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Purpose: Solanine is the main component of the plant Solanum, which has been shown to provide growth-limiting activities in
a variety of human cancers. However, little is known about its function in gastric cancer (GC).

Methods: We investigated the effect of solanine on GC in vivo and in vitro. The inhibition rate of solanine on the tumor was observed
by constructing a subcutaneous tumor in nude mice. Morphological changes were analyzed with H&E staining. The expression of
ATF4 was detected by IF analysis. MTT assays, EdU staining, and colony formation assays were used to detect the inhibition rate of
solanine on GC cells. Matrigel transwells were used to detect the invasion of GC cells. Cell migration was measured using the wound
healing assay. The flow cytometric analysis was used to monitor changes in the cell cycle and cell apoptosis. Western blotting was used
to detect major proteins in cells and tumors.

Results: Solanine suppressed gastric tumorigenesis. Solanine also inhibited the proliferation, invasion and mitigation of GC cells, and
induced cell cycle arrest and apoptosis in vitro. Moreover, the growth-limiting activities of solanine in gastric cancer were related to
the suppression of the AAMDC/MY C/ATF4/Sesn2 pathway-mediated autophagy. Overexpression of AAMDC reversed the inhibitory
effect of solanine on autophagy and gastric cancer.

Conclusion: In summary, our findings indicate that solanine confers growth-limiting activities by deactivating the AAMDC-regulated
autophagy in gastric cancer.
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Introduction

Gastric cancer is the fifth-leading cause of global cancer-related mortality, and over 1 million new gastric cancer cases
occurred in 2018." During the early stages, the symptoms of gastric cancer are nonspecific. It starts with general
discomfort in the stomach or abdominal region and progresses to vomiting, anorexia, weight loss, trouble swallowing,
excessive belching, and a sensation of early slumber. Due to this, the condition is often identified in its advanced stages.”
Given that the rate of median survival is less than 12 months for the advanced stage, gastric cancer still constitutes
a global health problem.® Currently, the commonly used therapies for treating gastric cancer include chemotherapy,
radiation therapy, and gastrectomy. However, side effects, toxicity, and drug resistance restrict their application.* Thus,
there is an urgent need to identify new treatments.
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According to previous research, various molecular pathways are implicated in the development of gastric cancer. Lei et al,
for instance, discovered three subtypes of gastric cancer, including a proliferative profile linked with high levels of genomic
instability, TP53 mutations, and DNA hypomethylation, a metabolic profile characterized by enhanced anaerobic glycolysis
that ultimately results in tumor cells that are more susceptible to therapy with 5-fluorouracil, and a mesenchymal stem cell
profile especially responsive to PI3K-AKT-mTOR inhibitors.™® Other mechanisms such as fatty acid metabolism, cell
adhesion and proliferation, and carbohydrate and protein metabolism are also crucial to the progression of gastric cancer.’®

Macroautophagy, referred to here as autophagy, is a highly conserved eukaryotic cellular recycling process that
initiates the formation of autophagosomes that capture intracellular proteins and organelles and then fuse with
lysosomes to recycle.” Autophagy maintains proper cell function and cellular homeostasis.® Its disruption may
cause neurological, metabolic, infectious, cardiovascular, musculoskeletal, and renal disorders, as well as cancer.’
For example, the degradation of NBR1 by autophagy inhibits the metastasis of breast cancer.'® Gastric cancer
upregulates autophagy, surviving microenvironmental stress and increasing its growth and aggressiveness.''
Through the activation of autophagy, the long noncoding RNA (IncRNA) EIF3J-DT is able to generate chemore-
sistance in gastric cancer.'? Thus, autophagy inhibition may be beneficial for gastric cancer therapy.

