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Abstract
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BimEL the most abundant Bim splice variant, is subject to ERK1/2-catalysed phosphorylation, which
targets it for ubiquitination and proteasome-dependent destruction. In contrast, inactivation of
ERK1/2, following withdrawal of survival factors, promotes stabilization of BimEL. It has been
proposed that the RING finger protein Cbl binds to BimEL and serves as its E3 ubiquitin ligase.
However, this is controversial since most Cbl substrates are tyrosine phosphoproteins and yet
BimEL is targeted for destruction by ERK1/2-catalysed serine phosphorylation. Consequently, a role
for Cbl could suggest a second pathway for BimEL turnover, regulated by direct tyrosine
phosphorylation, or could suggest that BimEL is a coincidence detector, requiring phosphorylation
by ERK1/2 and a tyrosine kinase. Here we show that degradation of BimEL does not involve its
tyrosine phosphorylation; indeed, BimEL is not a tyrosine phosphoprotein. Furthermore, BimEL fails
to interact with Cbl and growth factor-stimulated, ERK1/2-dependent BimEL turnover proceeds
normally in Cbl-/- fibroblasts. These results indicate that Cbl is not required for ERK1/2-dependent
BimEL turnover in fibroblasts and epithelial cells and any role it has in other cell types is likely to
be indirect.
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1. Introduction
Bax and Bak proteins promote the release of cytochrome c from the mitochondria, but in viable
cells are restrained by their binding to pro-survival Bcl-2 proteins [1]. Binding of pro-apoptotic
‘BH3-only proteins’ (BOPs, including Bim, Puma and Bad) to the pro-survival Bcl-2 proteins
neutralizes them, thereby allowing Bax and/or Bak to initiate cell death [2-4]. Bim is one of
the most effective BOPs for cell killing [5] and plays a major role in promoting cell death
following withdrawal of trophic survival factors [6-9]. Bim is expressed de novo following
withdrawal of survival factors [7-12] due to inactivation of PKB [10,12] and ERK1/2 [11], or
activation of JNK [7]. Alternative splicing gives rise to multiple isoforms that differ in proapoptotic potency [13] due to differences in their post-translational regulation [14]. Of the
short, long and extra-long Bim proteins (BimS, BimL & BimEL), BimEL is the most abundant
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and exhibits a pronounced increase in expression following withdrawal of survival factors.
This seems to be because BimEL stability is subject to post-translational regulation [14].
BimEL contains an ERK1/2 docking domain [15] and phosphorylation sites that promote the
proteasomal turnover of BimEL turnover [15-19]. Consequently, withdrawal of survival factors
results in the stabilization of the BimEL protein as well as de novo transcription of the Bim
gene.

NIH-PA Author Manuscript

Proteins are ‘flagged’ for proteasomal degradation by the covalent attachment of a
polyubiquitin (polyUb) chain, catalysed by the coordinated action of an E1 Ub-activating
enzyme, an E2 Ub-conjugating enzyme and a substrate-specific E3 Ub-ligase [20]. Substrate
recognition by the E3 is the critical regulatory step and in the case of phosphorylationdependent degradation the E3 Ub-ligase often has a phosphorylation-specific recognition
domain [21]. It has been suggested that the RING finger protein Cbl serves as the E3 Ub-ligase
for degradation of BimEL in osteoclasts [22]. However, this suggestion has proved
controversial since another study reported increased levels of BimEL in the testis of c-Cbl null
mice but failed to detect direct binding of BimEL to Cbl, concluding that the effect of Cbl on
BimEL expression was not direct [23]. Furthermore, Cbl catalyses the ubiquitination of the
EGF receptor and other tyrosine kinases to promote their endosomal trafficking and interacts
with such tyrosine-phosphorylated proteins via a tyrosine kinase-binding domain (TKB)
[24-26]. However, to date the only signal that has been implicated in BimEL degradation is its
ERK1/2-dependent phosphorylation [16-19], raising the possibility that BimEL degradation
requires the coincident phosphorylation of serine and tyrosine residues or that BimEL interacts
with Cbl in a unique manner.
Here we have tested the hypothesis that Cbl is required for ERK1/2-dependent BimEL
degradation. We show that degradation of BimEL proceeds without tyrosine phosphorylation;
indeed, we find no evidence for BimEL being a tyrosine phosphoprotein. Furthermore,
BimEL fails to interact with Cbl under conditions in which it is targeted for turnover. Finally,
growth factor-stimulated BimEL turnover proceeds normally in Cbl-/- fibroblasts indicating
that Cbl is not required for ERK1/2-dependent BimEL turnover.

