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Abstract: Anticancer therapies reportedly promote pro-survival autophagy in cancer cells that confers
drug resistance, rationalizing the concept to combine autophagy inhibitors to increase their therapeutic
potential. We previously identified that MPTOL145 is a PIK3C3/FGFR inhibitor that not only increases
autophagosome formation due to fibroblast growth factor receptor (FGFR) inhibition but also perturbs
autophagic flux via PIK3C3 inhibition in bladder cancer cells harboring FGFR activation. In this study,
we hypothesized that combined-use of MPTOL145 with agents that induce pro-survival autophagy
may provide synthetic lethality in cancer cells without FGFR activation. The results showed that
MPTO0L145 synergistically sensitizes anticancer effects of gefitinib and gemcitabine in non-small
cell lung cancer A549 cells and pancreatic cancer PANC-1 cells, respectively. Mechanistically, drug
combination increased incomplete autophagy due to impaired PIK3C3 function by MPTOL145 as
evidenced by p62 accumulation and no additional apoptotic cell death was observed. Meanwhile,
drug combination perturbed survival pathways and increased vacuolization and ROS production in
cancer cells. In conclusion, the data suggest that halting pro-survival autophagy by targeting PIK3C3
with MPTOL145 significantly sensitizes cancer cells to targeted or chemotherapeutic agents, fostering
rational combination strategies for cancer therapy in the future.

Keywords: autophagy; gefitinib; gemcitabine; PIK3C3; synergism

1. Introduction

Autophagy is a catabolic process by which cells digest their own cellular contents, including amino
acids, fatty acid, nucleotides and injured organelles [1]. There are mainly three types of autophagy,
which are called macroautophagy, microautophagy and chaperone-mediated autophagy (CMA) [2,3].
Macroautophagy (hereafter referred to as autophagy) involves the formation of double-membrane
structures known as autophagosomes to engulf damaged organelles or unused proteins, which
ultimately fuse with lysosomes to degrade its contents. Microautophagy, on the other hand,
engulfs cytoplasmic substances directly into the lysosome by inward folding of the lysosomal
membrane. During CMA, the targeted proteins containing the recognition site for hsc70, allowing
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it to bind to chaperon and form the CMA-substrate/chaperone complex. The complex then binds to
lysosome-associated membrane protein type 2A (LAMP-2A) and targeted proteins were unfolded and
translocated across lysosomal membrane for degradation.

Anticancer therapies reportedly induce pro survival autophagy in cancer cells that confers drug
resistance, which rationalizes the concept to combine autophagy inhibitors with different anticancer
drugs or radiation to increase their therapeutic potential [4,5]. Several clinical trials make use of
chloroquine or hydroxychloroquine to interfere with the fusion of autophagosomes and lysosomes [6,7].
Overall, these studies have demonstrated effective doses for hydroxychloroquine with tolerable
side effects and have shown some promising therapeutic benefit [8]. However, higher dosages
of hydroxychloroquine up to 1200 mg/d were needed to reach partial response or stable disease.
Meanwhile, irreversible visual loss due to retinal toxicity from higher doses of hydroxychloroquine
was also reported [9,10]. Therefore, there is still an unmet medical need to discover more potent and
specific autophagy inhibitors.

PIK3C3 (alternatively termed VPS34), which belongs to class III PI3K, is an indispensable kinase
during the process of autophagy [11]. Currently, two types of PIK3C3-containing complex were
reported to be crucial to the progress of autophagy [12,13]. Both of them contain the core machinery of
PIK3C3, PIK3R4 and BECN1. Complex I contains ATG14 and NRBF2, generating phosphatidylinositol
3-phosphate (PtdIns3P) to recruit the double-FYVE containing proteinl (DFCP-1) and the WD-repeat
domain phosphoinositide-interacting proteins (WIPI) family proteins to the phagophore during
autophagy initiation. Complex II, which contains UVRAG, is principally involved in autophagosome
maturation and endosome maturation. Recently, autophagy has emerged as an attractive target for cancer
therapy and selective PIK3C3 inhibitors were also developed as a new approach to block autophagy, such
as the pyrimidinone (SAR405) and the bisaminopyrimidine (VPS34-IN1, PIK-III) compounds [14,15].

Previously, we reported that MPT0L145 is a first-in-class PIK3C3/FGFR inhibitor that not only
increases autophagosome formation due to FGFR inhibition but simultaneously perturbs autophagy
flux via PIK3C3 inhibition in bladder cancer cells harboring aberrant fibroblast growth factor receptor
(FGFR) activation [16,17]. Dual inhibition of PIK3C3 and FGEFR results in cytoplasmic vacuolization at
peri-nuclear region, which promotes mitochondrial damage, reactive oxygen species (ROS) production
and DNA damage. Importantly, the study revealed that MPT0L145 sensitizes the anticancer activities of
several autophagy inducers, such as cisplatin, rapamycin and BGJ398 in bladder cancer cells. Therefore,
we hypothesized that combined-use of MPTOL145 with agents that induce pro-survival autophagy
may provide synthetic lethality in cancer cells without FGFR activation. The results showed that
MPTOL145 synergistically sensitizes the anticancer effects of gefitinib and gemcitabine in non-small
cell lung cancer A549 cells and pancreatic cancer PANC-1 cells, respectively. Mechanistically, drug
combination increased incomplete autophagy due to impaired PIK3C3 function by MPTOL145 and no
pronounced apoptotic cell death was observed. Additionally, drug combination perturbed survival
pathways and increased ROS production in cancer cells. In conclusion, this study provides a rational
combination strategy by targeting PIK3C3 to overcome drug resistance associated with pro-survival
autophagy for cancer therapy.
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2. Results

