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demonstrates synergism against lung cancer cells
in vitro and in vivo
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Abstract Lung cancer is a global health problem. The search
for new therapeutic approaches for the treatment of lung can-
cer is important. Here, we reported that the AKT inhibitor
perifosine and the MEK\ERK inhibitor MEK-162 synergisti-
cally induced lung cancer cell (A549 and H460 lines) growth
inhibition and apoptosis. The combined efficiency was signif-
icantly higher than either agent alone. For the molecular study,
perifosine and MEK-162 worked together to concurrently
block AKT, mammalian target of rapamycin (mTOR) com-
plex 1 (mTORC1), and MEK-ERK signalings in lung cancer
cells, while either agent alone only affected one or two signal-
ings with lower efficiency. In vivo, MEK-162 and perifosine
co-administration dramatically inhibited A549 lung cancer
xenograft growth, without inducing apparent toxicities. The
synergistic activity in vivo was again superior than either
agent alone. Thus, perifosine and MEK-162 combination is
biologically plausible by acting through effects on different
proliferation and survival-related signaling pathways. Our
in vitro and in vivo results support the feasibility of investi-
gating the synergism regimen in clinical tests.
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Abbreviations
ELISA Enzyme-linked immunosorbent assay
ERK Extracellular regulated kinase
FBS Fetal bovine serum

mTOR Mammalian target of rapamycin
mTORC1 Mammalian target of rapamycin (mTOR) com-

plex 1
NSCLCs Non-small cell lung cancers
PI3K Phosphatidylinositol-3-kinase
PVDF Polyvinylidene fluoride
RCC Renal cell carcinoma

Introduction

Lung cancer, especially the non-small cell lung cancers
(NSCLCs), is a global health problem [1, 2]. It is one of the
leading causes of cancer-causedmortalities in China or around
the world [1, 2]. The fast majority of NSCLCs and other lung
cancers are detected at advanced stages with local or distant
metastasis, making surgical resection almost impossible [1, 3].
Meanwhile, many advanced NSCLCs are resistant to almost
all clinically applied chemotherapy drugs [1, 3]. As such, the
search for new targets and new therapeutic approaches for the
treatment of NSCLCs is urgent [4].

The protein kinase AKT is the central member of the
phosphatidylinositol-3-kinase (PI3K)/AKT and the mam-
malian target of rapamycin (mTOR) pathway, which is
frequently dysregulated and constitutively activated in lung
cancers and many other cancers, causing cancer progres-
sion [4–6]. Further, AKT has other downstream molecular
targets independent of mTOR regulating key cancerous
processes, ranging from proliferation and survival to me-
tabolism [4–7]. It represents a vital target for NSCLCs and
lung cancer prevention [4].

Perifosine, a third-generation alkylphospholipid, was first
reported by Kondapaka et al. as a novel AKT inhibitor at
pharmacologically relevant concentrations [8]. Perifosine
was shown to block AKT translocation to the plasma mem-
brane through interacting its PH domain, and to inhibit AKT
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phosphorylation [8–10]. This novel first-in-class oral AKT
inhibitor, alone or in combination with other anti-cancer
agents, was tested in multiple tumor cell lines both in vivo
and in vitro [9–15]. It was also examined in several clinical
studies, showing promising results in renal cell carcinoma
(RCC) and neuroblastoma [9, 10].

One potential avenue to improve therapeutic index in
NSCLCs and other lung cancers might combine agents
targeting distinct growth/survival regulatory pathways [1].
This might lead to concurrent inhibition of multiple cancer-
promoting signalings, achieving superior anti-lung cancer ac-
tivity [1]. MEK-162, also known as ARRY-438162, is a po-
tent, selective, and non-ATP-competitive allosteric inhibitor of
MEK [16, 17]. It is manufactured by Almac Pharma Services
(Craigavon, UK) for Novartis [17]. Preclinical studies have
demonstrated that MEK-162, alone or in combination with
other anti-cancer agents, has the ability to inhibit growth of
melanoma and several other solid tumor cells in vitro and
in vivo [18–20]. Phase 1 and phase 2 clinical studies have
reported the safety profile of MEK-162 and its anti-tumor
activity in patients with NRAS-mutated melanoma [17]. In
the current study, we found that combined treatment with
perifosine and MEK-162 demonstrates significant synergism
against lung cancer cells both in vitro and in vivo.