2. Materials and Methods
2.1 Materials
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U0126 was purchased from Promega, and MG132 from Calbiochem. AZD6244 [27] was
provided by AstraZeneca. The following antibodies were used throughout this study: HA-probe
beads, Myc and Cbl were from Santa Cruz Biotechnology; Phospho-ERK and ERK were from
Cell Signalling Technology; Bim (Rat) was from Calbiochem; Bim (Rabbit) was from
Chemicon, and HA (mouse) was provided by the Babraham Institute Monoclonal Antibody
Facility. Horseradish peroxidise-conjugated secondary antibodies were from Bio-Rad. All
other chemicals were purchased from Sigma, and were of the highest grade available.
2.2 Cell Culture
Cell culture reagents were purchased from Invitrogen. Culture of HR1 cells [28] and c-Cbl-/and HA-Cbl iMEFs [29,30] was as previously described.
2.3 Cell Treatments
Cycling HR1 cells were switched to serum free medium 30 minutes prior to stimulation. In the
case of treatment with UO126 (20μM), AZD6244 (10μM) or MG132 (10μM), drug was
included in this 30 minute incubation. Cells were stimulated with 100nM 4-hydroxytamoxifen
(4-HT), 10nM EGF or Pervanadate for the times indicated. Pervanadate was prepared by
combining 100ul 10mM sodium orthovanadate, 34ul of 1% hydrogen peroxide and 866ul PBS;

Cell Signal. Author manuscript; available in PMC 2009 July 9.

Wiggins et al.

