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Introduction

Mammalian target of rapamycin (mTOR) is a serine/threonine 
kinase, and functions as a catalytic subunit in at least two com-
plexes: mTORC1 (mTOR complex 1) and mTORC2. mTORC1 
responds to growth factors, nutrients and energetic status, and 
regulates cell growth, autophagy and metabolism, whereas 
mTORC2 mainly responds to growth factors and regulates cell 
survival and the actin cytoskeleton. mTORC1 predominantly 
regulates protein translation through ribosomal p70 S6 kinase 
(p70S6K) and eukaryotic translation initiation factor 4E-binding 
protein 1 (4E-BP1). mTORC2 functions mainly through directly 
activates Akt and other kinases, such as protein kinase C (PKC) 
and serum- and glucocorticoid-induced protein kinase 1 (SGK1). 
Recently, two sets of phosphoproteomics experiments uncovered 
a large fraction of new substrates, such as growth factor receptor-
bound protein 10 (Grb10), or downstream targets of mTOR.1-3 
Thus, mTOR locates in the node of multiple signaling path-
ways and has been an attractive therapeutic target in cancer and 
diabetes.

The first generation of mTORC1 inhibitors, including 
rapamycin and its derivatives-everolimus (RAD001) and temsi-
rolimus (CCI-779), has shown limited efficacy as a single reagent 
in most cancer types, except for metastatic renal cell carcinoma 
and mantle cell lymphoma.4-6 PI3K/Akt or MEK/ERK signaling 

mTORC1 inhibitors, including rapamycin and its analogs, have been actively studied both pre-clinically and clinically. 
However, the single treatment of mTORC1 inhibitors has been modest in most cancer types. We have previously 
demonstrated that the activation of PI3K/Akt and MEK/ERK signaling pathways attenuates the anticancer efficacy of 
mTORC1 inhibitors. In this study, we report that mTORC1 inhibition also phosphorylates and inactivates GSK3β, which is 
a tumor suppressor in lung cancer. Moreover, we show that perifosine, as an Akt inhibitor, decreases rapamycin-induced 
phosphorylation of GSK3β and elevated p-GSK3β levels in rapamycin-resistant cell lines. Combination of perifosine 
with mTORC1 inhibitors showed enhanced anticancer efficacy both in cell cultures and in a xenograft mouse model. 
In addition, perifosine inhibits the growth of both rapamycin sensitive and resistant A549 cells. However, inhibition of 
GSK3β by a selective inhibitor-LiCl, or downregulation of GSK3β expression by siRNA, reverses the growth inhibitory 
effects of perifosine on rapamycin resistant cells, suggesting the important role of GSK3β activation in enhancing 
mTORC1 inhibitors efficacy by perifosine. Thus, our results provide a potential therapeutic strategy to enhance mTORC1-
targeted cancer therapy by using perifosine or targeting GSK3β.
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pathway activation, or mTORC2 dysregulation has been dem-
onstrated to partly facilitate development of drug resistance, but 
the mechanisms of mTORC1 inhibitors resistance have not been 
fully elucidated.3 Therefore, clarifying the mechanisms of resis-
tance and developing new combination rationales are critically 
needed in preclinical studies and clinical trials.

Glycogen synthase kinase 3β (GSK3β) is an serine/threo-
nine kinase that plays an important role in many cellular pro-
gresses, such as cell proliferation, apoptosis and differentiation.7 
Dysregulated GSK3β has been implicated in diabetes, inflam-
mation, neurodegenerative disorders and malignancies.8 It is 
a well-known substrate of Akt and p90 ribosomal S6 kinase 
(p90RSK), and is also regulated by ERK, p70S6K and PKC 
through phosphorylation.7,9 Phosphorylation at serine 9 inhib-
its GSK3β activity, whereas tyrosine phosphorylation positively 
regulates its activity.10 Identified downstream targets of GSK3β 
include β-catenin, NFκB, c-Myc, Cyclin D1, AP-1 and so on. 
GSK3β acts as both a tumor promoter and a tumor suppressor, 
depending on cancer types and environments.7 Studies in lung 
cancer showed increased levels of inactive form of GSK3β, sug-
gesting activating GSK3β for cancer therapy in lung cancer.11

