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ARTICLE INFO ABSTRACT
Article history: Pemetrexed is a clinically available anti-folate therapeutic agent used in combination with
Available online 2 July 2011 cisplatin for the management of patients with malignant pleural mesothelioma and
advanced non-small cell lung cancer. Pemetrexed inhibits three enzymes in purine and
Keywords: pyrimidine synthesis necessary for precursor DNA nucleotides which in turn disrupts growth
Pemetrexed and survival of normal and cancer cells. The mechanism by which pemetrexed induces apop-
DR5 tosis remains largely uncharacterised. In the current study, we examined the downstream
c-FLIP effect of pemetrexed in inducing apoptosis in lung cancer cells. We showed that pemetrexed
Apoptosis induced apoptosis via up-regulation of Death Receptor 5 (DRS), an important death receptor
CHOP for tumour necrosis factor (TNF)-related apoptosis inducing ligand (TRAIL). In addition, we
TRAIL discovered a synergistic effect of combination pemetrexed and recombinant TRAIL in induc-

ing apoptosis. Modulating DR5 induction by small interfering RNA abrogated the ability of
pemetrexed to induce apoptosis. In addition, silencing of C/EBP homologous protein (CHOP)
expression reduced DR5 expression, demonstrating that the transcriptional factor CHOP has
a pivotal role on DRS up-regulation following pemetrexed treatment. In addition, enforced
expression of cellular FLICE-inhibitory protein (c-FLIP), a known inhibitor of caspase 8, pro-
tected neoplastic cells from apoptosis despite pemetrexed and/or TRAIL therapy. Thus, our
findings demonstrate the efficacy and mechanistic underpinnings of pemetrexed-induced
apoptosis, and they suggest pemetrexed may have clinical utility when used in combination
with TRAIL for the management of patients with lung cancer.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction dismal 5 years 15% survival.? Surgery is available for a limited

number of patients, and chemotherapy remains the main-
Non-small cell lung cancer (NSCLC) is the most common can- stay of therapy for this disease. Cisplatin-based regimens
cer in the United States (>200,000 cases/year), and carries a are the standard of care in combination with various other
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agents such as pemetrexed. Pemetrexed (Alimta®) is a multi-
targeted anti-folate cytotoxic agent available for use in the
treatment of patients with NSCLC. It is indicated as initial
therapy in combination with cisplatin, as monotherapy after
prior chemotherapy, and as maintenance monotherapy in pa-
tients with locally advanced or metastatic non-squamous
NSCLC.?

Pemetrexed causes cell cycle arres and apoptosis.”™
Pemetrexed blocks three enzymes used in purine and pyrim-
idine synthesis—thymidylate synthase (TS), dihydrofolate
reductase (DHFR), and glycinamide ribonucleotide formyl-
transferase (GARFT). As a consequence, inhibition of the cel-
lular DNA machinery via disruption of folic acid metabolism
prevents cellular division and replication.>® However, to date,
the mechanistic underpinnings of directed cancer cell apop-
tosis by pemetrexed have not been fully elucidated. Previous
studies have suggested that pemetrexed-induced apoptosis
is associated with p53 and inactivation of bcl-2.”° However,
targeted cancer cell apoptosis for this widely used clinical
agent remains largely unexplained.

There are two major apoptosis signalling pathways: the
intrinsic mitochondria-mediated pathway and the extrinsic
death receptor-induced pathway.’® The truncated form of
the pro-apoptotic protein Bid serves as the cross-talk between
these two pathways. Death Receptor 5 (DR5) is an important
mediator of the extrinsic apoptotic signalling pathway. When
present locally in the tumour microenvironment, tumour
necrosis factor (TNF)-related apoptosis inducing ligand
(TRAIL) binds DR5 and preferentially induces apoptosis in
transformed cells while sparing normal cells, in contradis-
tinction to other mediators of programmed cell death such
as TNF and FasL.'™'? DR5 expression is inducible by cancer
therapeutic and preventive agents, and up-regulation of DR5
often explains induction of programmed cell death or aug-
mentation of TRAIL-induced apoptosis.’>™*°