Autophagy is linked to several molecular pathways. AMPK is able to inhibit the mTOR signaling pathway, triggering
autophagy; phagophore formation requires the PI3K/VPS34 complex that is comprised of Beclin-1, VPS34, VPS15, and
ATGI14L; light chain 3 (LC3)-I is converted to LC3-II by lipidation, mediating autophagosome formation; autophagosome-
lysosome fusion is initiated by proteins such as SNAREs and LAMP2."* The MYC proto-oncogene, which undergoes
chromosomal translocation and gene amplification in many human cancers, is an essential regulator of au‘toph.agy.14 MYC
upregulates the stress-induced transcription factor ATF4 that activates the cysteine sulfinyl reductase Sesn2 to trigger autophagy.'
Recently, MYC was reported to be controlled by the oncogene AAMDC.'®

Solanine is a glycoalkaloid that has been found in various plants, including potatoes and Solanum nigrum.'” Emerging
evidence suggests that solanine stimulates ATF4-mediated autophagy, which ultimately influences cell apoptosis.'® Solanine
exerts an anticancer effect on multiple types of cancer, such as colorectal cancer, esophageal cancer, prostate cancer and
pancreatic cancer.'® ?* However, the function of solanine in gastric cancer has rarely been studied.

In this study, we investigated the anticancer activity of solanine in gastric cancer. We showed that solanine inhibited
the growth of gastric cancer by suppressing the AAMDC pathway of autophagy in vivo and in vitro. Furthermore,
overexpression of AAMDC compromised solanine-induced preventive effects in gastric cancer. Collectively, our findings

revealed the anti-cancer property of solanine in gastric cancer.

Materials and Methods

Animals and Treatment

Male BALB/c nude mice (16—18 g body weight) were purchased from Shanghai SIPPR-BK Laboratory Animal Co. Ltd.
(Shanghai, China) and housed in a pathogen-free animal facility. Animals received food and water ad libitum. All animal
procedures were approved by Suzhou Hospital of Integrated Traditional Chinese and Western Medicine and performed in
accordance with the regulations of experimental animal administration issued by the State Committee of Science and Technology
of the People’s Republic of China. The SGC-7901 cell line was purchased from China Center for Type Culture Collection. Each
mouse was subcutaneously injected with SGC-7901 cells (1 x 10° cells in 0.1 mL PBS) into the right armpit. When the tumor
diameter>0.5cm, the mice were randomly divided into three groups (n=12/group): (i) control group (ctr), (i) Solanine 5 mg/kg
group (low-so), (iii) Solanine 10 mg/kg group (high-so). Solanine was intraperitoneally injected daily for 14 days. Then animals
were sacrificed by cervical dislocation, and tumors were collected for further analysis.

Cell Culture and Treatment

Human gastric epithelial cell line GES-1 and human gastric cancer cells SGC-7901 and MGC-803 were purchased from
the Cell Bank of the Chinese Academy of Sciences and cultured in Dulbecco’s modified Eagle medium (DMEM)
medium supplemented with 10% fetal bovine serum (FBS; GIBCO) at 37 °C in a humidified chamber with 5% CO,.
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After 24 h, solanine (0, 1, 2, 4, 6, 8, 10, 15, or 20 uM) was added to the cells for 48 h. For the overexpression of
AAMDC, cell transfection was performed prior to solanine administration, as described below.

Cell Transfection

The SGC-7901 cells were seeded in a 24-well plate until they reached 80% confluency. Then AAMDC-overexpressing
vectors and the negative controls were transfected into the cells using Lipofectamine 3000 (Invitrogen) following the
manufacturer’s protocol. After transfection for 24 h, cells were harvested for further investigation. The AAMDC-
overexpressing vectors and the negative controls were constructed by General Biosystems (Hefei) Co., Ltd.

Histological Evaluation

Morphological changes were analyzed with hematoxylin and eosin (H&E) staining, as reported elsewhere.>> The tumor
tissues were collected, fixed in 4% formaldehyde, embedded in paraffin, and cut into 5-um-thick sections. Subsequently,
the slices were stained with hematoxylin and eosin and observed and imaged using an Olympus microscope.

Immunofluorescence Assay

The immunofluorescence assay was performed as described previously.** Tumor tissues and cells were fixed in 4%
formaldehyde for 20 min and permeabilized with 0.1% Triton X-100 for 10 min. After being blocked with 1% BSA for
30 min, the samples were incubated with primary antibodies against Ki-67 and ATF4 at 4 °C overnight. Subsequently, the
samples were incubated with Alexa Fluor™ 488 goat anti-rabbit IgG (ab150077, Abcam) and Alexa Fluor™ 594 goat anti-
rabbit IgG (ab150080, Abcam) for 2 h at 37 °C. The nuclei were stained with DAPI for 15 min. Fluorescent images were
acquired by a fluorescence microscope (BX53, Olympus).

