to methionine in the
ATP binding site was recently developed (26, 27). This recom-
binant protein can be used as a substrate to measure the ability
of Raf-1 to phosphorylate this enzyme. When Jurkat cells were
stimulated with an antibody directed towards the CD3 com-
plex, the activation of Raf-1 kinase activity (towards
KMMEK) in these cells was rapid, detectable within 1 min,
and peaked at ~ 2.5 min (Fig. 1 4). The protein kinase C
activator, PMA, was able to induce comparable levels of Raf-1
kinase activity. When immunoprecipitations were performed
using nonspecific rabbit Ig to control for nonspecific interac-
tions by the anti-Raf-1 antibody, very little kinase activity was
precipitated. Lane / in Fig. 1 4 contains a cell-free sample of
recombinant wild-type MEK (which has the capacity for auto-
phosphorylation). This was used to locate the substrate
(KMMEK) and control for the kinase reaction. Quantitation
of the same experiment by phosphor-imager is shown in Fig. 1
B, revealing an ~ 12-fold increase in Raf-1 kinase activity 2.5
min after stimulation of Jurkat cells by anti-CD3. The PMA-
induced stimulation of Raf-1 was in a similar range, an ~ 16-
fold increase 20 min after stimulation. To ensure that our anti-
body to Raf-1 kinase immunoprecipitated similar amounts of
Raf-1 under all treatment conditions, we used the same anti-
body to probe the immunoprecipitates used in the kinase assay
(Fig. 1 C). Besides the immunoglobulin bands, a single band
(Raf-1), was observed just below the 80-kD marker. Raf-1 in
the immunoprecipitates was somewhat variable, but the in-
creased activity was clearly related to activation of the enzyme
and not increased amounts of enzyme in the immunoprecipi-
tate. No bands were observed when rabbit IgG was used for the
immunoprecipitations (Fig. 1 C, lane 9).

These data demonstrate that both anti-CD3 and PMA are
able to induce the kinase activities of Raf-1 towards MEK in T
cells. The hyperphosphorylation and increased kinase activities
of Raf-1 after T cell receptor activation has been previously
reported (33), however, this is the first report in T cells that
shows that Raf-1, immunoprecipitated from activated T cells,
is capable of phosphorylating another kinase (MEK) and par-
ticipating in a signaling program.

In several systems, the Ras-dependent activation of Raf-1
has been described (22-24, 34). We measured the amounts of
32p_labeled GTP bound to Ras under the same stimulation
conditions shown to induce high activities of Raf-1 to assess
Ras activation in our system. Fig. 2 A4 illustrates the GTP/GTP
+ (1.5)GDP ratios associated with Ras in control, anti-CD3
(2.5 min), or PMA (10 min)-stimulated Jurkat cells. These
ratios increased from 7% in the control cells, to 26%, indicating
the activation of Ras under these conditions in anti-CD3-stim-
ulated Jurkat cells. In PMA-stimulated Jurkat cells, these levels
increased to 34%. We found that activation of Ras by anti-CD3
or PMA rapidly increased by 2.5 min and reached plateau lev-
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Figure 1. Activation of Raf-1 by anti-CD3 and PMA. For 4 and C,
Jurkat cells were treated with 1 ug/ml anti-CD3 antibody or 10 ng/ml
PMA for the indicated times (in min); Raf-1 was immunoprecipi-
tated and a kinase assay was performed as described in Methods. After
SDS-PAGE, the proteins were transferred onto nitrocellulose. In 4,
32p incorporation into recombinant kinase-inactive MEK was mea-
sured by autoradiography. The lane marked wt MEK contained ki-
nase active MEK and was used to locate the substrate. (B) 32P incor-
poration into kinase-inactive MEK in the same experiment was
quantitated by a phosphor-imager and shown are the arbitrary unit
values for the same conditions as in 4. In C, the same membrane in

A was probed with the anti-Raf-1 antibody used for immunoprecipi-
tation and reactivity was visualized by the alkaline phosphatase sys-
tem. The size (in kD) and the position of a molecular weight marker
is indicated on the right side. In both 4 and C, the lane marked rabbit
Ig indicates when 0.6 ug purified rabbit IgG was used for the immun-
oprecipitations as a control. Representative of at least two separate
experiments.

els ~ 10 min after stimulation (Fig. 2 B), paralleling the in-
creases in Raf-1 activation. These results are in agreement with
those of Downward et al. (28 ) who have shown similar levels of
Ras activation in PHA- and UCTH-1-stimulated Jurkat and
HPB-ALL cells.