2.1. Combined-Use of MPTOL145 with Targeted or Chemotherapeutic Agents Provides Synthetic Lethality in
Cancer Cells

Gefitinib is a first-line targeted therapy for non-small cell lung cancer in patients harboring active
mutation of EGFR [18]. Gemcitabine has been successfully used as a chemotherapeutic agent in various
malignancies, including pancreatic cancer [19]. However, both of them have been reported to induce
pro-survival autophagy that confers drug resistance [4,5]. Elevated basal autophagy in gefitinib- or
gemcitabine-resistant cells was also reported [20,21]. In this study, we chose A549 and PANC-1 cells
to conduct the following experiments as they are primarily resistant to gefitinib and gemcitabine,
respectively [22,23]. We first confirmed the effects of gefitinib and gemcitabine on autophagy in
A549 and PANC-1 cells. The results showed that both gefitinib and gemcitabine were able to induce
autophagy, as evident by the increased expression of LC3B-II (Figure 1A and 1B). These data confirmed
that targeted- or chemo-therapeutic agents induce autophagy in cancer cells, which led us to hypothesize
that targeting autophagy by a novel PIK3C3 inhibitor, MPTOL145 [16], might increase their sensitivity.
The data revealed that neither gefitinib nor MPTOL145 decreased more than 50% of cell viability as a
single agent in A549 cells. However, MPTOL145 synergistically sensitized the cells to gefitinib in a
concentration-dependent manner and the combination index (CI) values are all below 1 (Figure 2A,
Table S1). The same phenomenon was observed in PANC-1 cells by the combination of gemcitabine
and MPTOL145 (Figure 2B, Table S1). We further confirmed the results by trypan blue exclusion assay,
suggesting synergistic interaction of MPTOL145 with gefitinib or gemcitabine in A549 and PANC-1
cells, respectively (Figure 2C,D, Table S1). These results indicated that halting autophagy by MPT0L145
is a promising approach to increase the efficacy of targeted or chemotherapeutic agents in cancer cells.

A A549 (Gefitinib, 24h) B panc (Gemcitabine, 24h)
0 12525 5 10 20 (uM) 0 3.1256.2512.5 25 50 (uM)
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Figure 1. Effects of targeted or chemotherapeutic agents on autophagy in cancer cells. (A) A549 and
(B) PANC-1 cells were treated with indicated drugs for 24h and subjected to western blot analysis by
antibodies against LC3B and GAPDH.
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Figure 2. MPTOL145 sensitized cancer cells to targeted or chemotherapeutic agents. (A,C) A549 cells
were treated with indicated concentrations of gefitinib in the absence or presence of MPTOL145 for
72 h and subjected to MTT assay (A) or trypan blue exclusion assay (C). Data are expressed as means
+S.D. (N =3, *p <0.05 **p < 0.001 compared to gefitinib alone). (B,D) PANC-1 cells were treated
with indicated concentrations of gemcitabine in the absence or presence of MPT0L145 for 72 h and
subjected to MTT assay (B) or trypan blue exclusion assay (D). Data are expressed as means + S.D.
(N=3,*p<0.05 *p <0.01, ** p <0.001 compared to gemcitabine alone).

2.2. PIK3C3 Knockdown Mimics the Effects of MPTOL145

To further confirm that the synergistic effects result from inhibition of PIK3C3, we stably knocked
down PIK3C3 in A549 and PANC-1 cells via lentiviral transduction of shRNA targeting PIK3C3 gene.
The system displayed high knockdown efficiency between 80% to 90% in A549 (Figure S1A) and
PANC-1 (Figure S1B) cells, with no appreciable effects on the growth rate. As shown in Figure 3A,
knocking down of PIK3C3 increased the cytotoxic effects of gefitinib and gemcitabine in A549 and
PANC-1 cells, respectively. To further examine the effects of drug combination on autophagy, we
monitored the expression of LC3B-1I and p62 by western blot analysis. In A549 cells, gefitinib increased
the expression of LC3B-II in a concentration-dependent fashion (Figure 3B, lane 1-3). When combining
with MPTOL145, autophagic flux was blocked as evident by the accumulation of p62 (Figure 3B, lane
4-6). Knocking down of PIK3C3 mimicked the effects of MPTOL145 (Figure 3B, lane 7-12). The same
phenomenon was observed in PANC-1 cells by the combination of gemcitabine and MPT0L145
(Figure 3C). Together, MPT(OL145 sensitized cancer cells to targeted or chemotherapeutic agents via
inhibition of PIK3C3, which perturbed the process of autophagy.
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Figure 3. Effects of drug combination or PIK3C3-knockdown on autophagy in cancer cells. (A) PIK3C3
was stably knocked down in A549 (left panel) and PANC-1 cells (right panel) and exposed to indicated
concentrations of gefitinib and gemcitabine, respectively. Cell viability of parental or PIK3C3-knockdown
cells were measured by MTT assay. Data are expressed as means + S.D. (N =3, ** p < 0.01, ** p < 0.001
compared to wild-type group). (B) A549 cells were treated with gefitinib in the presence of MPTOL145
in parental cells or gefitinib alone in PIK3C3-knockdown cells for 24h and subjected to western blot
analysis. (C) PANC-1 cells were treated with gemcitabine in the presence of MPTOL145 in parental cells
or gemcitabine alone in PIK3C3-knockdown cells for 24h and subjected to western blot analysis.

2.3. Drug Combination Displays no Effect on Cell Cycle and Apoptosis

To further examine the underlying mechanism of cell death induced by drug combination,
we firstly analyzed the effects on cell cycle progression by PI staining and flow cytometry. In A549
cells, gefitinib alone slightly increased the cells in S phase. MPTOL145 alone slightly increased the
cells in Gy/G; phase but the phenomenon was not further enhanced by the combination with gefitinib
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(Figure 4A). In PANC-1 cells, gemcitabine alone increased the cells in S and subG1 phase, accompanied
by the decrease in G2/M phase. But the combination with MPTOL145 had no further effects on cell cycle
distribution (Figure 4B). The data also revealed that apoptotic cell death was not further enhanced by
combining with MPTOL145, as evidenced by Annexin V/PI staining method (Figure 4C,D). Moreover,
the results were further confirmed in both A549 (Figure 4E) and PANC-1 (Figure 4F) cells by detecting
the cleavage of PARP and caspase-3 where paclitaxel was included as a positive control. In summary,
drug combination showed no further effects on cell cycle progression and apoptosis in cancer cells.
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Figure 4. Effects of drug combination on cell cycle distribution and apoptosis. (A,C) A549 and
(B,D) PANC-1 cells were respectively treated with MPT0L145 (4 uM) in the presence of gefitinib or
gemcitabine for 72h. The cells were then stained with propidium iodide solution (A,B) or Annexin
V-FITC/PI solution (C,D) and analyzed by flow cytometry. Paclitaxel (Taxol, 0.1 uM) was included as a
positive control of apoptosis. (E) A549 and (F) PANC-1 cells were exposed to MPTOL145 (4 uM) in
the presence or absence of gefitinib or gemcitabine, respectively for 72h. The cells were subjected to
western blot analysis by using antibodies against PARP, caspase-3 and GAPDH.
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2.4. Drug Combination Perturbs Cell Survival Pathways in Cancer Cells

