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Novel PI3K/Akt/mTOR signaling inhibitor, W922, prevents
colorectal cancer growth via the regulation of autophagy
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Abstract. W922, a novel PI3K/Akt/mTOR pathway inhibitor,
exhibits efficient anti-tumor effects on HCT116, MCF-7
and A549 human cancer cells compared with other synthe-
sized compounds. The present study aimed to investigate
its anti-tumor effects on colorectal cancer cells. A total, of
seven different colorectal cell lines were selected to test the
anti-proliferation profile of W922, and HCT116 was found to
be the most sensitive cell line to the drug treatment. W922
inhibited HCT116 cell viability and cell proliferation in vitro
in concentration- and time-dependent manners. Furthermore,
W922 suppressed the tumor growth in a xenograft mouse
model and exhibited low toxicity. The proteomic alterations in
W922-treated HCT116 cells were found to be associated with
cell cycle arrest, negative regulation of signal transduction and
lysosome-related processes. W922 caused cell cycle arrest
of HCT116 cells in G,-G, phase, but only triggered slight
apoptosis. In addition, the PI3K/Akt/mTOR signaling proteins
were dephosphorylated upon W922 treatment. It has been
reported that inhibition of mTOR is relevant to autophagy, and
the present results also indicated that W922 was involved in
autophagy induction. An autophagy inhibitor, chloroquine,
was used to co-treat HCT116 cells with W922, and it was
identified that the cell cycle arrest was impaired. Moreover,
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co-treatment of W922 and chloroquine led to a significant
population of apoptotic cells, thus providing a promising
therapeutic strategy for colorectal cancer.

Introduction

Colorectal cancer is the third most commonly diagnosed
cancer in men and the second in women worldwide, with
~1.4 million cases and 693,000 mortalities in 2012. The
incidence rates are higher in Europe, Australia and Northern
American (1). The incidence of CRC is likely to increase as the
world becomes richer, as more individuals shift to unhealthy
diets and life styles (2). Currently, chemotherapy and surgery
are the main treatment strategies for malignant tumors that
form in the colon tissues (3). Chemotherapy can be used either
before surgery to shrink the tumor before removal, or after
surgery for patients with advanced CRC (4). While the overall
survival duration of patients with advanced CRC has improved
in the last decade due to the various chemotherapy regimens,
drug resistance still occurs in nearly all patients with CRC and
ultimately leads to chemotherapy failure (5). Thus, investiga-
tion of the molecular mechanisms of CRC progression and the
development of novel targeted drugs are essential.

Widespread-usage of high-throughput sequencing allows
for the identification of mutations present in CRC; however,
progress in targeted therapies for CRC has been slow (6).
There has been significant progress in the understanding of
the molecular pathways regarding tumorigenesis. For instance,
several pathways are dysregulated by common mutations
that have been identified via CRC sequencing, including the
WNT, MAPK, PI3K and p53 pathways (7). In total, ~60% of
sequenced CRC tissues have potentially targetable genetic
aberrations in the PIK3CA, BRAF and PTEN signaling
pathway, and early studies have revealed promising effects for
CRC by focusing on these markers (8,9).

PI3K/AKT/mTOR (PAM) signaling acts as a pivotal
transduction pathway in tumor progression, which is involved
in controlling cancer cell proliferation, differentiation,
motility and survival (10). A mutation of PI3Ka is present
in >18% of metastatic CRC cases, and thus, small-molecular
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compounds that can inhibit the PAM pathway may have great
potential in the treatment of CRC (11). VS-5584, a highly
selective PI3K/mTOR kinase inhibitor, demonstrates robust
anti-tumor effects both in vitro and in vivo (12). Moreover,
VS-5584 has 10-fold selectivity for cancer stem cells (13).
These findings suggest that medicinal chemists should
identify and develop novel and potent PI3K inhibitors for
cancer treatment.

It has been reported that there is a close connection
between mTOR and autophagy (14). It was first discovered
in yeast that genetic or pharmacological inhibition of mTOR
complex 1 could induce autophagy (15). Autophagy is the
major cellular digestion process that is essential for cellular
development and homeostasis. In addition, it is critical to
provide energy in response to nutrient and environmental
stress by recycling macromolecules (16). Autophagy induction
could have pro-survival or pro-death properties depending
on tumor types or treatment strategies (17). For instance,
autophagy may facilitate tumor development when nutrients
are limited (18). Thus, inhibition of autophagy may sensitize
cancer cells to stress, leading to cell death (19). On the other
hand, autophagy may induce autophagy-mediated cell death,
which is also known as type II programmed cell death (20).
Given the potential dual functions of autophagy in tumor
progression, elucidating the precise function of autophagy in
individual cancer types induced by PAM pathway inhibitors is
essential for cancer therapy.

Our previous study synthesized a compound W922
(refers to compound A7) based on the structure of PI3K/mTOR
dual inhibitor VS-5584 by replacing the imidazole ring with
a triazine skeleton (21). It has been reported that triazine
skeleton has potential anti-tumor bioantivity (22). In the
present study aimed to evaluate the anti-proliferative effects
of W922 both in vitro and in vivo, and identify the underlying
mechanism of W922's anti-tumor effect. Data in this study
will provide a pharmacological basis for W922's potential
application, and will also provide information for further
development of PI3K/AKT pathway inhibitors and triazine
skeletal derivatives.

Materials and methods

Chemicals. W922 was synthesized in Department of
Pharmaceutical Biochemistry, Xi'an Jiaotong University,and char-
acterized using '"H NMR (nuclear magnetic resonance hydrogen
spectrum), *C NMR (nuclear magnetic resonance carbon spec-
trum) as previously described (21). VS-5584 (cat. no. A3927) and
Choloroquine (CQ) diphosphate (cat. no. A8628) were purchased
from APExBIO Technology LLC.

