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Abstract
Lung cancer is one of the most commonly occurring malignancies. It has been reported that
mTOR is phosphorylated in lung cancer and its activation was more frequent in tumors with over-
expression of PI3K/Akt. Therefore, dual inhibitors of PI3K/Akt and mTOR signaling could be
valuable agents for treating lung cancer. In the present study, we show that fisetin, a dietary
tetrahydroxyflavone inhibits cell-growth with the concomitant suppression of PI3K/Akt and
mTOR signaling in human non-small cell lung cancer (NSCLC) cells. Using autodock 4, we found
that fisetin physically interacts with the mTOR complex at two sites. Fisetin treatment was also
found to reduce the formation of A549 cell colonies in a dose-dependent manner. Treatment of
cells with fisetin caused decrease in the protein expression of PI3K (p85 and p110), inhibition of
phosphorylation of Akt, mTOR, p70S6K1, eIF-4E and 4E-BP1. Fisetin-treated cells also exhibited
dose-dependent inhibition of the constituents of mTOR signaling complex like Rictor, Raptor,
GβL and PRAS40. There was increase in the phosphorylation of AMPKα and decrease in the
phosphorylation of TSC2 on treatment of cells with fisetin. We also found that treatment of cells
with mTOR inhibitor rapamycin and mTOR-siRNA caused decrease in phosphorylation of mTOR
and its target proteins which were further downregulated on treatment with fisetin, suggesting that
these effects are mediated in part, through mTOR signaling. Our results show that fisetin
suppressed PI3K/Akt and mTOR signaling in NSCLC cells and thus, could be developed as a
chemotherapeutic agent against human lung cancer.

Introduction
Lung cancer is the leading cause of cancer mortality worldwide exceeding the mortality
rates of colorectal, breast and prostate cancers combined. In 2010, the American Cancer
Society has estimated diagnosis of 222,520 new cases and 157,300 deaths due to lung cancer
in the U.S.1 Non-small cell lung cancer (NSCLC) including squamous carcinoma,
adenocarcinoma and large cellcarcinoma represents approximately 80–87% of all lung
cancer cases in the United States and 65–75% of these cases are detected as locally
advanced (Stage III) or metastatic disease (Stage IV), and therefore, palliative treatments are
often the only therapeutic option. The majority of lung cancer patients have late-stage
disease that is not curable by current therapies and is responsible for low survival.2 The
treatment of advanced lung cancer is improving but standard treatments such as
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chemotherapy and radiotherapy have limited usefulness in improving survival of advanced
NSCLC patients. Therefore, there is an urgent need to develop mechanism-based effective
non-toxic, preferably dietary origin agents which could be successfully administered to
NSCLC patients. Recently, significant efforts have focused on characterizing relevant
signaling pathways in developing further strategies for patients with tumors that are
insensitive to the targeted agents.

The phosphatidylinositol 3-kinase (PI3K) family is involved in various cellular functions
including growth, proliferation, migration and survival. The evolutionarily conserved serine/
threonine kinase Akt is one of the most commonly activated protein kinases in human
cancer. The PI3K/Akt signaling represents a major cell survival pathway. Its activation has
long been associated with malignant transformation and apoptotic resistance.3 It has been
well documented that mTOR functions downstream of the PI3K/Akt pathway and is
phosphorylated in response to stimuli that activate the PI3K/Akt pathway.4 The PI3K/Akt/
mammalian target of rapamycin (mTOR) signaling pathway acts as a key integration point
between the extrinsic and intrinsic cellular environments and regulates a broad spectrum of
cellular processes.5 The mTOR was first identified as the kinase targeted by rapamycin
linked to the cellular protein FKBP12 (FK506-binding protein).6 It is a well-preserved, 289-
kDa protein serine/threonine kinase with 95% of its amino acid identity conserved from
yeast to human and mouse.7 The mTOR is a serine/threonine-specific protein kinase,
downstream of the PI3K/Akt pathway and positively regulates phosphorylation of ribosomal
p70S6 kinase (S6K1) and eukaryotic initiation factor 4E (eIF4E) binding protein 1 (4E-
BP1). Cumulative evidence supports the hypothesis that mTOR acts as a master switch of
cellular catabolism and anabolism, thereby determining whether cells, especially tumor cells
grow and proliferate.8 Recently, it has emerged as one of the most significant intracellular
signaling enzyme regulating cell growth, survival and motility in lung cancer cells.8 Indeed,
PI3K, Akt, and mTOR inhibitors have entered preclinical studies and clinical trials for
various human cancers.9 The PI3K/Akt/mTOR pathway therefore represents an attractive
and promising target for therapeutic intervention.