Page 3

NIH-PA Author Manuscript

this was then diluted 1: 10 onto cells in PBS, for 10 minutes. Cycling iMEFs were serum starved
overnight and pre-treated with 10μM emetine, 10μM MG132 or 10μM AZD6244 for 30
minutes prior to stimulation.
2.4 Western Blot and Immunoprecipitation analysis
Following treatment, cells were lysed in TG lysis buffer and analysed by Western Blot as
described previously [11]. TG lysates were normalised for protein content and used in HA
immunoprecipitations using the HA-probe beads. Lysates were incubated with HA-probe for
90 minutes, end-over-end at 4°C, washed 3 times in TG lysis buffer and boiled in sample buffer.
Samples were then analysed by SDS-PAGE and immunoblotting.
2.5 Plasmids and Transfections
The pcDNA3-HA-BimEL construct used was described previously [16]. The pBK CMV Mycc-Cbl was kindly provided by Roland Baron, Yale University School of Medicine. The
pcDNA3-HA-BimEL phosphotyrosine mutant (BimEL ΔTyr) was generated by site directed
mutagenesis to make the following alterations: Y92F, Y123F, Y161F and Y170F, which were
confirmed by DNA sequencing. HR1 cells were transfected 16 hours prior to treatment with
these plasmids by the calcium phosphate precipitation technique [31].
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3. Results
3.1 BimEL does not undergo tyrosine phosphorylation
The suggestion that Cbl serves as an E3 Ub ligase for BimEL raises several predictions that are
readily testable. The first of these is that BimEL is phosphorylated on tyrosine residues. The
majority of proteins that are substrates for the E3 ligase activity of Cbl are either tyrosine
kinases or substrates of tyrosine kinases [24-26]. Cbl proteins possess a highly conserved Nterminal tyrosine kinase-binding domain (TKB), which mediates binding to phosphotyrosine
residues [24] and is thought to be important for their specific E3 Ub ligase activity by
facilitating substrate binding. However, to date the only signal that has been implicated in
BimEL ubiquitylation and degradation is its ERK1/2-dependent phosphorylation on serine
residues [16-19]. This raised the possibility that BimEL degradation might require the
coincident phosphorylation of serine and tyrosine residues, with ERK1/2-dependent
phosphorylation perhaps facilitating phosphorylation of BimEL by a tyrosine kinase.
Consequently we examined whether BimEL was phosphorylated on tyrosine residues under
conditions in which it was targeted for degradation.
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We used HR1 cells [28], a clone of HEK293 cells expressing the conditional protein kinase
ΔRaf-1:ER*, which selectively activates ERK1/2 in response to treatment with 4hydroxytamoxifen (4-HT). HR1 cells were transfected with HA-BimEL for 16 hours and then
treated with 4-HT to activate ERK1/2, a treatment that normally promotes degradation of
BimEL [16-19]. HA-BimEL was then immunoprecipitated and probed by western blot with the
PY20 anti-phosphotyrosine antibody (Figure 1A). These results revealed that whilst activation
of ERK1/2 by ΔRaf-1:ER* promoted the multi-site phosphorylation of BimEL, as indicated by
its reduced electrophoretic mobility on SDS-PAGE, it failed to promote tyrosine
phosphorylation of BimEL. This is perhaps not surprising since activation of ΔRaf-1:ER*
bypasses receptor and non-receptor tyrosine kinases at the plasma membrane and selectively
activates ERK1/2. However, stimulation with EGF, which also promoted the phosphorylation
of BimEL as judged by SDS-PAGE mobility, also failed to promote any tyrosine
phosphorylation of BimEL (Figure 1A) despite the fact that the EGFR is a receptor tyrosine
kinase and can also activate Src family non-receptor tyrosine kinases.
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One possible explanation for these results was that BimEL was being targeted by a particular
tyrosine kinase that was not EGF responsive. Therefore, we again transfected HR1 cells with
HA-BimEL and treated them with pervanadate, a general inhibitor of phosphotyrosine
phosphatases. This led to a striking increase in global protein tyrosine phosphorylation (Figure
1B, Input lysate) and led to the multi-site phosphorylation of BimEL; however, we were still
unable to detect any tyrosine phosphorylated BimEL in the anti-HA IPs. The pervanadatedependent phosphorylation of BimEL, monitored by changes in mobility on SDS-PAGE gels,
was actually abolished by U0126 and AZD6244 [27], two distinct MEK1/2 inhibitors,
indicating that this was due to pervanadate-dependent activation of ERK1/2 (Figure 1C). These
results indicate that BimEL does not undergo tyrosine phosphorylation either under conditions
that are known to target it for degradation via the proteasome or in response to global increases
in tyrosine kinase activation.
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Our inability to detect tyrosine phosphorylation of BimEL could be because the relevant site
was not accessible to anti-phosphotyrosine antibodies even after denaturation. To address this
we constructed a mutant of BimEL in which all four tyrosine residues were changed to nonphosphorylatable phenylalanine residues by site-directed mutagenesis (BimELΔTyr).
Stimulation with pervanadate caused the same reduction in SDS-PAGE mobility in the WT
and BimELΔTyr constructs (Figure 2A) indicating that the pervanadate-dependent
phosphorylation of BimEL was not due to tyrosine phosphorylation. We also monitored the
ERK1/2-dependent turnover of HA-BimEL and HA-BimELΔTyr in response to activation of
ΔRaf-1:ER*. HR1 cells were transfected with the relevant BimEL plasmids, serum starved and
then re-stimulated with 4-HT in the presence of emetine to block new protein synthesis. These
experiments revealed that activation of ERK1/2 resulted in the identical phosphorylation and
turnover of both HA-BimEL and HA-BimELΔTyr (Figure 2B). In summary, these results
indicated that BimEL was not phosphorylated on tyrosine residues under conditions in which
it was targeted for degradation and tyrosine residues in BimEL play no role in its ERK1/2dependent turnover.
3.2 BimEL does not interact with Cbl under conditions that promote BimEL degradation
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For Cbl to act as an E3 ligase it must directly or indirectly interact with its substrates. The fact
that BimEL was not phosphorylated on tyrosine residues suggested that the interaction between
BimEL and Cbl must be independent of tyrosine phosphorylation. There is precedent for this
since inactivation of the Cbl tyrosine kinase binding domain does not affect the ability of Cbl
to bind and negatively regulate the Src-family tyrosine kinase Fyn [29]. Furthermore, Cbl can
clearly play a non-catalytic adaptor role in various aspects of signal transduction [25,26].
Whilst a previous report had shown that BimEL and Cbl could indeed associate [22], this was
not confirmed in a separate study[23]. Consequently we examined the association between
BimEL and Cbl following activation of ERK1/2 as we reasoned that this should facilitate their
association. HR1 cells were transfected with HA-BimEL and Myc-Cbl and treated with 4-HT
or pervanadate in the presence or absence of MG132. HA-BimEL was then immunoprecipitated
and probed for the presence of Myc-Cbl. Activation of ΔRaf-1:ER* caused activation of
ERK1/2 and phosphorylation of HA-BimEL, but did not induce the formation of a HABimEL:Myc-Cbl complex, as judged by co-immunoprecipitation, despite the fact that we
readily immunoprecipitated HA-BimEL (Figure 3). Even the inclusion of MG132 to capture
BimEL that was targeted for degradation failed to identify HA-BimEL:Myc-Cbl complexes.
Similar results were obtained in pervanadate treated cells. For example, pervanadate activated
ERK1/2, induced BimEL phosphorylation and also promoted the phosphorylation of Cbl as
seen by an electrophoretic mobility shift, consistent with reports that Cbl is phosphorylated on
tyrosine residues [25,26]. Despite this, pervanadate failed to promote the formation of HABimEL:Myc-Cbl complexes. Thus, in contrast to the study by Akiyama et al [22] we were
unable to identify BimEL:Cbl complexes under conditions in which BimEL is known to be
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degraded, even when over-expression would tend to favour such associations. Rather, our
results accord with El Chami et al [23] who failed to detect BimEL:Cbl interactions.
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3.3 Cbl is not required for ERK1/2-dependent, proteasomal degradation of BimEL