Perifosine is a novel, oral alkylphospholipid and shows antican-
cer activity in many preclinical studies. It has been in phase I/II 
clinical trials, but it shows very limited anticancer efficacy when 
used as a single reagent in certain types of cancers.12 Therefore, 
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total GSK3β were elevated in A549-RR compared with A549-P. 
Amounts of 1 nmol/L and 1 μmol/L rapamycin treatments 
for 24 h could increase p-GSK3β in A549-P cells but not in 
A549-RR cells, whereas total GSK3β levels were not regulated in 
both cell lines (Fig. 1B). Since GSK3β phosphorylation at serine 
9 indicates its inactivation, these results suggest that rapamycin-
induced inhibition of GSK3β may correlate with its resistance.

Perifosine inhibits rapamycin-induced p-GSK3β (Ser9). 
Perifosine is an Akt inhibitor, which inhibits Akt activity by inter-
fering with its recruitment to the cell membrane and phosphory-
lation by PI3K. It has also been reported to modulate many other 
kinases, including inhibition of p44/42 and p70S6K, and activa-
tion of GSK3β. First, we showed that perifosine decreased p-Akt, 
p-p44/42, p-p70S6K, p-GSK3β and c-Myc in a dose-dependent 
manner in A549 cells (Fig. 2A). We also found that total Akt 
and p70S6K protein levels were decreased, but total p44/42 and 
GSK3β levels were not markedly changed. These results suggest 
that perifosine downregulates Akt, ERK and p70S6K signaling 
pathways, whereas activates the GSK3β signaling pathway.

Then, we found that even though rapamycin differently reg-
ulated upstream signals of GSK3β, with significant decrease of 
p-p70S6K and increase of p-Akt, and a slight increase of p-p44/42, 
the p-GSK3β and c-Myc were increased, which suggests activa-
tion of this survival pathway. Moreover, perifosine co-treatment 
reversed rapamycin-induced p-Akt, p-GSK3β and c-Myc, but 
only minimally regulated p-p44/42 (Fig. 2B). These findings 
suggest that perifosine has the potency of overcoming rapamycin-
activated survival pathways, especially Akt/GSK3β pathway.

Given that p-Akt, p-p44/42 and p-GSK3β levels were higher 
in A549-RR cells than in A549-P cells, we further examined 
whether these signals were regulated by perifosine. Figure 2C 
showed that 2.5–10 μmol/L perifosine inhibited p-Akt and 
p-p44/42 dose-dependently in both cell lines. Total Akt levels 
were decreased in A549-P cells but not in A549-RR cells, whereas 
total p44/42 levels were not markedly altered in both cell lines, 
suggesting downregulation of these two important survival path-
ways by perifosine. In addition, perifosine decreased p-GSK3β 
levels in both A549-P and A549-RR cells, but minimally regu-
lated total GSK3β levels, suggesting perifosine activated GSK3β. 
Collectively, we conclude that perifosine can resume the activity 
of GSK3β after short- or long-term rapamycin treatment.

Perifosine enhanced mTORC1 inhibitor’s anticancer effi-
cacy in vitro and in vivo. Since perifosine released the inhibitory 
effects of rapamycin on GSK3β, we suspected that perifosine 
might enhance rapamycin’s effects on cell growth. As shown in 
Figure 3A, rapamycin inhibited A549 cells growth dose-depend-
ently. The combination of 0.05, 0.1, 0.5 and 1 nmol/L rapamcyin 
and 1.25 μmol/L perifosine respectively exhibited more growth 
inhibitory effects on A549 cells by cell viability assay. Moreover, 
a greater inhibitory effect was observed when H460 cells were 
treated with 1 nmol/L rapamycin in combination with 2.5 or 
5 μmol/L perifosine compared with each single reagent treat-
ment by a 14-d colony formation assay (Fig. 3B). In addition, 
A549-RR cells were as sensitive as A549-P cells to different con-
centrations of perifosine treatment (Fig. 3C). These results sug-
gest that perifosine increases the inhibitory potency of rapamycin.

