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The specificity of signaling through mitogen-activated protein kinase pathways has been attributed to both
the control of intensity and duration of signaling and the actions of protein scaffolds. Here we demonstrate that
the molecular scaffold KSR1 regulates the intensity and duration of ERK activation to modulate a cell’s
proliferative and oncogenic potential. Deletion of KSR1 eliminates the prolonged phase of ERK activation
induced by platelet-derived growth factor and blocks Ras"'?-induced transformation. The introduction of
KSR1 into KSR1™'~ mouse embryo fibroblasts causes a concentration-dependent increase in signaling and
transformation, to a maximum at 14 times the wild-type KSR1 expression levels, but inhibits these responses
at higher expression levels. An increase in KSR1 expression to levels that are optimal for signaling leads to a
threefold increase in proliferative capacity and is coincident with the level of KSR1 expression that maximally
associates with all members of the Raf/MEK/ERK cascade. These data reveal that cells contain a reserve
proliferative capacity that is accessible by the optimal expression of a noncatalytic signaling component and
that altering the expression level of a molecular scaffold can modulate the actions of growth factors and

oncogenes.

Mitogen-activated protein (MAP) kinase pathways are im-
plicated in the control of multiple aspects of cell fate, including
senescence, proliferation, transformation, differentiation, and
apoptosis (7, 30, 34, 47). While the components of these ubiqg-
uitous pathways are well established, the means by which they
direct cell fate remain unclear. Recently, two ideas for the
control of signal outputs from MAP kinase pathways have
emerged: the duration and intensity of MAP kinase activation
can dictate which targets become phosphorylated (27) and
scaffold proteins organize specific MAP kinase cascades to
ensure signal specificity (5, 34, 47).

The intensity and duration of ERK activation are critical
determinants of ERK’s ability to modulate a diverse array of
cellular processes (16, 22, 27, 30, 32). In PC12 cells, epidermal
growth factor (EGF) induces a transient activation of ERK in
the cytoplasm, leading to proliferation. Conversely, nerve
growth factor (NGF) induces both a prolonged activation of
ERK and the translocation of ERK to the nucleus, leading to
differentiation into neurons (22). In mammalian fibroblasts,
treatment with EGF induces a transient activation of ERK,
whereas treatment with platelet-derived growth factor (PDGF)
causes a sustained activation of ERK. This sustained activation
leads to phosphorylation of the immediate-early protein c-Fos
and to cell cycle progression (16, 27).

Scaffold proteins organize signaling components to deter-
mine specificity within MAP kinase cascades (34, 47). Protein
scaffolds of kinase cascades can have varied effects on signaling
through their pathways. The prototypic MAP kinase scaffold
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Ste5 is essential for the mating pheromone pathway of budding
yeast (11). InaD, a scaffold for Drosophila photoreceptor sig-
naling, is not required, but it greatly enhances the amplitude
and kinetics of signaling in this pathway (35).

For mammalian cells, several putative scaffolds for MAP
kinase cascades have been identified, including JIP-1 and JIP-2
(10, 46, 50), MP1 (33), and KSR1 (24, 28, 41). While each
scaffold has been proposed to enhance signaling through the
c-Jun N-terminal kinase, ERK1, or ERK1/2 pathway, respec-
tively, each has been shown to inhibit signaling when it is
overexpressed (8, 10, 16, 33, 52). The biological consequences
of overexpression of these proteins are consistent with their
proposed role as scaffold proteins, since molecular scaffolds of
kinase cascades are predicted to affect signal output in a con-
centration-dependent manner, facilitating signaling to an op-
timal concentration and inhibiting signaling beyond this opti-
mum (5, 12, 15, 20). KSR1 is a scaffold for the Raf/MEK/ERK
kinase cascade (24, 28, 31) and has been proposed to act in
such a manner, as low levels of expression lead to increased
pathway activity (2, 6, 23, 25, 28, 29, 41, 48) and high levels of
expression inhibit signaling through the pathway (4, 6, 8, 17, 37,
52).

Here we examine the role of the molecular scaffold KSR1 in
facilitating the intensity and duration of ERK activation to
affect cell proliferation and oncogenic transformation. We
show that the loss of KSR1 reduces growth factor-induced
ERK activation and that the reintroduction of KSR1 into
KSR17/~ mouse embryo fibroblasts (MEFs) rescues this def-
icit in a dose-dependent manner. Furthermore, KSR1 is nec-
essary and sufficient for Ras"'*-induced transformation, with a
dose dependence similar to that seen for signaling. When
KSRI1 levels are optimized, the cellular response to EGF is
converted to a PDGF-like response, including the promotion
of prolonged ERK activation and the exit of quiescent cells
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from G, into S phase. Optimal levels of KSR1 expression also
lead to a threefold increase in the proliferative capacity. These
data indicate that altering the expression level of a molecular
scaffold can modulate the actions of growth factors and onco-
genes.

MATERIALS AND METHODS

Cell culture. Cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 0.1
mM minimum essential medium with nonessential amino acids, and 1% peni-
cillin-streptomycin. Cells were incubated at 37°C in 5% CO,.

