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Purpose

Silent mating type information regulator 2 homolog 1 (SIRT1) and autophagy have a two-way action (promoting cell death or survival) on the progression and treatment of gastric cancer (GC) under different conditions or environments. This study aimed to investigate the effects and underlying mechanism of SIRT1 on autophagy and the malignant biological behavior of GC cells under conditions of glucose deprivation (GD).





Materials and methods

Human immortalized gastric mucosal cell GES-1 and GC cell lines SGC-7901, BGC-823, MKN-45 and MKN-28 were utilized. A sugar-free or low-sugar (glucose concentration, 2.5 mmol/L) DMEM medium was used to simulate GD. Additionally, CCK8, colony formation, scratches, transwell, siRNA interference, mRFP-GFP-LC3 adenovirus infection, flow cytometry and western blot assays were performed to investigate the role of SIRT1 in autophagy and malignant biological behaviors (proliferation, migration, invasion, apoptosis and cell cycle) of GC under GD and the underlying mechanism.





Results

SGC-7901 cells had the longest tolerance time to GD culture conditions, which had the highest expression of SIRT1 protein and the level of basal autophagy. With the extension of GD time, the autophagy activity in SGC-7901 cells also increased. Under GD conditions, we found a close relationship between SIRT1, FoxO1 and Rab7 in SGC-7901 cells. SIRT1 regulated the activity of FoxO1 and upregulated the expression of Rab7 through deacetylation, which ultimately affected autophagy in GC cells. In addition, changing the expression of FoxO1 provided feedback on the expression of SIRT1 in the cell. Reducing SIRT1, FoxO1 or Rab7 expression significantly inhibited the autophagy levels of GC cells under GD conditions, decreased the tolerance of GC cells to GD, enhanced the inhibition of GD in GC cell proliferation, migration and invasion and increased apoptosis induced by GD.





Conclusion

The SIRT1-FoxO1-Rab7 pathway is crucial for the autophagy and malignant biological behaviors of GC cells under GD conditions, which could be a new target for the treatment of GC.
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1 Introduction

Gastric cancer (GC) is a commonly diagnosed malignancy ranked among the top five in morbidity and mortality of all cancers worldwide (1). Since the prognosis of GC patients with advanced or metastatic diseases remains poor, clarifying the potential molecular mechanism of its occurrence and development and finding new therapeutic targets are of great significance for improving patient outcomes.

Silent mating type information regulator 2 homolog 1 (SIRT1) and autophagy have a two-way action (promoting cell death or survival) on the development and treatment of GC under different conditions. SIRT1 is a class-III histone deacetylase (HDAC), a Nicotinamide adenine dinucleotide+ (NAD+)-dependent enzyme and a prognostic factor for many tumors, including GC (2, 3). It was reported to be vital for GC proliferation, migration, invasion, epithelial-mesenchymal transition (EMT), apoptosis and resistance to chemotherapy (4–6). Thus, SIRT1 is considered an important therapeutic target. However, its effect on GC cell proliferation, migration, invasion, and apoptosis under sugar deprivation condition is still unclear. Our previous research showed that GC tissues exhibit higher levels of autophagic activity and expression of Beclin-1 and SIRT1 than normal adjacent gastric mucosa (7). In addition, SIRT1 expression was positively correlated with Beclin-1 expression, and both SIRT1 and Beclin-1 were significant factors that affected the prognosis of GC patients. Thus, we believe that autophagy and SIRT1 play an essential role in the occurrence and development of GC. Previous researches showed that SIRT1 participated in the regulation of autophagy by modifying ATG proteins (8), via the SIRT1-FoxO1-Rab7 axis (Sirt1-mediated deacetylation of FoxO1 and upregulation of Rab7) (9) and modifying other molecules such as histone H4 (at lysine residue 16;H4K16ac) (10), Forkhead box O1(FoxO1) (11), Forkhead box O3(FoxO3) (12), E2F transcription factor 1(E2F1) (13), p73 (14), Peroxisome proliferator-activated receptor-γ coactivator-1α(PGC1α) (15), S6 kinase (S6K) (16), Nuclear factor-k-gene binding (NF-κB) (17), p53 (18) and tuberous sclerosis complex 2 (TSC2) (19). However, the pathway via which SIRT1 regulates autophagic activities in GC cells and its effects on the malignant biological behavior of GC cells under glucose deprivation (GD) conditions remain unclear.

Therefore, this present study aimed to clarify the effects and mechanism of SIRT1 and the SIRT1-FoxO1-Rab7 axis on the autophagy activity and cell biological behavior of GC cells under GD conditions.




2 Materials and methods



2.1 Reagents

Sugar-free DMEM medium (Glucose concentration 0mmol/L, GIBCO, USA), DMEM medium (glucose concentration 25mmol/L, HyClone USA), annexin V-FITC Apoptosis Detection Kit (Beijing 4A Biotech Co., Ltd), CCK8 Kit (Wuhan Boster Biological Technology Co., Ltd), siRNA Lyophilized Powder (Shanghai GenePharma Co., Ltd), mRFP-GFP-LC3 adenovirus (Han Heng Biotechnology Co., Ltd), rabbit anti-human β-actin, LC3AB, Cleaved Caspase 3, FoxO1 and Rab7 monoclonal antibody (Cell Signaling Technology, USA), Beclin-1 Rabbit anti-human monoclonal antibody, P62 mouse anti-human monoclonal antibody, Caspase 3 rabbit anti-human monoclonal antibody (Abcam, USA), rabbit anti-human SIRT1, Ac-FoxO1 polyclonal antibody (Santa Cruz, USA), horseradish peroxidase-labeled goat anti-mouse secondary antibodies, goat anti-rabbit secondary antibodies(Pierce, USA).




2.2 Cell lines

Human immortalized gastric mucosal epithelial cell GES-1 and GC cell lines SGC-7901, BGC-823, MKN-45and MKN-28 obtained from the Laboratory Animal Center of the Fourth Military Medical University were used in this study. These five cell lines were cultured in DMEM medium containing 10% fetal calf serum at 37 °C, 5% carbon dioxide concentration and appropriate humidity.




2.3 Cell viability analysis

We used the CCK8 kit test for cell viability assay. After transfection of siRNA, each group of cells was cultured for 24 hours in a 96-well plate with 5000 cells/well and replaced with sugar or sugar-free DMEM medium for 0, 24, 48, 72 and 96 hours. Then, each well was changed to fresh medium with 10 μl CCK-8 solution and cultured for about 2 hours. A negative control containing medium and CCK-8 but no cells in the wells was also set up. The OD value of each well at a wavelength of 450 nm was detected and corrected with the OD value of the negative control group.




2.4 Plate clone formation

After transfection with siRNA, 200 cells/well were seeded in a 6-well plate containing 5 ml of 10% FBS in DMEM or sugar-free DMEM medium and cultured for about 14-21 days. After the medium was discarded, the cells were washed twice with PBS, fixed with methanol for 15 minutes, and stained with Giemsa for 15-30 minutes. An effective clone was defined as >50 cells. The clone formation rate was calculated using the following equation. The experiment was repeated 3 times.

	




2.5 Scratches

After transfection with siRNA, 5×105 cells were seeded in each well of a 6-well plate. The cells were fused to about 90% and scored with a 100 μl gun tip perpendicular to the bottom of the six-well plate. After scratching, the cells were washed with PBS to remove the detached cells. They were then observed under a microscope and photographed (0 hours) to record the distance between the two sides of the wound at 24, 48 and 72 hours, respectively. The images taken were used to record the distance between both sides of the scar, and a software was used to analyze the cell migration distance of each group of cells at 0, 24, 48, and 72 hours. The relative migration distance was calculated using the following formula.

	




2.6 Transwell migration and invasion assays

Transwell migration and invasion experiments were performed with Transwell chambers (Millipore, 8μm/well). The microporous membrane of the upper chamber was covered with or without Matrigel (Becton Dickinson Labware) for the invasion and migration experiments, respectively. The cells of each group transfected with siRNA were then collected, to which 500μl of DMEM or low-glucose DMEM medium containing 20% FBS was added to the 24-well plate (lower chamber). Next, 6×104 or 1×105 cells were seeded in serum-free DMEM or low-glucose DMEM medium in the chamber for migration and invasion experiments, respectively. After culturing for 12 hours (migration assay) and 36 hours (invasion assay), the cells in the upper layer of the microporous membrane were removed using cotton swabs. Cells in the lower layer of the microporous membrane were fixed with 4% paraformaldehyde solution for 30 minutes and stained with 0.1% crystal violet staining solution at room temperature for 30 minutes. Five fields of view were randomly selected at 200× magnification to count the number of perforated cells, and their mean values were taken for statistical analysis.