For in vitro assays, chemicals were prepared by dissolving
into sterilized DMSO to a final concentration of 0.01 M and
stored at -20°C before use. For the xenograft experiment,
W922 and VS-5584 were dissolved in a mixture containing
DMSO, PEG400 and ddH,O (ratio as 1:7:2).

Cell lines and cell culture conditions. CRC cell lines HCT116,
HT29, RKO, Colo205, SW620, DLD1 and LOVO were
purchased from American Type Culture Collection. All cell
lines were maintained in DMEM (HyClone; Cytiva) supple-
mented with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.)

and 1% penicillin-streptomycin antibiotics (Beijing Solarbio
Science & Technology Co., Ltd.), and cultured at 37°C in a
humidified incubator with 5% CO,.

Reagents and antibodies. MTT, crystal violet solution, PI,
RNAse A and DAPI were purchased from Beijing Solarbio
Science & Technology Co., Ltd. Western blotting reagents
were obtained from Beyotime Institute of Biotechnology. An
Annexin V/PI apoptosis detection kit was purchased from
7 Sea Biotech (http://www.7seapharmtech.com/).

Primary antibodies against the following proteins were
purchased from Cell Signaling Technology, Inc. (CST):
AKT (cat. no. 9272), phosphorylated (p)-AKT (Ser473;
cat. no. 4060), mTOR (cat. no. 2983), p-mTOR (Ser2448;
cat.no.5536), p70S6K (cat.no.9202), p-p70S6 kinase (p70S6K;
Ser371; cat. no. 9208), eukaryotic translation initiation factor
4E-binding protein 1 (4E-BPI1; cat. no. 9644), p-4E-BP1
(Thr37/46; cat. no. 2855), Beclin-1 (cat. no. 3495), p-Beclin-1
(Ser93; cat. no. 14717), Cyclin DI (cat. no. 2978), Cyclin El
(cat. no. 4129), cleaved caspase-3 (cat. no. 9664), autophagy
related 5 (ATGS; cat. no. 9980) and GAPDH (cat. no. 5174).
LC3-I/II (cat. no. ABC929) was purchased from Sigma-Aldrich
(Merck KGaA) and ki67 (cat. no. ab15580) was obtained from
Abcam. Secondary horseradish peroxidase-linked antibodies
against rabbit (cat. no. 7074) and mouse (cat. no. 7076) were
purchased from CST. Small interfering RNA (si)ATGS5
was purchased from Shanghai GenePharma Co., Ltd., and
Lipofectamine® 2000 was obtained from Thermo Fisher
Scientific, Inc.

Cell mutation search. The mutation data were obtained
from the Catalogue Of Somatic Mutations In Cancer website
(https://cancer.sanger.ac.uk/cosmic).

Cell viability assay. The MTT assay was used to measure
cell viability. The CRC cells (HCT116, RKO, COLO205,
SW620, DLDI, HT29 and LOVO) were seeded in a 96-well
plate (5,000 cells/well) and incubated at 37°C overnight. The
following day, the cells were treated with W922 (10 M) and
cultured for 24 h at 37°C. Then, MTT solution (5 mg/ml;
20 pl) was added into each well, and the plate was incubated
for another 4 h at 37°C. The supernatant was removed and the
purple formazan crystals were dissolved in 150 ¢l DMSO.
The cell viability was calculated according to the absorbance
values at 570 nm, measured via a microplate reader (Thermo
Fisher Scientific, Inc.).

Colony formation assay. The long-term effect of W922 on
cell proliferation was evaluated using the colony formation
assay in HCT116 cells. Cells were plated in a 6-well plate
(1,000 cells/well). After overnight incubation, the cells were
treated with W922 (0.1,0.3, 1 and 3 uM) or DMSO and cultured
at 37°C for ~3 weeks until colonies were visible. The colonies
in each well of the 6-well plate were fixed with pure methanol
(2 ml) for 20 min and stained with crystal violet solution (2 ml)
for 20 min at room temperature. Then, the plates were washed
with PBS three times, and the colonies were counted.

Xenograft antitumor study. A total of 30 BALB/c nude mice
(age, 4 weeks; weight, 18 g; female) were purchased from
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Beijing Vital River Laboratory Animal Technology Co, Ltd.,
and were fed in the enviroument of 25°C, 60% humidity, 12 h
light/dark cycle, and free access to food and water in Xi'an
Jiatong University Health Science Center. HCT116 cells
(1x10%) resuspended in 100 ul PBS were subcutaneously
injected into the right flanks of 4-week-old BALB/c nude mice.
Once a palpable tumor was presented, the mice were randomly
grouped and treated daily intraperitoneally with either vehicle
solvent, W922 (10, 30 and 100 mg/kg) or VS-5584 (10 mg/kg)
for 18 days. Tumor volumes were measured every 3 days using
a caliper and calculated as 0.5 x (length x width?). The mice
were sacrificed 18 days after transplanting, and the tumors
were isolated and weighed.

Flow cytometric analysis. Cell cycle analysis was performed
via PI staining. The cells were seeded in 12-well plates
(5x10*/well) and treated with W922 (0.1, 1 and 10 uM) for 24 h
at 37°C. After harvesting, the cells were fixed in 70% ethanol
at 4°C overnight and stained with PI solution (50 ul PI and
50 ul RNAse A in 10 ml PBS) for 30 min at room temperature
before measurement. The data were obtained using a flow
cytometer (Beckman Coulter, Inc.) and analyzed using the
ModFitLT software (Version 5.0; www.mybiosoftware.com).