Construction and production of recombinant retroviruses. KSR1-FLAG was
subcloned from the EcoRI and Sall sites of pCMVS5 (17) into the EcoRI and
Xhol sites of MSCV-IRES-GFP. An MSCV-IRES-GFP, MSCV-KSR1-IRES-
GFP, pBabePuroRas"'?, or pBabePuro retroviral vector was cotransfected with
an ecotropic packaging vector into 293T cells. At 48 to 72 h posttransfection,
viral supernatants were collected and filtered. Viral supernatants were then
either stored at —80°C or used immediately to infect cells. Puromycin-resistant
cells were selected with 4 pg of puromycin (Sigma)/ml.

Generation of cell lines. Nonimmortalized MEFs were generated from 13.5-
day KSR17/~ and KSR1*/* embryos as previously described (28). Cells were
maintained in culture according to a 3T9 protocol (42) until immortalized pop-
ulations of cells emerged. For the production of cells with increasing KSR1
expression levels, KSR17/~ or KSR1*/* MEFs were infected with KSR1-IRES-
GFP or the MCSV-IRES-GFP control vector. Fluorescence was detected by flow
cytometry and cells were separated according to increasing levels of fluorescence.
Cells were excited at 488 nm and separated at 530/20 nm, with the baseline of
fluorescence of uninfected cells having a mean intensity of 6 (range, 0 to 15).
Postsorted cells were assessed for purity by fluorescence-activated cell sorting
(FACS) analysis. Collected pools of cells were grown in culture and assessed for
their KSR1 expression level by Western blotting.

Western blot analysis. Proteins were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes.
Western blots were developed by use of an anti-FLAG M2 (Sigma; 1:3,000),
anti-KSR1 (Transduction Laboratories; 1:500), anti-c-Raf (Santa Cruz; 1:1,000),
anti-MEK1 (Transduction Laboratories; 1:1,000), anti-MEK2 (Transduction
Laboratories; 1:2,500), anti-ERK1 (Santa Cruz; 1:1,000), anti-ERK2 (Santa
Cruz; 1:1,000), anti-phospho-ERK1/2 (Cell Signaling; 1:1,000), anti-Ras (Onco-
gene; 1:1,000), anti-AKT (Cell Signaling; 1:1,000), anti-phospho-AKT (Ser308
[Cell Signaling; 1:1,000] or Thr473 [Cell Signaling; 1:1,000]), anti-Jun (Cell
Signaling; 1:1,000), or anti-phospho-Jun (Cell Signaling; 1:1,000) antibody. Anti-
mouse and anti-rabbit secondary antibodies conjugated to Alexa Fluor 680 (Mo-
lecular Probes; 1:3,000) and IRDye800 (Rockland; 1:3,000), respectively, were
used to probe primary antibodies. Protein bands were detected and quantified by
Western blotting with the Odyssey system (Li-Cor).

Immunoprecipitation studies. Cycling cells (70 to 80% confluent) were lysed
in either NP-40 lysis buffer (20 mM Tris [pH 8.0], 137 mM NaCl, 10% glycerol,
1% NP-40, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 5 mM sodium
vanadate, 10 mg of leupeptin/ml, 5 mg of aprotinin/ml) or Empigen lysis buffer
(40 mM Tris [pH 7.4], 120 mM NaCl, 0.1% Empigen BB, 10 mM sodium
pyrophosphate, 2 mM EGTA, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluo-
ride, 10 mg of leupeptin/ml, 5 mg of aprotinin/ml), and lysates were assayed for
protein concentration by the DC protein assay (Bio-Rad). The total protein (1.5
mg) was immunoprecipitated three times with 60 pl of a 1:1 slurry of anti-FLAG-
conjugated agarose in phosphate-buffered saline (PBS) (Sigma). Cleared lysates
were probed with an anti-KSR1 antibody to ensure that all KSR1 complexes
were precipitated.

In-cell Western blotting. Cells were plated 24 h prior to assay in black-walled
96-well plates so they would be 70 to 80% confluent at the time of the assay. Cells
were starved of serum for 4 h in DMEM and then stimulated with either 100 ng
of EGF/ml or 25 ng of PDGF/ml in DMEM-1% bovine serum albumin for the
indicated times. For termination of the reactions, plates were fixed with 3.7%
formaldehyde for 20 min. Cells were then permeabilized by four 5-min washes
with 0.1% Triton X-100 and were blocked with Li-Cor Odyssey blocking buffer
for 1 h. Anti-pERK1/2 (Cell Signaling no. 9106; 1:100) and anti-ERK1 (Santa
Cruz no. sc-93; 1:100) primary antibodies were diluted in a 1:1 mixture of PBS
and Li-Cor Odyssey blocking buffer and incubated for 2 h or overnight. Plates
were then rinsed three times with PBS-0.1% Tween and incubated with anti-
mouse Alexa Fluor 680 (Molecular Probes; 1:100)-conjugated and anti-rabbit
IRDye800 (Rockland; 1:100)-conjugated secondary antibodies diluted in a 1:1
mixture of PBS and Li-Cor Odyssey blocking buffer for 1 h. Plates were washed
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three times with PBS-0.1% Tween, followed by analysis with the Li-Cor Odyssey
system.

Proliferation studies. Cells were seeded at 4 X 10* cells per 35-mm-diameter
dish. Triplicate dishes were counted 3 h after seeding to account for plating
discrepancies and were then assessed every 24 h for total cell number on a
Beckman Coulter counter.

