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Pancreatic cancer remains a devastating malignancy with a
poor prognosis and is largely resistant to current therapies. To
understand the resistance of pancreatic tumors to Fas death
receptor-induced apoptosis, we investigated the molecular
mechanisms of Fas-activated survival signaling in pancreatic
cancer cells. We found that knockdown of the Fas-associated
protein with death domain (FADD), the adaptor that mediates
downstream signaling upon Fas activation, rendered Fas-sensi-
tive MiaPaCa-2 and BxPC-3 pancreatic cells resistant to Fas-
inducedapoptosis. By contrast, Fas activationpromoted the sur-
vival of the FADD knockdownMiaPaCa-2 and BxPC-3 cells in a
concentration-dependent manner. The pharmacological inhib-
itor of ERK, PD98059, abrogated Fas-promoted cell survival in
FADD knockdown MiaPaCa-2 and BxPC-3 cells. Furthermore,
increased phosphorylation of Src was demonstrated to mediate
Fas-induced ERK activation and cell survival. Immunoprecipi-
tation of Fas in the FADD knockdown cells identified the pres-
ence of increased calmodulin, Src, and phosphorylated Src in
the Fas-associated protein complex upon Fas activation. Trifluo-
perazine, a calmodulin antagonist, inhibited Fas-induced
recruitment of calmodulin, Src, and phosphorylated Src. Con-
sistently, trifluoperazine blocked Fas-promoted cell survival. A
direct interaction of calmodulin and Src and their binding site
were identified with recombinant proteins. These results sup-
port an essential role of calmodulin in mediating Fas-induced
FADD-independent activation of Src-ERK signaling pathways,
which promote survival signaling in pancreatic cancer cells.
Understanding the molecular mechanisms responsible for the
resistance of pancreatic cells to apoptosis induced by Fas-death
receptor signaling may provide molecular insights into design-
ing novel therapies to treat pancreatic tumors.

Pancreatic cancer is an extraordinarily lethal solid malig-
nancy. The American Cancer Society estimates 43,140 new
cases and 36,800 deaths frompancreatic cancer in 2010,making
this cancer the fourth leading cause of cancer deaths (1). With

current therapy, the 5-year survival rate of pancreatic cancer is
only 4%. Therefore, understanding the pathogenesis of pancre-
atic cancer and developingmore effective therapies for pancre-
atic cancer is very important.
Activation of the Fas death receptor-initiated apoptotic

pathway is considered to be a promising approach to treat
human pancreatic cancer (2–4). The Fas death receptor is a
prototypical member of the tumor necrosis factor receptor
superfamily that mediates apoptosis induced by extrinsic sig-
nals, such as Fas ligands or pharmacological reagents (5, 6).
Upon activation, the Fas receptors aremultimerized and form a
platform for binding additional components that form the
death-inducing signaling complex (DISC)2 (7, 8). The DISC
consists of Fas, the adaptor protein Fas-associated death
domain (FADD), caspase-8, as well as caspase-10 (9–11).
Caspase-8 and -10 undergo cleavage and subsequent activation
within the DISC to initiate the cascade of caspase reactions,
which ultimately activate caspase-3, -6, and -7, which are
responsible for apoptotic cell death.
We have previously shown that calmodulin (CaM) binds to

Fas and regulates the Fas-mediated apoptosis signaling path-
way. CaM is a 17-kDa calcium-binding protein that is ubiqui-
tously expressed in all types of cells. CaM acts as a major cal-
cium sensor and regulator through its interactionwith a diverse
group of cellular proteins, including enzymes such as kinases,
phosphatases, and nitric-oxide synthase, as well as receptors,
ion channels, G-proteins, and transcription factors in
calcium-dependent and -independent manners (12, 13). CaM
binds directly to Fas, and this binding is increased upon Fas
stimulation. The CaM antagonist trifluoperazine (TFP) de-
creases CaM/Fas binding (14, 15). We have reported that TFP
induces apoptosis in cholangiocarcinoma cells, Jurkat cells, and
osteoclasts. However, the definitive role of CaM in regulating
Fas-induced signaling pathways remains unclear.
In addition to its role as a death-inducing receptor, Fas acti-

vation has also been reported to accelerate liver regeneration in
mice subjected to partial hepatectomy (16, 17) and to promote
proliferation of human T lymphocytes as well as growth factor-
deprived fibroblasts andmaturation of dendritic cells in culture
(18, 24). Recently, activation of Fas was found to enhance
tumorigenesis such as colon, ovarian, renal, breast, and liver
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cancer (19, 20). Consistently, some pancreatic cancer cells are
resistant to Fas-mediated cell death, despite their expression of
the Fas death receptor (21–23).
The molecular mechanisms underlying Fas-activated sur-

