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Abstract
The EL4 murine lymphoma cell line exists in variant phenotypes that differ with respect to responses
to the tumor promoter phorbol 12-myristate 13-acetate (PMA1). Previous work showed that “PMA-
sensitive” cells, characterized by a high magnitude of PMA-induced Erk activation, express RasGRP,
a phorbol ester receptor that directly activates Ras. In “PMA-resistant” and “intermediate” EL4 cell
lines, PMA induces Erk activation to lesser extents, but with a greater response in intermediate cells.
In the current study, these cell lines were used to examine mechanisms of Raf-1 modulation. Phospho-
specific antibodies were utilized to define patterns and kinetics of Raf-1 phosphorylation on several
sites. Further studies showed that Akt is constitutively activated to a greater extent in PMA-resistant
than in PMA-sensitive cells, and also to a greater extent in resistant than intermediate cells. Akt
negatively regulates Raf-1 activation (Ser259), partially explaining the difference between resistant
and intermediate cells. Erk activation exerts negative feedback on Raf-1 (Ser289/296/301), thus
resulting in earlier termination of the signal in cells with a higher level of Erk activation. RKIP, a
Raf inhibitory protein, is expressed at higher levels in resistant cells than in sensitive or intermediate
cells. Knockdown of RKIP increases Erk activation and also negative feedback. In conclusion, this
study delineates Raf-1 phosphorylation events occurring in response to PMA in cell lines with
different extents of Erk activation. Variations in the levels of expression and activation of multiple
signaling proteins work in an integrated fashion to modulate the extent and duration of Erk activation.
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1.0 INTRODUCTION
Raf serine/threonine kinases belong to the MAPKKK family [1]. A-Raf, B-Raf, and Raf-1 (or
c-Raf) are the three known Raf isoforms in mammalian cells. While A-Raf and B-Raf display
tissue-specific patterns of expression, Raf-1 is widely expressed. The downstream target of
Raf-1 isoforms is MEK, a dual function kinase that activates the Erk kinases. Raf kinases are
involved in “normal” physiological processes such as cellular metabolism, cell cycle
progression, and cell death, as well as in tumorigenesis. Raf-1 is frequently activated in tumors,
through either over-expression or mutation [2]. Thus, a comprehensive understanding of the
process of Raf activation/deactivation is important.

1Abbreviations: The abbreviations used are: PMA, phorbol 12-myristate 13-acetate; RT-PCR, reverse transcriptase polymerase chain
reaction; siRNA, small interfering RNA; WT, wild-type (PMA-sensitive) EL4 cells.
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Raf-1 activity needs to be tightly regulated to control fundamental cellular processes. The
events that regulate Raf activation are only partially understood, but they are known to involve
multiple phosphorylations and dephosphorylations that trigger conformational changes [1].
Previous studies have documented both positive and negative effects of Raf-1 phosphorylation.
For example, p21 activated kinase (PAK) and Src phosphorylate Raf-1 on positive regulatory
sites to augment Raf-1 activity [3]. Negative regulation of Raf-1 has also been reported, in that
phosphorylation of Ser259 can inactivate Raf-1, probably by promoting the formation of a Raf
auto-inhibitory complex via association with 14-3-3 [4]. In addition, protein-protein
interactions, including those involving spatial regulation of the signaling components [5], can
regulate Raf-1 activity.

Previous studies in our lab have established the EL4 lymphoma cell line as a model for
investigating the regulation of Erk activation. This cell line exists in characterized variants that
vary with respect to PMA-induced Erk activation [6]. Recent work established that the “PMA-
sensitive” phenotype is conferred largely by expression of RasGRP, a Ras GEF that is directly
activated by PMA [7]. Sensitive cells are characterized by a very high level of Erk activation
in response to PMA, resulting in cell cycle arrest [8]. “PMA-resistant” cells show much lower
levels of Erk activation in response to PMA, express low levels of RasGRP, and proliferate in
the presence of PMA. “Intermediate” cells likewise express little RasGRP, but exhibit higher
levels of PMA-induced Erk activation than is seen in resistant cells. The differences in response
between resistant and intermediate cells are a particular focus of the current study.