current studies are focusing on developing new strategies to 
combine it with other reagents. In recent preclinical studies, it 
showed synergistic effects when combined with histone deacety-
lase inhibitor, 3-phosphoinositide-dependent protein kinase-1 
(PDK1) inhibitor, epithelial growth factor receptor-tyrosine 
kinase inhibitors (EGFR-TKI), and some chemotherapeutic 
reagents.13-16 As an alkylphospholipid, it perturbs cell membrane 
and induces apoptosis, cell cycle arrest and autophagy through 
mechanisms that are still unclear.17 It has been shown that inhibi-
tion of Akt or MAPK, induction of c-Jun NH

2
-terminal kinase 

(JNK), and upregulation of death receptor 5 (DR5) account 
partly for perifosine’s antitumor efficacy.18-21

We have found increased p-Akt and p-p44/42 levels in paral-
lel with elevated p-GSK3β (Ser9) in our established rapamycin 
resistant cell lines.22,23 But for the role of GSK3β in rapamycin 
resistance is still unknown. Given that perifosine inhibits Akt 
and ERK and may activate GSK3β, we hypothesize that peri-
fosine may augment mTORC1 inhibitor’s anticancer efficacy 
through regulation of GSK3β.17 In this study, we first confirmed 
regulation of GSK3β by rapamycin short- and long-term treat-
ments. We then determined whether perifosine could decrease 
rapamycin-induced p-GSK3β (Ser9) and enhance mTORC1 
inhibitors effects on the growth of culture cells and xenografts 
in nude mice. Moreover, we identified the role of GSK3β in 
rapamycin resistance and in the growth inhibitory effects of peri-
fosine on our previously established rapamycin-resistant A549 
cell lines. These findings provide a new rationale for combination 
perifosine with mTORC1 inhibitors in lung cancer.

Results

Rapamycin induces GSK3β phosphorylation at serine 9 in 
NSCLC cells. We and others have previously reported that 
PI3K/Akt, Ras/MAPK and eukaryotic translation initiation fac-
tor (eIF4E) signaling pathways activation play important roles in 
rapamycin resistance, but the mechanisms of mTORC1 inhibi-
tor’s resistance have not been fully elucidated. Given that GSK3β 
is regulated by many kinases correlated with mTOR signaling 
pathway, such as Akt, ERK, PKC, p70S6K, we first determined 
how it was regulated by rapamycin. Even though p-p70S6K 
(Thr389) and its downstream signal p-S6 (S235/S236) were 
downregulated, p-Akt (Ser473), p-p44/42 (Thr202/Tyr204) and 
p-PKCα (Ser657) were upregulated after rapamycin 48 h treat-
ment, p-GSK3β (Ser9) was increased in three of four NSCLC 
cells, including H157, A549 and H460 cells (Fig. 1A). Total 
Akt, p44/42 and GSK3β levels were not altered in all these cells, 
whereas total p70S6K decreased in H157 and A549 cells. It sug-
gests that GSK3β phosphorylation may not be a simple conse-
quence of Akt activation, and it may be regulated by complicated 
signaling pathways after rapamycin treatment.

We have previously reported that p-Akt and p-p44/42 
increased without alteration of total protein levels in our estab-
lished rapamycin resistant cells (A549-RR) compared with its 
parental rapamycin sensitive cells (A549-P), and p-GSK3β 
(Ser9), as an indicator of Akt activity, is also increased in A549-RR 
cells.22,23 In this study, we found that both phosphorylated and 
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could sensitize rapamycin’s inhibitory effects on the growth of 
A549-RR cells. A549-RR cells were transfected with the HA 
GSK3β S9A pcDNA plasmid which encoded the constitutively 
active form of GSK3β (S9A mutant) or the control pcDNA plas-
mid, and then treated with rapamcyin. As shown in Figure 4A, 
p-GSK3β was decreased and total GSK3β was increased signifi-
cantly, suggesting successfully overexpression of active GSK3β 
proteins. Further SRB assay showed that rapamycin’s inhibitory 
effects increased significantly (p < 0.05) after S9A mutant expres-
sion compared with control (Fig. 4B). These results suggest that 
recovery of GSK3β activity sensitizes rapamycin’s effects.

