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overcomes resistance to ERBB inhibition
Laurence Bootha, Jane L. Robertsa, Sarah Spiegela, Andrew Poklepovicb, and Paul Denta

aDepartments of Biochemistry and Molecular Biology, Virginia Commonwealth University, Richmond, VA, USA; bMedicine, Virginia Commonwealth
University, Richmond, VA, USA

ABSTRACT
Overall, NSCLC has a poor 5-year survival and new therapeutic approaches are urgently needed. ERBB-
addicted NSCLC that have become resistant to ERBB inhibitors are often refractory to additional
therapeutic interventions. The sphingosine-1-phosphate receptor modulator fingolimod (FTY720),
approved for the treatment of multiple sclerosis, synergized with the NSCLC therapeutic pemetrexed
to kill NSCLC and ovarian cancer cells. This occurred in lung cancer cells expressing mutated K-RAS,
mutated ERBB1, or in NSCLC cells resistant to afatinib (an ERBB1/2/4 inhibitor). This drug combination
appeared to use overlapping and distinct mechanisms of killing in different cell lines. Activation of AMP-
dependent kinase (AMPK) and reduced expression and inactivation of mTOR were associated with
increased autophagosome and autolysosome formation. Downregulation of Beclin1 considerably
reduced formation of autophagosomes and protected the cells from drug combination-induced killing
without significantly altering autolysosome formation. Autophagy protein 5 (ATG5) knock down
afforded greater protection against the combination of pemetrexed with fingolimod. Treatment of
cells with the mTOR inhibitor everolimus markedly enhanced the lethality of pemetrexed plus fingoli-
mod combination. Our data suggest that the combination of fingolimod with the established NSCLC/
ovarian cancer drug pemetrexed should be explored as a new therapy.
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Introduction

Mutated active forms of ERBB1 and ERBB2, and ERBB2 over-
expression, are very often biomarkers of an aggressive tumor.1

However, these biomarkers also (usually) predict for tumor
cell addiction to their oncogenic signals and small molecule
kinase inhibitors as well as inhibitory antibodies have been
developed to block ERBB1/ERBB2 signaling.2,3 These
approaches have been successful in the clinic.4,5 Cancer cells,
however, are biologically, in the short-term, and genetically in
the mid- to long-term, meta-stable. Thus, any evolutionary
pressure placed on a tumor cell results in that cell attempting
to evolve away from that pressure.

NSCLC is a devastating disease that is often diagnosed at a
stage where effective therapies exhibit only partial efficacy.6,7 A
frequently observed oncogenic driver mutation in NSCLC is
the mutation of K-RAS that modulates its GTPase activity.8,9

Mutant K-RAS signals downstream into multiple downstream
pathways including ERK1/2, AKT, JNK and NFkB.10–12

Because of the plasticity of cell signaling within tumor cells,
inhibition of any single pathway downstream of mutant K-RAS
only results in a partial growth retardation, which ultimately
evolves the tumor cells to rely for their growth and viability on
other pathways. We have recently examined the biology of
H1975 NSCLC tumor cells, a line addicted to signaling by
mutated active ERBB1.13–15 We found that resistance to the

FDA approved suicide ERBB1/2/4 inhibitor afatinib of in vivo
generated H1975 NSCLC tumors, that are addicted to signaling
by mutated active ERBB1 is mediated by SRC/ERBB3.13–15

Ample evidence supports the notion that inhibition of one or
even two signaling pathways downstream of mutated active
plasma membrane signaling molecules such as ERBB1 or
K-RAS will be insufficient to cause a prolonged durable anti-
tumor response in patients.

Pemetrexed is an approved therapeutic for NSCLC, and is
compendium listed for ovarian cancer, and NSCLC patients
who have failed ERBB inhibitor therapy are often treated with
this drug. Numerous preclinical studies have demonstrated
that the sphingosine-1-phosphate (S1P) receptor modulator
fingolimod (FTY720), the first orally available drug for treat-
ment of multiple sclerosis, has potent anti-cancer actions.16 In
colitis-associated cancer, fingolimod interfered with S1P
receptor 1 feed-forward signaling to the pro-growth and
pro-survival NFkB and STAT3 pathways.17,18 Inhibition of
these pathways leads to tumor growth suppression.
Similarly, in breast cancer, fingolimod not only reduced
tumor growth, it also reduced lung metastasis.19 Because
fingolimod can also enhance the efficacy of several anti-cancer
drugs including sorafenib and regorafenib; in the present
study, we examined enhancement of the killing effect of
pemetrexed by fingolimod in a genetically diverse pool of
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NSCLC cells; determined their mechanisms of action; and
effects of modulators of autophagy.20

