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ABSTRACT

Pancreatic cancer is highly malignant with limited therapy and a poor prognosis.
TRAIL-activating therapy has been promising, however, clinical trials have shown
resistance and limited responses of pancreatic cancers. We investigated the effects
of calmodulin(CaM) antagonists, trifluoperazine(TFP) and tamoxifen(TMX), on TRA-
8-induced apoptosis and tumorigenesis of TRA-8-resistant pancreatic cancer cells,
and underlying mechanisms. TFP or TMX alone did not induce apoptosis of resistant
PANC-1 cells, while they dose-dependently enhanced TRA-8-induced apoptosis. TMX
treatment enhanced efficacy of TRA-8 therapy on tumorigenesis in vivo. Analysis of
TRA-8-induced death-inducing-signaling-complex (DISC) identified recruitment of
survival signals, CaM/Src, into DR5-associated DISC, which was inhibited by TMX/
TFP. In contrast, TMX/TFP increased TRA-8-induced DISC recruitment/activation
of caspase-8. Consistently, caspase-8 inhibition blocked the effects of TFP/TMX
on TRA-8-induced apoptosis. Moreover, TFP/TMX induced DR5 expression. With a
series of deletion/point mutants, we identified CaM antagonist-responsive region
in the putative Sp1-binding domain between -295 to -300 base pairs of DR5 gene.
Altogether, we have demonstrated that CaM antagonists enhance TRA-8-induced
apoptosis of TRA-8-resistant pancreatic cancer cells by increasing DR5 expression
and enhancing recruitment of apoptotic signal while decreasing survival signals in
DR5-associated DISC. Our studies support the use of these readily available CaM
antagonists combined with TRAIL-activating agents for pancreatic cancer therapy.

INTRODUCTION

Pancreatic cancer is the fourth leading cause of cancer
death in the USA [1]. The 5-year survival rate has only
improved from 2% to 6% in the past 30 years [2]. The only
potentially curative therapy for pancreatic cancer is surgical
resection. Unfortunately, even among those patients who
undergo resection for pancreatic cancer and have tumor-
free margins, the 5-year survival rate after resection is 10%
to 25% [3]. Current chemotherapy, such as gemcitabine or
5-fluorouracil, coupled with radiotherapy may improve the
quality of life of some patients, but their survival benefit is
very limited [4]. Multi-drug resistance to chemotherapy is
a major obstacle to obtaining a better prognosis for patients
with pancreatic cancer.

Dysregulation of apoptosis of tumor cells plays an
important role in the pathogenesis of pancreatic cancer
and their resistance to therapies [5]. Apoptosis can be
initiated either from intracellular signals via mitochondria
through the intrinsic pathway, or from extracellular signals
via plasma membrane receptors through the receptor-
mediated extrinsic pathway [6]. The intrinsic pathway is
mostly engaged by conventional chemotherapeutic drugs
and radiation therapy [7]. On the other hand, the extrinsic
pathway is initiated by activation of death receptors (DRs)
present on the cell surface, including the tumor necrosis
factor receptor (TNF-R), Fas death receptor (CD95),
and TNF-related apoptosis inducing ligand (TRAIL)
receptors [8]. The possibility of targeting TNF-R and Fas
for tumor-specific killing has been limited due to systemic
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toxicity and lack of selectivity for tumors over normal
tissues [9]. In contrast, TRAIL-induced apoptosis has been
demonstrated in a wide variety of tumor cells in vitro and
in vivo, and has been consistently highly selective for tumor
cells over normal cells [10]. Many recombinant TRAIL or
monoclonal antibodies to its receptors have been tested in
phase I-11I clinical trials for their anti-tumor efficacy. Among
the antibodies for DR4 or DRS5, conatumumab (AMG655,
antibody for DR5) [11] and tigatuzumab (CS-1008/TRA-8,
antibody for DRS) [12] are being tested for treatment of
pancreatic cancers (http://Clinicaltrials.gov). In general,
these agents have been well-tolerated, showing low toxicity
in patients in several clinical trials [10, 13]. However, clinical
trials with the TRAIL and DR4/5 agonist antibodies to date
have shown limited anti-tumor efficacy. Preclinical studies
have shown that many cancer cells are resistant to TRAIL-
induced cell death, especially some highly malignant tumors
such as pancreatic cancer [14]. Accordingly, resistance to
TRAIL-induced apoptosis in cancer cells remains a serious
clinical challenge. Better understanding of the molecular and
cellular mechanisms of TRAIL resistance is critical for the
successful application of TRAIL and DR4 or DRS5 agonist
antibodies in cancer therapy.

TRAIL-induced apoptosis is initiated by binding
of TRAIL to its functional receptors (DR4 or DRS5) that
triggers the assembly of the death-inducing signaling
complex (DISC), which in turn recruits the Fas-associated
death domain (FADD) and eventually leads to recruitment
and activation of initiating caspases at the DISC, including
caspase-8 and -10 [15]. FADD may also recruit survival
signals into the DISC, such as the enzymatically inactive
homologue of caspase-8, FLICE-like inhibitor protein
(FLIP), or Src kinase, and thus convert death receptor-
activated apoptotic signals into survival signals [16]. In
addition, modulation of other components in the death
receptor-mediated signaling pathways, including increased
expression of TRAIL decoy death receptors (DcR1 and
DcR2), low expression or mutations of the functional
receptors, DR4 or DRS, or over-expression of anti-
apoptotic proteins, have been shown to contribute to the
resistance of cancer cells to TRAIL therapy [10]. However,
as many cancer cells express intact death receptors and the
components of apoptotic signaling pathway [14, 17, 18], the
mechanisms underlying the resistance of pancreatic cancer
to TRAIL-induced apoptosis are not fully understood.

