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Abstact
Background Non-small cell lung cancer (NSCLC) patients
who do initially respond to epidermal growth factor receptor
(EGFR) tyrosine kinase inhibitors (TKIs) may eventually de-
velop resistance, which may at least partly be due to the ac-
quisition of a secondary EGFR mutation (T790M).
Additionally, it has been found that KRAS mutations may
serve as poor prognostic biomarkers. Here, we aimed at estab-
lishing a suitable treatment regimen for the multi-target TKI
sunitinib and the tumor necrosis factor (TNF)-related
apoptosis-inducing ligand (TRAIL) in NSCLC-derived cells
with or without EGFR and KRAS mutations.

Methods Four NSCLC-derived cell lines with or without
EGFR and KRAS mutations were exposed to different suniti-
nib and TRAIL treatment regimens. Alterations in cell viabil-
ity, cell cycle distribution, apoptosis, phosphorylation of AKT
and expression of the death receptors DR4 and DR5 were
evaluated using CCK8, flow cytometry and Western blotting
assays, respectively.
Results A synergistic cytotoxic effect was observed in all four
cell lines treated with sunitinib (1 nM) followed by TRAIL
(100 ng/ml), as well as after simultaneous treatment with both
agents. We found that sunitinib enhances TRAIL-induced G0/
G1-phase cell cycle arrest and blocks TRAIL-triggered activa-
tion of AKT as the underlying mechanism. In contrast, we
observed antagonistic effects when sunitinib was administered
after TRAIL to the cell lines tested. A decreased DR4 and DR5
expression was found to be correlated with this antagonism.
Conclusion From our data we conclude that administration of
sunitinib followed by TRAIL, as well as a simultaneous ad-
ministration of both agents, serve as favorable treatment reg-
imens for NSCLC-derived cells, irrespective of their EGFR
and/or KRAS mutation status.
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1 Introduction

Until recently, the major treatment option for advanced non-
small cell lung cancer (NSCLC) was platinum-based doublet
chemotherapy. This treatment option has, however, resulted in
only a limited increase in overall survival [1]. Currently, epi-
dermal growth factor receptor (EGFR) tyrosine kinase inhib-
itors (TKIs) are applied to the treatment of NSCLC, and it has
been found that a higher benefit from these TKIs can be
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obtained in patients harboring mutations in EGFR exons 18,
19 or 21 than in patients that are wild-type for the EGFR gene
[2, 3]. Nevertheless, patients who do initially react to TKI-
based therapy may eventually develop resistance, which
may at least partly be attributed to the acquisition of a second-
ary mutation (T790M) in the EGFR gene [4, 5]. Additionally,
it has been found that KRASmutations occur in about 30 % of
the NSCLC cases and that these mutations serve as poor prog-
nostic biomarkers [6]. Clearly, efforts aimed at improving the
survival rates of TKI-resistant patients are urgently needed.

Agents that simultaneously inhibit multiple targets may
prevent the occurrence of TKI resistance [7]. Sunitinib, a
multi-target TKI of the vascular endothelial growth factor re-
ceptors (VEGFR) -1, −2 and −3 and the platelet-derived
growth factor receptors (PDGFR)-a and -b, is such an agent
and it may exhibit both cytotoxic and anti-angiogenic effects
in different cancers, depending on which of the receptors is
inhibited [8]. Regardless the presence of KRAS mutations or
the occurrence of a secondary T790M EGFR mutation in
NSCLC cells, sunitinib may effectively induce lethality in
these cells. Ongoing studies are aimed at determining how
multi-target TKIs such as sunitinib can be applied, either alone
or in combination with conventional chemotherapy regimens,
to obtain better clinical outcomes in patients with NSCLC [9].