2.7 Morphological observation of apoptosis

We observed and compared the apoptosis of each group (8 hours after normal culture or sugar deprivation) using an inverted microscope. The shrinking, rounding and falling off of cells were considered as the morphological characteristics of apoptosis, whereby the cells became smaller and deformed, and although the cell membrane was intact, foaming occurred.




2.8 siRNA transfection

The sequence of siRNA was used to express SIRT1 in the silent cells. SIRT1/FoxO1/Rab7-siRNA and negative control (NC)were purchased from Shanghai GenePharma Co., Ltd. The sequences of the siRNA are shown in Table 1. We used X-treme GENE(Switzerland Roche company) siRNA for transfer according to the operating instructions. The transfected cells were collected for subsequent experiments and the interference efficiency was detected by western blot.


Table 1 | Sequence of siRNA.



Table 1 at the end of the manuscript.




2.9 mRFP-GFP-LC3 adenovirus infection to detect autophagy

Cells were inoculated in six-well plates at 2×105 cells/well. Adenovirus infection can be performed when the degree of fusion reached about 50-70%. MRFP-GFP-LC3 adenovirus (Hanheng Biotechnology Co., Ltd.) infection was performed according to the operating instructions. The infected cells were collected, seeded, and used in intervention experiments (i.e., sugar deprivation and SIRT1 expression silencing). Autophagy was observed under a fluorescence microscope (fluorescence inverted phase contrast microscope, IX50, Olympus, Japan), and autophagic flux was assessed by counting the number of intracellular fluorescent spots (fluorescent spots/cell) of GFP and RFP.




2.10 Western blotting

The treated cells were washed twice with PBS and placed on ice with RIPA lysate for at least 30 min. The total protein of the cells was extracted and quantified. Cell lysates were added to 10% or 12% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) for separation and transferred to NC membranes, which were then sealed with 5% skim milk and incubated overnight with primary antibody at 4°C. The membrane was washed the next day with TBST and incubated with a secondary antibody for 1 hour at room temperature. Protein expression was detected by a chemiluminescence system (Millipore) according to the instructions.




2.11 Statistical analysis

Statistical analysis was performed using SPSS v13.0. Experimental data are expressed as the mean ± SD of three independent experiments. One-way ANOVA was used to compare multiple groups, and the LSD-t test was used for comparison between groups. Both P<0.05 and P<0.001 indicated a statistical difference.





3 Results



3.1 Cell proliferation of immortalized gastric epithelial cells and different GC cell lines under normal and GD conditions

The cell growth and proliferation of gastric mucosal immortalized epithelial cells GES-1 and GC cells SGC-7901, MKN-28, MGC-803 and MKN-45 were detected by CCK-8 under normal and GD culture conditions. SGC-7901 had the longest tolerance time to GD (P<0.001) (Figure 1B), followed by GES-1(Figure 1A) and MGC-803 (Figure 1D)(P<0.05 or P<0.001). MKN-28 (Figure 1C) and MKN-45 (Figure 1E) cells were the least tolerant to GD(P<0.05 or P<0.001).




Figure 1 | Cell growth and proliferation of different cell lines under GD and normal culture conditions; GES-1 (A)and MGC-803 (D) cells showed a significant decrease in proliferation after 72 hours under GD conditions (P<0.05 or P<0.001). MKN-28 (C) and MKN-45 (E) cells showed a significant decrease after 48 hours (P<0.05 or P<0.001). SGC-7901 (B)cells showed a significant decrease at 96 hours under GD conditions (P<0.001).






3.2 Expression of SIRT1 protein and autophagy-related protein in gastric mucosal immortalized epithelial cells and different gastric cancer cells

Western blot was performed to detect the expression of SIRT1 protein and autophagy-related proteins Beclin-1, LC3-II, LC3-I and P62 in GES-1, SGC-7901, MKN-28, MGC-803 and MKN-45 cells under normal culture conditions (Figure 2). The results showed that the highest level of basal autophagy was observed in SGC-7901 cells. Autophagy-associated protein (Beclin-1 and LC3-II/LC3-I ratio) was also correspondingly higher in SIRT1-high expressing cell lines, suggesting a connection between intracellular SIRT1 and autophagy. Therefore, we selected SGC-7901 cells, which demonstrated high expression of both SIRT1 and autophagy-related proteins for the subsequent experiments.




Figure 2 | SIRT1 and autophagy-related proteins expressed in various cells under normal culture conditions. The expression of SIRT1 was higher in SGC-7901 and MGC-803 cells than in GES-1, MKN-45 and MKN-28 cells. The Beclin-1 and LC3-II/LC3-Iratio were highest in SGC-7901 cells. There was no significant difference in the expression of P62.






3.3 Intracellular autophagy of cells after incubation for different times under GD conditions

SGC-7901 cells infected with mRFP-GFP-LC3 adenovirus for 48 hours were collected and inoculated. The cells were cultured in a sugar-free DMEM medium with 10% FBS for 24 hours. After 0, 2, 4, 6 and 8 hours, the cells were observed under an inverted fluorescent microscope, and the green, red and yellow fluorescence spots were compared after 0, 2, 4, 6 and 8 hours of incubation in DMEM medium without sugar 10% FBS (Figure 3A).




Figure 3 | Autophagy in SGC-7901 cells after different times of GD. (A) Compared with GD at 0 hours, the number of yellow fluorescence (autophagosome), remaining red fluorescence (autophagolysosome) and total red fluorescence spots (total sum of autophagosome and autophagolysosome) increased gradually with GD time, and the differences were statistically significant (P<0.05 or P<0.001). (B) Western blot detected the expression of SIRT1 protein and autophagy-related protein (Beclin-1, LC3 and P62) after different times of GD culture. No significant changes in SIRT1 expression were observed, while Beclin-1 and LC3-II/LC3-I ratio significantly increased (P<0.05 or P<0.001), and P62 significantly decreased (P<0.05 or P<0.001). *P<0.05; **P<0.001.



Compared with GD at 0 hours, the number of autophagosomes and autophagolysosomes was the highest at 8h of GD (Figure 3A). Therefore, intracellular autophagy activity gradually increased with the prolongation of GD time. Compared with GD at 0 hours, no significant changes in SIRT1 expression were observed after incubation with GD at 2, 4, 6 and 8 hours (Figure 3B). Comparatively, a significant increase in Beclin-1 and LC3-II/LC3-I ratio was observed (Figure 3B, P<0.05 or P<0.001), which were highest at 8 hours following GD. The expression of P62 was all significantly decreased (Figure 3B, P<0.05 or P<0.001) and lowest at 8 hours of GD.

Since the intracellular autophagy level was the highest after GD culture for 8 hours, we selected GD culture for 8 hours to detect the effect and mechanism of SIRT1 on the autophagy of GC cells under GD condition.




3.4 Interrelationship between SIRT1, FoxO1 and Rab7 in SGC-7901 cells under GD conditions

The SIRT1(FoxO1)(Rab7)protein expression in cells of SIRT1(FoxO1)(Rab7)-siRNA-Control/SIRT1(FoxO1)(Rab7)-siRNA-GD group was significantly lower than those in the NC-Control/NC-GD group, respectively (P<0.001, Figure 4), indicating that SIRT1(FoxO1)(Rab7)-siRNA can effectively reduce intracellular SIRT1(FoxO1)(Rab7) expression.




Figure 4 | Relationship between SIRT1, FoxO1 and Rab7 protein expression. (A) FoxO1 and Rab7 protein expression were significantly lower in the SIRT1-siRNA-Control and SIRT1-siRNA-GD groups compared with the NC-Control and NC-GD groups (P<0.05), while the expression of Ac-FoxO1 was opposite. (P<0.05). (B) The expression of SIRT1, Ac-FoxO1 and Rab7 in the FoxO1-siRNA-Control and FoxO1-siRNA-GD groups were significantly lower than in the NC-Control and NC-GD groups (P<0.05 or P<0.001). (C) The expression of SIRT1, FoxO1 and Ac-FoxO1 in the Rab7-siRNA-Control and Rab7-siRNA-GD groups did not change significantly compared with the NC-Control and NC-GD groups, respectively (P>0.05). *P<0.05; **P<0.001.



