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Abstract

Background: Casticin, an isoflavone compound extracted from the herb Fructus Viticis, has demonstrated anti-
inflammatory and anticancer activities and properties. The aim of this study was to investigate the effects and
mechanisms of casticin in nasopharyngeal carcinoma (NPC) cells and to determine its potential for targeted use as a
medicine.

Methods: NPC cells were used to perform the experiments. The CCK-8 assay and colony formation assays were used
to assess cell viability. Flow cytometry was used to measure the cell cycle and apoptosis analysis (annexin V/Pl assay).
A three-dimensional (3D) tumour sphere culture system was used to characterize the effect of casticin on NPC stem
cells. In silico molecular docking prediction and high-throughput KINOME scan assays were used to evaluate the
binding of casticin to phosphoinositide 3-kinase (PI13K), including wild-type and most of mutants variants. We also
used the SelectScreen assay to detect the IC50 of ATP activity in the active site of the target kinase. Western blotting
was used to evaluate the changes in key proteins involved cell cycle, apoptosis, stemness, and PI3K/protein kinase B
(AKT) signalling. The effect of casticin treatment in vivo was determined by using a xenograft mouse model.

Results: Our results indicate that casticin is a new and novel selective PI3K inhibitor that can significantly inhibit NPC
proliferation and that it induces G2/GM arrest and apoptosis by upregulating Bax/BCL2 expression. Moreover, casticin
was observed to affect the self-renewal ability of the nasopharyngeal carcinoma cell lines, and a combination of
casticin with BYL719 was observed to induce a decrease in the level of the phosphorylation of mTORC1 downstream
targets in BYL719-insensitive NPC cell lines.

Conclusion: Casticin is a newly emerging selective PI3K inhibitor with potential for use as a targeted therapeutic
treatment for nasopharyngeal carcinoma. Accordingly, casticin might represent a novel and effective agent against
NPC and likely has high potential for combined use with pharmacological agents targeting PI3K/AKT.
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prevalent in Southern China and Southeast Asia [1]. The
main treatments strategies for patients with nasopharyn-

Background
Nasopharyngeal carcinoma is one of the most com-

mon cancers of the head and neck; it has an extremely
skewed ethnic and geographic distribution and is highly
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geal carcinoma are ionizing radiation and chemo-radia-
tion therapy [2]. Although both treatment methods have
revealed good results and outcomes, there still remains a
substantial proportion of patients with nasopharyngeal
carcinoma who do not respond to treatments designed to
prevent disease recurrence and who die as a consequence
of drug resistance and metastasis [3]. Therefore, finding
increasingly efficient and effective targeted therapeutic

©The Author(s) 2019.This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material

is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativeco
mmons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12935-019-1069-6&domain=pdf

Liu et al. Cancer Cell Int (2019) 19:348

strategies to treat nasopharyngeal carcinoma remains as
an important task.

Casticin (3/,5-dihydroxy-3,4/,6,7-tetramethoxyflavone,
Fig. 1a), also known as vitexicarpin, is one of the main
active constituents of the Chinese traditional herb Fruc-
tus Viticis [4]. Many studies have reported that casticin
can significantly inhibit the proliferation and migration
of many types of cancer cells, including leukaemia cells
and ovary, stomach, liver, lung, and colon cancer cells [4—
6]. However, the roles and dynamics related to its abil-
ity to inhibit nasopharyngeal carcinoma have not been
investigated. Previous studies have indicated that there
are many mechanisms involved in the apoptosis of cancer
cells in responseto casticin, including caspase-3 activa-
tion, G2/M phase arrest, activation of FoxO3a, activation
of PI3K/Akt, etc. [7, 8]. However, the direct molecular
targets of casticin are still unknown, which limits its clin-
ical applications.

Phosphatidylinositol 3-kinases (PI3Ks), a class of lipid
kinases, play important roles in the signal integration
of cytokines, growth factors, and cellular environmen-
tal components [2, 9], which transform into intracellu-
lar signals that regulate a variety of signalling pathways.
These pathways are responsible for a variety of cellular
functions, including cell survival, growth, motility, pro-
liferation, and metabolism. As a result, manipulating
PI3K-mediated alterations has become an attractive tar-
get for cancer therapy, and great efforts are underway to
develop effective PI3K inhibitors. In this regard, BYL719,
a pan-PI3K inhibitor, is being tested in clinical trials for
esophageal squamous cell carcinoma (ESCC), metastatic
head and neck squamous cell carcinoma, gastrointestinal
stromal tumours, breast cancer, and ovarian cancer [10,
11]. However, it is difficult to conduct in-depth research
because of the emergence of drug resistance.

Therefore, in this study, we explored the antican-
cer activity and potential mechanisms of casticin using
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nasopharyngeal carcinoma cells and investigated the
molecular targeting of this chemical compound by using
in silico prediction methods and cell function assays [12,
13]. We found that casticin could represent a novel and
broadly applicable PI3K inhibitor that can be used for
treatment against nasopharyngeal carcinoma cells and
that casticin may provide potential clinical benefits for
patients afflicted with nasopharyngeal carcinoma.

Materials and methods

Drugs

We purchased casticin from Chengdu Bio-purify Phyto-
chemicals, Ltd. (Chengdu, China) and dissolved it in
dimethyl sulfoxide (DMSO). The chemical inhibitor
BYL719 was purchased from Selleckchem (Houston, TX,
USA).

Cell lines and cell culture

NPC cell lines 5-8F, 6-10B, CNE1, HNE1, S18, S26,
HONE]1, HONE1-EBYV, SUNE], and NP69 were obtained
from the Cancer Research Institute of Southern Medical
University (Guangzhou, China), and the CNE2 cell line
was purchased from Keygen Biotech (Nanjing, China).
The EBV-positive nasopharyngeal carcinoma cell line
C666-1 was kindly provided by Professor Xin Li, South-
ern Medical University, and Professor G. S. W. Tsao,
University of Hong Kong. All cell lines were confirmed
to be mycoplasma free before the start of experiments.
All nasopharyngeal carcinoma cell lines were cultured
in RPMI-1640 medium (Invitrogen, USA) supplemented
with 10% foetal calf serum (FCS; Gibco, Invitrogen), 100
U/mL penicillin, and 100 pg/mL streptomycin. NP69
cells were cultured in defined KSFM supplemented with
epidermal growth factor (Invitrogen, Carlsbad, CA, USA)
and 10% FCS. All cell lines were cultured in a humidified
chamber with 5% CO, at 37 °C.

(See figure on next page.)