Additionally, sequential therapies are currently being ex-
plored as a promising approach to improve the outcome of
patients with advanced cancers. The tumor necrosis factor
(TNF)-related apoptosis-inducing ligand (TRAIL) is emerg-
ing as a promising anticancer agent due to its selective cyto-
toxicity towards various types of cancer cells [10]. The ma-
jority of NSCLC cells is, however, resistant to TRAIL [11],
implying that TRAIL by itself may be inappropriate for the
treatment of NSCLC. TRAIL resistance is thought to result
from the deregulation of cellular signaling pathways through
ectopic up-regulation of the death receptors DR4 and DR5 and
the phosphorylation of AKT [12]. Traditional chemotherapeu-
tic agents may, however, enhance the lethality of TRAIL,
which may subsequently result in the killing of TRAIL-
resistant cells [13]. Associations between order-dependent
reciprocities of the multi-target TKI sunitinib and TRAIL in
NSCLC cells with diverse mutational statuses of the EGFR or
KRAS genes have so far not been reported. Here, we assessed
whether and how sunitinib may enhance TRAIL-triggered
killing of NSCLC cells that either or not harbor EGFR or
KRAS mutations.

2 Materials and methods

2.1 Cell cultures and reagents

The human lung cancer-derived cell lines H1299, A549, PC9
and H1975 were purchased from the Cell Bank of the Chinese

Academy of Sciences (Shanghai, China). The cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM,
Invitrogen) supplemented with 10 % fetal bovine serum
(FBS), 100 U/ml penicillin and 100 μg/ml streptomycin
(Invitrogen) at 37 °C in an incubator with a humidified atmo-
sphere containing 5 % CO2. Recombinant human TRAIL
proteins were purchased from Abcam Corporation
(Cambridge, MA, USA) and sunitinib (SU11248; Sutent™)
was obtained from Pfizer (Pfizer Research, New York, NY,
USA).

2.2 Cell viability assay

Cell viability was assessed by a cell counting Kit-8 (CCK8)
assay (Dojindo, Kumamoto, Japan). To this end, cells were
seeded in 96-well plates, cultured overnight and, subsequent-
ly, treated with sunitinib and/or TRAIL at various concentra-
tions (0, 0.01, 0.1, 1, 2, 4 nM and 0, 1, 10, 100, 500, 1000 ng/
ml, respectively). Twenty-four hours later, 10 μl CCK-8 solu-
tion was added to each well. After 4 h of incubation, the
optical density (OD) of each well was determined at
450 nm. The IC50 value, indicating the concentration
resulting in 50 % inhibition of the maximal cell growth, was
determined from corresponding dose-response curves as re-
ported before [14]. This assay was independently repeated in
three experiments.

2.3 Schedule-dependent drug treatment

Cell viabilities were evaluated after three different schedules
of sunitinib and TRAIL treatment. In the first schedule,
cells were concurrently treated with sunitinib and
TRAIL for 48 h. In the second schedule, cells were
pretreated with sunitinib for 24 h, followed by a wash-
out with PBS and an additional exposure to TRAIL for
24 h. In the third schedule, a reverse sequence of
TRAIL and sunitinib treatment was performed. In the
single drug tests, the minimum drug concentrations that
exhibited significant differences compared to the control
were recorded. In the combination drug tests, the con-
centration of each drug was based on the minimum drug
concentration recorded in the corresponding single drug
test. The ratios of the minimum concentrations were
used to establish the combination drug concentrations.
The combination drug concentrations were calculated
using 0.25, 0.5, 1 and 2 times the minimum concentra-
tion of each drug. The combination index (CI) values of
interactions between sunitinib and TRAIL were calculated
according to the Chou -Talalay equation using the
CompuSyn software package (ComboSyn, Inc., Paramus,
NJ, USA). CI values <1, 1 and >1 indicate synergism, additive
effect, and antagonism, respectively [15].
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2.4 Cell cycle analyses

1 × 105 cells/well were seeded in 6-well plates and, subse-
quently, treated with sunitinib and TRAIL as single agents
and in different sequence combinations at concentrations cal-
culated as described above. At the end of each exposure the
cells were collected and washed with PBS, after which the
cells were fixed in 70 % ethanol and stored at 4 °C overnight.
DNA staining was performed using a solution containing
propidium iodide (50 μg/ml) and RNase (100 μg/ml) for
30 min at room temperature. Next, the cells were analyzed
by flow cytometry using a BD FACS Calibur (BD, CA,
USA), and the resulting DNA histograms were quantified
using the Modifit software package (Verity Software House,
Turramurra, New South Wales, Australia).

