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Abstract
We have previously observed that TRAIL (tumor necrosis factor-related apoptosis-inducing ligand)
induces acquired TRAIL resistance by increasing Akt phosphorylation and Bcl-xL expression. In
this study, we report that Src, c-Cbl, and PI3K are involved in the phosphorylation of Akt during
TRAIL treatment. Data from immunoprecipitation and immunblotting assay reveal that Src interacts
with c-Cbl and PI3K. Data from immune complex kinase assay demonstrate that Src can directly
phosphorylate c-Cbl and PI3K p85 subunit protein. Data from gene knockdown experiments with
an RNA interference (RNAi) technique show that c-Cbl is involved in the interaction between Src
and PI3K p85 during TRAIL treatment, playing an important role in TRAIL-induced Akt
phosphorylation. Taken together, c-Cbl may act as a mediator to regulate the Src-PI3K-Akt signal
transduction pathway during TRAIL treatment.
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1. Introduction
TRAIL (tumor necrosis factor-related apoptosis-inducing ligand) is a type II integral membrane
protein belonging to the TNF family. Like Fas ligand (FasL) and TNF-α, the c-terminal
extracellular region of TRAIL (amino acids 114-281) exhibits a homotrimeric subunit structure
[1]. However, unlike FasL and TNF-α, TRAIL induces apoptosis in a variety of tumor cell
lines more efficiently than in normal cells [2]. The apoptotic signal of TRAIL is transduced by
binding to the death receptors TRAIL-R1 (DR4) and TRAIL-R2 (DR5), which are members
of the TNF receptor superfamily. Ligation of TRAIL to its receptors results in trimerization of
the receptor and clustering of the receptor’s intracellular death domain (DD), leading to the
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formation of the death-inducing signaling complex (DISC). Trimerization of the receptors
leads to the recruitment of an adaptor molecule, Fas-associated death domain (FADD), and
subsequent binding and activation of caspase-8 and -10. Activated caspase-8 and -10 then
cleave caspase-3, which in turn leads to cleavage of the death substrate. Despite TRAIL’s
potential as an anticancer agent both in vitro and in vivo, some cancer cells that were originally
sensitive to TRAIL-induced apoptosis can become resistant after repeated exposure (acquired
resistance) [3,4], suggesting that the physiological role of TRAIL is more complex than merely
activating caspase-dependent apoptosis of cancer cells [5]. For example, it was reported that
TRAIL stimulated the anti-apoptotic PI3K/Akt pathway in endothelial cells [5.6] and fibroblast
cells [7] as well as that TRAIL induced PI3K/Akt and NF-κB activation in Jurkat T leukemia
cells [8]. These results imply that, depending on circumstances, TRAIL can function as a
cytokine of either cell death or cell survival, similar to NF-κB [9]. In the pathway of cell
survival, Akt has been known to be activated by phosphorylation at threonine 308 and serine
473 in response to various growth factors through a pathway that requires PI3K-dependent
generation of PI(3,4,5)P3 [10]. PIP3 facilitates the recruitment of Akt to the plasma membrane
through binding with the pleckstrin homology (PH) domain of Akt. At the plasma membrane,
Akt is activated by phosphoinositide-dependent kinase-1 (PDK-1) at threonine 308 and
becomes fully activated after phosphorylation within the carboxy-terminus at serine 473 [11,
12].

Previously, we reported that DU-145 prostate cancer cells develop acquired TRAIL resistance
after TRAIL treatment, and that phosphorylated Akt (pAkt) and its downstream member Bcl-
xL are involved in the process of acquired resistance [4]. However, how Akt phosphorylation
is increased during development of acquisition of TRAIL resistance has not yet been clearly
understood. The main point is that, as stated by Trauzold [13], TRAIL and TRAIL death
receptors do not only stimulate apoptosis but also engage non-apoptotic signaling pathways
leading to activation of survival-related signals. One of the well known nondeath signaling
pathways induced by TRAIL is through TNF receptor-associated protein with death domain
(TRADD), receptor-interacting protein (RIP) and TNF receptor-associated factor 2 (TRAF2)
[14], which are nondeath signaling modulatory adaptors that interact with the ligand’s
homotrimerized receptors, and lead to the activation of kinase cascades resulting in activation
of NF-κB and the mitogen-activated protein kinases [15]. However, activation of Akt, upstream
of NF-κB [16,17], has not been well defined.