The work described here examines the signaling steps responsible for the varying levels of
PMA response between EL4 cell lines. Of the many pathways proposed to regulate Raf-1
activation, three were of particular interest. It has been reported that phospho-Akt can
negatively regulate Raf-1 activation in some cell types [9]. Since Akt is constitutively active
in PMA-resistant cells [10], we hypothesized that varying levels of phospho-Akt contribute to
the distinct PMA-induced Raf/Erk activation profiles between EL4 cell lines. Second, Erk
feedback appears to be a key regulatory step of the Raf-1 activation process, with alternative
scenarios proposed. Erk-1 can phosphorylate Raf-1 Ser289/296/301 and stabilize the active
form of Raf-1 by attenuating its inactivation [3]. In contrast, phosphorylation of Raf Ser296
and 301 can contribute to negative regulation of Raf-1 [4], with phosphorylation of Ser338
blocking auto-inhibition by Erk [11]. We hypothesized that differences in levels of Erk
activation between EL4 cell lines might not only reflect differences in Raf-1 activation, but
also contribute to Raf-1 regulation. Third, Raf-interacting proteins, including PKCs and the
Raf-1 inhibitory molecule RKIP, comprise key regulatory elements of the Raf/MAPK cascade
[1]. Having previously examined the roles of PKC isoforms in EL4 cells [8], we turned to the
potential role of RKIP. Thus, in the current study, the regulatory events regulating Erk
activation were addressed in a comprehensive manner by investigating the roles of multiple
phosphorylation sites of Raf-1 in response to a single stimulus.

2.0 EXPERIMENTAL PROCEDURES
2.1 Cell culture

EL4 cell lines were maintained in RPMI 1640 medium supplemented with 10% fetal bovine
serum (Atlanta Biologicals), as previously described [7]. PMA-sensitive cell lines were
maintained in suspension culture dishes; PMA-resistant and intermediate cells were maintained
in standard tissue culture dishes. For experiments, all cell types were grown on standard tissue
culture plastic (6-well plates) for at least 24 hours prior to the experiment.
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2.2 Immunoblotting
Antibodies were obtained from the following sources: phospho-Erk, Promega (Madison, WI);
Erk-1, Santa Cruz Biotechnology (Santa Cruz, CA); phospho-Akt, Akt, phospho-c-Raf
(Ser259), phospho-c-Raf (Ser289/296/301), phospho-c-Raf (Ser338), RKIP, actin, and c-Raf,
Cell Signaling Technology Inc. (Beverly, MA).

EL4 cells were treated with and without 100nM PMA as indicated for each figure. After
treatment, cells were collected; adherent cells were harvested using a cell scraper. Cells were
lysed in an ice-cold buffer containing 20 mM Tris, pH 7.4, 1% Triton X-100, 150 mM NaCl,
1 mM EGTA, 30 mM sodium pyrophosphate, 100 μM sodium orthovanadate, 1 mM
phenylmethylsulfonyl fluoride, 10 μg/ml aprotinin, and 10 μg/ml leupeptin. Extracts were
sedimented by centrifugation at 10,000g for 10 min at 4°C to remove insoluble material.
Samples equalized for protein (100 μg), as determined by Coomassie Protein Assay (Pierce),
were separated by SDS-PAGE on 10% Laemmli gels, transferred to PVDF paper, and
incubated with antibodies. Blots were developed using enhanced chemiluminescence reagents
(Amersham).

2.3 siRNA Experiments
RKIP siRNA, control siRNA, siRNA transfection reagent, and transfection medium were
obtained from Santa Cruz Biotechnology. Protein levels for RKIP, phospho-Raf (Ser259,
Ser289/296/301, Ser338), c-Raf, phospho-Erk, and total Erk (immunoblotting) were assessed
in cell extracts using the methods described above.

Cells, grown to 60 to 80% confluence, were incubated with RKIP siRNA or control siRNA
for 5 to 7 hours in the absence of serum. FBS was then added to a final concentration of 10%;
cells were incubated for an additional 18 to 24 h under cell culture conditions. The medium
was then changed to RPMI with 10% FBS, and the cells were incubated for an additional 48
h before incubation with and without 100 nM PMA.