Fig. 1 Casticin inhibits the proliferation and viability of NPC cells in vitro and in vivo. a The chemical structure of casticin. b NP69 and S18 cells

were treated with a gradient of casticin concentrations (0, 2,4, 8, 16 uM) for 24, 48 or 72 h. Cell viability was assessed using the CCK-8 assay. The
data are presented as the mean = SEM, *p < 0.05 versus 0 uM; #p < 0.05 versus 2 uM; p < 0.05 versus 4 pM; *p < 0.05 versus 8 uM. ¢ Casticin inhibits
migration of $18 cells in the wound healing assay. White dashed lines indicate the wound edge. The residual gap between the migrating cells

from the opposite edges of the wound is represented by a percentage of the initial scratch area. Corresponding graph shows the mean width

of the injury lines of three independent experiments (right). All data are presented as the mean = standard deviation. **p <0.01 versus DMSO. d
Casticin inhibits migration of S18 cells in the Transwell assay. Corresponding graphs in the panel on the right show the mean numbers of cells per
high-power field (HPF) from five independent areas. All data are presented as the mean = standard deviation. *p < 0.05 versus 0 uM, **p <0.01 versus
2 UM, and ***p < 0.001 versus 4 uM. e, f Colony formation of $18 cells post-treatment with casticin. Cells were exposed to 0, 1, 2, and 4 uM casticin
for 12 h or were exposed to a fixed level of 1 uM casticin for different time periods (0, 6, 12, and 24 h) and were then allowed to form colonies for
approximately 10 days. Corresponding graphs show the mean number of colonies in different groups for three independent experiments (right). All
data are presented as the mean = standard deviation. Right panel of e *p <0.05 versus 0 uM, **p <0.01 versus 1 uM, and ***p <0.001 versus 2 pM.
Right panel of f *p <0.05 versus 0 h, **p <0.01 versus 6 h, and ***p <0.001 versus 12 h; g Casticin (10% DMSO 4 90% physiological saline, 40 mg/

kg) was injected into nude mice every day for 12 days starting 6 days after inoculation with 5 million $18 cells. h Tumour volume was periodically
measured for each mouse, and the growth curve was plotted. i Tumours were excised from the animals and weighed. *p < 0.05 versus NS
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Cell viability assay

The effects of casticin on the growth of the 12 cell lines
were determined using the Cell Counting Kit-8 (CCK-8)
assay (Dojindo, Japan). Briefly, cells were plated in 96-well
plates at 4 x 10° cells/well in 100 uL and were treated with
a gradient of casticin concentrations (0, 1, 2, 4, 8 uM).

After incubation for 24, 48, or 72 h, 10 pL of the CCK-8
reagent was added into each well, and the plate was incu-
bated for an additional 1 or 2 h. Next, a microplate reader
(Bio-Rad, model 550) was used to detect absorbance at
490 nm in each well. We repeated the experiments three
times. Cell viability was calculated using the following
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formula: cell viability=(OD of control—OD of treat-
ment)/(OD of control — OD of blank) * 100%.

Wound-healing assay

We seeded S18 and C666-1 cells in 6-well plates at 80%
to 90% confluence. After a 24-h incubation period, cells
were wounded by using a 0.2-mL pipette tip to scratch
the subconfluent cell monolayer. Then, we removed
the detached cells by washing with PBS just before cas-
ticin 16 uM was added to each well of the plate. Cells
were maintained in serum-free medium and allowed to
migrate for 24 h. An inverted microscope was used to
capture cell migration images after 24 h. The speed of
migration was determined by dividing the length of the
gap and the wound areas in the resultant images.

Colony formation assay

S18 and C666-1 cells were incubated in 6-well plates
with either 0, 1, 2, and 4 puM casticin for 12 h with 1 uM
casticin for 0, 6, 12, and 24 h. There after, 500 cells were
seeded in each well of a 6-well plate and cultured with-
out casticin for 8—10 days. Subsequently, the cells were
fixed with methanol and stained with haematoxylin.
After washing and drying, colonies with more than 50
cells were counted under a microscope (Leica, Wetzlar,
Germany).

Cell cycle analysis

S18 and C666-1 cells were treated with 0, 2, 4, and 8 pM
casticin for 24 h. The cells were then collected, washed
with phosphate-buffered saline (PBS), and fixed with 75%
ethanol overnight. Subsequently, the cells were centri-
fuged (1500 rpm, 5 min) and incubated with 10 mg/mL
RNase and 1 mg/mL propidium iodide (PI) at 37 °C for
30 min in the dark. Finally, we analysed cell cycle distri-
bution by using flow cytometry (FACSCalibur; BD Bio-
sciences, Bedford, MA, USA).

Annexin V/PI staining assay

For the apoptosis test, S18 and C666-1 cells were treated
with casticin at concentrations of 0, 1, 2, and 4 pM and of
0, 2, 4, and 8 uM for 48 h. Next, cells were collected and
washed once with PBS. After centrifugation (1500 rpm,
5 min), cells were resuspended in 1x annexin V (AV)
binding buffer and incubated with 5 pL of AV and PI at
37 °C for 30 min. Cell apoptosis was evaluated by using
flow cytometry (FACSCalibur).

Establishment of xenograft mouse model

Generation and characterization of the xenograft mouse
model were conducted in accordance with the guide-
lines of the Ministry of Science and Technology of China
and were approved by the Animal Ethics Committee of
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Southern Medical University. All efforts were made to
minimize animal suffering during the experiments. Five-
week-old nude mice were obtained from the Guangdong
Experimental Animal Ccenter. To assess the tumour
growth, 5x 10° S18 cells and 1 x 10" C666-1 cells were
injected subcutaneously into the left or right side of
the back of each mouse (three mice per group). When
tumours reached approximately 100 mm? the mice
were randomized to the control and casticin treatment
groups. Casticin was diluted in 10% DMSO in normal
saline (NS) and injected intraperitoneally at 40 mg/kg
daily, while the control group received only NS vehicle.
Tumour sizes were measured with a caliper and recorded
every 3 days [7]. Tumour volume was calculated as fol-
lows: tumour volume= (length x width?) x 0.5. Body
weight was recorded every 2-3 days during the treat-
ment, and the tumour weight was measured at the end of
the experiment.

Tumour sphere formation assay

S18, CNE2, and C666-1 cells (2 x 10* each) were cel-
lected, counted and seeded into a cell culture flask with
a novel 3D tumour sphere culture system [14]. The 3D
tumour sphere culture system with NPC cells was cul-
tured at 37 °C in a humid atmosphere with 5% CO,, the
diameters of tumour spheroids were measured when the
tumour sphere diameter was > 40 uM [15] and then incu-
bated with 20 uM casticin for 72 h, the original medium
was discarded, the cells were cultured for approximately
1 week, and the tumour spheres that were>100 pum in
diameter were counted under a bright field microscope.