We have previously demonstrated that calmodulin
(CaM) is recruited into the Fas death receptor-activated DISC
and binds to the survival signals FLIP and Src in the DISC,
thus mediating death receptor-mediated survival pathways
[19-23]. CaM is a small calcium binding protein that interacts
with a diverse group of cellular proteins and participates in
signaling pathways that regulate proliferation, motility and
differentiation [24]. We and others have shown that CaM
antagonists induce apoptosis of cancer cells, including
cholangiocarcinoma [21], lung adenocarcinoma [25] and
breast carcinomas [26], via decreasing activation of AKT

and increasing activation of caspase-8 or down-regulation
of the anti-apoptotic Bcl-2 protein and increase of the pro-
apoptotic Bax protein. In pancreatic cancer cells, we have
demonstrated that CaM binding to Src in the DISC mediates
the survival signals activated by the Fas death receptor signals
[19]. The function of CaM in TRAIL-induced apoptosis is
unknown. In the present studies, we characterize the role
of CaM in TRA-8-induced apoptosis of resistant pancreatic
cells and the underlying mechanisms. We demonstrated that
CaM was recruited into DR5-activated DISC, which was
inhibited by CaM antagonists, trifluoparazine (TFP) and
tamoxifen (TMX). Although TFP or TMX alone did not
induce apoptosis of pancreatic cancer cells, they markedly
enhanced TRA-8-induced apoptosis of resistant pancreatic
cells. Mechanistic characterization demonstrated that TFP or
TMX inhibited the recruitment of the survival signal, Src, and
increased recruitment and activation of caspase-8 in the DR5-
activated DISC. Furthermore, CaM antagonists were found
to increase the expression of DRS, which may further lead
to enhanced DISC recruitment and activation of caspase-8.
These studies reveal a novel function and underlying
mechanisms of CaM in regulating TRA-8-induced apoptosis,
and support the use of the readily available CaM antagonists
to enhance therapeutic efficacy of TRAIL-resistant pancreatic
cancer to TRAIL-agonist therapy.

RESULTS

CaM antagonists promote TRA-8-induced
apoptosis in resistant pancreatic cancer cells

Using several pancreatic cancer cell lines, we have
demonstrated that the expression of DR5 does not consistently
correlate with the resistance to TRA-8 [27]. Our previous
studies have shown that CaM antagonists promote Fas death
receptor-induced apoptosis via regulating the apoptotic/survival
signals in the DISC [19]. To determine whether CaM may also
play a role in TRA-8-induced apoptosis, we characterized
the effects of two CaM antagonists, TFP and TMX, on
TRA-8-induced apoptosis in PANC-1 cells (Figure 1).
At the concentrations tested, up to 30 puM, neither TFP
(Figure 1Aa) nor TMX (Figure 1Ba) induced apoptosis
of PANC-1 cells. In contrast, TFP and TMX enhanced TRA-
8-induced apoptosis in concentration-dependent manners
(Figure 1Aa & 1Ba). A time-dependent effect of TMX
on TRA-induced apoptosis was also demonstrated
(Supplementary Figure 1). Consistently, TFP and TMX
dramatically enhanced TRA-8-induced activation of caspase-8
and its downstream apoptotic effector caspase-3, as indicated
by the respective cleaved forms (Figure 1Ab & 1BbD).

Caspase-8 inhibition blocks the effects of CaM
antagonists on TRA-8-induced apoptosis

As caspase-8 activation is a key initial molecular
event that leads to death receptor-activated apoptosis, we
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Figure 1: CaM antagonists promote TRA-8-induced apoptosis in TRA-8 resistant pancreatic cancer cells. PANC-1 cells
were exposed to increasing concentrations of A. TFP or B. TMX, with or without of TRA-8 (0.5 pg/ml), a) Apoptosis was analyzed at
24 hours after treatment (n = 3, *p < 0.01; **p < 0.001). b) Western blot analysis of caspase-8, caspase-3 and GAPDH at 8 hours after
treatment. Representative blots of three independent experiments are shown.

determined whether inhibition of caspase-8 may block the
effects of CaM antagonists on TRA-8-induced apoptosis.
Z-1IETD-FMK, a caspase-8 inhibitor, markedly attenuated
apoptosis induced by TRA-8 combined with TFP or
TMX (Figure 2Aa & 2Ba). Western blot analysis further
determined that TFP and TMX-enhanced activation of
caspase-8 (Figure 2Ab & 2Bb, Control) were inhibited
by Z-IETZ-FMK (Figure 2Ab & 2Bb, Casp8 Inhibitor).
Decreased activation of caspsae-8 was associated with
inhibition of caspase-3 activation. Altogether, these
results demonstrate that CaM antagonists-enhanced TRA-
8-apoptosis of the resistant PANC-1 pancreatic cells is
mediated, at least in part, by the activation of caspase-8.

CaM antagonists increase activation of caspase-8
and decrease CaM and Src in the DISC

We have previously shown that recruitment of the
poly-ADP-riboso polymerase (PARP-1) into the TRA-
8-activated DISC inhibits caspase-8 activation in the
DISC, which contributes to the resistance of PANC-1 to
TRA-8-induced apoptosis [27]. To determine whether
the effects of CaM antagonists on caspase-8 activation
were mediated by its regulation of PARP-1, we analyzed
the expression and recruitment of PARP-1 in the TRA-8
activated DISC. Neither TFP nor TMX affected PARP-1
expression (Figure 3Ab & 3Bb, cell lysates) or the
recruitment of PARP-1 into the DISC (Figure 3Aa & 3Ba,

DRS IP). Therefore, increased activation of caspase-8 in
the DISC by TMX and TFP was not due to their effects
on PARP-1. Further analysis of the DR5-associated
DISC identified the interaction of DRS with CaM under
basal conditions, which was increased upon TRA-8
stimulation (Figure 3A & 3B). The CaM/DRS interaction
was markedly inhibited by the CaM-antagonists, TFP and
TMX (Figure 3Aa & 3Ba, DRS IP). In addition, TFP and
TMX inhibited the DISC recruitment of Src, a CaM-
associated survival signal in pancreatic cancer cells that
we have previously reported [19]. Of note, the expression
of Src was not affected by TFP or TMX. The recruitment
of another survival signal, FLIP, into the DISC was not
affected by TFP or TMX, despite of some decrease in
FLIP protein in cells treated with high doses of TFP or
TMX. Notably, increased expression of DR5 was evident
in cells exposed to 25 uM of TFP or TMX (Figure 3Ab
& 3Bb, cell lysates).