3.0 RESULTS
3.1 Acute effects of PMA on Raf phosphorylation in clonal EL4 cell lines

Time course experiments were performed with several EL4 cell lines to examine PMA-induced
Raf phosphorylation at several regulatory sites (Figure 1). As shown in panel A, PMA induces
strong Raf Ser338 (activation site) phosphorylation in WT2 (PMA-sensitive) cells that begins
within 5 minutes and is maximal at 30 minutes. In V7 (PMA-resistant) cells, the weaker Raf
Ser338 phosphorylation induced by PMA is maximal at 15 minutes and then declines (Figure
1B). Phosphorylation at Ser338 is likewise weak in the intermediate cells V3 (Figure 1C) and
V10 (Figure 1D), although the time course varies between the two lines. Raf Ser259 is
phosphorylated in the resting state in all cells tested. Raf Ser259 phosphorylation decreases
after 15–30 minutes of PMA treatment in WT2, V7, and V3 cells. PMA-induced Raf
Ser289/296/301 phosphorylation is much more robust in WT2 than in V7 cells. In WT2 cells,
Raf Ser289/296/301 phosphorylation begins within 5 minutes of PMA treatment, and is
maintained at a high level for at least 60 minutes. In V7 cells, the phosphorylation is very weak
but follows a similar time course. In both V3 and V10, which are intermediate phenotype cell
lines, levels of PMA-induced Raf Ser259, Ser289/296/301 and Ser338 phosphorylation are
between those of WT2 and V7 (Figures 1C and 1D). The responses of V3 and V10 are not
identical, but for both cell lines are “intermediate” between WT2 and V7. PMA-induced Erk
activation was previously characterized in these cell lines [6,7], consistent with the phospho-
Erk results shown for reference in Figure 1. Taken together, these data suggest that patterns of
PMA-induced phosphorylation of multiple Raf residues are distinct between EL4 cell
phenotypes.
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3.2 Long-term effects of PMA on Raf phosphorylation in clonal EL4 cell lines
Since PMA-induced responses in EL4 cells extend beyond 60 minutes [7], we tested the long-
term effects of PMA on Raf phosphorylation/dephosphorylation. Phosphorylation at Ser259
occurs as Ser338 is being dephosphorylated in both WT2 and V7 cells (Figures 2A and 2B),
beginning at 3 hours and peaking at 12–24 hours, at which time Ser338 is completely
dephophosphorylated. In WT2 cells, PMA-induced Raf Ser338 phosphorylation is maintained
for 4 hours and then declines to basal levels by 12 hours after PMA addition (Figure 2A). In
V7 cells, PMA-induced Raf Ser338 phosphorylation is very weak but also disappears after 12
hours of PMA stimulation (Figure 2B). The basal level of Raf Ser259 phosphorylation is higher
in V7 than in WT2 cells, consistent with a negative regulatory effect of phospho-Ser259.
Following an initial decrease in Raf Ser259 phosphorylation, a response that is quite prominent
in V7 cells, p-Ser259 reappears after 3–4 hours in both WT2 and V7 cells and then gradually
increases. Raf Ser289/296/301 is phosphorylated by 1 hour after PMA addition, and persists
for 8 hours in both WT2 and V7 cells. The magnitude of this phosphorylation is much higher
in WT2 than V7 cells, consistent with the higher level of Erk activation observed in WT2 cells.
These data establish that multiple residues are phosphorylated and dephosphorylated in a
coordinated manner, over the long term, to regulate the overall Raf activation process.

In blots for total Raf, multiple species appear between 1 and 8 hours of PMA treatment (e.g.,
note difference between 0 and 8 hours in Figure 2A). In order to differentiate the effects of the
phosphorylation of specific residues with respect to Raf “gel shifts”, we prepared cell extracts
treated with PMA for 3 hours (which show the full spectrum of bands), ran them on a single
gel, and blotted for phospho-Raf (Ser259, Ser289/296/301, Ser338) and total Raf-1. The results
show that Raf phosphorylated on Ser289/296/301 has the slowest migration on SDS-PAGE,
and appears as the top two bands. Raf phosphorylated on Ser259 has the fastest mobility on
gel, and appears as the bottom two bands. Raf phosphorylated on Ser338 is the single band in
the middle (Figure 2C). The blot for total Raf-1 is expected to reveal species phosphorylated
on multiple sites, as well as species phosphorylated on sites not recognized by the phospho-
specific antibodies, and thus does not match exactly with the phospho-specific blots.
Nonetheless, these data help to explain differences in the gel mobility of Raf-1 between cell
lines (e.g., Figures 1 and 2).