vival/proliferative signals involve Fas-induced activation of
nuclear factor �B (NF�B) and extracellular signal-regulated
kinase (ERK) signaling pathways, which have been shown to
promote cell survival and proliferation (16, 24, 25). The Fas-
activated recruitment of cellular FLICE-inhibitory protein
(c-FLIP) into the DISC via FADD is an important step in acti-
vating the downstreamNF�BandERK signaling pathways (26–
31). FLIP is the enzymatically inactive homologue of caspase-8,
which is expressed at high levels in cancer cells and proliferat-
ing cells. When recruited into the DISC, FLIP blocks the
recruitment and thus activation of caspase-8 and converts the
death signal into a cell survival/proliferation signal. We have
previously shown that CaM can also bind to FLIP in cholangio-
carcinoma cells, which is important for the function of FLIP in
regulating Fas-mediated signaling pathways (35). Additional
mechanisms have been reported to regulate Fas-activated sur-
vival and proliferation independent of recruitment of FLIP into
the DISC. In hepatocytes and thymocytes, Fas induces cell sur-
vival/proliferation independent of the adaptor protein FADD
(17, 32).
In this study, we investigated the molecular mechanisms of

Fas-activated survival signals in pancreatic cancer cells. We
demonstrated that Fas activated pancreatic cancer cell survival
via ERK activation in a FADD-independent manner. Further
characterization demonstrated Fas-activated recruitment of
Src into the DISC, and its activation was responsible for the
activation of ERK and cell survival. A direct interaction of CaM
and Src was identified, which mediated Src activation in the
DISC. These results demonstrate Fas activates the Src/ERK sig-
naling pathway and promotes cancer cell survival in a calmod-
ulin-dependent manner.

EXPERIMENTAL PROCEDURES

Cell Culture, Antibodies, and Reagents—The human pancre-
atic cancer cell lines MiaPaCa-2 and BxPC-3 were from the
American Type Culture Collection (ATCC, Manassas, VA).
Cells were grown in RPMI 1640 medium (Invitrogen) supple-
mented with penicillin (5 units/ml), streptomycin (5 �g/ml),
and 10% heat-inactivated fetal bovine serum. Fas agonist anti-
body CH-11 and antibodies to FADD andCaMwere purchased
from Millipore (Billerica, MA). Human GST-Src recombinant
protein and antibodies to c-FLIP and caspase-3were fromEnzo
Life (Plymouth Meeting, PA). Antibody to caspase-8 was pur-
chased from BD Biosciences. Antibodies to Fas, phospho-I�B,
I�B, and GAPDH were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). Antibodies to phospho-ERK, ERK,
phospho-Src, and Src were purchased from Cell Signaling
Technology (Danvers, MA). Protein G-agarose was from
Invitrogen. Anti-mouse IgM-conjugated agarose, trifluoper-
azine, PD98059, and PP2 were obtained from Sigma.
Knockdown of FADDwith Lentivirus-delivered shRNA—Len-

tiviral constructs expressing a 21-nucleotide FADD short
hairpin RNA (shRNA) targeting the human FADD gene
(GenBankTM accession number NM_003824.3) were pur-

chased from Open Biosystems (Huntsville, AL). The construct
was packed into lentivirus-like particles pseudotyped with the
vesicular stomatitis virus glycoprotein as we described previ-
ously (33). Transduction was performed by incubating cancer
cells with recombinant lentivirus, and stably transduced cells
were selected with puromycin (2 �g/ml).
Cell Survival Assay—Cells were grown in 96-well plates at

4 � 103 cells per well overnight and treated for 48 h. After
incubation, 20�l of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium solution
(Promega, Madison, WI) were added into each well. The plate
was incubated for 2 h at 37 °C. The absorbance at 490 nm was
recorded with a microplate reader (BioTek, Winooski, VT).
Assessment of Apoptosis—Cells were exposed to CH-11 for

the time indicated in the figure legends. Apoptosis was deter-
mined by annexin V-FITC and propidium iodide staining (BD
Biosciences) and analyzed by flow cytometry.
Western Blot Analysis—Protein extracts from cells were pre-

pared as described previously (34). Concentrations of protein
were determined with a BCA protein assay kit (Thermo Scien-
tific, Waltham, MA). Proteins were separated by SDS-PAGE
and transferred to Immobilon P membranes (Millipore) as
described previously (34).Membranes were blocked in 5% non-
fat milk and incubated with primary antibodies overnight at
4 °C. Horseradish peroxidase-conjugated secondary antibodies
in the blocking buffer were incubated for 1 h at room temper-
ature. Signals were detected using ImmobilonWestern chemi-
luminescent horseradish peroxidase substrate detection kit
(Millipore).
Immunoprecipitation—Five hundred micrograms of ex-