CaM antagonists induce the expression of DRS

To further characterize the effects of CaM
antagonists on the expression of DR5, we determined the
expression of DR5 in PANC-1 cells in response to serial
concentrations of TFP or TMX (Figure 4). Western blot
analysis demonstrated that either TFP or TMX dose-
dependently increased the expression of DR5 protein
(Figure 4Aa, 4Ba). In addition, TFP and TMX induced the
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Figure 2: Inhibition of caspase 8 blocks the effect of TFP or TMX on TRA-8-induced apoptosis. PANC-1 cells were
exposed to A. TFP (25 uM) or B. TMX (25 uM) alone, TRA-8 (0.5 pg/ml) alone or combined TFP or TMX with TRA-8, with or without
pretreatment of caspase-8 inhibitor (Casp8 Inhibitor, Z-IETD-FMK, 20 umol/L). a) Apoptosis was analyzed at 24 hours after treatment
(n=3, *p <0.001). b) Western blot analysis of caspase-8, caspase-3 and GAPDH at 8 hours after treatment. Representative blots of three

independent experiments are shown.

expression of DR5 mRNA in a dose-dependent manner
(Figure 4Ab, 4Bb). The expression of the other TRAIL
death receptor, DR4, was not affected by TFP or TMX
(data not shown). Furthermore, TMX was also found to
induce the expression DRS in Suit-2 cells (Supplementary
Figure 2), another TRA-8 resistant pancreatic cancer cells
that we have previously studied [27].

Identification of CaM antagonists-responsive
domain on DRS gene

To determine the mechanisms underlying CaM
antagonist-induced DRS5 mRNA expression, we
characterized the effects of CaM antagonists on the
transcriptional activity of the DRS gene, using luciferase
reporters containing a series of deletion mutants of the
5'-flanking regions of DRS (Figure 5A). TFP and TMX
markedly induced luciferase activity in PANC-1 cells
transfected with luciferase reporter constructs DR5-3070,
420 and 373 (Figure 5Ba, 5Bb). However, TFP and TMX-
induced luciferase activity was dramatically decreased
in the DR5-290 and 189 transfected cells, and the basal
luciferase activity in these cells was also significantly
reduced compared with that in the DR5-3070 transfected
cells (Figure 5B & 5C). Taken together, the results indicate
that the region located between -290 to -373 on the DRS

gene is responsible for CaM antagonist-induced DRS
mRNA expression.

Analysis of the sequence between -290 to -373 of
DRS5 gene identified two putative binding elements for
the transcription factor specificity protein 1 (Spl) [28],
which are located between -295 to -300bp and -300 to
-305bp (Figure 6A, DR5-373 underline). Mutation of 3
nucleotides in the first putative Spl binding site (DRS5-
373-mutl) did not affect the luciferase activity under basal
conditions and upon TFP or TMX stimulation (Figure 6B).
In contrast, mutations of 3 cytosines overlapping the two
putative Spl-binding elements (DR5-373-mut2) or in
the second putative Spl-binding site (DR5-373-mut2)
abolished the induction of luciferase activity by TFP
(Figure 6Ba) or TMX (Figure 6Bb). Accordingly, the
second putative Spl binding region locating between
-295 to -300bp on the DRS gene is responsive for CaM
antagonist-induced DRS5 gene expression.

TMX induces DRS5 expression and enhances
efficacy of TRA-8 therapy on pancreatic cancer
tumorigenesis

To further determine whether CaM antagonists
affect DRS expression and TRA-8-induced apoptosis
in vivo, we characterized the therapeutic efficacy
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Figure 3: CaM antagonists increase activation of caspase-8 and decrease CaM and Src in the DISC. PANC-1 cells
were exposed A. TMX or B. TFP at the indicated concentrations for 16 hours; cells were then treated with TRA-8 (1 pg/ml) for 1 hour.
a) Immunoprecipitation of DR5-associated DISC was performed using anti-DR5 antibody. Western blot analysis of the recruitment of
FADD, caspase-8, Src, CaM, PARP-1 and FLIP in the DISC. b) Western blot analysis of the expression of FADD, caspase-8, Src, CaM,
PARP-1, FLIP and DRS in cell lysates. The expression of GAPDH was used a loading control. Representative blots from at least three

independent experiments are shown.

of TRA-8, TMX and TRA-8 plus TMX on PANC-1
tumorigenesis a mouse xenograft model. Similar to our
previous observation [27], TRA-8 alone was not effective
in inhibiting PANC-1 tumorigenesis (Figure 7A, 7B).
TMX by itself did not affect tumor growth (Figure 7A,
7B), which is consistent with the in vitro observation
that TMX alone did not induce apoptosis (Figure 1B).
In contrast, TMX significantly enhanced the efficacy
of TRA-8 treatment (Figure 7A, 7B). The inhibitory
effects of TRA-8 combined with TMX on tumor growth
was pronounced at 3 weeks and further enhanced at 5
weeks (Figure 7A). The effects of TMX to increased
DRS5 expression of tumors was determined by Western
blots analysis of tumor tissues (Figure 7C). Increased
activation of caspase-8 and caspase-3, as indicated by
cleaved caspase-8 and 3, was determined in tumors
treated with TRA-8 combined with TMX (Figure 7C),
indicating increased tumor cell apoptosis. Furthermore,
TUNEL staining of tumor sections demonstrated
significant increases in cell death in the tumors from
mice treated with the combination of TMX and TRA-
8 (Figure 7D). These results demonstrate that TMX
also increases DRS expression and induces apoptosis
in tumors, and thus enhancing the efficacy of TRA-8
therapy.

DISCUSSION

Activating TRAIL-induced apoptosis for cancer
therapy has been actively investigated in a variety of
cancers (http://www.clinicaltrials.gov). However, phase
I-1I clinical trials with recombinant TRAIL and agonistic
antibodies for the TRAIL receptors, DR4 and DRS5, have
shown only isolated responses and limited overall effects
on tumor progression [11, 12, 29, 30], indicating resistance
of tumor cells to TRAIL-induced cell death. The present
work demonstrate that CaM antagonists enhance TRAIL-
induced apoptosis in resistant pancreatic cancer cells via
novel mechanisms, which supports the use of these readily
available drugs as promising interventions to improve the
efficacy of TRAIL therapy.