In non-small cell lung cancers, the signaling from EGFR to the phosphorylation of Akt and ERK
was correlated with the sensitivity of gefitinib [22]. Moreover, overexpression of 3-catenin is reportedly
correlated to gefitinib-resistance [24,25]. In pancreatic cancers, ERK1/2 activity confers the resistance
to gemcitabine [26]. Inhibition of AKT2 activity reportedly increases the sensitivity of gemcitabine
in human pancreatic ductal adenocarcinoma [27]. Hence, we further examine the effects of drug
combination on the protein levels of key molecules in cell survival pathways. The results revealed that
gefitinib alone slightly decreases protein levels of EGFR and (3-catenin, whereas pAKT and pErk were
increased in A549 cells. However, protein expression of EGFR, 3-catenin, pAKT and pERK and were
decreased upon the treatment of gefitinib and MPT0L145 in A549 cells (Figure 5A). In PANC-1 cell,
gemcitabine itself slightly decreased protein levels of EGFR and pAKT. The combination of gemcitabine
and MPTOL145 further decreased the expression of EGFR and pAKT (Figure 5B). The effects on
EGFR/pERK signaling pathway were also observed at lower concentrations of gefitinib or gemcitabine
when combining with MPTOL145 (Figure S2A,B). Together, drug combination perturbs survival
pathways in cancer cells, such as EGFR and {3-catenin.
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Figure 5. Effects of drug combination on cell survival pathways in cancer cells. (A) A549 and (B)
PANC-1 cells were treated with MPTOL145 (L145, 4 uM) in combination with gefitinib or gemcitabine,
respectively for 72h. The cells were then subjected to western blot analysis.

2.5. Drug Combination Increases Intracellular Vacuolization and Reactive Oxygen Species (ROS) Level

MPTOL145 reportedly increases cytoplasmic vacuolization at the peri-nuclear region, which partly
contributes to cell death via ROS accumulation and DNA damage [16]. Therefore, we examine the
effects of drug combination on morphological changes via phase-contrast microscopy as well as ROS
production by staining with a fluorescent probe H,DCFDA. In A549 cells, MPTOL145 induced large
phase-lucent vacuoles but the phenomenon was not further increased by the combination of gefitinib
(Fig 6A, upper panel). MPTOL145 promoted the formation of small vacuoles in PANC-1 cells, which
became larger when combined with gemcitabine (Figure 6A, lower panel). Meanwhile, the data
suggested that the combination of gefitinib and MPTOL145 increased greater intracellular ROS level
than each drug alone in A549 cells (Figure 6B). The same result was also observed in PANC-1 cells
under the combination of gemcitabine and MPTOL145 (Figure 6C). ROS is reportedly one of the driving
force to trigger necroptosis, a type of programmed necrosis [28]. However, the possibility of necrosis
was excluded by detecting the release of LDH in culture media (Figure 6D,E). Together, we conclude
that drug combination increased intracellular vacuolization and ROS accumulation in cancer cells.
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Figure 6. Drug combination increases intracellular vacuolization and reactive oxygen species (ROS)
level in cancer cells. (A) A549 (upper panel) and PANC-1 (lower panel) cells were exposed to MPTOL145
(4 uM) alone and in combination with gefitinib (10 uM) or gemcitabine (100 uM) for 48h, respectively.
Cell morphology was examined with the EVOS XL Core Cell Imaging System (Thermo Scientific).
Intracellular vacuoles are indicated by white arrowheads. Scale bars: 100 um. (B) A549 and (C) PANC-1
cells were treated with MPTOL145 (L145, 4 uM) in the presence of gefitinib (Gef, 10 uM) or gemcitabine
(Gem, 100 uM), respectively for 72h. The cells were stained with HyDCFDA and intracellular ROS
levels were measured by flow cytometry. Data are expressed as means + S.D. (N = 3, * p < 0.05,
** p < 0.01 compared to control group; * p < 0.05, # p < 0.01, ## p < 0.001 compared to combination
group). (D) A549 and (E) PANC-1 cells were treated with MPTOL145 (L145, 4 uM) in the presence of
gefitinib (Gef, 10 pM) or gemcitabine (Gem, 100 uM), respectively for 72h. Culture media or total cell
lysates (TCL) from untreated cells, which served as maximum LDH release control, were collected and
subjected to LDH analysis. Data were represented by the percentage of control group.
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3. Discussion

Targeted therapies or chemotherapeutic agents reportedly increase pro-survival autophagy in
different types of cancer cells that results in drug resistance [4,5]. In several clinical trials, high doses
of hydroxychloroquine were utilized to block autophagy by alkalinizing lysosomes that increased
the therapeutic potential of anticancer drugs [6]. Overall, these studies have demonstrated effective
doses for hydroxychloroquine with tolerable side effects and have shown some promising therapeutic
benefit. However, there are some limitations of hydroxychloroquine that may be obstacles to successful
clinical use. First, higher doses of hydroxychloroquine up to 1200 mg/d were used that only provide a
partial response or stable disease [29]. However, irreversible visual loss due to retinal toxicity from
high doses of hydroxychloroquine was reported [9,10]. Second, PPT1 was recently identified as a
lysosomal target of hydroxychloroquine [30]. As the inactive mutations in PPT1 gene lead to fatal
neurodegeneration in infantile neuronal cerebral lipofuscinosis (INCL) patients, the second generation
of chloroquine derivatives that penetrate the blood-brain barrier are more likely to have CNS toxicity
in the future [31]. Therefore, there is still an unmet medical need for discovering potent and specific
autophagy inhibitors.