Transformation assays. MEFs stably expressing RasY'? and KSR1 or control
vectors were seeded in 0.32% Nobel agar at 5 X 10* cells per 35-mm-diameter
dish to assess anchorage-independent growth or at 10° cells per 10-cm-diameter
dish to assess the loss of contact inhibition. Colonies were counted, photomicro-
graphs were taken, and dishes were stained with Wright-Giemsa stain 21 to 28
days after seeding.

BrdU assays. MEFs were seeded at 20% confluence on either acid-washed
coverslips or eight-well chamber slides in DMEM-10% fetal bovine serum
(FBS). Four hours later, cells were washed twice with PBS, starved of serum for
72 h, and stimulated with either 100 ng of EGF/ml or 25 ng of PDGF/ml in
DMEM-1% bovine serum albumin and 10 pM BrdU (BD Biosciences). A
mouse phycoerythrin (PE)-conjugated anti-BrdU antibody (BD Biosciences) was
used to detect BrdU incorporation. Cells were counterstained with Hoechst dye
to stain nuclei.

RESULTS

KSR1 regulates the time course of ERK activation by
growth factors. It was previously reported that KSR1 is neces-
sary for the maximal activation of ERKSs (28). To further char-
acterize the effect of KSR1 on ERK signaling, we immortalized
KSR17/~ and KSR1** MEFs by using a 3T9 protocol to
generate stable cell lines. KSR1~/~ MEFs show a 50% reduc-
tion in EGF-induced ERK activation versus KSR1*/* MEFs
after 5 min of treatment over a range of EGF concentrations (1
to 100 ng/ml), with maximal ERK activation in both cell lines
occurring at and above 18 ng/ml (data not shown). The time
course of ERK activation by EGF, PDGF, and 10% FBS was
assessed. KSR1™/~ MEFs showed a decreased maximal acti-
vation by EGF, PDGF, and FBS (Fig. 1). Furthermore, the loss
of KSR1 resulted in the inhibition of signaling at all time points
of stimulation (Fig. 1). Unlike treatment with EGF, which
caused only a transient activation of ERK, treatment with
PDGEF resulted in a sustained activation of ERK (27). KSR1
was necessary for the prolonged ERK activation induced by
PDGEF and strongly enhanced the prolonged activation of ERK
by FBS (Fig. 1).

To characterize the biological effects of altered cellular
KSR1 concentrations, we generated KSR1~/~ MEFs express-
ing different levels of KSR1 by the introduction of a bicistronic
vector encoding KSR1 and green fluorescent protein (GFP)
and isolated them by flow cytometry. Cells were gated to gen-
erate five populations of cells with increasing GFP expression
levels (Fig. 2A). A comparison of KSR1 levels within each
population to that of KSR1™* MEFs by Western blotting
revealed a range of KSR1 expression levels, facilitating an
analysis of the KSR1 function in a concentration-dependent
manner (Fig. 2B).

To characterize the role of the KSR1 expression level on
signaling through the Raf/MEK/ERK kinase cascade, we as-
sessed the time course of ERK activation in KSR1/~ cells
expressing increasing levels of KSR1 (KSR1.1 to KSR1.5) and
in vector control cells (GFP). Cells expressing low levels of
KSR1 (KSR1.1) showed an increase in both EGF- and PDGF-
induced ERK activation compared to control cells (Fig. 3, top
panels), confirming that KSR1 can rescue the diminution of
signaling seen in KSR17/~ cells. Increasing the level of KSR1
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FIG. 1. KSR1 controls the intensity and duration of signaling
through the ERK kinase cascade. KSR1 ™/~ (diamonds) and KSR1*/*
(squares) MEFs were treated with 100 ng of EGF/ml, 25 ng of PDGF/
ml, or 10% FBS for the indicated times, and ERK1/2 phosphorylation
levels were determined by in-cell Western blotting for ERK1 and
pERK1/2 with a Li-Cor Odyssey system. Data are expressed as ratios
of pERK1/2 to ERKI. Standard errors are +10%.

expression increased both the peak activation (Fig. 3) and the
duration of activation induced by PDGF and EGF to a maxi-
mum in KSR1.4 cells (Fig. 3). Increasing KSR1 expression
beyond this level led to a reduction in signaling to levels at or
below that of KSR1~/~ MEFs (Fig. 3, bottom panels).

One consequence of prolonged ERK activation is the induc-
tion of immediate-early gene products and cell cycle progres-
sion (27). We predicted that the loss of KSR1 would impair the
ability of PDGF to stimulate cell cycle progression and DNA
synthesis. Furthermore, since the reintroduction of KSR1 at
optimal concentrations caused a prolonged ERK response to
PDGF and EGF, we hypothesized that optimal levels of KSR1
expression may allow EGF to stimulate cell cycle progression.
EGF and PDGF were compared to FBS for promoting cell
cycle progression and DNA synthesis in KSR17/~ and
KSR1*/* MEFs (Fig. 4A). Ten percent FBS stimulated BrdU
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FIG. 2. Generation of KSR1~/~ MEFs expressing increasing levels
of KSR1. KSR1~/~ MEFs were infected with a bicistronic retrovirus
encoding KSR1 and GFP or GFP only (control). (A) Infected cells
were then subjected to FACS analysis and separated for increasing
levels of fluorescence at 530/20 nm. Postsorted cells were assessed for
purity by FACS analysis. (B) Collected pools of cells were maintained
in culture. Whole-cell lysates containing equivalent amounts of total
protein were assessed for KSR1 and a-tubulin expression levels by
Western blotting. KSR1 expression levels were quantified with a Li-
Cor Odyssey system. Numbers above each lane indicate expression
levels compared to that of KSR1*/* MEFs.