FoxO1 and Rab7 protein expression were significantly lower in SIRT1-siRNA-Control and SIRT1-siRNA-GD groups compared with NC-Control and NC-GD groups, respectively (Figure 4A, P<0.001), while opposite results were obtained for the expression of Ac-FoxO1 (Figure 4A, P<0.001). This result indicated that reducing intracellular SIRT1 expression could significantly reduce intracellular FoxO1 and Rab7 expression under normal and GD conditions while leading to significantly higher intracellular Ac-FoxO1 levels. The SIRT1, Ac-FoxO1 and Rab7 expression in the FoxO1-siRNA-Control and FoxO1-siRNA-GD groups were significantly lower than in the NC-Control and NC-GD groups (Figure 4B, P<0.05 or P<0.001), which indicated that the decreased expression of FoxO1 could affect the expression of SIRT1, Ac-FoxO1 and Rab7 in cells. The expression of SIRT1, FoxO1 and Ac-FoxO1 in the Rab7-siRNA-Control and Rab7-siRNA-GD groups did not change significantly compared with the groups NC-Control and NC-GD groups, respectively(Figure 4C, P>0.05). The results showed that the decrease in intracellular Rab7 did not affect the expression of SIRT1, FoxO1 and Ac-FoxO1 under normal and GD conditions.

Combined with the above results, we found that under GD conditions, cells regulated the deacetylation modification of Ac-FoxO1 by SIRT1, which in turn affected the expression of FoxO1 and Rab7. In addition, the expression of FoxO1 could act as a positive feedback regulation to promote SIRT1 expression.




3.5 The SIRT1-FoxO1-Rab7 axis regulates SGC-7901 cells autophagy under GD conditions

Here, we investigated the autophagy levels in SGC-7901 cells with normal expression (NC group) and reduced expression (SIRT1/FoxO1/Rab7-siRNA group) of SIRT1, FoxO1 and Rab7 under normal and 8 hours of GD culture conditions.

Compared with the NC-Control group, the number of remaining red fluorescent spots (P<0.001) and total fluorescent spots (P<0.001) in the NC-GD group were significantly increased (Figure 5). The number of residual red fluorescent spots (P<0.001) and total fluorescent spots (P<0.001) in the SIRT1-siRNA-GD and FoxO1-siRNA-GD groups were also greater than those in the SIRT1-siRNA-Control and FoxO1-siRNA-Control groups, respectively (Figures 5A, B). The number of yellow, remaining red and total fluorescent spots in the Rab7-siRNA-GD group were greater than those in the Rab7-siRNA-Control group (P<0.05), which showed that 8 hours of GD could increase the level of autophagy (Figure 5). The number of intracellular yellow, red and total fluorescent spots in the SIRT1-siRNA-Control, FoxO1-siRNA-Control and Rab7-siRNA-Control groups were not significantly greater than those in the NC-Control group (P>0.05). However, although the intracellular yellow fluorescent spots in the SIRT1-siRNA-GD, FoxO1-siRNA-GD and Rab7-siRNA-GD groups were more than those in the NC-GD group, the difference was not statistically significant (P>0.05). The number of red fluorescent spots and total fluorescent spots were significantly less than those in the NC-GD group (Figure 5, P<0.05 or P<0.001). Therefore, reducing the expression of intracellular SIRT1, FoxO1 or Rab7 did not affect intracellular autophagy under normal culture conditions but significantly inhibited intracellular autophagy under GD conditions.




Figure 5 | Effects of SIRT1, FoxO1 and Rab7 on autophagy in SGC-7901 cells under GD condition. (A) The number of remaining red fluorescent spots and total fluorescent spots in cells of the SIRT1-siRNA-GD was greater than those in the SIRT1-siRNA-Control (P<0.001). The Beclin-1, LC3-II/LC3-I ratio and P62 expression in the SIRT1-siRNA-Control, SIRT1-siRNA-GD, NC-Control and NC-GD groups. (B) The number of remaining red fluorescent spots and total fluorescent spots in cells of FoxO1-siRNA-GD was greater than those in FoxO1-siRNA-Control (P<0.001). The Beclin-1, LC3-II/LC3-I ratio and P62 in the FoxO1-siRNA-Control, FoxO1-siRNA-GD, NC-Control and NC-GD groups. (C) The number of yellow fluorescent spots, remaining red fluorescent spots and total fluorescent spots in cells of the Rab7-siRNA-GD group were greater than those in the Rab7-siRNA-Control group (P<0.05). The Beclin-1, LC3-II/LC3-I ratio and P62 in the Rab7-siRNA-Control, Rab7-siRNA-GD, NC-Control and NC-GD groups. *P<0.05; **P<0.001.



Western blot was used to detect the effect of SIRT1, FoxO1 or Rab7 on the expression of autophagy-related proteins (Beclin-1, LC3 and P62). The results showed that compared with NC-Control, SIRT1-siRNA-Control, FoxO1-siRNA-Control and Rab7-siRNA-Control, the intracellular LC3-II/LC3-I ratio and Beclin-1 expression in the NC-GD, SIRT1-siRNA-GD, FoxO1-siRNA-GD and Rab7-siRNA-GD groups were significantly increased (Figure 5, P<0.05 or P<0.001). The expression of P62 in the NC-GD group was significantly lower than that in the NC-Control group(P<0.001) but significantly higher in the SIRT1-siRNA-GD group than the SIRT1-siRNA-Control group (P<0.05). However, there was no significant difference in the expression of P62 in the FoxO1-siRNA-GD and Rab7-siRNA-GD groups compared with the FoxO1-siRNA-Control and Rab7-siRNA-Control groups, respectively (P>0.05).

Therefore, GD could increase the autophagy in cells with normal or reduced expression of SIRT1, FoxO1 or Rab7. However, reduced expression of SIRT1, FoxO1 and Rab7 blocked the intracellular autophagic flow (Figure 5). Compared with NC-Control and NC-GD, respectively, the LC3-II/LC3-I and Beclin-1 of cells in the SIRT1-siRNA-Control and SIRT1-siRNA-GD groups were significantly decreased (Figure 5A, P<0.05 or P<0.001), while P62 was significantly increased (Figure 5A, P<0.05 or P<0.001). The ratio of LC3-II/LC3-I in the FoxO1-siRNA-Control, FoxO1-siRNA-GD, Rab7-siRNA-Control and Rab7-siRNA-GD groups was significantly increased (Figures 5B, C, P<0.05 or P<0.001). There was no significant difference in the expression of Beclin-1 and P62 in the FoxO1-siRNA-Control and Rab7-siRNA-Control group compared to the NC-Control group (Figures 5B, C, P>0.05). The expression of Beclin-1 in the FoxO1-siRNA-GD and Rab7-siRNA-GD groups was significantly lower than in NC-GD, while P62 expression was significantly increased (Figure 5B, C, P<0.05 or P<0.001). Therefore, reducing the expression of intracellular SIRT1, FoxO1 or Rab7 could significantly inhibit the flow of autophagy in cells under GD conditions, indicating that SIRT1 could affect autophagy in GC cells through the regulation of Rab7 by FoxO1.




3.6 The SIRT1-FoxO1-Rab7 axis regulates SGC-7901 cells proliferation under GD conditions

We investigated the effect of the SIRT1-FoxO1-RAB7 axis on the proliferation of GC SGC-7901 cells by CCK-8 and plate clone formation assays. The results showed no significant difference between the proliferation of cells in the SIRT1-siRNA-Control group and the NC-Control group (Figure 6A, P>0.05). Cells in the FoxO1-siRNA-Control group had reduced proliferation at 72 and 96 hours of culture (Figure 6B, P<0.05 or P<0.001), while cells in the Rab7-siRNA-Control group had enhanced proliferation at 48 hours (P<0.001), 72 hours(P>0.05) and 96 hours (P<0.001)(Figure 6C). However, cells in the NC-GD group had reduced proliferation at 96 hours of culture under GD conditions (Figures 6A-C, P<0.001). Thus, intracellular SIRT1 expression did not affect cell proliferation under normal culture conditions. Additionally, we observed that a decrease in FoxO1 expression inhibited proliferation under normal culture conditions, and reduced Rab7 expression promoted the proliferation of GC cells under normalconditionsn, while GD inhibited the proliferation. SIRT1-siRNA-GD, FoxO1-siRNA-GD and Rab7-siRNA-GD showed a significant decrease in cell proliferation at 24, 48 and 72 hours of GD culture compared with SIRT1-siRNA-Control, FoxO1-siRNA-Control and Rab7-siRNA-Control. Furthermore, the inhibition was more evident with time (Figures 6A-C, P<0.05 or P<0.001). Compared with NC-GD, the proliferation of cells in the SIRT1-siRNA-GD group was lower at 24 hours under GD conditions (Figure 6A, P<0.05), and the difference was more significant at 72 hours (Figure 6A, P<0.001). The proliferation of cells in FoxO1-siRNA-GD and Rab7-siRNA-GD was significantly lower at 72 hours under GD conditions (Figures 6B, C P<0.001).