Fisetin (3,3',4',7-tetrahydroxyflavone), a naturally occurring flavonoid is found in several
fruits and vegetables such as strawberry, apple, persimmon, grape, onionand cucumber.10 It
possesses antiproliferative11–17, apoptotic15, 17–19, neuroprotective20 and antioxidative21

activities. In this study, we provide information that fisetin at physiologically attainable
concentrations exerts dual inhibition of PI3K/Akt and mTOR signaling in human NSCLC
cells without affecting Normal Human Bronchial epithelial (NHBE) cells.

Materials and Methods
Materials

Akt, p-Akt (Ser473 and Thr308), PI3K (p85 and p110), p-mTORSer2448, p-4EBP1Ser65, p-
eIF4ESer209, p-p70S6K, p-AMPKαThr172, p-PRAS40, TSC2, p-TSC2Thr1462, LKB1, PTEN,
Rictor, Raptor and GβL antibodies were obtained from Cell Signaling Technology (Danvers,
MA). Anti-mouse and anti-rabbit secondary antibody horseradish peroxidase conjugate was
obtained from Amersham Life Science Inc. (Arlington Height, IL). Rapamycin was
purchased from Calbiochem (Darmstadt, Germany). mTOR-siRNA and scrambled-siRNA
were purchased from Dharmacon (Lafayette, CO). Fisetin was purchased from Sigma
Chemical Co. (St. Louis, MO). BCA Protein assay kit was obtained from Pierce (Rockford,
IL). Novex precast Tris-glycine gels were obtained from Invitrogen (Carlsbad, CA).
PathScan p-Akt (Ser473) ELISA kit was purchased from Cell Signaling Technology
(Danvers, MA).
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Cell culture and treatment
The human lung carcinoma A549 and H1792 cells were obtained from American Type
Culture Collection (Manassas, VA, USA) and cultured in F12K medium (ATCC, Manassas,
VA, USA), supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin (P-S).
H1792 cells were grown in RPMI 1640 (Invitrogen, Carlsbad, CA) supplemented with 10%
fetal bovine serum and 1% P-S. NHBE cells were obtained from Clonetics Airway
Epithelial Cell Systems (Cambrex Bio Science, Walkersville, Inc, USA) and cultured in
Bronchial Epithelial Growth Media supplemented with growth factors (Cambrex Bio
Science, Walkersville, Inc, USA). A549 and H1792 cells were tested by ATCC for post-
freeze viability, growth properties, morphology, mycoplasma contamination and species
determination (COI assay and STR analysis). The cells were maintained under standard cell
culture conditions at 37°C and 5% CO2 in a humid environment. Fisetin dissolved in
dimethyl sulfoxide (final concentration 0.1% v/v) was used for the treatment of cells. The
cells (60–70% confluent) were treated with fisetin (5–20 μM) for 24 and 48 h in complete
growth medium.

Cell viability
The effect of fisetin on the viability of cells was determined by 3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazoliumbromide (MTT) assay. NHBE, A549 and H1792 cells were
plated at 1 × 104 cellsper well in 200 μl of complete culture medium containing5–20 μM
concentrations of fisetin in 96-well microtiter plates for 24 and 48 h. After incubation for
specified times at 37°C in a humidified incubator, 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazoliumbromide (5 mg/ml in PBS) was added to each well andincubated for 2 h,
after which the plate was centrifuged at1,800 × g for 5 min at 4 °C. The supernatant was
discarded and the pellet dissolved in 200 μl of DMSO and absorbance at the wavelength of
540 nm was recordedon a microplate reader. The effect of fisetin on growth inhibition was
assessed as percent cell viability where DMSO-treated cells were taken as 100% viable.
DMSO at the concentrations used was without any effect on cell viability.

Colony Formation Assay
Cells were seeded in top agar containing 0.3% agar with F-12K media and 10% FBS.
Bottom agar consisted of 0.5% agar, F-12K media and 10% FBS. Media with DMSO or
indicated doses of fisetin (5–20 μM) was added and replaced every 3 days. The cells were
treated with fisetin and maintained at 37°C in a humidified 10% CO2 atmosphere. The
media with DMSO or indicated doses of fisetin was replaced every 3 days and the number
of colonies was counted after three weeks. Clonogenic survival was expressed as a
percentage relative to the untreated controls.

