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Abstract

Purpose Pancreatic ductal and lung adenocarcinomas are
the most common and prevalent types of human neoplasms
with a greater than 80% mortality rate. The poor prognosis
of both these cancers are likely due to the absence of valid
approaches for early detection, the frequency of its metasta-
ses at the time of diagnosis, frequent recurrence after sur-
gery, and poor responsiveness to chemotherapy. Most
notably, the early development of pancreatic intraepithelial
neoplasia and lung lesions is suggested to be the result of a
mutation in the K-ras (G12D) oncogene. Tumor necrosis
factor-related-apoptosis-inducing-ligand (TRAIL) has been
shown to have great potential for the treatment of most
human tumor cells, while leaving normal cells unharmed.
However, some cancers show resistance to TRAIL treatment,
leaving a gap in the understanding of its exact etiology.
Methods TRAIL-induced resistance to cell death was
investigated in pancreatic and lung cancer cell lines. Cell
survival was determined by SRB and apoptosis by ELISA-
based cell death assay. Activation of bid and caspases were
evaluated by Western blotting.

Results  Our study demonstrated that TRAIL significantly
suppressed cell survival, by inducing apoptosis in a

R. P. Sahu - S. Batra - P. K. Kandala - S. K. Srivastava (D<)
Department of Biomedical Sciences and Cancer Biology Center,
School of Pharmacy, Texas Tech University Health Sciences
Center, Suite 1103, 1406 Coulter Drive, Amarillo,

TX 79106, USA

e-mail: sanjay.srivastava@ttuhsc.edu

T. L. Brown (X))

Department of Neuroscience, Cell Biology, and Physiology,
Wright State University Boonshoft School of Medicine,
3640 Colonel Glenn Highway, Dayton, OH 45435, USA
e-mail: thomas.L.brown@wright.edu

dose-dependent manner, in the pancreatic cancer BxPC-3
(wild type G12) and lung cancer A549 (G12S) cell lines. In
contrast, Panc-1 pancreatic and SK-LU-1 lung cancer cell
lines, which have a mutated (G12D) K-ras genotype, were
resistant to the actions of TRAIL.

Conclusions  This study demonstrates an association between
TRAIL resistance to apoptosis in human pancreatic and
lung cancer cell lines and G12D K-ras'? mutation.

Keywords Apoptosis - TRAIL resistance - K-RAS -
Pancreatic cancer - Lung cancer - Chemotherapeutic
resistance

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the
most fatal human malignancies with an overall 5-year sur-
vival rate of <5% and fourth leading cause of cancer-related
deaths in the United States [1]. PDAC develops from a pro-
gressive cascade of cellular, morphological, and architec-
tural changes from normal ductal epithelium through
proneoplastic lesions named as pancreatic intraepithelial
neoplasia (PanIN). Specific PanIN stages have been found
to be associated with different mutations including the loss
of tumor suppressor proteins CDKN2A/p16™K4A p53,
DPC4/SMAD4, and BRACA?2 as well as the activation of
HER-2/NEU and K-RAS2 genes [2].

Approximately 40% of the early PanIN lesions have
been shown to be associated with the activating mutations
in the KRAS2 locus. However, in advanced PDAC,
KRAS?2 mutations are detected in nearly 100% of the cases
[3]. Among different mutations in the K-ras oncogene, the
glycine to aspartic acid mutation within codon 12 (G12D)
is the most common and is found in greater than 90% of
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PDAC:s. Hingorani et al. have demonstrated that mice con-
stitutively expressing Kras®!?® mutation, via the Pdx1-Cre
transgene, in the pancreatic ductal epithelium showed the
full spectrum of preinvasive PanIN-like lesions and sup-
porting the fact that constitutive Kras activation is a critical
and initiating step in the progression of PDAC [4].

Lung cancer is the most commonly diagnosed cancer
worldwide, with nonsmall cell lung cancer (NSCLC)
accounting for about 80% of all cases diagnosed [1]. Ade-
nocarcinoma of the lung is more prevalent and currently the
most common type of lung cancer in the United States.
Activating mutations of the K-ras oncogene within codon
12 (G12D) have been reported in 25-50% of human lung
adenocarcinomas [5]. Johnson et al. reported that mice har-
boring a latent allele of K-ras G12D mutation is capable of
spontaneously activating the K-ras oncogene that results in
the development of multiple, early-onset lung tumors [6].

