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ABSTRACT

Sanguinarine (SAG), a benzophenanthridine alkaloid extracted from Sanguinaria canadensis, exerts antioxidant,
anti-inflammatory and antiproliferative activities in a variety of malignancies. However, the underlying me-
chanisms by which SAG affects the tumorigenesis of gastric cancer (GC) are unclear. The common targets of SAG
and GC were identified by network pharmacology, and the association of thymocyte selection-associated high
mobility group box (TOX) with the clinicopathological characteristics and prognosis of patients with GC was
analyzed by using datasets from The Cancer Genome Atlas (TCGA). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2-
H-tetrazolium bromide (MTT) assays, colony formation assays, flow cytometry analysis, and a xenograft tumor
model were conducted to assess the effects of SAG on the growth of GC cells, and Quantitative real-time
polymerase chain reaction (QRT-PCR) and Western blot analysis were used to determine the effects of SAG on the
TOX/DNA-PKcs/KU70/80 signaling pathway. We identified 9 collective targets of SAG and GC, of which TOX
expression levels were dramatically downregulated in GC tissues compared with adjacent normal tissues, and a
low expression of TOX served as an independent prognostic factor of poor survival in patients with GC. SAG
suppressed cell viability, colony formation and in vivo tumorigenesis and induced cell apoptosis and cell cycle
arrest. Furthermore, SAG increased the expression levels of TOX but decreased those of DNA-PKcs and KU70/80
in GC cells. Our findings indicate that SAG inhibits the tumorigenesis of GC cells by regulating TOX/DNA-PKcs/

KU70/80 signaling and may provide therapeutic strategies for the treatment of GC.

1. Introduction

Gastric cancer (GC) is a malignant disease of the digestive tract with
high incidence and mortality. Despite the application of digestive en-
doscopy in the diagnosis and treatment of GC, the prognosis of the
patients remains relatively poor, with a 5-year survival rate of less than
40% due to tumor recurrence and metastasis [1]. GC is characterized by
genome instability through DNA damage caused by various factors [2],
of which the catalytic subunits of DNA-dependent protein kinase (DNA-
PKcs) bind with the KU70/80 heterodimer to form DNA-dependent
protein kinase (DNA-PK), a key promoter of the nonhomologous end
joining (NHEJ) pathway [3,4]. Accumulating evidence shows that the
dysregulation of DNA-PKcs/KU70/80 signaling is associated with the
pathological processes of various malignancies [5,6].

Thymocyte selection-associated high mobility group box (TOX), a
member of an evolutionarily conserved DNA-binding protein, partici-
pates in regulating cell apoptosis, growth, metastasis, and DNA repair

[7]. The aberrant expression of TOX is associated with tumor progres-
sion by regulating CD4™ T-cell and Fusobacterium nucleatum infection
[8-13] and determines tumor growth by binding with KU70/80 and
inhibiting NHEJ repair [12].

Sanguinarine (SAG), a benzophenanthridine alkaloid, is regarded as
a ‘secondary metabolite’ or ‘natural product’ in plants [14]. It was in-
itially used for the treatment of dental diseases owing to its repressive
nature against fungi, bacteria and inflammation [15]. Recent studies
have shown that SAG possesses antitumor potential by inducing cell
apoptosis and repressing proliferation, angiogenesis and invasion
[16,17], but the underlying mechanisms of SAG in GC remain un-
known. In the present study, we first identified the common targets of
SAG and GC and confirmed that the decreased expression of TOX was
associated with poor survival in patients with GC. Moreover, SAG in-
hibited the tumorigenesis of GC by regulating TOX/DNA-PKcs/KU70/
80 signaling and might provide a therapeutic strategy for the treatment
of GC.
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Fig. 1. Identification of the common targets of SAG and GC. (a, b) The differentially expressed genes were screened between GC and adjacent normal tissues from the
GSE52138 and GSE33335 datasets. (c) Nine collective targets of SAG and GC were obtained by using the Venn diagram.

2. Materials and methods
2.1. Reagents and compounds

SAG (purity =98%) was purchased from Dalian Meilun
Biotechnology Co., Ltd. (Dalian, China). 3-(4,5-Dimethyl-2-thiazolyl)-
2,5-diphenyl-2-H-tetrazolium bromide (MTT) was purchased from
Shanghai Beyotime Biotechnology Co., Ltd. (Shanghai, China). All the
supplies for cell culture were purchased from Thermo Fisher Scientific
Company (Waltham, MA, USA). The GC cell lines (SGC-7901 and AGS)
and GES-1 used in these experiments were from the Laboratory of
Gastroenterology of our Hospital. Lentivirus-mediated TOX over-
expression vectors, negative control vectors (NC) and virion-packaging
elements were purchased from Genechem (Shanghai, China).