Results

In agreement with previous studies, we found that low con-
centrations of pemetrexed or fingolimod induced cell death to
a similar extent in a genetically diverse set of NSCLC cell lines

(Figure 1A).20,21 Pemetrexed and fingolimod interacted in an
additive to greater than additive fashion in short-term cell
death assay (Figure 1A). Moreover, the combination of peme-
trexed and fingolimod not only enhanced killing of wild type
H1975 tumor clones but also similarly in the afatinib-resistant
H1975 tumor clones indicating that afatinib resistance,
including reduced PTEN expression, does not stop this drug
combination from killing (Figure 1B).13,14 The drug

Figure 1. Pemetrexed and fingolimod interact to kill NSCLC cells. A. and B. Established human NSCLC lines (A549, H460, H1975, H661, H1299, H1437), a PDX NSCLC
isolate ADOR, mouse Lewis Lung Carcinoma cells or tumor-derived H1975 (5 parental clones; 5 afatinib-resistant clones) were treated with vehicle control,
pemetrexed (PTX, 500 nM), fingolimod (FTY, 200 nM) or the drugs in combination for 24h. Cells were then isolated and viability determined via a live/dead assay
(n = 3 ± SEM). # p < 0.05 greater value than pemetrexed treatment alone. C. Established human ovarian cancer lines (OVCAR3, SKOV3) and a PDX isolate Spiky were
treated with vehicle control, pemetrexed (PTX, 500 nM), fingolimod (FTY, 200 nM) or the drugs in combination for 24h. Cells were then isolated and viability
determined via a live/dead assay (n = 3 ± SEM). # p < 0.05 greater value than pemetrexed treatment alone.
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combination also killed multiple established and PDX isolates
of ovarian cancer (Figure 1C).

We next performed a series of agnostic screening studies to
examine growth factor signaling pathways and DNA damage
response pathways. Treatment of NSCLC cells with the com-
bination of [pemetrexed + fingolimod] reduced the expression
of the autophagy-regulatory kinase mTOR and in parallel
reduced the phosphorylation of mTOR on S2448 and S2481,
that are important for interactions with mTORC1 and
mTORC2, respectively (Figure 2A). The phosphorylation of
ULK1 S757, an mTORC1 substrate, was reduced and this was
associated with ULK1 activation as shown by increased ATG
S318 phosphorylation, also indicative for the potential of

autophagosome formation. Further support for ULK1 activa-
tion was provided by the observation that drug exposure
increased AMPKα T172 phosphorylation, and phosphoryla-
tion of the AMPK substrate, ULK1 S317 (Figure 2A) [20, 22
and references therein]. Similar protein phosphorylation data
were obtained in a PDX ovarian cancer isolate (Figure S1A).

Pemetrexed can activate AMPK via two mechanisms; by
DNA damage, and by increasing the levels of the allosteric
activator ZMP [20, 22 and references therein]. It has also been
recently shown that fingolimod/FTY720 can cause the inter-
nalization of the glucose transporter GLUT-1, which will
lower glucose levels inside the cell, cause an increase in
AMP levels, and allosterically activate AMPK.22 Consistent

Figure 2. [Pemetrexed + fingolimod] treatment inactivates mTOR, activates the AMPK and ULK1 and simultaneously induces autophagosome and autolysosome
formation. A. NSCLC cells were treated with vehicle control or with [pemetrexed (500 nM) + fingolimod (200 nM)] for 6h. After six h, cells were fixed in place and
immunostaining performed to detect the expression and phosphorylation of the indicated proteins. Staining densities of phospho-/total-protein levels are
determined in 40 cells in triplicate using software integral in the Hermes WiScan microscope (n = 120 cells ± SEM). # p < 0.05 greater than vehicle control
value; * p < 0.05 less than vehicle control value. B. NSCLC cells were transfected with a plasmid to express LC3-GFP-RFP. Twenty-four h after transfection, cells were
treated with vehicle control or with [pemetrexed (500 nM) + fingolimod (200 nM)] for 3h, 6h or 12h. At each time point the mean number of intense staining GFP
+ and RFP+ vesicles in the cells was determined (at least 40 cells per condition were counted) (n = 120 cells ± SEM). # p < 0.05 greater than vehicle control value.
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with previous reports treatment of H460 cells with fingoli-
mod/FTY720 and, to a greater extent, the drug combination,
reduced cell surface levels of GLUT-1 by almost 50% (data not
shown). Taken together these data suggest that AMPK activa-
tion may be mediated via both ZMP and AMP.

