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FIG. 4. KSR1 knockdown increases the threshold required to activate ERK at a per-cell basis. (A) Control T cells or KSR1 knockdown cells
were stimulated for 3 min with serially diluted SEE-coated APCs followed by staining with an anti-pERK monoclonal antibody and the appropriate
secondary antibody. Cells were then analyzed by flow cytometry. Shown are fourfold serial dilutions starting at 250 ng of SEE/ml. (B) Control T
cells or KSR1 knockdown cells were stimulated for 3 min with serially diluted SDF-1, followed by staining and analysis as described for panel A.
Shown are twofold serial dilutions starting at 5 nM SDF-1. Inset numbers represent the mean fluorescence intensity. The panels on the right show
the overlay of all of the stimulation points for the individual control and KSR1 knockdown cell lines. The lower panels show the overlay between

control and KSR1 knockdown cells for each individual stimulation point.

data demonstrate that when ERK and MEK are in solution,
each of the phosphorylation events occurs independently, a
mechanism termed “distributive phosphorylation” (5, 10). Ki-
netic modeling demonstrates that the requirement for two
independent events to activate ERK could contribute to a
digital response. (27). Since KSR1 couples MEK and ERK
together and therefore the two phosphorylation events (4),
KSR1 may be predicted to enhance the graded response. Re-
cent results in yeast studies provide strong experimental sup-

port for this hypothesis (42); however, the generality of this
model has not been tested.

We therefore tested whether suppression of KSR1 in Jurkat
cells affected the graded response of ERK to SDF-1. SDF-1
stimulation continued to produce a graded ERK output in
KSR1-depleted Jurkat T cells (Fig. 4B). KSR1 depletion did,
however, reduce the sensitivity of the system, since KSR1-
depleted cells generated less pERK in response to SDF-1 stim-
ulation relative to control cells at various doses of SDF-1. To
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ensure these results were due to the reduction in KSR1 ex-
pression and not an off-target effect of the KSR1 knock-down,
we repeated these experiments with mouse embryo fibroblasts
derived from wild-type or KSR1 knockout mice (31) using
epidermal growth factor as the input signal. Precisely the same
results were obtained in the MEF KSR1 knockout system as
for the Jurkat KSR1 knockdown system; the absence of KSR1
reduced the sensitivity of the MAPK response but did not
change the graded system output (data not shown). In combi-
nation, these results argue that, in contrast to the yeast Ste5
scaffold protein, mammalian KSR1 does not enhance graded
signaling from the MAPK pathway.

Increasing KSR1 expression levels do not reconfigure a dig-
ital or graded MAPK system. We next tested whether increas-
ing expression of KSR1 rewired the digital SEE system to
generate a graded output. Although it has been previously
published that ectopic expression of MAPK scaffolds inhibit
MAPK activation (23, 44), none of these studies have carefully
examined this effect on digital or graded systems at a single cell
level. Jurkat cells were transfected with a KSR1-GFP fusion to
allow us to examine the effect of increasing amounts of KSR1
on digital SAg-induced ERK activation. Strikingly, when the
levels of KSR1 reached a critical level, ERK activation was
completely inhibited (Fig. 5A). Importantly, the SEE system
retained a digital system output as KSR1 levels increased.
Moreover, KSR1 inhibition of the SEE system was digital,
whereas KSR1 inhibition of the SDF-1 system was graded,
mirroring the activation responses (Fig. 5A). This is clearly
shown when a narrow GFP gate is drawn at the inflection point
between on and off states so as to maintain roughly equal
numbers of cells that are on and off. Cells exist at an interme-
diate state when stimulated with SDF-1, whereas with SEE the
cells display a bimodal distribution. It is important to note that
while the width of the GFP gates are identical for the two
stimuli, the gate for cells stimulated with SDF-1 had to be
shifted slight to the right to maintain roughly equal numbers of
cells that are on and off, reflecting that slightly higher levels of
KSR1 are required to inhibit SDF-1-induced ERK activation
compared to SEE-induced ERK activation (Fig. 5A). In com-
bination, these data strongly argue that KSR1 does not recon-
figure the MAPK module from a digital to a graded output. It
is interesting that increases in KSR1 levels did not appreciably
increase the sensitivity of the digital SEE system or the graded
SDF-1 system in Jurkat cells (Fig. 5B and C). This result
indicates that KSR1 is expressed at close to the optimal levels
for signal transduction in this cell line. From these experi-
ments, we conclude that KSR1 does not engineer the MAPK
module to generate different system outputs but functions
solely to determine the sensitivity of the systems in which it is
used.