2.2. Clinical samples

The clinicopathological data of 32 paired GC and 415 unpaired GC
tissue samples as well as the expression levels of 9 targets (TOX, XRN2,
CCNE1, PSMD4, CLIC4, CTPS, THBS1, GYG1l and MSN) were down-
loaded from The Cancer Genome Atlas (TCGA) RNA-seq database
(https://genome-cancer.ucsc.edu). The protocols used in our study
were approved by the Ethics Committee of the Shanghai Sixth People’s

Hospital.

2.3. Identification of the common targets of SAG and GC

The canonical simplified molecular-input line-entry system
(SMILES) of SAG {C[N+]1=C2C(=C3C = CC4=C(C3 =Cl)
0C04)C = CC5=CC6=C (C = C52)0CO6} was acquired by Pubchem
(https://pubchem.ncbi.nlm.nih.gov/) and was used to screen the tar-
gets of SAG by wusing SwissTargetPrediction (http://www.
swisstargetprediction.ch/) and PharmMapper. The targets of GC were
identified by using Gene-Cloud of Biotechnology Information (GCBI)
and Gene Expression Omnibus (GEO) datasets (https://www.gcbi.com.
cn/gcelib/html/index). The common targets of SAG and GC were ob-
tained by Venny 2.1 (http://bioinfogp.cnb.csic.es/tools/venny/index.
html).

2.4. Cell culture and cell transfection

GC cells (SGC-7901 and AGS) and GES-1 were cultured in DMEM
containing 10% fetal bovine serum (FBS), penicillin (100 U/ml) and
streptomycin (100 g/ml) and incubated at 37 °C, 5% CO2 and saturated
humidity. Lentivirus vectors for transfection were prepared and trans-
fected into SGC-7901 and AGS cells.
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Fig. 2. The association of TOX expression with overall survival in patients with GC. (a) TCGA analysis of the expression levels of 9 target genes in paired and unpaired
GC tissues. (b) ROC curve analysis of the cutoff value of TOX in GC patients. (c) The cutoff value of TOX divided the patients into high TOX expression and low TOX
expression groups. (d, e) Kaplan-Meier analysis of the association of TOX expression with survival in GC patients and late-stage patients. * P < 0.05, **P < 0.01,

***p < 0.001.

2.5. MTT assay

GC cells (2 x 10° ul/well) were seeded in 96-well plates and in-
cubated for 24 h at 5% CO2 and saturated humidity. Then, serial con-
centrations of SAG (0, 1.25, 2.5, and 5uM) were added to each well.
After treatment for 24, 48, and 72h, MTT (10 pl) was added into each
well, followed by incubation for 1 h. The optical density (OD) at 490 nm
was measured using a microplate reader (Molecular Device, Sunnyvale,
CA, USA).

2.6. Colony formation assays

Briefly, GC cells (1 x 10%) were plated into 10 cm dishes and cul-
tured for 15 days. Colonies were then fixed with methanol for 15 min
and stained with 0.1% crystal violet for 10 “30 min. The number of
colonies containing > 10 cells was counted under a microscope.
Experiments were performed three times.

2.7. Flow cytometry analysis

GC cells were collected after incubation with different concentra-
tions of SAG (0, 1.25, 2.5, and 5 uM) for 24 h, and then, the cells were
blocked in 70% ethanol at 4 °C overnight. The cells were centrifuged
(1000 rpm for 5min) and then washed with phosphate-buffered saline
(PBS), followed by staining with propidium iodide (PI, 1 ml). Then, the
cell cycle distribution was analyzed by an FC 500 flow cytometer
(Beckman, Brea, CA, USA). Apoptosis analyses were conducted by the
Annexin V-FITC Apoptosis Detection Kits (Beyotime, Shanghai, China)
following the manufacturer’s instructions.

