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In non-small-cell lung carcinoma (NSCLC), aberrant activation of mammalian target of
rapamycin (mTOR) contributes to tumorigenesis and cancer progression. PQR620 is a
novel and highly-potent mTOR kinase inhibitor. We here tested its potential activity in
NSCLC cells. In primary human NSCLC cells and established cell lines (A549 and NCI-
H1944), PQR620 inhibited cell growth, proliferation, and cell cycle progression, as well as
cell migration and invasion, while inducing significant apoptosis activation. PQR620
disrupted assembles of mTOR complex 1 (mTOR-Raptor) and mTOR complex 2
(mTOR-Rictor-Sin1), and blocked Akt, S6K1, and S6 phosphorylations in NSCLC cells.
Restoring Akt-mTOR activation by a constitutively-active Akt1 (S473D) only partially
inhibited PQR620-induced cytotoxicity in NSCLC cells. PQR620 was yet cytotoxic in
Akt1/2-silenced NSCLC cells, supporting the existence of Akt-mTOR-independent
mechanisms. Indeed, PQR620 induced sphingosine kinase 1 (SphK1) inhibition,
ceramide production and oxidative stress in primary NSCLC cells. In vivo studies
demonstrated that daily oral administration of a single dose of PQR620 potently
inhibited primary NSCLC xenograft growth in severe combined immune deficient mice.
In PQR620-treated xenograft tissues, Akt-mTOR inactivation, apoptosis induction,
SphK1 inhibition and oxidative stress were detected. In conclusion, PQR620 exerted
potent anti-NSCLC cell activity via mTOR-dependent and -independent mechanisms.

Keywords: non-small-cell lung carcinoma, mammalian target of rapamycin, Akt, PQR620, signalings
INTRODUCTION

Lung cancer is a leading cause of cancer-related human mortalities worldwide (1, 2). Non-small-cell
lung carcinoma (NSCLC) accounts for over 85% of all lung cancers and is relatively insensitive to
chemotherapy (3, 4). Currently, NSCLC (especially early-stage cancers) are primarily treated by
surgical resection, though chemotherapy has been utilized increasingly both pre-operatively (neo-
adjuvant chemotherapy) and post-operatively (adjuvant chemotherapy) (3, 4). Yet, NSCLC has one
of the worst prognosis among all human malignancies (1, 2) with only 8-10 months of average
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survival for advanced NSCLC patients (1, 2). Therefore, there is
an urgent need to explore novel and more efficient molecular-
targeted therapies against this devastating disease (3, 4).

The serine/threonine protein kinase mammalian target of
rapamycin (mTOR) is a key component of two protein
complexes, mTOR complex 1 (mTORC1) and mTOR complex
2 (mTORC2) (5–9). Activation of mTOR is essential for a
number of core cellular behaviors, including cell growth,
proliferation and motility, survival, as well as protein synthesis,
autophagy inhibition, apoptosis-resistance and transcription (5–
9). Dysregulation and aberrant activation of mTOR is commonly
detected in NSCLC, which is associated with tumorigenesis and
cancer progression (5, 6). mTOR is a validate and important
therapeutic target of NSCLC (5, 6).

The first generation of mTOR inhibitors, including
rapamycin and its analogs, can only partially inhibit mTORC1
and had limited effect on mTORC2 (7, 10). Moreover, mTOC1
inhibition in cancer cells is able to induce feedback activation of
multiple oncogenic signaling pathways, including Akt and Erk-
MAPK, which compromise their anti-cancer activities (11, 12).
In addition, rapamycin and its analogs often have poor water
solubility (7, 10). Therefore, the second generation of mTOR
inhibitors, or mTOR kinase inhibitors, is developed (13, 14).
These inhibitors simultaneously block mTORC1 and mTORC2
without inducing feedback activation of oncogenic signaling (13,
14). Several mTOR kinase inhibitors have displayed profound
anti-NSCLC cell activity (5, 15).

Recent studies have developed PQR620 as a highly potent
mTOR kinase inhibitor that crosses the blood-brain barriers (16–
18). It has displayed fine selectivity for mTOR over other protein
kinases (19). PQR620 showed excellent pharmacokinetics, as it
reached maximum concentration in plasma and brain within
30 min after injection in mice (19) with a half-life of over 5 h
(19). Daily oral administration of PQR620 in mice can potently
inhibit ovarian carcinoma xenograft growth (16, 19). It has also
demonstrated anti-tumor activity in lymphomas either alone or
in combination with venetoclax (18). Its potential effect on
NSCLC cells and underlying mechanisms are tested here.
MATERIALS AND METHODS

Chemicals and Reagents
JC-1, EdU (5-Ethynyl-2′-deoxyuridine), DAPI (4′,6-diamidino-
2-phenylindole), TUNEL (Terminal deoxynucleotidyl
transferase dUTP nick end labeling) and CellROX fluorescence
dyes, as well as Annexin V and propidium iodide (PI) were
purchased from Thermo-Fisher Invitrogen Co. (Shanghai,
China). Antibodies of p-Akt (Ser 473, #9271), Akt1 (#2938),
p70 S6 Kinase (S6K1 #9202), p-S6K1 (Thr389, #9205), p-S6
(Ser235/236, #2211), S6 (#2317), p-4E-BP1 (Ser65), mTOR
pathway antibody sampler kit (#9964), cleaved caspase
antibody sampler Kit (#9929), Erk1/2 (#4695), p-Erk1/2
(9101), GAPDH (glyceraldehyde-3-phosphate dehydrogenase,
#5174), SphK1 (#12071), and b-tubulin (#2146) were provided
by Cell Signaling Technologies (Beverly, MA). Fetal bovine
serum (FBS), antibiotics and other cell culture reagents were
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obtained from Hyclone(Logan, UT). From Sigma-Aldrich
chemicals (St. Louis, Mo), puromycin, polybrene, z-DEVD-
fmk, z-VAD-fmk, N-acetylcysteine (NAC), perifosine, MK-
2206, INK-128, and AZD-2014 were obtained. Sphingosine 1-
phosphate (S1P) powder was purchased from Sigma-Aldrich
(73914) and was dissolved methanol-BSA solution to achieve 250
mM stock solution according to the attached protocol. PQR620
was from MedChemExpress (Beijing, China). For in vitro
experiments, PQR620 was dissolved in DMSO to make 20 mM
stock solution, the latter was added to cell medium with the final
DMSO concentration at 0.1% (vehicle). Cell Counting Kit-8
(CCK-8) assay kit was provided by Beyotime (Suzhou, China).

Cells
Established NSCLC cell lines, A549 and NCI-H1944, as well as
BEAS-2B lung (bronchial) epithelial cells were provided by
Shanghai Institute for Biological Sciences (Shanghai, China).
Cells were cultured according to the supplier’s instructions.
Primary NSCLC cells, derived from three primary NSCLC
patients (pNSCLC-1, pNSCLC-2 and pNSCLC-3, all with
PTEN depletion), as well as the primary lung epithelial cells,
were provided by Dr. Jiang (20, 21). The primary human NSCLC
cells were cultured in high glucose (25 mmol/L) DMEM/F-12
growth medium with 12% FBS plus EGF (2.5 ng/mL) and insulin
(2.5 ng/mL) in culture flasks (3,0000-50,000 cells per flask). Cells
were passed for 8-10 generations. Protocols were reviewed and
approved by the Ethics Committee of Nanchang University
(NU-BMS-1805037), and were conformed to the guidelines of
the 2000 Helsinki declaration. Written-informed consent was
obtained from all subjects before their participation. Cells were
routinely subjected to mycoplasma and microbial contamination
examination. To verify cell genotypes, short-tandem repeat
profiling, population doubling time, and cell morphology were
always checked.

Colony Formation
For colony formation assay, NSCLC cells at 1 × 104 cells per well,
were initially seeded into 10-cm tissue-culturing dishes, and
maintained under PQR620-containing medium (with 10%
FBS). After ten days, colonies were fixed, stained and
manually counted.

Cell Cycle Studies
In brief, following the applied PQR620 treatment, NSCLC cells
were washed, trypsinized and re-suspended in 95% ethanol
solution. Thereafter, cells were centrifuged and resuspended in
1 mL of PI staining solution. Cell cycle distribution was studied
by a FACS-calibur flow cytometry (Beckman-Coulter,
Shanghai, China).