3.3 PI3K/Akt regulation of PMA-induced Raf/Erk phosphorylation
In order to test whether the PI3K/Akt signaling pathway is involved in regulation of the Raf/
Erk cascade in EL4 cells, we examined basal Akt phosphorylation in representative EL4 cells
(Figure 3A). The results show that there is strong constitutive Akt phosphorylation in PMA-
resistant cells (V7), while basal phospho-Akt is low in PMA-sensitive cells (WT2), and
moderate in intermediate cells (V3).

To test whether constitutive Akt phosphorylation is affected by prolonged PMA treatment, we
performed a time course examining phospho-Akt levels upon PMA stimulation (Figure 3B).
The weak constitutive phospho-Akt signal decreased further after 12 hours of PMA treatment
in WT2 cells. PMA had no detectable effect on Akt phosphorylation in V7 cells. Thus, PMA
does not cause changes in Akt phosphorylation during the early time course of PMA-induced
Erk activation.

Next, to examine whether constitutive Akt phosphorylation is mediated by PI3K, we treated
V7 cells with LY294002, a PI3K inhibitor. Incubation for two hours with 50μM LY294002
suppresses Akt phosphorylation (Figure 3C). Thus, constitutive Akt phosphorylation in EL4
cells is mediated by PI3K and can be blocked by LY294002.
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It has been reported that a negative feedback loop involving Raf and Akt exists, in which Akt
phosphorylates Raf Ser259 and thereby inhibits the Raf/Erk signaling pathway [9]. To test
whether this situation exists in EL4 cells, we examined the effects of LY294002 on PMA-
induced Raf/Erk activation (Figure 4). PMA treatment did not alter Akt phosphorylation after
15 minutes. As shown in Figure 4A, negative regulation of Erk activation by PI3K/Akt exists
in EL4 cells. In other words, there is enhanced Raf Ser338 and Erk activation in all of the EL4
cells tested when the PI3K/Akt pathway is blocked by LY294002. Erk is activated by PMA to
a more similar level between resistant and intermediate cells after LY294002 treatment
(Figures 4A and 4B), although (as expected) the response is still not as strong as that seen in
PMA-sensitive cells.

To further examine the role of Akt, we studied the time course of PMA-induced Raf (Ser259,
Ser289/296/301, Ser338) and Erk phosphorylation with and without LY294002 treatment in
V7 cells. As shown in Figure 5, phosphorylation of Raf Ser259 is blocked following the
inhibition of phospho-Akt by LY294002, with concomitant enhancement of Raf Ser338 and
Erk phosphorylation. There is attenuation of the lower band of phospho-Raf Ser289/296/301
upon LY294002 treatment, suggesting that this species is dually phosphorylated on Ser259
and Ser289/296/301. These results demonstrate that PI3K/Akt signaling pathway negatively
regulates the Raf/Erk cascade by phosphorylation of Raf Ser259.

To test whether PTEN inactivation is responsible for the relatively high level of basal phospho-
Akt in V7 cells, PTEN expression was analyzed by immunoblotting in representative EL4 cells
(data not shown). WT2, V3, and V7 cells all express PTEN. There is no significant difference
between PMA-sensitive and PMA-resistant EL4 cells with respect to total PTEN and
constitutive phospho-PTEN. PMA does not affect PTEN phosphorylation within 15 minutes.
Thus, differences in PTEN expression or phosphorylation are unlikely to be responsible for
differences in constitutive Akt phosphorylation observed between EL4 cell lines.

3.4 Erk feedback regulation of PMA-induced Raf/Erk signaling
In order to further test the role of feedback auto-regulation by Erk on the Raf/Erk pathway, we
used the MEK inhibitor U0126 to block Erk activation. WT2 cells, which have the strongest
PMA-induced Erk activation, were utilized for this experiment to facilitate detection of U0126-
induced changes. As shown in Figure 6A, PMA-induced Erk activation can be completely
blocked by incubation with 10μM U0126 for 2 hours. This condition was used in subsequent
experiments. We performed a long-term time course of PMA-induced Raf phosphorylation
with and without U0126 treatment (Figure 6B). The results show that PMA-induced Erk
activation is completely blocked by U0126. This effect is accompanied by attenuation of Raf
phosphorylation on Ser289/296/301 and by enhanced Raf phosphorylation on Ser338 (both
amplitude and duration). The phosphorylation of Raf Ser259 is not affected by U0126
treatment. The disappearance of the lower band in the presence of U0126 likely reflects the
loss of a species dually phosphorylated on Ser259 and Ser289/296/301. These results confirm
that Erk activation has an inhibitory effect on Raf, via phosphorylation of Ser289/296/301.