tracted proteins were incubated with 1 �g of anti-CaM or anti-
Src antibody for 2 h. Immune complexes were recovered from
the supernatant by incubationwith 60�l of 1:1 slurry of protein
G-agarose beads overnight at 4 °C. Beads were then washed
with lysis buffer, and 20 ml of 2� Laemmli sample buffer was
added to the beads followed by heating at 95 °C for 5 min and
chilling on ice. After brief centrifugation, proteins in the
supernatant were analyzed by Western blot with specific
antibodies.
DISC Analysis—Immunoprecipitation for DISC analysis was

performed by a modification of a method described previously
(14). Cells were trypsinized, and 5 � 107 suspended cells were
incubated with 1 �g/ml Fas activating antibody (CH-11) for
various times at 37 °C and then washed with PBS and lysed in
lysis buffer (20 mMTris-HCl (pH 7.4), 150 mMNaCl, 1% Triton
X-100, 10% glycerol) for 30 min on ice. In control cells, Fas
activating antibody (CH-11) was added to cell lysates at a final
concentration of 1�g/ml to immunoprecipitate nonstimulated
Fas receptors. After centrifugation at 15,000 � g for 15 min at
4 °C, the supernatant was immunoprecipitated with 40 �l of
goat anti-mouse IgM-agarose (Sigma) overnight at 4 °C and
analyzed by Western blotting.
Expression and Purification of Fusion Proteins in Escherichia

coli—The human Src cDNA from pDONR223-Src (Addgene,
Cambridge, MA) was cloned into pcDNA3.1 (Invitrogen) or
pCMV-Tag2A (Stratagene, La Jolla, CA) and confirmed by
sequencing. The QuikChange site-directed mutagenesis kit
(Stratagene) was used to make Src mutations. The primers
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for making mutation are as follows: SRC mutation forward,
GGGCCTCAACGTGGCGGCTGCAGCGGCTGCCGCAG-
CGGCTGCCGGCGGCTTCTACATCACCTCC, and SRC
mutation reverse, GGTGATGTAGAAGCCGCCGGCAGCG-
CTGCGGCAGCCGCTGCAGCCGCCACGTTGAGGCCCT-
TGGCGTTG. Expression and purification of GST proteins
were performed as described previously (15). GST proteins
were expressed in E. coli, strain DH-5�, which were trans-
formed with the empty pGEX-5X-3 (Amersham Biosciences)
construct containing theGSTgene. After inducingwith isopro-
pyl �-D-thiogalactoside at 30 °C, the bacteria were lysed in GST
lysis buffer (PBS, 50 mM EDTA, 10% glycerol, 0.5% aprotinin, 1
mMdithiothreitol, and 1mMPMSF)with lysozyme and purified
with a GST expression and purification kit (Amersham Biosci-
ences). For expression and purification of His-SUMO fusion
protein, the cDNA fragment corresponding to human Fas cyto-
plasmic domain (amino acids 191–335) was amplified from a
human umbilical vein endothelial cell library by PCR, or cDNA
of Src from pDONR223-Src (Addgene, Cambridge, MA) was
cloned into a pET28A-His-SUMO construct (provided by Dr.
Jinbiao Ma, University of Alabama at Birmingham) and con-
firmed by sequencing. His fusion proteins were expressed in
E. coli, strain BL-21(DE3), by inducing with isopropyl�-D-thio-
galactoside at 30 °C. The bacteria were lysed in lysis buffer with
lysozyme and purified with His expression and purification kit
(Qiagen, Valencia, CA).
Protein Pulldown—Protein pulldown with CaM-Sepharose

4B (GEHealthcare) or Control Sepharose CL-4B beads (Sigma)
was performed as described previously (35). Briefly, proteins
were added in binding buffer (20 mM Tris, 150 mM NaCl,
EDTA-free protease inhibitor mixture) and incubated with 60
�l (1:1) slurry of beads overnight at 4 °C. The beads were
washed five times with lysis buffer, and proteins were eluted in
2� SDS buffer.
Transient Transfection—Cells at 80% confluence in 6-well

plateswere transfectedwith 2 g of plasmids. Transfectionswere
performed using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions. 24 h post-transfection, the
medium was changed, and cells were lysed or treated with
CH-11 as indicated.
Statistical Analysis—Results are expressed as means � S.D.

Differences between two groups were identified with Student’s
t test. Significance was defined as p � 0.05.