Western Blotting
Cell and tissue lysate samples were achieved by using commercial
lysis buffer (Biyuntian Co, Wuxi, China). Quantified protein
lysates (40 µg per treatment into each lane) were separated on
10% to 12% SDS-PAGE gels and transferred to nitrocellulose
filter membranes. The membranes were blocked and incubated
with applied primary antibodies (at 4°C overnight), followed by
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incubation with HRP-conjugated secondary antibodies (1 h at
room temperature). The targeted protein bands were visualized
under ChemiScope 3300 Mini (Clinx) via ECL substrates
(Invitrogen, Shanghai, China).

Co-Immunoprecipitation (Co-IP)
For each treatment, protein lysates (1,000 mg per treatment) were
pre-cleared and then incubated with anti-mTOR antibody (Santa
Cruz Biotech) for 16 h. Afterward, the protein A/G Sepharose
(“Beads”, 30 µl per treatment) was added back to the lysates.
mTOR-immunoprecipitated proteins were tested by Western
blotting assays.

Quantitative Real-Time Reverse
Transcriptase Polymerase Chain
Reaction (qPCR)
Following treatment, TRIzol reagents were utilized to extract
total RNA and qPCR was performed using the described
protocol (22). SphK1 and GAPDH mRNA primers were
purchased from OriGene (Shanghai, China).

EdU Assays
A Cell-Light EdU (5-ethynyl-2′-deoxyuridine) Apollo 567 Kit
(Ribobio, Guangzhou, China) was carried out to quantify cell
proliferation. Briefly, NSCLC cells were seeded into 96-well
plates at 5×103 cells/well. After 48 h, 100 ml medium
containing 10 mM EdU was added into each well. Cells were
incubated for 2 h, fixed, and co-stained with DAPI. EdU, and
DAPI staining was captured by a fluorescence microscopy
(Nikon, Japan). For each treatment, five random views with a
total of 1,000 nuclei were included to calculate the average EdU
ratio (% vs. DAPI).

CCK-8 Assay
Briefly, cells with applied treatment were seeded into 96-well
plates at 5 × 103 cells/well. After treatment, 10 ml CCK-8 solution
was added to each well and incubated for 2 h. In each well, CCK-
8 optical density (OD) was measured at 450 nm.

Trypan Blue Assaying of Cell Death
NSCLC cells were seeded into six-well plates and were treated as
described. Trypan blue dye was added to stain the “dead” cells,
with its ratio was determined using an automated cell counter
(Merck Millipore, Shanghai, China).

Apoptotic Nuclei Assays
NSCLC cells were seeded into 96-well plates at 5 × 103 cells/well.
After the applied treatment, cell nuclei were co-stained with
TUNEL and Hoechst-33342. The apoptotic nuclei displayed
condensed/fragmented Hoechst-33342 staining, and some cells
were positive for TUNEL staining. For each treatment, five
random views with a total of 1,000 nuclei were included to
calculate the average apoptotic nuclei ratio.

Annexin V FACS
A FITC Annexin V Apoptosis Detection Kit I (BD Biosciences)
was utilized. Briefly, NSCLC cells with applied treatments were
Frontiers in Oncology | www.frontiersin.org 3
harvested, washed and resuspended in 1× Binding Buffer (1×106

cells/ml). Thereafter, 5 ml PI and 5 ml Annexin V were added.
Cells were further incubated for 15 min and were analyzed via a
FACSCalibur Flow Cytometer (BD Biosciences).

Mitochondrial Depolarization
In apoptotic cells with mitochondrial depolarization, JC-1
fluorescence dye is able to aggregate mitochondria to form
green monomers (23). Following treatment, NSCLC cells were
stained with JC-1 (15 mg/ml, Sigma), washed, and examined
under a fluorescence spectrofluorometer (F-7000, Hitachi,
Japan) at 488 nm (green). The representative JC-1 fluorescence
images integrating green (at 488 nm, mitochondrial
depolarization) and red (at 625 nm, normal mitochondrial
membrane potential) fluorescence channels were presented.

Transwell Assays
Transwell assay was performed using 12.0 mm Transwell
Permeable Supports (Corning, Shanghai, China) using
described protocols (24, 25). Five random views of each
condition were included to calculate the average number of
migrated/invaded cells.

Single-Strand DNA (ssDNA) Detection
NSCLC cells with applied treatments were seeded into 96-well
plates at 5 × 103 cells/well. After the applied treatment, DNA
break intensity was tested by a ssDNA apoptosis ELISA kit
(Merck Millipore, Shanghai, China). ELISA absorbance was
tested at 405 nm in each well.

Constitutively Active Mutant Akt1
A recombinant adenoviral construct encoding the constitutively-
active Akt1 (caAkt1, S473D) was provided by Dr. Li at Wenzhou
Medical University (26, 27), and was transduced to pNSCLC-1
cells. Cells with GFP were then sorted by FACS and monoclonal
single cells were distributed into 192-well plates. In stable cells,
caAkt1 expression was verified by Western blotting.

Akt1/2 shRNA
Akt1/2 shRNA lentiviral particles (sc-37030-V) were provided by
Santa Cruz Biotech and were added directly to primary NSCLC
cells. After 24 h, puromycin (5.0 mg/ml) was added to select
stable cells, where over 95% Akt1/2 protein knockdown
efficiency was achieved.

Lipid Peroxidation Assay
NSCLC cells were seeded into six-well plates (8 ×10,000 cells per
well) and were subjected to applied treatments. We performed a
thiobarbituric acid reactive substances (TBAR) activity assay to
quantify cellular lipid peroxidation levels using a described
protocol (28, 29).

Assaying of Reactive Oxygen Species
(ROS) Contents
NSCLC cells were seeded into six-well plates and were treated
with PQR620. Cells were then stained with CellROX (5 mg/ml),
washed, and tested under a spectrofluorometer (F-7000, Hitachi,
June 2021 | Volume 11 | Article 669518
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Japan) at 625 nm (red fluorescence). The representative CellROX
fluorescence images were presented as well.

Assaying of Sphingosine Kinase 1 (SphK1)
Activity and Ceramide Contents
NSCLC cells were seeded into six-well plates (8 ×10,000 cells per
well) and were subjected to applied treatments. The protocols for
testing SphK1 activity by measuring radio-labeled sphingosine-
1-phosphate (S1P) spots were described elsewhere (30). SphK1
activity was expressed as pmol/h/g protein. By using the
described protocol (31), cellular ceramide contents were
examined and expressed in fmol by nmol of phospholipids.

Tumor Xenograft Studies
Six-week-old severe combined immunodeficient (SCID) mice
(half male and half female, 18.2–19.2 g) were maintained under
Animal Facility of Suzhou University (Suzhou, China). A549
cells or pNSCLC-1 cells were subcutaneously (s.c.) injected to the
right flanks of SCID mice at 3 × 106 per mouse. When xenograft
tumors were established and tumor volume reached 100 mm3, it
was labeled as “Day-0.” NSCLC xenograft-bearing SCID mice
were randomly assigned into two groups, receiving either vehicle
control or PQR620 administration. At the time of drug
administration, PQR620 (25 mg) was fresh dissolved in DMSO
(0.5 ml). Afterward, 20% HP-b-CD (hydroxypropyl-b-
cyclodextrin/water, 4.5 ml) was added, and the mixture was
vortexed and sonicated to form homogeneous solution. The
solution was given to SCID mice by oral gavage. The DMSO-
HP-b-CD solution was administrated as vehicle control (19).
Tumor dimensions were measured and tumor volume was
estimated as per: V = length × width × height × 0.5236. All
animal experiments were approved by Animal Ethics Board of
Nanchang University (NU-BMS-1805037).