A central step in the execution of apoptosis is the activa-
tion of caspases, which are widely present as inactive forms.°
Cellular FLICE-inhibitory protein (c-FLIP) is the pivotal protein
that negatively modulates the caspase cascade. Specifically,
caspase 8 is activated by death receptors through Fas associ-
ated death domain (FADD) binding of the death inducing sig-
nalling complex (DISC). Thus, the primary role of c-FLIP is a
specific inhibitor of death receptor-mediated apoptosis.'®
Accordingly, down-regulation of c-FLIP confers sensitivity to
death receptor-induced apoptosis. Although multiple splicing
isoforms of c-FLIP mRNA have been reported, c-FLIP, and
c-FLIPg, are major splicing variants detectable at the protein
level and have been extensively characterised.””

In this study, we explore the mechanism of pemetrexed-
induced apoptosis and the role of Death Receptor 5 and cellu-
lar FLICE-inhibitory protein as regulators of the programmed
cell death of cancer cells.

t3—6

2. Materials and methods

2.1. Reagents

Pemetrexed was purchased from Toronto Research Chemi-
cals, Inc. (Ontario, Canada). Caspase 3 antibody was obtained
from Imgenex (San Diego, CA). TRAIL was purchased from

Merck (Whitehouse Station, NJ). Caspase 8, caspase 9, Bip
and IREla antibodies were purchased from Cell Signaling
Technology (Danvers, MA). C/EBP homologous protein (CHOP)
antibody was obtained from Santa Cruz (Santa Cruz, CA). DR5
antibody was obtained from ProSci (Poway, CA).

2.2. Cell lines and cell culture

All human lung cancer cell lines throughout this study were
purchased from the American Type Culture Collection
(Manassas, VA). These cell lines were cultured in RPMI 1640
medium containing 5% foetal bovine serum at 37°C in a
humidified atmosphere of 5% CO2 and 95% air.

2.3.  Western blot analysis

Preparation of whole-cell protein lysates and the procedures
for the Western blotting were previously described.™®

2.4.  Silencing of DR5 and CHOP expression with siRNA

siRNAs were synthesised by GenePharma (Shanghai, China).
DR5 and CHOP siRNA target sequences were described be-
fore.'®'® The transfection of siRNA was conducted as previ-
ously described.®

2.5.  Establishment of stable cell lines that overexpress c-
FLIP,

c-FLIP, coding regions were amplified by PCR and cloned into
the pLenti6 vector (Invitrogen) following the manufacturer’s
protocol. The lentivirus was prepared in 293FT cells and
A549 cell clones were selected as previously described.’® For
brevity, the clone that can overexpress c-FLIP;, is referred to
as A549-FLIP;, and the control clone is labelled A549-LacZ.

2.6.  Apoptosis assays

Apoptosis was evaluated by Annexin V staining using Annexin
V-PE/7-AAD apoptosis detection kit purchased from BD Biosci-
ences (San Jose, CA) following the manufacturer’s instructions.
Caspase activation was detected by Western blotting.

3. Results

3.1.  Pemetrexed up-regulates DR5 expression in human
NSCLC cells

To characterise the mechanism through which pemetrexed
induces apoptosis, three NSCLC cell lines (H157, A549,
H1792) were treated with pemetrexed and examined for cellu-
lar apoptosis using Annexin V/7-AAD staining and by flow
cytometry analysis. The apoptosis of all three cell lines was
effectively induced by 48h of pemetrexed treatment
(2.5 pmol/L) (Fig. 1), suggesting induction of apoptosis may ac-
count for growth inhibition of human lung cancer cells.