We then explored whether perifosine-induced activation of 
GSK3β played an important role to impact rapamycin’s effects. 
We first observed the effects of a selective GSK3β inhibitor-
LiCl on the growth of A549-RR cells with perifosine treatment. 
Western blot analysis showed that p-GSK3β increased signifi-
cantly after 10 mmol/L LiCl treatment as a single reagent and 

We further examined the combination effects of perifosine 
and RAD001, a derivative of rapamycin and an oral mTORC1 
inhibitor, on the growth of lung cancer xenografts in nude mice. 
As presented in Figure 3D, both RAD001 and perifosine alone 
significantly inhibited the growth of A549 lung cancer xeno-
grafts. However, their combination exhibited the best effects, 
which was superior to either reagent alone (p < 0.05). Measuring 
the tumor weights at the end of the experiments also confirmed 
this finding (p < 0.05) (Fig. 3E). These results suggest that com-
bining perifosine and rapamycin has better anticancer potency.

Inactivation of GSK3β partially abrogated perifosine’s 
effects on the growth of rapamycin resistant cells. Even though 
short-term rapamycin treatment increases p-GSK3β, and long-
term rapamycin treatment induces an increase of both phos-
phorylated and total GSK3β expression in A549-RR cells, the 
role of GSK3β in rapamycin resistance is still unknown. To 
clarify this, we first determined whether activation of GSK3β 

Figure 1. Rapamycin increases GSK3β phosphorylation at serine 9 in NSCLC cell lines. (A) The indicated cell lines were treated with 10 nmol/L 
rapamycin for 48 h. (B) A549-P and A549-RR cells were treated with rapamycin 1 nmol/L or 1 μmol/L as indicated for 24 h. After the aforementioned 
treatments, the cells were subjected to preparation of whole-cell protein lysates and subsequent western blot analysis for detection of the proteins as 
presented. D, DMSO; ra, rapamycin; ra1, rapamycin 1 nmol/L; ra2, rapamycin 1 μmol/L; L.E., longer exposure.
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human lung cancer cell lines. Moreover, exogenous expression 
of the constitutively active form of GSK3β sensitizes rapamy-
cin’s growth inhibitory effects on A549-RR cells, suggesting that 
inactivation of GSK3β plays a role in mTORC1 inhibitors resis-
tance. In addition, among the upstream regulators of GSK3β, 
p-Akt, p-p44/42 and p-PKCα were increased, while p-p70S6K 
was decreased, suggesting that rapamycin-induced p-GSK3β 
may not be a simple consequence of Akt activation, but an output 
of the very complicated signaling transduction network. We and 
others have previously reported that mTORC1 inhibition acti-
vates multiple survival pathways, including PI3K/Akt, MEK/
ERK and eIF4E, and co-targeting these pathways can enhance 
mTORC1-targeted cancer therapy.22,24-26 In this study, we further 
suggest the importance of GSK3β inactivation in the acquired 
resistance of mTORC1 inhibitors and suggest a rationale of co-
targeting GSK3β and mTORC1 in lung cancer therapy.

Perifosine, as an alkylphospholipid, exerts its antitumor 
effects mainly through targeting cell membrane, such as mem-
brane structure, metabolism and permeability.12 Currently, the 
mechanism of its tumor-inhibitory activity has not been fully 
elucidated. Even though many preclinical studies have convinced 
it as an Akt inhibitor, clinical studies to correlate Akt inhibition 
with perifosine’s efficacy are still lacking. Kondapaka et al. has 
shown that perifosine decreases p-Akt and inhibits Akt activity 

perifosine-induced decrease of p-GSK3β was greatly resumed 
with LiCl cotreatment, suggesting LiCl inhibited perifosine-
induced activation of GSK3β (Fig. 4C). SRB assays showed 
that LiCl ranging from 5, 10 or 15 mmol/L reversed perifosine’s 
inhibitory effects on cell growth dose-dependently (Fig. 4D).

Since LiCl inhibits both GSK3α and GSK3β, we then evalu-
ated the role of GSK3β by silencing its expression using a specific 
siRNA. Figure 4E showed a 0.54-fold decrease of GSK3β mRNA 
levels after 100 nmol/L GSK3β siRNA transfection for 48 h com-
pared with control siRNA transfection in A549-RR cells by quan-
titative RT-PCR assay. A significant decrease of both p-GSK3β 
and total GSK3β protein levels was also observed by western blot 
analysis, indicating a successful GSK3β knockdown (Fig. 4E). 
Then, we found that perifosine inhibited the growth of A549-RR 
cells with control siRNA transfection in a dose-dependent man-
ner, whereas its inhibitory effects decreased significantly after 
GSK3β siRNA transfection (Fig. 4F). These results suggest that 
activation of GSK3β plays an important role in mediating the 
growth inhibitory effects of perifosine on A549-RR cells.