Using two potent CaM antagonists, TFP and TMX,
we have characterized the ability of CaM antagonists to
enhance TRA-8-induced apoptosis in two TRA-8-resistant
pancreatic cancer cell lines. The effects of CaM antagonists
on TRA-8-induced apoptosis is not due to their toxicity or
via stimulation of intrinsic apoptotic signaling pathways
as seen in other cancer cells [31], as neither TFP nor
TMX alone was found to affect the survival or apoptosis
of the TRA-8 resistant pancreatic cancer cell lines. In
contrast, CaM antagonists enhanced TRA-8-induced
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Figure 4: CaM antagonists induce the expression of DRS. PANC-1 cells were exposed to TFP or TMX at indicated concentrations
of A. TFP or B. TMX for 16 hours. The expression of DR5 was determined by a) Western blot analysis; and b) Real-time PCR. a) The
expression of GAPDH was used as a loading control. Representative blots from three independent experiments are shown. Numbers below
depict the fold induction of DRS by TFP or TMX at the indicated concentrations compared with that in the control cells (0 uM), which is
defined as 1. b) Results shown are fold induction of DR5 mRNA expression, normalized by the expression of GAPDH, induced by TFP or
TMX at indicated concentrations compared with that in the control cells, which is defined as 1 (n = 3, *p < 0.05).
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Figure 5: Identification of CaM antagonists-responsive region in the DRS gene. A. Schematic map of luciferase reporters
containing a serial deletion of the 5’-flanking regions of the DRS gene. B. Relative luciferase activities of the reporters in response to a) TFP
and b) TMX. PANC-1 cells that were co-transfected with the indicated luciferase reporters and a control renilla luciferase reporter were
exposed to 25 uM of a) TFP or b) TMX for 16 hours. The luciferase activity of DR5-3070 at basal conditions is defined as 100%. TFP or
TMX-induced luciferase activities of each reporter, normalized by the renilla luciferase activity, are shown (z = 3, *p < 0.001 compared
with DR5-3070 at basal condition; and #p < 0.001, compared with DR5-373 treated with TFP or TMX).

apoptosis by modulating the extrinsic apoptosis pathways was associated with increased expression of DR-5 and
via increasing the DR5-associated DISC recruitment and increased activation of the caspase-8.

activation of caspase-8. Such an observation is similar Analysis of the DR5-associated DISC identified
to our previous report that CaM antagonists promote the interaction of CaM and DRS in the pancreatic cancer
Fas death receptor-induced apoptosis via the extrinsic cell lines that was increased in response to TRA-8. These
apoptosis pathways mediated by caspase-8 activation results in pancreatic cancer cells differ from our previous
[22, 32]. Furthermore, TMX markedly enhanced the report in non-cancerous jurkat cells in which CaM did
efficacy of TRA-8 therapy on tumorigenesis of the not interact with TRAIL death receptors [33]. In the Fas-
resistant PANC-1 pancreatic cancer cells in vivo, which activated DISC, we have demonstrated that the recruitment

www.impactjournals.com/oncotarget 25313 Oncotarget



A B a) 1800 b) 1800
Sp1 Spi1  Spi —~ 1500 O Control ~1500 OControl
373 1 < S !
ﬂ] ”—” Luc| > 1200 SEEL 1200 "X
= 900
Sp1 Spl1 291 <z 2 s00
- <
CTTCCCCTCCCCTCCCCACT  DR5-373 < S 5%
CTTCCAAACCCCTCCCCACT DRS5-373-mutl 3 =,
CTTCCCCTAAAATCCCCACT DR5-373-mut2
@313 gt el 3 23T e e aed
CTTCCCCTCCCCTAAACACT DRS5-373-mut3 Y S sv Sy PR g SP S

Figure 6: CaM antagonists-responsive region in the DR5 gene. A. Schematic map of the putative Sp1 binding elements in the
CaM antagonist-responsive region and mutation strategies. The two putative Sp1 binding elements and the three mutants on the DR5-373
luciferase reporter are underlined. B. The effects of the mutations on the putative Sp1 binding elements on CaM antagonists-induced DR5
expression. PANC-1 cells transfected with luciferase reporter DR5-373 or its mutants were treated with 25 uM of a) TFP or b) TMX for 16
hours. Results shown are relative luciferase activity, after normalized by the renilla luciferase activity, compared with wild type DR5-373 in

control condition, defined as 100% (n =3, *p < 0.001, compared with DR5-373 at control condition; #p < 0.001, compared with DR5-373
treated by TFP or TMX).

Control TMX
AZDOO 7 -m-Control C + 4+ 4+ + + + TRA-8
- 1750 - +TRA:8 B EmmE DRSS
g 1500 | --TMX Casp8
e as
£ 12so | TVXTRAS i eele BRI (1
g 1000 - Cleaved
S 750 1 Sk oty - il R
= 500 A
= 500 Casp3
o S
E o ] B Cleaved
T T T T T | Casp3
0 1 2 3 4 5 (Week) ,
o e e e (; APDH

Figure 7: Tamoxifen enhances the efficacy of TRA-8 on pancreatic cancer cell tumorigenesis in mice. Tumorigensis of
PANC-1 cells in nude mouse xenograft model as described in “materials and methods”. A. Tumor volumes in each group for 5 weeks after
treatment are shown. Results are presented as mean = SE, *p < 0.05 and **p < 0.01 compared with TRA-8 alone, n = 16 in each group).
B. Representative tumors from each group at 5 weeks after treatment. C. Western blot analysis of the expression of DR5 and activation
of caspase-8 and caspase-3 in isolated tumors. Results shown in B and C are from 3 representative tumors in each group. D. Cell death,

analyzed by TUNEL staining, in tumors a) and b) Quantitative analysis of TUNEL-positive cells as percentage of total cells in the tumor
sections (n = 5 tumors in each group, *p < 0.001).
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of CaM into the DISC facilitates the recruitment of
survival signals, including the FLIP and Src [19-22, 32],
which may contribute to the effects of CaM antagonists on
enhancing Fas-induced apoptosis [21, 22]. Similarly, FLIP
and Src were found to be recruited into the DR5-associated
DISC. However, CaM antagonists inhibit the recruitment
of both FLIP and Src in the Fas-activated DISC, whereas
CaM antagonists only inhibited the recruitment of Src,
but not FLIP, into the DR5-associated DISC. Considering
also that the expression of FLIP is very low in TRA-8-
resistant PANC-1 cells [27], these results suggested that
FLIP may not play a key role in mediating the effects of
CaM antagonists on enhancing TRA-8-induced apoptosis.