Recently, we observed that acquired TRAIL resistance is developed through degradation of
TRAIL receptors as well as increased Bcl-xL expression, demonstrating that degradation of
TRAIL receptors is mediated by c-Cbl (Casitas B-lineage lymphoma) during TRAIL treatment
[4,18]. However, the mechanism of increased Akt phosphorylation during TRAIL treatment
which is another cause of acquired resistance has not yet been clearly explained. Here, we
demonstrate that c-Cbl is also responsible for TRAIL-induced Akt phosphorylation through
Src-PI3K activation. Src is activated during TRAIL treatment, followed by phosphorylation
of PI3K and c-Cbl. c-Cbl may acts as a scaffolding molecule for phosphorylation of PI3K by
Src.

We recently observed that c-Cbl functions in the degradation of TRAIL receptors as an E3
ligase [18]. In addition to this E3 ligase activity, many cellular events mediated or regulated
by c-Cbl protein are dependent on its adaptor functions, suggesting c-Cbl’s diverse and
sometimes opposing roles in the regulation of signal transduction in response to different
stimulation [19]. For example, association of the distal proline-rich sequences of c-Cbl and the
SH3 domain of the p85 subunit of PI3 kinase is responsible for the activation of PI3-kinase by
EGF stimulation [20-22[.
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In this paper we demonstrate that c-Cbl plays an important role in the TRAIL-induced
activation of the Src-PI3K-Akt signal transduction pathway.

2. Materials and Methods
2.1. Cell culture and survival assay

Human prostate adenocarcinoma DU-145 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum (FBS) (HyClone, Logan, UT, USA) and 26
mM sodium bicarbonate for monolayer cell culture. The cells were maintained in a humidified
atmosphere containing 5% CO2 and air at 37°C.

2.2. Reagents and antibodies
Anti-caspase 8, anti-phosphoS473-Akt, anti-Akt, anti-phosphoTyr416-Src, anti-Src, anti-
phosphoTyr731-c-Cbl, and anti-c-Cbl were purchased from Cell Signaling (Beverly, MA,
USA). Anti-phosphoTyr508 PI3K p85, anti-PI3K p85, anti-Src antibody, and protein G and
protein A-agarose were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
PP-2 was purchased from Calbiochem (San Diego, CA, USA). Anti-actin was purchased from
ICN (Costa Mesa, CA, USA), and other chemicals were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Monoclonal anti-PARP was purchased from Biomol International, L.P.
(Plymouth Meeting, PA, USA). Monoclonal anti-HA (clone 3F10) was purchased from Roche
Applied Science (Indianapolis, IN, USA). Monoclonal anti-actin was purchased from ICN
(Costa Mesa, CA, USA).

2.3. RNA interference by siRNA c-Cbl or by siRNA caspase-8
To construct siRNA of c-Cbl, pSilencer 2.1-U6 hygro vector (Ambion, Inc., Austin, TX, USA)
was used for expressing siRNA for c-Cbl. The insert for hairpin siRNA into pSilencer was
prepared by annealing two oligonucleotides. For human c-Cbl siRNA, the top strand sequence
was 5′-
GATCCGATGGAGACACTTGGAGAATTCAAGAGATTCTCCAAGTGTCTCCATCTT
TTTTGGAAA-3′, and the bottom strand sequence was 5′-
AGCTTTTCCAAAAAAGATGGAGACACTTGGAGAATCTCTTGAATTCTCCAAGTG
TCTCCATCG-3′. The annealed insert was cloned into pSilencer 2.1-U6 hygro digested with
BamH I and Hind III. The correct structure of pSilencer 2.1-U6 hygro-c-Cbl was confirmed
by nucleotide sequencing. The resultant plasmid, pSilencer-c-Cbl, was transfected into DU-145
cells. The interference of c-Cbl protein expression was confirmed by immunoblot using anti-
c-Cbl antibody (Cell Signaling). To construct siRNA of caspase-8, we used the same methods
described previously for si c-Cbl except the insert for hairpin siRNA into pSilencer. For human
caspase-8 siRNA, the top strand sequence was 5′-
GATCCAGGGAACTTCAGACACCAGTTCAAGAGACTGGTGTCTGAAGTTCCCTTT
TTTTGGAAA-3′, and the bottom strand sequence was 5′-
AGCTTTTCCAAAAAAAGGGAACTTCAGACACCAGTCTCTTGAACTGGTGTCTGA
AG TTCCCTG-3′ was used for annealing.