incorporation to an equal extent (>80%) in KSR1~/~ and
KSR1** MEFs. PDGF stimulated BrdU incorporation in
70% of KSR1"/" MEFs (Fig. 4A). KSR1~/~ MEFs had an
attenuated response to PDGF treatment, with only 18% of
cells incorporating BrdU (Fig. 4A). Unlike PDGF, EGF nor-
mally causes a transient ERK activation and is not able to
promote cell cycle progression (16, 27) (Fig. 1 and 4A).

The reintroduction of KSR1 into KSR1~/~ MEFs rescued
the deficit in PDGF-stimulated BrdU incorporation in a dose-
dependent manner, with maximal BrdU incorporation occur-
ring in KSR1.4 cells (Fig. 4B). Higher levels of expression
(KSR1.5) inhibited BrdU incorporation in response to PDGF
treatment (Fig. 4B), consistent with the inhibition of ERK
activation (Fig. 3). However, optimal levels of KSR1 expres-
sion conferred a PDGF-like responsiveness to EGF. The in-
troduction of KSR1 into KSR1~/~ MEFs at 5 to 14 times the
wild-type expression level (KSR1.2, KSR1.3, and KSR1.4 cells)
caused a prolonged ERK activation in response to EGF and
allowed EGF to promote DNA synthesis (Fig. 3 and 4B). Thus,
KSR1 is necessary for the normal control of growth factor-
induced signaling, and the alteration of cellular KSR1 levels
can modulate a cell’s responsiveness to growth factors.
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FIG. 3. Expression of KSR1 at 5 to 14 times the endogenous level
optimizes ERK activation in KSR17/~ cells expressing KSRI.
KSR17/~ MEFs expressing KSR1 at increasing levels (squares) or
GFP-only control cells (diamonds) were treated with 100 ng of
EGF/ml or 25 ng of PDGF/ml for the indicated times, and ERK1/2
phosphorylation levels were determined as described for Fig. 1. Stan-
dard errors are =10%. The same GFP-only graph is given for com-
parison at each KSR1 level.

KSR1 expression regulates the proliferative capacity of
MEFs. As KSR1 expression differentially modulates the ability
of growth factor treatment to promote S-phase entry, the
growth characteristics of KSR1~/~ and KSR1"/* MEFs were
evaluated. Surprisingly, there was no difference in the prolif-
eration of KSR1~/~ and KSR1** MEFs in 10% serum (Fig.
5A) even though serum-induced ERK activation was attenu-
ated in KSR1~/~ MEFs (Fig. 1). These data indicate that the
intensity and duration of serum-stimulated ERK activation in
KSR1~/~ MEFs are sufficient to sustain normal cell prolifer-
ation.
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The increase in ERK activation caused by optimal KSR1
levels suggested that optimal levels of KSR1 expression would
increase the proliferative capacity of cells. There was no in-
crease in the growth rate for KSR1.1 cells compared to GFP
controls, confirming that low levels of KSR1 expression do not
enhance cell proliferation (Fig. 5B). Increasing the level of
KSR1 expression, however, did increase both cell proliferation
and the maximal cell density. The expression of KSR1 at five
times the wild-type level (KSR1.2) enhanced cell proliferation
by 25%. KSR1 expression at 9 (KSR1.3) or 14 (KSR1.4) times
the wild-type level enhanced cell proliferation by 200%, but
the expression of KSR at higher levels (KSR1.5) reduced the
proliferative rate to that seen in KSR17~/~ MEFs (Fig. 5B).
Cells expressing KSR1 at levels of >21 times the wild-type
expression level could not be maintained in culture, suggesting
that higher levels of KSR1 prevent cell growth (data not
shown). Despite increased proliferative rates, the expression of
optimal levels of KSR1 did not cause oncogenic transforma-
tion, as measured by anchorage-independent growth or the
loss of contact inhibition (data not shown).

It was possible that the enhanced proliferation observed
upon expression of exogenous KSR1 was a consequence of
aberrant development in KSR1~/~ MEFs. To test this possi-
bility, we determined the proliferation rates of five populations
of KSR17/* MEFs expressing increasing levels of ectopic
KSR1 as for KSR1™/~ MEFs. As with KSR1™/~ MEFs, low
levels (three- to fourfold higher than the endogenous level) of
ectopic KSR1 did not increase the proliferative rate or maxi-
mal cell density of KSR1™/" MEFs (Fig. 5C). Increasing the
ectopic KSR1 expression levels between 5- and 14-fold in
KSR1*/* MEFs did increase the proliferation rate and cell
density, with maximal effects observed between 9- and 14-fold
higher levels than the endogenous level of KSR1. Interestingly,
the proliferation rate of KSR1*/* MEFs with levels of KSR1
that were 14-fold higher than the endogenous level was not as
high as that observed for the null MEFs. Our observation is
consistent with the concept that this level of KSR1, when
added to endogenous levels, will cause elevated, but not max-
imal, proliferation. We passaged KSR1.3 and KSR1.4 MEFs
for 1 year without resorting either population. Both popula-
tions equilibrated at the same level of ectopic KSR1 expres-
sion, which we measured to be 12-fold higher than the level of
endogenous KSR1 expressed by KSR1** MEFs (data not
shown). Thus, the proliferation rate of KSR1"/" MEFs ex-
pressing KSR1 at 14 times the endogenous level would be
expected to be lower than that of KSR1™/~ MEFs expressing
the same level of ectopic KSR1. These data reveal an excess
capacity for cell proliferation that can be accessed in the ab-
sence of oncogenic transformation.