Western blotting

We used standard approaches and methods for West-
ern blotting (WB) analyses. In brief, nasopharyn-
geal carcinoma cells were lysed on ice in Pierce RIPA
buffer (Thermo Scientific) containing a Halt protease
inhibitor cocktail (Sigma-Aldrich) and phosphatase
inhibitors (Keygen Biotech). We measured protein con-
centration using a Beyotime protein assay protocol fol-
lowing the manufacturer’s instructions. Proteins were
separated by using sodium dodecyl sulfate polyacryla-
mide gel electrophoresis and were then transferred to
polyvinylidene difluoride membranes (0.45 pm; Mil-
lipore). We incubated membranes with primary anti-
bodies that have demonstrated activity against the
following targets: PI3K (4249 s, CST), phospho (p)-
PI3K (11508; Enogene, China), mechanistic target of
rapamycin (mTOR; 2927T, CST), p-mTOR (S2448)
(ab109268, Abcam), p-mTOR (S2481) (ab137133,
Abcam), 3-phosphoinositide-dependent protein kinase
1 protein kinase B (also known as AKT) (ab188099,
Abcam), p-AKT (T308) (13038P; CST), p-AKT (S473)
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(ab81283, Abcam), p-S6 (S235/236) (4858T, CST),
p-S6 (5240/244) (5364S, CST), S6 (2217S, CST), BCL-2
(ab182858; Abcam), BAX (ab32503, Abcam), CDK4
(ab108357, Abcam), CDK1 (ab133327, Abcam), cyclin
B (ab32053, Abcam), p21 (ab109520, Abcam), CCND1
(ab134175, Abcam), Nanog (ab109250, Abcam), SOX2
(ab97959, Abcam), and OCT4 (ab109183, Abcam). The
total S6, AKT, and mTOR antibodies were used on
the same blots as the respective phosphorylated pro-
teins after stripping (stripping buffer, CWBIO, China).
All primary antibodies were diluted in Tris-buffered
saline containing Tween 20 and 5% bovine serum albu-
min (BSA), and a peroxidase conjugate (Bioworld) was
used as the secondary antibody. Anti-B-actin (20536-I,
Proteintech) was used as a loading control. Immuno-
reactive bands were visualized using an enhanced
chemo-luminescence kit (Thermo Fisher Scientific),
and images were captured using a ChemiDoc" XRS
molecular imager (Bio-Rad). Densitometry of band
intensity was performed using Image] software.
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In silico target prediction and analysis of casticin binding
by molecular docking

Chemical proteomics was used to uncover the tar-
get of casticin, while reverse docking and molecular
dynamic simulation were performed to evaluate the
binding site of casticin. Prediction of anticancer tar-
gets of casticin was carried out using ChemMapper [16]
(http://59.78.96.61:8080/chemmapper/help.html),  and
the ROCS-Based Target Prediction database [17] (http://
targetfishing.molcalx.com.cn/cancerhtml) as shown
in Tables 1 and 2. Binding analysis was performed by
exploring PI3K protein structures available in the Protein
Data Bank (PDB). Casticin (CID: 5315263) spatial data
were retrieved from PubChem (http://www.ncbi.nlm.
nih.gov/pccompound). Molecular docking and visualiza-
tion of interactions were carried out using LigandScout
[18] (verison4.1. bulid 2016-12-22), which was also used
to calculate the binding energy. Ligands and water mol-
ecules were discarded, and hydrogen atoms were added
to the proteins.

Table 1 The top 10 protein targets by reverse docking through 2D vs. 3D similarity with casticin

(Chemmapper) target name Rank Score Uniprot
Proto-oncogene serine/threonine-protein kinase Pim-1 1 1 P11309
Estrogen receptor beta 2 0.894 Q92731
Phosphatidylinositol-4,5-bisphosphate 3-kinase 3 0.639 P48736
Cell division protein kinase 2 4 0408 P24941
Estrogen receptor 5 0407 Q61026
HpFabZ 6 0351 NONE
QacR (E58Q) 7 0.27 POAON3
Dihydroflavonol 4-reductase 8 0.236 P51110
Reticuline oxidase; berberine bridge-forming enzyme 9 0.226 P30986
Reticuline oxidase 10 0217 P30986

Table 2 The top 10 protein targets of reverse docking through molecular and pharmacodynamic shape with casticin

(ROCS BASED) Protein name Rank Tanimoto Combo  ShapeTanimoto
Phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit gamma isoform 1 1.535 0.894
Phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit alpha isoform 2 1.137 0.752
Mitogen-activated protein kinase 14 3 1.136 0.843
Serine/threonine-protein kinase GSK3B 4 1.113 0.839
Phosphatidylinositol 3-kinase catalytic subunit type 3 5 1.097 0.766
Acetylcholinesterase 6 1.092 0.764
cAMP-specific 3/,5'-cyclic phosphodiesterase 4D 7 1.012 0.74
Cyclin-dependent kinase 5 8 0.968 0.746
Amine oxidase [flavin-containing] B 9 0.965 0.762
High affinity cGMP-specific 3/,5"-cyclic phosphodiesterase 9A 10 0921 0.685
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KINOMEscan assay and binding affinity test

Selectivity profiling of casticin against a selected panel
of 468 kinases distributed throughout the kinome was
performed by DiscoverRx (http://www.discoverx.com/
home) using the KINOMEscan screening platform at
a test concentration of 10pM. Since KINOMEscan is a
binding assay and may not reflect the inhibitory activ-
ity of a compound, the binding constant (Kj) of casticin
was calculated from a standard dose-response curve
using the Hill equation: Response=Background + (Sig-
nal — Background)/[1+ (K'd{ill Slope /Dy ggelill Slope)] \We then
tested casticin in the SelectScreen assay (Invitrogen,
USA) to calculate the IC50 of casticin that directly tar-
geted the active site of ATP in PI3K kinase.

Statistical analysis

Statistical analysis was performed using SPSS 20.0 sta-
tistical software. All experiments were repeated at
least three times. The CCK-8 data are shown as the
mean =+ SEM, and the other experimental data in the fig-
ures and text are shown as the mean =+ standard devia-
tion. The results from the wound healing, cell cloning,
Transwell, tumour spheroid formation, and flow cytom-
etry assays were analysed using the two independent
samples t-test; Western blotting and CCK-8 data were
compared using one-way analysis of variance (ANOVA),
followed by multiple comparisons tests using the LSD
method if the variance was homogenous; if the variance
was not homogenous, the Welch method was used to
approximate variance, and multiple comparisons were
analysed using the Dunnett T3 method. p <0.05 was con-
sidered statistically significant.

Results

Casticin inhibits the viability and proliferation

of nasopharyngeal carcinoma cells

Eleven NPC cell lines and the normal nasopharyngeal
mucosal epithelial cell line NP69 were used to character-
ize the effects of casticin on cell growth (Fig. 1b; Addi-
tional file 1: Fig. S1a). Cells were treated with a gradient
of casticin concentrations at different time points (24, 48,
and 72 h), and cell viability was assessed by CCK-8 assay.
Casticin decreased the viability of eleven NPC cell lines
in a concentration-dependent manner, while NP69 cells
were found to be resistant (Fig. 1b). We used S18, which
is one of low-differentiation nasopharyngeal carcinoma
cell lines, and C666-1, which is EBV" as models of the
cell growth inhibition induced by casticin in subsequent
experiments. A wound-healing assay was performed
to evaluate the effect of casticin on NPC cell migration,
and the results revealed that gap-closing speeds were
significantly decreased in S18 and C666-1 cells treated
with casticin compared to cells that were not treated with
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casticin (Fig. 1c). In the Transwell migration assay, the
number of migrating cells was significantly reduced in
the casticin-treated groups in a concentration-dependent
manner (Fig. 1d). These results indicated that casticin
could inhibit NPC cell migration. The colony formation
assay is widely used for evaluating cancer cell survival
and proliferation [19]. A significant reduction in the clo-
nogenic activity of S18 cells were exposed to 0, 1, 2, and
4 uM casticin for 12 h (Fig. 1e). Moreover, the clonogenic
ability was diminished as early as 6 h after the treatment
with 1 pM casticin compared with that derived from the
control group (Fig. 1f). These results demonstrated that
casticin could inhibit the proliferation of NPC cells in a
concentration- and time-dependent manner.