Figure 6 | Effects of SIRT1-FoxO1-Rab7 axis on the cell proliferation of SGC-7901 cells under GD conditions. (A) No significant difference in the proliferation of cells in SIRT1-siRNA-Control compared to NC-Control (P>0.05). The proliferation of SIRT1-siRNA-GD was significantly lower at 72 hours (P<0.001). (B) FoxO1-siRNA-Control showed reduced proliferation at 72 and 96 hours of culture compared to NC-Control (P<0.05 or P<0.001). The proliferation of FoxO1-siRNA-GD was significantly lower at 72 hours (P<0.001). (C) Rab7-siRNA-Control showed enhanced proliferation at 48 hours compared to NC-Control (P<0.001). The proliferation of Rab7-siRNA-GD was significantly lower at 72 hours (P<0.001). (D, E) The clone formation rates of NC-GD, SIRT1-siRNA-GD, FoxO1-siRNA-GD and Rab7-siRNA-GD were significantly reduced (P<0.05 or P<0.001). *P<0.05; **P<0.001.



The results of the plate cloning experiment (Figures 6D, E) showed that compared with NC-Control, SIRT1-siRNA-Contral, FoxO1-siRNA-Control and Rab7-siRNA-Control, the clone formation rates of NC-GD, SIRT1-siRNA-GD, FoxO1-siRNA-GD and Rab7-siRNA-GD were significantly reduced (P<0.05 or P<0.001). The results showed that GD could decrease the proliferation ability of the cells during normal and reduced expression of SIRT1, FoxO1 and Rab7. Clone formation rates were also lower in the SIRT1-siRNA-Control/FoxO1-siRNA-Control and SIRT1-siRNA-GD/FoxO1-siRNA-GD groups, compared to groups the NC-Control and NC-GD groups, respectively (P<0.05). Comparatively, the differences between clone formation rates in the Rab7-siRNA-Control and NC-Control groups were not statistically significant (P>0.05), and the clone formation rate in the Rab7-siRNA-GD group was significantly lower than in the NC-GD group (P<0.05). Thus, decreased SIRT1, FoxO1 or Rab7 expression could enhance the inhibitory effects of GD on cell proliferation.




3.7 The SIRT1-FoxO1-Rab7 axis regulates SGC-7901 cells migration and invasion under GD condition

Scratch tests and Transwell experiments were performed to investigate the effects of the SIRT1-FoxO1-Rab7 axis on cell migration and invasion in SGC-7901 cells under GD. The results showed that the relative migration distance of cells in NC-GD was not significantly different at 72 hours after scratching compared with the NC-Control group (Figure 7A, P>0.05). The relative migration distance of SIRT1-siRNA-GD, FoxO1-siRNA-GD and Rab7-siRNA-GD at 72 hours after scratching was significantly lower than that of the SIRT1-siRNA-Control (Figure 7A, P<0.001), FoxO1-siRNA-Control and Rab7-siRNA-Control groups (Figure 7B, P<0.001); respectively. Therefore, GD did not affect the migration of cells with normal expression of SIRT1, FoxO1 and Rab7 but significantly inhibited the migration of cells with low expression of SIRT1, FoxO1 or Rab7. Compared with NC-Control, the relative migration distances of cells in SIRT1-siRNA-Control, FoxO1-siRNA-Control and Rab7-siRNA-Control were shorter at 72 hours after scratching (Figures 7A, B, P<0.05 or P<0.001). Compared with NC-GD, the relative migration distances of cells in the SIRT1-siRNA-GD, FoxO1-siRNA-GD and Rab7-siRNA-GD groups were also shorter at 72 hours after scratching (Figure 7A, B, P<0.001).




Figure 7 | Effects of SIRT1, FoxO1, Rab7 on the cell migration and invasion of SGC-7901 cells under GD condition. (A) The relative migration distance and the number of transmembrane cells of the SIRT1-siRNA-GD and SIRT1-siRNA-Control groups. (B) The relative migration distance and the number of transmembrane cells of FoxO1-siRNA-GD, Rab7-siRNA-GD, FoxO1-siRNA-Control and Rab7-siRNA-Control groups. *P<0.05; **P<0.001.



Transwell migration and invasion assay showed that the number of transmembrane cells in the NC-GD, SIRT1-siRNA-GD, FoxO1-siRNA-GD and Rab7-siRNA-GD groups were lesser than those in the NC-Control, SIRT1-siRNA-Control, FoxO1-siRNA-Control and Rab7-siRNA-Control groups (Figure 7, P<0.05 or P<0.001), respectively. This indicated that GD could inhibit the migration and invasion of GC cells with normal or low expression of SIRT1, FoxO1 and Rab7. The number of transmembrane cells in the SIRT1-siRNA-Control, FoxO1-siRNA-Control and Rab7-siRNA-Control groups were lower than in the NC-Control group(P<0.05 or P<0.001). SIRT1-siRNA-GD, FoxO1-siRNA-GD and Rab7-siRNA-GD all had fewer transmembrane cells (P<0.001) than NC-GD, respectively, suggesting that reduced SIRT1, FoxO1 or Rab7 expression could significantly reduce the ability of cell migration and invasion during GD.




3.8 The SIRT1-FoxO1-Rab7 axis regulates SGC-7901 cells apoptosis under GD condition

Observation under an inverted microscope (Figure 8) showed that the shrunken, rounded and shed cells in the visual fields of the NC-GD, SIRT1-siRNA-Control, FoxO1-siRNA-Control and Rab7-siRNA-Control groups were significantly greater than the NC-Control group, but significantly lesser than those in the SIRT1-siRNA-GD, FoxO1-siRNA-GD and Rab7-siRNA-GD groups.




Figure 8 | Effects of SIRT1, FoxO1 and Rab7 on cell apoptosis in SGC-7901 cells under GD condition. (A) The shrunken, rounded and shed cells and the expression of intracellular Caspase 3 and Cleaved-Caspase 3 in the SIRT1-siRNA-Control and SIRT1-siRNA-GD groups. (B) The shrunken, rounded and shed cells and the expression of intracellular Caspase 3 and Cleaved-Caspase 3 in the FoxO1-siRNA-Control and FoxO1-siRNA-GD groups. (C) The shrunken, rounded and shed cells and the expression of intracellular Caspase 3 and Cleaved-Caspase 3 in the Rab7-siRNA-Control and Rab7-siRNA-GD groups. *P<0.05; **P<0.001.



Next, we examined the intracellular apoptosis-related proteins in each group and found that the expression of intracellular Cleaved-Caspase 3 was significantly higher in the NC-GD, SIRT1-siRNA-GD, FoxO1-siRNA-GD and Rab7-siRNA-GD groups compared with the NC-Control, SIRT1-siRNA-Control, FoxO1-siRNA-Control and Rab7-siRNA-Control groups (Figure 8, P<0.001), suggesting that GD increased apoptosis in cells with normal or decreased SIRT1, FoxO1 and Rab7 expression. The level of Caspase 3 in the SIRT1-siRNA-Control, FoxO1-siRNA-Control and Rab7-siRNA-Control groups was significantly lower than the NC-Control group, while opposite results were observed for the expression of Cleaved-Caspase 3 (Figure 8, P<0.001). Caspase 3 in SIRT1-siRNA-GD, FoxO1-siRNA-GD and Rab7-siRNA-GD cells was also significantly lower than in NC-GD cells, while Cleaved-Caspase 3 expression was significantly increased (Figure 8, P<0.001). In addition, intracellular Caspase 3 was the lowest in SIRT1-siRNA-GD, FoxO1-siRNA-GD and Rab7-siRNA-GD cells, while the expression of Cleaved-Caspase 3 was highest. Therefore, decreasing the expression of SIRT1, FoxO1 or Rab7 could significantly increase apoptosis under GD conditions.





4 Discussion

Current studies have reported a high expression of SIRT1 in GC tissues and association with advanced lymph node metastasis (20). Moreover, SIRT1 was shown to regulate EMT and the invasive ability of GC cells (21). SIRT1-mediated autophagy also plays a critical role in cell proliferation, metabolism and stress reaction (4–6, 22). Therefore, SIRT1 is not only involved in the development of GC and its therapeutic response but can also be considered one of the crucial molecules regulating autophagy. Although several studies have identified SIRT1 as a key molecule in the development of intracellular autophagy under GD or nutrient-deprivation conditions (23–25), the specific mechanisms were different. Therefore, based on the types of GC cells and the environments in which they are located, the mechanisms of SIRT1 that influence the malignant biological behavior of GC cells under GD may also differ from many previous studies.