To determine the molecular signalling pathway for
pemetrexed-induced apoptosis, we screened the expression
of apoptotic related genes in cells treated with pemetrexed.
We found pemetrexed could cleave caspase 8, caspase 9,
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Fig. 1 - Pemetrexed induces apoptosis in non-small cell lung cancer (NSCLC) cells. The indicated cell lines were treated with
and without 2.5 pmol/L pemetrexed (PEM) for 48 h. Cells were subjected to Annexin V-PE/7-AAD staining and flow cytometry
analysis.
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Fig. 2 - Pemetrexed activates caspases and induces DR5 expression in NSCLC cells in a dose-dependent (A) and a time-
dependent manner (B). The indicated cell lines were treated with the given concentrations for 48 h. The cells were then
subjected to a preparation of whole-cell protein lysates and subsequent Western blot analysis (A). Time-dependent effects of
PEM on the expression of DR5, caspase 8, caspase 9, caspase 3 and PARP in A549 cells (B). The cells were treated with

2.5 pmol/L for various times from 12 to 48 h as indicated and then subjected to the preparation of whole-cell protein lysates
and subsequent Western blot analysis for the given proteins (B).
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caspase 3 and the substrate of caspase 3, poly (ADP-ribose)
polymerase (PARP). Moreover, DR5 was also discovered to be
up-regulated in cells exposed to pemetrexed. With increasing
pemetrexed dosing, we found DR5 protein levels increased in
a dose-dependent manner (concentrations ranging from 2.5
to 10 pmol/L) in H157, A549 and H1792 (Fig. 2A). Time course
analysis indicated that pemetrexed increased DRS5 levels at
36 h (h) and reached the peak protein expression at 48h
following pemetrexed treatment in A549 cells (Fig. 2B).

To determine if DR5 inhibition conferred NSCLC resistance
to pemetrexed-induced apoptosis, DR5 gene expression was
silenced using RNAi methodology. DR5 siRNA transfection de-
creased both the basal level of DR5 expression and the level of
pemetrexed-increased DRS expression and decreased the
pemetrexed-increased levels of cleaved caspase 8, 9, 3 and
PARP (Fig. 3A). The percent of apoptotic A549 cells following
pemetrexed treatment decreased from 29% to 18% relative
to A549 cells treated with DMSO (Fig. 3B). In summary, our
findings suggest pemetrexed treatment up-regulates DR5
and can result in apoptosis in lung cancer cells.

3.2.  CHOP gene silencing down-regulates DR5 expression
and reduces pemetrexed-induced apoptosis

The induction of DR5 expression generally occurs at the tran-
scriptional level, including activation of the transcriptional
factors such as CHOP (C/EBP homologous protein; also known
as growth arrest and DNA damage gene 153, GADD153).° We
hypothesised CHOP may also be important for DR5 induction
after pemetrexed treatment. We found that CHOP levels
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increased at 48 h following pemetrexed treatment in a dose-
dependent manner (Fig. 4A). Time course analysis demon-
strated that CHOP increased 24 h following pemetrexed treat-
ment and remained high for 48h (Fig. 4B). CHOP siRNA
transfection decreased the induction level of CHOP expres-
sion and suppressed the elevated levels of cleaved caspase
8, caspase 9, caspase 3 and PARP despite pemetrexed treat-
ment (Fig. 4C). The percent of apoptotic cells declined from
32% to 22%, suggesting CHOP plays a critical role in the upreg-
ulation of DR5 after pemetrexed exposure (Fig. 4D).

Since CHOP plays an important role in apoptosis mediated
by endoplasmic reticulum (ER) stress, we postulate that
pemetrexed induces ER stress in lung cancer cells. Bip and
IRE1a are generally regarded as ER stress markers.?® We trea-
ted A549 and H157 cells with pemetrexed for 48 h and quan-
titated Bip and IREla levels using Western Blot technology.
We found Bip and IREla expression levels to be increased in
a concentration-dependent manner (Supplementary Fig. 1S),
suggesting pemetrexed treatment results in ER stress in lung
cancer cells. These data hint that pemetrexed up-regulates
CHOP through ER stress induction.