The precise function of Src in the DR5-associated
DISC has not been determined yet. We have demonstrated
that CaM-mediated Src recruitment into the Fas-activated
DISC in pancreatic cancer cells is associated with Src
phosphorylation/activation and cell survival [19]. In Hela
cells, Src activation has been demonstrated to inhibit
caspase-8 activation, via phosphorylating caspase-8
at tyrosine 380 that inhibits caspase-8 cleavage [34].
In addition, Src inhibition is associated with increased
caspase-8 cleavage, which contributes to increased
apoptosis in TRAIL resistant hepatic carcinoma cells
[35]. Accordingly, recruitment of Src, via CaM, into the
death receptor-activated DISC may provide the proximity
for Src to phosphorylate caspase-8, which inhibits
caspase-8 cleavage and activation as seen in Hela cells.
Consistently, we have found that CaM antagonist, TFP,
decreases CaM binding to Src, which inhibits Fas-induced
recruitment of Src into the DISC and Src phosphorylation
at tyrosine 416 that are key to its activation [19].
Therefore, inhibition of Src recruitment and activation
in the DR5-associated DISC by CaM antagonists may
contribute to CaM antagonist enhancement of TRA-
8-induced apoptosis. Additionally, we have recently
reported that TRA-8-induced DISC recruitment of PARP-
1 regulates caspase-8 activation in the DISC [27], which
is accompanied by enhanced sensitivity of pancreatic
cancer cell to TRA-8-induced apoptosis. However, CaM
antagonists did not affect PARP-1 expression or the
recruitment of PARP-1 into TRA-8-induced DISC. Thus,
CaM antagonists-enhanced caspase-8 activation and
apoptosis is not mediated by PARP-1.

Our studies have further identified a novel
mechanism whereby CaM antagonists enhance TRA-8-
induced apoptosis by inducing the expression of DRS.
Although the correlation between the basal expression
levels of the functional death receptors, DR4 or DRS,
and the sensitivity of cancer cells to TRAIL treatment
has not been demonstrated [27, 36, 37], our results are
consistent with previous observations that upregulation
of DR4 and DRS5 enhance TRAIL-induced apoptosis
in a variety of cancers [38—40]. Furthermore, results
from our studies have provided new mechanistic
insights into CaM antagonist-indued DRS expression.

We demonstrated that CaM antagonists enhanced
the expression of DRS5 in pancreatic cancer cells, but
not the other TRAIL functional receptor, DR4. The
CaM antagonist-responsive region was localized
between -295 and -300 bp in the 5’ flanking region
of the DRS gene, a putative binding element of the
specificity protein 1 (Spl). In addition to Sp1 [41-43],
other transcription factors that have been reported to
modulate DRS transcription include the nuclear factor
B [44], CCAAT/enhancer-binding protein homologous
protein [45], activator protein 1 [46] and Yin Yang 1
[47]. However, no putative binding elements for the
other transcription factors were identified in the CaM
antagonist-responsive region. Of note, previous studies
have demonstrated that activation of Sp1 is unique for
transcriptional regulation of DRSS without affecting
DR4 expression in other cancer cells, including colon
[41], hepatoma [43] and ovarian cancer cells [42].
Consistently, site-direct mutagenesis studies further
support a unique and important role of Sp1 in mediating
CaM-antagonist-induced upregulation of DRS.

In summary, we have demonstrated that CaM
antagonists, TFP and TMX, enhance TRA-8-induced
apoptosis in TRA-8-resistant pancreatic cancer cell
lines. CaM antagonists induce DRS expression via
two putative Spl binding elements spanning -295 to
-305 bp of DRS gene, and increase recruitment and
activation of apoptotic signal, caspase-8, and decrease
survival signals, CaM and Src, in the TRA-8-activated
DISC. This novel regulatory role of CaM in the DR5-
associated DISC may present a unique opportunity for
the use of these readily available and well tolerated CaM
antagonists, TMX and TFP, in combination with DR5
agonists to enhance the therapeutic efficacy of TRAIL-
resistant pancreatic cancer.

MATERIALS AND METHODS

Cell culture, antibodies, and reagents

The human pancreatic cancer cell lines PANC-1 and
Suit-2 were purchased from the American Type Culture
Collection (ATCC, Manassas, VA). PANC-1 cells were
grown in Dulbeccos’ Modified Eagle’s Media (DMEM,;
Invitrogen, Carlsbad, CA)) and Suit 2 cells were grown
in RPMI 1640 supplemented with penicillin (5 units/mL),
streptomycin (5 pg/mL), and 10% heat-inactivated FBS.

DRS5 agonist antibody, TRA-8, was generated
as previously described [48]. All antibodies used were
commercially available, including anti-caspase-8
(BD Bioscience, San Jose, CA), anti-caspase-3 (Enzo
Life, Plymouth Meeting, PA), anti-FADD and anti-
CaM (Millipore, Billerica, MA), Src (Cell Signaling
Technology, Danvers, MA), anti-DR5 (Prosci, Poway,
CA), anti-c-FLIP (Enzo Life, Farmingdale, NY) and anti-
GAPDH (Santa Cruz Biotech, Santa Cruz, CA).

www.impactjournals.com/oncotarget

25315

Oncotarget



Tamoxifen (TMX) and Trifluoperazine (TFP) were
obtained from Sigma-Aldrich (St. Louis, MO). Protein
G-agarose and Lipofectamine 2000 were from Invitrogen
(Carlsbad, CA). Caspase-8 Inhibitor, Z-IETD-FMK, was
from R&D system. The dual-luciferase activity reporter
system was purchased from Promega.

Assessment of apoptosis

Cells were exposed to TRA-8, TMX and TFP for the
times and concentrations indicated in the figure legends.
Apoptosis was determined by Annexin V-fluorescein
isothiocyanate (FITC) and propidium iodide (PI) staining
(BD Bioscience, San Jose, CA) and analyzed by flow
cytometry (BD Biosciences).

Western blot analysis

Proteins were extracted, quantified with a BCA
protein assay kit (Thermo Scientific, Waltham, MA),
separated by SDS-PAGE and transferred to Immobilon
P membranes (Millipore, Billerica, MA) as described
previously [27]. Membranes were blocked in 5% nonfat
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 temperature. Signals were detected using Immobilon
Western chemiluminescent horseradish peroxidase
substrate detection kit (Millipore, Billerica, MA).

Immunoprecipitation

Immunoprecipitation of DISC proteins was
performed as we described previously [27]. Cells were
suspended and incubated with TRA-8 for 1 hour at 37°C.
Protein extracts (1000 pg) was then incubated with
1 pg of anti-DRS antibody for 1 hour and subsequently
incubated with 50 pL of 1:1 slurry of protein G-agarose
beads overnight at 4°C. Beads were washed, and
20 pL 2 x Laemmli sample buffer was added to the
beads followed by heating at 95°C for 5 minutes and
chilling on ice. After brief centrifugation, proteins in
the supernatant were analyzed by Western blotting with
indicated antibodies.