2.8. qRT-PCR

Total RNA was extracted from the cultured cells of the experimental
groups using TRIzol reagent (Invitrogen, Katlsruhe, Germany) ac-
cording to the manufacturer’s instructions and was then reversely
transcribed to cDNA by using a first-strand cDNA synthesis kit (Takara,
Dalian, China). Quantitative real-time polymerase chain reaction (qRT-
PCR) was performed by an ABI 7500 PCR instrument (Applied
Biosystems, Shanghai, China) using a SYBR green PCR kit (TaKaRa,

Dalian, China). The amplification reaction conditions were as follows:
95°C for 30s, 60°C for 30s and 72°C for 60s. This procedure was
repeated for 30 cycles. The relative mRNA expression was calculated by
the comparative Ct (2~ 22" method. Glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) was always tested as the reference gene. The
primers of TOX and GAPDH were designed and synthesized by
Shanghai Genechem Co., Ltd (Shanghai, China). The primer sequences
were as follows: TOX, F: 5’CGGGAATGAATCCTCACCTAAC3’ and R: 5’
CAGTCACTGGCATTTGGTTATTC3’; and GAPDH, F: 5’"GCACCGTCAAG
GCTGAGAAC3’ and R: 5"TGGTGAAGACGCCAGTGGA3'".

2.9. Western blot analysis

The protein abundance in the cells was determined by Western blot
analysis. Cells (5 x 10°) in the logarithmic growth phase were collected
and lysed for total proteins. The supernatant fluid of the lysates was
collected by centrifugation (12,000 rpm for 10 min), followed by SDS-
PAGE. After electrophoresis, the proteins were electrotransferred onto a
polyvinylidene fluoride (PVDF; Millipore Boston, MA, USA) membrane.
The membrane was then rinsed with a blocking solution of 5% nonfat
milk for 60 min and incubated overnight at 4 °C with antibodies against
TOX (bs-17327R, Bioss, Shanghai, China), DNA-PKcs (AF1888,
Beyotime, Shanghai, China), KU70 (AF0213, Beyotime, Shanghai,
China) and KU80 (AF1981, Beyotime, Shanghai, China), followed by
incubation with secondary antibodies at room temperature for 1h.
Enhanced chemiluminescence (ECL) reagents (Boster, Shanghai, China)
were used to visualize the targeted protein bank under X-ray film.
GAPDH was used as a control.

2.10. Xenograft tumor models

For the xenograft tumor model in nude mice, 1 x 10° SGC-7901
cells were suspended in 200pl of sterile PBS and injected sub-
cutaneously into the right flank of male BALB/C nude mice (4-6
weeks). When tumors reached an average size of 50 mmg, the mice
were randomized into three groups: control group (saline, n = 6), low-
dose SAG group (4 mg/kg, n = 6) and high-dose SAG group (8 mg/kg,
n = 6); saline or SAG was administered every day for 3 weeks. The
body weight of the mice and the two perpendicular diameters (length
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Fig. 3. SAG inhibited the proliferation and colony formation of GC cells. (a) MTT and (b) colony formation assays were performed to assess the effects of SAG on the
proliferation and cell colony numbers in SGC-7901 and AGS cells in a dose- and time-dependent manner. Data are the means = SEM of three experiments. *

P < 0.05, **P < 0.01.

and width) of the tumors were recorded, and tumor size was calculated
according to the following formula: volume (V) =(LW?)/2, where ‘I’
represents the largest length and ‘W’ represents the smallest width. At
21 days post intragastric tumor formation, the mice were euthanized,
and the tumors were excised, paraffin-embedded, and formalin-fixed.
Hematoxylin and eosin (H&E) staining and immunostaining analysis
were performed. All animal work was approved by the Animal Care
Committee of our Hospital.

2.11. Immunohistochemistry (IHC) analysis

IHC analysis was performed to examine the protein expression le-
vels, including those of Ki-67, TOX, DNA-PKcs, and KU70. Briefly, the
tumor tissue slides, which were deparaffinized, rehydrated, and an-
tigen-retrieved with 10 mM sodium citrate buffer (pH 6.0, at 90 °C for
30 min), were blocked and antibody-incubated. The slides were pre-
incubated with 0.04% bovine serum albumin to block nonspecific
binding. Subsequently, the slides were incubated with primary poly-
clonal antibodies (ABclonal Biotech, Shanghai, China) at a dilution of
1:200 overnight at 4 °C and then with secondary antibodies (KeyGen

Biotech, Shanghai, China) at room temperature for 1h. Finally, the
sections were stained with 3,3-diaminobenzidine (DAB) and counter-
stained with hematoxylin. Images were visualized under a microscope
(Olympus, Tokyo, Japan).

2.12. Statistical analysis

Data are expressed as the mean * standard deviation (SD).
Analysis of variance (ANOVA) and Student’s t-test were used to de-
termine significant differences. The Kaplan-Meier method was used to
determine the association of the target genes with poor prognosis in
patients with GC. Experimental data were assessed with GraphPad
Prism 7 (La Jolla, CA, USA). P values of less than 0.05 were considered
significant.