KSR1 is required for oncogenic transformation by Ras"'2,
KSR was originally identified in genetic screens of Drosophila
melanogaster and Caenorhabditis elegans for genes whose inac-
tivation would revert an activated RasY'? phenotype (19, 38,
40). We tested the oncogenic capacity of Ras¥'? in mammalian
cells lacking KSR1. In comparison to wild-type MEFs,
KSR1~/~ MEFs showed a 20-fold reduction in Ras¥"'*-induced
anchorage-independent growth in soft agar (Fig. 6A). Further-
more, colonies detected in KSR17/~ dishes were small (<16
cells) and did not exhibit anchorage-independent growth when
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FIG. 4. KSR1 expression controls growth factor-mediated DNA synthesis in quiescent cells. (A) Quiescent KSR1™/~ and KSR1"* MEFs were
treated with 100 ng of EGF/ml, 25 ng of PDGF/ml, or 10% FBS for 20 h and then assessed for BrdU incorporation as described in Materials and
Methods. The percentage of BrdU-positive cells versus the total number of stained nuclei is indicated in the upper right corner of each panel.
Standard errors are =20%. (B) Quiescent KSR1~/~ MEFs expressing KSR1 at increasing levels or expressing GFP were treated with 100 ng of
EGF/ml or 25 ng of PDGF/ml for 20 h, and BrdU incorporation was assessed as for panel A. Standard errors are =20%.

transferred to another dish (data not shown). Thus, KSR1 is
necessary for Ras¥'%-induced transformation.

To test whether the addition of KSR1 to KSR1™/~ MEFs
would rescue the loss of transforming capacity, we infected
KSR1~/~ MEFs expressing Ras¥'? (Fig. 6A) with a retrovirus
encoding the KSR1-IRES-GFP expression vector and sorted
them for increasing levels of KSR1 expression as for Fig. 2. A
Western blot analysis of KSR1, Ras, and a-tubulin showed that
KSR1 expression levels were comparable in Ras"'*-infected
and control cells (Fig. 6C). Cells were then assessed for an-
chorage-independent growth in soft agar. The expression of

KSR1 at low levels (KSR1.1) restored the transforming capac-
ity of KSR1™/~ MEFs expressing Ras¥'? to levels seen in
KSR1"* MEFs (Fig. 6B). Increasing the KSR1 expression
level to nine times the wild-type level (KSR1.3) further en-
hanced the transforming capacity of Ras"'?, whereas the ex-
pression of KSR1 at higher levels (KSR1.5) completely inhib-
ited transformation, as assessed by the loss of contact
inhibition and by growth on soft agar (Fig. 6B). These data
indicate that the oncogenic capacity of Ras¥'? is dependent
upon the cellular level of KSR1.

Activated Ras¥'? causes oncogenic transformation through
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FIG. 5. KSR1 expression level regulates proliferative capacity of
MEFs. MEFs were seeded at 4 X 10* cells per 35-mm-diameter dish in
10% FBS and DMEM. Separate triplicate dishes were assessed for cell
number every 24 h on a Beckman Coulter counter. (A) Proliferation in
KSR17/~ (diamonds) and KSR1*/" (squares) MEFs. (B) Proliferation
in KSR1~/~ MEFs expressing KSR1 at increasing levels or expressing
GFP. Closed squares, KSR1.1; open circles, KSR1.2; closed circles,
KSR1.3; open triangles, KSR1.4; closed triangles, KSR1.5; open dia-
monds, GFP. (C) Proliferation in KSR1*/* MEFs expressing KSR1 at
increasing levels. Closed squares, WT0.1; open circles, WT.2; closed
circles, WT.3; open triangles, WT.4; closed triangles, WT.5; open di-
amonds, GFP (WT.0).
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FIG. 6. KSR1 expression regulates oncogenic capacity of Ras¥'?.
KSR1/~ and KSR1'/* MEFs were infected with a recombinant ret-
rovirus encoding Ras¥'? or a control virus (A). (B) The effect of KSR1
expression level was assessed by infecting KSR17/~ MEFs expressing
Ras"'? with a bicistronic retrovirus encoding KSR and GFP or GFP
only to generate cells with increasing levels of KSR1 expression as
described for Fig. 2. Cells were then assessed for transformation by
growth on soft agar (top panels), X 10 photomicrographs (middle pan-
els), or focus-forming assays (lower panels) as described in Materials
and Methods. (C) Whole-cell lysates used for panel B were assessed
for Ras, KSR1, and a-tubulin expression by Western blotting.