2.4. Protein extracts and polyacrylamide gel electrophoresis
Cells were lysed with 1 × Laemmli lysis buffer (2 % sodium dodecyl sulfate, 10 % glycerol,
0.002 % bromophenol blue, 62.5 mM Tris, pH 6.8) and boiled for 10 min. Protein content was
measured with BCA Protein Assay Reagent (Pierce, Rockford, IL, USA). The samples were
diluted with 1 × lysis buffer and β-mercaptoethanol was added to be 350 mM, then equal
amounts of protein were loaded on 10 % or 15 % sodium dodecyl sulfate (SDS)-polyacrylamide
gels. SDS-PAGE analysis was performed according to Laemmli using a Hoefer gel apparatus.
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2.5. Immunoblot analysis
Proteins were separated by SDS-PAGE and electrophoretically transferred to nitrocellulose
membrane. The nitrocellulose membrane was blocked with 5 % nonfat dry milk in PBS-
Tween-20 (0.1 %, v/v) at 4°C overnight. The membrane was incubated with primary antibody
(diluted according to the manufacturer’s instructions) for 2 h. Horseradish peroxidase
conjugated anti-rabbit or anti-mouse IgG was used as the secondary antibody. Immunoreactive
protein was visualized by the chemiluminescence protocol (ECL, Amersham, Arlington
Heights, IL, USA).

2.6. In vivo binding
To examine the interaction between Src and c-Cbl or phosphorylated PI3K p85 and the
interaction between PI3K p85 and c-Cbl, DU-145 cells in 100-mm culture plates were treated
with TRAIL (100 ng/ml) for various times (0-4 h). For immunoprecipitation, cells were lysed
in buffer containing 150 mM NaCl, 20 mM Tris-HCl (pH 7.5), 10 mM EDTA, 1 % Triton
X-100, 1 % deoxycholate, 1 mM phenylmethylsulfonyl fluoride (PMSF), and protein inhibitor
cocktail solution (Sigma-Aldrich). The lysates were incubated with 1 μg of anti-Src or anti-
PI3K p85 for 2 h. After the addition of protein G or A agarose, the lysates were incubated for
an additional 2 h. The beads were washed three times with the lysis buffer, separated by SDS-
polyacrylamide gel electrophoresis (PAGE), and immunoblotted with appropriate antibodies.
The proteins were detected with the enhanced chemiluminescence reaction.

2.7. Immune complex kinase assay
For the immune complex kinase assay, DU-145 cells in 100-mm culture plates were treated
with TRAIL (100 ng/ml) for various times (0-4 h). For immunoprecipitation, DU-145 cells
were lysed in a buffer solution containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM
EGTA, 10 mM NaF, 1% Triton X-100, 0.5 % deoxycholate, 2 mM DTT, 1 mM sodium
orthovanadate, 1mM PMSF and protein inhibitor cocktail solution (Sigma-Aldrich). Cell
extracts were clarified by centrifugation, and the supernatants were immunoprecipitated with
1 μg of anti-Src antibody by incubating for 2 h. After the addition of protein A-agarose (Santa
Cruz Biotechnology), the lysates were incubated for an additional 2 h. The beads were washed
twice with a solution containing 150 mM NaCl, 20 mM Tris-HCl (pH 7.5), 5 mM EGTA, 2
mM DTT, 1 mM sodium orthovanadate, 1 mM PMSF and protein inhibitor cocktail solution,
and washed once with the kinase buffer solution, and then they were subjected to kinase assays.
1 μg of PI3K (p110β/p85α) human recombinant protein (Calbiochem) was incubated with
immunoprecipitated Src in kinase buffer containing 20 mM Tris-HCl (pH 7.5), 20 mM
MgCl2, 1 mM sodium orthovanadate, 2 mM DTT, and 20 μM ATP at 30 °C for 1 h. Finally,
the reaction was stopped by adding 2X Laemmli buffer. Phosphorylated proteins were resolved
by SDS-PAGE and analyzed by phospho-PI3K p85 antibody.