It was found that GD could activate intracellular autophagic activity via multiple signaling pathways (26). Fu Z et al. (27) found that the protection mechanism of Dex on brain ischemia-reperfusion (I/R) injury might relate to the activation of SIRT3-mediated autophagy. Walker et al. (28) concluded that Nrf2 signaling via its antioxidant activity was critical in protecting cells during GD-induced autophagy. Thus, increased intracellular autophagic activity under GD promotes cell resistance to the adverse environment. However, the activity and role of autophagy in GC cells under GD conditions remained unclear. Thus, we designed this present study to investigate the growth, proliferation, migration, invasion, apoptosis and autophagic activity of GC cells under GD. Our results indicated that normal gastric mucosa immortalized epithelial cells GES-1 and GC cell lines showed different cell growth and proliferation at different GD durations. SGC-7901 cells had the longest toleration time to GD (>72 hours), followed by GES-1 and MGC-803 (48-72 hours), while MKN-28 and MKN-45 (<48 hours) had the least toleration time. Therefore, the level of autophagy within GC cells under GD conditions affected cell survival and growth.

Our previous study found that the expression of Beclin-1 and SIRT1 in GC tissues was higher than in corresponding adjacent normal gastric mucosa (7). The expression of Beclin-1 in GC tissues was significantly and positively correlated with the expression of SIRT1. Patients with high Beclin-1, SIRT1 and Beclin-1/SIRT1 expression had shorter OS and RFS. These results suggested that SIRT1 could promote GC progression by regulating autophagy. Further, SGC-7901 cells were used for further expermental analysis. We created GD conditions to simulate the glucose-deficient environment in GC to explore whether SIRT1 affected the autophagy activity, cell proliferation, migration, invasion and apoptosis of GC cells. The results showed that reduced SIRT1 expression significantly reduced the autophagy activity of GC cells under GD conditions. It further suggested a close association between SIRT1 and autophagy occurrence in GC cells under GD conditions. Recently, many studies have also demonstrated SIRT1 as a key molecule for the occurrence of autophagy under starvation conditions. Wang et al. (29) found that MALAT1 activated autophagy by binding to miR-200c-3p and upregulating SIRT1 expression to protecte BMECs (brain microvascular endothelial cells) against oxygen-GD injury. Cao et al. (30) proposed a novel mechanism by which PCA alleviates oxygen-GD injury to HUVECs (human umbilical vein endothelial cells) by promoting autophagy and inhibiting apoptosis through the SIRT1 axis. Liu et al. (31) indicated that melatonin could protect against cerebral ischemia-reperfusion (CIR)-induced brain damage in diabetic mice, which was achieved by the autophagy enhancement mediated by the SIRT1-BMAL1 pathway. Therefore, SIRT1 can be considered as a key molecule for intracellular autophagy, especially under GD or starvation conditions.

Previous studies have found that directly or indirectly reducing or increasing the expression of SIRT1 in tumor cells significantly impacted the cells’biological behavior. SIRT1 was shown to be a target of microRNA-12129 (32). SIRT1 expression was negatively related to microRNA-12129, which can suppress cell proliferation and cell cycle progression in GC by targeting SIRT1. Both in vivo and in vitro studies showed that SIRT1 overexpression could promote the migration and invasion of colorectal cancer cells while reducing SIRT1 expression inhibited the migration and invasion of the cells (33). Yarahmadi et al. (34) reported that SIRT1 expression was a risk factor for breast cancer, and inhibiting its expression significantly inhibited cancer cell invasion. In pancreatic cancer, SIRT1 was reported to promote proliferation, autophagy and invasion. Thus, the above studies showed that SIRT1 could promote the proliferation, migration and invasion of tumor cells and inhibit apoptosis. Although our results showed that GD alone could slightly inhibit the migration and invasion of GC SGC-7901 cells and mildly promote cell apoptosis, the decrease in SIRT1 expression inhibited the intracellular autophagy activity under GD condition, significantly reduced the tolerance of GC cells to GD, enhanced the inhibition of GC cell proliferation, migration, invasion and apoptosis by GD. On the contrary, some studies have reported that SIRT1 acted as a tumor suppressor as it inhibited the proliferation, migration and invasion of tumor cells and promoted apoptosis and cycle arrest (35, 36), thereby indicating that the effect of SIRT1 on GC or other tumors could be closely related to the specific environment and tumor type. Therefore, comprehensive considerations and settings are required when studying the effects of SIRT1 on GC.

The study found that under starvation conditions, SIRT1 could deacetylate FoxO1 and further upregulate the expression of Rab7 (a small GTP-binding protein that mediates autophagosome-lysosome fusion) to increase the level of autophagy in cardiomyocytes, to help cardiomyocytes resist the effects of starvation (9). In this study, we found that reducing the expression of SIRT1 in GC cells could significantly reduce the expression of FoxO1 and Rab7 in cells and increase the level of Ac-FoxO1, indicating that FoxO1 and Rab7 might be the downstream molecules of SIRT1, which can deacetylate FoxO1 and affect its gene transcription function. After using siRNA to reduce FoxO1’s expression levels, Ac-FoxO1, SIRT1 and Rab7 were inhibited. However, the inhibition of SIRT1 expression did not increase intracellular Ac-FoxO1, suggesting that Ac-FoxO1 was mainly increased with total intracellular FoxO1 level and that Rab7 expression was controlled by FoxO1. Reducing the expression of intracellular Rab7 did not significantly affect the changes in intracellular SIRT1, FoxO1 and Ac-FoxO1, indicating that Rab7 might also be located downstream of SIRT1 and FoxO1.

Hariharan et al. (9) found that GD could up-regulate the expression of SIRT1 in cardiomyocytes, and then deacetylate FoxO1 and promote nuclear transcription and protein activation, thereby increasing the expression of Rab7 and finally activating intracellular autophagy; under GD conditions, Rab7 overexpression enhanced autophagy in these cells; in contrast, Rab7 or FoxO1 knockout or FoxO1 mutation inhibited autophagy. Therefore, these findings suggested that GD could induce autophagy through the SIRT1-FoxO1-Rab7 axis. Our findings in gastric cancer cells are consistent with this. Other studies have also found that long-term administration of resveratrol increase autophagy levels by promoting SIRT1 activity and up-regulating Rab7 expression, thereby improving oxidative damage in the hearts of diabetic mice (37); However, inhibition of autophagy did not affect the activity of intracellular SIRT1 or the expression level of Rab7 (37); These results indicated that SIRT1 and Rab7 can affect autophagy in cells under the condition of glucose deficiency, but autophagy cannot affect their expression. At the same time, administration of resveratrol reversed oxidative stress damage to H9C2 cells and enhanced the binding of FoxO1 DNA to the Rab7 promoter region in a SIRT1-dependent manner, promoting the expression of Rab7 (37). As the main regulator of the fusion process of autophagosome and lysosome, Rab7 is essential for the successful completion of autophagy process (38). Therefore, these findings suggest the role of the SIRT1-FoxO1-Rab7 axis in the occurrence of intracellular autophagy under glucose-starved conditions.

To further investigate whether SIRT1 affects the malignant biological behavior of gastric cancer cells under GD conditions through FoxO1-Rab7-autophagy, we used siRNA interference technology to artificially reduce the expression of FoxO1 or Rab7 in cells. We found that the decrease in intracellular FoxO1 (Rab7) expression could significantly inhibit the level of autophagy in SGC-7901 cells under GD conditions. A decrease in intracellular FoxO1 (Rab7) expression could reduce the tolerance of GC cells to GD, inhibit the proliferation, migration and invasion of GC cells under GD conditions. These results further indicated that SIRT1 affected the malignant biological behavior of GC cells under GD conditions through FoxO1-Rab7-autophagy.

It was previously reported that decreased FoxO1 expression could inhibit tumor formation, while an increase in its expression promoted tumor resistance to drugs (39). In GC, phosphorylated FoxO1 plays an important role in tumor angiogenesis (40). In addition, FoxO1 can also regulate GC cell resistance to cisplatin and inhibit the apoptosis of GC cells by activating the PI3K/Akt signaling pathway (41). Therefore, different post-transcriptional modifications of FoxO1 play different roles in the progression of GC. In this study, we found that under GD, reducing the expression of FoxO1 in GC cells by siRNA significantly inhibited cell autophagy, proliferation, migration and invasion, suggesting that FoxO1 could promote GC progression in a glucose-deficient environment and was involved in GC cell autophagy.

Cellular functional experiments showed that the overexpression of Rab7 induced transition from S phase to G2 phase and promoted the proliferation, invasion and migration of GC cells (42). In this present study, we found that under GD, reducing intracellular SIRT1 or FoxO1 significantly inhibited the expression of Rab7 and the level of intracellular autophagy. Therefore, these results suggested that GC cells under GD conditions could affect the level of intracellular autophagy via the SIRT1-FoxO1-Rab7 pathway.