Real-time PCR analysis

Total RNA was extracted with Trizol reagents
according to the manufacturer’s instructions (Invitrogen
Carlsbad, CA). The reverse transcription reaction was
performed on 1 pg of total RNA using the First Strand
cDNA Synthesis Kit (Fermentas, Glen Burnie, MD). Real-
time PCR for DR4, DR5 and GAPDH was performed
and analyzed using SsoFast EvaGreen Supermix (Bio-
Rad, Hercules, CA) in a Bio-Rad CFX96-Cycler as we
previously described [49].

Luciferase reporter assay

DRS promoter activity was determined using a
dual-luciferase activity reporter system. The promoter
report plasmids containing a 5'-flanking region of DR5
gene from -1~-373 (pGL3-DR5-373), -1~-420(pGL3-
DR5-420) and -1~-3070 (pGL3-DR5-3070) were kindly
provided by Dr. Sun SY [49]. A serial deletion and
point mutations were generated by PCR with specific
primers using the plasmid pGL3-DR5-373 as a template.
The amplified fragments were inserted into the Kpnl
and BgllI restriction sites of the pGL3-basic reporter
vector. Specific primers include the reverse primer,
5'-CTTAAGATCTGGCGGTAGGGAACGCTCTTATAG
TC-3'; and the forward primers: 5-CTTAGG
TACCTGGACGCGCTTGCGGAGGATTGCGT-3" (pG
L3-DR5-290); 5'-CTTAGGTACCCGAATGAC GCCTGC
CCGGAGGCAGT-3' (pGL3-DR5-189); and 5'-CTTAG
GTACCAAGTCAGCCTGGACACA TAAATCAG-3' (pG
L3-DR5-142). Point mutations were made by replacing the
nucleic acids with adenine using the QuikChange II Site-
Directed Mutagenesis kit (Agilent Technologies, Santa
Clara, CA) and confirmed by sequence analysis. Specific
primers are 5'-5-TTAGTTCCGGTCCCTTCCAAACCCC
TCCCCACTTGGACG-3" and 5'-CGTCCAAGTGGGGA
GGGGTTTGGAAGGGACCGGAACTAA-3' (DR5-Spl
-Mutant 1, -303 to -305); 5'-GTTCCGGTCCCTTCCC
CTAAAATCCCCACTTGGACGCGC T-3' and 5-AGCG
CGTCC AAGTGGGGATTTT AGGGGAAGGGACCG
GAAC-3" (DR5-Spl-Mutant 2, -299 to -302); 5'-GG
TCCCTTCCCCTCCCCTAAACACTTGGACGCGCTT
GCGGA-3' and 5-TCCGCAAGCGCGTCC AAGTGT
TTA GGGGAGGGGAAGGGACC-3'(DR5-Sp1-Mutant3,
- 295 to -297).

To determine luciferase activity, PANC-1 Cells
at 70—80% confluence were co-transfected with pGL3-
DRS reporter plasmids and a plasmid expressing
the venilla luciferase (as a control for transfection
efficiency) using Lipofectamine 2000. Media were
changed 24 hours after transfection, and cells were
treated with TMX and TFP for 16 hours. Luciferase
activity was measured with Dual-Luciferase Reporter
Assay System [50].

Mouse xenograft model

The animal protocol was approved by the
Institutional Animal Care and Use Committee at the
University of Alabama at Birmingham. Male athymic
nu/nu mice (6 weeks old, NCI-Frederick) were used
for tumor inoculation as we previously reported [27].
Briefly, PANC-1 cells (2 x 10° in 200 mL PBS/site)
were inoculated subcutancously into the both flanks
of mice. Five days after tumor inoculation, mice were
divided into four groups(8 mice/group): a control group
injected with 0.9% sodium chloride and three treatment
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groups intraperitoneally injected with TMX (15 mg/kg,
2 consecutive days/week), TRA-8 (200 pg/mice, once/
week), or the combination (TMX plus TRA-8). The tumor
size was measured every week and tumor volumes were
determined using the formula volume = length x width?/2.
At the end of the experiment, tumors were removed from
mice and homogenized for Western blot analysis.

TUNEL staining

TUNEL staining was performed on tumor sections
(7 pm) (DeadEnd Fluorometric TUNEL System;
Promega) to determine cell death, and DAPI staining
(4', 6-diamidine-2-phenylindole dihydrochloride) was
used to identify nuclei. Stained specimens were examined
microscopically (Leica M165 FC). For quantitative
analysis, cell numbers were counted under a microscope
(% 200). Four fields in each slide were counted and the
percentage of apoptotic cells was determined.

Statistical analysis

Results are generally expressed as means = SD
unless specified. Differences between 2 groups were
identified with the Student ¢ test. For multiple groups,
one-way ANOVA and Student-Newman—Keuls tests
were conducted to identify differences. Significance was
defined as P < 0.05.

CONFLICTS OF INTEREST

The authors disclose no potential conflicts of
interest.

GRANT SUPPORT

This work was supported by VA Merit Review
Awards BX000311 (JMM) and BX002296 (YC).

REFERENCES

1. Raimondi S, Maisonneuve P, Lowenfels AB. Epidemiology
of pancreatic cancer: an overview. Nature reviews
Gastroenterology & hepatology. 2009; 6:699-708.

2. Hartman DJ, Krasinskas AM. Assessing treatment effect
in pancreatic cancer. Archives of pathology & laboratory
medicine. 2012; 136:100-109.

3. Saif MW. Controversies in the adjuvant treatment of pan-
creatic adenocarcinoma. JOP. 2007; 8:545-552.

4. Conroy T, Desseigne F, Ychou M, Bouche O, Guimbaud R,
Becouarn Y, Adenis A, Raoul JL, Gourgou-Bourgade S, de la
Fouchardiere C, Bennouna J, Bachet JB, Khemissa-Akouz F,
Pere-Verge D, Delbaldo C, Assenat E, Chauffert B, Michel P,
Montoto-Grillot C, Ducreux M. Groupe Tumeurs Digestives
of U, Intergroup P. FOLFIRINOX versus gemcitabine for

10.

11.

12.

13.

14.

15.

16.

17.

18.

metastatic pancreatic cancer. The New England journal of
medicine. 2011; 364:1817-1825.

Hanahan D, Weinberg RA. The hallmarks of cancer. Cell.
2000; 100:57-70.