KSR1 scaffold function is critically dependent on MEK
binding. High-level expression of scaffold proteins inhibits sig-
naling cascades by blocking the productive interactions of
pathway constituents (6, 19, 24, 36, 41). Early studies charac-
terizing the role of KSR1 demonstrated that MEK-KSR1 bind-
ing is crucial for KSR1 function (30, 44). However, more re-
cent results suggest the role of KSR1 in regulating the MAPK
pathway is more complicated than originally thought. For ex-
ample, KSR1 participates in Raf activation (35), which may
explain why the loss of MEK binding did not inhibit the ability
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of KSR1 (C809Y) to alter the biological actions of oncogenic
Ras (20). To confirm that KSR1 functions as a scaffold in T
cells, we examined the inhibitory ability of ectopically ex-
pressed mutant KSR1 proteins with compromised scaffold
function. As seen previously, ectopic expression of wild-type
KSR1 completely inhibited ERK activation once the inhibitory
level of KSR1 expression was reached (Fig. SA and 6B). To
confirm that KSR1 functions as a scaffold in T cells, we tested
the mutant KSR1 protein that cannot bind MEK (C809Y) (30,
44) for its ability to inhibit MAPK signaling. Western blotting
of immunoprecipitated KSR1 wild type and KSR1 mutant
(C809Y) confirmed that the mutant protein does not bind
MEK even under TCR-stimulated conditions (Fig. 6A). The
KSR1 (C809Y) mutant failed to inhibit ERK activation at any
level of expression, confirming that the scaffolding the MAPK
module is a crucial function of KSR1 in T cells (Fig. 6B).

If the role of scaffolds, such as KSR1, is to simply link MEK
to ERK, the inhibitory effect due to overexpression of KSR1
should in theory be a dose dependent, graded inhibition due to
a “dilution” effect as previously modeled (24). To determine
how the dose-dependent inhibition of ERK activation due to a
competitive inhibitor at a single cell level would appear, we
ectopically expressed a kinase-dead version of MEK that func-
tions as a dominant negative. Its inhibition of ERK is much
more graded at high expression levels, which is consistent with
the idea of a competitive inhibitor (Fig. 6C). Also, ectopic
expression of another scaffold that links MEK and ERK, MP-1
(38), did not induce the same inhibitory effect as KSR1 over-
expression (data not shown). Clearly, the mechanism of inhi-
bition induced by ectopic expression of KSR1 is not as simple
as originally thought and will require further investigation into
possible mechanisms involving cooperative binding and feed-
back loops.

KSR1 is important for proper activation of the MAPK path-
way and biological output in primary T cells. To confirm our
findings in a more physiologic system, we directly examined the
effect of the loss of KSR1 expression on ERK activation in
primary T cells isolated from KSR1-deficient mice. Primary
CD4™" T cells isolated from wild-type and KSR1 knockout mice
were subjected to stimulation with either anti-TCR antibodies
or SDF-1. As previously reported, the absence of KSR1 se-
verely impaired TCR-induced ERK activation (Fig. 7A) (31).
Strikingly, SDF-1 stimulation also demonstrated a severe ERK
activation defect in KSR1-deficient primary T cells, confirming
our results obtained with Jurkat T cells (Fig. 7A). Although the
crucial role of KSR1 during TCR mediated T-cell activation is
well established (31), it is unknown how the loss of KSRI1
affects SDF-1-mediated T-cell function. To directly address
this question, we performed chemotaxis assays on primary T
cells isolated from wild-type and KSR1 knockout mice. In line
with their impaired ERK activation, KSR1-deficient T cells
exhibited a substantial defect in their ability to migrate toward
SDF-1 (Fig. 7B). From these results, we conclude that KSR1
does play a physiologically important role in regulating the
sensitivity of ERK activation to SDF-1.