3.5 Effects of RKIP on PMA-induced Raf/Erk phosphorylation in V7 Cells
In order to examine the potential role of RKIP, we first tested levels of RKIP expression by
immunoblotting in representative EL4 cell lines. The level of RKIP is higher in V7 cells as
compared to WT2 and V3 cells (Figure 7A). Since RKIP selectively regulates Raf-1 activation
[12], and Raf-1 is a key mediator of the Erk cascade, we explored the effects of RKIP on the
phosphorylation of specific residues on Raf. To determine the role of RKIP, we tested the
effects of RKIP depletion on PMA-induced Raf phosphorylation and Erk activation in V7 cells.
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First, we tested the effectiveness of RKIP siRNA (Figure 7B). V7 cells treated with RKIP
siRNA demonstrated attenuated RKIP expression, while cells incubated with control siRNA
show no difference as compared with untreated V7 cells. Next, the effects of RKIP knockdown
on Erk activation were examined (Figure 7C). RKIP siRNA treatment potentiates PMA-
induced Raf-1/Erk activation in V7 cells, as shown by increased Raf-1 Ser338 and Erk
phosphorylation. Enhanced phosphorylation of Raf Ser289/296/301 is also observed in the
absence of RKIP, which is expected considering that Ser289/296/301 phosphorylation is
mediated by Erk feedback phosphorylation. The phosphorylation of Raf Ser259 is not affected
by RKIP siRNA. Finally, basal Raf and Erk phosphorylations are not affected by RKIP
knockdown. Thus, RKIP modulates PMA-induced Raf signaling directly, as well as indirectly
via Erk feedback. The end result is for RKIP to limit the response of the cell to the PMA
stimulus.

4.0 DISCUSSION
In this study, we utilized a characterized panel of EL4 cell lines to examine multiple regulatory
steps that modulate Raf activation. The results show that negative regulation of Raf Ser259 by
the PI3K/Akt pathway plays a role in the differences in PMA-induced Raf/Erk activation
between PMA-resistant and intermediate cells. In addition, Erk-mediated feedback inhibition
at Raf Ser289/296/301 contributes to the extent and duration of PMA-induced Raf Ser338
activation. Finally, our results show that expression of RKIP inversely correlates with PMA-
induced Raf-1 and Erk activity in EL4 cells, providing an additional modulatory influence.
This study illustrates that phosphorylations of different residues on Raf contribute to the Raf
activation/deactivation process, and that multiple regulatory inputs are involved.

Phosphorylation/dephosphorylation of Raf plays a crucial role in the Raf activation process.
Phosphorylation of Raf Ser338 correlates with Ras-mediated stimulation and is required for
Raf activation [4]. Raf-1 activity is negatively regulated by phosphorylation of Ser259; Raf-1
activation is accompanied by dephosphorylation of this site [10]. Several studies have shown
that phosphorylation of Raf Ser259 by protein kinase A results in negative regulation of Raf-1
[13–15]. Other investigations have suggested that inhibitory cross-talk, mediated by
phosphorylation of Raf Ser259 by PI3K/Akt, is an important facet of Raf regulation [16,17].
Ser259 may also be phosphorylated as a result of JNK activation [18]. Our data support a
significant role for the PI3K/Akt pathway in EL4 cells, in that the phosphorylation of Ser259
via Akt negatively regulates Raf Ser338 phosphorylation and subsequent activation of Raf-1.
When basal Akt activity and phosphorylation of Raf Ser259 were blocked by a PI3K inhibitor,
Raf Ser338 and Erk activation were enhanced. Raf and Erk were activated by PMA to a greater
extent in resistant and intermediate cells in the presence of LY294002, although the extent of
activation was still not as strong as that seen in PMA-sensitive cells. This is consistent with
our previous finding that RasGRP expression is largely responsible for the very high level of
PMA-induced Erk activation in PMA-sensitive EL4 cells. It is important to note that Ser259
phosphorylation does not directly interfere with Raf-1 activity, but rather regulates activity
through protein-protein interactions [19]. Together, our data indicate that the negative
regulation mediated by different levels of basal phospho-Akt activity contributes in part to the
distinct patterns of PMA-induced Raf/Erk activation between resistant and intermediate EL4
cells.