For the purification of soluble c-Cbl fragment containing the 731 phosphorylation site, carboxy
(from 691 a.a. to end) domain of c-Cbl digested with BamHI/XhoI was subcloned into the
BamHI/XhoI site of pGEX4T-1 after PCR of cytoplasmic domain of c-Cbl. The sense primer
was 5′-GCTCGGATCCCAATGTGAGGGTGAAGAGGAC-3′, and the antisense primer was
5′-CAGTCTCGAGCTAGGTAGCTACATGGGCAGG-3′. pGEX-4T-1/c-Cbl was
transformed into JM109, and expression of c-Cbl corresponding to cytoplasmic domain was
purified by using glutathione-Sepharose 4B (Amersham Biosciences). To examine whether
the Src phosphorylates the c-Cbl at the 731 tyrosine site, 1 μg of purified GST-c-Cbl fragment
protein was used as a substrate of Src for in vitro kinase assay. The kinase assay was performed
according to the procedure as described for Src-PI3K p85.
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3. Results
3.1. Akt and Src phosphorylation during TRAIL treatment

We previously reported that acquired TRAIL resistance is developed by multimode such as
increasing Akt phosphorylation and Bcl-xL expression [4]. It is well known that Bcl-xL
expression is upregulated by activated (phosphorylated) Akt [23]. However, the remaining
question is how TRAIL treatment increases phosphorylation of Akt. In this study, we
hypothesized that Src, one of the non receptor tyrosine kinase, is responsible for Akt
phosphorylation during TRAIL treatment. To examine this possibility, cells were treated with
100 ng/ml TRAIL for various times (0-4 h) and then analyzed. As shown in Fig. 1, Akt and
Src phosphorylation as well as PARP and caspase 8 cleavage, hallmarks for apoptosis, were
increased during TRAIL treatment.

3.2. Src as an upstream kinase responsible for Akt phosphorylation during TRAIL treatment
To investigate whether Src activation is responsible for Akt phosphorylation during TRAIL
treatment, PP2 (4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine), a potent
and selective inhibitor of the Src-family tyrosine kinase, was used. As shown in Fig 2A, Akt
phosphorylation induced by TRAIL treatment was markedly suppressed by pretreatment with
PP2. These results suggest that Src is an upstream kinase responsible for Akt phosphorylation.
Interestingly, TRAIL-induced PARP cleavage was increased in PP2-pretreated cells. Similar
results were observed by morphological feature studies (Fig. 2B) and cell survival
determinations (Fig. 2C). These results suggest that inhibition of TRAIL-induced Akt
phosphorylation promotes TRAIL-induced cytotoxicity. We further examined the effect of PP2
on PI3K and c-Cbl which are known to be substrates of Src [24,25]. Figure 3 shows that TRAIL-
induced phosphorylation of both PI3K and c-Cbl was inhibited in the presence of PP2.

3.3. Involvement of c-Cbl in TRAIL-induced Akt phosphorylation
c-Cbl protein is a multi-functional adaptor protein. Recently, we have shown that the c-Cbl
molecule mediates the degradation of TRAIL receptors DR4 and DR5 as an E3 ligase
(submitted). Among its many structural domains, c-Cbl protein also has a PI3K p85 binding
site. It is known that PI3K p85 binds to c-Cbl after phosphorylation at the 731 site of c-Cbl.
To examine whether c-Cbl is involved in the phosphorylation of Akt, an RNA interference
(RNAi) technique was employed to suppress endogenous c-Cbl gene expression. DU-145 cells
were stably transfected with either pSilencer sham vector (Si neg) or pSilencer vector
containing c-Cbl siRNA (Si c-Cbl). Stably transfected clones were pooled and the gene
silencing effect was assessed by measuring the endogenous level of c-Cbl (Fig. 4A).
Interestingly, figure 4B shows that a pool of si c-Cbl clones in comparison to pSilencer control
plasmid transfectant was more sensitive to TRAIL cytotoxicity. TRAIL-induced
morphological alterations, cell death, and proteolytic PARP cleavage were increased in the
pool of si c-Cbl clones. To investigate the role of c-Cbl in TRAIL-induced Akt phosphorylation,
Si c-Cbl transfectants were treated with 10 ng/ml TRAIL, which is the isosurvival dose to 100
ng/ml TRAIL treated control Si neg cells. Figure 4A clearly shows that knockdown of c-Cbl
expression led to inhibition of Akt phosphorylation during TRAIL treatment. A question, which
has been unanswered, is how c-Cbl is involved in the phosphorylation of Akt. As described
above, phosphorylation of Tyr-731 residue of c-Cbl is essential for c-Cbl-PI3K p85 interaction.
We hypothesized that phosphorylation of Tyr-731 residue is required for the downstream
phosphorylation of Akt. To test this possibility, Tyr-731 was replaced with phenylalanine
(Y731F) by employing site-directed mutagenesis techniques. Figure 4C shows that
overexpression of mutant-type c-Cbl (Y731F) suppressed Akt phosphorylation during
treatment with 200 ng/ml TRAIL. We further examined whether these observations are
consistent in challenged TRAIL treatment. For this study, cells were treated with 200 ng/ml
TRAIL for 4 h and incubated for various times (0-24 h) before being challenged to 200 ng/ml
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TRAIL for 4 h. Data from western blot analysis show that overexpression of mutant-type c-
Cbl (Y731F) effectively suppressed Akt phosphorylation (Fig. 4C). However, data from
survival assay and PARP cleavage assay show that acquired TRAIL resistance development
was partially suppressed by overexpression of mutant-type c-Cbl (Y731F) (Fig. 4C). These
results suggest that phosphorylation of Akt contributes to, but is not essential for, the
development of acquired TRAIL resistance.