Recently, specific inhibitors that perturb the autophagy-inducing proteins and lipid kinases were
developed by targeting ULK1 and PIK3C3 (VPS34), respectively [14,15]. MPTOL145 is a highly potent
inhibitor of PIK3C3 with a Kd value of 0.53 nM with minor activity to FGFR that interferes autophagy
flux in FGFR-activating bladder cancer cells [16]. Base on the hypothesis, we aim to examine the
effects of combined-use of MPTOL145 with anticancer drugs reportedly induce pro-survival autophagy
to increase their therapeutic efficacy. The results showed that MPT0L145 synergistically sensitizes
the anticancer effects of gefitinib and gemcitabine in A549 cells and PANC-1 cells, respectively.
Knocking down of PIK3C3 mimicked the effects of MPTOL145 (Figure 2C), excluding the involvement
of its FGFR inhibitory activity. It has been reported that chloroquine is able to overcome innate or
acquired resistance to gefitinib and erlotinib in non-small-cell lung cancer cells [20,32,33]. Meanwhile,
an autophagy inhibitor verteporfin reportedly enhances the antitumor effect of gemcitabine in a
pancreatic ductal adenocarcinoma model in vitro and in vivo [34]. We also observed that other PIK3C3
inhibitors, such as 3-methyladenine (3-MA) and SAR-405, were able to provide synergisms with
gefitinib in A549 cells and gemcitabine in PANC-1 cells (Figure S3,4). These findings support our
findings that combined use of MPTOL145 with gefitinib or gemcitabine provides synergistic effects
in lung and pancreatic cells. Therefore, this study proofed our concept that targeting PIK3C3 to
overcome drug resistance associated with pro-survival autophagy for cancer therapy. Of note, higher
concentrations of gefitinib and gemcitabine were used in the current study. Co-delivery of gefitinib
and chloroquine by nanoparticles showed higher inhibition rates and enhance apoptosis than free
drugs to overcome acquired resistance [35]. Therefore, it is important to solve the pharmacokinetic
issue to improve the translational potential in the clinical setting.

Although combined use of autophagy inhibitors and anticancer agents has shown promising
outcome in the clinical setting [8], the detailed mechanism of cancer cell death remains elusive. Liu et al.
revealed that inhibition of autophagy causes elevated proteasomal activity leading to enhanced
degradation of checkpoint kinase 1 (Chk1), which subsequently impaired the error-free DNA repair
process, homologous recombination (HR). Therefore, the combination of autophagy inhibitors with
agents that cause DNA damage may provide a strategy to induce synthetic lethality in cancer cells [36].
In human lung cancer cells, EGFR inhibition activates autophagy as a cytoprotective response [37].
Autophagy inhibition overcomes the resistance to EGFR inhibitors in lung cancer cells via Foxo3a
activation or ER-stress, leading to apoptosis [38,39]. However, no additional apoptotic cell death was
observed through the combination of MPTOL145 and gefitinib in A549 cells. Therefore, inhibition
of autophagy flux by MPTOL145 may enhance the cytotoxicity of EGFR inhibitors via a unique type
of cell death other than apoptosis. From our previous study, intracellular and mitochondrial ROS
were elevated by the treatment of MPT0L145 and that associates with DNA damage response and cell
death [16]. In the current study, we observed that intracellular vacuoles and ROS levels were increased
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under drug combination. As drug-induced vacuolization reportedly increases non-apoptotic cell death,
resulting from the production of ROS [40,41]. JNK activation reportedly correlated with methuosis,
a type of non-apoptotic cell death and mitochondrial ROS production [42,43]. These findings warrant
further study on the underlying mechanisms of synergism by the combination of MPT0L145 with
gefitinib or gemcitabine.

In the current study, we observed that MPTOL145 in combination with gefitinib or gemcitabine
decreases the protein levels of EGFR and (-catenin (Figure 5A,B). It has been reported that EGFR
is required for KRAS-induced pancreatic tumorigenesis and therefore served as a therapeutic target
for pancreatic cancer [44,45]. Gemcitabine plus erlotinib showed benefit in advance pancreatic
patients [46,47]. Moreover, wnt/[3-catenin pathway confers chemoresistance in pancreatic cancers [48,49].
In line with our observations, MPTOL145 may provide benefit in sensitizing the clinical use of EGFR
inhibitors or gemcitabine for the treatment of pancreatic cancer. Meanwhile, the mechanism by which
the drug combination-mediated downregulation of EGFR and (3-catenin is worthy to be elucidated in
the future.

4. Materials and Methods

4.1. Cell Culture, Antibodies and Reagents

Ab549 cells were cultured in RPMI 1640 and Panc 1 cells were cultured in DMEM, supplemented
with 10% (v/v) FBS and 1% (v/v) antibiotic-antimycotic solution (Thermo Fisher Scientific, Waltham,
MA, USA) at 37 °C in a humidified incubator containing 5% CO,. MPT0L145 was synthesized by Dr.
Jing-ping Liou according to previous publications [17] and is covered by PCT/US2016/043203 filed
on 20 July 2016. Gefitinib, gemcitabine and paclitaxel were purchased from Cayman Chemical (Ann
Arbor, MI, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was obtained
from Sigma Chemical Corp (St. Louis, MO, USA). Antibodies against various proteins were obtained
from the following sources: caspase-3, LC3B from Novus biologicals (Littleton, CO, USA); 3-catenin,
EGFR, PARP, pAKT, AKT, pErk and Erk from Cell Signaling Technology (Danvers, MA, USA) and
PIK3C3 and GAPDH from Genetex (Irvine, CA, USA).

4.2. Cell Viability, Trypan Blue Exclusion Assay and Lactate Dehydrogenase (LDH) Assay

Cells were seeded in 96-well plates and exposed to indicated compounds for 72 h. Cell viability
was examined by MTT assay as described previously [50]. For trypan blue exclusion assay, the cells
were collected by trypsinization and diluted by 0.4% trypan blue solution (1:1). The percentage of
trypan blue negative cells were determined by LUNA-II™ Automated Cell Counter (Logos Biosystems,
Gyeonggi-do, Korea). For drug interaction study, the combination index (CI) value was generated from
the fraction-affected value of each combination according to the Chou-Talalay method by the CompuSyn
software (ComboSyn, Inc., Paramus, NJ, USA) [51]. A combination index value below 1 represents
synergism. For LDH assay, cells were seeded in 96-well plates and treated with drugs at indicated
concentrations for 72 h, followed by measuring LDH release in culture media by using the CytoTox 96
Non-Radioactive Cytotoxicity Assay Kit (Promega) according to the manufacturer’s protocol.

4.3. Cell Cycle and Apoptosis Analysis

Cells were seeded in 6-well plates and treated with indicated compounds for 72 h. The cells were
trypsinized, washed one time by PBS and fixed with ethanol (70%) at —20 °C overnight. The cells were
pelleted by centrifugation and incubated in 0.1 mL of phosphate-citric acid buffer (0.2 M NaHPO4,
0.1 M citric acid and pH 7.8) for 15 min at room temperature and then re-suspended in propidium
iodide staining buffer containing Triton X-100 (0.1%, v/v), RNase A (100 pg/mL) and propidium iodide
(80 ng/mL) for 30 minutes in the dark. Cell cycle distribution was analyzed by flow cytometry with
CellQuest software (Becton Dickinson, Mountain View, CA, USA) according to previous published
methods [17]. For the detection of apoptosis, the cells were harvested by trypsinization and subjected to
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the staining of Annexin V-FITC/PI for 15 minutes according to the manufacturer’s instruction (Thermo
Fisher Scientific, Waltham, MA, USA). The cells were analyzed by flow cytometry with CellQuest
software. The cells that were positive for Annexin V and PI were considered late apoptotic cells.