RESULTS

FADDKnockdownAttenuates Fas-inducedApoptosis in Pan-
creatic Cancer Cells—We analyzed the expression of Fas recep-
tor in several pancreatic cells and identified that the expression
of Fas is higher in pancreatic cancer cell lines MiaPaCa-2 and
BxPC-3 comparedwith that inASPC-1 andPANC-1 cells. Con-
sistently, low expression of Fas by ASPC-1 and PANC-1 cells
renders them resistant to Fas-induced apoptosis (data not
shown). Therefore, to further understand Fas-activated signal-
ing pathways in pancreatic cells, we utilized the pancreatic can-
cer cells expressing higher levels of Fas,MiaPaCa-2 andBxPC-3
cells. The expression of the Fas receptor was similar in
MiaPaCa-2 and BxPC-3 cells. Upon stimulation, the death
receptor Fas recruits adaptor protein FADD, which binds to

caspase-8 or FLIP to activate apoptotic or survival signaling
pathways. In addition, Fas has been shown to induce cell sur-
vival/proliferation independent of FADD (17, 32). To deter-
mine whether FADD is required for Fas-activated apoptotic or
proliferative signals in pancreatic cancer cells, we generated
MiaPaCa-2 andBxPC-3 cellswith FADDknockdownusing len-
tivirus-delivered shRNA that specifically targets FADD. West-
ern blot analysis confirmed the knockdown of FADD in these
cells (Fig. 1A, insets). FADD knockdown in MiaPaCa-2 and
BxPC-3 cells dramatically decreased Fas-induced apoptosis,
compared with that in control cells (Fig. 1A). Consistently, Fas-
induced activation of caspase-8 and caspase-3 was inhibited in
the FADD knockdown cells compared with those in control
cells (Fig. 1B). Fas-activated recruitment of FADD and
caspase-8 into the DISC was demonstrated in the control cells
after exposure toCH-11 for 30 and 60min (Fig. 1C). In addition,
increased recruitment of FLIP, the enzymatically inactive
homologue of caspase-8, was also demonstrated in response to
CH-11 treatment. By contrast, recruitment of caspase-8 and
FLIP into Fas-activated DISC was blocked in FADD knock-
down cells (Fig. 1C). We have previously demonstrated the
recruitment of CaM into the Fas-induced DISC in cholangio-
carcinoma cells (14). Increased interaction of CaMwith Faswas
also demonstrated in MiaPaCa-2 and BxPC-3 pancreatic cells
uponFas stimulation (Fig. 1C). FADDknockdowndid not abro-
gate CaM binding to Fas under basal conditions, which was
increased upon CH-11 stimulation (Fig. 1C).
FADD Knockdown Renders Increased Cell Survival via ERK

Activation in Response to Fas Stimulation—To determine
whether FADD is required for Fas-induced survival signaling
pathways, we determined the effect of Fas stimulation on the
survival of FADD knockdown cells. The Fas agonist antibody
CH-11 was found to increase accumulation of FADD knock-
down cells in a concentration-dependent manner (Fig. 2A). To
identify the downstream signaling pathways that mediate Fas-
induced survival signals, we determined the activation of ERK
andNF�B,which have been shownpreviously to be activated by
Fas to promote cell proliferation and survival (16, 18, 25). Acti-
vation of ERK, but not NF�B, was demonstrated in FADD
knockdown cells in response to Fas stimulation (Fig. 2B). Fur-
thermore, the pharmacological inhibitor of ERK, PD98059,
abrogated the CH-11-promoted cell survival in both
MiaPaCa-2 and BxPC-3 cells with FADD knockdown,
whereas PD98059 alone did not affect cell viability (Fig. 2C).
Fas-activated Src Phosphorylation Regulates ERK Activation

in FADD Knockdown Cells—To investigate the molecular
mechanisms of ERK activation upon Fas stimulation, we deter-
mined the effect of CH-11 on the activation of Src kinase, which
has been demonstrated to regulate Fas death receptor signaling
in colon cancer and glioblastoma tumorigenesis andmetastasis
experiments (36, 37). Increased activation of Src, as demon-
strated by its phosphorylation, was demonstrated in FADD
knockdown cells in response to CH-11 in a time-dependent
manner. The Fas-induced activation of Src activation was
blocked by the Src inhibitor, PP2, which also decreased the
Fas-induced activation of ERK (Fig. 3A). Furthermore, the Src
inhibitor PP2 abrogated CH-11-promoted cell survival of the
FADD knockdown cells (Fig. 3B).
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Src Association with Fas Is CaM-dependent—To understand
whether Fas-induced activation of Src was through a direct
interaction of Fas and Src, we analyzed the Fas-recruited pro-
tein complex upon Fas activation of the FADD knockdown
cells. Similar to that seen in control pancreatic cells, increased
recruitment of CaMwas also found in the Fas-activated protein
complex in the FADD knockdown cells (Fig. 4A). The presence
of Src and phosphorylated Src was increased in the Fas-re-
cruited protein complex in the FADDknockdown cells exposed
toCH-11. To determinewhether the binding of CaM to Faswas
required for the presence of Src in the Fas-recruited protein
complex, we treated the cells with a CaM antagonist, TFP. TFP

inhibited the Fas-induced recruitment of CaM as well as Src
and phosphorylated Src into the Fas-activated DISC (Fig. 4A).
Further analysis by immunoprecipitation with the use of anti-
bodies for CaM (Fig. 4B) or Src (Fig. 4C) confirmed the Fas-
induced increased interaction among Fas, CaM, and Src, which
was inhibited by the CaM antagonist TFP.
CaMMediates Fas-induced Src Activation and Cell Survival—