The extremely poor prognosis of both of these fatal
human cancers is due to the difficulties in its early detec-
tion, advance stage of the disease at the time of clinical
diagnoses, frequent recurrence after surgery, and poor
responsiveness to chemotherapy or radiotherapy regimens [1].
In spite of the various modern treatment modalities, the
overall mortality rate of both of these cancers has not been
significantly reduced in decades [1]. In addition to chemo-
therapeutic drugs use to treat pancreatic and lung cancers,
tumor necrosis factor (TNF)-related apoptosis-inducing
ligand (TRAIL)/APO-2L has been reported to be a novel
and potential candidate for the treatment of human
cancers [7, 8].

TRAIL is a member of the TNF family that induces
apoptosis by binding to its cognate transmembrane death
receptors, TRAIL-R1/DR4, and TRAIL-R2/DRS5 [9]. These
death receptors are in high abundance on the surface of the
transformed cancer cells and are not present on the cell sur-
face of almost all normal cells. TRAIL induces its cytotoxic
effects via binding to its death receptors on human tumor
cells without affecting normal cells [10]. TRAIL has been
shown to induce apoptotic cell death in human pancreatic
and lung cancer cells in vitro and in vivo [8, 9]. Notably,
some human pancreatic and lung cancer cells develop resis-
tance to TRAIL-induced apoptosis [11]. However,
evidence of the K-ras G12D mutation associated with resis-
tance to TRAIL-induced apoptosis in pancreatic and lung
cancer cells has yet to be reported.

In the present study, we investigated the possible expla-
nations for the resistance of pancreatic and lung cancer
cells to TRAIL-induced apoptosis. Based on the mutation
status in codon 12 of the K-ras gene, we selected pancreatic
BxPC-3 (G12, Wild Type) and Panc-1 (G12D) cells as well
as lung cancer cell lines A549 (G12S) and SK-LU-1 (G12D)
[12-17]. Our data indicated that TRAIL significantly inhib-
ited the growth of wild-type (G12) pancreatic BxPC-3 and
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(G12S) lung A549 cells by inducing apoptosis in a dose-
dependent manner and was associated with the cleavage of
caspase-8, BID, caspase-3, and PARP. In contrast, K-ras-
mutated (G12D) Panc-1 pancreatic and SK-LU-1 lung can-
cer cell lines were resistant to TRAIL-induced apoptosis
and were associated with the inability to activate the down-
stream apoptotic pathways.

Materials and methods
Reagents

The well-differentiated epithelial human pancreatic adeno-
carcinoma BxPC-3, Panc-1, and lung carcinoma SK-LU-1
cell lines were obtained from American Type Cell Culture
(ATCC, Manassas, VA). A549 lung cancer cells were
obtained from Dr. Jayarama Gunaje, Texas Tech University
Health Sciences Center. Heat-inactivated fetal bovine serum
and RPMI-1640, DMEM and F-12K medium were pur-
chased from Mediatech Inc. Human recombinant TRAIL
was purchased from R&D Systems. Calcium ionophore
A23187 and antibody against f-actin were purchased from
Sigma—Aldrich. The cell death detection apoptosis ELISA
kit was purchased from Roche Applied Science. Western
blotting enhanced chemiluminescence (ECL) reagent was
purchased from Perkin Elmer. Antibodies against full-
length BID (cat#2002), cleaved fragment of caspase-8
(cat#9496), full-length caspase 3 (cat#9664), and poly
(ADP-ribose) polymerase (PARP) (cat#9541), were from
Cell Signaling Technology Inc.

Cell culture

Monolayer culture of BXPC3 cells were maintained in RPMI-
1640 medium (Sigma—Aldrich, St. Louis, MO) adjusted to
contain 10% heat-inactivated fetal bovine serum (FBS) sup-
plemented with 2 mM L-glutamine 1.5 g/L sodium bicarbonate
4.5 g/L glucose, 10 mM HEPES, 1.0 mM sodium pyruvate,
and 1% (v/v) penicillin/streptomycin. Panc-1 cells were
cultured and maintained in DMEM supplemented with
4 mM L-glutamine and adjusted to contain 10% FBS and
1% (v/v) penicillin/streptomycin. Monolayer cultures of
SK-LU-1 and A549 were maintained in F-12 K medium
adjusted to contain 10% FBS and 1% (v/v) penicillin/strep-
tomycin.

SRB Cell survival assay

The effect of TRAIL and A23187 on cell survival in BxPC-
3, Panc-1, SK-LU-1, and A549 cells was determined
by Sulforhodamine B assay (SRB, Sigma-Aldrich) as
described previously [18-20]. Cells were treated with



Cancer Chemother Pharmacol (2011) 67:481-487

483

hrTRAIL for 6 h or A23187 for 24 h. The plates were read
at 590 nm using the Bio Kinetics plate reader EL-800
(BioTek Instrument Inc). IC50 values were obtained from
GraphPad Prism.