Because the levels of Beclin1, essential for autophagosome
formation, were also enhanced after exposure to the drug
combination (see Figure 2A), we next investigated the impact
of the drug combination on autophagosome and autolyso-
some formation using cells transiently transfected to express
an LC3-GFP-RFP construct. Drug-treated cells simulta-
neously increased the levels of GFP+ staining autophago-
somes and RFP+ autolysosomes (Figure 2B). Similar
autophagosome and autolysosome formation data were
obtained in ovarian cancer cells (Figure S1B). This finding is
in contrast to other drug combinations we have developed
using pemetrexed, e.g. [pemetrexed + sorafenib], where
autophagosome formation preceded any observation of ele-
vated autolysosome levels.20,21

Based on the data in Figure 2, and our prior publications,
we predicted that knock down of the autophagy regulatory
proteins ULK-1, Beclin1 or ATG5 would reduce drug combi-
nation toxicity.15 Knock down of either ULK-1, Beclin1 or
ATG5 reduced the lethality of [pemetrexed + fingolimod],
however in both H460 and A549 cells, knock down of
ATG5 was more efficacious than knock down of Beclin1
(Figure 3A and B). Knock down of ATG5 or Beclin1 protected
Spiky ovarian cancer cells from [pemetrexed + fingolimod]

lethality (Figure S2). Prior studies from our laboratory using
pemetrexed have demonstrated that the drug can play a role
in facilitating endoplasmic reticulum stress signaling, which is
mechanistically causal in enhancing the expression of Beclin1
[20, 22 and references therein]. In A549 cells, but not H460
cells, knock down of PERK or eIF2α did not reduce [peme-
trexed + fingolimod] lethality. This observation correlated
with data in Figure 2A which demonstrated: (a) that the
basal expression of Beclin1 in A549 cells was high; (b) that
the drug combination weakly induced Beclin1 in H460 cells
that correlated with a very weak protective effect of Beclin1
knock down in this cell line.

Consistent with activation of AMPK and inhibition of
mTOR in both cell lines, downregulation of the ATM-AMPK
signaling module reduced lethality induced by the combination
of pemetrexed and FTY720 (Figure 3A and B). Moreover
down-regulation of the knock down of toxic BH3 domain
proteins including BAX, BAK, PUMA, NOXA and BID. BID
can be cleaved and activated by caspases 8 and 10 that are
downstream of death receptors, but also by lysosomal proteases
such as cathepsins. Knock down of cathepsin B expression
protected cells from [pemetrexed + fingolimod]. Signaling by
RIP-1 has been linked to necroptotic signaling and knock down
of RIP-1 reduced [pemetrexed + fingolimod] killing.23

We next examined contributions of survival signaling
pathways. In both cell lines, expression of activated forms of
AKT, MEK1, mTOR or STAT3 suppressed [pemetrexed + fin-
golimod] lethality (Figure 3A and B). In H460 cells activated

Figure 3. [Pemetrexed + fingolimod] lethality requires ATG5-dependent mitochondrial dysfunction leading to apoptotic and necroptotic death processes. A. and B.
H460 and A549 NSCLC cells were transfected with the following plasmids to express: CMV/empty vector; c-FLIP-s; BCL-XL; dominant negative caspase 9; activated
AKT; activated MEK1; activated mTOR; activated STAT3. Other H460 and A549 cells were transfected with the following siRNA molecules to knock down the
expression of: control scramble, siSCR; apoptosis inducing factor, AIF; AMPKα subunit; ATM; BAX; BAK; Beclin1; BID; cathepsin B; ATG5; eIF2α; NOXA; PUMA; PERK; RIP-
1; ULK1. Twenty-four h after transfection cells were treated with vehicle control or with [pemetrexed (500 nM) + fingolimod (200 nM)] for 24h. Cells were then
isolated and viability determined via a live/dead assay (n = 3 ± SEM). * p < 0.05 lower value than the corresponding value in CMV/siSCR transfected cells; ** p < 0.01
lower value than the corresponding value in CMV/siSCR transfected cells; *** p < 0.05 less than corresponding value in activated AKT transfected cells; & p < 0.05 less
death than corresponding value in H460 cells; ¶ p < 0.05 less than corresponding value in siBeclin1 transfected and in ULK1 transfected cells.
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AKT cooperated with activated mTOR or with activated
STAT3 to further suppress cell killing. Over-expression of
the mitochondrial protective protein BCL-XL prevented
drug combination lethality in both lines, whereas expression
of dominant negative caspase 9 that acts downstream of the
mitochondrion was protective, though significantly less effec-
tive. Inhibition of death receptor signaling via over-expression
of the caspase 8/10 inhibitor c-FLIP-s did not protect the cells,
which argues autophagy-dependent cathepsin B signaling
must play a key role in mediating mitochondrial dysfunction.