The phosphorylation and activation of MEK triggers the
ability of MEK to phosphorylate and activate MAPK (17-19).
To assess MEK activation in Jurkat cells stimulated by either
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Figure 2. Stimulation of Ras activity by anti-CD3 and PMA. Meta-
bolically labeled [*2P] Jurkat cells were treated with 1 ug/ml anti-CD3
or with 10 ng/ml PMA for 2.5 and 10 min, respectively, in 4 or for
the indicated periods of time in B. (Anti-CD3, open circles, PMA,
closed circles.) Ras was immunoprecipitated, and radioactive GTP
and GDP bound to Ras was measured by autoradiography. The data
were quantitated by phosphor-imager and shown as the GTP/GTP

+ (1.5) GDP ratios (%) for each condition. The results are represen-
tative of three separate experiments.

PMA or anti-CD3, we used both a direct and indirect system.
In both systems we fractionated lysates from Jurkat cells using
fast phase liquid chromatography and a mono-S column. The
proteins were eluted off the mono-S column using a salt gra-
dient and the different fractions were examined for the ability
to phosphorylate (direct method) or activate (indirect
method) recombinant MAPK. The advantage of the direct
method was that it enabled us to examine changes in the phos-
phorylation status of MAPK induced by the different fractions.
The advantage of the indirect method was that it allowed exami-
nation of MAPK activity presumably induced by the changes
in phosphorylation.

In the direct approach the fractions from the column were
assessed for their ability to phosphorylate recombinant kinase-
inactive MAPK (KMMAPK). Like KMMEK this protein has
also lost the ability to autophosphorylate. Fig. 3 4 shows the
results of in vitro kinase assays followed by SDS-PAGE and
autoradiography using the different fractions. Kinase activity
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Figure 3. Anti-CD3- and PMA-induced MEK activation in Jurkat cells. For A-C, Jurkat cells were stimulated with 1 ug/ml anti-CD3 (2.5 min)
or with 10 ng/ml PMA (10 min) and postnuclear whole cell lysates were fractionated by mono-S chromatography. (4) Fractions from the
mono-S column were assayed for their ability to phosphorylate kinase-inactive recombinant MAPK and were analyzed by SDS-PAGE and au-
toradiography. A molecular weight standard (in kD) is indicated on the right side and stimulation conditions on the left. (B) Phosphorylation

of kinase-inactive MAPK in the experiment described in 4 was quantitated by phosphor-imager and arbitrary unit values are shown for each
treatment group. (C) In vitro kinase assays were performed on the mono-S column fractions using recombinant wild-type MAPK and
EGFRgg, ¢ peptide. *2P incorporation (cpm) into the EGFRg;, ¢4, peptide is shown for each fraction. Representative of at least two separate

experiments.

towards KMMAPK in fractions 10-12 from anti-CD3 (mid-
dle) and PMA (bottom)-stimulated Jurkat cells was greatly
increased when compared with unstimulated cells (fop).
Quantitation of these results by the phospho-imager is shown
in Fig. 3 B. These fractions (10-12) also contain the most
significant levels of immunoreactive MEK (see below).