Statistical Analysis
Data were presented as mean ± standard deviation (SD).
Statistical analyses were carried out using one-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparison
test (GraphPad Prism 5.01). The Student t test (Excel2007) was
applied to compare statistical difference between two groups.
p < 0.05 was considered as statistically significant.
RESULTS

PQR620 Exerts Robust Anti-NSCLC
Cell Activity
Primary human NSCLC cells, pNSCLC-1, were cultured in FBS-
containing medium and treated with PQR620 (at 30-1000 nM).
CCK-8 assays were carried out to test cell viability after applied
time periods. As shown, PQR620, in a concentration-dependent
manner, decreased viability (CCK-8 OD) in pNSCLC-1 cells
(Figure 1A). Viability reduction by PQR620 was significant at
100-1000 nM, but not at 30 nM (Figure 1A). In addition,
PQR620 displayed a time-dependent response in inhibiting
pNSCLC-1 cell viability and required at least 48 h to obtain a
Frontiers in Oncology | www.frontiersin.org 4
significant effect (Figure 1A). Colony formation assay results in
Figure 1B demonstrated that PQR620 (100–1000 nM)
significantly inhibited pNSCLC-1 cell colony formation. It was
again ineffective at 30 nM (Figure 1B). To test cell proliferation,
EdU-nuclei staining assays were performed. Results showed that
in pNSCLC-1 cells, PQR620 dose-dependently decreased EdU-
positive nuclei ratio (Figure 1C). EdU ratio (% vs. DAPI)
reduction was significant after 100 to 1,000 nM of PQR620
treatment (Figure 1C). As shown, 300 nM of PQR620 displayed
significant effect in viability, colony formation, and proliferation
assays (Figures 1A–C). This concentration was close to IC-50
and was therefore selected for further studies.

To test cell cycle progression, PI-FACS assays were
performed. Results in Figure 1D showed that PQR620 (300
nM, 48 h) treatment resulted in decreased S-phase cells, but there
was an increase in the number of G1-phase cells, suggesting that
PQR620 induced G1-S arrest in pNSCLC-1 cells. Cell migration
was tested using Transwell assays, and we found that pNSCLC-1
cell migration was potently inhibited by PQR620 (300 nM, 16 h)
treatment (Figure 1E). In vitro pNSCLC-1 cell invasion, tested
by Matrigel Transwell assays, was suppressed by same PQR620
treatment (Figure 1F).

We also tested the potential effect of PQR620 in other NSCLC
cells. The primary NSCLC cells-derived from two other patients,
pNSCLC-2 and pNSCLC-3, as well as established cell lines (A549
and NCI-H1944) were cultured, and treated with PQR620 (300
nM). As shown, PQR620 resulted in robust viability (CCK-8
OD) reduction (Figure 1G), proliferation inhibition (EdU-
positive nuclei ratio reduction, Figure 1H) and migration
inhibition (Figure 1I). Therefore, in primary and established
NSCLC cells, PQR620 potently inhibited cell viability,
proliferation and cell cycle progression, as well as cell
migration and invasion.

PQR620 Provokes Apoptosis Activation
in NSCLC Cells
We tested the potential effect of PQR620 on cell apoptosis. In
pNSCLC-1 cells, the caspase-3 activity increased over eight folds
after PQR620 (300 nM, 24 h) treatment (Figure 2A). Cleavages
of caspase-3, poly(ADP-ribose) polymerase (PARP) and caspase-
9 were detected in PQR620-treated pNSCLC-1 cells (Figure 2B),
where ssDNA accumulation was detected (indicating DNA
breaks, Figure 2C). JC-1 green monomers were accumulated
in mitochondria of PQR620-treated pNSCLC-1 cells, suggesting
mitochondrial depolarization (Figure 2D).

To further confirm cell apoptosis, we counted the number of
apoptotic nuclei, which was displayed by condensed/fragmented
Hoechst-33342 staining. Some cells were positive for TUNEL
staining (purple) (Figure 2E). As demonstrated, the ratio of
apoptotic nuclei (% vs. total nuclei) was significantly increased
following PQR620 (300 nM, 48 h) treatment in pNSCLC-1 cells
(Figure 2E). In addition, an increased number of Annexin V-
positive cells (gated by FACS) further confirmed apoptosis
activation by PQR620 (Figure 2F). Importantly, the caspase-3
inhibitor z-DEVD-fmk and the pan caspase inhibitor z-VAD-
fmk almost blocked PQR620-induced apoptosis activation
June 2021 | Volume 11 | Article 669518
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(apoptotic nuclei staining assay, Figure 2G) and viability (CCK-
8 OD) reduction (Figure 2H) in pNSCLC-1 cells. These results
indicated that caspase-apoptosis activation mediated PQR620-
induced cytotoxicity in pNSCLC-1 cells.

In other primary (pNSCLC-2 and pNSCLC-3) and
established (A549 and NCI-H1944) NSCLC cells, treatment
with PQR620 (300 nM) induced caspase-3 activation
(Figure 2I), mitochondrial depolarization (JC-1 green
monomers intensity increase, Figure 2J), and increased ratio of
apoptotic nuclei (Figure 2K), confirming apoptosis activation. In
contrast, in primary lung epithelial cells (“pEpi”) and established
BEAS-2B cells, same PQR620 (300 nM) treatment failed to
Frontiers in Oncology | www.frontiersin.org 5
significantly inhibit cell viability (CCK-8 OD, Figure 2L) and
induce apoptosis activation (Figure 2M), suggesting a cancer
cell-specific activity by PQR620.

PQR620 Blocks mTOR Activation in
NSCLC Cells
PQR620 is a novel and potent mTOR kinase inhibitor (16–
18), we therefore tested its activity on mTOR activation in
NSCLC cells. The co-immunoprecipitation (Co-IP) assay was
performed to test mTOR assembles. As shown, in vehicle-treated
pNSCLC-1 and pNSCLC-2 cells, mTOR immunoprecipitated
with Rictor, Raptor and Sin1, showing integrated mTORC1
A B D

C

E

G H I

F

FIGURE 1 | PQR620 exerts robust anti-NSCLC cell activity. Primary NSCLC cells that were derived from three different patients (pNSCLC-1/-2/-3) and established
cell lines (A549 and NCI-H1944) were treated with PQR620 (at applied concentrations) or vehicle control (“Veh”). Cell viability (CCK-8 OD, A, G), colony formation
(results were quantified, B), cell proliferation (EdU incorporation, C, H), cell cycle progression (PI-FACS, D), cell migration (E, I) and invasion (F) were tested by the
described assays. Data were presented as mean ± standard deviation (SD, n=5). *p< 0.05 vs. “Veh” cells. Experiments were repeated five times with similar results.
Scale bar= 100 mm (C, E, F, H, I).
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and mTORC2 complexes (9, 32, 33) (Figure 3A). Following
PQR620 treatment, assembles of mTORC1 (mTOR-Raptor) and
mTORC2 (mTOR-Rictor-Sin1) were disrupted in pNSCLC-1
and pNSCLC-2 cells (Figure 3A). Expression of mTOR, Raptor,
Rictor, and Sin1 was unchanged (Figure 3A, “Inputs”, total cell
lysates/”TCL”).

In pNSCLC-1 and pNSCLC-2 cells, PQR620 (300 nM)
treatment almost blocked phosphorylation of Akt (Ser-473),
the indicator of mTORC2 activation (Figure 3B). In addition,
phosphorylations of S6K1 (Thr-389), S6 (Ser-235/236), and 4E-
BP1 (Ser-65), indicators of mTORC1 activation, were largely
inhibited as well (Figure 3B). Quantitative analyses confirmed
that PQR620-induced inhibitions on Akt, S6K1, and S6
phosphorylations were significant (Figure 3B, right panels).
Expressions and phosphorylation of Akt, S6K1, and S6, as well
as Erk1/2 were not significantly affected by PQR620 in pNSCLC-
1 or pNSCLC-2 cells (Figure 3B). Importantly, in primary lung
epithelial cells basal phosphorylations of Akt, S6K1, and S6 were
significantly lower than those in NSCLC cells (Figure 3B). This
could explain the ineffectiveness of this compound in
epithelial cells.
Frontiers in Oncology | www.frontiersin.org 6
PQR620-Induced Anti-NSCLC Cell
Activity Is Not Solely Dependent
on Akt-mTOR Inhibition

To test whether Akt-mTOR blockage is the primary reason of
PQR620-induced anti-NSCLC cell activity, Akt1/2 shRNA
lentiviral particles were transduced to pNSCLC-1 cells. Stable
cells were established with selection by puromycin (“sh-Akt1/2”
cells) where Akt expression was silenced (Figure 4A).
Phosphorylation of Akt and S6K1 was completely blocked
(Figure 4A). As shown, shRNA-induced silencing of Akt1/2
led to pNSCLC-1 cell death (Trypan blue ratio increase,
Figure 4B) and apoptosis (apoptotic nuclei ratio increase,
Figure 4C). Importantly, in sh-Akt1/2 cells, PQR620 (300 nM)
was still able to induce cell death (Figure 4B) and apoptosis
(Figure 4C). These results implied that Akt-mTOR-independent
mechanisms could also be responsible for PQR620-induced
cytotoxicity in pNSCLC-1 cells.