Cell apoptosis was measured using a Annexin
V/PI double staining assay. The cells were seeded in
12-well plates (5x10*/well) overnight and treated with W922
(0.1, 1 and 10 gM) for 24 and 48 h at 37°C. Then, the cells
were harvested and subjected to the assay according to the
manufacturer's instruction. The data were collected from a
flow cytometer (Beckman Coulter, Inc.) and analyzed using
FlowlJo software (Version 10; FlowJo LLC).

Western blotting. HCT116 cells were seeded in 6-well plates
(10° cells/well) and allowed to attach. The following day, cells
were treated with W922 (0.1,0.3, 1, 3 and 10 M) at 37°C for
24 h. After treatment, the cells were harvested, and the proteins
were collected with RIPA buffer (Beyotime Institute of
Biotechnology) supplemented with protease inhibitor cocktail
for 20 min on ice. The protein concentrations were determined
using the BCA method. The same amount of proteins (20 pg)
were separated via a 12% SDS-PAGE gel and transferred to a
PVDF membrane. Subsequently, the membrane was blocked
in 5% skim milk in room temperature for 2 h, and then
incubated with primary antibodies (antibody: 5% skim milk
=1:1,000) at 4°C overnight. The membranes were incubated
with the secondary antibodies for 1 h. The protein expression
levels were visualized using an enhanced chemiluminescence
system (EMD Millipore), and the densitometry was detected
using Image J software (Version 1.48; imagej.net).

Immunofluorescence microscopy. The cells were grown on
13-mm coverslips (10,000/well), placed in 24-well culture
plate and treated with W922 (0.1, 1 and 10 pM) at 37°C for
24 h. for desired time periods. After treatment, the cells were
rinsed in PBS, fixed with pure methanol for 20 min on ice and
washed twice with PBS. Subsequently, the cells were blocked
in PBS with 5% FBS at room temperature for 1 h, and then
incubated with anti-LC3-I/II antibody, anti-Ki67 antibody and
anti-Cleaved caspase-3 antibody overnight at 4°C. Cells were
washed with PBS and incubated with Alexa Fluor 488-labeled

and Alexa Fluor 555-labeled secondary antibodies in room
temperature for 2 h (Invitrogen; Thermo Fisher Scientific, Inc.;
cat. nos. A32790, A21208 and A32794; 1:1,000). The nuclei
were stained with Hoechst 33342 (1 pg/ml) at room tempera-
ture for 30 min. After washing with PBS, the coverslips
with cells were mounted onto slides with aqueous mounting
medium. The cells were imaged using ZEISS LSM700 (Zeiss
GmbH) confocal microscope system (magnification, x20).

CQ pretreatment. CQ was used to inhibit autophagy. CQ
(10 and 20 uM) was added to cells at 37°C for 2 h, and then
W922 (1 uM) was used to treat HCT116 cells at 37°C for 24 h
to distinguish whether W922 was an autophagy inhibitor or
inducer. For proteomics assay, 50 M choloroquine was used
to pre-stimulate HCT116 cells for 2 h at 37°C before W922
(10 M) treatment (24) to examine the protective or suppressive
role served by autophgy.

Transfection experiment. siRNA targeting the ATG5 cDNA
sequencing (5'-GACGUUGGUAACUGACAAATT-3") was
purchased from Shanghai GenePharma Co., Ltd. And siRNA
NC was also supplied by GenePharma company and was taken
as the negative control. HCT116 cells were plated in 6-well
plates at a density of 2x10%/well and cultured overnight. ATG5
siRNA at a concentration of 80 nM (dissolved in FBS-free
medium) was transfected into the cells using Lipofectamine®
2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.)
according to the manufacturer's protocol. A total of 6 h after
transfection, the FBS-free medium was removed and replaced
with complete medium, and cells were cultured for another
24 h. Successfully transfected HCT116 cells were used in the
corresponding experiments.

Proteomics sample preparation. HCT116 cells were plated in
6-well plates (3x10°) and treated by W922 or treated with the
combination of choloroquine and W922 for 24 h at 37°C. After
treatment, the cells were collected and lysed in RIPA buffer
supplemented with PMSF and protease inhibitor on ice. The cell
lysate was then centrifugated at 15,500 x g for 15 min at 4°C and
the supernatant was collected into a new Eppendorf tube. After
protein reduction with 8 mM 1,4-dithiothreitol (Sigma-Aldrich;
Merck KGaA) at 55°C for 45 min and alkylation using 25 mM
iodoacetamide (Sigma-Aldrich; Merck KGaA) at room
temperature for 30 min in the dark, the proteins were precipi-
tated using pure acetone at -20°C overnight. Subsequently, the
proteins were digested with Lys C (FUJIFILM Wako Pure
Chemical Corporation; Lys C:protein amount=1:75) at 30°C for
8 h and trypsin (Promega Corporation) at 37°C overnight. Then,
desalting of the peptides was conducted using C18 Sep-pak
(WATO054960; Waters Corportation) at room temperature,
and the peptides in each sample were analyzed via nano
liquid chromatography (LC)-mass spectrometry (MS)/MS, as
customary in shotgun proteomics (23).