In the indirect method, recombinant wild-type MAPK and
EGFRq,_¢s1 peptide were added to the mono-S fractions in an
in vitro kinase assay. We then determined the amount of 2P
incorporation from ATP into the MAPK-specific EGFR;_gs:

peptide. Increases in EGFR, ¢5; phosphorylation that elute
off the column in the early fractions is the result of the activa-
tion of MAPK of cellular origin induced by the different treat-
ments (20, 27). The increases in EGFRg, ¢5, phosphorylation
that elute off the column at higher salt concentrations are the
result of the activation of a cellular MEK that has activated the
recombinant MAPK (20, 27). Anti-CD3 (2.5 min) and PMA
(10 min)-treated cells exhibited substantially increased MEK
(fractions 9-12) as well as MAPK (fractions 2-4) activity (Fig.
3 C, top and bottom, respectively ). MEK activity was maximal
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Figure 4. Activation of MAPK and p90™ by anti-CD3 and PMA. In
A-C, Jurkat cells were stimulated with either anti-CD3 (1 ug/ml, 5
min) or PMA (10 nM, 15 min). (4) Postnuclear cell lysates were
analyzed by SDS-PAGE and immunoblotting using an anti-MAPK
antibody. (B) p90™ was immunoprecipitated and kinase activities
of the immune complexes were measured using S6 peptide as sub-
strate. The data are expressed as the cpm+standard error of P in-
corporation into the S6 peptide. The differences from the control
group were significant, P < 0.05. (C) Immunoblots of p90™* im-
munoprecipitates from cells stimulated as above. For B and C, the
lane or column marked rabbit Ig is PMA-treated samples immuno-
precipitated with an equal amount of nonspecific rabbit IgG. Repre-
sentative of three separate experiments.

in fraction 11, constituting approximately 40-fold (anti-CD3)
and 120-fold (PMA) increases above levels in unstimulated
cells. The identification of MEK and MAPK in these fractions
was confirmed by immunoblotting (not shown). When kinase
assays were performed in the presence of column buffer lacking
any cellular proteins, background counts of 6,000 cpm were
detected. These values were subtracted from fractions contain-
ing cellular proteins during the calculations.

The increases in cellular MEK activity (fractions 9-12)
coeluted with immunoreactive protein detected using an anti-
body prepared against MEK (data not shown). These data
strongly suggest that the increases in MEK activity, observed
after anti-CD3 or PMA stimulation, were likely due to MEK or
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a closely related protein. These results demonstrated for the
first time the activation of MEK activity in T cells after stimula-
tion with anti-CD3 or PMA.

When Jurkat cells were stimulated with anti-CD3 and
PMA and immunoblotting was performed using a monoclonal
anti-ERK 1 antibody that recognizes the p42 form of MAPK in
our system, both anti-CD3 and PMA induced the appearance
of a second, lower mobility species of MAPK (Fig. 4 4). This
lower mobility form of MAPK is thought to represent the acti-
vated form of this enzyme (35, 36). p90™* is thought to be
directly phosphorylated and activated by MAPK. We deter-
mined the activation status of p90™* after the triggering of this
Ras/Raf-1/MEK /MAPK pathway. When p90™ wasimmuno-
precipitated and the ability of these immunoprecipitates to
phosphorylate the S6 peptide were monitored, significant in-
creases were observed after either anti-CD3 (fourfold) or PMA
(sevenfold) stimulation (Fig. 4 B). We did not observe these
increases in S6 kinase activity when purified mouse IgG was
used to immunoprecipitate lysates from PMA-stimulated cells
(Fig. 4 B). To ensure that our immunoprecipitating antibody
was precipitating equal amounts of p90™* from each treatment
group, immunoblots of the immunoprecipitates were per-
formed using this antibody. As can be clearly seen in Fig. 4 C,
equal amounts of p90™ were precipitated from all the cell
treatment groups. The altered migration of p90™ in these gels
after stimulation with either anti-CD3 or PMA is likely due to
the phosphorylation of this enzyme. These data demonstrate
that the activation of MAPK and an event subsequent to
MAPK activation, p90™ activation, occurs in Jurkat cells stim-
ulated under conditions that lead to Ras, Raf-1, and MEK
activation. (Fig. 5)