NIH-PA Author Manuscript

The fact that Cbl failed to interact with BimEL suggested that Cbl could play an important but
indirect role in BimEL turnover, though this might be less consistent with a role as an E3 ligase.
Alternatively, it suggested that Cbl was simply not required for BimEL degradation. To address
these possibilities we examined the turnover of BimEL in Cbl-deficient cells, again testing the
simple prediction that if Cbl was acting as the relevant E3 ubiquitin ligase, then turnover of
BimEL should be compromised in the absence of Cbl. We examined the growth factorstimulated turnover of BimEL in immortalized MEFs (iMEFs) from c-Cbl-/- mice [29,30],
making comparisons with Cbl-/- iMEFs that had been reconstituted with wild type HA-Cbl.
As a primary observation, we noted that the basal level of BimEL was actually 1.51±0.32 (mean
± s.d, n=3 experiments) fold higher in the Cbl-/-+HA-Cbl iMEFs compared to the Cbl-/- iMEFs
(Figure 4A, t=0 in both cell lines), the opposite of what one might expect if Cbl was promoting
BimEL turnover. This did however correlate with a slight reduction in the basal level of PERK1/2 in the +HA-Cbl iMEFs (Figure 4A). We then serum starved iMEFs overnight to
increase the amount of endogenous BimEL and re-stimulated them with FBS in the presence
of emetine to measure turnover of the pre-existing BimEL. FBS promoted the phosphorylation
and turnover of BimEL and these responses were virtually identical in the Cbl-/- and Cbl-/+HA-Cbl iMEFs (Figure 4A). Indeed, when we quantified BimEL turnover from three
independent experiments we found there was no significant difference between the turnover
of BimEL in the presence or absence of Cbl (Figure 4B, p>0.05 at all time points). These results
indicate that Cbl is not required for the growth factor-dependent turnover of BimEL.
One explanation for these results is that the absence of Cbl revealed the existence of an
alternative non-proteasomal pathway for BimEL degradation. To address this directly, serum
starved Cbl-/- iMEFs were re-stimulated with FBS and emetine in the presence or absence of
MG132 (Figure 4C). MG132 had no effect on the activation of ERK1/2 or the phosphorylation
of BimEL but inhibited the FBS-dependent degradation of BimEL, suggesting that turnover of
BimEL in the Cbl-/- MEFS does indeed proceed via the proteasome. The same results were
obtained in the +HA-Cbl MEFs (data not shown). In addition, the primary signal for
degradation of BimEL in the c-Cbl-/- iMEFs was the ERK1/2 pathway, since the MEK1/2
inhibitor AZD6244 prevented BimEL phosphorylation and degradation of BimEL. Taken
together, these results indicate that the turnover of BimEL in iMEFs and HEK293 cells proceeds
through the same ERK1/2- and proteasome-dependent pathway that has been described in a
variety of other cell systems [9,14,16-19] and this does not require Cbl.
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4. Discussion
Bim is involved in promoting apoptosis in response to a variety of insults including withdrawal
of survival factors and is of interest because it plays important roles in regulating cell death in
the immune system [6] and CNS [7]. In addition, Bim exhibits many of the properties expected
of a tumour suppressor gene; loss of Bim accelerates tumour development in a mouse model
of Myc-induced leukaemia [32], and up to 17% of human mantle cell lymphomas exhibit loss
of the Bim locus [33]. Thus, cellular mechanisms that antagonise Bim function or expression
are of great interest. Indeed, Bim transcription is negatively regulated by the PKB-dependent
phosphorylation and inhibition of FOXO3A [10,12], whilst ERK1/2 activation can also repress
Bim mRNA levels [11]. BimEL, the most abundant Bim splice variant, is phosphorylated by
ERK1/2 at Ser residues, including Ser65 (Ser69 in human), and this promotes BimEL
ubiquitination and proteasomal degradation [16-19]. By targeting BimEL for destruction, the
E3 ligase responsible for ubiquitination of BimEL will promote cell survival and could therefore
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be considered a candidate oncogene. In this sense the suggestion that Cbl is the E3 Ub ligase
for BimEL [22] is attractive since c-Cbl is known to be a proto-oncogene [34]. However,
consideration of this proposal raises some fundamental questions, which we have sought to
address here.
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The first of these relates to the role of phosphorylation in BimEL turnover. The role of Cbl
proteins as E3 Ub ligases and adaptor proteins has been extensively studied and to date over
150 proteins are known to interact with Cbl [26]. Cbl regulates the endocytosis of receptor and
non-receptor tyrosine kinases and interacts with such tyrosine-phosphoproteins via its Nterminal phospho-tyrosine recognition domain, the so-called tyrosine kinase-binding (TKB)