the induction of multiple effector pathways, including the Raf/
MEK/ERK kinase cascade, the phosphatidylinositol 3-kinase
(PI 3-kinase)-AKT pathway, and the RalGEF-Ral pathway
(14, 18, 43-45, 49). While the RasY'*transformed phenotype
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duction of PI 3-kinase or RalGEF-Ral effector pathway. (A) KSR1~/~
MEFs expressing KSR1 and Ras"'? or control viruses were lysed, and
50 wg of protein was subjected to Western blotting for the indicated
proteins or phospho-proteins to assess activation of the Raf/MEK/
ERK, PI 3-kinase-AKT, and RalGEF-Ral effector pathways.
(B) MEFs expressing GFP only (triangles) or low levels of KSR1
(squares), either without (open) or with (closed) Ras"'?, were seeded
at 4 X 10* cells per 35-mm-diameter dish. Separate triplicate dishes
were assessed for cell number every 24 h on a Beckman Coulter
counter.

uses each of these pathways, experiments with effector loop
mutants of Ras have demonstrated that anchorage-indepen-
dent growth can occur in the absence of Raf activation (14, 18,
43). Since the deletion of KSR1 strongly inhibited RasY!2-
induced transformation, we determined which Ras effectors
were dependent upon KSR1 (Fig. 7A). To assess the activation
of the Raf, PI 3-kinase, and RalGEF pathways, we examined
the phosphorylation of downstream pathway members in
KSR17/~ MEFs expressing Ras¥'? and KSR1 or in control
cells. The expression of KSR1 was necessary for RasY'%-in-
duced phosphorylation of ERK, confirming the scaffolding role
of KSR1 for this pathway. In contrast, KSR1 expression was
not required for phosphorylation of AKT at Ser®®® or Thr*”? or
for phosphorylation of c-Jun at Ser”®, indicating that signaling
through other RasV'? effector pathways remains intact in
KSR17/~ MEFs (1, 9). Since each of these effectors is impli-
cated in the control of cell cycle progression (13), the prolif-
erative capacity of these cells was assessed (Fig. 7B). Ras"V'?
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expression in KSR17/~ cells caused a twofold increase in cell
proliferation, presumably mediated by the induction of the PI
3-kinase and Ral pathways. The addition of KSR1 at physio-
logic levels markedly enhanced RasY'?-induced proliferation,
confirming a role for the Raf/MEK/ERK pathway in this re-
sponse.

The KSR1 scaffold complex forms at levels of KSR1 that are
optimal for signaling and proliferation. The proposed mech-
anism for the concentration-dependent effects of molecular
scaffolds on signaling pathways is that the scaffold will bring
pathway members together until the system is at equilibrium,
facilitating signaling. Beyond this equilibrium, however, the
scaffold will act to sequester pathway members from each
other, inhibiting signaling (3, 5, 12, 20). To examine whether
this model explains the effects of altered KSR1 levels on sig-
naling through the Raf/MEK/ERK kinase cascade, we tested
the ability of KSR1 expressed at increasing levels to coimmu-
noprecipitate c-Rafl, MEK1/2, and ERK1/2 in cycling popu-
lations of cells (Fig. 8).

KSR1 was found to interact with Raf, MEK, and ERK in all
KSR1-expressing cells. The amount of each signaling compo-
nent precipitated by KSR1 increased as the level of KSR1
increased, to a maximum at 14 times the wild-type KSR1 ex-
pression level (KSR1.4 cells), coincident with the level of
KSR1 expression that maximally enhanced ERK activation
and cell proliferation in culture (Fig. 8). Increasing KSR1
expression beyond this point (KSR1.5 cells) did not lead to an
increase in the amount of coprecipitated Raf, MEK, or ERK
(Fig. 8), indicating that a maximal amount of each kinase was
precipitated in KSR1.4 cells. Furthermore, the interaction of
KSR1 with Raf and ERK was markedly diminished in KSR1.5
cells, suggesting that these interactions are dependent upon
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the cell’s proliferative potential. These data indicate that levels
of KSR1 that are optimal for proliferation and signaling are
capable of interacting maximally with all components of the
kinase cascade. Interestingly, for each scaffold-kinase interac-
tion, KSR1 coprecipitated <5% of the total amount of each
kinase within the cell, suggesting that there may be a distinct
pool of Raf, MEK, and ERK in the cell for KSR1-dependent
functions.

DISCUSSION

The data presented here demonstrate that the molecular
scaffold protein KSR1 is required for cell transformation in-
duced by activated Ras¥'?. The extent of RasY'?-induced
transformation is dependent on the level of KSR1 expression.
Incremental increases in the cellular concentration of ectopic
KSRI1 revealed a reserve capacity for ERK activation, cell
proliferation, and transformation that is inaccessible in cells
expressing physiological concentrations of KSR1. The cellular
concentration of KSR1 that is optimal for cell proliferation
interacts maximally with all components of the Raf/MEK/ERK
kinase cascade.