To further support our hypothesis, a constitutively-active
Akt1 (ca-Akt1, S473D) was stably transfected to pNSCLC-1
cells. As shown, ca-Akt1 (labeled with double green stars,
A B C D

E

I J

F G

K

H

L M

FIGURE 2 | PQR620 provokes apoptosis activation in NSCLC cells. Primary NSCLC cells were derived from three different patients (pNSCLC-1/-2/-3). Established
NSCLC cell lines (A549 and NCI-H1944), human lung epithelial cells (“pEpi”), or BEAS-2B cells were treated with PQR620 (300 nM) or vehicle control (“Veh”). Cells
were further cultured for indicated time periods, caspase activation (A, B, I), single strand DNA contents (ELISA assays, C), mitochondrial depolarization (JC-1 green
monomers accumulation, D, J) were tested. Cell apoptosis was tested by Hoechst-33342 apoptotic nuclei staining assays (E, K, M) and Annexin V-FACS assays
(F), with cell viability tested by CCK-8 assays (L). pNSCLC-1 cells were pretreated for 30 min with z-DEVD-fmk (35 mM) or z-VAD-fmk (35 mM), followed by PQR620
(300 nM) treatment. Cells were cultured for applied time periods, with cell apoptosis and viability tested by apoptotic nuclei staining (G) and CCK-8 (H) assays,
respectively. Data were presented as mean ± standard deviation (SD, n=5). *p< 0.05 vs. “Veh” cells. #p< 0.05 vs. DMSO group (G, H). “n.s”, non-statistical
difference (L, M). Experiments were repeated five times with similar results. Scale bar= 100 mm (D, E).
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Figure 4D) completely restored phosphorylations of Akt and
S6K1 in PQR620-treated pNSCLC-1 cells (Figure 4D). However,
PQR620-induced pNSCLC-1 cell death (Figure 4E) and
apoptosis (Figure 4F) were only partially inhibited by ca-Akt1.
Moreover, in pNSCLC-1 and pNSCLC-2 cells, PQR620-induced
viability (CCK-8 OD) reduction (Figures 4G, J), proliferation
inhibition (EdU assays, Figures 4H, K) and apoptosis (apoptotic
nuclei assays, Figures 4I, L) were significantly more potent than
the known Akt-mTOR inhibitors, including the Akt specific
inhibitor MK-2206 (34, 35) and two mTOR kinase inhibitors,
AZD-2014 (36) and INK-128 (37). All inhibitors were utilized at
same concentration (300 nM) (Figures 4G–L).

PQR620 Inhibits SphK1 Activity and
Induces Oxidative Injury in NSCLC Cells
Studies have shown that SphK1, which is essential for cancer cell
survival, apoptosis resistance and migration, is overexpressed
and/or hyper-activated in NSCLC (38–41). SphK1 inhibition or
silencing should induce pro-apoptotic ceramide accumulation
and NSCLC cell apoptosis (38–41). Here in pNSCLC-1 and
pNSCLC-2 cells, SphK1 activity was robustly decreased after
PQR620 treatment (Figure 5A). Consequently, cellular ceramide
contents were increased (Figure 5B). SphK1 mRNA (Figure 5C)
and protein (Figure 5D) expression was however unchanged
with PQR620 treatment.

When facing various stresses, robust ROS production and
oxidative injury could induce NSCLC cell apoptosis. We
Frontiers in Oncology | www.frontiersin.org 7
therefore tested ROS levels in PQR620-treated NSCLC cells. In
pNSCLC-1 and pNSCLC-2 cells, CellROX fluorescent intensity
was robustly increased after PQR620 treatment, indicating ROS
production (Figure 5E). In lung epithelial cells (“pEpi”), PQR620
failed to induce significant ROS production, as the CellROX
intensity was unchanged (Figure 5E). The profound lipid
peroxidation, evidenced by the increased TBAR activity, was
detected in NSCLC cells after PQR620 stimulation (Figure 5F).
These results implied that PQR620 induced ROS production and
oxidative injury in NSCLC cells.

Experiments were carried out to examine whether SphK1
inhibition and ROS production were involved in PQR620-
induced cytotoxicity in NSCLC cells. Sphingosine-1 phosphate
(S1P), the anti-ceramide sphingolipid, as well as the antioxidant
NAC were utilized. As shown, co-treatment with S1P or NAC
could partially ameliorated PQR620-induced cell viability
reduction (Figure 5G) and apoptosis (Figure 5H) in pNSCLC-
1 cells. These results implied that SphK1 inhibition and ROS
production contributed to PQR620-induced NSCLC cell death.
Importantly, mTOR inactivation by Akt1/2 shRNA (see
Figure 4) and AZD-2014 (300 nM, 24 h) treatment failed to
significantly alter SphK1 activity (Figure 5I), ceramide contents
(Figure 5J) or ROS production (Figure 5K). These results
indicated that SphK1 inhibition and ROS production were
unique actions by PQR620 in NSCLC cells, independent of
mTOR inhibition. This could also explain the superior anti-
NSCLC cell activity by this compound.
A

B

FIGURE 3 | PQR620 blocks mTOR activation in NSCLC cells. Primary NSCLC cells, pNSCLC-1/-2, or primary lung epithelial cells (“pEpi”) were treated with
PQR620 (300 nM) or the vehicle control (“Veh”), cells were further cultured for 6 h, mTOR immunoprecipitation with Rictor, Raptor and Sin1 were tested by co-
immunoprecipitation assays (A) Expression of listed proteins was tested by Western blotting analyses (A: Inputs, and B). Quantification of the listed proteins was
through the ImageJ software. Data were presented as mean ± standard deviation (SD, n=5). *p< 0.05 vs. “Veh” cells. Experiments were repeated five times with
similar results obtained.
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A B C

D E F
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J K L

FIGURE 4 | PQR620-induced anti-NSCLC cell activity is not solely dependent on Akt-mTOR inhibition. Stable pNSCLC-1 cells expressing Akt1/2 shRNA (sh-Akt1/
2) were treated with or without PQR620 (“PQR”, 300 nM), and control cells were treated with scramble control shRNA (sh-C). Cells were further cultured for applied
time periods, and expression of listed proteins was shown (A) Cell death and apoptosis were tested by Trypan blue (B) and apoptotic nuclei (C) staining assays,
respectively. Stable pNSCLC-1 cells expressing constitutively-active Akt1 (ca-Akt1, S473D) were treated with or without PQR620 (“PQR”, 300 nM), and control cells
were transfected with empty vector (Vec). Cells were further cultured for applied time periods, and expression of listed proteins was shown (D) Cell death (E) and
apoptosis (F) were tested similarly. pNSCLC-1 (G–I) and pNSCLC-2 cells (J–L) were treated with 300 nM of PQR620 (“PQR”), MK-2206, AZD-2014 or INK-128 for
applied time periods. Cell viability, proliferation, and apoptosis were tested by CCK-8 assay (G, J), nuclear EdU staining (H, K), and apoptotic nuclei staining (I, L)
assays, respectively. Data were presented as mean ± standard deviation (SD, n=5). *p< 0.05 vs. “shC”/”Vec”/”Veh” cells. #p< 0.05 (B, C, E, F). #p< 0.05
vs. PQR620 treatment (G–L). Experiments were repeated five times with similar results obtained.
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PQR620 Administration Inhibits NSCLC
Xenograft Growth in SCID Mice
To study the potential effect of PQR620 in vivo, pNSCLC-1 cells
were s.c. injected to flanks of SCID mice. Within three weeks,
pNSCLC-1 xenografts were established (tumor volume close to
100 mm3, labeled as “Day-0”). Mice were then randomly
assigned into two groups with 10 mice per group. Treatment
group received PQR620 oral administration (“PQR,” 30 mg/kg,
daily for 21 days). Control group were treated with vehicle
control (“Veh”). Tumor growth curve results in Figure 6A
demonstrated that PQR620 administration robustly inhibited
pNSCLC-1 xenograft growth in SCID mice. We calculated the
estimated daily tumor growth using the formula: (Tumor volume
at Day-42—Tumor volume at Day-0)/42. Results again showed
that PQR620 potently inhibited pNSCLC-1 xenograft growth in
vivo (Figure 6B). At the end of experiments (Day-42), all tumors
Frontiers in Oncology | www.frontiersin.org 9
were isolated and weighted individually. As shown, pNSCLC-1
xenografts from PQR620-treated mice were significantly lighter
than those with vehicle treatment (Figure 6C). Mice body
weights were not significantly different between the two groups
(Figure 6D). We failed to detect any apparent toxicities in mice.