domain [24]. By analogy with other Cbl substrates, a role for Cbl in BimEL degradation
suggested that BimEL might be regulated by tyrosine phosphorylation. In addition, since
BimEL is targeted for proteasomal degradation by ERK1/2-catalysed serine phosphorylation
[16-19], this raised the possibility that BimEL ubiquitination might require coincident serine
and tyrosine phosphorylation. We tested this hypothesis directly using anti-phosphotyrosine
antibodies but failed to detect any tyrosine phosphorylation of BimEL, following activation of
ΔRaf-1:ER* or stimulation with EGF; two treatments which promote the ERK1/2-dependent
degradation of BimEL. Furthermore, treatment of cells with pervanadate caused a global
increase in cellular tyrosine phosphorylation but again failed to promote tyrosine
phosphorylation of BimEL. Finally, a ΔTyr mutant of BimEL, lacking all tyrosine residues,
expressed normally, underwent ERK1/2-dependent phosphorylation in cells and turned over
at the same rate as wild type BimEL. These results show that BimEL is not phosphoryated upon
tyrosine residues, consistent with a previous study that found BimEL to be exclusively
phosphorylated at serine/threonine residues upon phospho-amino acid analysis [35]. More
importantly, the results show that tyrosine phosphorylation is not required for BimEL turnover.
The second key question related to the physical association between BimEL and Cbl. If Cbl
served as the relevant E3 ligase then it should associate with BimEL. Proteins that interact with
Cbl have been identified by immunoprecipitation and pull-down assays [26]. Whilst many such
interactions are phosphotyrosine-dependent, there are examples where Cbl substrates interact
in manner independent of the Cbl TKB domain. For example, the TKB domain of Cbl is not
required for interaction with the Src-family protein kinase Fyn, which rather takes place
through an interaction between the SH3 domain of Fyn and the proline-rich region of Cbl
[29]. Thus it seemed likely that Cbl would interact with BimEL in a non-phosphotyrosinedependent fashion. However, we failed to detect binding between Myc-Cbl and HA-BimEL,
even when both proteins were over-expressed and cells were treated with the proteasome
inhibitor MG132, conditions that would tend to favour such associations.
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The final prediction we tested was the requirement for Cbl in turnover of BimEL. Whilst our
failure to show an association between BimEL and Cbl suggested that the effect of Cbl on the
proteasomal turnover of BimEL was indirect, we would still expect BimEL to accumulate in
the absence of Cbl if Cbl was indeed a negative regulator of BimEL. However, BimEL turnover
proceeded normally in the presence or absence of Cbl. There are several potential explanations
for this result. The first is that BimEL degradation proceeds through an alternative nonproteasomal pathway in the absence of Cbl. However, we found that BimEL was degraded by
the same ERK1/2-dependent and proteasome-dependent pathway in Cbl-/- iMEFs as has been
described in many other cell types. A second explanation is that Cbl is just one E3 ligase capable
of targeting BimEL for destruction. For example, different BimEL E3 ligases may have distinct
tissue distributions so that Cbl is important in osteoclasts [22] but is not the relevant E3 in
fibroblasts (iMEFs) or epithelial cells (HEK293s). However, it is worth noting that even in
osteoclasts the loss of Cbl caused only a very modest reduction in BimEL turnover [22]
suggesting a relatively minor role for Cbl. In addition to cell type specificity, Cbl may be
important in mediating turnover of BimEL in response to other, ERK1/2-independent pathways.
Cell Signal. Author manuscript; available in PMC 2009 July 9.
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However, to date only the RAF-MEK-ERK1/2 pathway has been shown to be involved in
BimEL turnover so the significance of any alternative pathway is at best a matter of conjecture.
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It is worth noting that several studies have shown that loss of Cbl causes enhanced activation
of various receptor and non-receptor tyrosine kinases, resulting in enhanced downstream
signalling to ERK1/2 and other effector pathways [36,37]. This includes the EGF receptor
(EGFR/ErbB1), whose ligand-induced down-regulation requires Cbl [30]. Thus, the decrease
in basal P-ERK1/2 and the increase in basal BimEL that we observed upon re-expression of
HA-Cbl in Cbl-/- iMEFs (Figure 4) may reflect the re-imposition of negative regulation of such
tyrosine kinases when Cbl is re-expressed. In this sense, there may be role for Cbl in the
regulation of BimEL expression but this may be as an indirect positive regulator rather than a
direct negative regulator.