LC-MS/MS analysis. LC-MS/MS analysis was performed on
an Orbitrap Elite mass spectrometer (Thermo Fisher Scientific,
Inc.). The instrument was equipped with an EASY ElectroSpray
Source and connected to an UltiMate 3000 RSLCnano UPLC
system (Thermo Fisher Scientific, Inc.). The injected sample
fractions were preconcentrated and desalted online using a



WANG et al: W922 HCT116 INHIBITS COLORECTAL CANCER 73

PepMap C18 nanotrap column (Thermo Fisher Scientific, Inc.)
with a flow rate of 3 ul/min for 5 min. Peptide separation was
performed on an EASY-Spray C18 reversed-phase nano-LC
column (Thermo Fisher Scientific, Inc.) at 55°C and a flow rate of
300 nl/min. Peptides were separated by a binary solvent system,
and were eluted with a gradient of 4-26% B in 120 min and
26-95% B in 10 min. The instrument was operated in the positive
ion mode for data-dependent acquisition of MS/MS spectra with
a dynamic exclusion time of previously selected precursor ions
of 30 sec. Mass spectra were acquired in a mass-to-charge (m/z)
range of 375-1,500 with a resolution of 120,000 at m/z 200, and
at a resolution of 60,000 with a target value of 2x10° ions and a
maximum injection time of 120 msec. The fixed first m/z was
100, and the isolation window was 1.2 m/z units.

The extracted data were searched via the Andromeda
search engine in MaxQuant 1.5.6.5 software (www.maxquant.
org). Gene names corresponding to upregulated and down-
regulated proteins were submitted into STRING website
(http://string-db.org) to analyze the potential network among
proteins. The data of Gene Ontology (GO) analysis was also
collected from STRING website.

Statistical analysis. Each sample has three biological repli-
cates. Data are presented as the mean + SEM. Statistical
analyses were performed using GraphPad Prism 8.0
(GraphPad Software, Inc.). P<0.05 was considered to indicate
a statistically significant difference. Data were analyzed using
an unpaired Student's t-test, and one-way or two-way ANOVA
followed by Dunnett's test.

Results

W922 inhibits tumor growth in vivo via the regulation of
viability. The chemical structure of W922 is presented in
Fig. 1A. The effects of W922 on cell viability were first exam-
ined using seven different CRC cell lines. The mutant sites in
the tested seven cell lines are summarized in Table I. HCT116
had mutation sites on PIK3CA and KRAS. Among these CRC
cell lines, HCT116 was the most sensitive cell line to the drug
treatment (Fig. 1B). Thus, all subsequent experiments were
performed with this cell line.

WO922 treatment markedly decreased the viability of
HCT116 cells in concentration- and time-dependent manners
(Fig. 1C and D). Consistently, colony formation assay results
indicated that the cells treated with W922 formed significantly
smaller and fewer colonies compared with the untreated cells
(Fig. 1E), suggesting the long-term anti-tumor effect of W922.

Next, a HCT116 cell xenograft nude mouse model was
used to investigate the effect of W922 on CRC in vivo model.
Significant suppression of tumor growth was observed when
the dose of W922 was =30 mg/kg (Fig. 1F, H and I). While
VS-5584 exhibited robust anti-tumor potency, it had significant
toxicity, as the weight of the mice decreased significantly and
two mice died in the VS-5584 group (Fig. 1G and I).

W922 negatively regulates the cell cycle processes. In order
to investigate the mechanism via which W922 regulates tumor
formation, MS analysis was performed. HCT116 cells were
treated with W922 at 10 M for 24 h, and >7,000 proteins
were identified and quantified in all the replicates of treated

Table I. Mutant sites in tested colorectal cancer cell lines.

Cell line ATCC no. Mutant gene

LOVO CCL-229 PIK3CB; RAF1; KRAS

HT29 HTB-38 PIK3CA; PIK3R1; BRAF; TP53
DLD1 CCL-221 KRAS

SW620 CCL-227 KRAS

COLO205 CCL-222 BRAF; TP53

RKO CRL-2577  PIK3CA; BRAF

HCT116 CCL-247 PIK3CA; KRAS

ATCC, American Type Culture Collection.

and untreated cells (Fig. 2A). Among the common proteins in
WO922-treated and the control cells, 54 proteins were signifi-
cantly downregulated (fold change <0.5) and 16 proteins were
significantly upregulated (fold change >2) after W922 treat-
ment (Fig. 2B). The top 30 up- and downregulated proteins
are exhibited in Fig. 2C. Subsequently, all the significantly
down- or upregulated proteins were classified using STRING
online tool. W922 exhibited evident inhibitory effect on cell
cycle regulation. As presented in Fig. 2C, >20 downregulated
proteins, such as CDC20, CDC7, CDCAS, polo like kinase 1
and TPX2, caused by W922 treatment were associated with
cell cycle regulation. Besides, the cell cycle markers in G,/S and
G,/M transitions were found to be downregulated (Fig. 2D).
W922 negatively regulated the signal transduction and cell
biological process. Moreover, upregulation of lysosome-related
proteins were identified after W922 treatment (Fig. 2E). These
results verified the function of W922 as a signal transduction
inhibitor, and it was suggested that the inhibitory effects on
tumor cells may be connected with cell cycle arrest.

W922 inhibits HCTI116 cell proliferation mainly via cell cycle
arrest. To further validate the proteomic results showing
that W922 regulated proteins are cell cycle-related, flow
cytometry was conducted to analyze the cell cycle distribu-
tion in W922-treated HCT116 cells. W922 led to G,-G, phase
accumulation in a concentration-dependent manner (Fig. 3A).
To evaluate the molecular mechanism of the cell cycle arrest,
immunoblot analysis was used to investigate the expression
of cell cycle regulatory proteins. Cyclins are among the most
important core cell cycle regulators. For instance, downregu-
lation of cyclin D1 and El expression levels could block the
cell cycle at G,-G, stage and stop cell progression turning
into S phase (31). It was identified that the protein expression
levels of cyclin D1 and E1 were significantly concentration-
dependently decreased in W922-treated cells compared with
those in untreated cells (Fig. 3B).