Discussion

In this study, we show that rapamycin short-term or long-term 
treatment increases the levels of p-GSK3β (Ser9) in some 

Figure 2. Perifosine decreased GSK3β phosphorylation at serine 9 in NSCLC cells. (A) A549 cells were treated with different concentrations of perifos-
ine as indicated for 24 h. (B) A549 cells were treated with rapamycin 1 nmol/L alone, 2.5 or 5 μmol/L perifosine alone, or their respective combinations 
as indicated for 48 h. (C) A549-P and A549-RR cells were treated with perifosine in different concentrations as indicated for 24 h. After the aforemen-
tioned treatments, cells were subjected for whole-cell protein lysates and subsequent western blot analysis for detection of the proteins as presented.
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activated by mTORC1 inhibition including GSK3β. Therefore, 
we suspect that combination of perifosine and rapamycin may be 
more effective than each single reagent alone in inhibiting cell 
growth partly through regulation the activity of GSK3β.

We have previously demonstrated that the RAD001 com-
bined with the PI3K inhibitor LY294002, or EGFR inhibitor 
erlotinib, which inhibited both PI3K/Akt and MEK/ERK sig-
naling pathways, enhanced anticancer efficacy in vivo.22,26 Given 
our findings aforementioned, we examined the effects of the 
combination of perifosine with rapamycin or RAD001 both in 
cultured cells and in a mouse xenograft model. The combination 
showed enhanced growth-inhibitory effects both in vitro and in 
vivo, as reported in other types of cancers, such as hematologic 

by interfering Akt translocation to cell membrane through its 
pleckstrin homology (PH) domain. Other studies also showed its 
regulation on MAPK, JNK and DR5 etc.18-21 GSK3β, as a well-
known downstream target of Akt and ERK, has been shown to be 
activated by perifosine, whereas the mechanism is quite unclear. 
It is possible that perifosine directly attenuates the translocation 
of GSK3β to the cell membrane and the consequent phosphory-
lation by kinases in addition to Akt and ERK. In this study, we 
found that perifosine not only inhibited rapamycin short-time 
treatment-induced p-GSK3β, but also significantly decreased 
the elevated p-GSK3β and GSK3β levels in A549-RR cells in a 
dose-dependent manner. Taken together, these findings suggest 
that perifosine can counteract multiple survival pathways that 