Materials and methods

Chemicals and reagents

Perifosine and MEK-162 were purchased from Selleck
(Shanghai, China). Z-VAD-FMK, Z-DEVD-FMK, and
Z-ITED-fmk were purchased from Calbiochem
(Shanghai, China).

Antibodies

Antibodies against phospho(p)-AKT (Ser 473), p-S6K1 (Ser
389), p-S6 (Ser 235/236), p-MEK1/2 (Ser 217/221), and p-
ERK1/2 (Thr 202/Tyr 204) were purchased from Cell
Signaling Tech (Denver, MA). Anti-AKT1, S6K1, S6,
ERK1/2, and MEK1/2 were purchased from Santa Cruz
(Santa Cruz, CA).

Cell culture

A549 and H460 human lung cancer cell lines were purchased
from the Cell Bank of Chinese Academy of Sciences
(Shanghai, China). Cells were cultured in DMEM/RPMI me-
dium supplemented with 10 % fetal bovine serum (FBS:
HyClone, Shanghai, China) with antibiotics, and incubated
at 37 °C in a humidified air atmosphere containing 5 %
CO2. For experiments in which cells were deprived of serum

overnight, cell monolayers were washed with RPMI 1640
containing 2 mM L-glutamine and incubated in the same me-
dium. DNA fingerprinting and profiling were performed ev-
ery 6 months to confirm the origin of the cell line and to
distinguish the cell line from cross-contamination. All cell
lines were subjected to mycoplasma and microbial contami-
nation examination every month. Population doubling time,
colony forming efficiency, and morphology under phase con-
trast were also measured every 6 months under defined con-
ditions to confirm the phonotype of the cell line.

Cell growth MTT assay

As previous reported [21, 22], cell growth was measured by
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay. Cells were collected and seeded in 96-well
plates at a density of 5×103 cells/well. After treatment, MTT
tetrazolium salt (0.5 mg/ml, Sigma, St. Louis, MO) was added
to culture well for 4 h. Then, DMSO (150 μl/well) was added
to dissolve formazan crystals: the absorbance of each well was
observed by a plate reader at a test wavelength of 490 nmwith
a reference wavelength of 630 nm.

Colony formation assay

For clonogenic assays, A549 cells or H460 cells were plated at
a density of 3000 cells/well in 2 ml of medium. After over-
night attachment, cells were treated with indicated agents.
Colony formation was determined after 7 days, and the num-
ber of colonies was manually counted.

Measurement of apoptosis

A549 cells or H460 cells were plated at a density of 400,000
cells/well in six-well plates. After treatment, both the floating
cells and attached cells were pooled after trypsinization, fixed
in 70 % ethanol, and stored at −20° prior to analysis.
Apoptotic cells were detected as Annexin-FITC (Becton
Dickinson, Shanghai, China) positive cells using a Becton
Dickinson FACScan (Shanghai, China).

Histone-DNA enzyme-linked immunosorbent assay (ELISA)
assay

Cell apoptosis was quantified by histone-DNAELISA (Roche
Applied Science, Shanghai, China) according to manufac-
turer’s protocol. Briefly, the cytoplasmic histone-DNA frag-
ments from cells were extracted and bound to the immobilized
anti-histone antibody. Subsequently, the peroxidase-
conjugated anti-DNA antibody was added for the detection
of immobilized histone-DNA fragments. After addition of
substrate for peroxidase, the spectrophotometric absorbance
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of the samples was determined using a plate reader at a test
wavelength of 400 nm.

Western blots

As reported [21, 22], cells with indicated treatment were har-
vested in the lysis buffer (Jingmei Biotech, Shanghai, China).
The protein concentration was determined by Bio-Rad protein
assay (Bio-Rad, Beijing, China). Aliquots of 30 μg of lysates
per sample were electrophoresed on 10 % SDS-PAGE gel and
transferred to a polyvinylidene fluoride (PVDF) membrane.
The blot was incubated in the blocking buffer and then incu-
bated with the primary antibody at 4 °C overnight with PBST.
Appropriate secondary antibody conjugated to horseradish
peroxidase (HRP) was then added. Antigen-antibody complex
was detected by using enhanced chemiluminescence (ECL)
reagent. The blot intensity was quantified through the
ImageJ software.