The data in Figure 3 indicate that ULK-1, Beclin1 and ATG5
played an essential role in killing by [pemetrexed + fingolimod].
In addition, we demonstrated in Figure 2 that autophagosome
and autolysosome formation occurred simultaneously after
drug exposure and that expression of activated mTOR was
significantly more protective in A549 cells than in H460 cells
(Figure 3). This correlated with a stronger drugs-induced
expression of Beclin1 in A549 cells. Taken together, these
findings suggest that promoting further autophagosome for-
mation by use of an mTOR inhibitor may increase lethality of
the drug combination. Treatment of NSCLC cells with the FDA
approved mTOR inhibitor everolimus enhanced basal and
drug combination induced levels of autophagosomes and auto-
lysosomes (Figure 4), an effect that was reduced by knock down
of Beclin1. Although knock down of Beclin1 initially also
reduced autolysosome formation, however its effect was lost
after 12 h. This data suggests that the drug combination stimu-
lates formation of autolysosome vesicle (stained with RFP-

LC3) not only by enhancing autophagic flux, but also via a
pathway that directly activates lysosomal digestive processes.

Importantly, everolimus markedly enhanced the lethality of
[pemetrexed + fingolimod] in NSCLC cells (Figure 5A). In
afatinib-resistant H1975 cells we discovered that the three-
drug combination exhibited a greater degree of cell killing
when compared to the lethality of the combination in the wild
type control clones (Figure 5B). Knock down of ATG5,
Beclin1 or ULK1 suppressed these drug combination-induced
cell deaths, with ATG5 knock down again being significantly
more capable of reducing cell killing when compared to
Beclin1 or ULK1 knock down (Figure 6A). In contrast to
the mechanisms of killing caused by [pemetrexed + fingoli-
mod], killing by [pemetrexed + fingolimod + everolimus] was
suppressed by over-expression of the caspase 8/10 inhibitor
c-FLIP-s, suggesting that everolimus was facilitating death
receptor signaling or auto-activation of these caspase enzymes
(Figure 6B). As was observed in Figure 3, expression of
activated mTOR, activated AKT or activated STAT3 signifi-
cantly reduced cell killing by the three-drug combination,
whereas expression of activated MEK1 was less protective
(Figure 6B).

Discussion

The present studies were focused on new drug combinations for
treatment of NSCLC, and in particular, afatinib-resistant NSCLC,
where pemetrexed is an approved drug. After their tumors have
become resistant to RTK inhibitors, this NSCLC patient

Figure 4. Down-regulation of Beclin1 delays but does not prevent autolysosome formation. NSCLC cells were transfected with a scrambled siRNA or an siRNA to
knock down the expression of Beclin1. In parallel, the cells were transfected with a plasmid to express LC3-GFP-RFP. Twenty-four h later, cells were treated with
vehicle control, [pemetrexed (500 nM) + fingolimod (200 nM)], everolimus (50 nM) or the three drugs in combination for 6h or 12h. At each time point the mean
number of intense staining GFP+ and RFP+ vesicles in the cells was determined (at least 40 cells per condition were counted) (n = 120 cells ± SEM). * p < 0.05 less
than corresponding vehicle control value.
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population has few therapeutic options, e.g. these tumors are
generally ‘cold’ to checkpoint immunotherapy approaches. The
present studies were performed to define whether pemetrexed
and the S1P signaling down-regulator fingolimod interact to kill
NSCLC cells, and then determined the mechanisms of killing.