Figure 3. Perifosine enhances mTORC1 inhibitors’ anticancer efficacy in cell culture (A–C) and in nude mice (D and E). (A) A549 cells were treated with 
different concentrations of rapamycin alone, 1.25 μmol/L perifosine alone, and perifosine plus rapamycin as indicated for 3 d and subjected for SRB 
assay. (B) H460 cells were treated with 1 nmol/L rapamycin alone, 2.5 and 5.0 μmol/L perifosine alone, and perifosine plus rapamycin as indicated for 
14 d and subjected for colony formation assay. (C) A549-P and A549-RR cells were treated with different concentrations of perifosine as indicated for 
3 d and subjected for SRB assay. Columns and points, means of four replicate determinations; bars, SD. (D) four groups of mice with A549 xenografts 
were treated with vehicle control, RAD001 (3 mg/kg/day o.g.) alone, perifosine (7.5 mg/kg/day o.g.) alone, and RAD001 plus perifosine on the same 
day after grouping. After 14 d, the mice were sacrificed. During the treatments, tumor sizes were measured once every 2 d. (E) On day 14, the tumors 
were removed and weighed. Each group included 6 mice. Points and columns, means; bars, SD; *p < 0.05 vs. control; #p < 0.05 vs. RAD001; $p < 0.05 vs. 
perifosine.
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Figure 4. Inactivation of GSK3β by LiCl (A and B) or knockdown of GSK3β expression by siRNA (C and D) in A549-RR cells reversed perifosine’s growth 
inhibitory effects. (A) A549-RR cells were transfected with the HA GSK3 β S9A pcDNA plasmid or control pcDNA plasmid in 6-well plates for 24 h and 
then reseeded to 96-well plates or 6-well plates. Cells in 6-well plates were cultured for another 24 h and subjected for western blot analysis. (B) Cells 
in 96-well plates were added with different concentrations of rapamycin as indicated on the same day for 3 d and then subjected for SRB assay. 
Points, means of four replicate determinations; bars, SD *p < 0.05 vs. control pcDNA. (C) A549-RR cells were treated with 10 μmol/L perifosine alone, 
10 mmol/L LiCl alone, and perifosine plus LiCl for 24 h, and then subjected for western blot analysis. (D) A549-RR cells were treated with different 
concentrations of perifosine without or with 5, 10 or 15 mmol/L LiCl for 3 d and subjected for SRB assay. Points, means of four replicate determina-
tions; bars, SD; *p < 0.05 vs. perifosine alone. (E) A549-RR cells were transfected with GSK3β siRNA or control siRNA in 6-well plates for 24 h and then 
reseeded to 6-well plates or 96-well plates. Cells in 6-well plates were treated with or without perifosine for another 24 h, and then subjected for qRT-
PCR assay and western blot analysis. Columns, means of three replicate determinations; bars, SD *p < 0.05 vs. control siNRA. (F) Cells in 96-well plates 
were added with different concentrations of perifosine on the second day as indicated for 3 d and then subjected for SRB assay. Points, means of four 
replicate determinations; bars, SD *p < 0.05 vs. control siNRA.
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to activation of other survival pathways, such as PI3K/Akt 
and MEK/ERK signaling pathways. Perifosine can release the 
inhibitory effects of rapamycin on GSK3β, and downregula-
tion of GSK3β partly reverses perifosine’s effects on cell growth. 
Combination of perifosine and mTORC1 inhibitors generates 
enhanced anticancer efficacy both in cell cultures and in a xeno-
graft mouse model. These findings indicate new rationales for 
enhancing mTORC1-targeted cancer therapy by using perifosine 
or targeting GSK3β.

Materials and Methods

Reagents. Rapamycin was purchased from LC Laboratories 
(R-5000). Perifosine was purchased from Selleck Chemicals 
LLC (S1037), dissolved in PBS at a concentration of 50 mmol/L, 
and stored at -20°C. RAD001 powder, formulated RAD001, 
and matched placebo control were provided by Novartis 
Pharmaceuticals Corporation. The powders of these reagents 
were dissolved in DMSO at a concentration of 10 mmol/L, 
and stored at -80°C. LiCl was purchased from Sigma-Aldrich 
(31048), dissolved in distilled water at a concentration of 
1 mol/L. Lipofectamine 2000 transfection reagent was purchased 
from Life Technologies Co., Invitrogen (11668-019). Rabbit 
polyclonal antibodies against p-Akt (Ser473)(9271), p-p44/42 
(Thr202/Tyr204)(9101), p-GSK3β (Ser9)(9336), p-p70S6K 
(Thr389)(9205), p-S6 (Ser235/236)(4858), Akt (9272), p70S6K 
(9202) and rabbit monoclonal antibody against GSK3β (9315) 
were purchased from Cell Signaling Technology, Inc. Mouse 
monoclonal antibodies against c-Myc (sc-40), actin (sc-130300), 
β-tubulin (sc-5274) and rabbit polyclonal antibodies against 
p-PKCα (Ser657)(sc-12356) were purchased from Santa Cruz 
Biotechnology Inc. Rabbit polyclonal anti-GAPDH (AP0063) 
and anti-ERK1/2 (BS3627) antibodies were purchased from 
Bioworld Technology Inc.

Cell lines and cell treatment. Human lung cancer cell lines 
were purchased from the American Type Culture Collection 
(ATCC). Rapamycin sensitive and resistant cells were established 
as we previously described.22 These cell lines were grown in 
monolayer cultured in RPMI 1640 medium supplemented with 
5% fetal bovine serum at 37°C in a humidified atmosphere con-
sisting of 5% CO

2
.

Sulforhodamine B assay. Cells were seeded in 96-well plates 
by 3,000 cells/well. On the second day cells were treated or co-
treated with reagents diluted in media. For co-treatment, differ-
ent reagents were added simultaneously. After 3 d, monolayer 
cells were fixed and stained with sulforhodamine B (SRB). 
Finally, the dye was dissolved in 10 mmol/L Tris base and sub-
jected for quantification as we previously described.33 Absorbance 
was measured at 500 nm using μQuant Universal Microplate 
Spectrophotometer (BioTek Instruments, Inc.).