However, in studying the effect of the SIRT1-FoxO1-Rab7 axis on the autophagy and malignant biological behavior of GC cells under GD conditions, we only used siRNA interference technology to reduce SIRT1, FoxO1 and Rab7 proteins in GC cells with high SIRT1 expression and did not treat the cells with SIRT1, FoxO1 or Rab7 inhibitors to verify their effects on the cells. In addition, we did not perform the same study using SIRT1 low-expressing GC cells and SIRT1, FoxO1 or Rab7 agonists to validate the results. Therefore, more researches are needed to validate our findings.

Currently, there has been no research on the effect and mechanism of SIRT1 on autophagy and the malignant biological behavior of GC cells under GD conditions. This study is the first to unveil SIRT1-FoxO1-Rab7 as a key pathway for the normal processes of autophagy and malignant biological behaviors in GC cells under GD conditions.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.





Author contributions

MZ and CW administrated the whole research. HW and SH performed the experiments. LC and XWL completed the figures. XHL, XQL and XC revised the manuscript and adjusted the layout of figures. The paper was co-written by LF and GQ. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by Key Research and Development Project of Shaanxi Province (No.2018SF-044; No.2023-YBSF-620; No.2023-YBSF-624); the Fundamental Research Project of the First Affiliated Hospital Medical College of Xi’an Jiaotong University(No.2017QN-01).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

2. Islam, S, Uehara, O, Matsuoka, H, Kuramitsu, Y, Adhikari, BR, Hiraki, D, et al. DNA Hypermethylation of sirtuin 1 (SIRT1) caused by betel quid chewing-a possible predictive biomarker for malignant transformation. Clin Epigenetics (2020) 12(1):12. doi: 10.1186/s13148-019-0806-y

3. Sun, Y, Yang, YM, Hu, YY, Ouyang, L, Sun, ZH, Yin, XF, et al. Inhibition of nuclear deacetylase sirtuin-1 induces mitochondrial acetylation and calcium overload leading to cell death. Redox Biol (2022) 53:102334. doi: 10.1016/j.redox.2022.102334

4. Özcan, Ö, Belli, AK, Sakallı Çetin, E, Kara, M, Çelik, Öİ, Kaplan, M, et al. Upregulation of SIRT1 gene in gastric adenocarcinoma. Turk J Gastroenterol (2019) 30(4):326–30. doi: 10.5152/tjg.2019.18550

5. An, Y, Wang, B, Wang, X, Dong, G, Jia, J, and Yang, Q. SIRT1 inhibits chemoresistance and cancer stemness of gastric cancer by initiating an AMPK/FOXO3 positive feedback loop. Cell Death Dis (2020) 11(2):115. doi: 10.1038/s41419-020-2308-4

6. Deng, XJ, Zheng, HL, Ke, XQ, Deng, M, Ma, ZZ, Zhu, Y, et al. Hsa-miR-34a-5p reverses multidrug resistance in gastric cancer cells by targeting the 3'-UTR of SIRT1 and inhibiting its expression. Cell Signal (2021) 84:110016. doi: 10.1016/j.cellsig.2021.110016

7. Qiu, G, Li, X, Wei, C, Che, X, He, S, Lu, J, et al. The prognostic role of SIRT1-autophagy axis in gastric cancer. Dis Markers (2016) 2016:6869415. doi: 10.1155/2016/6869415

8. Sun, T, Chen, Q, Zhu, SY, Wu, Q, Liao, CR, Wang, Z, et al. Hydroxytyrosol promotes autophagy by regulating SIRT1 against advanced oxidation protein product induced NADPH oxidase and inflammatory response. Int J Mol Med (2019) 44(4):1531–40. doi: 10.3892/ijmm.2019.4300

9. Hariharan, N, Maejima, Y, Nakae, J, Paik, J, Depinho, RA, and Sadoshima, J. Deacetylation of FoxO by Sirt1 plays an essential role in mediating starvation-induced autophagy in cardiac myocytes. Circ Res (2010) 107(12):1470–82. doi: 10.1161/CIRCRESAHA.110.227371

10. Füllgrabe, J, Klionsky, DJ, and Joseph, B. Histone post-translational modifications regulate autophagy flux and outcome. Autophagy (2013) 9(10):1621–3. doi: 10.4161/auto.25803

11. Dong, Z, Xie, X, Sun, Y, Wu, H, and Dai, M. Paeonol prevents lipid metabolism dysfunction in palmitic acid-induced HepG2 injury through promoting SIRT1-FoxO1-ATG14-dependent autophagy. Eur J Pharmacol (2020) 880:173145. doi: 10.1016/j.ejphar.2020.173145

12. Wu, Y, Huang, Y, Cai, J, Zhang, D, Liu, S, and Pang, B. LncRNA SNHG12 improves cerebral ischemic-reperfusion injury by activating SIRT1/FOXO3a pathway through I nhibition of autophagy and oxidative stress. Curr Neurovasc Res (2020) 17(4):394–401. doi: 10.2174/1567202617666200727142019

13. Dilmac, S, Kuscu, N, Caner, A, Yildirim, S, Yoldas, B, Farooqi, AA, et al. SIRT1/FOXO signaling pathway in breast cancer progression and metastasis. Int J Mol Sci (2022) 23(18):10227. doi: 10.3390/ijms231810227

14. Pediconi, N, Guerrieri, F, Vossio, S, Bruno, T, Belloni, L, Schinzari, V, et al. hSirT1-dependent regulation of the PCAF-E2F1-p73 apoptotic pathway in response to DNA damage. Mol Cell Biol (2009) 29(8):1989–98. doi: 10.1128/MCB.00552-08

15. Xu, J, Wang, C, Meng, F, and Xu, P. Long non coding RNA H19 inhibition ameliorates oxygen glucose deprivation induced cell apoptosis and inflammatory cytokine expression by regulating the microRNA 29b/SIRT1/PGC 1α axis. Mol Med Rep (2021) 23(2):131. doi: 10.3892/mmr.2020.11770

16. Li, G, Rivas, P, Bedolla, R, Thapa, D, Reddick, RL, Ghosh, R, et al. Dietary resveratrol prevents development of high-grade prostatic intraepithelial neoplastic lesions: involvement of SIRT1/S6K axis. Cancer Prev Res (Phila) (2013) 6(1):27–39. doi: 10.1158/1940-6207.CAPR-12-0349

17. Guarente, L. Calorie restriction and sirtuins revisited. Genes Dev (2013) 27(19):2072–85. doi: 10.1101/gad.227439.113

18. Park, SA, Joo, NR, Park, JH, and Oh, SM. Role of the SIRT1/p53 regulatory axis in oxidative stress−mediated granulosa cell apoptosis. Mol Med Rep (2021) 23(1):20. doi: 10.3892/mmr.2020.11658

19. Jin, X, Kang, X, Zhao, L, Xu, M, Xie, T, Li, H, et al. Cartilage ablation of Sirt1 causes inhibition of growth plate chondrogenesis by hyperactivation of mTORC1 signaling. Endocrinology (2019) 160(12):3001–17. doi: 10.1210/en.2019-00427

20. Feng, AN, Zhang, LH, Fan, XS, Huang, Q, Ye, Q, Wu, HY, et al. Expression of SIRT1 in gastric cardiac cancer and its clinicopathologic significance. Int J Surg Pathol (2011) 19(6):743–50. doi: 10.1177/1066896911412181

21. Shi, Y, Yang, Z, Zhang, T, Shen, L, Li, Y, and Ding, S. SIRT1-targeted miR-543 autophagy inhibition and epithelial-mesenchymal transition promotion in helicobacter pylori CagA-associated gastric cancer. Cell Death Dis (2019) 10(9):625. doi: 10.1038/s41419-019-1859-8

22. Wang, KX, Yan, C, Yang, X, Zhu, PY, Cui, WW, Ye, C, et al. Enhanced autophagy promotes radiosensitivity by mediating Sirt1 downregulation in RM-1 prostate cancer cells. Biochem Biophys Res Commun (2022) 609:84–92. doi: 10.1016/j.bbrc.2022.03.142

23. Chang, C, Su, H, Zhang, D, Wang, Y, Shen, Q, Liu, B, et al. AMPK-dependent phosphorylation of GAPDH triggers Sirt1 activation and is necessary for autophagy upon glucose starvation. Mol Cell (2015) 60(6):930–40. doi: 10.1016/j.molcel.2015.10.037

24. Ramalinga, M, Roy, A, Srivastava, A, Bhattarai, A, Harish, V, Suy, S, et al. MicroRNA-212 negatively regulates starvation induced autophagy in prostate cancer cells by inhibiting SIRT1 and is a modulator of angiogenesis and cellular senescence. Oncotarget (2015) 6(33):34446–57. doi: 10.18632/oncotarget.5920