3. Results
3.1. Identification of the common targets of SAG and GC

As indicated in Supplementary Table S1, approximately 75 target
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Fig. 4. SAG induced cell cycle arrest and apoptosis in GC cells. (a, b) Flow cytometry analysis was conducted to estimate the effects of SAG on the cycle distribution

and cell apoptotic index of SGC-7901 and AGS cells in a dose- and time-dependent manner. Data are the means *

**P < 0.01, ***P < 0.001, **** P < 0.0001.

genes of SAG were identified by using network pharmacology, and
1395 target genes of GC were acquired from the public database GEO,
of which 395 differentially expressed genes between GC and adjacent
normal tissues were from GSE52138 (Fig. 1a and Supplementary Table
S2), and another 1000 were from GSE33335 (Fig. 1b and Supplemen-
tary Table S3). Thus, 9 collective targets of SAG and GC were obtained
by using a Venn diagram (Fig. 1c).

3.2. Low expression of TOX was associated with poor survival in patients
with GC

We analyzed the expression levels of these 9 targets in GC tissues
and found that TOX (P < 0.001), XRN2 (P < 0.001), CCNE1
(P < 0.001) and CTPS (P < 0.001) were the most significantly dif-
ferentially expressed between GC and normal tissues, of which TOX
expression levels were decreased, but XRN2, CCNEland CTPS levels
were increased in paired and unpaired GC tissues (Fig. 2a). According
to the gene expression levels, survival time and survival status, cutoff
values for TOX, XRN2, CCNE1 and CTPS were determined in GC pa-
tients (Fig. 2b and Supplementary Figure S1) and were used to divide
the patients into high expression and low expression groups (Fig. 2c and
Supplementary Figure S1).

Then, we analyzed the association of these four genes with the
prognosis of patients with GC and found that a low expression of TOX
had no association with the clinicopathological characteristics in pa-
tients with GC (Supplementary Table S4). These patients and those in

SEM of three experiments. * P < 0.05,

the late stage (stage III + IV) with low TOX expression exhibited a
poorer survival than those with high TOX expression (Fig. 2d, e), but
there was no difference in tumor recurrence, and those in the early
stage (stage I + II) also showed no difference in overall survival (Sup-
plementary Figure S2). Univariate and multivariate analyses revealed
that low TOX expression and age were independent prognostic factors
of poor survival in patients with GC (Supplementary Table S5). How-
ever, the increased expression of XRN2, CCNE1 and CTPS displayed a
contradictory trend with a longer survival or lower recurrence in GC
patients (Supplementary Figure S1). Therefore, TOX was selected for
further analysis.

3.3. SAG inhibited the cell proliferation and colony formation of GC cells

The viability of GC cells (SGC-7901 and AGS) was detected after
exposure to different concentrations of SAG at different time points.
The results indicated that SAG produced marked inhibitory effects on
the cell proliferation and colony formation of SGC-7901 and AGS cells
in a dose- and time-dependent manner but exerted no impact on those
of GES-1 cells compared with the control group (Fig. 3a, b).

3.4. SAG induced cycle arrest and the apoptosis of GC cells

Flow cytometry analysis was used to determine the cell cycle dis-
tribution and cell apoptosis after exposure to different concentrations of
SAG at different time points. The results indicated that compared with
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the control group, SAG treatment (2.5 and 5 uM for 24 h) increased the
proportion of GC cells in the GO/G1 phase and decreased the proportion
of GC cells in the S phase (Fig. 4a). Then, Annexin V/PI double staining
was performed to assess cell apoptosis, and the results indicated that
SAG induced dramatically increased cell apoptosis in a dose-dependent
manner compared with that in the control group (Fig. 4b).

3.5. TOX overexpression inhibited GC cell proliferation, and SAG regulated
the expression of TOX/DNA-PKcs/KU70/80 in GC cells

To confirm the function of TOX in GC cells, TOX was stably over-
expressed through a lentiviral vector in SGC-7901 and AGS cell lines,
and was determined by Western blot analysis (Fig. 5a). To verify the
role of TOX in GC growth, cell proliferation was determined by clone
formation. The results demonstrated that the overexpression of TOX
significantly decreased cell proliferation in GC cells compared with that
of the control group (P < 0.01). After exposure to different con-
centrations of SAG for 24 h, qRT-PCR and Western blot analysis were
conducted to measure the expression levels of TOX/DNA-PKcs/KU70/
80 in SGC-7901 and AGS cells. The results indicated that SAG sub-
stantially elevated the expression levels of TOX (Fig. 5c, d) but sig-
nificantly reduced those of downstream DNA-PKcs and KU70/80 in
SGC-7901 and AGS cells in a dose-dependent manner compared with
those of the control group (Fig. Se).