KSR1 expression is carefully regulated following T-cell ac-
tivation. To investigate our hypothesis that KSR1 plays a cen-
tral role in setting ERK activation thresholds, we examined
whether KSR1 levels were actively regulated during T-cell re-
sponses. Naive versus primed T cells are thought to have dif-
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FIG. 5. Overexpression of KSR1 inhibits ERK activation. (A) Jurkat T cells were transfected with either a control GFP or KSR1-GFP fusion and, 18 h later,
the cells were stimulated for 3 min with either SEE-coated (1 pg/ml) APCs or 1 uM SDF-1. Cells were then stained with anti-pERK and analyzed by flow
cytometry. A narrow gate was drawn to show the cells at the inflection point of low to high pERK staining. Note that the gate is slightly shifted to the right in
the SDF-1 stimulation to maintain approximately equal numbers of low and high cells in the histogram. (B) Control GFP or KSR1-GFP transfected cells were
stimulated for 3 min with serially diluted SEE-coated APCs, followed by staining for pERK. Cells were then analyzed by flow cytometry. Shown are fourfold serial
dilutions starting at 250 ng of SEE/ml. (C) Jurkat T cells were transfected with either a control GFP or KSR1-GFP fusion and, 18 h later, the cells were stimulated
for 3 min with twofold serially diluted SDF-1 starting at 16 nM. Cells were then stained for pERK and analyzed by flow cytometry.

ferent activation requirement for proliferation and cytokine stimulated with anti-CD3 and anti-CD28 for 5 days. We also
release (reviewed in reference 1). To determine whether KSR1 compared KSR1 expression levels relative to the MAPK com-
levels were playing a role in this differential activation require- ponents Raf, MEK, and ERK in these cells. Strikingly, KSR1
ment, we isolated CD4" T cells from mice and compared expression dramatically decreased as T cells differentiated rel-
KSR1 levels from freshly isolated cells to cells that had been ative to the components of the MAPK module (Fig. 8). These
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FIG. 6. KSR1 inhibition requires MEK binding. (A) Jurkat T cells were transfected with vector control, wild-type (wt) KSR1-FLAG, or KSR
(C809Y)-FLAG and then left unstimulated or stimulated for 3 min with anti-TCR. Cells were then lysed and immunoprecipitated with an
anti-FLAG monoclonal antibody. Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and visualized by
immunoblotting with anti-FLAG and anti-MEKI1 antibodies. (B) Jurkat T cells were transfected with control GFP, KSR1-IRES-GFP, or KSR
(C809Y)-IRES-GFP. After 18 h, the cells were stimulated for 3 min, as before, with SEE-coated APC (1 pg/ml). Cells were fixed and stained as
described above. (C) Jurkat T cells were transfected with control GFP or a dominant-negative MEK (DN-MEK). Cells were then stimulated with

SEE-coated APC (1 wg/ml), fixed, and stained as described above.

data reveal that KSR1 expression level is indeed regulated
during T-cell activation relative to the components of the
MAPK module.

DISCUSSION

The three-tiered architecture of MAPK modules has been
highly conserved throughout eukaryotic evolution, confirming
the utility of this circuit configuration in biology (22). It has
become increasingly clear that MAPK modules are highly plas-
tic, generating multiple types of signal outputs that are used by
cells to regulate divergent biological functions (14). Here we
provide direct experimental support that this paradigm holds
true for T cells. Activation of the MAPK module by the TCR
generates a digital response, whereas activation of the module
by a GPCR is graded. These distinct MAPK outputs are func-
tionally suited for their respective T-cell biological functions.
Since T-cell activation by the TCR is a discrete cell fate deci-
sion, a digital output from the MAPK module is appropriate to
drive this decision-making process (2). In the case of a chemo-
kine response, cells are interpreting a chemokine gradient to
determine in which direction to migrate. In this instance, the

appropriate MAPK output is a graded one, with the amount of
output increasing as the cell moves into areas with increasingly
higher concentrations of chemokines.

Our finding that output from the MAPK is highly plastic in
T cells suggests that signals emanating from the initiating re-
ceptor are used to set the type of MAPK response. Since
scaffolds can potentially integrate positive- and negative-feed-
back loops to shape the output of kinase cascades (3), we
tested whether differential usage of KSR1, the best-character-
ized mammalian ERK scaffold, was responsible for the differ-
ences in TCR versus GPCR MAPK signal output. Our findings
do not support a specific role of KSR1 in determining the
system output of the MAPK module. Instead, KSR1 enhanced
the efficiency of ERK activation in both graded and digital
systems, confirming recent predictions based on computational
models of scaffold function (25).