We discovered that combination of Pemetrexed with the
S1PR1 modulator fingolimod interacted in a greater than
additive manner to kill NSCLC cells. This effect was evident
in numerous NSCLC cell lines with different oncogenic muta-
tions as well as afatinib-resistance. Although both early
nucleation and mid-stage elongation autophagosome forma-
tion played a role in killing by this drug combination, as
judged by knock down of Beclin1 and ATG5, respectively,
the induction of mid-stage autophagosome formation, depen-
dent on ATG5, and enhanced autolysosome levels, played a
more significant role in the killing process than early-stage
autophagosomes. The relevance of autolysosome formation to
the cell killing process was also affirmed by our data demon-
strating that knock down of cathepsin B or BID, but not over-
expression of c-FLIP-s, prevented tumor cell death.

We also found that pemetrexed combined with fingolimod
can stimulate autophagy, in part, through activation of an
ATM-AMPK pathway that leads to mTOR inactivation and

ULK1 activation. First, knock down of either ATM or
AMPKα significantly reduced drug combination lethality.
Second, this drug combination enhanced AMPKα T172 phos-
phorylation and this was associated with increased activating
ULK1 S317 phosphorylation.21 Moreover, in parallel, expression
and phosphorylation of mTOR declined and was associated
with reduced inhibitory ULK1 S757 phosphorylation and
increased ATG13 S318 phosphorylation. These effects would
then a priori be predicted to play a key driving role in the
formation of toxic autophagosomes/autolysosomes (Figure 7).

However, in H460 and A549 cells the protective effect of
ULK1 knock down was modest and similar to the protection
observed when Beclin1 was knocked down. In other words,
despite the pro-autophagy changes in AMPK, mTOR and
ULK1 activity, these changes only play a partial role in facil-
itating autophagosome formation. Thus, although the drug-
induced production of toxic autophagosomes in part requires
ULK1 and Beclin1, the majority of the toxic signals from the
drug combination act at the elongation stage of autophago-
some formation.

Downstream of autophagic and lysosomal events, our data
demonstrated that the promotion of mitochondrial dysfunc-
tion played a key role in the execution of the tumor cells by

Figure 5. Everolimus enhances [pemetrexed + fingolimod] lethality. A. NSCLC cells were treated with vehicle control, [pemetrexed (500 nM) + fingolimod (200 nM)],
everolimus (50 nM) or the three drugs in combination for 12h. Cells were then isolated and viability determined via a live/dead assay (n = 3 ± SEM). # p < 0.05
greater value than [pemetrexed + fingolimod] treatment alone. B. Wild type parental H1975 clones and afatinib-resistant H1975 clones were treated with vehicle
control, [pemetrexed (500 nM) + fingolimod (200 nM)], everolimus (50 nM) or the three drugs in combination for 12h. Cells were then isolated and viability
determined via a live/dead assay (n = 3 ± SEM). * p < 0.05 less than 100%.
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[pemetrexed + fingolimod]. Over-expression of BCL-XL
almost abolished drug combination lethality. Downstream of
the mitochondrion inhibition of caspase 9 signaling reduced
cell killing by 30–50% whereas knock down of apoptosis
inducing factor (AIF) reduced killing by 60–75%. These find-
ings argue that reduced ATP levels in cells after drug expo-
sure, that are required for caspase 9 activation, may only play
a modest inhibitory role in the execution of tumor cells. In
A549 cells and to a lesser extent in H460 cells, knock down of
rest in peace 1 (RIP-1) also prevented cell killing, which
argues for necroptotic processes being engaged.23

Collectively these findings suggest that this drug combination
kills through both autophagic and necroptotic processes.

As mTOR/ULK1 regulation does not appear to be the
primary regulator of the toxic autophagy process, we reasoned
that additional suppression of mTOR activity could result in a
further enhancement in the lethality of [pemetrexed + fingoli-
mod]. Inhibitors of mTOR function approved for clinical use
include temsirolimus (IV administration) and everolimus (PO
administration).24,25 Temsirolimus is approved for the treat-
ment of renal cell carcinoma and everolimus approved for the
treatment of breast, RCC and astrocytomas. Everolimus tends