Docking study
Blind docking of fisetin to the mTOR target was performed with Autodock4 by setting grid
sizes that included the entire mTOR molecule. The receptor site was prepared with Sybyl
(Tripos, St. Louis) using the NMR structure 2NPU model 1 from the Protein Data Bank
(www.pdb.org).22 The structure consists of 4 stacked alpha helices. The grid size for the
docking site was expanded to include the entire mTOR molecule and fisetin was docked.
The results placed the ligand in two clustered sites located between the helices and on either
side of the 4 helices. The binding energies were in the −7 to −8 Kcal/mol range for the
binding constant. The binding in the best site included hydrogen bonding to a glutamate by
two hydroxyl groups. The second site is mostly hydrophobic, with the ring of fisetin
stacking on rings from the peptide.
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Protein extraction and western blotting
Following the treatment of A549 cells with fisetin (5–20 μM; 48 h), the media was
aspirated, the cells were washed with cold PBS (pH 7.4), and ice-cold lysis buffer (50 mM
Tris-HCl, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 20 mM NaF, 100 mM Na3VO4, 0.5%
NP-40, 1% Triton X-100, 1 mM PMSF (pH 7.4) with freshly added protease inhibitor
cocktail (Protease Inhibitor Cocktail Set III, Calbiochem, La Jolla, CA) over ice for 30 min.
The cells were scraped and the lysate was collected in a microfuge tube and passed through
needle to break up the cell aggregates. The lysate was cleared by centrifugation at 14,000 g
for 15 min at 4°C and the supernatant (whole cell lysate) was used or immediately stored at
−80 °C.

For western blotting, 30–50 μg protein was resolved over 8–12% polyacrylamide gels and
transferred to a nitrocellulose membrane. The blot was blocked in blocking buffer (5% non-
fat dry milk/1% Tween 20; in 20 mM TBS, pH 7.6) for 1 h at room temperature, incubated
with appropriate monoclonal or polyclonal primary antibody in blocking buffer for one and
half h to overnight at 4°C, followed by incubation with anti-mouse or anti-rabbit secondary
antibody horseradish peroxidase conjugate obtained from Amersham Life Science Inc.
(Arlington Height, IL, USA) and detected by chemiluminescence and autoradiography using
XAR-5 film obtained from Eastman Kodak Co. (Rochester, NY, USA). Densitometric
measurements of the band in Western blot analysis were performed using digitalized
scientific software program UN-SCAN-IT (Silk Scientific Corporation, Orem, UT).

Phospho-Akt ELISA
To quantify the endogenous levels of p-Akt (Ser473) in cells, PathScan p-Akt (Ser473)
ELISA assay (Cell Signaling Technology, Danvers, MA) was performed as per
manufacturer’s manual. Briefly, p-Akt (Ser473) proteins in cell lysate were captured by the
corresponding antibody that was coated in the microplate. After adding the HRP-linked
secondary antibody and chemiluminescent substrate, the magnitude light emission, which is
proportional to the quantity of p-Akt (Ser473) protein was measured.

Silencing of mTOR by Small Interfering RNA
A549 cells were transfected with mTOR-siRNA (75 nmol) and scrambled siRNA (75 nmol)
procured from Dharmacon (Lafayette, CO) using the nucleofection kit from Amaxa
Biosystems (Gaithersburg, MD). Cells were resuspended in a solution from nucleofector kit
following the manufacturer's guidelines. 100 μl of nucleofector solution was mixed with
2×106 cells and siRNA. They were then transferred to the cuvette provided with the kit and
were nucleofected withan Amaxa Nucleofector apparatus. Cells were transfected usingthe
T-001 pulsing parameter and were transferred into 100-mm plates containing 37 °C
prewarmed culture medium. After transfection, cells were cultured and the medium was
replaced with fresh medium. Cells were treated with15 μM fisetin for 24 h, and protein
lysates were prepared. For assessing transfection efficiency cells were co-transfected with 2
μg of GFP and 70–80% transfection efficiency was observed with this protocol.

Statistical Analysis
Results were analyzed using a two-tailed Student’s t-test to assess statistical significance and
p values <0.05were considered significant.
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RESULTS
Inhibition of cell growth and colony formation by fisetin in human non-small cell lung
cancer cells

First, we investigated the dose- and time-dependent effect of fisetin treatment at dose levels
of 5–20 μM on the growth of NHBE and human NSCLC A549 and H1792 cells. These
doses of fisetin are physiologically attainable concentrations as pharmacokinetic analysis
demonstrated a Cmax for total fisetin to be 22.18 μM/ml, the AUC was 19.12 μM hr/ml and
the Tmax was 60 minutes in athymic nude mice. For these studies, 5 athymic nude mice (25
+ 5 gm body weight) were administered 1mg of fisetin by single intraperitoneal injection
and serum collected over time (data not shown).