Considering that apoptosis is the major form of cell death
induced by chemotherapeutic agents, it was examined whether
the anti-CRC effect of W922 was apoptosis dependent. Therefore,
apoptosis of W922-induced HCT116 cells was measured using
Annexin V/PI double staining method. Following the treatment
of W922 (10 uM), the proportions of apoptotic HCT116 cells
significantly increased by up to 2 and 6% in 24 and 48 h-treat-
ment, respectively (Fig. 3C). Subsequently, immunofluorescence
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Figure 1. W922 inhibits tumor growth in vivo via the regulation of proliferation. (A) Chemical structure of W922. (B) Anti-proliferation effect of W922 on
seven types of colorectal cancer cells after 24 h treatment (n=3) (C) W922 inhibited HCT116 cells in a concentration-dependent manner (n=3; one-way ANOVA
followed by Dunnett's test). “P<0.01 vs. 0 uM-24 h treatment; “/P<0.01 vs. 0 uM-48 h treatment. (D) W922 time dependently inhibited HCT116 cells (n=3;
one-way ANOVA followed by Dunnett's test. “P<0.01 vs. 0 h treatment. (E) Long-term cell viability was measured via clonogenic formation assay. HCT116
cells were seeded and treated with indicated concentrations of W922 for 2 weeks, and the number of the colonies were counted and quantified (n=3; one-way
ANOVA followed by Dunnett's test). “P<0.01 vs. 0 uM treatment. (F) W922 inhibited the growth of HCT116 solid tumors in vivo. The nude mice were trans-
planted with HCT116 cells and randomly grouped when tumor volume reached ~200 mm?®. Then, the mice were treated with solvent, W922 or positive control
(VS-5584) for 18 days, and the tumor volumes were measured every 3 days using a caliper. (G) Body weight of mice during treatment. (H) On the final day of
treatment, the mice were sacrificed and the solid tumors were excised and weighed [n=3-5; two-way ANOVA (F and G) and one-way ANOVA (H) followed by
Dunnett's test]. "P<0.05, “P<0.01 vs. solvent group. (I) Image of the excised tumors. MW, molecular weight.

was performed in order to detect the different expression levels — and the expression of cleaved caspase-3 reflects the apoptotic
of ki67 and cleaved caspase-3 between W922-treated and  level (24). It was found that the fluorescence intensity of ki67
untreated cells. The ki67 protein is a marker of proliferation in treated cells was significantly lower compared with that in



WANG et al: W922 HCT116 INHIBITS COLORECTAL CANCER 75

A 8 : ;
Down  : :Up B P<0.05
e ’
—_— 6- " - * ‘
s S Beti  °NDFIP1
@ ° S %M
T - .
Ly * TSPANG® 02
o DEPTOR
e *TMEMS59
J
T oo S S p=0.01
..................... p=0.05

3 2 -1 0 1 2 3
Log 2 (W922/Ctrl)

Ctrl-1
Ctrl-2
Ctrl-3
W922-1
wo22-2
W9a22-3

D Uiquitin protein ligase activity- I R of protein kinase activty [l
G2M tmns!t!m of cell cycle- . NR of protein phosphorylation - I
G1/S transition of cell cycle- [ ) )
L NR of signal transduction - I
Cell division- |l . ®
Cell cycle - [ ] NR of apoptotic process - I o
DNA conformation change - [l e Response to external stimulus - |
Cell population proliferation- [ NR of cellular metabolic process - I
DNA metabolic process - | NR of biological process |
Cellular response to DNA damage stimulus - | Low-density lipoprotein particle - _
Pro}em phosp.horylatlon- I Very-low-density lipoprotein particle - _
Cellular protein metabolic process- | Vacuolar part- |l
DNA replication origin binding - [N uolarp
Histone kinase activity - [ Lysosome I
Ubiquitin conjugating enzyme activity - [0 = Cytoplasmic vesicle- i Q
Protein serine/threonine kinase activity - || n Secretory vesicle - l <
ATPase activity - | Golgi membrane- | 2,
s ge =
F’”‘g b'"_d'"g' i Endoplasmic reticulum- | ®,
_M“_mlc Isplndle - Membrane part- I .
Cell division site part- [l : : . .
Chromosome - 1| IS o 0 50 100 150
oN% 18 Gene count
Nucleus - | = P
Intracellular membrane-bounded organelle - | _'?' 10
Cytoplasm- | ’
0 10 20 30
Gene count

Figure 2. W922 negatively regulates the cell cycle processes. (A) Volcano plot for protein abundances in HCT116 cells after W922 treatment. Red and green
color points indicate significant up (FC >2)- and downregulated (FC <0.5) proteins, respectively. The lines represent P-values of 0.01 and 0.05 in two-tailed
unpaired t-test. (B) Venn plot for proteins (P<0.05) in HCT116 cells after W922 treatment. (C) Heatmap of top 30 up (right)- and downregulated (left) proteins
in W922 treatment. (D) Gene Ontology term enrichment of all significant downregulated proteins (FC <0.5; P<0.05) in W922 treated HCT116 cells. (E) Gene
Ontology term enrichment of all significant upregulated proteins (FC >2; P<0.05) in W922 treated HCT116 cells. (n=3-5, unpaired Student's t-test). FC, fold
change; Ctrl, control; BP, Biological process; MF, molecular function; CC, Cellular component; NR, negative regulation.