5. Conclusion
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In summary, we find no evidence to support a role for Cbl in mediating the growth factorinducible, ERK1/2-dependent degradation of BimEL in fibroblasts and HEK293 epithelial
cells; a role for Cbl may be confined to certain specific cell types or stimuli. We believe the
identity of the E3 ubiquitin ligase responsible for the ERK1/2-dependent proteasomal
degradation of BimEL is still unknown. It has long been recognised that the ability to target
and modulate the activity of the proteasome may prove therapeutically useful [38]. Proteasome
inhibitors have been shown to induce apoptosis and have anti-tumour effects in vivo, with
malignant cells showing greater sensitivity [39] so the ability to inhibit the proteasome and
promote apoptosis may provide an effective anti-cancer strategy. In tumours where the
initiation of apoptosis is dependent on Bim, the ability to modulate levels of this protein could
be of benefit. For example, it has been shown that Bim expression is required for cooperative
cell killing and tumour regression in response to combined treatment with paclitaxel and
proteasome inhibitors [40]. Consequently, the identification of the E3 ligase responsible for
the degradation of BimEL is not only of academic interest, but may also prove useful in the
development of new therapeutics for certain cancers.
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Bim
Bcl-2-interacting mediator of cell death
BOP
BH3-only protein
Cbl
Casitas B-lineage lymphoma oncogene
EGF
Epidermal growth factor
ERK1/2
extracellular signal-regulated protein kinases 1 & 2
iMEF
immortalized mouse embryo fibroblast
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JNK
c-Jun N-terminal kinase
MEK
MAPK or ERK Kinase
PKB
protein kinase B
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Figure 1. BimEL does not undergo tyrosine phosphorylation under conditions known to target it
for degradation

HR1 cells were transfected with plasmids encoding HA-BimEL or empty vector. After 16 hours,
cells were serum starved for 30 minutes and then stimulated with 100nM 4-hydroxytamoxifen
(4-HT) for 1 hour or 10nM EGF for 5 minutes (A) or pervanadate (see materials and methods)
for 10 minutes (B). Whole cell extracts were then prepared, normalised for protein content,
and boiled directly (input) or used for immunoprecipitation of HA-BimEL. Input and IP samples
were then immunoblotted with antibodies to anti-phosphotyrosine, Bim, HA (Bim), P-ERK1/2
and ERK1/2. Input lysates were included with the IP samples to act as a positive control for
the anti-phosphotyrosine immunoblot. Note: the arrow in (A) & (B) indicates the position at
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which Bim resolves and would appear if it reacted with the anti-P-Tyr antibody. (C)
Phosphorylation of BimEL after treatment with 4-HT or pervanadate is ERK1/2 dependent.
HR1 cells were transfected with HA-BimEL for 16 hours, then switched to serum free medium
± 20μM UO126 or 10μM AZD6244. Cells were stimulated with 100nM 4-HT for 1 hour or
pervanadate for 10 minutes (see materials and methods) and whole cell extracts prepared for
immunoblot analysis using antibodies to HA (Bim), P-ERK1/2 and ERK1/2. Results are from
single representative experiments; similar results were obtained in a total of three experiments.
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Figure 2. Mutation of all four tyrosine residues does not affect the ability of BimEL to undergo
ERK1/2-dependent phosphorylation and degradation