4.4. Intracellular ROS Analysis

Cells were seeded in 6-well plates, exposed to indicated compounds for 72 h and harvested by
trypsinization. Then the cells were stained with 0.1 uM H,DCFDA (Cat#10058; Biotium, Fremont,
CA, USA) at 37 °C for 20 minutes. After washing with PBS three times, cells were subjected to ROS
detection via flow cytometry with CellQuest software according to the manufacturer’s instructions
(Becton Dickinson, Mountain View, CA, USA).

4.5. Western Blot Analysis and Lentiviral Expression System

The cells were seeded in 6-well plates or 60 mm dishes and exposed to different compounds for
indicated times. After treatment, equal amounts of protein were separated via SDS-PAGE, transferred
to PVDF membrane and immunoblotted with specific antibodies, as described previously [16]. Band
intensities were measured by the software image J [52]. Band intensities were normalized by internal
control and the data was represented as fold of control group. The whole blots were shown in
Supplementary Figures S5 and S6. Lentiviral particles containing sShRNA plasmids of shPIK3C3
(TRCN0000296101, TRCN0000310259) were purchased from the National RNAi Core Facility (Academia
Sinica, Taiwan). Stable cell lines were selected by the treatment of puromycin (InvivoGen; San Diego,
CA, USA).

4.6. Statistical Analysis

Each experiment was performed independently with at least two biological replicates. Data in the
bar graphs are presented as means + S5.D. and analyzed by using the Student’s t-Test. p values less
than 0.05 were considered significant.

5. Conclusions

In this study, we present the results showing that MPTOL145 synergistically sensitizes the
anticancer effects of gefitinib and gemcitabine in non-small cell lung cancer A549 cells and pancreatic
cancer PANC-1 cells, respectively. Mechanistically, drug combination increased incomplete autophagy
due to impaired PIK3C3 function by MPTOL145. There was no additional apoptosis but perturbed
survival pathways and increased ROS production were observed after combining with MPTOL145.
We conclude that halting pro-survival autophagy by targeting PIK3C3 with MPTOL145 significantly
sensitizes cancer cells to targeted or chemotherapeutic agents, fostering rational combination strategies
for cancer therapy in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/9/1345/s1,
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sensitized A549 cells to gefitinib, Figure 54: Known PIK3C3 inhibitors sensitized PANC-1 cells to gemcitabine,
Table S1: The combination index (CI) values of different drug combinations in A549 and PANC-1 cells.

Author Contributions: Conceptualization, C.-H.C. and Y.Y.; Investigation, C.-H.C., T.-H.H. and Y.-C.L.; Data
curation, C.-H.C. and Y.-C.L.; Analysis, T.-H.H.; Resources, Y.-R.L. and J.-P.L.; Writing—Original Draft, C.-H.C;
Writing—Review & Editing, Y.Y.; Funding Acquisition: C.-H.C. and Y.Y.; Supervision, C.-H.C. and Y.Y.

Funding: This research was funded by the Ministry of Science and Technology of the Republic of China, grant
number MOST 106-2320-B-038-008 and by Taipei Medical University, grand number TMU104-AE1-B32 and by the
“TMU Research Center of Cancer Translational Medicine” from The Featured Areas Research Center Program
within the framework of the Higher Education Sprout Project by the Ministry of Education (MOE) in Taiwan.

Conflicts of Interest: The authors declare no conflict of interest.


http://www.mdpi.com/2072-6694/11/9/1345/s1

Cancers 2019, 11, 1345 12 of 14

References

1. Kaur, J.; Debnath, J. Autophagy at the crossroads of catabolism and anabolism. Nat. Rev. Mol. Cell Biol. 2015,
16, 461-472. [CrossRef] [PubMed]

2. Boya, P; Reggiori, F.; Codogno, P. Emerging regulation and functions of autophagy. Nat. Cell Biol. 2013, 15,
713-720. [CrossRef] [PubMed]

3.  Yang,],; Carra, S.; Zhu, W.G.; Kampinga, H.H. The regulation of the autophagic network and its implications
for human disease. Int. J. Biol. Sci. 2013, 9, 1121-1133. [CrossRef] [PubMed]

4. Kumar, A; Singh, U.K,; Chaudhary, A. Targeting autophagy to overcome drug resistance in cancer therapy.
Future Med. Chem. 2015, 7, 1535-1542. [CrossRef] [PubMed]

5. Sui, X,; Chen, R,; Wang, Z.; Huang, Z.; Kong, N.; Zhang, M.; Han, W.; Lou, F; Yang, J.; Zhang, Q.; et al.
Autophagy and chemotherapy resistance: a promising therapeutic target for cancer treatment. Cell Death Dis.
2013, 4, 838. [CrossRef] [PubMed]

6.  Chude, C.I; Amaravadi, R.K. Targeting Autophagy in Cancer: Update on Clinical Trials and Novel Inhibitors.
Int. J. Mol. Sci. 2017, 18, 1279. [CrossRef]

7. Shi, T.T,; Yu, X.X; Yan, L.J.; Xiao, H.T. Research progress of hydroxychloroquine and autophagy inhibitors on
cancer. Cancer Chemother. Pharmacol. 2017, 79, 287-294. [CrossRef]

8.  Xu,R.;Ji, Z,; Xu, C.; Zhu, ]J. The clinical value of using chloroquine or hydroxychloroquine as autophagy
inhibitors in the treatment of cancers: A systematic review and meta-analysis. Medicine (Baltimore) 2018, 97,
€12912. [CrossRef]

9. Yusuf, L.LH.; Sharma, S.; Lugmani, R.; Downes, S.M. Hydroxychloroquine retinopathy. Eye (Lond.) 2017, 31,
828-845. [CrossRef]

10. Leung, L.S; Neal, ].W.; Wakelee, H.A_; Sequist, L.V.; Marmor, M.F. Rapid Onset of Retinal Toxicity From
High-Dose Hydroxychloroquine Given for Cancer Therapy. Am. J. Ophthalmol. 2015, 160, 799-805. [CrossRef]