The distributive, two-step phosphorylation of ERK is an
important contributor to digital signal output (10, 18). Teth-
ering MEK and ERK in a scaffold complex is predicted to
suppress distributive phosphorylation and thereby inhibit dig-
ital output to enhance graded signaling (5), a prediction con-
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FIG. 7. KSR1-deficient primary T cells fail to activate ERK in
response to TCR or SDF-1. (A) Primary CD4" T cells were isolated
from wild-type (wt) or KSR1 knockout mice to >85% purity and
stimulated with either an anti-TCR antibody or 100 nM SDF-1 for 3
min. Cells were then lysed, and ERK activation was measured by
pERK blotting. (B) Chemotaxis of purified primary CD4" T cells from
either wild-type (wt) or KSR1 knockout mice was measured by a
Transwell migration assay. The migration index is a measure of the
number of cells that migrated into the bottom chamber, in the pres-
ence of the indicated SDF-1 concentration, divided by the number of
cells that migrated with no chemokine. The bars represent the aver-
ages, and the error bars indicate the standard deviations of samples
evaluated in triplicate.

firmed recently in the yeast MAPK scaffold SteS; however, it is
important to note that the readouts in this system were tran-
scriptionally regulated (42). Given these results, it was surpris-
ing that KSR1 failed to enhance graded MAPK signaling. Our
data reveal that different scaffold proteins have qualitatively
different effects on MAPK signaling; thus, it may not be pos-
sible to make generalizations about how scaffolds modulate
MAPK signaling. Rather, the regulatory functions of individual
scaffold proteins need to be determined empirically. A chal-
lenge for the future will be to determine the biochemical basis
of digital and graded responses. It seems likely that a variety of
different factors, including scaffold proteins, localization within
the cell, positive and negative feedback, and the complexity of
signaling pathways, will each play roles in determining the final
character of a signaling response.

A central question in T-cell biology is how TCR responses
are tuned during T-cell development, activation, and differen-
tiation in the periphery (9). The threshold for discrimination
between pMHC ligands changes during T-cell maturation. As
T cells mature, they maintain the same sensitivity for foreign
agonist ligands while losing the capacity to respond to weak
self-pMHC complexes (8, 26). Recent experimental results
suggest that T cells may also modify their pMHC discrimina-
tion threshold in the periphery by using endogenous pMHC
ligands to boost T-cell response to agonist pMHC ligands (21,
40). These combined observations show that TCR responsive-
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FIG. 8. KSR1 levels are regulated in primary T cells after stim-
ulation. Primary CD4" T cells were isolated from wt mice and
stimulated with plate-bound anti-CD3 and anti-CD28 antibody for
5 days. Cells were then lysed, and proteins were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. KSR1, c-Raf,
MEKI1, and ERK2 were visualized by immunoblotting with their
respective antibodies.

ness is not set for each TCR but is fine-tuned depending on the
differentiation state of the T cell. The molecular mechanisms
underlying the tuneability of the TCR are not well understood.
Our results show that KSR1 occupies a prime position from
which to regulate the plasticity of T-cell responses, with
changes in KSR1 expression level being able to modulate both
the threshold of TCR activation and the rate of chemotaxis.
Consistent with this role, we show that KSR1 expression levels
are tightly regulated during T-cell activation, as naive T cells
express significantly higher levels of KSR1 protein relative
to their primed counterparts. These data support the previous
observation that KSR1 is required for proper naive T-cell differ-
entiation into TH1 and TH2 cells but not for cytokine production
after restimulation of fully differentiated TH1 and TH2 cells (31).
Also, in support of this model, other groups have reported that
KSR1 function can be modulated by caspase-dependent cleavage
of KSR1 or changes in KSR1 protein half-life (29, 33). Future
work will explore changes in KSR1 expression during thymocyte
development and T-cell differentiation. Also, examining KSR1
levels in anergic or tolerized T cells could provide insight into the
biology of these cells.

In conclusion, we have demonstrated the MAPK module is
highly plastic in T cells, displaying fundamentally different sys-
tem outputs and sensitivities. We go on to show that the scaf-
fold protein, KSR1, modulates MAPK system sensitivity but
not system output. We also reveal that KSR1 expression level
is carefully regulated during T-cell maturation. These findings
identify KSR1 as a likely control point used to fine-tune
T-cell responses during T-cell activation and differentiation,
suggesting KSR1 as a key regulator of T-cell function and
plasticity in vivo.
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