Western Blotting

The Western blotting was performed as previously described.?® Protein extraction from gastric cancer tissues and cells
was performed using the RIPA buffer containing a protease and phosphatase inhibitor cocktail. The concentration of
protein lysate was determined using a BCA Protein Assay Kit (Beyotime Biotechnology). Equal amounts of protein were
resolved by SDS-PAGE and then transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were
blocked with 5% non-fat milk for 1 h. After that, the blots were incubated with primary antibodies against cleaved
Caspase3, Caspase3, Bax, Bcl-2, LC3A/B, AAMDC, MYC, ATF4, Sesn2 and Tubulin overnight at 4 °C, followed by
incubation with the appropriate secondary antibodies for 90 min at room temperature. Finally, immunoreactive signals
were detected using an enhanced chemiluminescence kit (Beyotime Biotechnology). Band intensity was analyzed by
Imagel software. The antibodies used were purchased from Cell Signaling Technology, Abcam, Affinity, or Proteintech.

Cell Proliferation Assays

For MTT assays, cells were plated in 96-well plates and treated with solanine for 48 h. MTT solution (5 mg/mL, 20 uL.
per well) was then added and incubated at 37 °C for 4 h. Dimethyl sulfoxide (DMSO, 150 pL) was further used to
dissolve formazan crystals. Finally, the absorbance was measured by a microplate reader at 490 nm.

The 5-Ethynyl-2"-deoxyuridine (EdU) staining was performed to measure cell proliferation as described.?® In brief,
solanine-treated cells were incubated with 50 uM EdU for 2 h at 37 °C, fixed in 4% formaldehyde for 30 min, and
permeabilized with 0.5% TritonX-100 for 10 min at room temperature. Afterwards, 1x Apollo® reaction cocktail
(400 pL) was used to react with the EdU for 30 min. Nuclei were stained with Hoechest33342 (400 pL) for 30 min,
and cells were visualized under a fluorescence microscope.

For colony formation assays, cells were seeded in six-well culture dishes and treated with solanine. The medium was
replaced with new medium every 4 days. After being cultured for 2 weeks, the colonies were fixed in methanol for 15 min,

and stained with 0.1% crystal violet for 20 min to visualize colonies. Finally, colonies were photographed and counted.
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Cell Invasion Assay

Matrigel transwell was used to detect the invasion of cells.”’ In brief, cells were resuspended in the upper chamber of
transwell inserts coated with Matrigel and supplemented with DMEM (serum-free). Then, 750 uL. of DMEM containing
10% FBS was added to the lower chamber. After incubation for 24 h, cells on the upper side of the membrane were
removed with a cotton swab, while cells attached to the underside of the membrane were fixed with methanol and stained
with 0.1% crystal violet. Invading cells were observed and counted under light microscopy.

Cell Wound Healing Assay

Cell migration was measured using the wound healing assay.*® Gastric cancer cells were grown in a six-plate and wounds
were scratched with 200 pL micropipette tips. Plates were washed with PBS buffer to remove non-adherent cells.
Representative images were captured at 0, 48 h after culture in serum-free medium.

Cell Cycle and Cell Apoptosis Analysis
The flow cytometric analysis was used to monitor changes in cell cycle and cell apoptosis.*’

For cell cycle analysis, cells were harvested and fixed in 70% ethanol at —20 °C overnight. Afterwards, cells were
rinsed with PBS, treated with RNase A (100 pg/mL) for 30 min, and stained with propidium iodide (PI; 50 pg/mL) for
10 min at 4 °C before being subjected to a flow cytometer.

Cell apoptosis analysis was performed using an Annexin V-FITC Apoptosis Detection Kit (BD Biosciences)
according to the manufacturer’s instructions. Briefly, cells were harvested and resuspended in a binding buffer.
After double staining with FITC-Annexin V and propidium iodide (PI), the cells were analyzed by a flow
cytometer.

Statistical Analysis

All experimental results were summarized as mean =+ standard deviation (SD). Statistical analyses were performed using
one-way or two-way ANOVA followed by Dunnett or Tukey’s post hoc tests in GraphPad Prism (version 6.0). A P value
of less than 0.05 was considered statistically significant.