11.  Vanhaesebroeck, B.; Guillermet-Guibert, J.; Graupera, M.; Bilanges, B. The emerging mechanisms of
isoform-specific PI3K signalling. Nat. Rev. Mol. Cell Biol. 2010, 11, 329-341. [CrossRef] [PubMed]

12. Morris, D.H.; Yip, C.K,; Shi, Y.; Chait, B.T.; Wang, Q.]. Beclin 1-Vps34 Complex Architecture: Understanding
the Nuts and Bolts of Therapeutic Targets. Front Biol. (Beijing) 2015, 10, 398-426. [CrossRef] [PubMed]

13.  Funderburk, S.F.; Wang, Q.].; Yue, Z. The Beclin 1-VPS34 complex—At the crossroads of autophagy and
beyond. Trends Cell Biol. 2010, 20, 355-362. [CrossRef] [PubMed]

14. Pasquier, B. Autophagy inhibitors. Cell Mol. Life Sci. 2016, 73, 985-1001. [CrossRef] [PubMed]

15. Ha, J.; Kim, J. Novel pharmacological modulators of autophagy: an updated patent review (2012-2015).
Expert. Opin. Ther. Pat. 2016, 26, 1273-1289. [CrossRef] [PubMed]

16. Chen, C.H.; Changou, C.A.; Hsieh, TH.; Lee, Y.C.; Chu, C.Y,; Hsu, K.C.; Wang, H.C,; Lin, Y.C,; Lo, YN.;
Liu, Y.R,; et al. Dual Inhibition of PIK3C3 and FGFR as a New Therapeutic Approach to Treat Bladder Cancer.
Clin. Cancer Res. 2018, 24, 1176-1189. [CrossRef]

17.  Chen, C.H,; Liu, YM,; Pan, S.L,; Liu, Y.R; Liou, J.P; Yen, Y. Trichlorobenzene-substituted azaaryl compounds
as novel FGFR inhibitors exhibiting potent antitumor activity in bladder cancer cells in vitro and in vivo.
Oncotarget 2016, 7, 26374-26387. [CrossRef]

18.  Ono, M.; Kuwano, M. Molecular mechanisms of epidermal growth factor receptor (EGFR) activation and
response to gefitinib and other EGFR-targeting drugs. Clin. Cancer Res. 2006, 12, 7242-7251. [CrossRef]

19. Raufi, A.G.; Manji, G.A.; Chabot, ].A.; Bates, S.E. Neoadjuvant Treatment for Pancreatic Cancer. Semin. Oncol.
2019, 46, 19-27. [CrossRef]

20. Tang, M.C,; Wu, M.Y,; Hwang, M.H.; Chang, Y.T.; Huang, H.].; Lin, A.M.; Yang, J.C. Chloroquine enhances
gefitinib cytotoxicity in gefitinib-resistant nonsmall cell lung cancer cells. PLoS ONE 2015, 10, e0119135.
[CrossRef]

21. Hashimoto, D.; Blauer, M.; Hirota, M.; Ikonen, N.H.; Sand, J.; Laukkarinen, J. Autophagy is needed for the
growth of pancreatic adenocarcinoma and has a cytoprotective effect against anticancer drugs. Eur. J. Cancer
2014, 50, 1382-1390. [CrossRef] [PubMed]

22.  Ono, M,; Hirata, A.; Kometani, T.; Miyagawa, M.; Ueda, S.; Kinoshita, H.; Fujii, T.; Kuwano, M. Sensitivity to

gefitinib (Iressa, ZD1839) in non-small cell lung cancer cell lines correlates with dependence on the epidermal
growth factor (EGF) receptor/extracellular signal-regulated kinase 1/2 and EGF receptor/Akt pathway for
proliferation. Mol. Cancer Ther. 2004, 3, 465-472. [PubMed]


http://dx.doi.org/10.1038/nrm4024
http://www.ncbi.nlm.nih.gov/pubmed/26177004
http://dx.doi.org/10.1038/ncb2788
http://www.ncbi.nlm.nih.gov/pubmed/23817233
http://dx.doi.org/10.7150/ijbs.6666
http://www.ncbi.nlm.nih.gov/pubmed/24339733
http://dx.doi.org/10.4155/fmc.15.88
http://www.ncbi.nlm.nih.gov/pubmed/26334206
http://dx.doi.org/10.1038/cddis.2013.350
http://www.ncbi.nlm.nih.gov/pubmed/24113172
http://dx.doi.org/10.3390/ijms18061279
http://dx.doi.org/10.1007/s00280-016-3197-1
http://dx.doi.org/10.1097/MD.0000000000012912
http://dx.doi.org/10.1038/eye.2016.298
http://dx.doi.org/10.1016/j.ajo.2015.07.012
http://dx.doi.org/10.1038/nrm2882
http://www.ncbi.nlm.nih.gov/pubmed/20379207
http://dx.doi.org/10.1007/s11515-015-1374-y
http://www.ncbi.nlm.nih.gov/pubmed/26692106
http://dx.doi.org/10.1016/j.tcb.2010.03.002
http://www.ncbi.nlm.nih.gov/pubmed/20356743
http://dx.doi.org/10.1007/s00018-015-2104-y
http://www.ncbi.nlm.nih.gov/pubmed/26658914
http://dx.doi.org/10.1080/13543776.2016.1217996
http://www.ncbi.nlm.nih.gov/pubmed/27476990
http://dx.doi.org/10.1158/1078-0432.CCR-17-2066
http://dx.doi.org/10.18632/oncotarget.8380
http://dx.doi.org/10.1158/1078-0432.CCR-06-0646
http://dx.doi.org/10.1053/j.seminoncol.2018.12.002
http://dx.doi.org/10.1371/journal.pone.0119135
http://dx.doi.org/10.1016/j.ejca.2014.01.011
http://www.ncbi.nlm.nih.gov/pubmed/24503026
http://www.ncbi.nlm.nih.gov/pubmed/15078990

Cancers 2019, 11, 1345 13 of 14

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Amrutkar, M.; Gladhaug, I.P. Pancreatic Cancer Chemoresistance to Gemcitabine. Cancers (Basel) 2017, 9, 157.
[CrossRef] [PubMed]

Fang, X.; Gu, P; Zhou, C; Liang, A; Ren, S.; Liu, F; Zeng, Y.; Wu, Y.; Zhao, Y.; Huang, B.; et al. beta-Catenin
overexpression is associated with gefitinib resistance in non-small cell lung cancer cells. Pulm. Pharmacol.
Ther. 2014, 28, 41-48. [CrossRef] [PubMed]