3.3.  Enforced ectopic c-FLIP; expression protects NSCLC
cells from apoptosis

Since FLIP, is a key protein that negatively regulates the
extrinsic death receptor-mediated apoptotic pathway by
inhibiting caspase-8 activation, some cancer therapeutic
agents enhance cell sensitivity to TRAIL-induced apoptosis
via down-regulation of c-FLIP expression.’®'”*® Therefore,
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Fig. 3 - Silencing of DR5 expression by siRNA (A) attenuates apoptosis induced by pemetrexed (B). A549 cells were seeded in a
6-well cell culture plate and on the second day transfected with control (Ctrl) or DR5 siRNA. Forty-eight hours later, the cells
were treated with 2.5 pmol/L pemetrexed. After 48 h, the cells were harvested for preparation of whole-cell protein lysates
and subsequent Western blot analysis (A) or for detection of apoptotic cells using annexin V/7-AAD staining (B). In annexin
V/7-AAD assay, the percent positive cells in the top right and bottom right quadrants were added to yield the total of
apoptotic cells. The cells in the bottom left quadrant were viable cells.
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Fig. 4 - Pemetrexed induces CHOP and DR5 up-regulation in a dose-dependent (A) and a time-dependent manner (B), and
silencing of CHOP expression by siRNA (C) attenuates apoptosis induced by pemetrexed (D). The indicated cell lines were
treated with the given concentrations for 48 h (A). A549 cells were treated with 2.5 pmol/L for various times from 12 to 48 h as
indicated (B). The cells in A and B were subjected to the preparation of whole-cell protein lysates and subsequent Western
blot analysis for the CHOP and DR5 expression. A549 cells were seeded in a 6-well cell culture plate and on the second day
transfected with control (Ctrl) or CHOP siRNA. Forty-eight hours later, the cells were treated with 2.5 pmol/L pemetrexed. After
48 h, the cells were harvested for preparation of whole-cell protein lysates and subsequent Western blot analysis (C) or for
detection of apoptotic cells using Annexin V/7-AAD staining (D).

we further examined the effects of pemetrexed on c-FLIP
expression in human lung cancer cells. We found that
pemetrexed treatment could down-regulate c-FLIP; in a con-
centration-dependent manner in the cell lines H157, A549
and H1792 which we detected (Fig. SA). In order to determine
if c-FLIP, is important to pemetrexed-mediated apoptosis, we
used a lentiviral expression system to enforce expression of
c-FLIP. in A549 cell line and then analysed its effect on apop-
tosis induced by pemetrexed. We found that the levels of
cleaved caspase 8, caspase 9, caspase 3 and PARP in A549-
FLIP;, were reduced compared with A549-LacZ control cells
(Fig. 5B). This demonstrated that c-FLIP; could prevent the
cells from apoptosis following pemetrexed therapy.

3.4. Enforced expression of ectopic c-FLIP; protects NSCLC
cells from induction of apoptosis when combined with TRAIL

It has been reported that many chemotherapeutic agents in
combination with TRAIL augment the induction of apoptosis