Casticin inhibits tumour growth in a xenograft mouse
model
To evaluate the anti-tumour activity of casticin in vivo,
we injected the xenograft mice with casticin intraperito-
neally at a dose of 40 mg/kg daily for 12 consecutive days.
In the S18 model, we found that the tumours in the mice
treated with casticin were smaller than those in the con-
trol group in samples taken 18 days after implantation
(Fig. 1g). Tumour volume was periodically measured for
each mouse, the tumour growth rate in the casticin treat-
ment group was lower than NS group (Fig. 1h), tumours
were excised from the nude mice and weighed, tumour in
the treatment group were lighter than NS group (Fig. 1i).
Next, rations of liver and kidney weight to body weight
in three different groups of the S18 were calculated, not
statistically significant between groups (Additional file 2:
Fig. S2c); we checked the histopathology of the liver and
kidney by using haematoxylin and eosin stainning and
found that the renal tubular morphology of the kidney
was normal in both groups and that the liver cells had
uniform cytoplasms (Additional Fig. 2d). These results
indicate that casticin treatment can effectively inhibit
tumour growth in mice without any obvious subse-
quent damage to the liver or kidney. The results from the
C666-1 in vivo model are shown in Additional file 2: Fig.
S2e—g, indicating findings similar to those with the S18
model.

Casticin induces apoptosis and G2/M phase arrestin S18
and C666-1 cells

It has previously been reported that casticin can induce
G2/M phase arrest in multiple types of cancer cells [20,
21]. We found that casticin had a similar effect on naso-
pharyngeal carcinoma cells, wherein treatment resulted
in the accumulation of cells in the G2/M phase of the cell
cycle in a dose-dependent manner (S18 cells as an exam-
ple: Fig. 2a, b) and found a similar phenomenon in C666-1
cells (Additional Fig. 2h, i). The percentage of S18 and
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Fig. 2 Casticin induces G2/M cell cycle arrest and apoptosis in NPC cells. a, b S18 cells were treated with casticin at concentrations of 0, 2, 4 or

8 UM for 24 h. Cell cycle distribution was analysed by flow cytometry. All data are presented as the mean = standard deviation. *p <0.05 versus

0 uUM, *p<0.01 versus 2 pM, and ***p <0.001 versus 4 uM. ¢ Levels of expression of cyclinD1, CDK1, cyclin B, CDK4, p21 were determined using
Western blotting analysis in S18 and C666-1 cells after application of a gradient of casticin concentrations for 24 h. All data are presented as the
mean = standard deviations. *p < 0.05 versus 0 pM, 4p < 0.5 versus 2 M, and *p < 0.05 versus 4 uM. d, e Cell apoptosis was determined by flow
cytometry after treatment with casticin at concentrations of 0, 1, 2, and 4 uM for 48 h. All data are presented as the mean + standard deviation.
*p<0.05 versus 0 uM, **p <0.01 versus 1 uM, and ***p <0.001 versus 2 uM. f Levels of expression of apoptosis related proteins BCL2 and BAX in $18
cells with a gradient of casticin concentrations (0, 1, 2, 4 uM), and C666-1 with a gradient of casticn concentrations (0, 4, 8 or 16 uM) analyzed by
Western blotting. All data are presented as the mean = standard deviation, for S18 cells *p < 0.05 versus 0 uM, 4p < 0.5 versus 1 uM; for C666-1 cells
*p<0.05 versus 0 uM, &p < 0.5 versus 4 uM. All the assays were performed in triplicate
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C666-1 cells in the G2/M phase dramatically increased
from 11.64+4.72 and 7.03 £2.24%, respectively, in the
untreated control to 62.90+1.97 and 62.5414.91%,
respectively, after treatment with 8 uM casticin for 24 h;
that the percentage in the treated group was still signifi-
cantly higher than that in the untreated group (p<0.05).
To investigate the mechanism of casticin-induced cell
cycle arrest, we examined the expression levels of cell
cycle-related proteins, cyclin D1-dependent CDK4 and
CDK1 (Fig. 2c); changes in expression were consistent
with an indication of G2/M cell cycle arrest (Fig. 2a, b,
Additional file 2: Fig. S2h, i). Previous studies have also
indicated that p21 can induce cell cycle arrest at the
G2/M phase and that the PI3K/AKT pathway plays an
important role in regulating cell cycle progression and
cell proliferation via p21. Accordingly, we also found an
increased level of p21 expression after casticin treatment
(Fig. 2¢).

To elucidate whether apoptosis was also involved in
the nasopharyngeal carcinoma cell growth induced by
casticin, we examined the degree of apoptosis in casticin-
treated S18 and C666-1 cells by using the AV/PI assay.
Casticin-treated S18 cells had significantly increased
early and late apoptosis even at concentrations of only
1 uM, and additionally, the apoptotic frequency was as
high as approximately 75% at 4 uM (Fig. 2d, e). We found
a similar trend for C666-1 cells (Additional file 2: Fig. S2j,
k). We also observed that B-cell lymphoma 2 (BCL-2)-as-
sociated X protein BAX was upregulated, while BCL-2
was downregulated in the casticin-treated cells, and the
BCL-2/BAX ratio was significantly decreased in a dose-
dependent manner (Fig. 2f).

Casticin inhibits nasopharyngeal carcinoma stem cell
characteristics

To characterize the effect of casticin on nasopharyngeal
carcinoma stem cells, we produced nasopharyngeal car-
cinoma tumour spheres using a new three-dimensional
(3D) tumour sphere culture system, which was success-
fully established in our laboratory [14]. At a density of
20,000 cells per culture flask, we found that increased
numbers of spheres were formed in the S18, CNE2, and
C666-1 cell cultures, we examined whether casticin could
affect the self-renewal ability of nasopharyngeal carci-
noma cell lines (Fig. 3a). After treatment with 20 pM cas-
ticin for 72 h, a significant reduction in tumour growth
was observed in the casticin-treated tumour spheres
compared with that in the untreated spheres (Fig. 3b).
Although the size of tumour spheres varies depending
on the founder clone, stem cells are believed to give rise
to larger spheres (typically, spheres from 40 to 150 um
in diameter qualify as tumour spheres), while progeni-
tors give rise to smaller spheres. We evaluated the level of
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expression of stemness-associated proteins using WB to
verify whether the new culture system was able to enrich
the cancer stem cell characteristics of nasopharyngeal
carcinoma cells. The results revealed that the protein
expression levels of NANOG, OCT4, and SOX2 were sig-
nificantly higher in tumour spheres than in their paren-
tal cells (Fig. 3c). Subsequently, we examined the protein
expression of stem cell markers, including Nanog, sox2,
and Oct4, in nasopharyngeal carcinoma cell lines. As
shown in Fig. 3d, casticin-treated nasopharyngeal carci-
noma cells displayed reduced expression of these three
tumour stemness makers in a dose-dependent manner.
Based on these criteria, our results showed that casticin
can inhibit the tumour sphere formation in NPC cell
lines.

Identification of casticin target proteins

To predict protein targets of casticin, a combined strat-
egy was used. We conducted in silico screening by
using different reverse docking approaches [17, 22]. We
screened casticin against the ChemMapper database to
find candidate targets based on 2D/3D structural similar-
ity (Table 1).

Additionally, the ROCS-Based Target Prediction data-
base was used, which allows the prediction of poten-
tial targets based on the ligand shape and electrostatics
(Table 2).