We used MTT assay to evaluate the effect of fisetin on the growth of these cells. Treatment
with fisetin (5–20 μM) for 24 h decreased cell viability in A549 cells by 19, 25, 37 and 52%
and in H1792 cells by 12, 20, 32 and 49% but had minimal effect on NHBE cells at these
doses (Fig. 1A). There was more prominent decrease in cell viability on treatment with
fisetin (5–20 μM) for 48 h in A549 cells by 26, 39, 58 and 70% and in H1792 cells by 20,
30, 47 and 61% but very nominal effect on NHBE cells (Fig. 1B). Based on this data, we
selected A549 cells for our study, since fisetin treatment caused maximum decrease in cell-
viability in A549 cells as compared to H1792 cells.

Next, we investigated the effect of fisetin on clonogenic survival of A549 cells. Fisetin
treatment (5–20 μM) caused inhibition in the ability of A549 cells to form colonies by 39–
87% (Fig. 1C).

Fisetin physically interacts with the mTOR complex at two sites
Using autodock 4, fisetin bound to two sites on the mTOR target (Fig.1D-i and iii). The
binding energies were in the −7 to −8 Kcal/mol range for the binding constant. The binding
in the best site included hydrogen bonding to a glutamate by two hydroxyl groups. The
second site is mostly hydrophobic, with ring of fisetin stacking on rings from the peptide
(Fig. 1D-ii and iv).

Activation of PTEN and p-AMPKα in human non-small cell lung cancer cells
The phosphatase and tensin homologue (PTEN) gene is a multifunctional phosphatase, and
its lipid phosphatase activity is associated with tumor suppression.23 It is the second most
frequently mutated tumor suppressor gene in human sporadic cancers, and reduced PTEN
protein expression occurs in approximately half of all tumors.24 Immunoblot analysis (Fig.
2A) and relative density of the bands (Fig. 2B) revealed that treatment with fisetin resulted
in 1.7 fold activation of PTEN even at the lowest concentration of 5μM with a significant
increase of 6.8 fold at the highest concentration of 20 μM.

AMP-activated protein kinase (AMPK) is the central component of a protein kinase cascade
that plays a major role in the regulation of energy control. It has been reported that there is a
link between AMPK and the growth and survival of cancer cells.25 The phosphorylation of
AMPK negatively regulates protein synthesis by directly phosphorylating and inhibiting
mTOR.26 We found that there was a significant increase (0.5–3.6 fold) in the
phosphorylation of AMPKα at 5–20 μM concentration of fisetin (Fig. 2A and B).

Inhibition of PI3K and phosphorylation of Akt by fisetin in human non-small cell lung
cancer cells

Deregulation of PI3K has been implicated in the induction and progression of several
diseases including cancer.27 Increased cell growth, cell proliferation, resistance to apoptosis
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and cellular energy metabolism are connected with hyperactivation of Akt.8 Treatment with
fisetin (5–20 μM) caused 39–94% and 28–92% inhibition in the expression of regulatory
(p85) and catalytic (p110) subunits of PI3K, respectively (Fig. 3A and C). Fisetin also
caused inhibition in the phosphorylation of Akt at both Ser473 (37–98%) and Thr308 (51–
96%) in A549 cells (Fig. 3B and D). Further, enzyme-linked immunosorbent assay (ELISA)
was conducted to evaluate the effect of fisetin on the phosphorylation of Akt. Fisetin
treatment at 5, 10, 15 and 20 μM resulted in 34, 70, 85 and 92% decrease, respectively, in
the levels of p-Akt as compared to control group in a dose-dependent manner (Fig. 3E).

Activation of TSC2 and inhibition of the phosphorylation of mTOR and its constituents by
fisetin in human non-small cell lung cancer cells

The TSC1/TSC2 complex is the only known GTPase for Rheb, serving to reduce Rheb-GTP
levels, and thereby inhibit the activation of mTOR.28 TSC1 and TSC2 function as critical
integrators of growth signals within the cell and are targets of multiple kinases, which
regulate the GTPase activity of the complex. We found that treatment with fisetin (5–20
μM) caused 34–98% inhibition in the phosphorylation of TSC2 (Figure 4A and C), which is
mediated by Akt. Fisetin also caused dose-dependent increase in the protein expression of
TSC2 (Fig. 4A).