The role of Erk feedback in Raf activation is complex. It has been reported that Raf Ser296
and 301 contribute to negative regulation of Raf-1 [4], and that phosphorylation of Ser338 in
response to Ras activation blocks the auto-inhibition mediated by Erk [10]. Erk-mediated
phosphorylation can promote disassembly of heterodimers between Raf-1 and B-Raf [20],
which reduces Raf activity since such heterodimers have much higher kinase activity than Raf
monomers. However, Erk activation can also provide a novel mechanism for a positive
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feedback of Raf-1 regulation [3]. In our study, we find that phosphorylations of Ser338 and
Ser289/296/301 occur simultaneously. This suggests that phosphorylation of Ser289/296/301
by Erk counteracts the phosphorylation of Ser 338, which may be a key mechanism for
preventing the over-amplification of a proliferative signal. A previous study indicated that in
Swiss 3T3 cells, a MEK inhibitor increases Raf-1 activation by PDGF but not by EGF [21].
In this regard, it is possible that Erk feedback auto-inhibition is an agonist-dependent
phenomenon. Our findings add another layer of complexity to the Raf-1 regulation mechanism
and suggest that varying Erk activation levels can modulate the output from Raf-1.

Finally, we found that the basal level of RKIP expression is higher in V7 cells than in WT2
and V3 cells. RKIP functions as a negative modulator that controls the amplitude of Raf kinase
activity rather than acting as a “switch” [22]. In mammalian cells, RKIP inhibits Raf-1 signaling
to Erk, suppressing Raf-1-induced transformation [23]. Signaling downstream of MEK is
attenuated when RKIP blocks the interaction between Raf and MEK [1]. In this study, we
effectively suppressed RKIP expression in V7 cells by RKIP siRNA, and then studied the
PMA-induced Raf/Erk phosphorylation status. Down-regulation of RKIP potentiated PMA-
induced Raf-1/Erk activation in V7 cells, as shown by the increased Raf-1 Ser338 and Erk
phosphorylation. Activation of Raf-1 is dependent on phosphorylation at Ser 338 by Ras
[24]. Thus, inhibition of this phosphorylation event by RKIP would impair activation of
downstream Erk activation. Our results also indicate that PMA-induced phosphorylation of
Raf Ser289/296/301 is enhanced after RKIP knockdown, suggesting increased Erk feedback
phosphorylation. Thus, RKIP modulates Raf signaling both directly and indirectly via Erk
feedback, in both cases limiting the response of the cell to PMA stimuli The ability of RKIP
depletion to potentiate PMA-induced Erk activation is consistent with results reported by others
[25–27]. However, the site-specific analysis reported here reveals that phosphorylation of Raf
Ser259 was not affected by RKIP, consistent with Ser259 being the site regulated by the PI3K/
Akt cascade. These data support a residue-specific regulation of Raf by RKIP. Thus RKIP,
acting as an inhibitor of the Raf-1/MAPK signaling cascade, plays a key role in regulating the
Raf-1/Erk pathway.