Next, experiments were performed to examine whether
PQR620 induced similar signaling changes in vivo. At Day-7
and Day-14, 3 h after initial PQR620/vehicle administration, one
tumor of each group was isolated (total four tumor xenografts).
Xenograft tissue lysates were obtained and subjected to Western
blotting assays. Results in Figure 6E displayed that
phosphorylations of S6K1-S6 and Akt (Ser-473) were almost
completely blocked in PQR620-treated tumors. Contrarily, levels
of cleaved caspase-3 and PARP were increased in pNSCLC-1
xenografts with PQR620 administration (Figure 6F), indicating
apoptosis activation. Oral administration of PQR620 largely
A

E

B C D

G H I J K

F

FIGURE 5 | PQR620 inhibits SphK1 activity and induces oxidative injury in NSCLC cells. Primary NSCLC cells, pNSCLC-1/-2, or lung epithelial cells (“pEpi”), were
treated with PQR620 (300 nM) or the vehicle control (“Veh”).Cells were further cultured for indicated time periods, and SphK1 activity (A), ceramide contents (B),
SphK1 mRNA (C) and protein (D) expression, as well as cellular ROS contents (by testing CellROX intensity, E) and lipid peroxidation (by testing TBAR activity, F)
were tested using the described methods, with results normalized. pNSCLC-1 cells were treated with PQR620 (300 nM) first, then with or without sphingosine-1
phosphate (S1P, 1 mM) or NAC (400 mM). Cells were further cultured, with cell viability and apoptosis tested by CCK-8 (G) and apoptotic nuclei staining (H) assays,
respectively. Relative SphK1 activity (I), ceramide levels (J) and ROS contents (K) in pNSCLC-1 cells with Akt1/2 shRNA (sh-Akt1/2) are shown here with scramble
control shRNA (sh-C) or AZD-2014 treatment (300 nM, 24 h). Data were presented as mean ± standard deviation (SD, n=5). *p< 0.05 vs. “Veh” cells. #p< 0.05 vs.
PQR620 only treatment (G, H). “n.s.” stands for non-statistical difference (D, E, I–K). Experiments were repeated five times with similar results obtained. Scale Bar=
100 µm (E).
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inhibited SphK1 activation in pNSCLC-1 xenograft tissues
(Figure 6G). Furthermore, lipid peroxidation intensity was
increased in pNSCLC-1 xenograft tissues with PQR620
treatment (Figure 6H), indicating significant oxidative injury.
Therefore, PQR620 administration induced Akt-mTOR
inactivation, apoptosis, SphK1 inhibition, and possible
oxidative injury in pNSCLC-1 xenograft tissues.

Alternatively, A549 NSCLC cells were inoculated via s.c.
injection to flanks of SCID mice. Xenograft tumors were
established again within three weeks. As shown, oral
administration of PQR620 largely inhibited A549 xenograft
growth in SCID mice (Figure 6I). The mice body weights were
again unchanged (Figure 6J). Together, these results suggested
that PQR620 oral administration inhibited NSCLC xenograft
growth in SCID mice.
DISCUSSION

Due to gene mutation, overexpression, and posttranslational
modifications, aberrant mTOR activation is often detected in a
significant proportion of NSCLC, which is heavily implicated in
tumorigenesis and cancer progression (5). Increased mTOR
expression and phosphorylation were observed in close to 90%
of NSCLC patients with adenocarcinoma, while 60% of patients
had large cell carcinoma and 40% of patients had squamous cell
carcinoma (42–44). Thus, mTOR is an important therapeutic
target of NSCLC.
Frontiers in Oncology | www.frontiersin.org 10
A number of mTOR specific inhibitors are currently under
preclinical investigations and in early phase of clinical trials for
the treatment of NSCLC. The second generation of mTOR
inhibitors have been developed as well (13, 14). Unlike the
traditional mTOR inhibitors (rapamycin and its analogs), these
agents are able to block both mTORC1 and mTORC2, and have
pan-PI3K inhibitory activity (13, 14). One of this agent, BEZ235,
is currently under phase I/II clinical trials. Early preclinical
studies have demonstrated its potent activity against lung
cancer (45). XL765 is another second generation mTOR kinase
inhibitor and is being tested in a phase I trial in combination with
erlotinib in NSCLC (46).

The results of this study suggested that PQR620 was able to
exert potent anti-NSCLC cell activity. In primary NSCLC cells
and established cell lines, PQR620 potently inhibited cell growth,
proliferation and cell cycle progression, as well as cell migration
and invasion. PQR620 provoked significant apoptosis activation
in NSCLC cells. In vivo, oral administration of a single dose of
PQR620 robustly inhibited NSCLC xenograft growth in SCID
mice. SCID mice with PQR620 administration did not present
any apparent toxicities. Therefore, PQR620 potently inhibited
NSCLC cell growth.

Although PQR620 disrupted assembles of mTORC1 (mTOR-
Raptor) and mTORC2 (mTOR-Rictor-Sin1), and inhibited Akt-
S6K1-S6phosphorylations in NSCLC cells, our results suggested
that mTOR-independent mechanisms also participated in
PQR620-induced NSCLC cytotoxicity. First, PQR620-induced
NSCLC cell death was significantly more potent than other
A B C D E

F G H I J

FIGURE 6 | PQR620 administration inhibits NSCLC xenograft growth in SCID mice. SCID mice bearing pNSCLC-1 xenograft tumors (A–H) or A549 xenograft
tumors (I, J) were administrated with PQR620 (oral gavage, 30 mg/kg, daily for 21 days, “PQR”) or vehicle control (“Veh”). Tumor volumes (A, I) and mice body
weights (D, J) were recorded at every seven days for a total of 42 days. For pNSCLC-1 xenografts, the estimated daily tumor growth, in mm3 per day, was
calculated by the described formula (B); At day-42, pNSCLC-1 xenografts were individually isolated and weighted (C). Expression of listed proteins in pNSCLC-1
xenograft tumor tissues was tested by Western blotting assays (E, F); Relative SphK1 activity (G) and TBAR activity (H) were tested as well, with results normalized.
Data were presented as mean ± standard deviation (SD). Ten mice were in each group (n = 10) (A–D, I, J). *p< 0.05 vs. “Veh” group.
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known Akt-mTOR inhibitors (MK-2206, AZD-2014 and INK-
128). Second, after restoring mTOR activation by caAkt1, we
found only partially ameliorated PQR620-induced cytotoxicity
in NSCLC cells. Third, in Akt-silenced NSCLC cells where
mTOR activation was completely blocked, PQR620 was still
able to induce cytotoxicity. Indeed, we found that SphK1
inhibition and ROS production participated in PQR620-
induced NSCLC cell death.

SphK1 is therefore a potential oncotarget of NSCLC (38, 39).
Ma et al. reported that SphK1 mediated signal transducer and
activator of transcription 3 (STAT3) while promoting NSCLC
cell proliferation and migration (47). In addition, Ni et al.,
showed that SphK1 is important for epithelial mesenchymal
transition (EMT) in A549 cells (48). In the current study, we
showed that PQR620 inhibited SphK1 and induced pro-
apoptotic ceramide accumulation in primary NSCLC cells.
Furthermore, SphK1 inhibition was detected in PQR620-
treated NSCLC xenograft tissues. Conversely, S1P was able to
attenuate PQR620-induced NSCLC cell death. SphK1
inactivation by PQR620 appeared to be mTOR-independent, as
Akt1/2 shRNA and AZD-2014 failed to inhibit SphK1 activation
in NSCLC cells. These results implied that concurrent inhibition
of SphK1 could be an important mechanism to explain PQR620-
induced superior anti-NSCLC cell activity.