2.5 Apoptosis assays

For apoptosis analysis by flow cytometry, Annexin V assays
were performed using an Annexin V: FITC Apoptosis
Detection Kit II (BD, CA, USA). Briefly, cells were treated
with sunitinib and TRAIL as single agents and in different
sequence combinations at concentrations as described above.
After a 20 h incubation, the cells were harvested, washed
twice in ice-cold PBS and stained with 5 μl Annexin V-
FITC and 10 μl propidium iodide (50 μg/ml) for 15 min at
room temperature in the dark. The population of Annexin V-
positive cells was evaluated by flow cytometry (FACS
Calibur, BD, CA, USA) using 488 nm laser excitation.

2.6 Antibodies and Western blotting

Anti-AKT, anti-phospho-AKT, anti-DR4, anti-DR5 and anti-
GAPDH antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Goat anti-mouse
and goat anti-rabbit IgG were purchased from Cell Signaling
Technology (Beverly, MA, USA). Cells (5 × 105/well) were
treated with sunitinib and TRAIL as single agents and in dif-
ferent sequence combinations during the desired time. Next,
the cells were washed in ice-cold PBS and scraped off in lysis
buffer containing 50 mM Tris (pH 7.5), 150 mM NaCl, 1 %
Triton X-100, 0.5 % sodium deoxycholate, 0.1 % SDS and
one Complete Mini Protease Inhibitor Cocktail tablet (Roche,
Indianapolis, IN, USA). The resulting lysates were centri-
fuged at 12,000×g for 30 min at 4 °C after which the super-
natants were collected. Then total proteins were extracted and
protein concentrations were determined by Bradford assay.
100 μg protein from each sample was loaded on a 12 % so-
dium dodecyl sulfate-polyacrylamide gel and subjected to
electrophoresis (SDS-PAGE). The separated proteins were
transferred to PVDF membranes (IPVH00010, Millipore),
after which the membranes were blocked with 5 % nonfat
milk in TBS-T buffer (20 mM Tris-HCl, pH 8.0, 150 mM

NaCl, 0.05 % Tween 20) and probed with the above-
mentioned primary antibodies. Subsequently, the blots were
incubated with horseradish-conjugated secondary antibodies
and protein bands were detected using a SuperSignal West
Pico chemiluminescence substrate (Pierce, Rockford, IL,
USA). The optical densities of the bandswere determined using
the LabWork software package (UVP Laboratory Products,
CA, USA). All experiments were repeated at least three times.

2.7 Statistical analyses

The results are expressed as means with standard deviation
(SD). In order to assess statistically significant differences be-
tween the studied variables, we performed one-way analysis of
variance (ANOVA). Tukey’s test was used for post-hoc anal-
yses. P values < 0.05 were defined as statistically significant.

3 Results

3.1 Schedule-dependent anti-proliferative activity
of sunitinib and TRAIL in EGFR-dependent
and EGFR-independent NSCLC cells

CCK8 analyses were carried out to assess the cytotoxicity of
sunitinib and TRAIL as sole drugs and in three different sequen-
tial combinations on EGFR-independent H1299 (wild-type
EGFR/wild-type KRAS), A549 (wild-type EGFR/mutant G12S
KRAS) and H1975 (mutant T790M + L858R EGFR/wild-type
KRAS) cells and EGFR-dependent PC9 (mutant delE746-A750
EGFR/wild-type KRAS) cells. The respective IC50 values ob-
tained after sunitinib and TRAIL treatment are listed in Table 1.
We observed a difference in sunitinib sensitivity between PC9
and the other three cell lines, whereas only minor differences
were observed in TRAIL responsiveness between all four cell
lines. The respective cell viabilities are depicted in Fig. 1a and b.

Next, we evaluated schedule-dependent interactions of su-
nitinib and TRAIL in three different sequential administration
regimens. In order to explore the cytotoxicity of sunitinib and
TRAIL when administered concurrently, the above-
mentioned NSCLC-derived cells were treated with
1 nM sunitinib and 100 ng/ml TRAIL for 48 h. We
found that this combination induced a significant reduc-
tion in viable cells compared to the untreated controls
(P < 0.05) (Fig. 1c–f). A synergistic effect was seen in
all four cell lines tested (CI values <1) (Fig. 1g–j) (see
additional data in a supplementary table). Similar synergistic
results were seen when the cells were treated with sunitinib
alone for 24 h and subsequently with TRAIL alone for 24 h
(CI values <1) (Fig. 1c–j) (see additional data in a
supplementary table). However, a reversed combination of
TRAIL followed by sunitinib resulted in antagonistic effects
(CI values >1) (Fig. 1c–j) (see additional data in a
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supplementary table). These results indicate that stronger anti-
proliferative effects of TRAIL are achieved through a
schedule-dependent combination with sunitinib, regardless
the EGFR and/or KRAS mutation statuses of the cells.