Western blot analysis

BxPC-3, Panc-1, SK-LU-1, and A549 cells (1x10(’) were
plated and allowed to attached overnight, followed by treat-
ment with varying concentrations of hrTRAIL (0, 5, 10 and
20 ng/ml) for 6 h. Whole cell extracts were prepared and
60 pg of protein were analyzed for caspase-8, BID, caspase-3,
and PARP by immunoblotting, as previously described
[18-22].

Apoptosis detection by cell death ELISA

Apoptotic cell death was measured by Cell Death ELISA
assay, as previously described [14—16]. Briefly, 1X10*
BxPC-3, Panc-1, SK-LU-1, and A549 cells were seeded in
96 well plates and treated with hrTRAIL (0, 5, 10 or 20 ng/ml)
for 6 h. Each sample was analyzed in triplicate. The plates
were read at 405 nm and at 490 nm on EL800 ELISA plate
reader (BioTek Instruments).

Statistical analysis

All experiments were repeated independently, a minimum
of three times and expressed as mean values with 95% con-
fidence. All statistical calculations were performed using
InStat software and GraphPad Prizm 4.0. Nonparametric
analysis of variance (ANOVA) followed by Bonferroni or
Newman—Keuls post hoc multiple comparison tests was
used to test the statistical significance between multiple
control and treated groups. Differences were considered
significant when P < 0.05.

Results

TRAIL inhibits the growth of human pancreatic
and lung cancer cells

As evidenced from previous studies, TRAIL can induce
cytotoxic effects on human cancer cells and tumors by
inhibiting cell proliferation through various signaling path-
ways [19, 20, 22]. To determine the optimal concentration
of TRAIL to use that might alter the survival of human pan-
creatic BXPC-3 and lung A549 cancer cells, we tested the
effect of different doses (0, 5, 10 and 20 ng/ml) of TRAIL
and different time points of analysis (0, 3, 6, 12 and 24 h).
We found that TRAIL decreased the survival of both

BxPC-3 and A549 cells and this was maximal at 6 h, when
compared to 3, 12, and 24 h of treatment (data not shown).
Therefore, in all subsequent experiments, cells were treated
with TRAIL for 6 h to observe the maximum effect. As
shown in Fig. 1, treatment for 6 h with increasing concen-
trations of TRAIL significantly inhibited the survival of
human pancreatic BxXPC-3 cancer cells in a dose-responsive
manner, but had no effect on the survival of Krasl2-
mutated PanC-1 pancreatic cancer cells (Fig. l1a, b). Simi-
larly, increasing concentrations of TRAIL significantly
decreased the survival of human lung cancer A549 cells
dose responsively, but had no effect on the survival of
Kras12-mutated SK-LU-1 lung cancer cells (Fig. 2a, b).
The calcium ionophore, A23187, was used as a nonspecific
inducer of cell death (Fig. 3) [27]. In BxPC3 and PanC-1
pancreatic cancer cell lines, 24-h treatment of A23187
induced cell death with an ICs, of 17.1 and 29.7 uM,
respectively. In A549 and SK-LU-1 lung cancer cell lines,
treatment of A23187 induced cell death with an ICs, of
40.4 and 38.27 puM, respectively.

TRAIL induces apoptosis in pancreatic
and lung cancer cells

In order to determine how TRAIL might inhibit cell
growth, pancreatic BxPC-3 and lung A549 cells were
treated with increasing concentrations of TRAIL for 6 h,
and the degree of apoptosis was measured by cell death
detection ELISA assay as described in Methods. As shown,
TRAIL significantly induced increasing levels of apoptosis
in both BxPC-3 (Fig. 1¢) and A549 (Fig. 2c) cells in a dose-
responsive manner. In contrast, increasing TRAIL concen-
trations did not induce apoptosis in pancreatic PanC-1 cells,
even at the highest doses (Fig. 1d). In lung SK-LU-1 cells,
TRAIL does not significantly induce apoptosis, except at
the very highest concentration tested, 20 ng/ml (Fig. 2d).