A number of anti-cancer agents could induce ROS
production and oxidative injury in NSCLC cells to cause cell
apoptosis (49–51). Contrarily, antioxidants and ROS-scavenging
strategies protected NSCLC cells from a number of anti-cancer
agents (49–51). In the present study, we show that ROS
production was significantly increased in PQR620-treated
NSCLC cells. It was independent of mTOR inhibition, as ROS
levels were unchanged in NSCLC cells with Akt1/2 shRNA and
AZD-2014 treatment. Oxidative injury was also detected in
NSCLC xenograft tissues with PQR620 administration.
Importantly, NAC alleviated PQR620-induced apoptosis in
NSCLC cells. Thus, PQR620-induced oxidative injury in
NSCLC cells could be another reason to explain its superior
anti-NSCLC cell activity.
Frontiers in Oncology | www.frontiersin.org 11
CONCLUSION

Development of new therapeutic agents for NSCLC is needed
(52, 53). Here we found that PQR620 targeted multiple cascades
(Akt-mTOR, SphK1 and ROS) and robustly suppressed NSCLC
cell growth. PQR620 could be a promising and novel anti-
NSCLC agent.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding authors.
ETHICS STATEMENT

The animal study was reviewed and approved by Animal Ethics
Board of Nanchang University.
AUTHOR CONTRIBUTIONS

All the listed authors in the study carried out the experiments,
participated in the design of the study and performed the
statistical analysis, conceived of the study, and helped to draft
the manuscript. All authors contributed to the article and
approved the submitted version.
FUNDING

Supported by the National Natural Science Foundation of China
(81660391), Natural Science Foundation of Jiangxi Province
(20202BABL206088), and by Special Fund for Postgraduate
Innovation of Jiangxi Province (YC2020-B056).
REFERENCES
1. Siegel RL, Miller KD, Jemal A. Cancer Statistics, 2020. CA Cancer J Clin

(2020) 701:7–30. doi: 10.3322/caac.21590
2. Siegel RL, Miller KD, Jemal A. Cancer Statistics, 2019. CA Cancer J Clin

(2019) 691:7–34. doi: 10.3322/caac.21551
3. Arbour KC, Riely GJ. Systemic Therapy for Locally Advanced and Metastatic

non-Small Cell Lung Cancer: A Review. JAMA (2019) 3228:764–74.
doi: 10.1001/jama.2019.11058

4. Huang CY, Ju DT, Chang CF, Muralidhar Reddy P, Velmurugan BK. A
Review on the Effects of Current Chemotherapy Drugs and Natural Agents in
Treating Non-Small Cell Lung Cancer. Biomed (Taipei) (2017) 74:23.
doi: 10.1051/bmdcn/2017070423

5. Tan AC. Targeting the PI3K/Akt/mTOR Pathway in Non-Small Cell Lung Cancer
(NSCLC). Thorac Cancer (2020) 113:511–8. doi: 10.1111/1759-7714.13328

6. Fumarola C, Bonelli MA, Petronini PG, Alfieri RR. Targeting PI3K/AKT/
mTOR Pathway in Non Small Cell Lung Cancer. Biochem Pharmacol (2014)
903:197–207. doi: 10.1016/j.bcp.2014.05.011
7. Zaytseva YY, Valentino JD, Gulhati P, Evers BM. mTOR Inhibitors in Cancer
Therapy. Cancer Lett (2012) 3191:1–7. doi: 10.1016/j.canlet.2012.01.005

8. Dancey J. mTOR Signaling and Drug Development in Cancer. Nat Rev Clin
Oncol (2010) 74:209–19. doi: 10.1038/nrclinonc.2010.21

9. Guertin DA, Sabatini DM. Defining the Role of mTOR in Cancer. Cancer Cell
(2007) 121:9–22. doi: 10.1016/j.ccr.2007.05.008

10. Gomez-Pinillos A, Ferrari AC. mTOR Signaling Pathway and mTOR
Inhibitors in Cancer Therapy. Hematol Oncol Clin North Am (2012)
263:483–505. doi: 10.1016/j.hoc.2012.02.014

11. Sun SY, Rosenberg LM, Wang X, Zhou Z, Yue P, Fu H, et al. Activation of Akt
and eIF4E Survival Pathways by Rapamycin-Mediated Mammalian Target of
Rapamycin Inhibition. Cancer Res (2005) 6516:7052–8. doi: 10.1158/0008-
5472.CAN-05-0917

12. Shi Y, Yan H, Frost P, Gera J, Lichtenstein A. Mammalian Target of
Rapamycin Inhibitors Activate the AKT Kinase in Multiple Myeloma Cells
by Up-Regulating the Insulin-Like Growth Factor Receptor/Insulin Receptor
substrate-1/phosphatidylinositol 3-Kinase Cascade. Mol Cancer Ther (2005)
410:1533–40. doi: 10.1158/1535-7163.MCT-05-0068
June 2021 | Volume 11 | Article 669518

https://doi.org/10.3322/caac.21590
https://doi.org/10.3322/caac.21551
https://doi.org/10.1001/jama.2019.11058
https://doi.org/10.1051/bmdcn/2017070423
https://doi.org/10.1111/1759-7714.13328
https://doi.org/10.1016/j.bcp.2014.05.011
https://doi.org/10.1016/j.canlet.2012.01.005
https://doi.org/10.1038/nrclinonc.2010.21
https://doi.org/10.1016/j.ccr.2007.05.008
https://doi.org/10.1016/j.hoc.2012.02.014
https://doi.org/10.1158/0008-5472.CAN-05-0917
https://doi.org/10.1158/0008-5472.CAN-05-0917
https://doi.org/10.1158/1535-7163.MCT-05-0068
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zha et al. PQR620 Inhibits NSCLC Cells
13. Zhou HY, Huang SL. Current Development of the Second Generation of
mTOR Inhibitors as Anticancer Agents. Chin J Cancer (2012) 311:8–18.
doi: 10.5732/cjc.011.10281

14. Vilar E, Perez-Garcia J, Tabernero J. Pushing the Envelope in the mTOR
Pathway: The Second Generation of Inhibitors. Mol Cancer Ther (2011)
103:395–403. doi: 10.1158/1535-7163.MCT-10-0905

15. Qu Y, Wu X, Yin Y, Yang Y, Ma D, Li H. Antitumor Activity of Selective
MEK1/2 Inhibitor AZD6244 in Combination With PI3K/mTOR Inhibitor
BEZ235 in Gefitinib-Resistant NSCLC Xenograft Models. J Exp Clin Cancer
Res (2014) 33:52. doi: 10.1186/1756-9966-33-52

16. Brandt C, Hillmann P, Noack A, Romermann K, Ohler LA, Rageot D, et al. The
Novel, Catalytic mTORC1/2 Inhibitor PQR620 and the PI3K/mTORC1/2
Inhibitor PQR530 Effectively Cross the Blood-Brain Barrier and Increase
Seizure Threshold in a Mouse Model of Chronic Epilepsy. Neuropharmacology
(2018) 140:107–20. doi: 10.1016/j.neuropharm.2018.08.002

17. Singer E, Walter C, Fabbro D, Rageot D, Beaufils F, Wymann MP, et al. Brain-
Penetrant PQR620 mTOR and PQR530 Pi3k/mTOR Inhibitor Reduce
Huntingtin Levels in Cell Models of HD. Neuropharmacology (2020)
162:107812. doi: 10.1016/j.neuropharm.2019.107812

18. Tarantelli C, Gaudio E, Hillmann P, Spriano F, Sartori G, Aresu L, et al. The
Novel Torc1/2 Kinase Inhibitor PQR620 Has Anti-Tumor Activity in
Lymphomas as a Single Agent and in Combination With Venetoclax.
Cancers (Basel) (2019) 11:775. doi: 10.3390/cancers11060775