It should be noted that in the Raf/MEK /MAPK sequential
phosphorylation cascade discrimination of substrates is an im-
portant regulatory mechanism. Kinases such as PKA and PKC
recognize a primary consensus linear sequence in polypeptides.
In contrast, Raf recognizes the native MEK protein and even

T-Cell Receptor Activation of the Ras/Raf/MAPK Pathway
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Figure 5. Schematic summarizing the proposed signaling cascade.



mild denaturation of MEK results in loss of its phosphoryla-
tion. The phosphorylation of MAPK by MEK similarly re-
quires a native MAPK protein. Peptides encoding sequences
surrounding the tyrosine and threonine in native MAPK are
not recognized by activated MEK. Thus, the conformational
requirements of proteins recognized by Raf and MEK restrict
the substrates recognized by the kinases in the MAPK pathway.

In Jurkat and peripheral blood lymphocytes, PKC will me-
diate the activation of Ras (28). Nel and coworkers (11) re-
ported that the activation of MAPK by anti-CD3 in T cells is
only partially regulated by PKC. This suggests that Ras activa-
tion is occurring via PKC-dependent and PKC-independent
pathways. One possibility for the PKC-independent activation
of Ras is the utilization of Vav. Vav has been shown to increase
the release of guanine nucleotides, which would potentially re-
sult in the activation of Ras (37). Vav has also been shown to
be activated by p56'*, an important kinase that is associated
with the T-cell receptor and is thought to be rapidly activated
after receptor ligation (37, 38). In this pathway, stimulation of
the T-cell receptor and the subsequent activation of p56'*
could result in the activation of a Vav/Ras/Raf-1/MEK/
MAPK /p90™* cascade. In epithelial cells, stimulation of the
EGF receptor is thought to mediate the activation of Ras via
the growth factor receptor-binding protein (GRB2) and the
mammalian son of sevenless gene protein (mSOS). These pro-
teins are associated in the cytoplasm and bind to a phosphate
group on the receptor (39, 40). This binding leads to the acti-
vation of Ras by inducing the exchange of GDP for GTP (39,
40). Although the role for GRB2 or mSOS in anti-CD3-in-
duced signaling remains to be determined, it is possible that
they are involved because elements in the T cell receptor com-
plex undergo tyrosine phosphorylation after cross-linking (1-
5). Although it is obvious from our results that activation of
PKC by PMA can mediate the triggering of the Ras/Raf-1/
MEK /MAPK /p90™ cascade, we have not determined the rela-
tive contribution of a PKC-driven pathway to the other poten-
tial pathways (Vav and GRB2/mSos) leading to MAPK acti-
vation.

Recently, a novel MEK kinase has been described that is
different from Raf-1 and homologous to the yeast STE 11 gene
product (20). We do not know if this MEK kinase is activated
in T lymphocytes; it is possible that both Ras-dependent acti-
vation of Raf-1 and the activation of MEK kinase occur after
anti-CD3 and/or PMA stimulation in T lymphocytes. We do
know, however, that Raf-1 is activated and, when immunopre-
cipitated, it will phosphorylate MEK. MEK is also activated
under these conditions, as shown by its ability to phosphorylate
and activate MAPK in vitro.

Although v-raf'is capable of inducing cellular proliferation
in transfected cells (41), it is premature to conclude that this is
through the activation of MAPK, because Raf-1 may have sub-
strates other than MEK involved in proliferative responses.
Similarly, the role of MAPK activation in T cell proliferation
has not been fully defined. Activated MAPK is capable of phos-
phorylating and activating a number of transcription factors
(23, 42). In addition to p90™%, MAPK will phosphorylate tran-
scription factors such as c-jun, c-myc, and p62TF in vitro (14,
15, 42). It is likely that the cascade of Ras/Raf-1/MEK result-
ing in MAPK and p90™* activation augments the transcription
or translation of certain activation-related genes after ligation
of the T-cell receptor complex.
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