Oncogenic potential of RasY'? requires KSR1. The lack of
transformation in KSR1~/~ MEFs appears to be due only to a
loss of signaling in the Raf/MEK/ERK effector pathway. Sig-
naling through other Ras effector pathways is intact in
KSR17/~ cells as measured by Ras¥'?-induced phosphoryla-
tion of downstream targets and the enhanced growth rate of
KSR1/~ MEFs (Fig. 7). Ras"'? expression in KSR1.1 cells
caused a synergistic (fivefold) increase in cell proliferation,
indicating that KSR1-scaffolded signaling through the Raf/
MEK/ERK cascade is necessary for the Ras"'? oncogenic phe-
notype. Interestingly, this enhanced proliferation was also ob-
served without transformation upon the expression of KSR1 to
optimal levels in KSR17~/~ and KSR1%/* MEFs in the absence
of RasY'? (Fig. 5). This observation implies that, by itself,
optimal expression of KSR1 mimics the proliferative input of
RasY'?, but it also suggests that KSR1 facilitates additional
signals specific to Ras¥'? that are required for anchorage-
independent growth and the loss of contact inhibition. These
data demonstrate an essential role of KSR1 in oncogenic sig-
naling and suggest a mechanism by which cells may be able to
modulate their oncogenic potential by altering KSR1 expres-
sion. KSR was originally identified as a positive modifier of
RasY'? in Drosophila and C. elegans. Only one previous report
(41) was able to show that KSR1 positively affects Ras¥!2-
mediated transformation in mammalian cells, whereas others
reported inhibitory effects of KSR1 on Ras¥'*-induced trans-
formation (8, 17). The data presented here suggest that the
inhibitory effect of ectopic KSR1 observed previously was
likely due to levels of KSR1 that are comparable to those
observed for KSR1.5 cells. We showed that KSR1 is required
for RasY'*-induced transformation in cells and that optimal
KSRI1 expression levels enhance the transformed phenotype.
This is consistent with observations that KSR1~/~ mice bear-
ing oncogenes have reduced tumorigenesis (21, 28). The dele-
tion of KSR1 doubled the latency of mammary tumorigenesis
in middle T transgenic mice, indicating that KSR1-scaffolded
signaling contributes to, but is not absolutely required for,
tumor development (28). The deletion of KSR eliminated
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Ras"'?-mediated skin tumorigenesis (21). Differences between
RasY'2-induced transformation in KSR1~/~ MEFs and tumor-
igenesis in KSR1~/~ mice may be due to differences in the
tissue expression of another KSR family member, KSR2.
KSR2 was recently cloned in C. elegans, in which RNA inter-
ference of KSR2 in a KSR1™/~ background led to embryonic
lethality (29). KSR2 expression is detectable in KSR1~/~ mice,
but not in KSR1~/~ MEFs (unpublished data).

Endogenous KSR1 is expressed at levels that are subopti-
mal for signaling and growth in mammalian fibroblasts. KSR1
affects signaling through the ERK kinase cascade in a concen-
tration-dependent manner. KSR1 enhances signaling as its ex-
pression level increases to a maximum at 14 times the wild-type
expression level and inhibits signaling beyond this level (Fig.
3). The increase in ERK signaling seen with optimal KSR1
expression levels led us to assess the proliferative capacity of
cells expressing increasing levels of KSR1. While the loss of
KSR1 had no effect on proliferation, increasing KSR1 expres-
sion to levels that were optimal for signaling led to a threefold
increase in the rate of cell proliferation (Fig. 5). These data
imply that endogenous KSR1 is expressed at levels that are
suboptimal for signaling and proliferation. Furthermore, they
expose a potential mechanism through which cells may regu-
late their proliferative capacity by modulating levels of a non-
catalytic signaling component. We speculate that cells may be
able to draw on this reserve capacity in situations in which high
proliferative rates are desirable (e.g., embryogenesis and
wound healing). In support of this hypothesis, murine embry-
onic stem cells have been shown to contain higher levels of
KSR1 than do fibroblasts (6). This increased expression may be
due to increased transcription and/or translation or decreased
degradation of KSR1. Stewart et al. (36) have shown that
KSR1 coprecipitates with heat shock proteins and that a dis-
ruption of this interaction increases the turnover of KSR1 (36).
Further studies of the importance of this interaction as well as
the mechanisms controlling KSR1 degradation may be needed
to understand the role of KSR1 stability in maintaining cellular
function.

PDGEF, but not EGF, is sufficient to drive quiescent 3T3 cells
into S phase. The ability of PDGF to promote prolonged ERK
activation is a major determinant of its ability to promote
progression into S phase (16, 27). While recent studies have
begun to address the mechanisms that cells use to respond to
transient versus sustained ERK activation, limited work has
been done to address the upstream signaling components that
control the duration of ERK activity. We showed that KSR1 is
necessary for PDGF-induced sustained ERK activation and
cell cycle entry (Fig. 1 and 4). In KSR1~/~ MEFs, PDGF elicits
a transient ERK response and allows only a fraction of quies-
cent MEFs to enter S phase. Conversely, an optimal expression
of KSR1 in KSR17/~ MEFs allows EGF alone to elicit a
prolonged ERK response and to promote S-phase entry (Fig.
3 and 4). These data suggest that KSR1 is a regulator of a
mitogenic signaling cascade that is necessary for cell cycle
progression. However, the fact that in culture, KSR1~/~ MEFs
proliferate in 10% serum at a rate that is indistinguishable
from that of wild-type MEFs, despite reduced serum-induced
ERK activation, suggests that only moderately prolonged ERK
activation (ca. 1 h) is necessary for the induction of cell pro-
liferation. Furthermore, differences in the responsiveness of
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KSR1~/~ MEFs to PDGF versus serum indicate that addi-
tional factors in serum can compensate for any limitations in
proliferative potential imposed by the deletion of KSRI1.