To validate the predicted targets, we tested casticin
against a panel of 468 wild-type and mutant kinases
included in the DiscoveRx KINOME scan profiling plat-
form (Fig. 4a), which covers more than 80% of the human
catalytic protein kinome (Fig. 4a). At a concentration of
10 puM, casticin showed high and selective targeting with
an S score (1) of 0.01 (Fig. 4b). The binding K values,
determined with microscale thermophoresis technology,
indicated strong binding of casticin to the PI3K family
(Fig. 4c). The strong binding (with the percent control
number of less than 1) of casticin to enzymes of the PI3K
family, including wild-type and mutant kinases (Fig. 4d),
indicated casticin as a highly selective inhibitor of PI3Ks.
Casticin, however, did not demonstrate strong binding to
other kinases in the KINOME scan assay. To understand
the interaction of casticin with binding site residues of
PI3Ka [23], casticin was docked to the protein crystal
structure of PI3K (Fig. 4e). The crystal structures of PI3K
(3HHM) were obtained from the PDB (http://www.rcsb.
org/pdb/home/home.do) and the flexible docking of cas-
ticin with the PI3K kinase domain was performed with
the standard precision mode [12, 17]. The results showed
that casticin formed hydrogen bonds with PI3K at Val854
and Agr770, and a hydrophobic bond is formed at Val851.
The docking score of casticin against the kinase domain
of PI3K, expressed as free energy (AG; kcal/mol), was
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Fig. 3 Casticin inhibits the formation of tumour spheres derived from NPC cells. a $18, CNE2, C666-1 cells were induced to generate tumour
spheres and were treated with 20 uM casticin for 72 h. b The number and diameter of spheres of different groups are shown in the right panels.
All data are presented as the mean = standard deviation. *p < 0.05 versus control, and **p <0.01 versus control. ¢ Western blotting showing the
expression levels of stem cell marker proteins, such as NANOG, OCT4, and SOX2 which were examined in tumour spheres (SP) and compared with
their parental cells (PC). All data are presented as the mean = standard deviation. *p < 0.05 versus PC. d The levels of expression of NANOG, SOX2,
and OCT4 in C666-1 cells were examined after treatment with a gradient of casticin concentrations (0, 4, 8 or 16 uM) for 24 h. All data are presented
as the mean = standard deviation. *p < 0.05 versus 0 uM, and &p <0.05 versus 8 puM

— 8.4 (Fig. 4e). We used the Invitrogen SelectScreen™
Biochemical Kinase Activity Assay to evaluate the inhibi-
tory activity of casticin. Among the currently available
purified proteins, casticin inhibited PI3K (p110a/p85a)
with an IC,, value of 616 nm (Fig. 4f). These results indi-
cated that casticin is a novel inhibitor of both wild-type
and mutant PI3K.

Screening of BYL719-insensitive cell lines of NPC

To identify BYL719-insensitive NPC cell lines, the
response of 12 NPC cell lines to BYL719 was screened
by viability assay (Fig. 5a). At 1 uM, BYL719 blocked
pl10a without affecting the other p110 subunits, thus,
we used an IC;, value of 1 uM as a cut-off to classify
NPC cell lines as BYL719-sensitive or -insensitive [24].

Only two NPC cell lines, HONE1 and CNE1, were sen-
sitive to 1 uM BYL719 after 72 h (Fig. 5a). Both sen-
sitive cell lines increased S-phase arrest and apoptosis
rates (as measured by AV staining) compared with the
those in the BYL719-insensitive cell lines (Fig. 5b, c).
We studied PI3K signalling in three resistant (S18,
C666-1 and HONE-EBV+) (Fig. 5d) and two sensitive
cell lines (HONE1 and CNE1) after treatment with a
gradient of BYL719 concentrations (Fig. 5e). The results
revealed that the phosphorylation of S6, AKT and
mTOR was significantly reduced in the sensitive cells
compared to that in the resistant cells, which suggested
that BYL719 can potentially be used in NPC treatment.
The mild reduction of PI3K phosphorylation observed
in the resistant cells explained the higher viability of
these cells after BYL719 treatment.
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mean £ SD, *p <0.05 versus 0 h

Fig. 5 Casticin inhibits the PI3K/mTOR/AKT pathway in BYL719-insensitive cells. a Measurement of the IC50 of BYL719 in 12 NPC cell lines after

72 h of treatment by examining its effects on viability. Values are shown as the mean % standard error of the mean (SEM). Data points represent
combined values across triplicate samples. b Apoptosis (annexin V) in BYL719-sensitive and BYL719-insensitive NPC cells after 48 h of treatment
with 1 uM BYL719. Each dot represents the mean of three independent experiments, each performed in duplicate per listed cell line. *p < 0.05
versus insensitive. ¢ After treatment with 1 uM BYL719 for 48 h, sensitive cell lines had, on average, a larger proportion of cells in cell cycle arrest
(S-phase arrest) than did insensitive lines. Each dot represents the mean of three independent experiments, each performed in duplicate per

listed cell line. *p < 0.05 versus insensitive. d, e Western blotting results showing PI3K pathway signalling in BYL719-insensitive resistant and
BYL719-sensitive NPC cell lines. Protein lysates from cells treated with 1 uM BYL719 were extracted at different time points and analysed by Western
blotting with the indicated antibodies. Densitometric analysis of Western blot bands is shown in the right panel. All data are presented as the

Casticin selectively inhibits the PI3K/AKT/mTOR signalling
pathway

The PI3K/AKT signalling pathway plays an important
role in cancer proliferation and metastasis and is fre-
quently activated in cancer tissues, including naso-
pharyngeal carcinoma [25]. First, we evaluated the
expression and phosphorylation of the PI3K subunit
110a, encoded by PIK3CA, and its downstream effec-
tors AKT and mTOR in all 12 NPC cell lines (Fig. 6a,
b). Five cell lines, including S18, S26, C666-1 EBVT,
HNE-1 and HONE-1, expressed high levels of the
PI3K subunit. We compared the effect of casticin and
BYL719 on cell growth in 12 NPC cell lines and found
that the IC50 ratio of casticin was lower than that of
BYL719 (Fig. 6c). Compared to BYL719, casticin was
less effective in NP69 cells. Next, we observed a sig-
nificant reduction in phosphorylation of AKT at T308
and S473 sites, as well as phosphorylation of mTOR
at Ser2481 and Ser2448, in both S18 and C666-1 after
24 h of application of increasing casticin concentra-
tions, and the effects occurred in a dose-dependent
manner (Fig. 6d—f). However, there was no difference
in total PI3K and AKT expression, indicating that the
reduced phosphorylation was not due to a reduction in
total protein expression (Fig. 6d—f).

Casticin and BYL719 efficiently inhibit the PI3K/Akt/mTOR
signalling pathway

We observed persistent mTORC1 signalling in BYL719-
insensitive cells, which was consistent with the report
that the activation status of mTORC]1 is a determinant
of drug sensitivity of PIK3CA mutant tumours. Then,
we checked PI3K/AKT pathway signalling in S18 and
C666-1 cells treated with BYL719 (1 pM) or casticin
(4 uM) alone or combined for 12 h. The results showed
that treatment with BYL719 alone did not reduce
the phosphorylation of ATK (Ser473 and Thr308) or
mTORCI. In contrast, the combination of the casticin
with BYL719 decreased the phosphorylation of S6 at
the Ser240/4 and Ser235/6 positions (Fig. 6g—i).