Results

Solanine Inhibits Gastric Tumorigenesis in vivo

To evaluate the in vivo effect of solanine on tumorigenicity, we injected nude mice with SGC-7901 cells. Images of
tumors from the three groups are shown in Figure 1A, and evident differences were observed between the control group
and solanine-treated groups. Moreover, solanine treatment significantly reduced the tumor size relative to the saline-
treated controls over time (Figure 1B). The H&E staining revealed that the gastric tumor from the control group had
irregular nuclei, inconspicuous nucleoli, a high nuclear-cytoplasmic ratio, and few mitotic phenomena (Figure 1C). In
contrast, the tumor tissues from the solanine-treated groups had fewer tumor cells; the nuclei are pyknotic, fragmented,
dissolved, and deeply stained. Using the immunofluorescence assay, we noticed that solanine greatly inhibited the
proliferation of gastric cancer cells, as evidenced by lower Ki-67 expression levels in solanine groups when compared
with those of the controls (Figure 1D). In the Western blot analysis, solanine upregulated the levels of pro-apoptotic
proteins cleaved Caspase3 and Bax, and downregulated the expression of the anti-apoptotic protein Bcl-2 (Figure 2A).
Collectively, these results suggest that solanine prevented gastric carcinogenesis in vivo.

Solanine Suppresses AAMDC-Mediated Autophagy in vivo

Next, we explored the role of AAMDC-mediated autophagy in the solanine-induced anti-gastric tumor effect. During
autophagy, LC3 is converted from its cytosolic form, LC3-I into the autophagy-related form, LC3-I1.>° Thus, detecting
LC3 conversion is a reliable method of monitoring autophagy. As shown in Figure 2A, solanine-treated groups displayed
a lower LC3 II/I ratio and downregulated AAMDC, MYC, ATF4 and Sesn2 protein expression relative to the control
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Figure | Solanine suppresses gastric tumorigenesis in vivo. (A) Representative images of tumors in different experimental groups. (B) Tumor size was measured on the
indicated days (n=5). (C) Hematoxylin and eosin staining of sections prepared from tumor tissues. (D) Immunofluorescence analysis showing Ki-67 expression in mouse
tumor tissues (n=3). Data are expressed as the mean * SD. *P < 0.05, **P < 0.0| compared to Ctr.

group. Meanwhile, solanine decreased the ATF4 levels in the immunofluorescence assay (Figure 2B). These findings
indicated that solanine inhibited gastric cancer cells by deactivating AAMDC-mediated autophagy in vivo.

Solanine Suppresses the Growth of Gastric Cancer Cells in vitro

We further examine the effect of solanine on gastric cancer in vitro. MTT results showed that solanine did not cause cell
viability reduction in normal human gastric epithelial cells, GES-1 (Figure S1). Moreover, given that the half-maximal
inhibitory concentration (IC50) value against SGC-7901 cells was 10.52 uM, 10 pM was chosen as the medium dose in
further studies (Figure 3A). To assess the proliferation of gastric cancer cells, MTT, EdU staining and colony formation
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Figure 2 Solanine deactivates the AAMDC pathway of autophagy and promotes apoptosis in vivo. (A) Western blotting analysis showing the protein expression of cleaved
Caspase-3, Bax, Bcl-2, LC3, AAMDC, MYC, ATF4 and Sesn2. (B) The expression levels of ATF4 were determined using immunofluorescent microscopy. Data are expressed
as the mean £ SD (n=3).

assays were conducted (Figure 3B-E). The results showed that cell proliferation was inhibited in the solanine-treated

groups. We also investigated the effect of solanine on cell invasion and mitigation using transwell and wound healing
assays, respectively. As shown in Figure 4A and B, solanine reduced the invasion and migration of gastric cancer cells.
The flow cytometric analysis indicated that solanine induced S cell cycle arrest and apoptosis in comparison with control
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Figure 3 The impact of solanine on cell proliferation in vitro. (A and B) MTT assays to measure the cell viability of SGC-7901 cells treated with different concentrations of
solanine (1M, n=5). (C and D) EdU assays to determine cell proliferative ability in SGC-7901 cells (n=3). (E) Cell colony formation assays to examine the proliferation of
SGC-7901 cells (n=3). Data are expressed as the mean * SD.