3.4. Src acts as a direct kinase to phosphorylate Cbl during TRAIL treatment
Odai et al. [26] reported an interaction between c-Cbl and v-Src during epidermal growth factor
treatment in v-Src-transformed fibroblasts. We further investigated whether Src is responsible
for phosphorylation of c-Cbl. As a first step, we examined whether Src interacts with c-Cbl
during TRAIL treatment. Cells were treated with 100 ng/ml TRAIL for various times (0-4 h)
and the interaction between Src and c-Cbl was examined by immunoprecipitation. Figure 5A
shows that Src interacted with c-Cbl during TRAIL treatment. Next, we investigated whether
Src directly phosphorylates c-Cbl. For this study, immune complex kinase assay was perfomed.
GST-tagged fusion carboxy domain of c-Cbl (GST-c-Cbl-C) was used as a substrate of Src.
Figure 5B shows that phosphorylation of Tyr-731 residue of c-Cbl by Src was increased during
TRAIL treatment. These data suggest that Src directly phosphorylates c-Cbl during TRAIL
treatment.

3.5. c-Cbl acts as a mediator of Src-induced PI3K p85 phosphorylation during TRAIL
treatment

To investigate the role of c-Cbl in the Src-PI3K-Akt signal transduction pathway, we
systematically analyzed the involvement of c-Cbl in Src-induced PI3K phosphorylation. First,
we examined phosphorylation of PI3K during TRAIL treatment. It is well known that PI3K
consists of a regulatory subunit (p85) which binds to an activated growth factor/cytokine
receptor and undergoes phosphorylation. Phosphorylation of p85 subunit results in the
activation of its catalytic subunit (P110) [27]. Figure 6A shows that Tyr-508 residue of PI3K
p85 was phosphorylated during treatment with 100 ng/ml TRAIL. Next, we examined whether
phosphorylated PI3K p85 interacts with Src. For this study, cells were treated with 100 ng/ml
TRAIL for various times (0-4 h) and the interaction between the two molecules was examined
by immunoprecipitation. Figure 6B shows that Src associated with PI3K p85 during TRAIL
treatment. We further examined whether Src directly phosphorylates PI3K by using immune
complex kinase assay. Src was immunoprecipitated from TRAIL treated cells and its kinase
activity was determined by incubation with purified PI3K p110/p85α protein. Figure 6C shows
that Src directly phosphorylated PI3K p85 during TRAIL treatment. Our studies reveal that
Src interacts with both c-Cbl and PI3K p85. A question, which remains unanswered, is how
c-Cbl is involved in the phosphorylation of PI3K p85. We hypothesized that c-Cbl interacts
with PI3K p85 and mediates the interaction between Src and PI3K p85. To test this possibility,
we examined the interaction between c-Cbl and PI3K p85 by immunoprecipitation assay.
Figure 7A demonstrates that c-Cbl associated with PI3K p85 during TRAIL treatment. Next,
we investigated the role of c-Cbl in the interaction of PI3K p85 by Src during TRAIL treatment.
For this study, we attempted to silence c-Cbl expression by using siRNA technique. Cells were
stably transfected with either pSilencer control plasmid (Si neg) or pSilencer-sic-Cbl vector
(Si c-Cbl). We pooled stable transfectants for further studies (Fig. 7B). Figure 7B shows that
the expression of c-Cbl was effectively suppressed in the Si c-Cbl transfected cells. To examine
the role of c-Cbl in the interaction between Src and PI3K p85, cells were treated with 100 ng/
ml TRAIL for 2 h and immunoprecipitated with anti-Src antibody. Figure 7B shows that
TRAIL-induced interaction between Src and p-PI3K p85 as well as PI3K p85 was suppressed
in Si c-Cbl transfected cells, but not in Si neg cells.
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Discussion
In this study we observed that Src is responsible for TRAIL-induced activation of the PI3K-
Akt signal transduction pathway. Interestingly, c-Cbl acts as a mediator in the Src-PI3K-Akt
signal transduction pathway. Previous studies have shown that c-Cbl has multiple functions in
the cells [28]. One of functions is to be involved in the degradation of TRAIL receptors [18];