The role of CaM in Fas-induced Src activation and cell survival
was further investigated. Fas activation induced a time-depen-
dent activation of Src in the FADD knockdown cells, which was
seen at 5 min and sustained at 120 min after Fas stimulation
(Fig. 5A). TFP, however, inhibited Fas-induced activation of Src

FIGURE 1. FADD knockdown attenuates Fas-induced apoptosis in pancreatic cancer cells. MiaPaCa-2 and BxPC-3 cells with FADD knockdown were
generated (see “Experimental Procedures”). A lentiviral vector carrying a scrambled shRNA was used as control. A, stably infected cells were exposed to Fas
agonistic antibody CH-11 (0.5 �g/ml) or control condition for 24 h, and apoptosis was analyzed by annexin V/propidium iodide staining. The percentage of
apoptotic cells in MiaPaCa-2 (left panel) or BxPC-3 (right panel) with scramble or FADD shRNA is shown. The insets shown are Western blot analyses of the
expression of FADD in these cells. The expression of GAPDH was used as a loading control. The results represent means � S.D. from three independent
experiments. B, cells were exposed to CH-11 for the indicated times, and Western blot analysis was performed to determine the expression of caspase (Casp)-8
and caspase-3. The expression of GAPDH was used as a loading control. Representative blots from three independent experiments are shown. C, cells were
exposed to CH-11 for 0, 30, and 60 min. Fas-induced DISC complex was immunoprecipitated. The recruitment of FADD, caspase-8, c-FLIPL, and CaM into DISC
was analyzed by Western blot. Representative blots from three independent experiments are shown. Statistical significance is as follows: *, p � 0.05 compared
with control group.
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(Fig. 5A). Consistently, TFP was found to block Fas-promoted
cell survival in the FADD knockdown MiaPaCa-2 and BxPC-3
cells, whereas TFP alone did not affect cell viability (Fig. 5B).
Direct Interaction of CaM and Src—To further characterize

the association of CaM with Src in the Fas-recruited complex,
we determined whether Src directly interacts with Fas or CaM.
Analysis of the Src protein sequence identified a potential
CaM-binding site on the Src protein between amino acids 204
and 214. This sequence fits the basic 1-5-10 CaMbindingmotif
(RK)(RK)(RK)(FILVW)XXX(FILV)XXXX(FILW) (Fig. 6A). The
binding ofCaM to Srcwas characterized using recombinant Src
and CaM proteins. As shown in Fig. 6B, GST-Src protein
strongly bound toCaM-Sepharose but not to control Sepharose
in the presence of Ca2�, whereas the calcium chelator EGTA
largely decreased the binding. With the use of recombinant
CaM, we further confirmed the direct binding of CaM to GST-
Src, whichwas decreased by EGTA (Fig. 6C). GSTprotein alone
did not interact with CaM (data not shown), confirming the
direct binding of CaM to Src. Direct binding of Src and Fas was
not detected with the use of recombinant proteins of Fas and
Src (Fig. 6D).

The direct binding of CaM and Src was further characterized
using a mutant Src protein with mutations in the predicted
amino acids 204–214 region (Fig. 7). Compared with wild-type
Src protein, the mutant Src protein reduced binding to CaM-
Sepharose beads (Fig. 7A). To assess the effects of the mutation

FIGURE 2. Fas promotes survival of FADD knockdown cells through ERK
activation. A, MiaPaCa-2 and BxPC-3 cells with FADD knockdown were
exposed to increasing concentrations of CH-11 for 48 h. The accumulation of
cells in each condition, determined by 3-(4,5-dimethylthiazol-2-yl)-5-(3-car-
boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium assay, was com-
pared with that in control condition (1st column, defined as 100%). Results
shown are means � S.D. from three independent experiments. B, MiaPaCa-2
and BxPC-3 cells with FADD knockdown were treated with CH-11 for the
indicated times. The expression of phospho-ERK, ERK, phospho-I�B, and I�B
was determined by Western blot analysis. Representative blots from three
independent experiments are shown. C, MiaPaCa-2 and BxPC-3 cells with
FADD knockdown were treated with CH-11 (0.5 �g/ml), with or without
PD98059 (an ERK inhibitor, 5 �M), for 48 h. The accumulation of cells in each
condition was compared with that in control condition (1st column, defined
as 100%). Results shown are from three independent experiments. Statistical
significance is as follows: *, p � 0.05 compared with control group.