3.2 Schedule-dependent apoptosis induction by sunitinib
and TRAIL in EGFR-dependent and EGFR-independent
NSCLC cells

Next, we set out to assess whether the reduced viabilities ob-
served in the different NSCLC-derived cell lines subjected to
single, sequential or concurrent exposures of 1 nM sunitinib
and 100 ng/ml TRAIL were due to apoptosis. Through flow
cytometry analyses, we found that TRAIL exerted its anti-
proliferative activity mainly via apoptosis in the H1299,
A549 and H1975 cells (Fig. 2a–c), but not in the PC9 cells
(Fig. 2d), whereas exposure to sunitinib rarely resulted in ap-
optosis in the different cells tested (Fig. 2a–d), indicating that
apoptosis is not the main cause of sunitinib-induced cytotox-
icity. However, the concurrent administration of sunitinib and
TRAIL was found to lead to a more profound apoptotic rate
than single-drug administration in all four cell lines. Similar
synergistic interactions were also observed when TRAIL was
administered after sunitinib. In contrast, converse effects were
seen when TRAIL was administered before sunitinib (Fig. 2).
Therefore, we conclude that exposure to sunitinib followed by
TRAIL, as well as their concurrent administration, exerts syn-
ergistic effects, whereas a reversed sequence of TRAIL
followed by sunitinib exerts antagonistic effects in all four cell
lines tested. These results appear to be independent of the
EGFR and KRAS mutation statuses of the cells, i.e., in all
cases the sequential administration of sunitinib followed by
TRAIL, as well as the concurrent administration of both
drugs, was found to be superior to the administration of
TRAIL followed by sunitinib.

3.3 Sunitinib enhances TRAIL-induced G0/G1-phase cell
cycle arrest in a schedule-dependent manner

As a next step, we set out to assess the cell cycle distributions
of the different NSCLC-derived cell lines subjected to single,
sequential or concurrent exposures to sunitinib and TRAIL.
We found that the H1299, A549 and H1975 cells, which are
insensitive to EGFR TKIs, underwent a G0/G1 arrest when
treated with TRAIL alone (P < 0.05) (Fig. 3a–c), whereas the
PC9 cells, which are sensitive to EGFR TKIs, remained

unaffected by TRAIL (Fig. 3d). We also found that sunitinib
treatment resulted in a considerable increase of cells in the G0/
G1-phase of the cell cycle in both EGFR-independent H1299
and A549 and EGFR-dependent PC9 cells (Fig. 3a, b, d), but
not in EGFR-independent H1975 cells (Fig. 3c). However,
administration of sunitinib concurrently or before TRAIL re-
sulted in a clear increase in cells in the G0/G1-phase of the cell
cycle, whereas sunitinib administered after TRAIL only mar-
ginally affected cell cycle progression compared to TRAIL or
sunitinib administration alone in all four cell lines tested
(Fig. 3a-d). These results, which are consistent with the above
apoptosis results, indicate that a schedule-dependent combi-
nation of sunitinib and TRAIL most likely induces apoptosis
through a G0/G1-phase cell cycle arrest.