A549 tumor xenograft model in nude mice

Female nude mice were applied to establish xenograft tumor
model of A549 cells. A549 cells (3.5 million cells in 0.2 ml of
culture medium) were subcutaneously injected at the left thigh
of nude mice, and treatment was started when the tumors
reached an average volume of 200∼300 mm3. Mice were
ear tagged and randomized into four groups: vehicle,
perifosine (1 mg/kg, lavage, once daily), MEK-162
(2.5 mg/kg, lavage, once daily), and perifosine+MEK-162,
with five mice per group. The mice were examine daily for
toxicity/mortality relevant to treatment, and the tumor volume
was measured with a caliper once every week for up to
4 weeks. The tumor volume (in mm3) was calculated by the
formula as follows: volume=(width)2×length/2, and the tu-
mor growth curve was presented. At the end of the experi-
ment, tumor xenograft was isolated, tumor weight was mea-
sured. All studies were performed in accordance with the stan-
dards of ethical treatment approved by the Institutional
Animal Care and Use Committee (IACUC) and Association
for the Assessment and Accreditation of Laboratory Animal
Care (AAALAC). The protocols of the in vivo study were
approved by the Animal Care and Use Committee at all au-
thors institutions.

Data analysis

The data were expressed as means±Stand error (SE). Data
were collected using a minimum of three experiments.
Statistical differences were analyzed by one-way ANOVA
followed by multiple comparisons performed with post hoc
Bonferroni test (SPSS version 15). Values of p<0.05 were
considered statistically significant.

Results

In vitro perifosine and MEK-162 synergism in lung cancer
cells

We first examined potential synergism between perifosine and
MEK-162 in cultured lung cancer cells (A549 and H460
lines). As shown in Fig. 1a–b, the growth inhibitory effect of
perifosine at tested concentration (0.3–10 μM) was relatively
weak in A549 cells. However, in the presence of MEK-162,
its anti-growth activity was significantly increased for the
same intervals (24 h/72 h) (Fig. 1a–b). For example, the
50% growth inhibition (GI-50) for perifosine (72 h) decreased
from 13.52 to 0.731 μMwith the co-treatment ofMEK-162 in
A549 cells (Fig. 1a–b). Note that MEK-162 alone only slight-
ly affected the growth of A549 cells, only resulting in less than
20 % MTT OD reduction at 72 h (Fig. 1a–b). Further,
perifosine (3 μM) and MEK-162 (1 μM) synergistically
inhibited A549 cell colony formation, the synergistic activity
was superior than either agent alone (Fig. 1c). In vitro
perifosine and MEK-162 synergism was also observed in
H460 lung cancer cells. In the presence of MEK-162
(1 μM), the activity of perifosine on H460 cell growth
(Fig. 1d–e) and colony formation (Fig. 1f) was significantly
enhanced. Together, these results demonstrated the in vitro
synergism between perifosine and MEK-162 in lung cancer
cells.

Perifosine and MEK-162 synergistically induce lung cancer
cell apoptosis

Decreased cell growth after applied treatment could be a result
of increased apoptosis. Thus, we tested the effect of perifosine
and/or MEK-162 on lung cancer cell apoptosis. Results from
the Annexin V FACS assay showed that perifosine at the
concentration of 1–3 μM only slightly induced A549 cell
apoptosis, with less than 10–15 % apoptotic cells (Fig. 2a).
Co-administration with MEK-162 increased cell apoptosis in-
duction by perifosine, resulting in over 20–25 % of A549 cell
apoptosis (Fig. 2a). MEK-162 alone only slightly affected
A549 cell apoptosis (Fig. 2a). Histone-DNA ELISA apoptosis
assay further confirmed the synergistic effect between
perifosine and MEK-162 in promoting A549 cell apoptosis
(Fig. 2b). Similar synergism of the two agents in activating
cell apoptosis was also observed in H460 cells (Fig. 2c–d). To
study the role of apoptosis in co-administration-mediated
growth inhibition, three different apoptosis inhibitors, includ-
ing Z-VAD-FMK (a general caspase inhibitor), Z-DEVD-
FMK (inhibitor of caspases 3,6,7,8,10), and Z-ITED-fmk
(specific inhibitor of caspase 8), were applied. Results showed
all these inhibitors significantly reduced co-treatment-induced
growth inhibition in both A549 cells (Fig. 2e) and H460 cells
(Fig. 2f). Thus, synergistic growth inhibition by the co-
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treatment could be due to apoptosis activation in lung cancer
cells.