c-Cbl acts as an E3 ligase and plays an important role in the development of acquired TRAIL
resistance through the degradation of TRAIL receptors, DR4 and DR5. In this study, we
observed another function of c-Cbl in the development of acquired TRAIL resistance. Namely,
c-Cbl acts as mediator in Src-induced activation of the PI3K-Akt signal transduction pathway
through regulating phosphorylation of PI3K (Figs. 6 and 7). Data from immune complex kinase
assay reveal that Src can directly phosphorylate PI3K p85 subunit protein in vitro (Fig. 6C).
However, data from c-Cbl knock down experiments suggest that c-Cbl is required for the
interaction between Src and phosphorylated PI3K p85 (Fig. 7B). Thus, our observations from
Figs. 6C and 7B are somewhat contradictory. We can speculate that this discrepancy is a result
of differences in analytical methods (immune complex kinase assay vs immunoprecipitation
assay). In in vitro kinase assay, we added excess amounts of PI3K as substrate which may
allow Src and PI3K to interact in a cell-free system. However, in in vivo condition, c-Cbl might
act as a typical scaffold protein for Src and PI3K p85, increasing their chance of interaction in
the cytoplasm. Phosphorylation at 731 tyrosine site of c-Cbl by Src kinase during TRAIL
treatment may lead to conformational alteration. Phosphorylated c-Cbl would be able to easily
recruit the PI3K p85 [28] to Src and then PI3K p85 would be phosphorylated by Src
subsequently. Indeed, previous studies reveal that c-Cbl can serve as an enhancer of
proliferation and survival through the PI3K-dependent pathway after cytokine treatment [29].

A fundamental question, which needs to be answered, is how Src is activated during TRAIL
treatment. We previously reported that caspases (-3, -7, and -8) are involved in TRAIL-induced
activation of the MAPK superfamily through cleavage of Mst1 (mammalian sterile 20-like
kinase 1) kinase [30]. It is possible that activated caspase 8 also plays an important role in the
phosphorylation of Src. We examined this possibility by employing an RNA interference
(RNAi) technique to suppress endogenous caspase 8 gene expression. Knockdown of caspase
8 expression does not block the activation of Src and Akt during TRAIL treatment (data not
shown). Thus, we ruled out the possibility of involvement of caspase 8 in the activation of Src
and Akt during TRAIL treatment. Another possibility is that TRAIL receptors are directly/
indirectly involved in activation of Src. It is well known that Src kinase is activated by receptor
tyrosine kinases such as EGFR [28,31-34]. In many cases, Src kinase is activated by cell surface
receptors which contain relatively short cytoplasmic domains, thereby lacking intrinsic
catalytic activity [24]. The mechanism of Src activation has been explained by involvement of
TRAF6 with the SH3 domain of Src, converting Src from the autoinhibited state to an open
conformation facilitating autophosphorylation [24]. Thereby, Src can act like a catalytic
domain of receptors by binding to its receptors. TRAIL receptors such as DR4 and DR5 are
not exceptional. In vitro kinase activity of DR4 and DR5 tested with GST-Src (Jena Bioscience,
Axxora, LLC, San Diego, CA, USA) was not detected during TRAIL treatment (data not
shown), suggesting that DR4 and DR5 do not have their own kinase activity. Recent studies
reveal that TRAF6 acts as an E3 ligase and regulates Akt ubiquitination, membrane
recruitment, and phosphorylation during treatment with growth factor [35]. However, unlike
growth factor, TRAIL does not induce ubiquitination of Akt (data not shown). Currently, we
can only speculate that an adaptor or adaptors is/are present. These molecules may mediate
interaction between TRAIL receptors and Src. Obviously, further studies are necessary to
understand the mechanism of activation of Src during TRAIL treatment. Our model will
provide a framework for future studies.
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c-Cbl Casitas B-lineage lymphoma