3.4 Sunitinib blocks TRAIL-triggered activation of AKT
in EGFR-dependent and EGFR-independent NSCLC
cells

As a downstream signaling pathway of EGFR, the PI3K/AKT
axis plays a crucial role in conferring growth, metastasis and
chemoresistance capacities to NSCLC cells [16, 17]. To dis-
sect whether AKT activity affects TRAIL sensitivity, we
assessed the phosphorylation status of AKT after single, se-
quential and concurrent administration of sunitinib and
TRAIL in the NSCLC-derived cells. Through Western blot
analyses, we found that 1 nM sunitinib treatment significantly
increased the levels of phosphorylated AKT in the H1975 and
PC9 cells (Fig. 4c, d), but not in the H1299 and A549 cells
(Fig. 4a, b), as compared to controls. Besides, we found that in
all four cell lines the levels of phosphorylated AKT signifi-
cantly increased when the cells were exposed to TRAIL alone
as compared to untreated cells (Fig. 4a–d). This increase in
phosphorylated AKTwas, however, abrogated when sunitinib
was added. A significant down-regulation of phosphorylated
AKTwas observed when sunitinib was added before or simul-
taneously with TRAIL in all cell lines tested (Fig. 4a–d). In
contrast, when TRAIL was added before sunitinib, we found
that the phosphorylated AKT levels were not down-regulated
(Fig. 4a–d). In contrast to the controls, no overt changes in the
total AKT levels were observed. Collectively, these results
suggest that sunitinib may enhance TRAIL-induced apoptosis
through blocking the activation of the AKT survival pathway.
It should be noted that, in order to reach this result, the treat-
ment sequence is important, i.e., sunitinib should be adminis-
tered before TRAIL.

Table 1 IC50 values of sunitinib
and TRAIL detected by CCK8 IC50 H1299 A549 H1975 PC9

sunitinib 2.80 ± 0.22 2.57 ± 0.14 2.08 ± 0.32 1.09 ± 0.12 (nM)

TRAIL 124.14 ± 9.23 167.24 ± 8.48 203.08 ± 13.14 264.04 ± 17.05 (ng/ml)
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Fig. 1 Effects of sunitinib and TRAIL on the proliferation of NSCLC-
derived cells in vitro. Cells were treated with the indicated concentrations
of sunitinib a or TRAIL b alone for 24 h, after which the proliferation of
the cells was determined by CCK8 assay. Each data point results from
three independent measurements. c–f Administration of sunitinib and
TRAIL in three different sequences reveals sequence-dependent anti-
proliferative effects in NSCLC-derived cells. The cells were incubated
in three sequential combinations of suntinib and TRAIL at a constant
ratio. The concentrations applied were 0–2 nM for sunitinib and
0–200 ng/ml for TRAIL. The proliferation of the cells was determined

by CCK8 assay. *significantly lower than that observed in TRAIL →
sunitinib combinatorial treatments; P < 0.05. g–j Combination
index (CI) values of each drug fraction calculated using the
Chou-Talalay method in g H1299, h A549, i H1975 and j PC9
cells following the different exposure sequences. Cross S + T,
plus S-T, and circle T-S refer to concurrent administration of
sunitinib and TRAIL, sunitinib followed by TRAIL, and TRAIL
followed by sunitinib, respectively. In the four cell lines a CI < 1 was
detected at every drug concentration with the sequence of sunitinib plus
TRAIL and sunitinib followed by TRAIL
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3.5 Expression of DR4 and DR5 is involved
in the schedule-dependent synergistic effects of sunitinib
and TRAIL

The expression of TRAIL death receptors is essential for the
transmission of death signals from their ligands. Western blot-
ting was applied to explore the effects of sunitinib and TRAIL
on the expression of the death receptors DR4 and DR5 when
NSCLC-derived cells were exposed to these agents in differ-
ent sequences. As shown in Fig. 4a–d, a considerable decrease
in DR4 and DR5 expression was noted when the cells were
exposed to TRAIL alone in the four cell lines tested, as well as
after exposure to sunitinib alone in the EGFR-dependent PC9
cells (Fig. 4d) and the EGFR-independent H1975 cells
(Fig. 4c). Besides, a sequential treatment of TRAIL followed
by sunitinib elicited a significant down-regulation of DR4
expression compared to TRAIL treatment alone in the
H1975 and PC9 cells (Fig. 4c, d), and almost the same levels
of DR5 expression compared to single TRAIL treatment in all

cell lines tested (Fig. 4a–d). However, no reduction in DR4
and DR5 expression was observed when sunitinib was admin-
istered before or simultaneously with TRAIL. Consistent with
the apoptosis induction observed above, these results indicate
that the sequential administration of sunitinib followed by
TRAIL, or the concurrent administration of sunitinib and
TRAIL, blocks the TRAIL-induced down-regulation of DR4
and DR5. The reverse administration, i.e., TRAIL followed by
sunitinib, does not block the TRAIL-induced down-regulation
of DR4 and DR5.