TRAIL activates the extrinsic apoptotic pathway
in Kras12 wild-type pancreatic and lung cancer cells

In order to further address the mechanism of TRAIL-
induced apoptosis, we evaluated the effect of TRAIL on the
apoptotic signaling molecules, such as caspase-8, Bid,
caspase-3, and PARP, of the extrinsic or death receptor
pathway. Treatment of pancreatic BxPC-3 and lung A549
cells with TRAIL resulted in the extensive cleavage of
caspase-8, Bid, caspase-3, and PARP in a dose-dependent
manner (Figs. le, 2e). The loss of full-length Bid and pro-
caspase-3 is indicative of the cleavage of these proteins
(Figs. le, 2e). These results suggest that both BxPC-3 and
A549 cells are sensitive to TRAIL-induced apoptosis via
cleavage of caspase-8, Bid, caspase-3, and PARP.
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Fig. 1 TRAIL sensitivity and
resistance in Pancreatic BxPC-3
and PanC-1 cancer cells.
BxPC-3 (pancreatic), having
wild-type K-Ras gene, and
PanC-1 (pancreatic) cancer
cells, having a mutation (G-D)
at codon 12 in K-Ras gene, were
treated with different concentra-
tions of TRAIL (0, 5, 10 and

20 ng/ml) for 6 h. Effect of
TRAIL treatment on the survival
of a BxPC-3 and b PanC-1 cells
was analyzed by Sulforhoda-
mine B assay. Apoptosis by
TRAIL was evaluated by cell
death detection apoptosis ELISA
in ¢ BXxPC-3 and d PanC-1 cells.
The values are represented as
mean £+ SEM of three indepen-
dent experiments (each con-
ducted in triplicate). Statistically
significant when compared with
control, *P < 0.05, **P < 0.01,
and ***P < (0.001. For Western
blotting, total cell lysates were
prepared as described in the
“Materials and methods” sec-
tion. Representative immuno-
blots show the effect of TRAIL
treatment in e BxPC-3 and

f PanC-1 cells, on the cleavage
of caspase-8, caspase-3, and
full-length Bid and PARP. Each
blot was stripped and reprobed
with anti--actin antibody to en-
sure equal protein loading
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Resistance of TRAIL-induced apoptosis in human
Pancreatic PanC-1 and SK-LU-1 Lung cancer cells

Resistance to TRAIL-induced apoptosis has previously
been reported in pancreatic and lung cancer cells [22-25].
We selected PanC-1(pancreatic) and SK-LU-1(lung) cancer
cells that have a mutation in the codon 12 (G12D) of K-ras
gene, as it is the most common mutation in human pancre-
atic and lung tumors, as a means to determine a mechanism
of resistance to TRAIL-induced apoptosis. PanC-1 and
SK-LU-1 cells treated with TRAIL barely altered the cell
survival of either of the cell lines (Figs. 1d, 2d). We failed
to observe statistically significant apoptosis induced by
TRAIL in PanC-1 cells (Fig. 1d). In SK-LU-1, TRAIL
modestly increased apoptosis but only at the highest con-
centration (Fig. 2d). The effect of TRAIL on PanC-1 and
SK-LU-1 were completely opposite to what was observed
in wild-type KRas12 (BxPC-3) and G12S K-Ras12 (A549)
cells. Consistent with apoptosis data by Cell Death ELISA,
we observed substantially reduced cleavage of caspase-8,
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Bid, caspase-3, and PARP in both PanC-1 and SK-LU-1
cells (Figs. If, 2f), when compared to BxPC-3 and A549
cells. This suggests that the glycine (G) to aspartate (D)
mutation in codon 12 of the K-ras gene confers resistance
of these cells to TRAIL-induced apoptosis.

Discussion

In the present study, we attempted to determine an associa-
tion between K-Ras12 mutation and resistance to TRAIL-
induced apoptosis in pancreatic and lung cancer cells. For
this purpose, we used BxPC-3 pancreatic that have a wild-
type amino acid glycine at codon 12 of the K-ras gene,
A549 lung cancer cells that have a glycine to serine muta-
tion at codon 12, and PanC-1 pancreatic and SK-LU-1 lung
cancer cells, both of which harbor a single point mutation
in codon 12 that changes glycine to aspartic acid (G12D).
We demonstrated that treatment with varying concentra-
tions of TRAIL in BxPC-3 and A549 cells, significantly
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Fig. 2 TRAIL sensitivity and
resistance in Lung A549 and

A
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represented as mean £ SEM of
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Statistically significant when
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prepared as described in the
“Materials and methods” sec-
tion. Representative immuno-
blots show the effect of TRAIL
treatment in e A549 and f SK-
LU-1 cells, on the cleavage of
caspase-8, caspase-3, and full-
length Bid and PARP. Each blot
was stripped and reprobed with
anti-f-actin antibody to ensure
equal protein loading
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inhibited the growth and induced apoptosis as evidenced by
cell survival, cell death detection apoptosis ELISA assay,
and immunoblotting. Our data are consistent with a previ-
ously published report that showed that both the pancreatic
BxPC-3 and PanC-1 cells express TRAIL receptor, whereas
BxPC-3 cells were susceptible and PanC-1 cells were found
to be resistance to TRAIL-mediated apoptosis [23].