DD death domain

DISC death-inducing signaling complex

DMEM Dulbecco’s modified Eagle’s medium

DR4 TRAIL-R1

DR5 TRAIL-R2

DTT dithiothreitol

EGF epidermal growth factor

EGFR EGF receptor

EGTA ethylene glycol tetraacetic acid

FADD Fas-associated death domain

FasL Fas/APO-1 ligand

FBS fetal bovine serum

GST glutathione-S transferase

PAGE polyacrylamide gel electrophoresis

PARP poly (ADP-ribose) polymerase

PBS phosphate-buffered saline

PCR polymerase chain reaction

PDK-1 phosphoinositide-dependent kinase-1

PH pleckstrin homology

PMSF phenylmethylsulfonyl fluoride

PP2 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine

RIP receptor-interacting protein

RNAi RNA interference

SDS sodium dodecyl sulfate

TNF tumor necrosis factor

TRADD TNF receptor-associated protein with death domain

TRAF2 TNF receptor-associated factor 2

TRAIL tumor necrosis factor-related apoptosis-inducing ligand.
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Figure 1. TRAIL-induced Akt and Src activation
DU-145 cells were treated with 100 ng/ml TRAIL for various times (0-4 h). Cells were lysed,
and lysates were analyzed for the detection of PARP, caspase 8, phosphorylated Akt, Akt,
phosphorylated Src and Src. Actin was used to confirm the equal amount of proteins loaded in
each lane.
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Figure 2. Effect of PP2 on TRAIL-induced Akt activation and cytotoxicity
DU-145 cells were pretreated with PP2 (20 μM, 1 h) and treated with TRAIL (100 ng/ml) for
various times (0-4 h). After treatment, cells were harvested and western blot analysis was
performed for detecting PARP, phosphorylated Akt and Akt (A). Morphological features were
analyzed with a phase-contrast inverted microscope (B). Cell survival was determined by
trypan blue exclusion assay (C). DMSO: 1% dimethyl sulfoxide treated sham control. T-1,
T-2, and T-4 represent TRAIL treatment for 1 h, 2 h, and 4 h, respectively.
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Figure 3. Effect of PP2 on TRAIL-induced phosphorylation of c-Cbl and PI3k p85
DU-145 cells were pretreated with PP2 (20 μM, 1 h) and treated with TRAIL (100 ng/ml) for
2 h. After treatment, cells were harvested and cell lysates were subjected to immunoblotting
for phosphorylated c-Cbl, c-Cbl, phosphorylated PI3K p85, PI3K p85, phosphorylated Akt and
Akt. Actin was used to confirm the equal amount of proteins loaded in each lane.