Phosphorylation of mTOR at Ser2448 has been shown to be associated with the activity of
mTOR and Ser2448 of mTOR is phosphorylated by Akt.29 We investigated the effect of
fisetin on the phosphorylation of mTOR at Ser2448. Treatment with fisetin (5–20 μM) caused
dose-dependent (8–94%) inhibition in the phosphorylation of mTOR at Ser2448 as detected
by immunoblot analysis (Fig. 4A) and relative density of the bands (Fig. 4C). We next
examined whether fisetin affects mTOR complexes. Both raptor (forming mTOR complex 1,
mTORC1) and rictor (forming mTOR complex 2, mTORC2) levels were decreased 50–97%
and 36–96% respectively on treatment of cells with fisetin (Fig. 4B and D). The main
pathway that proline-rich Akt-substrate PRAS40 is involved in is the PI3K-Akt pathway,
and Akt is the upstream kinase of PRAS40.30 Since treatment with fisetin caused
downregulation of PI3K/Akt pathway, we investigated the effect of fisetin on the protein
expression of PRAS40. We found that there was 39–93% inhibition in the level of PRAS40
on treatment of A549 cells with fisetin (Fig. 4B and D). The protein expression of G protein
β-like protein (GβL), which constitute part of mTORC1 and mTORC2, was also 23–62%
downregulated dose-dependently on fisetin treatment (Fig. 4B and D). These results clearly
indicate that fisetin inhibits both mTOR/raptor and mTOR/rictor complexes.

Inhibition of the phosphorylation of mTOR target proteins by fisetin in human non-small
cell lung cancer cells

The activity of mTOR leads to S6K1/2 phosphorylation and activation, phosphorylation of
4E-BP1 and release from the cap-dependent translation initiation factor eIF4E. These two
events, likely combined with other mTOR targets, lead to an increase in ribosomal
biogenesis and the selective translation of specific mRNA populations.31, 32 We examined
the effect of fisetin on the expression of 4E-BP1, eIF4E and p70S6K. Treatment of cells
with fisetin caused 33–88%, 11–69% and 46–98% dose-dependent decrease respectively, in
the phosphorylation of 4E-BP1, eIF4E and p70S6K proteins which are downstream targets
of mTOR (Fig. 5A and B).

Inhibition of mTOR and its downstream targets by Rapamycin in human non-small cell
lung cancer cells

To assess whether fisetin-induced decrease in mTOR and its target proteins was due to
inhibition of mTOR signaling, we treated cells with rapamycin, an inhibitor of mTOR. As
shown in Fig. 6A and B, treatment of cells with rapamycin (10 nmol/l) caused decrease in
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the phosphorylation of mTOR (53%), 4E-BP1 (62%), eIF4E (43%) and 4E-BP1 (48%).
When fisetin (10 μM) was added to rapamycin-treated cells, there was further
downregulation in the phosphorylation of mTOR (69%), 4E-BP1 (77%), eIF4E (58%) and
4E-BP1 (68%), suggesting that these effects are mediated in part through mTOR signaling
and fisetin is likely to have other modes of action (Fig. 6A and B).

Inhibition of the downstream targets of mTOR by knockdown of mTOR in human non-
small cell lung cancer cells

To further investigate whether fisetin-induced downregulation of mTOR and its downstream
targets was regulated by mTOR signaling, we knocked down mTOR by siRNA in cells.
Silencing of mTOR by siRNA led to a decline in the phosphorylation of p70S6K (69%),
eIF4E (62%) and 4EBP1 (58%), suggesting that the phosphorylation of these proteins is
mediated by mTOR or one of its downstream targets (Fig. 6C and D). Treatment of cells
with fisetin (10 μM) to mTOR-siRNA treated cells caused further decrease in the
phosphorylation of p70S6K (80%), eIF4E (74%) and 4E-BP1 (69%). These results, with the
data presented in Fig. 6, demonstrate that these effects are mediated partly through mTOR
and other modes of actions are also involved (Fig. 6C and D).

DISCUSSION
The most important finding of our study is that treatment with fisetin caused dual inhibition
of PI3K/Akt and mTOR signaling in human NSCLC cells. To our knowledge, no other
dietary agent at physiologically attainable concentrations has been shown to exert this dual
inhibitory effect. Finally, fisetin did not inhibit cell-growth, PI3K/Akt and mTOR signaling
in NHBE cells (data not shown). While it remains unclear as to why fisetin behaves
differently in cancer cells compared to normal cells, it could be speculated that uptake
mechanisms could partially explain this paradox. It is speculated that fisetin is rapidly taken
up by cancer cells, while its uptake is slow and regulated in normal cells.