FIGURE 3. Fas-induced Src activation regulates Fas-activated ERK and cell
survival. A, MiaPaCa-2 and BxPC-3 cells with FADD knockdown were pre-
treated with or without 5 �M PP2, a Src inhibitor, for 30 min and subsequently
exposed to CH-11 (0.5 �g/ml) for 0, 5, 15, 30, 60, and 120 min. Western blot
analysis was performed to determine the expression of phospho-Src, Src,
phospho-ERK, and ERK. Representative blots from three independent exper-
iments are shown. B, MiaPaCa-2 and BxPC-3 cells with FADD knockdown were
treated with CH-11 (0.5 �g/ml), with or without PP2, for 48 h. The accumula-
tion of cells in each condition was compared with that in control condition
(1st column, defined as 100%). Results shown are from three independent
experiments. Statistical significance is as follows: *, p � 0.05 compared with
control group.

FIGURE 4. TFP decreases the interaction of Fas, Src, and CaM. MiaPaCa-2
and BxPC-3 cells with FADD knockdown were pretreated for 30 min with a
CaM inhibitor, TFP (10 �M), and sequentially exposed to CH-11 (1 �g/ml) for 0,
5, 15, and 30 min. Immunoprecipitation (IP) was performed with antibodies
against Fas (A), Src (B), and CaM (C). Western blot analysis was performed to
analyze the presence of Fas, Src, and CaM in the immunoprecipitated protein
complexes. Representative blots from three independent experiments are
shown.
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on the binding of CaM and Src in vivo and thus their roles in
regulating Fas-induced survival signals, the mutant or wild-
type Src protein were overexpressed in the FADD knockdown
BxPC-3 cells. Consistently, reduced CaM/Src binding was
found in cells overexpressing the mutant Src compared with
thosewithwild-type Src (Fig. 7B). Furthermore, overexpression
of the mutant Src resulted in decreased activation of Src and
ERK in response to Fas stimulation, compared with the wild-
type Src (Fig. 7C). Fas-induced proliferation was blocked in the
cells overexpressing the mutant Src protein (Fig. 7D).

DISCUSSION

The Fas/FasL system is generally thought of primarily as an
inducer of apoptosis. Consistently, we found that Fas activation
induced apoptosis inMiaPaCa-2 andBxPC-3 pancreatic cancer

cells. MiaPaCa-2 cells were less sensitive to CH-11-induced
apoptosis compared with BxPC-3 cells, despite similar levels of
expression of the Fas receptor on these two cell types. This may
be attributed to MiaPaCa-2 cells expressing relatively higher
levels of c-FLIP, an enzymatically inactive homologue of
caspase-8 that inhibits Fas-induced apoptosis.
In addition to Fas-induced apoptotic signaling pathways,

compelling evidence demonstrates that Fas activates nonapop-
totic signaling pathways that induce cellular activation, prolif-
eration, differentiation, and migration (24, 38). Fas-enhanced
proliferation has been shown to be mediated by a FADD-de-
pendent signaling pathway in T cell receptor-stimulated T cells
and thymocytes (30, 39). In mice with partial hepatectomy, Fas
stimulation accelerates liver regeneration via FADD-indepen-
dent signaling pathways (17). In this study, we characterized the
function of FADD in Fas-activated signaling pathways in
MiaPaCa-2 and BxPC-3 pancreatic cells with FADD knock-
down by lentivirus-mediated shRNA for FADD.
Knockdown of FADD blocked Fas-induced activation of

caspase-8 and caspase-3, thus rendering them resistant to Fas-
induced apoptosis. In the FADD knockdown ofMiaPaCa-2 and
BxPC-3 cells, Fas stimulation failed to recruit caspase-8 and
c-FLIP into the Fas-induced signaling complex, which excludes
the role of FLIP in mediating Fas-activated survival signaling
pathways in these cells. Consistent with this, there was no Fas-
induced activation of NF-�B, which has been demonstrated to
be activated by Fas via FLIP-mediated signaling (26, 28, 30, 31,
40). Therefore, the Fas-activated survival signaling in the pan-
creatic cells with FADD knockdown was independent of FLIP-
mediated NF�B activation.
We found that Fas induced the activation of ERK that regu-

lated survival of the FADDknockdownMiaPaCa-2 and BxPC-3
pancreatic cells. Fas-stimulated ERK activation has been
reported to regulate cell proliferation and survival in many cell
lines, including lymphocytes, leukemia, glioma, and primary
neuron cells (25, 29, 41–43). We confirmed that Fas activation

FIGURE 5. TFP blocks Fas-induced Src activation and cell survival.
A, MiaPaCa-2 and BxPC-3 cells with FADD knockdown were pretreated with
TFP (10 �M) or control condition for 30 min and susequently exposed to CH-11
(0.5 �g/ml) for 0, 5, 15, 30, 60, and 120 min. Western blot analysis was per-
formed to determine the expression of phospho-Src and Src. Representative
blots from three independent experiments are shown. B, MiaPaCa-2 and
BxPC-3 cells with FADD knockdown were treated with CH-11 (0.5 �g/ml), with
or without TFP, for 48 h. The accumulation of cells in each condition was
compared with that in control condition (1st column, defined as 100%).
Results are from three independent experiments. Statistical significance is as
follows: *, p � 0.05 compared with control group.