Song et al. Page 13

Cell Signal. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Role of c-Cbl in TRAIL-induced Akt activation and acquired TRAIL resistance
development
(A) DU-145 cells were stably transfected with pSilencer control plasmid (Si neg) or pSilencer-
si c-Cbl (Si c-Cbl) plasmid. Cells were treated with isosurvival dose of TRAIL (100 ng/ml for
Si neg or 10 ng/ml for Si c-Cbl) for 4 h and cell lysates containing equal amounts of protein
(20 μg) were separated by SDS-PAGE and immunoblotted with anti-phospho Akt, anti-Akt or
anti-c-Cbl antibody. Actin was used to confirm the equal amount of proteins loaded in each
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lane. (B) Control plasmid (si neg) or a pool of pSilencer-si c-Cbl stably transfected clones (si
c-Cbl pool) were treated with TRAIL (100 ng/ml) for 4 h, and morphological features were
analyzed with a phase-contrast inverted microscope (upper panels), or cell survival and PARP
cleavage were determined by tryphan blue exclusion assay and immunoblot analysis,
respectively (lower panels). Error bars represent the S.E. from three separate experiments. Cell
lysates were subjected immunoblotting for PARP, c-Cbl or actin. (C) DU-145 cells were
transfected with plasmid containing HA-tagged wild-type c-Cbl (wild type: pSRαneo-HA-Cbl)
or mutant-type (Y731F Cbl) HA-c-Cbl cDNA. After 48 h incubation, cells were first treated
with TRAIL (100 ng/ml) for 4 h, and then detached cells were removed by washing out with
PBS. After removal of detached cells, fresh media were added onto the remaining attached
cells and cells were incubated for the time indicated (0 h, 12 h, 24 h), and then treated a second
time with TRAIL (100 ng/ml) for 4 h. Cell survival was determined by trypan blue exclusion
assay (upper panel) and cell lysates were subjected to immunoblotting for PARP, HA-Cbl or
phosphorylated Akt (lower panels). Con, untreated control cells. Error bars represent the S.E.
from three separate experiments.
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Figure 5. Interaction between Src and c-Cbl during TRAIL treatment and phosphorylation of c-
Cbl by Src
(A) DU-145 cells were treated with TRAIL (100 ng/ml) for various times (0-4 h) and lysed.
Cell lysates were immunoprecipitated with anti-Src antibody and immunoblotted with anti-c-
Cbl or anti-Src antibody (upper panels). The presence of c-Cbl in the lysates was verified by
immunoblotting (lower panels). Actin was used to confirm the equal amount of proteins loaded
in each lane. (B) DU-145 cells were treated with TRAIL (100 ng/ml) for various times (0-4 h)
and lysed. Cell lysates were immunoprecipitated with anti-Src antibody. Src catalytic activity
in in vitro was determined by using GST-carboxy Cbl protein as substrate (upper panels).
phosphorylated GST-carboxy Cbl, GST-carboxy Cbl or Src was detected with anti-phospho
Cbl , anti-Cbl, or anti-Src antibody, respectively. Cell lysates (lower panel) were
immunoblotted with anti-actin antibody.

Song et al. Page 16

Cell Signal. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Phosphorylation of PI3K p85, interaction between Src and phosphorylated PI3K p85,
and activation of Src kinase activity during TRAIL treatment
DU-145 cells were treated with TRAIL (100 ng/ml) for various times (0-4 h) and lysed. (A)
Cell lysates were immunoblotted with anti-phospho-PI3K p85 or anti-PI3K p85 antibody.
(B) Cell lysates were immunoprecipitated with anti-mouse Src antibody and immunoblotted
with anti-phospho PI3K p85 antibody or anti-rabbit Src antibody (upper panels). Cell lysates
(lower panel) were immunoblotted with anti-actin antibody. (C) Cell lysates were
immunoprecipitated with anti-Src antibody. Src catalytic activity in in vitro was determined
by using PI3K p110β/p85α protein as substrate (upper panels). Phosphorylated PI3K p85, PI3K
p85 or Src was detected with anti-phospho-PI3K p85, anti-PI3K p85, or anti-Src antibody,
respectively. Cell lysates (lower panel) were immunoblotted with anti-actin antibody.
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Figure 7. Role of c-Cbl in the interaction between Src and PI3K p85 during TRAIL treatment
(A) DU-145 cells were treated with TRAIL (100 ng/ml) for various times (0-4 h) and lysed.
Cell lysates were immunoprecipitated with anti-PI3K p85 antibody and immunoblotted with
anti-c-Cbl or anti-PI3K p85 antibody (upper panels). The presence of c-Cbl in the lysates was
verified by immunoblotting with anti-c-Cbl (lower panels). Actin was used to confirm the equal
amount of proteins loaded in each lane. (B) Control plasmid (Si neg) transfected cells and a
pool of pSilencer-si c-Cbl stably transfected clones (Si c-Cbl pool) were treated with TRAIL
(100 ng/ml) for 4 h, and cell lysates were immunoprecipitated with anti-Src antibody.
Phosphorylated PI3K p85 or Src was detected with anti-phospho PI3K p85 or anti-Src antibody,
respectively (upper panels), and cell lysates were subjected to immunoblotting for c-Cbl or
actin (lower panels).
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