Tightly controlled ERK activity is important for a number of
biological processes. PC12 cells can be differentiated into neu-
rons by stimulation with NGF, but not EGF. This correlates
with the ability of NGF to stimulate prolonged ERK activation.
The ectopic expression of B-KSR1 in PC12 cells allowed EGF
to stimulate prolonged ERK activation and neurite outgrowth
(25). We hypothesize that the level of B-KSR1 overexpression
in that system was similar to the levels of KSR1 expression
observed here that promote prolonged ERK activation with
EGEF in fibroblasts. These observations suggest that any bio-
logical effect requiring precise levels of ERK activity may be
dependent upon and modulated by KSR1 expression.

Ectopic expression of KSR1 can titrate components of the
Raf/MEK/ERK cascade. Supraphysiologic levels of protein
scaffolds have been shown to inhibit signaling through their
kinase cascades (6, 10, 17, 33, 51). This loss of signaling is
proposed to be due to the titration of pathway members away
from each other (3, 5, 12, 15, 20) and has been termed “com-
binatorial inhibition” (20). The demonstrations that KSR1 in-
teracts with Raf, MEK, and ERK and that maximal interaction
is detected in populations of cells expressing KSR1 at levels
that are optimal for signaling and proliferation provide exper-
imental evidence for that concept (Fig. 8). As KSR1 expression
increased beyond the cellular concentration at which it facili-
tated signaling, the amounts of precipitated pathway members
did not increase, supporting the notion that the components of
the Raf/MEK/ERK kinase cascade were being titrated away
from one another. In fact, increasing KSR1 expression above
optimal levels diminished the amount of Raf and ERK bound
to KSR1. One would intuitively predict that high levels of KSR
expression should not limit the ability of the scaffold to pre-
cipitate its effectors. However, this unexpected observation is
consistent with published data demonstrating that the interac-
tion of Raf and ERK with KSR is dependent upon pathway
activation (6, 25, 41). These observations lead to the interpre-
tation that as KSR titrates apart the effectors at high scaffold
concentrations, the pathway activity declines and the interac-
tion (precipitation) of Raf and ERK with KSR is diminished.
The maximal amounts of Raf, MEK, and ERK precipitated by
levels of KSR1 that are optimal for proliferation accounted for
<5% of the total cellular pool for each protein in the cell. This
observation suggests that there are cellular pools of Raf, MEK,
and ERK that are inaccessible to KSR1. These pools may be in
other subcellular compartments, awaiting signaling events that
occur through scaffolds other than KSR1. For example, while
KSR1 controls ERK signaling via EGF at the plasma mem-
brane (26), the p14/MP1 scaffold complex is required for ERK
signaling on late endosomes (39). Thus, while KSR1 controls
some aspects of ERK signaling, there are other ERK scaffolds
that may mediate distinct biological functions of ERK.

KSR1 as a protein scaffold. Heinrich and colleagues (15)
suggested three functions for scaffold proteins of kinase cas-
cades. They proposed that scaffold proteins (i) help activate a
group of kinases, (ii) could limit the ability of phosphatases to
act on bound kinases, and (iii) sequester bound kinases away
from the bulk solution to their site of action. We hypothesize
that KSR1 fulfills each of these functions.
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angles), and proliferative capacity (closed triangles) were plotted as
percentages of response versus KSR1 expression levels.

KSR1 is necessary for the maximal activation of ERK by
PDGF and EGF, and increasing KSR1 concentrations increase
growth factor-induced signaling, proliferation, and transforma-
tion to a maximum at 14 times the level of KSR1 expressed in
wild-type MEFs and then limit signaling thereafter (Fig. 9).
Furthermore, the strong correlation observed between KSR1
expression level and prolonged ERK activation could reflect,
in part, the ability of KSR1 to protect ERK from dephosphor-
ylation. Previous studies by our laboratory and others have
shown that KSR1 moves to both the plasma membrane and the
nucleus, where it can interact with components of the Raf/
MEK/ERK cascade (4, 23, 26). Thus, KSR1 may sequester
kinases from the bulk solution to specific subcellular compart-
ments.

The Raf/MEK/ERK cascade has been implicated in many
processes affecting cell fate, including senescence, prolifera-
tion, transformation, differentiation, and apoptosis (7, 30, 34,
47). The manipulation of scaffold proteins may explain how
this critical kinase cascade can affect such diverse cellular func-
tions. By controlling the magnitude and duration of signaling
through ERK, KSR1 aids in the control of both normal pro-
liferation and cell transformation. KSR1 has also been linked
to development through the control of Xenopus germinal ves-
icle breakdown (6, 26, 41) and to the differentiation of PC12
cells into neurons (25). The precise role played by KSR1 in
modulating the Raf/MEK/ERK kinase cascade is central to
understanding how this pathway affects cell fate.
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