FIGURE 6. Direct interaction of Src and CaM. A, prediction of a CaM-binding site in Src amino acids 190 –230. The amino acid sequence of Src was analyzed to
predict CaM-binding sites, using a CaM target data base. The numbers below the sequences indicate normalized scores (0 –9) based on the evaluation criteria
for CaM-binding sites. The higher the number, the more likely it is to bind CaM. The predicted CaM-binding motif is underlined. Arrows with solid lines indicate
hydrophobic residues, and arrows with dotted lines indicate positively charged residues. B, recombinant Src protein (GST-Src) (100 ng) was incubated with
CaM-Sepharose (CaM-S) or control Sepharose (CS) overnight in 0.5 ml of binding buffer supplemented with Ca2� (2.5 mM) or EGTA (2.5 mM). Western blot
analysis was performed to determine the proteins pulled down by the beads. C, left panel, GST-Src (100 ng) was incubated with purified CaM (25 ng) (1:1 in
molar ratio) in binding buffer with Ca2� (2.5 mM) or EGTA (2.5 mM); right panel, GST or GST-Src was incubated with purified CaM protein for 2 h and then followed
by incubation with glutathione-Sepharose (GST beads) overnight at 4 °C. Proteins pulled down by GST beads were analyzed by Western blot with antibodies
for CaM, Src, or GST as indicated. D, GST-Src (100 ng) was incubated with purified His-Fas or CaM protein for 2 h and then followed by incubation with
glutathione-Sepharose (GST beads) overnight at 4 °C. Proteins pulled down by GST beads were analyzed by Western blot with antibodies for His, CaM, or GST.
Representative blots from three independent experiments are shown.
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induced activation of ERK in wild-type MiaPaCa-2 and BxPc-3
cells (data not shown). These results demonstrate that Fas acti-
vated ERK by a FADD-independent pathway and are consistent
with previous observations in Fas-induced FADD-independent
neuron cell proliferation (25), as well as Fas-induced liver
regeneration in mice with mutated Fas that lacked the binding
site for FADD (17).
Activation of ERK by Fas stimulation was found to be rapid

andmaximized at 1 h. This observation is consistent withmany
previous reports of a biphasic activation of ERK1/2, with a rapid
and strong burst of ERK activity peaking at 5–10 min followed
by a second wave of lower but sustained activity up to 6 h (44–
46). Activated ERK1 andERK2 translocate to the nucleuswhere
they activate multiple transcription factors ultimately resulting
in protein synthesis that affects cell viability (47). AnERK inhib-
itor, PD98059, was found to inhibit Fas-induced cell prolifera-
tion, demonstrating an important role of ERK activation in
mediating Fas-induced cell proliferation.
In search of a Fas-activated kinase that would be responsible

for Fas-induced phosphorylation/activation of ERK, we dem-
onstrated activation of Src upon Fas stimulation. The Src family
of kinases has a critical role in cell proliferation during tumor
development. The Src family of kinases can affect cell prolifer-
ation via the Ras/ERK/MAPK pathway (48). Several reports
have demonstrated that Fas activation induces phosphoryla-

tion of Src family kinases (49–51). In addition, Fas stimulation
induces the activation of the Src family member, Yes, by
recruiting Yes into the Fas-activated signaling complex (36, 52).
At the cellular level, Fas-induced activation of ERK or Src was
found to increase cancer cell motility and invasion (36, 53). In
this study, we demonstrated that Fas stimulation induced the
recruitment and activation of Src into the Fas-activated signal
complex, which was responsible for Fas-induced ERK activa-
tion and promotion of cell survival.
Our studies also demonstrate for the first time that Src was

associated with Fas by binding to CaM. The observation that
Src phosphorylates CaM at tyrosine 99 implies an interaction
between Src and CaM (54). We have previously reported that
CaM directly binds to Fas, which is increased upon Fas stimu-
lation and inhibited by the CaM antagonist TFP (14). Blocking
the CaM/Fas binding by TFP also inhibited Fas-activated
recruitment and activation of Src, implying that Src association
with Fas is mediated by CaM. The importance of CaM in Fas-
induced Src activation is further underlined by the observation
that theCaMantagonist, TFP, decreased Fas-induced Src phos-
phorylation and Fas-induced cell survival. These findings
strongly imply that CaMmay work as a docking protein, which
mediates Fas-induced downstream signaling pathways that
promote cell proliferation and survival.
More direct evidence of the interaction between CaM and