3.6. SAG inhibited the xenograft tumor growth

Given that SAG exerted anti-GC effects in vitro, the potential effects
of SAG on GC cell growth in vivo were further investigated by estab-
lishing a xenograft tumor model, which showed that the mice with the

+

SEM of three experiments. *

gavage administration of low- or high-dose SAG displayed a lower
tumor volume and weight than those of the control group (Fig. 6a). H&
E staining demonstrated that the tumor formation ability was lowered
by the administration of SAG compared with that of the control group
(Fig. 6b) IHC analysis showed that SAG significantly reduced the ex-
pression levels of Ki-67, KU70, and DNA-PKcs but increased the ex-
pression level of TOX compared to those of the control group (Fig. 6b).

4. Discussion

An increasing number of natural products and their derivatives,
including SAG, have rich structural diversity, promising therapeutic
applications and possess antitumor activities [18-21]. SAG is a bene-
ficial antitumor drug that induces cell death and inhibits tumorigenesis
in a variety of cancers and synergistically enhances sensitivity to che-
motherapy drugs [17]. Herein, we found that SAG inhibited the growth
of GC cells in vitro and in vivo and induced cell apoptosis and cycle
arrest but did not exert cytotoxicity on GES-1 cells.

Our previous study showed that SAG inhibited the proliferation and
invasive potential of GC cells in vitro via the regulation of the DUSP4/
ERK pathway [18]. However, the precise targets of SAG in GC remain
unclear. In our study, TOX, identified as a target of SAG and GC by
network pharmacology, showed low expression levels in GC tissues, and
a low expression of TOX was an independent prognostic factor of poor
survival in patients with GC. Moreover, TOX overexpression can sig-
nificantly decrease cell proliferation, and SAG may act as a TOX acti-
vator, exerting its activity in GC. TOX, a nuclear and DNA-binding
protein, is essential for the differentiation of thymocytes [22]. It is
specifically expressed in T-cell malignancies, and its related members
(TOX2/3/4) also cause dysregulation in malignant tumors [23-25]. The
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low expression of TOX3 is associated with a poor prognosis in diffuse-
type GC [26]. Therefore, TOX as the target of SAG may provide new
strategies for GC.

NHEJ is a nonspecific repair mechanism and prone to errors. NHEJ
repair is initiated by the recruitment of KU70/80 and DNA-PKcs to DNA
damage [27,28] and leads to DNA translocations, inversions, and de-
letions in cancer [29]; its overactivation can regulate cell cycle arrest,
apoptosis, chromosome recombination and genomic instability [30,31].
KU70/80 deficiency causes elevated genomic instability and T-cell
malignancies [32,33]. However, the DNA-PKcs/KU70/80 axis has been
confirmed to be upregulated in multiple cancers, including GC, and
promotes their carcinogenesis [6,34-36]. Both DNA-PKcs and KU70/80
are overexpressed in GC tissues and promote malignant pathological
processes [6], and the expression of KU70 was significantly higher in
precancerous lesions and GC tissues compared with that in normal
gastric mucosal tissues [37]. Another study confirmed the increased
expression of DNA-PKcs in consecutive cases of GC by im-
munohistochemistry [38]. The latest study showed that TOX regulates

DNA repair and genomic instability in T-cell acute lymphoblastic leu-
kemia, binds directly to KU70/80, and inhibits NHEJ by suppressing
recruitment of KU70/KUS8O to sites of DNA damage [12]. In our study,
in accordance with previous studies, we assessed the effects of SAG on
the expression levels of DNA-PKcs/KU70/80 and found that SAG de-
creased the expression levels of DNA-PKcs and KU70/80 in GC cells,
indicating that SAG might repress GC growth by regulating the TOX-
mediated DNA-PKcs/KU70/80 axis.

5. Conclusion

In summary, we identified TOX as a target of SAG and GC and found
that low expression of TOX was associated with poor survival in pa-
tients with GC; Moreover, SAG inhibited growth and induced cell
apoptosis and cycle arrest in GC cells by regulating the TOX-mediated
DNA-PKcs/KU70/KU80 axis. These findings might provide a ther-
apeutic strategy for GC.
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