to have less negative sequelae than temsirolimus in patients.
Indeed, we found that everolimus enhanced [pemetrexed
+ fingolimod] lethality in vitro and in vivo. Unexpectedly,
the ability of everolimus to enhance [pemetrexed + fingoli-
mod] killing required activation of caspases 8/10 as judged by
the ability of c-FLIP-s over-expression to prevent death. The
ability of everolimus to enhance killing was blocked by knock
down of Beclin1 and of ULK1, arguing that everolimus was
acting in an on-target fashion, inhibiting mTORC1. However,
as noted in our assays measuring autophagosome and auto-
lysosome levels, whereas knock down of Beclin1 prevented
everolimus from enhancing autophagosome levels, it only
delayed and did not alter the increase in autolysosome levels.
These data argue that mTOR signaling is acting downstream
of ULK1/ATG13/Beclin1 to facilitate autophagosome and
autolysosome formation. These data suggest that in addition
to autophagic cell death and necroptosis, this triple drug
combination also effectively enhances killing by apoptosis.

In conclusion, the lethality of the approved NSCLC ther-
apeutic pemetrexed against NSCLC cells and ovarian cancer
cells is significantly enhanced by the multiple sclerosis drug
fingolimod.26 Cell killing is stimulated through promoting the

Figure 6. [Pemetrexed + fingolimod + everolimus] is ATG5-dependent and blocked by inhibition of caspases 8/10. A. NSCLC cells were transfected with a scrambled
siRNA control or with siRNA molecules to knock down the expression of ATG5, Beclin1 or ULK1. Twenty-four h after transfection cells were treated with vehicle
control, [pemetrexed (500 nM) + fingolimod (200 nM)], everolimus (50 nM) or the three drugs in combination for 24h. Cells were then isolated and viability
determined via a live/dead assay (n = 3 ± SEM). * p < 0.05 less than corresponding value in siSCR transfected cells; ¶ p < 0.05 less than corresponding value in
siBeclin1 cells. B. NSCLC cells were transfected with the following plasmids to express: CMV/empty vector; c-FLIP-s; BCL-XL; dominant negative caspase 9; activated
AKT; activated MEK1; activated mTOR; activated STAT3. Twenty-four h after transfection cells were treated with vehicle control, [pemetrexed (500 nM) + fingolimod
(200 nM)], everolimus (50 nM) or the three drugs in combination for 24h. Cells were then isolated and viability determined via a live/dead assay (n = 3 ± SEM). *
p < 0.05 less than corresponding value in control CMV transfected cells.
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elongation process in autophagosome formation. Further sti-
mulation of autophagosome formation using the mTOR inhi-
bitor everolimus enhanced [pemetrexed + fingolimod]
lethality. Our present findings strongly argue for the perfor-
mance of clinical trials in ovarian cancer and in NSCLC
patients who have failed anti-ERBB1 maintenance therapy
with the addition of fingolimod to the established NSCLC
and ovarian cancer therapeutic pemetrexed.

Materials and methods

Materials

Pemetrexed and everolimus were purchased from Selleckchem
(Houston, TX). Fingolimod (FTY720) was purchased from
Sigma-Aldrich (St. Louis MO). Trypsin-EDTA, DMEM,
RPMI, penicillin-streptomycin were purchased from
GIBCOBRL (GIBCOBRL Life Technologies, Grand Island, NY).
Other reagents and performance of experimental procedures
were as described.20,21,27–31 Antibodies used: AIF (5318), BAX
(5023), BAK (12105), BAD (9239), BIM (2933), BAK1 (12105),
Beclin1 (3495), cathepsin B (31718), CD95 (8023), FADD
(2782), eIF2α (5324), P-eIF2α S51 (3398), ULK-1 (8054),
P-ULK-1 S757 (14202), P-AMPK S51 (2535), AMPKα (2532),
P-ATM S1981 (13050), ATM (2873), and ATG5 (12994). TSC2
(4308), P-TSC2 T1462 (3617), Raptor (2280), P-Raptor S792
(2083), mTOR (2983), P-mTOR S2448 (5536), P-mTOR S2481
(2974), ATG13 (13468), MCL-1 (94296), BCL-XL (2764),
P-AKT T308 (13038), P-ERK1/2 (5726), P-STAT3 Y705

(9145), P-p65 S536 (3033), p62 (23214), LAMP2 (49067) all
from Cell Signaling Technology; P-ULK-1 S317 (3803a) from
Abgent; P-ATG13 S318 (19127) from Novus Biologicals
(Figure 8).