Src was determined with the use of purified recombinant
CaM and Src proteins (Figs. 6 and 7). We found that the
binding of CaMwith Src was partially calcium-dependent, as
the calcium chelator EGTA decreased but did not abolish the
interaction. CaM interacts with a large number of proteins in
a calcium-dependent or -independent manner. For instance,
the binding of CaM to neurogranin protein does not require
Ca2� (55), although binding of CaM to calcineurin is Ca2�-
dependent (56). The binding of CaM to myosin, however,
requires Ca2� for maximal binding (57), because the NH2-
terminal motif binds to CaM in the absence of Ca2�, whereas
the COOH-terminal motif binds to CaM in the presence of
Ca2�. Based on the sequence of the CaM-binding proteins,
three CaM recognition motifs have been classified (58).
These include a modified variant of the IQ motif as a con-
sensus for Ca2�-independent binding and two related motifs
for Ca2�-dependent binding, termed 1-8-14 ((FILVW)-
XXXXXX(FAILVW)XXXXX(FILVW)) and 1-5-10 (XXX-
(FILVW)XXX(FILV)XXXX(FILVW)) according to the con-
served hydrophobic residues within these motifs. The
CaM-bindingmotif on the Src protein, KHYKIRKLDSGGF, fits
the basic 1-5-10 motif (RK)(RK)(RK)(FILVW)XXX(FILV)-
XXXX(FILW). We have previously shown that Fas induces an
increased intracellular Ca2� within 5 min of Fas stimulation
(14), which may contribute to the rapid increases of CaM/Src
binding upon Fas stimulation (Fig. 4).
The CaM binding domain of Src between amino acids 204

and 214 overlaps the Src homology 2 (SH2) domain. Src con-
tains a phosphorylated tyrosine at amino acid 530 that interacts
with its own SH2 domain in the inactive conformation, which
positions the SH3 domain to interact with the proline-rich
linker domain and keeps Src in a tightly bound inactive state.
Upon stimulation, the tyrosine 530 becomes dephosphorylated,

FIGURE 7. Effect of mutations of Src in the predicted CaM-binding site on
CaM binding and ERK activation. A, wild-type Src and Src protein with
mutations in the CaM binding domain 203–212 (KHYKIRKLDS mutated to
alanine) was produced as a His-SUMO fusion protein. Recombinant Src pro-
tein (100 ng) was incubated with purified CaM (25 ng) protein (1:1 in molar
ratio) in 500 �l of binding buffer for 2 h at 4 °C. Immunoprecipitation (IP) was
performed with antibodies against Src (left panel) or CaM (middle panel). Pro-
tein complexes pulled down by immunoprecipitation were analyzed by
Western blot with antibodies for Src and CaM. Western blot was also per-
formed to show Src and CaM protein levels in 1/30 of the lysate used in pro-
tein pull down (left panel, indicated as input). Representative blots from three
independent experiments are shown. B, BxPC-3 cells with FADD knockdown
were transfected with Myc-Src or Myc-Src mutant plasmids for 24 h. Immuno-
precipitation was performed with antibodies against Myc tag. Western blot
analysis was performed to analyze Myc tag, Src, and CaM in the immunopre-
cipitated protein complexes. C, BxPC-3 cells with FADD knockdown were
transfected with Src or Src mutant plasmids for 24 h. Cells then were exposed
to CH-11 (0.5 �g/ml) for 0, 5, 15, 30, 60, and 120 min. Western blot analysis was
performed to determine the expression of phospho-Src, Src, phospho-ERK,
and ERK. Representative blots from three independent experiments are
shown. D, BxPC-3 cells with FADD knockdown were transfected with Src or Src
mutant plasmids for 24 h. Cells were treated with or without CH-11 (0.5
�g/ml) for 48 h. The accumulation of cells in each condition was compared
with that in control condition (1st column, defined as 100%). Results shown
are from three independent experiments. Statistical significance is as follows:
*, p � 0.05 compared with control group.
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which destabilizes the intramolecular interactions and ulti-
mately results in autophosphorylation of tyrosine 416 and thus
increases its activity (59). Accordingly, we found that Fas stim-
ulation induced phosphorylation of Src at tyrosine 416. Inhibi-
tion of CaM binding to the Src SH2 domain by the Src mutant
decreased Fas-activated Src phosphorylation, which inhibited
Fas-induced activation of ERK and cell survival. Therefore,
these results support the role of CaM binding to the Src SH2
domain in mediating Fas-activated Src, ERK, and survival
signals.
In summary, we have demonstrated that Fas promoted cell

survival signaling in FADD-independent pancreatic cancer
cells via activation of Src/ERK. Fas stimulation induces the
recruitment of Src into the Fas-induced signaling complex, by
direct binding of the Src SH2 domain to CaM, which induces
Src phosphorylation. Activated Src mediates Fas-induced acti-
vation of ERK, thus promoting cell survival. These studies pro-
vide novel insights into the molecular mechanism underlying
Fas-regulated cell survival signaling in pancreatic cells. Funda-
mental understanding of the interaction betweenCaM, Src, and
Fas may provide new therapeutic modalities with CaM antago-
nist targeting the CaM/Src interaction.
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