Discussion

In this study, we explored the mechanism behind the
antitumour activity of casticin and found that this
compound is a selective broad-spectrum inhibitor
against PI3K and its multiple mutants. Activation of
the PI3K/AKT/mTOR pathway promotes cancer pro-
gression and resistance to endocrine therapy [26]. The
PIK3CA gene is one of the nine commonly mutated
genes in NPC, and it is activated by hot-spot muta-
tions (e.g. those encoding His1047Arg, Glu545Lys, and
Glu542Lys alterations) and amplified in 40-70% of
NPC tissues [27]. Our study provides a pharmacologi-
cal basis for the antitumour effects of casticin as a new
therapy for nasopharyngeal carcinoma [28]. PIK3CA
gain-of-function mutations are one of the common
genetic aberrations in human malignancies, which
makes PI3K an attractive target for cancer therapy.
Despite the great promise of targeted therapy, treat-
ment failure because of drug resistance remains an
obstacle.

In recent years, increasing evidence has indicated the
beneficial effects of selective PI3K inhibitors on NPC,
suggesting that such inhibitors may offer novel thera-
peutic options for the treatment of the disease. Here,
we demonstrated that the potent antitumour effect
of casticin on NPC was mediated through the PI3K
family, especially the PI3K110a subunit. Mechanis-
tic studies revealed that casticin is a selective inhibi-
tor against PI3K and its multiple mutants. Our results
also indicated that casticin can serve as a candidate
for the treatment of cancer patients who are resistant
to PI3K inhibitor, such as BYL719. Importantly, this
study provides a pharmacological basis for the anti-
tumour effects of casticin in NPC. Casticin blocks the
feedback activation of AKT caused by mTOR inhibi-
tion and directly blocks downstream PI3K multi-chan-
nel crosstalk, thereby preventing compensatory effects
between different signalling pathways. Our results
indicate that casticin as a selective pan-PI3K inhibitor,
has a promising clinical application prospects. We also
found that casticin was less cytotoxic to the immortal
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nasopharyngeal epithelial cell line NP69 and showed
no significant hepatotoxicity in vivo. These properties
make it an ideal candidate for cancer therapy.

Casticin is specific for and highly cytotoxic to the
tumour spheres of nasopharyngeal carcinoma cells and
represses the expression of stemness-related proteins,
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control

Fig. 6 Casticin inhibits the PI3K/mTOR/AKT pathway in BYL719-resistant cells. a, b Western blot analysis of the basal expression of PI3K110q,
p-mTOR, mTOR, p-AKT, and AKT in a panel of twelve NPC cell lines. All data are presented as the mean = standard deviation. *p < 0.05 versus NP&9.

¢ IC50 values for casticin- and BYL719-induced effects on the viability of 12 NPC cell lines after 24 h of treatment. All data are presented as the
mean = standard deviation, *p <0.05 versus BYL719. d—f Western blot analysis of PI3K/AKT signalling in cells treated with different concentrations
of casticin for 24 h. d Western blotting analysis of PI3K/AKT signalling in cells treated with different concentrations of casticin for 24 h. e, f
Densitometric analysis of Western blot bands of left panel. e for S18 cells, *p <0.05 versus 0 puM, #p < 0.5 versus 1 puM, 4p < 0.5 versus 2 uM, ¥p < 0.05
versus 4 pM; f for C666-1 *p < 0.05 versus 0 uM, 40 < 0.5 versus 2 uM, p < 0.05 versus 4 uM. g BYL719-insensitive cells. 518 and C666-1 were treated
with 4 uM casticin alone or combined with 1 uM BYL719 for 12 h. Whole cell extracts were prepared and subjected to WB analysis using antibodies
against p-AKT (T 308), p-mTOR (52448), p-mTOR(52481) and p-S6(5240/4). All data are presented as the mean = standard deviations. *p <0.05 versus

suggesting that casticin can inhibit the growth of naso-
pharyngeal carcinoma stem cells. Tumour stem cells
(cancer stem cells, CSCs) can resist traditional cytotoxic
chemotherapy and radiotherapy, which can promote the
formation and infinite growth of tumour tissue. CSCs are
considered to play an important role in tumour recur-
rence, metastasis and treatment tolerance. Therefore,
CSCs that develop radiotherapy resistance are often
noted as the main cause of recurrence and metastasis
of NPC. Selective interventions targeting CSCs may be
a new treatment option for NPC. The Sox2 gene is an
important member of the Sox family and is located on
chromosome 3q26.3¢q27. It plays an important role in
the transformation of pluripotent stem cells [28]. Nanog
is another important stem cell transcription factor that
together with Sox2, plays an important role in maintain-
ing the multipotential differentiation potential of human
embryonic stem cells and in determining the stage of cell
differentiation during early embryonic development. Oct4
and Sox2, as key genes in ESC, do not act independently
on the regulation of related pluripotency factors but form
Oct4-Sox2 heterodimeric complexes. There is a bistable
switch composed of Oct4-Sox2-Nanog that can be acti-
vated or inactived as the external environment changes
and different signals are accordingly received [29]. Oct4,
Sox2 and Nanog are essential transcription factors that
help to maintain the ability of embryonic and adult stem
cells to undergo self-renewal and multidirectional differ-
entiation. In this study, we found that casticin was highly
and specifically cytotoxic to the tumour spheres of NPC
cells and suppressed the expression of stemness-related
proteins SOX2, NANOG, and OCT-4, suggesting that
casticin was able to inhibit NPC stem cells.

In summary, our findings show that casticin not only
inhibits the stemness of NPC but also selectively inhibits
PI3K and significantly suppressesNPC cell functions; we
also showed that casticin in combination with BYL719
effectively reduced the phosphorylation of PI3K/AKT/
mTOR proteins. This study is intriguing, as combinato-
rial antineoplastic effects of different flavonoids have
been previously reported with various anticancer agents
commonly used in the clinic. Overall, our data suggest

that casticin can potentially be employed in combination
therapy against NPC; however, further validation in pre-
clinical studies is required.

Conclusion
Casticin is a new selective PI3K inhibitor with targeted
therapeutic potential for the treatment of NPC.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512935-019-1069-6.

Additional file 1: Fig. S1. Casticin inhibits the viability, migration and
invasion of NPC cells. a Ten NPC cell lines were treated with various
concentrations of casticin for 24, 48 or 72 h. Cell viability was assessed
using the CCK-8 assay. All the data are presented as the mean 4= SEM,

*p <0.05 versus 0 uM; *p < 0.05 versus 2 pM; 4p < 0.05 versus 4 pM; *p < 0.05
versus 8 uM. b IC50 values of casticin in 12 cell lines for 24, 48 or 72 h. ¢
Wound-healing assay of C666-1 cells before and after casticin treatment.
White dashed lines indicate the wound edge. The residual gap between
the migrating cells from the opposite edges of the wound is represented
as a percentage of the initial scratch area. Corresponding graphs show
the mean width of the injury lines of three experiments (right). All data
are presented as the mean = standard deviation. *p <0.01 versus DMSO.
d Casticin-induced inhibition of C666-1 migration in the Transwell assay.
Corresponding graphs (panel on right) show the mean numbers of cells
per high-powerfield (HPF) from five independent areas. All data are pre-
sented as the mean = standard deviation, and the representative experi-
ment shown was repeated three times. *p <0.05 versus 0 UM, **p <0.01
versus 4 uM, and ***p <0.001 versus 8 uM.