Colony formation assay. Cells were seeded in 12-well plates by 
200 cells/well. On the second day cells were treated with rapamy-
cin, perifosine, or rapamycin plus perifosine diluted in growth 
media. Every 3 d, the media were replaced with fresh media con-
taining these reagents. After 14 d, cell colonies were stained with 
crystal violet. Pictures were taken by using a digital camera.

malignancies and multiple myeloma.28,29 In addition, A549-RR 
cells were as sensitive as A549-P cells to perifosine treatment, 
suggesting perifosine was still effective for cancer cells already 
developed resistance to mTORC1 inhibitors. Therefore, perifos-
ine can enhance mTORC1 inhibitors anticancer efficacy and can 
be a substitute for patients with acquired mTORC1 inhibitors 
resistance.

As we further evaluated the role of GSK3β in perifosine’s 
effects on rapamycin resistance, we take advantage of our previ-
ously established A549-RR cells. Even though LiCl, a selective 
inhibitor of GSK3β, completely blocks perifosine’s effects on 
A549-RR cells, we should note that it has many off-target effects 
except for GSK3α and GSK3β inhibition.30 Further study using 
siRNA to specifically knockdown of GSK3β expression was per-
formed. Results showed a partial reversed effect of siRNA on 
perifosine’s growth inhibitory effects in A549-RR cells. It may 
be because GSK3β only partly accounts for perifosine’s effects. 
It is also possible that the inhibition of other signals, such as Akt, 
ERK, and their downstream targets, contributes to perifosine’s 
effects. By the way, we observed the same partial reverse effect 
of GSK3β siRNA in A549-P cells (data were not showed here). 
Therefore, GSK3β only partly accounts for perifosine’s effects, 
and further investigation is needed to clarify the mechanisms of 
perifosine.

The activity of GSK3β is regulated through phophorylation 
at multiple sites by several kinases, including Akt, MAPK, PKC, 
p70S6K, p90RSK and cyclic AMP-dependeng protein kinase.31 
In this study, we found that both Akt and ERK were activated 
by rapamycin and inhibited by perifosine, but the combination 
treatment showed that only Akt activation induced by rapamycin 
was reversed by perifosine, while ERK activation was minimally 
affected. Moreover, GSK3β’s regulation by the combination 
treatment showed the same pattern as Akt. These findings sug-
gest that Akt is more important than ERK in perifosine’s effects 
on rapamycin-induced p-GSK3β. It is well-known that p90RSK 
locates downstream of ERK and directly phosphorylates GSK3β 
at serine 9 and inhibits its activity.9,32 We have shown that ERK/
p90RSK signaling pathway activation is more significant in H157 
cells than in A549 cells.23 Therefore, p90RSK activation may be 
involved in the inhibition of GSK3β by rapamycin and in the 
development of rapamycin resistance. The role of p90RSK-regu-
lated GSK3β in rapamycin resistance needs further investigation.

GSK3β regulates stability of oncogenic transcription factors 
(TFs), such as cyclin D1, c-Myc, NFκB, β-catenin, Snail, AP-1, 
to regulate cell cycle progression, epithelial-mesenchymal transi-
tion (EMT) and apoptosis.7 GSK3β has been shown to be both 
a tumor suppressor (such as skin cancer, oral cancer and mela-
noma cancer) and a tumor promoter (such as prostate cancer and 
gastro-intestinal cancer) depending on different substrates that it 
regulated in different cancer types.31 In lung cancer, high levels 
of inactive form of GSK3β are observed, suggesting that activa-
tion of GSK3β may be therapeutic.11 Therefore, elucidating how 
rapamycin modulates GSK3β signaling pathway to develop resis-
tance is interesting and deserves further study.

In summary, the currently study demonstrates that rapamycin 
inhibits GSK3β to counteract its antitumor effects in addition 
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blot analysis respectively after another 24 h to confirm GSK3β 
knockdown efficacy.