The mTOR pathway has emerged as an important cancer therapeutic target. The discovery
of the highly specific and potent mTOR inhibitor rapamycin and its derivatives that
specifically inhibit mTOR are now being actively evaluated inclinical trials.33 A potential
mechanism of resistance to mTOR inhibitors is caused by a negative feedback loop in which
mTOR inhibition leads to AKT activation through upregulation of receptor tyrosine kinases
such as platelet derived growth factor receptors34 and insulin receptor substrate-1.35 The
relevance of this feedback is underscored by its existence in cancer patients.36 We found
that fisetin inhibits the mTOR pathway and keeps the feedback loop in check by also
inhibiting the PI3K/Akt pathway and inhibits cell survival and growth (Fig. 5C).

In the present study, we have shown for the first time that fisetin inhibited PI3K/Akt and
mTOR signaling in human NSCLC cells. Treatment of A549 and H1792 human lung cancer
cells with fisetin caused decrease in cell-viability but had minimal effects on NHBE cells.
There was also inhibition in the ability of A549 cells to form colonies on treatment with
fisetin. Using autodock4, we also found that fisetin bound to two sites on the mTOR target.
The binding energies were in the −7 to −8 Kcal/mol range for the binding constant.

Since the discovery of PTEN as a putative tumor suppressor in 1997, its importance as a
tumor suppressor has been validated by its mutation and/or loss of expression in a variety of
sporadic cancers and its association with Cowden disease, an autosomal dominant cancer
syndrome. PTEN plays an important role in multiple cellular functions such as cell
metabolism, proliferation and survival. Loss of the tumor suppressor PTEN is common in
various kinds of human solid tumors. Therefore, development of genes and materials that
regulate PTEN in tumors is one of the important fields in overcoming resistance against
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anticancer agents.37 The major substrate of the lipid phosphatase activity of PTEN is PIP3
(phosphatidylinositol 3,4,5-triphosphate), an important intracellular second messenger. By
dephosphorylating the D3-position of PIP3, PTEN negatively regulates the PI3K pathway
and Akt activation and thus suppresses tumorigenesis. We also found that fisetin increased
the protein levels of PTEN dose-dependently. AMPK is a member of a metabolite-sensing
protein kinase family which plays an essential role as an energy-sensor mainly in ATP-
deprived conditions.38 Therefore, AMPK is known to play a major protective role under
metabolic stressed conditions. In the activated states, AMPK down-regulates several
anabolic enzymes and thus shuts down the ATP-consuming metabolic pathways. Activation
of AMPK inhibits mTOR signaling and is associated with inhibition of cancer cell growth.39

Consistent with these studies, we found that fisetin caused inhibition of the phosphorylation
of mTOR, upregulation of AMPKα and decrease in the expression of Raptor, Rictor,
PRAS40 and GβL causing less formation of both mTORC1 and mTORC2 in lung cancer
cells.

Since we observed a decrease in the phosphorylation of mTOR on treatment with fisetin, we
investigated the effect of fisetin on PI3K/Akt pathway. Fisetin treatment resulted in the
inhibition of the expression of regulatory and catalytic subunits of PI3K and inhibition of the
phosphorylation of Akt, suggesting that fisetin-induced decrease in mTOR phosphorylation
is dependent on PI3K/Akt pathway as well.

Tuberous sclerosis, an autosomal dominant disorder is caused by mutations of TSC1 and
TSC2, which in humans is associated with hamartomatous polyps in multiple tissues and an
increased risk of cancers. TSC2 is a tumor suppressor that has been linked to AMPK and it
forms an inhibitory complex with TSC1 that binds to and inhibits mTOR, leading to
negative regulation of cell size and growth.40 TSC1/TSC2 complex inhibits mTOR activity
by activating the GTPase activity of Ras homologue enriched in brain, and both Akt and
AMPK converged at TSC1/TSC2 to regulate mTOR activity.41 Fisetin caused inhibition of
the phosphorylation of TSC2 and increase in the protein expression of TSC2 consistent with
the fact that Akt phosphorylates TSC2 and disrupts the TSC1/TSC2complex, leading to
activation of mTOR.42