4 Discussion

Although platinum-based chemotherapy has in the past im-
proved the survival of patients with advanced NSCLC, it has
clearly reached its limits [18, 19]. In order to further improve
survival, recent studies have focused on the design of targeted
and apoptosis-inducing therapies, which maymore selectively
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Fig. 2 Sunitinib enhances TRAIL-triggered apoptosis in a schedule-
dependent manner in EGFR-dependent and EGFR-independent
NSCLC-derived cells. H1299 (a), A549 (b), H1975 (c) and PC9 (d) cells
were treated with sunitinib (1 nM), TRAIL (100 ng/ml), or three different
sunitinib-TRAIL sequences for 48 h. Untreated cells served as controls.
Apoptosis was evaluated using Annexin V-FITC and PI staining in
conjunction with flow cytometry. Total apoptosis was defined as early

apoptosis plus late apoptosis (i.e., Annexin V-positive cell population).
The values are presented as mean ± SD of three independent experiments.
*Sunitinib + TRAIL and sunitinib → TRAIL groups relative to TRAIL
alone group, P < 0.05. **Sunitinib + TRAIL and sunitinib → TRAIL
groups relative to TRAIL → sunitinib group, P < 0.01 using one-way
ANOVA + Tukey’s test
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induce cancer cell death while minimizing the damage to nor-
mal tissues. Here, we explored the putative synergistic effects
of sunitinib and TRAIL in NSCLC-derived H1299, A549 and
H1975 cells harboring EGFR-independent mutations and in
NSCLC-derived PC9 cells harboring an EGFR dependent
mutation. In addition, we assessed whether the sensitivity to
sunitinib and TRAIL was associated with the EGFR and/or
KRASmutation statuses of the respective cells. Finally, we set
out to define the optimal schedule of sunitinib and TRAIL
treatment in EGFR-dependent and EGFR-independent
NSCLC-derived cells.

Proliferation, apoptosis and cell cycle analyses were per-
formed to assess schedule-dependent synergistic interactions
between sunitinib and TRAIL. In a single-agent test, PC9 cells
harboring an exon19delE746-A750 EGFR-dependent muta-
tion (wild-type KRAS) were found to be most sensitive to
sunitinib in the proliferation assay. This marked efficacy of
sunitinib was not observed in NSCLC-derived cells harboring
EGFR-independent mutations. In contrast, only minor differ-
ences were found in cancer cells with EGFR-dependent and
EGFR-independent mutations with respect to the anti-
proliferative activity of TRAIL. These diversities in

cytotoxicity may at least partly be due to other, as yet un-
known, (epi)genetic features of the cells. We did find, howev-
er, that the schedule-dependent synergy of both drugs does not
rely on the mutation statuses of the EGFR and KRAS genes.
The sequence-dependent administration of sunitinib followed
by TRAIL, as well as the simultaneous administration of both
agents, was found to act synergistically with respect to cyto-
static activity and apoptosis-inducing effect in all NSCLC-
derived cell lines tested, irrespective of their EGFR and
KRAS mutation status. In contrast, we observed drug antago-
nism after TRAIL treatment followed by sunitinib treatment in
all NSCLC-derived cell lines tested.

Currently, putative synergistic effects between TRAIL and
different TKIs have been addressed in only a handful preclin-
ical studies. Shrader et al. showed that gefitinib interacts with
TRAIL to cause high levels of apoptosis through XIAP ex-
pression induction, which is mediated by AKT in EGFR-de-
pendent bladder cancer cells [20]. Rosato et al. found that
sorafinib enhances TRAIL-induced apoptosis via down-
regulation of Mcl-1 and cFLIPL expression [21]. However,
even though Ding et al. assessed interactions between suniti-
nib and TRAIL in SW620 and 95-D cells and showed a
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Fig. 3 Flow cytometric analysis to determine alterations in cell cycle
distributions in NSCLC-derived cell lines. Cells were treated with
vehicle control, 1 nM sunitinib, 100 ng/ml TRAIL, both agents
concurrently, sunitinib followed by TRAIL, or TRAIL followed by

sunitinib for 48 h. Columns in the diagram depict the cell cycle phase
distributions in H1299 (a), A549 (b), H1975 (c) and PC9 (d) cells
following the exposure schedules as stated above. Results are presented
as means ± SD of three independent experiments
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synergistic effect of both drugs [22], no sequence-related cy-
totoxicity of these drugs was noted and the mechanism under-
lying its synergism has so far remained unclear. We found that
changes in cell cycle distribution and growth signaling path-
ways may explain the observed effects. Our data showed that
TRAIL causes an increase in G0/G1-phase cell cycle arrest
concurrently with or after sunitinib administration in the four
cell lines tested. Conversely, we found that sunitinib failed to
cause any G0/G1-phase arrest after TRAIL treatment follow-
ed by S-phase entry, which is crucial for cellular proliferation.
Therefore, we conclude that sunitinib may promote TRAIL-
induced apoptosis via G0/G1-phase cell cycle arrest and that
this synergy is sequence-dependent.