Schutze S, Tchikov V, Schneider-Brachert W. Regulation
of TNFR1 and CD95 signalling by receptor compartmen-
talization. Nature reviews Molecular cell biology. 2008;
9:655-662.

Fulda S, Debatin KM. Extrinsic versus intrinsic apoptosis
pathways in anticancer chemotherapy. Oncogene. 2006;
25:4798-4811.

Mahmood Z, Shukla Y. Death receptors: targets for
cancer therapy. Experimental cell research. 2010;
316:887-899.

Daniel D, Wilson NS. Tumor necrosis factor: renaissance
as a cancer therapeutic? Curr Cancer Drug Targets. 2008;
8:124-131.

Holoch PA, Griffith TS. TNF-related apoptosis-inducing
ligand (TRAIL): a new path to anti-cancer therapies.
European journal of pharmacology. 2009; 625:63—72.

Herbst RS, Kurzrock R, Hong DS, Valdivieso M, Hsu CP,
Goyal L, Juan G, Hwang YC, Wong S, Hill JS, Friberg G,
LoRusso PM. A first-in-human study of conatumumab in
adult patients with advanced solid tumors. Clinical cancer
research. 2010; 16:5883-5891.

Forero-Torres A, Shah J, Wood T, Posey J, Carlisle R,
Copigneaux C, Luo FR, Wojtowicz-Praga S, Percent I,
Saleh M. Phase I trial of weekly tigatuzumab, an agonistic
humanized monoclonal antibody targeting death receptor 5
(DRS). Cancer biotherapy & radiopharmaceuticals. 2010;
25:13-19.

Wiezorek J, Holland P, Graves J. Death receptor agonists
as a targeted therapy for cancer. Clinical cancer research.
2010; 16:1701-1708.

Matsuzaki H, Schmied BM, Ulrich A, Standop J, Schneider
MB, Batra SK, Picha KS, Pour PM. Combination of tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL)
and actinomycin D induces apoptosis even in TRAIL-
resistant human pancreatic cancer cells. Clinical cancer
research. 2001; 7:407-414.

Wilson NS, Dixit V, Ashkenazi A. Death receptor signal
transducers: nodes of coordination in immune signaling net-
works. Nature immunology. 2009; 10:348-355.

Azijli K, Weyhenmeyer B, Peters GJ, de Jong S, Kruyt FA.
Non-canonical kinase signaling by the death ligand TRAIL
in cancer cells: discord in the death receptor family. Cell
death and differentiation. 2013; 20:858-868.

Satoh K, Kaneko K, Hirota M, Masamune A, Satoh A,
Shimosegawa T. Tumor necrosis factor-related apoptosis-
inducing ligand and its receptor expression and the pathway
of apoptosis in human pancreatic cancer. Pancreas. 2001;
23:251-258.

Hinz S, Trauzold A, Boenicke L, Sandberg C, Beckmann S,
Bayer E, Walczak H, Kalthoff H, Ungefroren H. Bel-XL

www.impactjournals.com/oncotarget

Oncotarget



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

protects pancreatic adenocarcinoma cells against CD95-
and TRAIL-receptor-mediated apoptosis. Oncogene. 2000;
19:5477-5486.

Yuan K, Jing G, Chen J, Liu H, Zhang K, Li Y, Wu H,
McDonald JM, Chen Y. Calmodulin mediates Fas-induced
FADD-independent survival signaling in pancreatic cancer
cells via activation of Src-extracellular signal-regulated
kinase (ERK). J Biol Chem. 2011; 286:24776-24784.

Jing G, Yuan K, Turk AN, Jhala NC, Arnoletti JP, Zhang K,
McDonald JM, Chen Y. Tamoxifen enhances therapeutic
effects of gemcitabine on cholangiocarcinoma tumorigen-
esis. Laboratory investigation. 2011; 91:896-904.

Pawar P, Ma L, Byon CH, Liu H, Ahn EY, Jhala N,
Arnoletti JP, McDonald JM, Chen Y. Molecular mecha-
nisms of tamoxifen therapy for cholangiocarcinoma:
role of calmodulin. Clinical cancer research. 2009;
15:1288-1296.

Pawar PS, Micoli KJ, Ding H, Cook WIJ, Kappes JC,
Chen Y, McDonald JM. Calmodulin binding to cellular
FLICE-like inhibitory protein modulates Fas-induced sig-
nalling. The Biochemical journal. 2008; 412:459-468.
Chen Y, Pawar P, Jhala N, McDonald JM. Regulators
of apoptosis in cholangiocarcinoma. Hyperplastic and
Neoplastic Growth of Cholangiocytes. Research Signpost
Publications, India. 2008.

Chin D, Means AR. Calmodulin: a prototypical calcium
sensor. Trends in cell biology. 2000; 10:322-328.

Chen QY, Wu LJ, Wu YQ, Lu GH, Jiang ZY, Zhan JW,
Jie Y, Zhou JY. Molecular mechanism of trifluoperazine
induces apoptosis in human A549 lung adenocarcinoma cell
lines. Molecular medicine reports. 2009; 2:811-817.

Frankfurt OS, Sugarbaker EV, Robb JA, Villa L.
Synergistic induction of apoptosis in breast cancer cells by
tamoxifen and calmodulin inhibitors. Cancer letters. 1995;
97:149-154.

Yuan K, Sun Y, Zhou T, McDonald J, Chen Y. PARP-1
regulates resistance of pancreatic cancer to TRAIL therapy.
Clinical cancer research. 2013; 19:4750-4759.

Yoshida T, Maeda A, Tani N, Sakai T. Promoter structure
and transcription initiation sites of the human death receptor
S/TRAIL-R2 gene. FEBS Lett. 2001; 507:381-385.

Hellwig CT, Rehm M. TRAIL signaling and synergy
mechanisms used in TRAIL-based combination therapies.
Molecular cancer therapeutics. 2012; 11:3—-13.

Plummer R, Attard G, Pacey S, Li L, Razak A, Perrett R,
Barrett M, Judson I, Kaye S, Fox NL, Halpern W, Corey A,
Calvert H, de Bono J. Phase 1 and pharmacokinetic study
of lexatumumab in patients with advanced cancers. Clinical
cancer research. 2007; 13:6187-6194.