Additional file 2: Fig. S2 Casticin inhibits the proliferation of NPC cells

in vitro and in vivo and induces G2/M arrest and apoptosis in the NPC cell
line C666-1. a, b Casticin suppressed colony formation of C666-1 cells.
Cells were exposed to casticin 0, 1, 2, and 4 uM casticin for 12 h or were
treated with 1 uM casticin for different time points (0, 6, 12, and 24 h), and
were allowed to form colonies for approximately 10 days. Corresponding
graphs show the mean number of colonies formed by different groups
for three experiments (right). Right panel of a): *p < 0.05 versus 0 UM,
**p<0.01 versus 2 uM, and ***p < 0.001 versus 4 uM. Right panel of b:
*p<0.05 versus 6 h, **p<0.01 versus 12 h, and ***p <0.001 versus 24 h; ¢
Ratios of liver and kidney weight to body weight in three different groups
of the S18 nude mouse model; d HE staining of liver and kidney in the
experimental group and saline group in regards to the tumorigenic-

ity of the S18 mouse model. e Casticin inhibits tumour growth in vivo.
Different concentrations (10% DMSO + 90% physiological saline, 40 mg/
kg) of casticin were injected into nude mice once per day after they were
inoculated with C666-1 cells. Images of 3 representative mice from each
group are presented to show the sizes of the resulting tumours. f Tumour
volume was periodically measured for each mouse and tumour growth
curves were plotted. Data were used in a parametric generalized linear

model with random effects (top of the panel). Tumours were excised from
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the animals and weighed (bottom of the panel). g HE staining of liver

and kidney in the experimental and saline groups campared with the
untreated group in the C666-1 nude mouse model. All data are presented
as the mean = standard deviation, and each experiment was repeated
three times. *p <0.05 versus NS. h, i C666-1 cells were treated with casticin
at0,2,4 or 8 uM for 24 h. The cell cycle distribution was analysed using
flow cytometry; j, k Cell apoptosis was determined by flow cytometry
after treatment with casticin at concentrations of 0, 2, 4, 8 uM for 48 h. The
data shown are representative experiment from at least three independ-
ent experiments. All the assays were performed in triplicate. All data are
presented as the mean = SD. Significant differences compared with the
control are indicated by *p < 0.05 versus 0 uM, **p < 0.05 versus 2 uM, and
***p <0.05 versus 4 uM.
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PI3K: phosphatidylinositol-3-hydroxykinase; AKT: protein kinase B; mTOR:
rapamycin target protein; FBS: fetal bovine serum; NS: normal saline.

Acknowledgements
Thanks to Gaokeng Xiao (Guangzhou Molcalx information & Technology Ltd)
for the support of the target prediction.

Authors’ contributions

KY, BH designed and conducted the experiments. JL constructed cell viability
and 3D tumour sphere growth assays and the tumour xenograft mouse mod-
els. JL, JY, YH, ZZ and JH conducted annexin V/PI staining assays for cell cycle,
apoptosis, and Western blotting. HZ and XY conducted colony formation
assays and kinase tests. JL and DL conducted cell wound healing, Transwell
and KINOME scan assays and binding affinity tests. ZH and ZW conducted the
in silico screening, and JL analysed the data and wrote the main manuscript
text. All authors reviewed the manuscript. All authors read and approved the
final manuscript.

Funding

This work was supported by the National High Technology Research and
Development Program of China (Program 863) (Grant No. 2012AA02A501) the
Sanming Project of Medicine in Shenzhen (Academician Kaitai Yao's Group for
Nasopharyngeal Carcinoma Research from Southern Medical University), the
National Natural Science Foundation of China (31670892 to Bingtao Hao), and
the Guangdong Province Natural Science Foundation (2016A030313603 to
Bingtao Hao).

Availability of data and materials
Not applicable.

Ethics approval and consent to participate

All animal treatments were carried out in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals, and
approved by the Institutional Animal Care and Use Committee of Southern
Medical University.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! Guangdong Provincial Key Laboratory of Tumor Immunotherapy, Cancer
Research Institute, School of Basic Medical Sciences, Southern Medical Univer-
sity, Guangzhou 510515, Guangdong, People’s Republic of China. > Shenz-
hen Hospital, Southern Medical University, Shenzhen 518000, Guangdong,
People’s Republic of China. * Shunde Hospital, Southern Medical University,
Shunde 528300, Guangdong, People’s Republic of China.

Received: 18 July 2019 Accepted: 12 December 2019
Published online: 21 December 2019

Page 150f 16

References

1. Loong HH, Ma BB, Chan AT. Update on the management and therapeutic
monitoring of advanced nasopharyngeal cancer. Hematol Oncol Clin N
Am. 2008;22(6):1267-78.

2. LiuT,SunQ,LiQ Yang H, Zhang Y, Wang R, Lin X, Xiao D, Yuan'Y, Chen
L, et al. Dual PI3K/mTOR inhibitors, GSK2126458 and PKI-587, suppress
tumor progression and increase radiosensitivity in nasopharyngeal carci-
noma. Mol Cancer Ther. 2015;14(2):429-39.

3. Chua DT, Ma J, Sham JS, Mai HQ, Choy DT, Hong MH, Lu TX, Au GK, Min
HQ. Improvement of survival after addition of induction chemotherapy
to radiotherapy in patients with early-stage nasopharyngeal carcinoma:
subgroup analysis of two Phase Ill trials. Int J Radiat Oncol Biol Phys.
2006;65(5):1300-6.

4. Lee JH, Kim C, Um JY, Sethi G, Ahn KS. Casticin-induced inhibition of cell
growth and survival are mediated through the dual modulation of Akt/
mTOR signaling cascade. Cancers. 2019;11:254. https://doi.org/10.3390/
cancers11020254.

5. HeG, Cao X, He M, Sheng X, Wu Y, Ai X. Casticin inhibits self-renewal
of liver cancer stem cells from the MHCC97 cell line. Oncol Lett.
2014,7(6):2023-8.

6. Qiao Z ChengV,LiuS, Ma Z, Li S, Zhang W. Casticin inhibits esopha-
geal cancer cell proliferation and promotes apoptosis by regulating
mitochondrial apoptotic and JNK signaling pathways. Naunyn-Schmiede-
berg’s Arch Pharmacol. 2019;392(2):177-87.

7. Song XL, Zhang YJ, Wang XF, Zhang WJ, Wang Z, Zhang F, Zhang YJ, Lu
JH, Mei JW, Hu YP, et al. Casticin induces apoptosis and GO/G1 cell cycle
arrest in gallbladder cancer cells. Cancer Cell Int. 2017;17:9.

8. MengT, Qin QP, Chen ZL, Zou HH, Wang K, Liang FP. High in vitro and
in vivo antitumor activities of Ln(lll) complexes with mixed 5,7-dichloro-
2-methyl-8-quinolinol and 4,4’-dimethyl-2,2’-bipyridyl chelating ligands.
Eur J Med Chem. 2019;169:103-10.