19. Rageot D, Bohnacker T, Melone A, Langlois JB, Borsari C, Hillmann P, et al.
Discovery and Preclinical Characterization of 5-[4,6-Bis({3-oxa-8-azabicyclo
[3.2.1]octan-8-yl})-1,3,5-triazin-2-yl]-4-(difluoro Methyl)pyridin-2-amine
(PQR620), a Highly Potent and Selective Mtorc1/2 Inhibitor for Cancer and
Neurological Disorders. J Med Chem (2018) 6122:10084–105. doi: 10.1021/
acs.jmedchem.8b01262

20. Yu H, Chen Y, Jiang P. Circular RNA HIPK3 Exerts Oncogenic Properties
Through Suppression of miR-124 in Lung Cancer. Biochem Biophys Res
Commun (2018) 5063:455–62. doi: 10.1016/j.bbrc.2018.10.087

21. Zhang B, Lu HY, Xia YH, Jiang AG, Lv YX. Long Non-Coding RNA EPIC1
Promotes Human Lung Cancer Cell Growth. Biochem Biophys Res Commun
(2018) 5033:1342–8. doi: 10.1016/j.bbrc.2018.07.046

22. SunH, Li Q, Yin G, Ding X, Xie J. Ku70 and Ku80 Participate in LPS-induced Pro-
Inflammatory Cytokines Production in Human Macrophages and Monocytes.
Aging (Albany NY) (2020) 1220:20432–44. doi: 10.18632/aging.103845

23. Brooks MM, Neelam S, Fudala R, Gryczynski I, Cammarata PR. Lenticular
Mitoprotection. Part a: Monitoring Mitochondrial Depolarization With JC-1
and Artifactual Fluorescence by the Glycogen Synthase kinase-3beta Inhibitor,
SB216763. Mol Vis (2013) 19:1406–12.

24. Zheng J, Zhang Y, Cai S, Dong L, Hu X, Chen MB, et al. MicroRNA-4651
Targets Bromodomain-Containing Protein 4 to Inhibit Non-Small Cell Lung
Cancer Cell Progression. Cancer Lett (2020) 476:129–39. doi: 10.1016/
j.canlet.2020.02.018

25. Wang SS, Lv Y, Xu XC, Zuo Y, Song Y, Wu GP, et al. Triptonide Inhibits
Human Nasopharyngeal Carcinoma Cell Growth Via Disrupting Lnc-RNA
Thor-IGF2BP1 Signaling. Cancer Lett (2019) 443:13–24. doi: 10.1016/
j.canlet.2018.11.028

26. Zhang D, Xia H, Zhang W, Fang B. The Anti-Ovarian Cancer Activity by
WYE-132, a mTORC1/2 Dual Inhibitor. Tumour Biol (2016) 371:1327–36.
doi: 10.1007/s13277-015-3922-0

27. Yang H, Zhao J, Zhao M, Zhao L, Zhou LN, Duan Y, et al. Gdc-0349 Inhibits
Non-Small Cell Lung Cancer Cell Growth. Cell Death Dis (2020) 1111:951.
doi: 10.1038/s41419-020-03146-w

28. Li C, Yan K, Wang W, Bai Q, Dai C, Li X, et al. Mind4-17 Protects Retinal
Pigment Epithelium Cells and Retinal Ganglion Cells From UV. Oncotarget
(2017) 852:89793–801. doi: 10.18632/oncotarget.21131

29. Di G, Wang Z, Wang W, Cheng F, Liu H. AntagomiR-613 Protects Neuronal
Cells From Oxygen Glucose Deprivation/Re-Oxygenation Via Increasing
SphK2 Expression. Biochem Biophys Res Commun (2017) 4931:188–94.
doi: 10.1016/j.bbrc.2017.09.049

30. Xu M, Wang Y, Zhou LN, Xu LJ, Jin ZC, Yang DR, et al. The Therapeutic
Value of SC66 in Human Renal Cell Carcinoma Cells. Cell Death Dis (2020)
115:353. doi: 10.1038/s41419-020-2566-1

31. Gong L, Yang B, Xu M, Cheng B, Tang X, Zheng P, et al. Bortezomib-Induced
Apoptosis in Cultured Pancreatic Cancer Cells Is Associated With Ceramide
Frontiers in Oncology | www.frontiersin.org 12
Production. Cancer Chemother Pharmacol (2014) 731:69–77. doi: 10.1007/
s00280-013-2318-3

32. Laplante M, Sabatini DM. mTOR Signaling in Growth Control and Disease.
Cell (2012) 1492:274–93. doi: 10.1016/j.cell.2012.03.017

33. Sabatini DM. mTOR and Cancer: Insights Into a Complex Relationship. Nat
Rev Cancer (2006) 69:729–34. doi: 10.1038/nrc1974

34. Hirai H, Sootome H, Nakatsuru Y, Miyama K, Taguchi S, Tsujioka K, et al.
Mk-2206, an Allosteric Akt Inhibitor, Enhances Antitumor Efficacy by
Standard Chemotherapeutic Agents or Molecular Targeted Drugs In Vitro
and In Vivo. Mol Cancer Ther (2010) 97:1956–67. doi: 10.1158/1535-
7163.MCT-09-1012

35. Yap TA, Yan L, Patnaik A, Fearen I, Olmos D, Papadopoulos K, et al. First-in-
Man Clinical Trial of the Oral pan-AKT Inhibitor MK-2206 in Patients With
Advanced Solid Tumors. J Clin Oncol (2011) 2935:4688–95. doi: 10.1200/
JCO.2011.35.5263

36. Pike KG, Malagu K, Hummersone MG, Menear KA, Duggan HM, Gomez S,
et al. Optimization of Potent and Selective Dual mTORC1 and mTORC2
Inhibitors: The Discovery of AZD8055 and AZD2014. Bioorg Med Chem Lett
(2013) 235:1212–6. doi: 10.1016/j.bmcl.2013.01.019

37. Zhang H, Dou J, Yu Y, Zhao Y, Fan Y, Cheng J, et al. Mtor ATP-competitive
Inhibitor INK128 Inhibits Neuroblastoma Growth Via Blocking mTORC
Signaling. Apoptosis (2015) 201:50–62. doi: 10.1007/s10495-014-1066-0

38. Wang Y, Shen Y, Sun X, Hong TL, Huang LS, Zhong M. Prognostic Roles of
the Expression of sphingosine-1-phosphate Metabolism Enzymes in Non-
Small Cell Lung Cancer. Transl Lung Cancer Res (2019) 85:674–81.
doi: 10.21037/tlcr.2019.10.04

39. Gachechiladze M, Tichy T, Kolek V, Grygarkova I, Klein J, Mgebrishvili G,
et al. Sphingosine Kinase-1 Predicts Overall Survival Outcomes in Non-Small
Cell Lung Cancer Patients Treated With Carboplatin and Navelbine. Oncol
Lett (2019) 182:1259–66. doi: 10.3892/ol.2019.10447

40. Zhu L, Wang Z, Lin Y, Chen Z, Liu H, Chen Y, et al. Sphingosine Kinase 1
Enhances the Invasion and Migration of non-Small Cell Lung Cancer Cells Via
the AKT Pathway. Oncol Rep (2015) 333:1257–63. doi: 10.3892/or.2014.3683

41. Song L, Xiong H, Li J, Liao W, Wang L, Wu J, et al. Sphingosine Kinase-1
Enhances Resistance to Apoptosis Through Activation of PI3K/Akt/NF-
kappaB Pathway in Human Non-Small Cell Lung Cancer. Clin Cancer Res
(2011) 177:1839–49. doi: 10.1158/1078-0432.CCR-10-0720

42. Dobashi Y, Suzuki S, Kimura M, Matsubara H, Tsubochi H, Imoto I, et al.
Paradigm of Kinase-Driven Pathway Downstream of Epidermal Growth
Factor Receptor/Akt in Human Lung Carcinomas. Hum Pathol (2011)
422:214–26. doi: 10.1016/j.humpath.2010.05.025

43. Hiramatsu M, Ninomiya H, Inamura K, Nomura K, Takeuchi K, Satoh Y, et al.
Activation Status of Receptor Tyrosine Kinase Downstream Pathways in
Primary Lung Adenocarcinoma With Reference of KRAS and EGFR
Mutations. Lung Cancer (2010) 701:94–102. doi: 10.1016/j.lungcan.2010.01.001

44. Dobashi Y, Suzuki S, Matsubara H, Kimura M, Endo S, Ooi A. Critical and
Diverse Involvement of Akt/mammalian Target of Rapamycin Signaling in
Human Lung Carcinomas. Cancer (2009) 1151:107–18. doi: 10.1002/
cncr.23996

45. Herrera VA, Zeindl-Eberhart E, Jung A, Huber RM, Bergner A. The Dual
PI3K/mTOR Inhibitor BEZ235 is Effective in Lung Cancer Cell Lines.
Anticancer Res (2011) 313:849–54.