76 INTERNATIONAL JOURNAL OF ONCOLOGY 58: 70-82, 2021

A ctrl 0.1 uM 1 uM 10 uM
8 g 2 g J g _ , 4 [ Dip GO-G1
A g ,I g i | e
N g 48% ; 49% g 53% 8 62% Dip §
3 5 ¥ 5 8 581 [/
2 | - v g ‘\}_'_,z" 8 . \ 23 : '
! —A-h & it ’A; TS IES -.—-"_4.';
0 20 40 60 80 100 120 140 0 40 60 80 100 120 140 0 50 100 150 0 20 40 60 B0 100 120 140
FL3-A ECD FL3-A ECD FL3-A ECD FL3-A ECD
(M) 0 0103 1 3 10 2.5
Cyclin D1 | el e G S S s L 5201
oo
< 5 1.5
cyclin E1 | WS B8 &8 _“égm
22 1.Yq
[&]
GAPDH e s s s s sse 0.59
0.0-
0 01 1 10(uM) Cyclin D1 Cyclin E1
C
Ctrl (24 h) 0.1 uM (24 h) 1 1M (24 hy 10 uM (24 h)
R o5 T T : : i
108 w10 j il PR
10% 10° 104
10°] 10° 103{ ‘&‘10- == 0
i *k
1024 2 [10% far FHHE : 102] : i 2 % o1 z ?.:':M
SR S, e AL TN (R o0 s | S Lo SEURER IR S I T T4 3
102 10* 10° 10° 102 10° 10° 10° 102 10° 10° 10° 10° 10° 10* 10° & &
= O
Ctrl (48 h) 0.1 uM (48 h) 1 uM (48 h) 10 uM (48 h) -Ei)g
o a2l lm = =0 o=
1057 ’ 105 w» mj-- H imsw; ‘ <5
! 1 8 i e
10% 10° 1044 <
10%1 10°] '
T 1%y for = 102, 2 .
107 10° 10° 10°  10° 10° 10* 10°  10° 10° 10* 10° 10° 10° 10* 10°
Annexin V/FITC >
D Cleaved caspase-3 Kig7 DAPI Merge
o = 15_
8 = W922_0 uM
) == W922_10 uM
=
& 104
3
=]
2 ok
= g =
= o
e
(\.II 0 l_- 1
o Cleaved caspase-3 Ki67
=

Figure 3. W922 inhibits HCT116 cell proliferation mainly by cell cycle arrest. (A) HCT116 cells were treated with W922 for 24 h, then the DNA contents were
stained using PI and were analyzed via flow cytometry. The percentage of cells at G,-G,, S and G,-M phases are presented. (n=3; G,-G, phase was analyzed
via one-way ANOVA followed by Dunnett's test). “P<0.01 vs. 0 uM treatment. (B) HCT116 cells were treated with W922 for 24 h and the cell lysates were
immunoblotted with antibodies against cyclin D1 and cyclin El. (n=3; one-way ANOVA followed by Dunnett's test). 'P<0.05, “P<0.01 vs. corresponding 0 M.
(C) Cells were treated with W922 for 24 or 48 h, and then were double stained with Annexin V-FITC and PI. Data were collected via flow cytometry (n=3;
one-way ANOVA followed by Dunnett's test). “P<0.01 vs. 0 M of each time point. (D) HCT116 cells were treated with either DMSO (Ctrl) or 10 pM W922 for
48 h. The expression levels of cleaved caspase-3 (red) and ki67 (green) were visualized via cell immunofluorescence (magnification, x20) and were quantified
using ImageJ (n=3; unpaired Student's t-test). “P<0.01 vs. 0 uM treatment. Ctrl, control.

untreated cells; however, no cleaved caspase-3 was identified ~ W922 inhibited HCT116 cell proliferation mainly by inducing
in treated HCT116 cells (Fig. 3D). These results indicated that  cell cycle arrest rather than apoptosis.
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Figure 4. W922 suppresses the PI3K/Akt/mTOR signaling pathway. HCT116 cells were treated with (A) gradient concentrations of W922 for 24 h, or
with (B) W922 at 10 uM for gradient time periods. Then, the cells were collected and lysed. Cell lysates were immunoblotted with antibodies against
PI3K/Akt/mTOR-related total and p- proteins. (n=3; one-way ANOVA followed by Dunnett's test). ‘P<0.05, “P<0.01 vs. 0 M or O h treatment. P-, phosphory-
lated; p70S6K, p70S6 kinase; 4E-BP1, eukaryotic translation initiation factor 4E-binding protein 1.

W922 suppresses the PAM signaling pathway. Our previous
study reported W922 as an inhibitor against PI3K and mTOR
enzymes, demonstrating the selective inhibition of W922
against PI3Ka extracellularly, with an ICy, of 15.1 nM.
Moreover, potent activities of W922 against PI3K[3, PI3KYy,
PI3Kd and mTOR were revealed (21). To verify the inhibi-
tion of W922 on PAM pathway, western blotting assays were
performed to determine the expression levels of PAM-related
proteins. W922 suppressed the expression levels of p-AKT,
p-mTOR, p-p70S6K and p-4E-BP1 in time- and concentra-
tion-dependent manners, while no alteration was found in the
corresponding total proteins (Fig. 4). The proteomics results
also indicated that W922 has a negative effect on the regulation
of protein phosphorylation (Fig. 2E).