The ribosomal S6 kinase and the 4E-BP1 are the two major downstream signaling pathways
of mTOR and have a role in control of protein translation.43 The phosphorylation of 4EBP-1
by mTOR results in the release of a cap-binding protein eIF4E, which is held inactive when
bound to the hypophosphorylated 4EBP-1 complex.4, 44 Studies have shown that higher
levels of eIF4E are found in many transformed cell-lines and various cancers overexpress
eIF4E.45 Seki et al. have shown that eIF4E seems increased in peripheral lung
adenocarcinomas and suggests a correlation between the magnitude of the eIF4E increase
and the invasiveness of the tumors.46 Fisetin-treated cells showed decreased
phosphorylation of mTOR protein expression and its downstream targets (4EBP1, eIF-4E,
p70S6K), suggesting the effect of fisetin on mTOR signaling. To confirm that these effects
are mediated in part through mTOR signaling, we have shown that when fisetin was added
to rapamycin-treated cells, there was further downregulation in the phosphorylation of these
proteins. To further validate this, we silenced mTOR and found that it caused decrease in the
phosphorylation of the downstream targets of mTOR which was further augmented by the
addition of fisetin, suggesting that these effects are in part, due to mTOR signaling and
fisetin is likely to have other modes of action, as is the case for other dietary agents. Taken
together, these findings show that fisetin, a natural dietary flavonoid inhibits PI3K/Akt and
mTOR signaling in human non-small cell lung cancer cells and could be developed as a
potential lung cancer chemopreventive/chemotherapeutic agent.
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AMPK AMP-activated protein kinase
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DMSO Dimethyl Sulfoxide

ELISA Enzyme linked immunosorbent assay

mTOR Mammalian target of rapamycin
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Novelty and Impact Statement

This study identifies fisetin, a dietary flavonoid, as a dual inhibitor of PI3K/Akt and
mTOR signaling in human non-small cell lung cancer cells and provides a basis for its
development as a chemotherapeutic agent, alone or as an adjuvant. The mTOR is
phosphorylated in lung cancer and its activation is more frequent in tumors with over-
expression of PI3K/Akt. The fact that lung cancer is the second most common cancer, the
most deadly and a common cause of cancer-related death in both men and women
underscores the importance of this discovery.