AKT activation is known to contribute to cancer develop-
ment and metastasis [23] and, in addition, to therapy resis-
tance [24, 25]. In the present study, we found that aberrant
activation of AKT is involved in the acquisition of TRAIL
resistance in the four NSCLC-derived cell lines tested, irre-
spective of their EGFR and KRAS mutation status.
Conventional chemotherapy in conjunction with AKT kinase
inhibition has been found to delay chemotherapy resistance.
Zhang et al. found that sunitinib can reverse multidrug resis-
tance of cisplatin-resistant A549 cells by inhibition of AKT
phosphorylation [26]. Our data show that sunitinib can lead to
decreased AKT activation and enhanced cytotoxicity when

administered concurrently with or before TRAIL, not only in
EGFR-dependent but also in EGFR-independent NSCLC-de-
rived cells. Thus, sunitinib may suppress TRAIL-induced ac-
tivation of AKT, thereby inhibiting cell survival and promot-
ing apoptosis.

TRAIL appears to bind the death receptors DR4 and DR5
to enhance the killing of cancer cells. Some antitumor agents
require DR4 and/or DR5 to render cancer cells more sensitive
to TRAIL [27, 28]. Absence of DR4/DR5 on the cell surface
results in a loss of the capacity to generate a death-inducing
signaling complex which, consequently, may attenuate
TRAIL-triggered apoptosis in cancer-derived cells [29, 30].
Although we have not noted any up-regulation of DR4 and/
or DR5, we found that DR4 and DR5 are down-regulated in
all four cell lines tested after exposure to TRAIL alone and to
TRAIL followed by sunitinib, in accordance with the above
described cytotoxic effects and apoptosis induction.

Genetic heterogeneity, such as the occurrence of different
mutations in the EGFR and KRAS genes, has frequently been
observed in patients with advanced NSCLC. Previous studies
have indicated that patients with EGFR exon 19 and exon 21
mutations may show a better response to single-targeted
EGFR inhibitors than those wild-type for the EGFR gene
[31, 32]. Some Phase III clinical trials have shown, however,
that the response rates to gefitinib and erlotinib were typically
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Fig. 4 Effects of sunitinib and
TRAIL as single agents and in
different exposure combinations
on the expression of
phosphorylated AKT/AKT, DR4
and DR5 in H1299 (a), A549 (b),
H1975 (c) and PC9 (d) cells.
Cells were exposed to vehicle
control, 1 nM sunitinib,
100 ng/ml TRAIL, both agents
concurrently, sunitinib followed
by TRAIL, or TRAIL followed
by sunitinib for 48 h. The proteins
were detected byWestern blotting
using the corresponding
antibodies. C, S, T, S + T, S-T and
T-S refer to control, sunitinib,
TRAIL, concurrent
administration of both drugs,
sunitinib followed by TRAIL and
TRAIL followed by sunitinib,
respectively. The figures are
representative of three
independent experiments
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~10 %. These trials were conducted in non-selected popula-
tions, thus indicating that the majority of patients failed to
respond to these drugs [33]. By comparison, patients with
EGFR-independent mutations and KRAS mutations have
commonly been found to not benefit from single-targeted
EGFR TKIs. Therefore, the sequential administration of the
multi-target TKI sunitinib and TRAIL as explored in our cur-
rent study may represent a useful alternative, even for NSCLC
patients harboring different EGFR and/or KRAS mutations.

In conclusion, we show here for the first time that sunitinib
followed by TRAIL treatment, as well as the concurrent ad-
ministration of both agents, may serve as an efficacious treat-
ment option for NSCLC patients, independent of the mutation
statuses of the EGFR and KRAS genes.
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