W922 induces autophagy in HCT116 cells. The PAM pathway
is a well-established pathway that acts as a key negative

regulator of autophagy (14). Since W922 downregulates
the phosphorylation of mTOR, it was investigated whether
W922 could induce autophagy in HCT116 cells. The results
demonstrated that W922 treatment caused the induction of
autophagy, as evidenced by concentration-dependent increase
of LC3-I to LC3-II conversion (Fig. 5A). The phosphorylation
of Beclin, an autophagy marker, was examined after W922
treatment, and it was identified that Beclin was significantly
phosphorylated (Fig. 5A). Next, HCT116 cells were stained
with LC3 antibody and visualized via immunofluorescence.
Representative images indicated a weak staining in the
untreated cells, while a moderate to strong intensity of LC3
fluorescence was observed in W922 treated groups (Fig. 5B).

To further investigate the autophagy induction by W922,
the autophagy signaling was blocked via silencing ATGS5. The
results suggested that the conversion of LC3-I to II induced by
W922 was inhibited in ATG5-silenced cells (Fig. 5C).
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Figure 5. W922 induces autophagy in HCT116 cells. (A) HCT116 cells were treated with desired concentrations of W922 for 24 h. Collected cells were lysed
and subsequently the lysates were immunoblotted with anti-LC3, anti-p-Beclin or anti-Beclin antibodies (n=3; one-way ANOVA followed by Dunnett's test).
“P<0.01 vs. 0 uM treatment. (B) HCT116 cells were treated with W922 for 24 h, fixed and stained with anti-LC3 antibody (green) and with DAPI (blue),
magnification, x20. Quantification on the right showed LC3 fluorescence determined by ImageJ (n=3). “P<0.01 vs. Ctrl. (C) Transfection efficacy detection.
HCT116 cells were transfected with siATGS or siRNA NC, and the expression of ATGS was detected. (D) HCT116 cells were successfully transfected with
siATGS and the expression of LC3 after W922 treatment was measured via western blotting (n=3; one-way ANOVA followed by Dunnett's test). “P<0.01 vs.
Ctrl; #P<0.01 vs. W922 group. (E) Autophagic flux was examined via co-treatment of CQ, an autophagosome-lysosome fusion inhibitor. HCT116 cells were
treated with W922 and/or CQ for 24 h and the expression of LC3 was determined via western blotting (n=3; unpaired Student's t-test). “P<0.01 vs. 10 uM CQ
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It remains difficult to distinguish autophagy inducers and  of W922 on autophagy, the impact on autophagic flux was
inhibitors as both could increase the expression of LC3-II  evaluated via co-treatment with the autophagosome-lysosome
level (34). Therefore, in order to further investigate the role  fusion inhibitor, CQ. An enhanced LC3II/I ratio was observed
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in cells treated with W922 combined with CQ compared
with W922 treatment alone (Fig. 5D and E). These results
suggested that W922 functioned as an autophagy inducer in
HCT116 cells.
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Figure 6. Autophagy contributes to W922-induced cell cycle arrest. (A) HCT116 cells were pretreated with 50 zM CQ before 24 h-W922 treatment, and were
stained with Pl and analyzed using flow cytometry (n=3; G,-G, phase was analyzed by two-way ANOVA followed by Dunnett's test). “P<0.01 vs. Ctrl; “P<0.01
vs.CQ single treatment. (B) Volcano plot for protein abundances in HCT116 cells pre-treated with 20 xM CQ before W922 treatment. (C) Gene Ontology term
enrichment of top 20 up- and downregulated proteins in W922 and CQ co-treated HCT116 cells. (D) Heatmap of top20 up- (bottom) and downregulated (top)
proteins in W922 and CQ co-treated HCT116 cells. (n=3-5, unpaired Student's t-test). (E) HCT116 cells were co-treated with 10 zM W922 and 50 M CQ for
24 h, the apoptotic cells was detected via an Annexin V-FITC/PI double stain assay. (n=3; unpaired Student's t-test). “P<0.01 vs. 10 uM W922 treatment. CQ,

chloroquine; Ctrl, control.

Autophagy contributes to W922-induced cell cycle arrest.
An autophagy inhibitor, CQ, was used to investigate whether
W922-induced autophagy was involved in cell cycle arrest. As
aforementioned, W922 treatment resulted in cell cycle arrest
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in the G,-G, phase; however, such phenomenon was impaired
by CQ co-treatment. CQ treatment alone did not demonstrate
a significant impact on the cell cycle distribution of HCT116
cells, but CQ co-treatment significantly decreased >20% of
G,-G, phase proportion in W922-treatment cells (Fig. 6A).

Next, the alterations of proteomics induced by CQ were
detected via MS (Fig. 6B). Top 20 up- and downregulated
proteins were sorted and classified using STRING analysis
tool (Fig. 6D). CQ co-treatment led to a suppression in cellular
metabolic process and oxidation-reduction process (Fig. 6C).
Moreover, CQ enhanced the apoptosis of W922-treated cells.
The data collected from flow cytometry assay also confirmed
this result. Co-treatment of W922 with CQ led to ~30% apop-
totic cells out of a total cellular population (Fig. 6E). These
findings provide potential evidence for the combined treatment
of W922 and CQ in CRC therapy.

Discussion

The present study demonstrated that the novel PAM pathway
inhibitor, W922, inhibited tumor formation by causing cell
cycle arrest. As aforementioned, W922 also induced autophagy
in HCT116 cells. It was found that W922-induced autophagy
contributed to W922-induced cell cycle arrest, since inhibition
of autophagy by CQ impaired the cell cycle arrest. PAM is one
of the pivotal transduction pathways regulating cellular basic
activities (25,26). Thus, targeting this pathway may contribute
to the tumor growth suppression. Our previous study developed
a series of inhibitors against this cascade, and among which
the most effective compound named W922 was selected.
According to the previous enzymatic results, W922 was found
to exhibit the strongest enzymatic inhibition against the PI3Ka
enzyme compared with other synthesized compounds (21). In
the current study, it was verified that W922 has robust ability
to dephosphorylate PAM signaling proteins.