Gene overexpression by plasmids. The HA GSK3β S9A 
pcDNA plasmid (14754) that encodes the constitutively active 
form of GSK3β (GSK3β-S9A mutant) was described previ-
ously32 and were purchased from Addgene, Inc. pcDNA plas-
mid was used as control. Transfection was conducted by using 
lipofectamine 2000 following its instruction. The transfected 
A549-RR cells were subjected for SRB assay and western blot 
analysis as described above.

Lung cancer xenografts and treatments. Animal experi-
ments were approved by the Institutional Animal Care and Use 
Committee of Emory University. Four- to six-week-old female 
anthymic (nu/nu) mice were ordered from Taconic and housed 
under pathogen-free conditions in microisolator cages with labo-
ratory chow and water ad libitum. A549 cells at 5 × 106 cells in 
serum-free medium were injected s.c. into the flank region of nude 
mice. When tumors reached certain size ranges (± 100 mm3), the 
mice were randomized into four groups (n = 6/group) according 
to tumor volumes and body weights for the following treatments: 
vehicle control, formulated RAD001 (3 mg/kg/day; og), perifo-
sine (7.5 mg/kg/day; og), and the combination of RAD001 and 
perifosine. Tumor volumes were measured using caliper measure-
ments once every two days and calculated with the formula V = 
π (length x width2)/6. After a 14-d treatment, the mice were sac-
rificed with CO

2
. The tumors were then removed and weighed.

Statistical analysis. The statistical significance of differences 
in tumor size, weights or cell viability between different treat-
ments was analyzed with two-sided unpaired Student’s t-tests. 
Results were considered to be statistically significant at p < 0.05.
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Western blot analysis. Whole-cell protein lysis buffer con-
tains 1% Triton, 40 mmol/L HEPES, 120 mmol/L NaCl, 
1  mmol/L EDTA, 10 mmol/L pyrophosphate, 10 mmol/L 
glycerophosphate, 50 mmol/L NaF, 0.5 mmol/L Na

3
VO

4
, and 

was stored at 4°C. Protease inhibitors were added just before 
use. Cells were harvested at the end of treatment. Protein con-
centration was confirmed by the Bradford assay. Protein was 
separated by 10% SDS-PAGE and then transferred to PVDF 
membrane using standard procedures. The membrane was 
incubated with the primary antibody overnight at 4°C and 
washed. After incubation with secondary antibody and wash, 
membrane was subjected to Supersignal west Pico chemilumi-
nescent substrate from Thermo Scientific Pierce (34080) and 
exposed.

Quantitative real-time polymerase chain reaction. Total 
RNA from cells was extracted using Trizol reagent (1596-026) 
and reverse transcription was conducted according to standard 
procedure using M-MLV reverse transcriptase from Promega 
(M1701). PCR reactions were conducted according to manu-
facturer’s instructions using Power SYBR Green PCR Master 
Mix from Applied Biosystems Inc., (4369016). Forward (F) and 
reverse (R) primers were used as follows: GSK3β, F: 5'-CTA 
AGG ATT CGT CAG GAA CAG-3' and R: 5'-TTG AGT GGT 
GAA GTT GAA GAG-3'; GAPDH, F: 5'-TGT TCG ACA GTC 
AGC CGC-3', and R: 5'-GGT GTC TGA GCG ATG TGG 
C-3', and synthesized by Invitrogen.34,35 All real-time amplifica-
tions were measured in triplicates and performed with the ABI 
Prism 7300 sequence detection system (Applied Biosystems). 
The fold-change of GSK3β mRNA was calculated using the 
2-ΔΔCT method.

Gene knockdown by small interfering RNA. Control (non-
target) small interfering RNA (siRNA) was purchased from 
Invitrogen. GSK3β siRNA that targets 5'-AAG AAT CGA 
GAG CTC CAG ATC-3' was described previously and synthe-
sized by Invitrogen.36 Cells were seeded to 6-well plate at 5 × 105 
cells/well and transfected with 100 nmol/L control or GSK3β 
siRNA respectively for 24 h using lipofectamine 2000 following 
its instruction (11668-019). Then cells were reseeded to 96-well 
plates, treated with perfosine for additional 3 d, and subjected for 
Sulforhodamine B assay. Left cells were reseeded to 6-well plates 
and subjected to total-mRNA extraction and whole-cell protein 
lysates preparation and subsequent qRT-PCR assay and western 
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