Dietze EC, Caldwell LE, Grupin SL, Mancini M,
Seewaldt VL. Tamoxifen but not 4-hydroxytamoxifen initi-
ates apoptosis in p53(-) normal human mammary epithelial
cells by inducing mitochondrial depolarization. The Journal
of biological chemistry. 2001; 276:5384-5394.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Chen Y, Pawar P, Pan G, Ma L, Liu H, McDonald JM.
Calmodulin binding to the Fas-mediated death-inducing
signaling complex in cholangiocarcinoma cells. Journal of
cellular biochemistry. 2008; 103:788-799.

Ahn EY, Lim ST, Cook WJ, McDonald JM. Calmodulin
binding to the Fas death domain. Regulation by Fas
activation. The Journal of biological chemistry. 2004;
279:5661-5666.

Cursi S, Rufini A, Stagni V, Condo I, Matafora V, Bachi A,
Bonifazi AP, Coppola L, Superti-Furga G, Testi R,
Barila D. Src kinase phosphorylates Caspase-8 on Tyr380: a
novel mechanism of apoptosis suppression. EMBO J. 2006;
25:1895-1905.

De Toni EN, Kuntzen C, Gerbes AL, Thasler WE, Sonuc N,
Mucha SR, Camaj P, Bruns C, Goke B, Eichhorst ST. P60-
c-src suppresses apoptosis through inhibition of caspase 8
activation in hepatoma cells, but not in primary hepatocytes.
Journal of hepatology. 2007; 46:682—691.

Ozawa F, Friess H, Kleeff J, Xu ZW, Zimmermann A,
Sheikh MS, Buchler MW. Effects and expression of TRAIL
and its apoptosis-promoting receptors in human pancreatic
cancer. Cancer letters. 2001; 163:71-81.

Keane MM, Ettenberg SA, Nau MM, Russell EK, Lipkowitz
S. Chemotherapy augments TRAIL-induced apoptosis in
breast cell lines. Cancer research. 1999; 59:734-741.

Bai J, Sui J, Demirjian A, Vollmer CM Jr, Marasco W,
Callery MP. Predominant Bcl-XL knockdown disables
antiapoptotic mechanisms: tumor necrosis factor-related
apoptosis-inducing ligand-based triple chemotherapy over-
comes chemoresistance in pancreatic cancer cells in vitro.
Cancer research. 2005; 65:2344-2352.

Shankar S, Singh TR, Srivastava RK. Ionizing radiation
enhances the therapeutic potential of TRAIL in prostate
cancer in vitro and in vivo: Intracellular mechanisms. The
Prostate. 2004; 61:35-49.

Guo F, Sigua C, Tao J, Bali P, George P, Li Y, Wittmann
S, Moscinski L, Atadja P, Bhalla K. Cotreatment with his-
tone deacetylase inhibitor LAQ824 enhances Apo-2L/tumor
necrosis factor-related apoptosis inducing ligand-induced
death inducing signaling complex activity and apoptosis
of human acute leukemia cells. Cancer research. 2004;
64:2580-2589.

Kim YH, Park JW, Lee JY, Kwon TK. Sodium butyrate
sensitizes TRAIL-mediated apoptosis by induction of tran-
scription from the DR5 gene promoter through Spl sites
in colon cancer cells. Carcinogenesis. 2004; 25:1813-1820.

Lin T, Chen Y, Ding Z, Luo G, Liu J, Shen J. Novel insights
into the synergistic interaction of a thioredoxin reductase
inhibitor and TRAIL: the activation of the ASK1-ERK-Sp1
pathway. PloS one. 2013; 8:¢63966.

Sun M, Zhang J, Liu S, Liu Y, Zheng D. Spl1 is involved
in 8-chloro-adenosine-upregulated death receptor 5 expres-

sion in human hepatoma cells. Oncology reports. 2008;
19:177-185.

WWw

.impactjournals.com/oncotarget

25318

Oncotarget



44,

45.

46.

47.

Ravi R, Bedi GC, Engstrom LW, Zeng Q, Mookerjee B,
Gelinas C, Fuchs EJ, Bedi A. Regulation of death recep-
tor expression and TRAIL/Apo2L-induced apoptosis by
NF-kappaB. Nat Cell Biol. 2001; 3:409-416.

Do MT, Na M, Kim HG, Khanal T, Choi JH, Jin SW,
Oh SH, Hwang IH, Chung YC, Kim HS, Jeong TC,
Jeong HG. Ilimaquinone induces death receptor expression
and sensitizes human colon cancer cells to TRAIL-induced
apoptosis through activation of ROS-ERK/p38 MAPK-
CHOP signaling pathways. Food and chemical toxicology.
2014; 71:51-59.

Portanova P, Notaro A, Pellerito O, Sabella S, Giuliano M,
Calvaruso G. Notch inhibition restores TRAIL-mediated
apoptosis via AP1-dependent upregulation of DR4 and
DRS5 TRAIL receptors in MDA-MB-231 breast cancer cells.
International journal of oncology. 2013; 43:121-130.
Baritaki S, Suzuki E, Umezawa K, Spandidos DA,
Berenson J, Daniels TR, Penichet ML, Jazirehi AR,
Palladino M, Bonavida B. Inhibition of Yin Yang

48.

49.

50.

1-dependent repressor activity of DRS transcription and
expression by the novel proteasome inhibitor NPI-0052
contributes to its TRAIL-enhanced apoptosis in cancer
cells. Journal of immunology. 2008; 180:6199-6210.

Ichikawa K, Liu W, Zhao L, Wang Z, Liu D, Ohtsuka T,
Zhang H, Mountz JD, Koopman WJ, Kimberly RP, Zhou T.
Tumoricidal activity of a novel anti-human DRS monoclo-
nal antibody without hepatocyte cytotoxicity. Nature medi-
cine. 2001; 7:954-960.

Qiu Y, Liu X, Zou W, Yue P, Lonial S, Khuri FR, Sun SY.
The farnesyltransferase inhibitor R115777 up-regulates
the expression of death receptor 5 and enhances TRAIL-
induced apoptosis in human lung cancer cells. Cancer
research. 2007; 67:4973-4980.

Heath JM, Sun Y, Yuan K, Bradley WE, Litovsky S,
Dell’italia LJ, Chatham JC, Wu H, Chen Y. Activation
of AKT by O-linked N-acetylglucosamine induces vascu-
lar calcification in diabetes mellitus. Circulation research.
2014; 114:1094—-1102.

www.impactjournals.com/oncotarget

25319

Oncotarget