Inhibition of PI3K/Akt signaling has been suggested as
potential therapeutic strategy for CRC. For example, previous
studies have reported the association of the PI3K/Akt
pathway with colon tumorigenesis (27,28). Moreover, the
PAM pathway is well known as an important regulatory
pathway of autophagy. PI3K/Akt regulates autophagy mainly
via modulation of mTOR activity, and thus decreased mTOR
activity by inhibitors could trigger autophagy (14). Autophagy
is an evolutionarily highly conserved catabolic pathway, and
the capacity of autophagy to maintain cellular metabolism
improves the survival of cells (17). The autophagy pathway
has a broad implication in numerous physiological and path-
ological processes, including carcinogenesis (29). Although
upregulation and downregulation of autophagy have both
been revealed to serve important roles in carcinogenesis,
in general, autophagy is identified as a pro-survival mecha-
nism in cancer cells by removing damaged organelles and
recycling nutrients in response to chemotherapy stress (30).
Therefore, autophagy is considered to be associated with
drug resistance as it may protect cells from the cytotoxicity
of chemotherapy drugs.

The present results suggested that W922 caused cell cycle
arrest at the G,-G, phase as a single agent; however, only
slight apoptosis was observed after W922 treatment. The cell
cycle represents a series of tightly integrated events that allow

cells to proliferate (31). Therefore, cell cycle arrest contributes
to the anti-tumor effect of W922. In response to stressful
microenvironment, cells are able to arrest the cell cycle, which
helps regulate cell proliferation and prevents the expansion of
potential harmful cell populations (31,32). Cancer frequently
represents a dysregulation of the cell cycle, and the cell cycle
can be arrested under stress to protect the cells from DNA
damage (33). Moreover, autophagy is induced in response
to a variety of stress conditions, where it serves an essential
role in protecting cellular viability (17). While the correla-
tion between autophagy and cell cycle arrest has been widely
studied, several signaling pathways exhibit opposite effects
on the regulation of autophagy and cell cycle, and increasing
evidence suggests that the opposite regulation may be rational
and coordinated, since there is an interaction between the two
processes (34,38,39).

The present study observed that W922 treatment led to cell
cycle arrest and the upregulation of LC3-II. However, both
autophagy inducers and inhibitors can cause an increase of
LC3-II expression level (34). According to the guidelines for
the use and interpretation of assays for monitoring autophagy,
it is necessary to block lysosomal degradation of the protein
to truly measure in vivo autophagic flux using LC3-II as
a biomarker (40). Thus, co-treatment of CQ is necessary to
examine whether W922 is an autophagy inducer or inhibitor.
CQ is an autophagy inhibitor that can inhibit autophagosome
degradation by blocking autophagic flux (34). If the LC3-II
expression in the combination treatment is higher compared
with that in W922 treatment alone, then W922 is an autophagy
inducer. An enhanced LC3II/I ratio observed in combination
treatment demonstrated the autophagy induction characteristic
of W922. The cell cycle arrest induced by W922 was impaired
when cells were co-treated with the autophagy inhibitor
CQ, suggesting that autophagy may facilitate W922-induced
cell cycle arrest. Therefore, the cell cycle arrest induced by
WO922 may be a protective action caused by the induction of
autophagy.

Increasing preclinical evidence suggests that targeting
autophagy can improve the efficacy of numerous cancer
treatments (35). While various compounds have been devel-
oped to block the different stages of autophagy, the only
clinically approved autophagy inhibitor is hydroxychloro-
quine (HCQ) (36). Preclinical trials have reported that HCQ
can enhance tumor shrinkage either by single or combination
treatment (36,37). Thus, there are multiple ongoing clinical
trials combining HCQ with other chemo-drugs in cancer
therapy. HCQ enhances the effect of temsirolimus on cytotox-
icity and promotes apoptosis in renal cell carcinoma lines (37).
The combination of HCQ and tamoxifen exhibits improved
therapeutic efficacy compared with monotherapy in estrogen
receptor-positive breast cancer cell lines (36). These findings
suggest that combination therapy of a PAM signaling inhibitor
with an autophagy inhibitor could be a novel method for cancer
treatment. Therefore, the present study detected the combina-
tion therapy of W922 with autophagy blockers in vitro. The
results demonstrated that CQ enhanced the inhibitory effects
of W922 on cells, indicating that W922 and autophagy blockers
promote mutual sensitization. These results suggested that
W922 co-treatment with autophagy blockers may be a novel
therapeutic strategy for CRC.
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In conclusion, the present study first examine the func-
tion of a novel PAM inhibitor, W922, in the regulation of
the proliferation in HCT116 CRC cells. W922 exerted its
anti-tumor effects as a single agent mainly via the induc-
tion of cell cycle arrest. W922 also induced autophagy
in HCT116 cells, and W922- induced cell cycle arrest
was impaired when the cells were pre-treated with CQ,
suggesting that autophagy may contribute to W922-induced
cell cycle arrest. However, the aforementioned results were
only obtained from in vitro experiments, and the same
measurements should be collected in vivo to further verify
the mechanism of the anti-cancer effects of W922. The
current study demonstrated that simultaneously treating the
cells with CQ led to an increase in the number of apoptotic
cells. To verify the enhanced effect of W922 and autophagy
inhibitor co-treatment, the same experiment should be
performed in vivo in future studies. Collectively, the present
results support the therapeutic potential of W922 in the
treatment of CRC.
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