in human non-small cell lung cancer cells.?>*? To determine
whether down-regulation of c-FLIP also contributes to syn-
ergy between pemetrexed and TRAIL on apoptosis induction,
we examined the effects of enforced overexpression of c-FLIP,
on pemetrexed-mediated enhancement of TRAIL-induced
apoptosis in A549 lung cancer cell lines. In order to detect
the synergy between these two agents, we used pemetrexed
(2.5pumol/L) and TRAIL (40ng/ml) to treat A549-LacZ or
A549-FLIP;, cells. Cells were treated for 24 h in order for ade-
quate synergy between pemetrexed and TRAIL. Within 24 h,
we could detect high levels of ectopic c-FLIP;, (Fig. 6A). In con-
tradistinction, pemetrexed alone typically induces apoptosis
after 36 h’ suggesting this approach does not cleave any
pro-apoptotic proteins by 24 h. However, the combination of
pemetrexed and TRAIL induced cleavage of caspase 8, cas-
pase 9, caspase 3 and PARP in A549-lacZ control cells. This
was confirmed by the decline in proform levels and the in-
crease in their cleaved bands. Importantly, these effects were
diminished in AS549-FLIP, cells. In repeat experiments, we
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Fig. 5 - Pemetrexed degrades c-FLIP;, in NSCLC cells in a dose-dependent (A) and a time-dependent manner (B), and enforced
c-FLIP expression protects the cells from apoptosis induced by PEM treatment (C). The indicated cell lines were treated with
the given concentrations for 48 h (A). The cells were then subjected to the preparation of whole-cell protein lysates and
subsequent Western blot analysis for the c-FLIP,, expression. Time-dependent effects of PEM on the c-FLIP;, expression (B).
The cells were treated with 2.5 pmol/L for various times from 12 to 48 h as indicated and then subjected to the preparation of
whole-cell protein lysates and subsequent Western blot analysis for c-FLIP; expression (B). A549-LacZ and A549-FLIP,, cells
were treated with DMSO, 2.5, 5, 10 pmol/L PEM, respectively. After 48 h, c-FLIP, expression and caspase activation were
measured by Western blot analysis (C).
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Fig. 6 - Enforced c-FLIP,, expression protects the cells from apoptosis induced by the combination of PEM and TRAIL (B). A549-
LacZ and A549-FLIPL cells were treated with 2.5 pmol/L PEM, 40 ng/mL TRAIL, and their combination. After 24 h, the cells were
harvested for the preparation of whole-cell protein lysates and Western blot analysis (A) and detection of apoptotic cells
using Annexin V staining and flow cytometry analysis (B).
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measured 53.2% apoptosis in A549-LacZ cells treated with
combination of TRAIL and pemetrexed, but only 29.4% apop-
tosis in A549-FLIP, cells after the same treatment (Fig. 6B).
Thus, these results collectively show that down-regulation
of c-FLIP;, contributes to pemetrexed-mediated enhancement
of TRAIL-induced apoptosis.

4, Discussion

Non-small cell lung cancer (NSCLC) is a devastating disease
with dismal prognosis that is predominately treated by che-
motherapy when patients are not surgical candidates.
Pemetrexed is commonly used to manage this disease. In this
study, we demonstrate that pemetrexed induces apoptosis in
human NSCLC cells and sensitises these cells to TRAIL-in-
duced apoptosis. TRAIL is a novel cancer therapeutic protein
and is currently in Phase I clinical trials. Our findings suggest
a strong relationship between TRAIL-induced apoptosis by
pemetrexed. This has important clinical implications in con-
sidering combination TRAIL-pemetrexed therapy for NSCLC.

Our group and others have demonstrated that activation of
the TRAIL receptor apoptotic pathway such as up-regulation
of DRS5 plays a critical role in inducing apoptosis by certain
anticancer agents.’»?> We found that apoptosis can occur
with 36 h of pemetrexed exposure.”®> We showed that DRS
up-regulation started at 36 h and remained high for 48 h. In
addition, DRS5 inhibition induced by silencing DR5 expression
attenuated pemetrexed’s ability to induce apoptosis. This
demonstrates that the DR5 pathway is instrumental for
pemetrexed-induced apoptosis.

DRS is known to be regulated by p5 nuclear factor-
kB,%%, Sp1?’ and CHOP.?® Because pemetrexed induced DR5
expression in H157 and H1792 cells which carry mutant p53,
it is likely that pemetrexed induced a p53-independent DR5
expression. In an effort to discover the mechanistic underpin-
nings for increased DR5 expression, we found that CHOP was
affected by pemetrexed and accompanied with DR5 up-regu-
lation. Moreover, inhibition of CHOP induction abolished
pemetrexed induced DRS expression. Thus, we conclude that
pemetrexed triggers a CHOP dependent DR5 up-regulation.
Because CHOP is a typical protein associated with endoplas-
mic reticulum (ER) stress induced apoptosis,? it is possible
that pemetrexed up-regulation of CHOP and DRS5 is caused
by ER stress. We also found Bip and IREla expression levels
to be increased in a concentration-dependent manner, sug-
gesting pemetrexed treatment results in ER stress in lung
cancer cells. There is an alternative hypothesis. Since inhibi-
tion of thymidylate synthase by pemetrexed shuts off DNA
synthesis and triggers cell cycle arrest and apoptosis,®® we
postulate that impaired DNA synthesis may induce the
expression of CHOP which, in turn, leads to DR5 up-regula-
tion. Future studies need to elucidate how pemetrexed in-
creases CHOP expression and whether other transcriptional
factors are activated and involved in pemetrexed-induced
DR5 expression.