Nakata, A.; Yoshida, R.; Yamaguchi, R.; Yamauchi, M.; Tamada, Y.; Fujita, A.; Shimamura, T.; Imoto, S.;
Higuchi, T.; Nomura, M.; et al. Elevated beta-catenin pathway as a novel target for patients with resistance
to EGF receptor targeting drugs. Sci. Rep. 2015, 5, 13076. [CrossRef]

Zheng, C.; Jiao, X; Jiang, Y.; Sun, S. ERK1/2 activity contributes to gemcitabine resistance in pancreatic cancer
cells. . Int. Med. Res. 2013, 41, 300-306. [CrossRef]

Chen, D.; Niu, M.; Jiao, X.; Zhang, K.; Liang, J.; Zhang, D. Inhibition of AKT2 enhances sensitivity
to gemcitabine via regulating PUMA and NF-kappaB signaling pathway in human pancreatic ductal
adenocarcinoma. Int. J. Mol. Sci. 2012, 13, 1186-1208. [CrossRef]

Zhang, Y,; Su, S.S.; Zhao, S.; Yang, Z.; Zhong, C.Q.; Chen, X,; Cai, Q.; Yang, Z.H.; Huang, D.; Wu, R,; et al.
RIP1 autophosphorylation is promoted by mitochondrial ROS and is essential for RIP3 recruitment into
necrosome. Nat. Commun. 2017, 8, 14329. [CrossRef]

Onorati, A.V,; Dyczynski, M.; Ojha, R.; Amaravadi, R.K. Targeting autophagy in cancer. Cancer 2018, 124,
3307-3318. [CrossRef]

Rebecca, V.W.; Nicastri, M.C.; Fennelly, C.; Chude, C.I.; Barber-Rotenberg, J.S.; Ronghe, A.; McAfee, Q.;
McLaughlin, N.P; Zhang, G.; Goldman, A.R; et al. PPT1 Promotes Tumor Growth and Is the Molecular
Target of Chloroquine Derivatives in Cancer. Cancer Discov. 2019, 9, 220-229. [CrossRef]

Bellizzi, J.J., 3rd; Widom, J.; Kemp, C.; Lu, J.Y.; Das, A K.; Hofmann, S.L.; Clardy, J. The crystal structure of
palmitoyl protein thioesterase 1 and the molecular basis of infantile neuronal ceroid lipofuscinosis. Proc. Natl.
Acad. Sci. USA 2000, 97, 4573-4578. [CrossRef] [PubMed]

Zou, Y,; Ling, YH.; Sironi, J.; Schwartz, E.L.; Perez-Soler, R.; Piperdi, B. The autophagy inhibitor chloroquine
overcomes the innate resistance of wild-type EGFR non-small-cell lung cancer cells to erlotinib. . Thorac.
Oncol. 2013, 8, 693-702. [CrossRef] [PubMed]

Sugita, S.; Ito, K.; Yamashiro, Y.; Moriya, S.; Che, X.F; Yokoyama, T.; Hiramoto, M.; Miyazawa, K.
EGFR-independent autophagy induction with gefitinib and enhancement of its cytotoxic effect by targeting
autophagy with clarithromycin in non-small cell lung cancer cells. Biochem. Biophys. Res. Commun. 2015, 461,
28-34. [CrossRef] [PubMed]

Donohue, E.; Thomas, A.; Maurer, N.; Manisali, I.; Zeisser-Labouebe, M.; Zisman, N.; Anderson, H].; Ng, S.S.;
Webb, M.; Bally, M; et al. The autophagy inhibitor verteporfin moderately enhances the antitumor activity of
gemcitabine in a pancreatic ductal adenocarcinoma model. J. Cancer 2013, 4, 585-596. [CrossRef] [PubMed]
Zhao, L.; Yang, G.; Shi, Y,; Su, C.; Chang, J. Co-delivery of Gefitinib and chloroquine by chitosan nanoparticles
for overcoming the drug acquired resistance. J. Nanobiotechnol. 2015, 13, 57. [CrossRef] [PubMed]

Liu, E.Y;; Xu, N.; O'Prey, J.; Lao, L.Y;; Joshi, S.; Long, ].S.; O’Prey, M.; Croft, D.R.; Beaumatin, F; Baudot, A.D.;
et al. Loss of autophagy causes a synthetic lethal deficiency in DNA repair. Proc. Natl. Acad Sci. USA 2015,
112,773-778. [CrossRef]

Han, W.; Pan, H.; Chen, Y,; Sun, J.; Wang, Y.; Li, J.; Ge, W,; Feng, L.; Lin, X.; Wang, X.; et al. EGFR tyrosine
kinase inhibitors activate autophagy as a cytoprotective response in human lung cancer cells. PLoS ONE
2011, 6, €18691. [CrossRef]

Wang, Z.; Du, T.; Dong, X.; Li, Z.; Wu, G.; Zhang, R. Autophagy inhibition facilitates erlotinib cytotoxicity in
lung cancer cells through modulation of endoplasmic reticulum stress. Int. J. Oncol. 2016, 48, 2558-2566.
[CrossRef]

Fitzwalter, B.E.; Thorburn, A. Autophagy inhibition improves anti-cancer drugs via FOXO3a activation.
Oncotarget 2018, 9, 25384-25385. [CrossRef]

Han, H.; Chou, C.C,; Li, R;; Liu, J.; Zhang, L.; Zhu, W.; Hu, J.; Yang, B.; Tian, ]J. Chalcomoracin is a potent
anticancer agent acting through triggering Oxidative stress via a mitophagy- and paraptosis-dependent
mechanism. Sci. Rep. 2018, 8, 9566. [CrossRef]


http://dx.doi.org/10.3390/cancers9110157
http://www.ncbi.nlm.nih.gov/pubmed/29144412
http://dx.doi.org/10.1016/j.pupt.2013.05.005
http://www.ncbi.nlm.nih.gov/pubmed/23707949
http://dx.doi.org/10.1038/srep13076
http://dx.doi.org/10.1177/0300060512474128
http://dx.doi.org/10.3390/ijms13011186
http://dx.doi.org/10.1038/ncomms14329
http://dx.doi.org/10.1002/cncr.31335
http://dx.doi.org/10.1158/2159-8290.CD-18-0706
http://dx.doi.org/10.1073/pnas.080508097
http://www.ncbi.nlm.nih.gov/pubmed/10781062
http://dx.doi.org/10.1097/JTO.0b013e31828c7210
http://www.ncbi.nlm.nih.gov/pubmed/23575415
http://dx.doi.org/10.1016/j.bbrc.2015.03.162
http://www.ncbi.nlm.nih.gov/pubmed/25858318
http://dx.doi.org/10.7150/jca.7030
http://www.ncbi.nlm.nih.gov/pubmed/24069069
http://dx.doi.org/10.1186/s12951-015-0121-5
http://www.ncbi.nlm.nih.gov/pubmed/26395758
http://dx.doi.org/10.1073/pnas.1409563112
http://dx.doi.org/10.1371/journal.pone.0018691
http://dx.doi.org/10.3892/ijo.2016.3468
http://dx.doi.org/10.18632/oncotarget.25366
http://dx.doi.org/10.1038/s41598-018-27724-3