25. Miyazaki, S, Kakutani, K, Yurube, T, Maeno, K, Takada, T, Zhang, Z, et al. Recombinant human SIRT1 protects against nutrient deprivation-induced mitochondrial apoptosis through autophagy induction in human intervertebral disc nucleus pulposus cells. Arthritis Res Ther (2015) 17(1):253. doi: 10.1186/s13075-015-0763-6

26. Moruno, F, Pérez-Jiménez, E, and Knecht, E. Regulation of autophagy by glucose in mammalian cells. Cells (2012) 1(3):372–95. doi: 10.3390/cells1030372

27. Fu, Z, Pang, Z, He, L, Zhang, L, Fan, Y, Zhao, C, et al. Dexmedetomidine confers protection against neuronal oxygen glucose deprivation-reperfusion by regulating SIRT3 mediated autophagy. Neurochem Res (2022) 47(11):3490–505. doi: 10.1007/s11064-022-03712-y

28. Walker, A, Singh, A, Tully, E, Woo, J, Le, A, Nguyen, T, et al. Nrf2 signaling and autophagy are complementary in protecting breast cancer cells during glucose deprivation. Free Radic Biol Med (2018) 120:407–13. doi: 10.1016/j.freeradbiomed.2018.04.009

29. Wang, S, Han, X, Mao, Z, Xin, Y, Maharjan, S, and Zhang, B. MALAT1 lncRNA induces autophagy and protects brain microvascular endothelial cells against oxygen-glucose deprivation by binding to miR-200c-3p and upregulating SIRT1 expression. Neuroscience (2019) 397:116–26. doi: 10.1016/j.neuroscience.2018.11.024

30. Cao, S, Chen, S, Qiao, X, Guo, Y, Liu, F, Ding, Z, et al. Protocatechualdehyde rescues oxygen-glucose Deprivation/Reoxygenation-induced endothelial cells injury by inducing autophagy and inhibiting apoptosis via regulation of SIRT1. Front Pharmacol (2022) 13:846513. doi: 10.3389/fphar.2022.846513

31. Liu, L, Cao, Q, Gao, W, Li, BY, Zeng, C, Xia, Z, et al. Melatonin ameliorates cerebral ischemia-reperfusion injury in diabetic mice by enhancing autophagy via the SIRT1-BMAL1 pathway. FASEB J (2021) 35(12):e22040. doi: 10.1096/fj.202002718RR

32. Zhang, W, Liao, K, and Liu, D. MiRNA-12129 suppresses cell proliferation and block cell cycle progression by targeting SIRT1 in GASTRIC cancer. Technol Cancer Res Treat (2020) 19:1533033820928144. doi: 10.1177/1533033820928144

33. Wang, TW, Chern, E, Hsu, CW, Tseng, KC, and Chao, HM. SIRT1-mediated expression of CD24 and epigenetic suppression of novel tumor suppressor miR-1185-1 increases colorectal cancer stemness. Cancer Res (2020) 80(23):5257–69. doi: 10.1158/0008-5472.CAN-19-3188

34. Yarahmadi, S, Abdolvahabi, Z, Hesari, Z, Tavakoli-Yaraki, M, Yousefi, Z, Seiri, P, et al. Inhibition of sirtuin 1 deacetylase by miR-211-5p provides a mechanism for the induction of cell death in breast cancer cells. Gene (2019) 711:143939. doi: 10.1016/j.gene.2019.06.029

35. Yang, Q, Wang, B, Gao, W, Huang, S, Liu, Z, Li, W, et al. SIRT1 is downregulated in gastric cancer and leads to G1-phase arrest via NF-κB/Cyclin D1 signaling. Mol Cancer Res (2013) 11(12):1497–507. doi: 10.1158/1541-7786.MCR-13-0214

36. Yang, Q, Wang, B, Zang, W, Wang, X, Liu, Z, Li, W, et al. Resveratrol inhibits the growth of gastric cancer by inducing G1 phase arrest and senescence in a Sirt1-dependent manner. PloS One (2013) 8(11):e70627. doi: 10.1371/journal.pone.0070627

37. Wang, B, Yang, Q, Sun, YY, Xing, YF, Wang, YB, Lu, XT, et al. Resveratrol-enhanced autophagic flux ameliorates myocardial oxidative stress injury in diabetic mice. J Cell Mol Med (2014) 18(8):1599–611. doi: 10.1111/jcmm.12312

38. Ao, X, Zou, L, and Wu, Y. Regulation of autophagy by the rab GTPase network. Cell Death Differ (2014) 21(3):348–58. doi: 10.1038/cdd.2013.187

39. Wang, Y, Zhou, Y, and Graves, DT. FOXO transcription factors: their clinical significance and regulation. BioMed Res Int (2014) 2014:925350. doi: 10.1155/2014/925350

40. Kim, SY, Yoon, J, Ko, YS, Chang, MS, Park, JW, Lee, HE, et al. Constitutive phosphorylation of the FOXO1 transcription factor in gastric cancer cells correlates with microvessel area and the expressions of angiogenesis-related molecules. BMC Cancer (2011) 11:264. doi: 10.1186/1471-2407-11-264

41. Park, J, Ko, YS, Yoon, J, Kim, MA, Park, JW, Kim, WH, et al. The forkhead transcription factor FOXO1 mediates cisplatin resistance in gastric cancer cells by activating phosphoinositide 3-kinase/Akt pathway. Gastric Cancer (2014) 17(3):423–30. doi: 10.1007/s10120-013-0314-2

42. Wang, X, Zhang, L, Chan, FKL, Ji, J, Yu, J, and Liang, JQ. Gamma-glutamyltransferase 7 suppresses gastric cancer by cooperating with RAB7 to induce mitophagy. Oncogene (2022) 41(26):3485–97. doi: 10.1038/s41388-022-02339-1




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Zhu, Wei, Wang, Han, Cai, Li, Liao, Che, Li, Fan and Qiu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-13-1175151-g004.jpg
o

Ac-FoxO1

B ) &
- - =]
(unoe- g/2qex)
BAS) :a_mmw‘_axw uploid

= - =
(unoe- g/LLyIS)
|9A3] uojssaidxa uajoid

- - =]
(unoe- grL0x0d)

|9A3)] uojssaidxa ugjoid

1
o
X
°
e
)
<

=]
o

< <
(unoe- g/10x04-9v)
|2A3] uojssaidxa ujajoid

& E) @
- - =]
(unoe- grL0x04)

|9A9] uojssaidxa uglold

; .
) L)

- L}

(unoe- griLyis)

193] Uojssaidxa ulRloid

& E} @
- - =]
(upoe- g/L0x04-0v)
19A3] :Q_mwmh&xw uisjoid

Ac-FoxO1

LI
c < o
(upoe- g/2qed)
19A3] :a_mmw._axw uisjoid

]
~

L) E) &
- - =]
(upoe- gjLLIs)

19A3] uojssaldxa ulajoid

L) E) L)
- - o

(unoe- grLoxod)

=]
=]

|2A3] uojssaidxa ujjold

(unoe- g/L0x04-9y)
|3A3] uoissaidxa uajoid

E) &
- =]
(unoe- g/2qey)
19A3] :c_mmwhaxw ulajoud






OEBPS/Images/M2.jpg
migration distance
= (scratch width at 0,24,48,and 72 hours

scratch width)/2





OEBPS/Images/fonc-13-1175151-g002.jpg
I
o
o
|
<
=
o
o
|

5.0.5.00.354....0.5.0.5.0.5.0.5.0.
-~ ~ o O o o o o N - - o O - o o
(unoe- d/LLYIS) (1-€21/11-€971) (ugoe- g/L-uipag) (ugoe- grzad)

|9A3] uoissaidxa uisjoid |9A3] uoissaidxa uidjoid |9A3] uoissaldxa uiajoid |9A3] uoissaidxa uivjoid

b
o






OEBPS/Images/fonc-13-1175151-g001.jpg
@
(9]
O
m

3 3
: GES-1 3 sec.7901 MGC-803 MKN-45
i - -6 >~ 2= DOt :Conlul
=g, e Comrolg 2, -0 Control = =g, -e: Control = $2 » &
2T S S5 S 3T » BF o
! N [ 5 o 2 . 2 z
=g ° Za 28 =9 2 =3
321 321 fp g2t ' 321
0
0 24 48 72 96 0 24 48 72 9 0 24 48 72 96 0 24 48 72 96 0 24 48 72 96
Time (h) Time (h) Time (h)