Khan et al. Page 12

Int J Cancer. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Effect of fisetin on cell growth and blind docking of fisetin to the mTOR target. A, Effect of
fisetin on cell growth. As detailed in “Materials and Methods”, NHBE, A549 and H1792
cellss were treated with fisetin (5–20 μM) for 24 and B, 48h and the viability of cells was
determined by the MTT assay. The data is expressed as the percentage of cell viability and
represent the mean ± SEM of three experiments in which each treatment was performed in
multiple wells. *P < 0.05, **P < 0.01 and ***P < 0.001 versus control group. C, Effect of
fisetin on colony formation. The assay was performed in 6-well plates in triplicate and A549
cells were treated with 5–20 μM of fisetin. Primarily, 5,000 cells were seeded in top agar
and grown for three weeks. Colonies were counted from 3 different fields and compared to
that of control. The data is presented as mean ± SEM. **P < 0.01, ***P < 0.001 versus
control group. D, Hypothetical model of the mTOR molecule in complex with fisetin. (i and
iii), Blind docking of fisetin to the mTOR target was performed with Autodock4 by setting
grid sizes that included the entire mTOR molecule. The structure consists of 4 stacked alpha
helices. The grid size for the docking site was expanded to include the entire mTOR
molecule and fisetin was docked. Using autodock 4, fisetin bound to two sites on the mTOR
target. The binding energies were in the −7 to −8 Kcal/mol range for the binding constant.
(ii and iv), The binding in the best site included hydrogen bonding to a glutamate by two
hydroxyl groups.
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Figure 2.
Effect of fisetin on protein expression of PTEN and phosphorylation of p-AMPKα in A549
cells. A, As detailed in “Materials and Methods”, the cells were treated with fisetin (5–20
μM; 48h) and then harvested. Total cell lysates were prepared and 40 μg protein was
subjected to SDS-PAGE followed by immunoblot analysis and chemiluminescence
detection. Equal loading of protein was confirmed by stripping the immunoblot and
reprobing it for β-actin. The immunoblots shown here are representative of three
independent experiments with similar results. B, Histogram represents relative density data
of the immunoblots, from all experiments, shown in relative units ± SEM. Values represent
mean ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 versus control group.
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Figure 3.
Effect of fisetin on protein expression of PI3K and Akt in A549 cells. A, Effect of fisetin on
protein expression of PI3K (p85 and p110. B, Effect of fisetin on phosphorylation of Akt.
As detailed in “Materials and Methods”, the cells were treated with fisetin (5–20 μM; 48h)
and then harvested. Total cell lysates were prepared and 40 μg protein was subjected to
SDS-PAGE followed by immunoblot analysis and chemiluminescence detection. Equal
loading of protein was confirmed by stripping the immunoblot and reprobing it for β-actin.
The immunoblots shown here are representative of three independent experiments with
similar results. C and D, Histogram represents relative density data of the immunoblots,
from all experiments, shown in relative units ± SEM. Values represent mean ± SEM. *P <
0.05, *P < 0.01 and *P < 0.001 versus control group. E, The PathScan p-Akt (Ser473)
sandwich ELISA kit was used to measure Akt activity. The data shown are representative
results of three independent experiments and are presented as mean ± SEM. *P < 0.05, **P
< 0.01 and ***P < 0.001 versus control group.
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Figure 4.
Effect of fisetin on phosphorylation of TSC2, mTOR and its constituents in A549 cells. A,
Effect of fisetin on phosphorylation of TSC2 and mTOR. B, Effect of fisetin on protein
expression of Rictor, Raptor, GβL and phosphorylation of PRAS40. As detailed in
“Materials and Methods”, the cells were treated with fisetin (5–20 μM; 48h) and then
harvested. Total cell lysates were prepared and 40 μg protein was subjected to SDS-PAGE
followed by immunoblot analysis and chemiluminescence detection. Equal loading of
protein was confirmed by stripping the immunoblot and reprobing it for β-actin. The
immunoblots shown here are representative of three independent experiments with similar
results. C & D, Histogram represents relative density data of the immunoblots, from all
experiments, shown in relative units ± SEM. Values represent mean ± SEM. *P < 0.05, **P
< 0.01 and ***P < 0.001 versus control group.
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Figure 5.
Effect of fisetin on phosphorylation of its downstream targets in A549 cells. A, Effect of
fisetin on phosphorylation of 4EBP1, eIF4E and p70S6K in A549 cells. As detailed in
“Materials and Methods”, the cells were treated with fisetin (5–20 μM; 48h) and then
harvested. Total cell lysates were prepared and 40 μg protein was subjected to SDS-PAGE
followed by immunoblot analysis and chemiluminescence detection. Equal loading of
protein was confirmed by stripping the immunoblot and reprobing it for β-actin. The
immunoblots shown here are representative of three independent experiments with similar
results. B, Histogram represents relative density data of the immunoblots, from all
experiments, shown in relative units ± SEM. Values represent mean ± SEM. *P < 0.05, **P
< 0.01 and ***P < 0.001 versus control group. C, Schematic representation of the effect of
fisetin on PI3K/Akt and mTOR signaling. mTOR/Raptor drives a feedback loop that
normally keeps PI3K activity in check. One consequence of mTOR/raptor inhibition is
alleviation of this negative feedback loop resulting in activation of PI3K and subsequent
activation of AKT. Therefore, simultaneously targeting both PI3K and mTOR has the
potential to simultaneously inhibit both upstream and downstream signaling in the pathway.
Fisetin inhibits the mTOR pathway and keeps the feedback loop in check by also inhibiting
the PI3K/Akt pathway and inhibits cell survival and growth.
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Figure 6.
Effect of rapamycin and mTOR-siRNA on fisetin-induced inhibition of the phosphorylation
of mTOR and its downstream targets in A549 cells. A, Effect of rapamycin on fisetin-
induced inhibition of the phosphorylation of mTOR, p70S6K, 4EBP1 and eIF4E in A549
cells. Cells were treated with rapamycin (10 nmol/L) for 2 h, followed by addition of fisetin
(10 μM; 48h). Whole cell lysate was prepared and 40 μg protein was subjected to SDS-
PAGE followed by immunoblot analysis and chemiluminescence detection. Equal loading of
protein was confirmed by stripping the immunoblot and reprobing it for β-actin. The
immunoblots shown here are representative of 3 independent experiments with similar
results. B, Histogram represents relative density data of the immunoblots, from all
experiments, shown in relative units ± SEM. Values represent mean ± SEM. *P < 0.05, **P
< 0.01 and ***P < 0.001 versus control group. #P < 0.05 versus fisetin-treated and
rapamycin-treated groups. C, Effect of mTOR-siRNA on the inhibition of the downstream
targets of mTOR in A549 cells. The A549 cells were transfected with mTOR-siRNA (75
nM) or scrambled siRNA (75 nM) and were then treated with 10 μM fisetin for 24 h. Whole
cell lysate was prepared and 40 μg protein was subjected to SDS-PAGE followed by
immunoblot analysis and chemiluminescence detection. Equal loading of protein was
confirmed by stripping the immunoblot and reprobing it for β-actin. The immunoblots
shown here are representative of 3 independent experiments with similar results. D,
Histogram represents relative density data of the immunoblots shown in 'C' in relative units
± SEM. Values represent mean ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 versus
control group. #P < 0.05 versus fisetin-treated and mTOR siRNA-treated groups.
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