Cancers 2019, 11, 1345 14 of 14

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Lee, WJ.; Chien, M.H.; Chow, ].M.; Chang, J.L.; Wen, Y.C,; Lin, YW.; Cheng, C.W,; Lai, G.M.; Hsiao, M.;
Lee, L.M. Nonautophagic cytoplasmic vacuolation death induction in human PC-3M prostate cancer by
curcumin through reactive oxygen species -mediated endoplasmic reticulum stress. Sci. Rep. 2015, 5, 10420.
[CrossRef]

Li, Z.; Mbah, N.E.; Overmeyer, ].H.; Sarver, ].G.; George, S.; Trabbic, C.J.; Erhardt, PW.; Maltese, W.A.
The JNK signaling pathway plays a key role in methuosis (non-apoptotic cell death) induced by MOMIPP in
glioblastoma. BMC Cancer 2019, 19, 77. [CrossRef] [PubMed]

Chambers, ].W.; LoGrasso, P.V. Mitochondrial c¢-Jun N-terminal kinase (JNK) signaling initiates physiological
changes resulting in amplification of reactive oxygen species generation. . Biol. Chem. 2011, 286, 16052-16062.
[CrossRef] [PubMed]

Ardito, C.M.; Gruner, B.M.; Takeuchi, K.K.; Lubeseder-Martellato, C.; Teichmann, N.; Mazur, PK,;
Delgiorno, K.E.; Carpenter, E.S.; Halbrook, C.J.; Hall, J.C.; et al. EGF receptor is required for KRAS-induced
pancreatic tumorigenesis. Cancer Cell 2012, 22, 304-317. [CrossRef] [PubMed]

Troiani, T.; Martinelli, E.; Capasso, A.; Morgillo, F.; Orditura, M.; De Vita, F; Ciardiello, F. Targeting EGFR in
pancreatic cancer treatment. Curr. Drug Targets 2012, 13, 802-810. [CrossRef]

Richard, C.; Niogret, J.; Boidot, R.; Ghiringhelli, F. EGFR amplification induces sensitivity to antiEGFR
therapy in pancreatic acinar cell carcinoma. World . Gastrointest. Oncol. 2018, 10, 103-107. [CrossRef]
[PubMed]

Yang, Z.Y.; Yuan, ].Q.; Di, M.Y.; Zheng, D.Y.; Chen, ].Z; Ding, H.; Wu, X.Y.; Huang, Y.F.; Mao, C.; Tang, J.L.
Gemcitabine plus erlotinib for advanced pancreatic cancer: a systematic review with meta-analysis. PLoS ONE
2013, 8, €57528. [CrossRef] [PubMed]

Zhang, Q.; Meng, X K.; Wang, W.X.; Zhang, R M.; Zhang, T.; Ren, ].]. The Wnt/beta-catenin signaling pathway
mechanism for pancreatic cancer chemoresistance in a three-dimensional cancer microenvironment. Am. J.
Transl. Res. 2016, 8, 4490-4498.

Jia, Y.; Xie, J. Promising molecular mechanisms responsible for gemcitabine resistance in cancer. Genes Dis.
2015, 2, 299-306. [CrossRef]

Liu, YM.; Chen, C.H.; Yeh, TK.; Liou, J.P. Synthesis and evaluation of novel 7H-pyrrolo-[2,3-d]pyrimidine
derivatives as potential anticancer agents. Future Med. Chem. 2019. [CrossRef]

Romani, M.; Daga, A.; Forlani, A.; Pistillo, M.P,; Banelli, B. Targeting of Histone Demethylases KDM5A and
KDMB6B Inhibits the Proliferation of Temozolomide-Resistant Glioblastoma Cells. Cancers (Basel) 2019, 11,
878. [CrossRef] [PubMed]

Schneider, C.A.; Rasband, W.S.; Eliceiri, K. W. NIH Image to Image]: 25 years of image analysis. Nat. Methods
2012, 9, 671-675. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/srep10420
http://dx.doi.org/10.1186/s12885-019-5288-y
http://www.ncbi.nlm.nih.gov/pubmed/30651087
http://dx.doi.org/10.1074/jbc.M111.223602
http://www.ncbi.nlm.nih.gov/pubmed/21454558
http://dx.doi.org/10.1016/j.ccr.2012.07.024
http://www.ncbi.nlm.nih.gov/pubmed/22975374
http://dx.doi.org/10.2174/138945012800564158
http://dx.doi.org/10.4251/wjgo.v10.i4.103
http://www.ncbi.nlm.nih.gov/pubmed/29666669
http://dx.doi.org/10.1371/journal.pone.0057528
http://www.ncbi.nlm.nih.gov/pubmed/23472089
http://dx.doi.org/10.1016/j.gendis.2015.07.003
http://dx.doi.org/10.4155/fmc-2018-0564
http://dx.doi.org/10.3390/cancers11060878
http://www.ncbi.nlm.nih.gov/pubmed/31238504
http://dx.doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Combined-Use of MPT0L145 with Targeted or Chemotherapeutic Agents Provides Synthetic Lethality in Cancer Cells 
	PIK3C3 Knockdown Mimics the Effects of MPT0L145 
	Drug Combination Displays no Effect on Cell Cycle and Apoptosis 
	Drug Combination Perturbs Cell Survival Pathways in Cancer Cells 
	Drug Combination Increases Intracellular Vacuolization and Reactive Oxygen Species (ROS) Level 

	Discussion 
	Materials and Methods 
	Cell Culture, Antibodies and Reagents 
	Cell Viability, Trypan Blue Exclusion Assay and Lactate Dehydrogenase (LDH) Assay 
	Cell Cycle and Apoptosis Analysis 
	Intracellular ROS Analysis 
	Western Blot Analysis and Lentiviral Expression System 
	Statistical Analysis 

	Conclusions 
	References