Time (h) Time (h)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        SIRT1 mediated gastric cancer progression under glucose deprivation through the FoxO1-Rab7-autophagy axis

      

        		

          Purpose

        



        		

          Materials and methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Reagents

          



          		

            2.2 Cell lines

          



          		

            2.3 Cell viability analysis

          



          		

            2.4 Plate clone formation

          



          		

            2.5 Scratches

          



          		

            2.6 Transwell migration and invasion assays

          



          		

            2.7 Morphological observation of apoptosis

          



          		

            2.8 siRNA transfection

          



          		

            2.9 mRFP-GFP-LC3 adenovirus infection to detect autophagy

          



          		

            2.10 Western blotting

          



          		

            2.11 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Cell proliferation of immortalized gastric epithelial cells and different GC cell lines under normal and GD conditions

          



          		

            3.2 Expression of SIRT1 protein and autophagy-related protein in gastric mucosal immortalized epithelial cells and different gastric cancer cells

          



          		

            3.3 Intracellular autophagy of cells after incubation for different times under GD conditions

          



          		

            3.4 Interrelationship between SIRT1, FoxO1 and Rab7 in SGC-7901 cells under GD conditions

          



          		

            3.5 The SIRT1-FoxO1-Rab7 axis regulates SGC-7901 cells autophagy under GD conditions

          



          		

            3.6 The SIRT1-FoxO1-Rab7 axis regulates SGC-7901 cells proliferation under GD conditions

          



          		

            3.7 The SIRT1-FoxO1-Rab7 axis regulates SGC-7901 cells migration and invasion under GD condition

          



          		

            3.8 The SIRT1-FoxO1-Rab7 axis regulates SGC-7901 cells apoptosis under GD condition

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-13-1175151-g006.jpg
>
@
(9]

&3 NC-GD & NC-GD Ea NC-GD
1.5 & NC-Control NC-C |
SGC-7901 O L oRmaco _ SGC.7901 ™ Nc-Control SGC-7901 o porome o
- mn SIRT1-siRNA-Control 1.5 BN FoxO1-siRNA-GD — mn Rab7-siRNA-Control
E] LS 3 mD FoxO1-siRNA<Control ~ $1.5 *
[ 1 © * -
g1 [ a oy B s
o oy * [=]
2 10 (] 4 010
3 2 2
[} 4y - -
$0.5 =] 3 - =
> r=
= © 0.5 £ 0.5
S P : >
_ K] °
:: ©0.0 ©0.0
0 24 72 96 0 24 72

48
Time (h)

o
m

60

40

20

Colony forming efficiency (%)

Colony forming efficiency (%)






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-13-1175151-g008.jpg
o

<

]
|

*

Caspase 3
Cleaved-Caspase 3

S o ) o 0 > ©
< s
(upoe- gi2qey)

193] UoIsS21dX3 UIj0Id

- o
(unoe- gj¢ asedsen)
19A3] uoissaidxa urBl01d

Caspase 3

& -
(upoe- g/¢ asedsen-panea|o)
19A3] UoIsSaIdX? UIRYOId

*

Cleaved-Caspase 3

o°

=} b § 2 3 0

< s
(upoe- g/,0x04)
193] uoissa1dxa UfjoId

S &
=1

- o
(upoe- /¢ asedseo)
|9A9) uoissaidxs uRioId

-
S
8
© g
3 g
]
g Q
g b
@ ]
8 H
X ]
o

) Y

(upoe- g/g asedsed-panes|o)
12A8] uoissaidxa uiR}oId

Cleaved-

°

Cleaved-
Caspase 3

s 2 | ﬂ b
- c
(unoe- gjLuIS)
1949 UoISsadXa uIRjold

o ®

- S
(unoe- g/ asedses)
|2A9] uoissaidxa uRjoid

T -
< <

(ugoe- g/¢ asedsen-panealn)

193] uoissaidxa urRlold

)

Caspase 3

Cleaved-
Caspase 3






OEBPS/Images/fonc-13-1175151-g005.jpg
I Autophagosomes (Yellow dots)/cell

Cc

0 Autophagosomes (Yellow dots)/cell

B

! '
K4
2
8
8
3
8
: R K
£ [l
m N
2 : . : 3
i . g
£ : !
< “ ‘ — |
e e 5 —= £ 2 2 o ] 2 @ 2 ¥ & & <+ o
© 1388 imum e o o
__mo\me0w0w>_Ou.=N 9 9 a 35 & [2A9) uoissaidxa udjold [2A8] uoissaidxa ulajoid [2A9] uoissaidxa uisjoid v !
3]
sawosobeydoiny
=
8 Fl
=z i
B
e I L F
o | - < @
Iy ) £ 2
p 2 3 2
m | IR ) g
8 -
W, H 3
2 .
(] ;
S 5 S = njo.s.n4.3u21,mjo.j&.5432109e
= ] T — L~ o -~ =4 o ugoe- g/p-uipag) -~ - o =) 5 -
o = 10 m £ 8 40 © (ugoe- g/,0x04) |9A9] UoIsSa1dX® uIRjoId (ugoe- gizad) _m>m_A ho_mwomw_nwxwwﬂ_wv_o‘_n_
- - A o w o 00 ? 12A3] uoissaidxa urRjoid [2A9] uoissaidxa ulsjoid S b
l199/sawososA|one Y a -S4 @
sawosobeydoyny

0 Autophagosomes (Yellow dots)/cell

]
°
)
8
3
P
® :
® :
g i ()M “ | 4
£ | . L 3
N = = o
3 & S 2
m » ] .
3 | 1 : g
ml . -
L2 1
s
i — - - _,
: : 1
o =y - T o <9 £ 2 ) 0 9% & & < o w ) 0 S & & -
38 b=+ [ 19 8 v - © e (ugoe- g/1-uijoeg) = ha) 2 ° (1-£0VI-€07)
e - :4 3 g 38 8 (unoe- g/LLaIS) [9A9] UoISS3.IdX3 UIBYOId (unoe- grzad) 1oA9] uoissaidxa ujejoId
7] H a3 & B uoissaidxa uRjold [2A3] uoissaidxa urRjoid
|199/sawososAjojne B s
sawosobeydoiny






OEBPS/Images/fonc-13-1175151-g003.jpg
6h  8h

4h

LC3-1I/LC3-1

@ > IR Ae < ow ow > [ =
= = S X iiria [ =€/ 11-€27, = bt S, e
(upoe- g/L1MIS) (ugoe- g/j-udag) |2A9] uoissaidxa uijold (unyoe- g/z9d)

1oA9] uoissaidxa upjold  19A3] UOISSAIXD UIBJ0Id 12A3] uoissaidxa uiajold

GD

BACHN | S — e |
Oh 2h

=
-
>
75

LC3-1
LC3-1I
P62

Beclin-1| ™ S5 ss S S

3
2 L
[0}
2 2
<]
S 3
2= T
3¢
o @
z 9
g <
ms
Q
g £
[%]
o O
oD @
@ O
c 0
q =
o ©
2 LB
= =3
< <

o
n

|l@9/sawososA|o}ne g
sawosobeydoiny






OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc.2023.1175151_cover.jpg
& frontiers | Frontiers in Oncology

SIRT1 mediated gastric cancer progression
under glucose deprivation through the
FoxO1-Rab7-autophagy axis





OEBPS/Images/fonc-13-1175151-g007.jpg
* %

Wound healing assay
Migration
Invasion
*

o o o o
=3 =1 =3 o
™ © « -

(wrl) @ouejsip uoneabiw ay | P2y 1ad Jaquinu |13

*%
*%

Wound healing assay
Migration
Invasion

o o
S 2 2 &

™ - -

(wrl) @2ue)sip uoneabiw ay | play 43d Jaquinu [|9) piay Jad Jaquinu |12






OEBPS/Images/M1.jpg
e, Jonmsion s
= (umber of ~ clones/mumber of inoculated cel

% 100%





OEBPS/Images/table1.jpg
Name of siRNA
sequence

NC

SIRT1-siRNA

FoxO1-siRNA

Rab7-siRNA

siRNA sequence

sense primer: 5~
UUCUCCGAACGUGUCACGUTT-3’

antisense primer: 5-
ACGUGACACGUUCGGAGAATT-3’

sense primer: 5~
CCAGAGUCCAAGUUUAGAATT-3’

antisense primer: 5-
UUCUAAACUUGGACUCUGGTT-3

sense primer: 5’-
CCAUGGACAACAACAGUAATT-3

antisense primer: 5
UUACUGUUGUUGUCCAUGGTT-3"

sense primer: 5~
CCAGACGAUUGCACGGAAUTT-3

antisense primer: 5~
AUUCCGUGCAAUCGUCUGGTT-3