TRAIL can induce apoptosis through an extrinsic apop-
totic pathway via binding to its death receptors. TRAIL
receptors are predominantly expressed in a majority of can-
cer cells, but not in noncancerous cells [7, 9]. Upon binding
to its receptors, TRAIL mediates an apoptotic response
through the activation and cleavage of caspase-8 that in
turn cleaves caspase-3. Our results demonstrate that TRAIL
induces apoptosis in BxPC-3 pancreatic and A549 lung
cancer cells via enhanced cleavage of caspase-8. Previous
studies also suggest that in some cells caspase-8 may addi-
tionally trigger the activation of the mitochondrial apopto-
tic pathway following cleavage of BID, thus resulting in the
loss of mitochondrial membrane integrity. We found that
treatment of BXPC-3 and A549 cells with TRAIL leads to
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the cleavage of Bid suggesting the activation of the mito-
chondrial pathway, in addition to the extrinsic pathway, in
TRAIL-induced apoptosis. Both the extrinsic and intrinsic
cell death pathways culminate in the cleavage of the final
executioner of apoptotic protein caspase-3 and its direct
downstream substrate, PARP. Our results suggest that
TRAIL inhibits cell growth by inducing apoptosis in those
cells harboring a wild-type allele at codon 12 in the K-ras
gene. This is in agreement with a previously published
study, in which the authors showed that TRAIL-induced
apoptosis in A549 lung cancer cells by stimulating the
cleavage of BID [26].

Our results further show that TRAIL administration
failed to inhibit the growth or induce apoptosis in PanC-1
and SK-LU-1 cells, which harbor a G12D mutation. We
found that the cleavage of caspase-8 and BID were modest
when compared to BxPC-3 and A549 cells, whereas the
cleavage of caspase 3 and PARP were barely detected. This
suggests an important role of G12D mutation in conferring
resistance to TRAIL-induced apoptosis in PanC-1 and
SK-LU-1 cells, which also express constitutive levels of
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Fig. 3 A23187 uniformly BXPC3 A549
decreases cell survival in 110 110
pancreatic and lung cancer cell 128 100 )
lines. BxPC-3 (pancreatic), < 80 | % Survival _ gg | % Survival
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PanC-1 (pancreatic) cancer Z 60 S 60
cells, having a mutation (G-D) 3 50 5 50 L
at codon 12 in K-Ras gene; o 40 2 40
A549, having a (G-S) mutation S 30 L 30 . -
at codon 12 in the K-Ras gene; 20 20
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having a mutation (G-D) at 0+ Y Y Y Y v 04 v T T T v
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anti-apoptotic proteins. Further support for the specificity
of K-ras mutation involvement in TRAIL resistance is pro-
vided by the analysis of A23187-induced cell death.
A23187 nonspecifically induces cell death [27]. If K-Ras12
G12D mutations provided a general chemoresistance in
cancer cells, treatment of G12D pancreatic and lung cancer
cells should show a pronounced shift in ICsys; however,
this was not observed (Fig. 3). This data suggests that the
K-Ras12 G12D mutation confers a preferential chemoresis-
tance to TRAIL-induced apoptosis in pancreatic and lung
cancer cells. Other codon 12 K-Ras mutations have been
identified and the data suggest that some mutations may
confer less resistance, suggesting that even a particular sin-
gle nucleotide point mutation may determine the overall
strength of K-Ras activity and level of resistance to
TRAIL-induced apoptosis. Future studies specifically eval-
uating K-Ras12 by gene knockdown and/or overexpression
studies will help to determine the influence of other gene
mutations (p53, p16, DPC4) on overall TRAIL resistance.
According to recent data, TRAIL is being used with sev-
eral conventional chemotherapeutic drugs to induce tumor
cell apoptosis because of its strong synergistic effects and
potent cell killing properties and thus places it in a category
of a promising candidate for cancer therapy. In our most
recent study, we found that resistance to TRAIL-induced
apoptosis in G12D K-Ras pancreatic cancer cells was
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overcome by sensitizing the cells with a low dose of benzyl
isothiocyanate, a phytochemical present in cruciferous veg-
etables [22].

In conclusion, our studies indicate that a mutation within
codon 12 of the K-Ras gene is an important event in confer-
ring resistance to TRAIL-induced apoptosis in pancreatic
and lung cancer cells. Our data suggest a clinical relevance
in screening for G12D mutations in pancreatic and lung
adenocarcinomas as a biomarker for resistance to TRAIL.
This would provide a rationale for new therapeutic
approaches of TRAIL sensitization, in combination with
current chemotherapies.
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