Perifosine and MEK-162 concurrently blocks AKT,
mTORC1, and ERK-MAPK activation

We also tested the signaling changes in lung cancer cells treat-
ed with perifosine and/or MEK-162. Perifosine is a well-
established AKT inhibitor [9, 10]. Here, perifosine (3 μM)
also blocked AKT activation in A549 cells (Fig. 3a).
Perifosine showed no significant effect on MEK-ERK1/2
phosphorylation in A549 cells (Fig. 3b), and a relatively weak
effect on mTORC1 activation; the latter was indicated by
phospho-S6K1 and S6 (Fig. 3c). Significantly, perifosine
and MEK-162 co-administration not only blocked AKT
(Fig. 3a) and MEK-ERK phosphorylation (Fig. 3b) but also
abolished mTORC1 activation (S6K1 and S6 phosphoryla-
tions) (Fig. 3c). MEK-162 alone only slightly inhibited
S6K1-S6 phosphorylation and blocked ERK1/2 phosphoryla-
tion (Fig. 3c). Similar signaling results were also observed in
H460 cells, while perifosine and MEK-162 co-treatment

blocked AKT (Fig. 3d), MEK-ERK (Fig. 3e), and mTORC1
(Fig. 3f) activation. Although there are studies showing that
perifosine induces autophagic degradation of regular (total)
AKT and major components of mTOR axis [23], that effect
by perifosine is dose and cell line dependent [23]. Here, we
found that regular AKT, S6K, and S6 were not affected by
applied perifosine treatment in tested cell lines (Fig. 3).
Regular ERK and MEK were also not affected by perifosine
(Fig. 3), which is consistent with other studies [22, 24].
Further, these regular kinases were also not downregulated
by MEK-162 (Fig. 3). Together, these results showed that
perifosine and MEK-162 worked together to concurrently
block AKT, mTORC1, and ERK-MAPK activation in lung
cancer cells.

In vivo perifosine and MEK-162 synergism against A549
xenograft

At last, we tested the possible perifosine and MEK-162 syn-
ergism in vivo. A549 lung cancer xenograft model was ap-
plied. In consistent with the in vitro results, tumor growth
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Fig. 1 Effect of perifosine and MEK-162 on lung cancer cell growth.
Human lung cancer A549 cells or H460 cells were untreated (C), or
treated with indicated concentration of perifosine (0.3–10 μM), in the
presence or absence of MEK-162 (1 μM); for 24 (a, d) or 72 h (b, e),
cell growth was tested by MTT assay. A549 cells (c) and H460 cells (f)
were either left untreated (C), treated with perifosine (3 μM), MEK-162

(1 μM), or combination; colony formation assay was performed as de-
scribed. Prf stands for perifosine. The results presented are representative
of three independent experiments. The values were expressed as the
means±SE. *p<0.05 compared with group without MEK-162 co-
treatment
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curve results in Fig. 4a showed that only mice group admin-
istrated with both perifosine andMEK-162 demonstrated with
dramatically inhibited A549 xenograft growth. Tumor mass
weight results further confirmed the perifosine and MEK-162
synergism in vivo (Fig. 4b). Perifosine or MEK-162 alone
exerted a relatively weak but significant inhibitory effect on
A549 xenograft growth at weeks 3–4 (Fig. 4a). Further, as a
single agent, perifosine or MEK-162 also decreased tumor
weight, although the effect of MEK-162 was not significant
(P>0.05 vs. vehicle group) (Fig. 4b). Significantly, in the
experimental mice administrated with indicated perifosine
and/or MEK-162, no significant adverse effects, including
dermatitis, peripheral edema, facial edema, diarrhea, or
vomiting, were observed. Meanwhile, the mice body weight
was not affected by perifosine and/or MEK-162 administra-
tion (Fig. 4c). Thus, this regimen is relatively safe at least in
nude mice. Together, we show that perifosine and MEK-162
synergistically inhibit A549 xenograft growth in vivo.

Discussions

Perifosine is a first-in-class oral alkylphospholipid AKT in-
hibitor exhibiting anti-tumor properties, and it is currently
under phase II–III clinical trials for various types of cancer
[9, 10]. The mechanisms by which perifosine exerts its anti-
tumor effects, including the induction of apoptosis, are not
fully understood [9, 10]. Here, we found that perifosine alone
exerted a relatively weak activity against lung cancer cells
in vitro and in vivo, partly because it had no or weak effect
on other important pro-growth/survival pathways: MEK/ERK
and mTORC1 signalings. Significantly, co-administration
with MEK-ERK inhibitor MEK-162 dramatically sensitized
perifosine’s activity and led to substantial lung cancer cell
apoptosis.