Methods

Cell culture and exposure to drugs
All “H” series NSCLC lines and established ovarian cancer cell
lines were purchased from the ATCC. Cells were re-purchased
every ~ 6months. ADOR cells were a gift to the Dent lab from a
female NSCLC patient. Spiky ovarian cancer cells were kindly
provided by Dr. Karen Paz (Champions Oncology, NJ). All cell
lines were cultured at 37 °C (5% (v/v CO2) in RPMI supple-
mented with dialyzed 5% (v/v) fetal calf serum and 10% (v/v)
Non-essential amino acids. For short term cell killing assays
and immune-staining studies, cells were plated at a density of
3 × 103 per cm2 and 24h after plating treated with various
drugs, as indicated. In vitro drug treatments were generally
from a 100 mM stock solution of each drug and the maximal
concentration of Vehicle carrier (VEH; DMSO) in media was
0.02% (v/v).

Transfection of cells with sirna or with plasmids
Validated short hairpin RNA molecules used to knock down
specific target proteins were purchased from Qiagen (Valencia,
CA): Figure 11: siSCR (SI03650318), ATM (SI00604737),
cathepsin B (1027416), BAX (GS581), BAK (GS578); AMPKα

Figure 7. Possible mechanisms by which pemetrexed and fingolimod/FTY720 interact to kill NSCLC cells. A schematic representing the signaling pathways and
biology being examined in this manuscript. This includes inhibition of upstream signaling at the level of receptors; the activation of a DNA damage and ATM-AMPK
response; and the regulatory pathways influencing autophagosome formation, autolysosome formation and the induction of tumor cell death.
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(GS5562), BIM (GS10018), BAD (GS572), Beclin1 (GS8678),
ATG5 (GS9474), CD95 (GS355), AIF (GS9131), eIF2α
(GS83939), FADD (GS8772), ULK-1 (GS8408), ATG13
(GS9776). Cells in serum-free media were transfected with
specific siRNAs or scrambled control siRNA (siControl)
using Hiperfect (Qiagen) according to the supplier’s guidelines
as we previously described in [26–28]; 24 h later, cells were
cultured in DMEM containing 10% serum. For protein over-
expression, cells were transfected with plasmids using
Lipofectamine 2000 (Invitrogen) following the manufacturer’s
guidelines. After 4 h, serum-free transfection media was
replaced with fresh media containing 10% serum as previously
described.20,21,27–31

Determination of cell viability, protein expression and
protein phosphorylation by immuno-fluorescence using a
hermes wiscan machine
http://www.idea-bio.com/, Cells, (4,000) are plated into the
wells of a 96 well plate, and are allowed to grow for an
additional ~ 18h [26–28]. Cells are then genetically manipu-
lated and 24 h afterwards are exposed to drugs. For immuno-
fluorescence studies cells are fixed in place and staining
performed using primary antibodies and red/green fluores-
cent secondary antibodies. For live/dead assays, each plate is
cyto-spun to associate dead cells (for live-dead assays) with
the base of each well. Cells are incubated with live-dead
reagent (Thermo Fisher Scientific, Waltham MA) with ima-
ging of the green/red/yellow cells the Hermes instrument at
10X magnification.20,21,27–31

Assessment of autophagy
Cells were transfected with a GFP-LC3-RFP plasmid to
express LC3 fused to green and red fluorescent proteins for
24 h. Cells were then treated with drugs and GFP and RFP-
positive vesicles in cells were enumerated with a Zeiss

Axiovert fluorescent microscope (× 40 objective). At least 40
cells per condition were counted in triplicate for each
condition.

Data analysis
Comparison of the effects of various treatments (performed in
triplicate three times) was using one-way analysis of variance
and a two tailed Student’s t-test. Statistical examination of in
vivo animal survival data utilized both a two tailed Student’s
t-test and log rank statistical analyses between the different
treatment groups. Differences with a p-value of < 0.05 were
considered statistically significant. Experiments shown are the
means of multiple individual points from multiple experi-
ments (± SEM).

Abbreviations

ERK extracellular regulated kinase
PI3K phosphatidyl inositol 3 kinase
ca constitutively active
dn dominant negative
ER endoplasmic reticulum
AIF apoptosis inducing factor
AMPK AMP-dependent protein kinase
mTOR mammalian target of rapamycin
JAK Janus Kinase
STAT Signal Transducers and Activators of Transcription
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Figure 8. Control siRNA knock down images for the proteins whose expression was manipulated in this manuscript.
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