(A) HR1 cells were transfected with HA-BimEL, HA-BimELΔTyr or empty vector (EV) for 16
hours. Cells were then serum starved for 30 minutes in the presence of MG132 and
subsequently treated with pervanadate for 10 minutes (see materials and methods). Whole cell
extracts were then prepared, normalised for protein content, and boiled directly (input) or used
for immunoprecipitaion of HA-BimEL. Input and IP samples were then immunoblotted with
antibodies to anti-phosphotyrosine, Bim, HA (Bim), P-ERK1/2 and ERK1/2. Input lysates
were included with the IP samples to act as a positive control for the anti-phosphotyrosine
immunoblot. Note: the arrow in (A) indicates the position at which Bim resolves and would
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appear if it reacted with the anti-P-Tyr antibody. (B) HR1 cells were transfected with HABimEL or HA-BimELΔTyr for 16 hours, then switched to serum free medium in the presence
of emetine for a 30 minute pre-treatments. Cells were then stimulated with 100nM 4-HT for
2, 4 or 8 hours after which whole cell lysates were prepared for immunoblot analysis using
antibodies to HA (Bim), P-ERK1/2 and ERK1/2.
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Figure 3. BimEL and Cbl fail to associate under conditions that target BimEL for degradation

Cycling HR1 cells were transfected with HA-BimEL and Myc-c-Cbl and 16 hours later
switched to serum free media with or without MG132 for 30 minutes. Cells were then treated
for 1 hour with 100nM 4-hydroxytamoxifen (4-HT) or for 10 minutes with pervanadate. Whole
cell extracts were used for immunoprecipitation of BimEL and input and IP samples were then
fractionated by SDS-PAGE and immunoblotted with antibodies to HA, Myc (Cbl), Cbl,
ERK1/2 and P-ERK1/2. Input lysates were included with the IP samples to act as a positive
control for the immunoblot and to highlight where c-Cbl would run (indicated by the arrow).
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Figure 4. ERK1/2-dependent BimEL turnover proceeds normally in the presence or absence of Cbl

(A) Cycling c-Cbl-/- and c-Cbl-/- HA-c-Cbl reconstituted iMEFs were serum starved overnight
to elevate levels of BimEL. Cells were then pre-treated with emetine for 30 minutes before
being stimulated with FBS and harvested after 2, 4 or 8 hours. Whole cell extracts were
prepared, normalised for protein content and boiled directly in sample buffer. Lysates were
fractionated by SDS-PAGE and immunoblotted with antobodies to Bim, Cbl, P-ERK1/2 and
ERK1/2, in which ERK1/2 served as a loading control. The immunoblots shown are from a
single experiment representative of three giving identical results. (B) The amount of BimEL in
the lysates relative to the ERK1/2 loading control was quantified by densitometric analysis.
Data from three independent experiments was combined and plotted, confirming that the
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turnover of BimEL in the c-Cbl-/- MEFs did not differ significantly from that in the HA-c-Cbl
addback cell line. (C) Cycling c-Cbl-/- iMEFs were serum starved overnight to elevate levels
of BimEL. Cells were then pre-treated with emetine and MG132 for 30 minutes before being
treated with FBS and harvested at set time intervals. (D) Cycling c-Cbl-/- were serum starved
overnight to elevate levels of BimEL. Cells were then pre-treated with emetine and AZD6244
for 30 minutes before harvested at set time intervals. In both (C) & (D) whole cell extracts
were prepared, normalised for protein content and boiled directly in sample buffer. Lysates
were fractionated by SDS-PAGE and immunoblotted with antibodies to Bim, P-ERK1/2 and
ERK1/2, the latter serving as a loading control. Results are taken from a single representative
experiment; similar results were obtained in three experiments.
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