The complexity of the cellular signaling network in cancer
cells opens the opportunity to combine perifosine with other
pro-cancer pathways that are not directly affected by
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Fig. 2 Effect of perifosine and MEK-162 on lung cancer apoptosis.
A549 cells (a–b) and H460 cells (c–d) were treated with indicated con-
centration of perifosine (1–3 μM), in the presence or absence of MEK-
162 (1 μM); for 48 h, cell apoptosis was tested by either Annexin V
FACS assay or histone-DNA apoptosis ELISA assay. A549 cells (e)
and H460 cells (f) were pretreated with VAD-fmk (VAD, 40 μM), Z-
DEVD-FMK (DVED, 40 μM), or Z-ITED (ITED, 40 μM) for 1 h,

followed by perifosine (3 μM) plus MEK-162 (1 μM) co-stimulation;
cell growth was tested by MTT assay after 72 h. C stands for untreated
control group. The results presented are representative of three indepen-
dent experiments. The values were expressed as the means±SE. *p<0.05
compared with group without MEK-162 (a–d). #p<0.05 compared with
the co-treatment group
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perifosine [9, 10]. Synergistic effects could be achieved with
the combination of these inhibitors [9, 10]. For example, co-
administration with perifosine with mTOR inhibitors showed
a synergistic activity in multiple myeloma (MM) and glioblas-
toma [13, 15]. Further, phosphoinositide-dependent kinase-1
(PDK1) inhibitor UCN-01 was synergistic to perifosine in
prostate and lung cancer cells [25]. Perifosine acted synergis-
tically with cetuximab or erlotinib, both inhibiting EGF recep-
tor (EGFR), in breast and prostate cancer cells [26, 27]. The
obvious advantage using MEK-162 and perifosine synergism
in this study is concurrent inhibiting of AKT-mTOR and
MEK-ERK signalings.

Recent studies have identified the important role of mTOR
in lung cancer initiation and progression [4]. MTOR exists in
at least two functionally distinct multi-protein complexes in-
cluding mTORC1 and mTORC2 [28, 29]. Rapamycin-
sensitive mTORC1 is composed of mTOR, Raptor, mLST8,
PRAS40, and others, which is responsible for phosphorylation
S6K1 and 4E-BP1 [30, 31]. Although AKT is a major up-
stream kinase for mTORC1, studies have found that other
signaling mechanisms could bypass AKT and activate
mTORC1 directly [31]. For example, ERK could phosphory-
late TSC2 to activate mTORC1 [32, 33]. In the current study,
our evidence suggests that both AKT and ERK signalings are
possible upstream kinase for mTORC1 activation in tested
lung cancer cells. Concurrent inhibition of AKT and ERK
by the co-treatment almost blocked mTORC1 activation
(S6K1 and S6 phosphorylation), while either agent alone
showed a much weaker effect on phosphorylation of S6K1
and S6 in lung cancer cells.

Besides inactivating AKT, perifosine is shown to regulate
several additional primary or secondary cellular targets that
may affect cell apoptosis/proliferation [9, 10]. For example,
perifosine could activate pro-apoptotic JNK in various cancer
cell lines [24, 34, 35]. Inhibition of JNK, both pharmacolog-
ically or genetically, then alleviated perifosine-induced cancer
cell apoptosis [34, 35]. Several studies demonstrated that
perifosine could inhibit ERK activation, but that effect was
cell line dependent [36, 37]. Reactive oxygen species (ROS)
production was also increased in several perifosine-stimulated
cancer cell lines [12, 24, 34]. Further, perifosine-induced cell
apoptosis was associated with ceramide production [24, 34].
Thus, it is possible that other mechanisms besides AKT-
mTOR and MEK-ERK inactivation might also contribute to
perifosine and/or MEK-162-induced inhibition on the lung
cancer cells.

The results of phase II perifosine combination trials in mul-
tiple myeloma (MM) and colorectal cancer were among the
most promising activities [10]. However, following phase III
clinical studies failed to demonstrate significant clinical ad-
vance with the low-dose perifosine scheme in patients with
metastatic colorectal cancer and relapsedMM, in combination
with capecitabine and bortezomib, respectively [10]. As

described here, perifosine and MEK-162 combination is bio-
logically plausible by acting through effects on different pro-
liferation and survival-related signaling pathways; thus, the
in vitro and in vivo results of this study support the feasibility
of investigating the synergistic regimen in clinical tests.
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