cells (Figure 4C and D). Furthermore, the Western blotting analysis confirmed the occurrence of gastric cell apoptosis
following solanine intervention, as evidenced by the upregulation of cleaved Caspase3 and Bax, and the downregulation
of Bcl-2 (Figure 5A). Overall, the data suggested that solanine inhibited the growth of gastric cancer cells in SGC-7901
cells. This result was further validated in the human gastric carcinoma cell line MGC-803, where solanine suppressed cell
viability in a dose-dependent manner and decreased cell invasion and proliferation by deactivating the ATF4 signal

(Figure S2).

Solanine Decreases AAMDC-Mediated Autophagy in vitro
The function of solanine on AAMDC-mediated autophagy was also investigated in vitro. Consistent with in vivo results,
solanine greatly downregulated the protein expression levels of the AAMDC pathway and reduced the ATF4
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Figure 4 The influence of solanine on cell invasion, mitigation, cycle arrest and apoptosis in vitro. (A) The effect of solanine on cell invasion using the transwell technique.
(B) The mitigation of gastric cancer cells was determined by the wound healing assay. (C) Cell distribution in GO/GI, S and G2/M phases was quantified by the flow

cytometry analysis. (D) The effect of solanine on cell apoptosis was analyzed by flow cytometry analysis. Data are expressed as the mean + SD (n=3) and P < 0.05, ¥**P <
0.01, ##P < 0.0 compared to Ctr.

immunoreactivity, leading to a decrease in the LC3 II/I percentage (Figure SA and B). The above results indicated that
solanine inhibited gastric cancer via deactivating AAMDC-mediated autophagy in vitro.

AAMDC Overexpression Compromised Solanine-Induced Inhibitory Effect in Gastric
Cancer

To investigate the role of AAMDC in solanine-induced anti-gastric cancer effects. We transfected SGC-7901 cells with
AAMDC-overexpressing plasmids. As depicted in Figure 6, overexpression of AAMDC greatly weakened solanine-
induced cell proliferation inhibition and cell apoptosis in gastric cancer. Meanwhile, the solanine-induced decrease in
LC3 II/T ratio and protein levels of MYC and ATF4 were reversed by AAMDC-overexpressing vectors. These findings
confirmed that solanine prevented gastric cancer via the AAMDC pathway.

Discussion
Gastric cancer is a cancer of the digestive tract, characterized by high incidence and mortality. The first-line drugs for
targeting gastric cancer in clinical practice are highly toxic and lack efficacy.®’ Hence, novel drugs with better efficacy
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Figure 5 The effect of solanine on the AAMDC pathway of autophagy in vivo. (A) The protein levels of cleaved Caspase-3, Bax, Bcl-2, LC3, AAMDC, MYC, ATF4 and Sesn2
were measured by the Western blot analysis. (B) Immunofluorescence staining of ATF4 in SGC-7901 cells. Data are expressed as the mean +SD (n=3).

P=0.0055

°

0.
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and safety are needed for treating gastric cancer. In the present study, we identified that solanine exhibited growth-
limiting activities in murine and cellular models of gastric cancer. This effect was related to the suppression of AAMDC/
MY C/ATF4/Sesn2 signaling-mediated autophagy. Furthermore, overexpression of AAMDC reversed the inhibitory effect
of solanine on autophagy and gastric cancer.
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Figure 6 AAMDC overexpression compromised solanine-induced anti-gastric cancer abilities in vitro. (A) SGC-7901 cell proliferation evaluated by the EdU staining. (B)
The protein levels of cleaved Caspase-3, LC3, MYC, and ATF4 were detected by the Western blot assay. Data are expressed as the mean + SD (n=3).