6.0 CONCLUSIONS
In summary, our results demonstrate that multiple signaling proteins, including Akt, Erk, and
RKIP, regulate PMA-induced Raf-1 phosphorylation in a residue-specific manner to generate
a profile of Raf and Erk activation over time. Natural variations between clonal cell lines in
the level of expression of proteins involved in Raf regulation modulate the extent and kinetics
of Erk activation in response to PMA. This work provides an unusually detailed profile of the
upstream phosphorylation events involved in PMA-mediated Erk activation.
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Figure 1. Time course of the acute effects of PMA on Raf phosphorylation in EL4 cell lines
WT2 (panel A), V7 (panel B), V3 (panel C), and V10 (panel D) cells were treated with or
without 100 nM PMA for the indicated times. Immunoblots were performed on whole-cell
lysates for phospho-Raf (Ser259, Ser289/296/301, Ser338), c-Raf, phospho-Erk, and actin. All
incubations were done in the same experiment; blots for the four cell lines were exposed in
parallel.
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Figure 2. Time course of the long-term effects of PMA on Raf phosphorylation in EL4 cell lines
WT2 (panel A) and V7 (panel B) cells were incubated for the indicated times with 100 nM
PMA. Whole-cell extracts, equalized for protein, were immunoblotted for phospho-Raf
(Ser259, Ser289/296/301, Ser338), c-Raf, phospho-Erk, and actin. In panel C, WT2 and V7
cells were treated with PMA for 3 hours. Whole-cell extracts, equalized for protein, were run
on the same gel. Blots were probed for phospho-Raf (Ser259, Ser289/296/301, Ser338), and
c-Raf to show the physical location of multiple Raf species. All incubations were done in the
same experiment; the blots were exposed in parallel.
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Figure 3. Constitutive Akt phosphorylation in EL4 cell lines
In panel A, whole-cell extracts from WT2, V3, and V7 cells, equalized for protein, were
immunoblotted for phospho-Akt and total Akt. In panel B, WT2 and V7 cells were incubated
with 100 nM PMA for indicated times. Whole-cell extracts, equalized for protein, were
immunoblotted for phospho-Akt and total Akt. In panel C, V7 cells were incubated with 50
μM LY294002 for indicated times. Whole-cell extracts, equalized for protein, were
immunoblotted for phospho-Akt and total Akt.
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Figure 4. Effects of LY294002 on Raf and Erk activation in EL4 cell lines
In panel A, the indicated cell lines were incubated in the absence and presence of 50 μM
LY294002 for 2 hours, and then treated with or without PMA for 15 minutes. Whole-cell
extracts, equalized for protein, were immunoblotted for phospho-Akt, total Akt, phospho-Raf
(Ser338), c-Raf, phospho-Erk, and total Erk. In panel B, data from panel A were quantified by
densitometry and expressed as activated Erk in each cell line upon PMA treatment with/without
LY294002 incubation. WT2 treated with PMA was defined as 100% for quantification.
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Figure 5. Time course of the effects of LY294002 on PMA-induced Raf and Erk phosphorylation
in V7 cells
V7 cells were incubated in the absence and presence of 50 μM LY294002 for 2 hours, and then
treated with PMA for the indicated times. Whole-cell extracts, equalized for protein, were
immunoblotted for phospho-Akt, phospho-Raf (Ser259, Ser289/296/301, Ser338), phospho-
Erk, and actin (loading control).
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Figure 6. Effects of U0126 on PMA-induced Raf and Erk phosphorylation in WT2 cells
In panel A, WT2 cells were incubated in the absence and presence of 10 μM U0126 for the
indicated times, and then treated with or without PMA for 15 minutes. Whole-cell extracts,
equalized for protein, were immunoblotted for phospho-Erk and total Erk. In panel B, WT2
cells were incubated in the absence and presence of 10 μM U0126 for 2 hours, and then treated
with PMA for the indicated times. Whole-cell extracts, equalized for protein, were
immunoblotted for phospho-Raf (Ser259, Ser289/296/301, Ser338), phospho-Erk and total
Erk.
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Figure 7. Effects of RKIP knockdown on PMA-induced Raf and Erk phosphorylation in V7 cells
In panel A, whole-cell extracts (equalized for protein) from the indicated cell lines were
immunoblotted for RKIP protein and for total Erk (loading control). In Panel B, V7 cells were
incubated in the absence of siRNA (control) or in the presence of either a control siRNA or
RKIP siRNA, as described in Experimental Procedures (section 2.3). The protein level for
RKIP was assessed by immunoblot of whole-cell extracts, equalized for protein. In panel B,
V7 cells were treated as in panel A, then incubated in the absence and presence of 100 nM
PMA for 15 min. Levels of RKIP, phospho-Raf (Ser259, Ser289/296/301, Ser338), c-Raf,
activated Erk (phospho-Erk), and total Erk (loading control) were assessed by immunoblotting
of whole-cell extracts, equalized for protein.
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