46. Janne PA, Cohen RB, Laird AD, Mace S, Engelman JA, Ruiz-Soto R, et al.
Phase I Safety and Pharmacokinetic Study of the PI3K/mTOR Inhibitor
SAR245409 (XL765) in Combination With Erlotinib in Patients With
Advanced Solid Tumors. J Thorac Oncol (2014) 93:316–23. doi: 10.1097/
JTO.0000000000000088

47. Ma Y, Xing X, Kong R, Cheng C, Li S, Yang X, et al. SphK1 Promotes
Development of Nonsmall Cell Lung Cancer Through Activation of STAT3.
Int J Mol Med (2020) 47:374–86. doi: 10.3892/ijmm.2020.4796

48. Ni M, Shi XL, Qu ZG, Jiang H, Chen ZQ, Hu J. Epithelial Mesenchymal
Transition of Non-Small-Cell Lung Cancer Cells A549 Induced by SPHK1.
Asian Pac J Trop Med (2015) 82:142–6. doi: 10.1016/S1995-7645(14)60305-9

49. Ge G, Yan Y, Cai H. Ginsenoside Rh2 Inhibited Proliferation by Inducing
ROS Mediated Er Stress Dependent Apoptosis in Lung Cancer Cells. Biol
Pharm Bull (2017) 4012:2117–24. doi: 10.1248/bpb.b17-00463

50. Yang CL, Ma YG, Xue YX, Liu YY, Xie H, Qiu GR. Curcumin
Induces Small Cell Lung Cancer NCI-H446 Cell Apoptosis Via the
June 2021 | Volume 11 | Article 669518

https://doi.org/10.5732/cjc.011.10281
https://doi.org/10.1158/1535-7163.MCT-10-0905
https://doi.org/10.1186/1756-9966-33-52
https://doi.org/10.1016/j.neuropharm.2018.08.002
https://doi.org/10.1016/j.neuropharm.2019.107812
https://doi.org/10.3390/cancers11060775
https://doi.org/10.1021/acs.jmedchem.8b01262
https://doi.org/10.1021/acs.jmedchem.8b01262
https://doi.org/10.1016/j.bbrc.2018.10.087
https://doi.org/10.1016/j.bbrc.2018.07.046
https://doi.org/10.18632/aging.103845
https://doi.org/10.1016/j.canlet.2020.02.018
https://doi.org/10.1016/j.canlet.2020.02.018
https://doi.org/10.1016/j.canlet.2018.11.028
https://doi.org/10.1016/j.canlet.2018.11.028
https://doi.org/10.1007/s13277-015-3922-0
https://doi.org/10.1038/s41419-020-03146-w
https://doi.org/10.18632/oncotarget.21131
https://doi.org/10.1016/j.bbrc.2017.09.049
https://doi.org/10.1038/s41419-020-2566-1
https://doi.org/10.1007/s00280-013-2318-3
https://doi.org/10.1007/s00280-013-2318-3
https://doi.org/10.1016/j.cell.2012.03.017
https://doi.org/10.1038/nrc1974
https://doi.org/10.1158/1535-7163.MCT-09-1012
https://doi.org/10.1158/1535-7163.MCT-09-1012
https://doi.org/10.1200/JCO.2011.35.5263
https://doi.org/10.1200/JCO.2011.35.5263
https://doi.org/10.1016/j.bmcl.2013.01.019
https://doi.org/10.1007/s10495-014-1066-0
https://doi.org/10.21037/tlcr.2019.10.04
https://doi.org/10.3892/ol.2019.10447
https://doi.org/10.3892/or.2014.3683
https://doi.org/10.1158/1078-0432.CCR-10-0720
https://doi.org/10.1016/j.humpath.2010.05.025
https://doi.org/10.1016/j.lungcan.2010.01.001
https://doi.org/10.1002/cncr.23996
https://doi.org/10.1002/cncr.23996
https://doi.org/10.1097/JTO.0000000000000088
https://doi.org/10.1097/JTO.0000000000000088
https://doi.org/10.3892/ijmm.2020.4796
https://doi.org/10.1016/S1995-7645(14)60305-9
https://doi.org/10.1248/bpb.b17-00463
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zha et al. PQR620 Inhibits NSCLC Cells
Reactive Oxygen Species-Mediated Mitochondrial Pathway and Not the
Cell Death Receptor Pathway. DNA Cell Biol (2012) 312:139–50.
doi: 10.1089/dna.2011.1300

51. Srivastava RK, Pant AB, Kashyap MP, Kumar V, Lohani M, Jonas L, et al.
Multi-Walled Carbon Nanotubes Induce Oxidative Stress and Apoptosis in
Human Lung Cancer Cell Line-A549. Nanotoxicology (2011) 52:195–207.
doi: 10.3109/17435390.2010.503944

52. Vestergaard HH, Christensen MR, Lassen UN. A Systematic Review of
Targeted Agents for Non-Small Cell Lung Cancer. Acta Oncol (2018)
572:176–86. doi: 10.1080/0284186X.2017.1404634

53. Ricciuti B, Mencaroni C, Paglialunga L, Paciullo F, Crino L, Chiari R, et al.
Long Noncoding RNAs: New Insights Into Non-Small Cell Lung Cancer
Biology, Diagnosis and Therapy. Med Oncol (2016) 332:18. doi: 10.1007/
s12032-016-0731-2
Frontiers in Oncology | www.frontiersin.org 13
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The reviewer CC declared a shared affiliation with one of the authors WX to the
handling editor at the time of the review.

Copyright © 2021 Zha, Xia, Ye, Hu, Zhang, Xiao, Yu, Xu and Xu. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
June 2021 | Volume 11 | Article 669518

https://doi.org/10.1089/dna.2011.1300
https://doi.org/10.3109/17435390.2010.503944
https://doi.org/10.1080/0284186X.2017.1404634
https://doi.org/10.1007/s12032-016-0731-2
https://doi.org/10.1007/s12032-016-0731-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	The Anti-Non-Small Cell Lung Cancer Cell Activity by a mTOR Kinase Inhibitor PQR620
	Introduction
	Materials and Methods
	Chemicals and Reagents
	Cells
	Colony Formation
	Cell Cycle Studies
	Western Blotting
	Co-Immunoprecipitation (Co-IP)
	Quantitative Real-Time Reverse Transcriptase Polymerase Chain Reaction (qPCR)
	EdU Assays
	CCK-8 Assay
	Trypan Blue Assaying of Cell Death
	Apoptotic Nuclei Assays
	Annexin V FACS
	Mitochondrial Depolarization
	Transwell Assays
	Single-Strand DNA (ssDNA) Detection
	Constitutively Active Mutant Akt1
	Akt1/2 shRNA
	Lipid Peroxidation Assay
	Assaying of Reactive Oxygen Species (ROS) Contents
	Assaying of Sphingosine Kinase 1 (SphK1) Activity and Ceramide Contents
	Tumor Xenograft Studies
	Statistical Analysis

	Results
	PQR620 Exerts Robust Anti-NSCLC Cell Activity
	PQR620 Provokes Apoptosis Activation in NSCLC Cells
	PQR620 Blocks mTOR Activation in NSCLC Cells
	PQR620-Induced Anti-NSCLC Cell Activity Is Not Solely Dependent on Akt-mTOR Inhibition
	PQR620 Inhibits SphK1 Activity and Induces Oxidative Injury in NSCLC Cells
	PQR620 Administration Inhibits NSCLC Xenograft Growth in SCID Mice

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