Given the important roles of c-FLIP in the regulation of the
TRAIL-mediated extrinsic apoptotic pathway and that both
DRS and c-FLIP are strongly modulated by pemetrexed, we
hypothesise that DR5 induction and c-FLIP down-regulation
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are two pivotal events that mediate apoptosis induction by
pemetrexed. This is further supported by our discovery that
enforced overexpression of ectopic c-FLIP; confers cell resis-
tance to induction of apoptosis by pemetrexed or the combi-
nation of pemetrexed and TRAIL. Although both isoforms of
c-FLIP (c-FLIP; and c-FLIPg) are inhibitors of caspase 8, c-FLIP,
appears to be more potent than c-FLIPs in protecting cells
from apoptosis following chemotherapeutic agents.’® Thus,
we focused on the role of ¢-FLIP;. We noted that FLIP;, levels
were increased by pemetrexed at early time points (e.g.
12 h) and then decreased after prolonged treatment (e.g. 24-
48 h). The mechanism and biological significance of the early
increase in FLIP; remain unclear. We speculate that the early
rise in FLIP; levels may represent a survival mechanism for
cells attempting to escape pemetrexed-induced cell death.

We have noted that the cleaved band of PARP (a known
substrate of caspases) does appear earlier (24 h) in our data
(Figs. 2B, 4B, 5B) than up-regulation of CHOP and DRS5 levels
or caspase cleavage. This finding may be explained by two
possibilities: First, the cleavage of PARP at 24 h was minimal,
and the band may be due to the high affinity of the PARP anti-
body and long exposure time when the Western Blot assay
was performed. Second, it is possible that there was weak
PARP cleavage at an earlier time point, and this may be due
to weak necrotic cell death induced by PEM which was inde-
pendent of caspase activation. Regardless, the most dramatic
cleavage of PARP occurs at 36 h. CHOP and DRS5 levels are fully
up-regulated at 24 and 36 h and the cleaved caspases increase
at 36 h. This correlates with PEM induced apoptosis after
36h.’

Considering pemetrexed has been in clinical trials in sev-
eral cancers, our study may have important clinical implica-
tion. In previous studies, patients have received 400-700 mg/
m? of pemetrexed as a 10-min infusion on day 1 of a 21-d cy-
cle. Their maximum plasma concentration of pemetrexed is
89.1+25.2 to 131 +18.4 pg/ml (equivalent to 208.5+59.0 to
306.5 = 43.0 pmol/L).*° Pemetrexed is eliminated rapidly from
the plasma with a elimination half-life (t;/,) of 2 and 5h at
doses ranging from 525 to 700 mg/m%3' Our study shows
pemetrexed induces apoptosis in lung cancer cells at 2.5
10 pmol/L for relatively longer time (48 h). Our data suggest
that if we could prolong the time interval that pemetrexed re-
mains in the tumour, despite the fact that the local concen-
tration would be lower, there would be sufficient drug levels
to induce apoptosis in cancer cells. The advantage of this par-
adigm is the drug efficacy may be better while being less
toxic.

In summary, this study demonstrates for the first time that
pemetrexed induces CHOP-mediated DR5 up-regulation and
down-regulation of c-FLIP, leading to apoptosis and the
enhancement of TRAIL-induced apoptosis in human NSCLC
cells. This has both mechanistic and translational implica-
tions to future treatment strategies for patients with NSCLC.
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