Glycoalkaloids are nitrogen-containing secondary plant metabolites abundant in a variety of solanaceous plants and
possess significant anti-cancer properties.** Solamargine reduces the development of metastatic and primary melanoma
cells (WM239 and WM115) by causing necrosis and cell rupture.>® Kim et al tested a-tomatine in vivo on CT-26 colon
cancer cells and found that 14 days of a-tomatine treatment resulted in a 38% reduction in tumor growth in mice.*
Another research showed that a-tomatine dramatically decreased tumor take rate, tumor size and weight, as well as
proliferative and angiogenic markers while promoting cell apoptosis in mice with breast tumor.*> Solanine was
demonstrated to boost the immune response against liver cancer by reducing CD4+CD25+ Treg, Foxp3, and TGF.*®
Solanine also considerably prevents prostate cancer development in xenograft athymic nude mice and suppresses cell
proliferation in the cultured prostate cancer cell line DU145.2" In our work, solanine suppressed gastric tumorigenesis
in vivo, hindered the proliferation, invasion and mitigation of gastric cancer cells, and induced cell cycle arrest and
apoptosis in vitro, indicating the therapeutic potential of solanine in gastric cancer.

Autophagy, a survival-promoting pathway that supports nutrient recycling and metabolic adaptation, is a key player in
cancer development.’” Autophagy has been demonstrated to facilitate tumorigenesis by providing cancer cells with
energy and vital compounds upon various stress stimuli.’” Inhibition of autophagy via the MCOLNI1 pathway not only
decreases melanoma metastasis in mice but also reduces migration and invasion in malignant melanoma and glioma cell
lines in vitro.*® Hepatocellular carcinoma cells were more susceptible to apigenin-induced apoptosis and proliferation
inhibition when autophagy was repressed with 3-MA or siRNA targeting Atg5.*® Selective autophagy of NLRC5
enhances endometrial cancer immune evasion.*’

Autophagy plays an important role in gastric cancer. Ahn et al determined the levels of Beclin-1 (an autophagy
initiation factor) in 60 gastric carcinoma tissues using immunohistochemistry and found 83% of the gastric carcinomas
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had Beclin-1 expression, whereas normal gastric mucosa cells showed no or very weak expression of Beclin-1.*' IncRNA
SNHGI11 was demonstrated to promote gastric cancer progression by activating the Wnt/B-catenin pathway of
autophagy.*> AQP3 facilitated chemoresistance to cisplatin (a first-line chemotherapeutic agent for gastric cancer) in
gastric cancer cells via autophagy, while chloroquine, an autophagy inhibitor, enhanced cisplatin chemosensitivity in
gastric cancer cells.*? In our study, solanine administration boosted the conversion of LC3 to its autophagy-related form
and suppressed gastric cancer development in vivo and in vitro. Moreover, inhibition of autophagy by AAMDC
overexpression blunted the preventive effect of solanine in gastric cancer cells, supporting the involvement of autophagy
in regulating gastric cancer.

The MYC-ATF4-Sesn2 pathway is an important signal regulating autophagy in cancer. It has been documented that
upregulating MYC promotes preferential translation of ATF4 and induces endoplasmic reticulum stress-controlled
autophagy, which ultimately promotes tumorigenesis.'* Jin et al reported that ATF4-Sesn2 signaling activation is required
for the induction of autophagy in cancer cells by ginseng, an herb with anti-cancer properties.** The work of Ambrosio
and his colleagues suggests that Sesn2 overexpression enhances autophagy in neuroblastoma cells, while loss of Sesn2
expression decreases autophagy induced by LSDI depletion.*> Recently, MYC signaling was demonstrated to be
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Figure 7 The mechanism of solanine against gastric cancer.
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regulated by AAMDC, an oncogene that controls the translation of MYC and ATF4.'® This finding was verified in our
study, as evidenced by solanine-induced AAMDC downregulation resulting in the deactivation of the MYC-ATF4-Sesn2
pathway in nude mice and gastric cancer cells. On the other hand, solanine-induced upregulation of AAMDC promoted
autophagy and apoptosis in gastric tumor tissues and gastric cancer cells, indicating the critical role of AAMDC in
autophagic progress and the treatment of gastric cancer. This role was further supported by the findings that the inhibitory
effects of solanine on autophagy and gastric cancer cell growth were weakened by the overexpression of AAMDC.

In conclusion, our data suggest that solanine could limit gastric cancer growth through suppressing the AAMDC
pathway of autophagy in murine and cellular models of gastric cancer. The present study identified the potent inhibitory
activities of solanine in gastric cancer and revealed its molecular mechanisms of anti-cancer action (Figure 7). These
findings suggest that solanine may serve as a promising therapy for the treatment of gastric cancer.
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