9. Zhuang S, Yu R, Zhong J, Liu P, Liu Z. Rhein from Rheum rhabarbarum
inhibits hydrogen-peroxide-induced oxidative stress in intestinal epithe-
lial cells partly through PI3K/Akt-mediated Nrf2/HO-1 pathways. J Agric
Food Chem. 2019;67(9):2519-29.

10. Wong CH, Ma BB, Cheong HT, Hui CW, Hui EP, Chan AT. Preclinical evalua-
tion of PI3K inhibitor BYL719 as a single agent and its synergism in com-
bination with cisplatin or MEK inhibitor in nasopharyngeal carcinoma
(NPC). Am J Cancer Res. 2015;5(4):1496-506.

11. Ravegnini G, Sammarini G, Moran S, Calice G, Indio V, Urbini M, Astolfi A,
Zanotti F, Pantaleo MA, Hrelia P, et al. Mechanisms of resistance to a PI3K
inhibitor in gastrointestinal stromal tumors: an omic approach to identify
novel druggable targets. Cancer Manag Res. 2019;11:6229-44.

12. Hassan N, Singh M, Sulaiman S, Jain P, Sharma K, Nandy S, Dudeja M, Ali
A, Igbal Z. Molecular docking-guided ungual drug-delivery design for
amelioration of onychomycosis. ACS Omega. 2019;4(5):9583-92.

13. Abdelhedi O, Nasri R, Mora L, Jridi M, Toldra F, Nasri M. In silico analysis
and molecular docking study of angiotensin |-converting enzyme inhibi-
tory peptides from smooth-hound viscera protein hydrolysates fraction-
ated by ultrafiltration. Food Chem. 2018;239:453-63.

14. Zhu ZW, Chen L, Liu JX, Huang JW, Wu G, Zheng YF, Yao KT. A novel three-
dimensional tumorsphere culture system for the efficient and low-cost
enrichment of cancer stem cells with natural polymers. Exp Therap Med.
2018;15(1):85-92.

15. Pastrana E, Silva-Vargas V, Doetsch F. Eyes wide open: a critical
review of sphere-formation as an assay for stem cells. Cell Stem Cell.
2011;8(5):486-98.

16. Yu M, Song X, Yang W, Li Z, Ma X, Hao C. Identify the key active ingredi-
ents and pharmacological mechanisms of compound XiongShao capsule
in treating diabetic peripheral neuropathy by network pharmacology
approach. Evid Based Complement Altern Med. 2019;2019:5801591.

17. Mihai DP, Nitulescu GM, lon GND, Ciotu Cl, Chirita C, Negres S. Compu-
tational drug repurposing algorithm targeting TRPA1 calcium channel
as a potential therapeutic solution for multiple sclerosis. Pharmaceutics.
2019;11:446. https://doi.org/10.3390/pharmaceutics11090446.

18. Kainrad T, Hunold S, Seidel T, Langer T. LigandScout remote: a new
user-friendly interface for hpc and cloud resources. J Chem Inf Model.
2019;59(1):31-7.

19. Hernandez-Borrero LJ, Zhang S, Lulla A, Dicker DT, El-Deiry WS. CB002, a
novel p53 tumor suppressor pathway-restoring small molecule induces


https://doi.org/10.3390/cancers11020254
https://doi.org/10.3390/cancers11020254
https://doi.org/10.3390/pharmaceutics11090446

Liu et al. Cancer Cell Int

20.

21

22.

23.

24.

25.

(2019) 19:348

tumor cell death through the pro-apoptotic protein NOXA. Cell Cycle.
2018;17(5):557-67.

Haidara K, Zamir L, Shi QW, Batist G. The flavonoid casticin has

multiple mechanisms of tumor cytotoxicity action. Cancer Lett.
2006,242(2):180-90.

Shen JK, Du HP, Yang M, Wang YG, Jin J. Casticin induces leukemic

cell death through apoptosis and mitotic catastrophe. Ann Hematol.
2009;88(8):743-52.

Zhang H, Pan J,Wu X, Zuo AR, WeiV, Ji ZL. Large-scale target identifica-
tion of herbal medicine using a reverse docking approach. ACS Omega.
2019;4(6):9710-9.

Lee CJ, Jang JH, Lee JY, Lee MH, Li Y, Ryu HW, Choi KI, Dong Z, Lee HS, Oh
SR, et al. Aschantin targeting on the kinase domain of mammalian target
of rapamycin suppresses epidermal growth factor-induced neoplastic
cell transformation. Carcinogenesis. 2015;36(10):1223-34.

Elkabets M, Vora S, Juric D, Morse N, Mino-Kenudson M, Muranen T, Tao J,
Campos AB, Rodon J, Ibrahim YH, et al. mTORC1 inhibition is required for
sensitivity to PI3K p110alpha inhibitors in PIK3CA-mutant breast cancer.
SciTransl Med. 2013;5(196):196ra199.

Thorpe LM, Yuzugullu H, Zhao JJ. PI3K in cancer: divergent roles of
isoforms, modes of activation and therapeutic targeting. Nat Rev Cancer.
2015;15(1):7-24.

26.

27.

28.

29.

Page 16 of 16

Lee S, Wottrich S, Bonavida B. Crosstalks between Raf-kinase inhibitor pro-
tein and cancer stem cell transcription factors (Oct4, KLF4, Sox2, Nanog).
Tumour Biol. 2017;39(4):1010428317692253.

Mizrachi A, Shamay Y, Shah J, Brook S, Soong J, Rajasekhar VK, Humm JL,
Healey JH, Powell SN, Baselga J, et al. Tumour-specific PI3K inhibition via
nanoparticle-targeted delivery in head and neck squamous cell carci-
noma. Nat Commun. 2017;8:14292.

Castel P, Ellis H, Bago R, Toska E, Razavi P, Carmona FJ, Kannan S, Verma
CS, Dickler M, Chandarlapaty S, et al. PDK1-SGK1 signaling sustains AKT-
independent mTORCT activation and confers resistance to PI3Kalpha
inhibition. Cancer Cell. 2016;30(2):229-42.

Najafov A, Sommer EM, Axten JM, Deyoung MP, Alessi DR. Characteri-
zation of GSK2334470, a novel and highly specific inhibitor of PDK1.
Biochem J. 2011;433(2):357-69.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC




	Casticin inhibits nasopharyngeal carcinoma growth by targeting phosphoinositide 3-kinase
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Drugs
	Cell lines and cell culture
	Cell viability assay
	Wound-healing assay
	Colony formation assay
	Cell cycle analysis
	Annexin VPI staining assay
	Establishment of xenograft mouse model
	Tumour sphere formation assay
	Western blotting
	In silico target prediction and analysis of casticin binding by molecular docking
	KINOMEscan assay and binding affinity test
	Statistical analysis

	Results
	Casticin inhibits the viability and proliferation of nasopharyngeal carcinoma cells
	Casticin inhibits tumour growth in a xenograft mouse model
	Casticin induces apoptosis and G2M phase arrest in S18 and C666-1 cells
	Casticin inhibits nasopharyngeal carcinoma stem cell characteristics
	Identification of casticin target proteins
	Screening of BYL719-insensitive cell lines of NPC
	Casticin selectively inhibits the PI3KAKTmTOR signalling pathway
	Casticin and BYL719 efficiently inhibit the PI3KAktmTOR signalling pathway

	Discussion
	Conclusion
	Acknowledgements
	References




