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			ABSTRACT

		

		
			Colon cancer often has problems of recurrence and chemotherapy resistance in the late stage. Metabolic reprogramming is one of the characteristics of colon tumors and contributes to autophagy and cell cycle progression of tumors. A ketogenic diet (KD) is a high-fat, adequate-protein, and low-carbohydrate diet with documented anti-tumor effects. However, the mechanism of KD inhibiting colon cancer remains unclear. In this study, we investigated the molecular mechanism underlying the effects of KD on cell cycle and autophagy in colon tumor-bearing mice. Our results showed that compared with the SD group, KD treatment upregulated the expressions of autophagy-related proteins LC3-II and Beclin-1 while downregulated the expression of p62 protein in CT26+ tumor-bearing mice. In parallel, the expressions of CDK4-Cyclin D1 and CDK2-Cyclin E proteins were decreased, while the expression of p21 and p16 proteins increased in KD group. The data analysis suggested that KD promoted autophagy and blocked the tumor cell cycle in the G1/S phase. In addition, the western blot showed that KD significantly downregulated the expressions of PI3K, p-Akt, p-mTOR, HDAC3, p-JAK2 and p-STAT3 proteins. In vitro results (RGFP966, an HDAC3 inhibitor, and NSC74859, a STAT3 inhibitor) also supported those of the in vivo findings. Overall, the current study demonstrated that KD induced autophagy and G1/S phase cell cycle arrest in tumors by inhibiting the activation of the PI3K/Akt/mTOR, STAT3/HDAC3 and JAK2/STAT3 signaling pathways. Together, we can conclude that KD prevents colon cancer progression by regulating autophagy and cell cycle arrest of tumor cells.
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			INTRODUCTION

			Colon cancer is one of the leading causes of death among all malignant cancers (Yaghoubi et al., 2020). The current treatment options available for colon cancer include surgery (Biondo et al., 2019), radiotherapy (Tamas et al., 2015), and chemotherapy (Gosavi et al., 2021). However, these therapies have some side effects and limitations. Therefore, it is urgent to search for a novel strategy for the treatment of colon cancer. Metabolic reprogramming is a hallmark of tumor cells and critical for cell survival and proliferation (Vaupel et al., 2019). The ketogenic diet (KD) is a high-fat, low carbohydrate and appropriate protein diet. It has been reported that KD could inhibit tumor development by regulating metabolic reprogramming. Moreover, combining KD with traditional anti-cancer strategies, such as conventional chemotherapy and radiotherapy, has been considered an effective anti-tumor method therapy (Weber et al., 2020). KD can be used as an adjuvant treatment for gastric cancer (Plotti et al., 2020), malignant glioma (Poff et al., 2019), prostate cancer (Mavropoulos et al., 2006) and colon cancer (Mann et al., 2020). Although KD is increasingly used in clinical practice as an adjunctive therapy for cancer, anti-cancer mechanisms need to be further explored.

			Autophagy is a lysosomal degradation pathway that widely exists in eukaryotic cells (Poillet-Perez and White, 2019). Many factors can induce autophagy, such as hypoxia (Feng et al., 2021) and DNA damage (Juretschke and Beli, 2021). Excessive autophagy can result in cell death, called autophagic cell death (Kim et al., 2018). A recent study has demonstrated that resveratrol inhibited colon tumor cell growth by activating autophagy via inhibiting the mammalian target of the rapamycin (mTOR) signaling pathway (Gong and Xia, 2020). Autophagy exerts different regulatory roles according to the stage of the tumor. Autophagy can inhibit tumor growth by removing damaged organelles and proteins, but once a tumor begins to develop, it can promote proliferation, invasion, and adaptability of tumor cells (Endo et al., 2017). Therefore, according to the characteristics of autophagy in different stages of tumor tumorigenesis, the regulation of autophagy can be used as one of the effective treatment strategies for cancer treatment. 

			Cell cycle is a highly regulated process critical to normal growth and division (Suski et al., 2021), and mainly divided into G0/G1, S and G2/M phases (Wang, 2021). Cell cycle is mainly regulated by cyclin and cyclin-dependent kinases (CDKs) in the nucleus (Otto and Sicinski, 2017). Cyclin interacts with the corresponding CDKs and forms Cyclin-CDK complexes, which regulate cell cycle progression (Zheng et al., 2019). Cyclin E combines with CDK2 to promote retinoblastoma protein phosphorylation, thereby controlling the cell cycle and the normal process of DNA replication, and enabling cells to pass through G1/S phase smoothly. A previous study demonstrated that the activity of Cyclin E-CDK2 complex was increased in colon cancer (Lee et al., 2021). Cyclin D1 and CDK4/6 can regulate the cell cycle transition from G1 to S phase and integrate mitosis-related signals (Tchakarska and Sola, 2020). Cyclin D1 is frequently dysregulated in many tumor types, leading to the rapid growth of tumor cells and ultimately promoting the tumor development process (Qie and Diehl, 2016). Tobias Otto et al. demonstrated that overexpression of Cyclin D1 and CDK4 could promote tumor development (Otto and Sicinski, 2017). As an inhibitor of CDK2, p16 deletion has been shown to accelerate the cell cycle progress (Luo et al., 2021). Moreover, p21 specifically interferes with Cyclin D1 binding as a CDK4 inhibitor, resulting in G1 arrests and/or S phase entry (Gartel et al., 1996). Therefore, blocking the activity of CDK2-Cyclin E and CDK4-Cyclin D1 complexes and increasing the expression of p16 and p21 proteins can effectively inhibit the cycle process of tumor cells and induce their apoptosis.

			Histone deacetylases (HDACs) are involved in cell migration and invasion and are overexpressed in some cancers, such as colon cancer (Wilson et al., 2006), breast cancer (Cui et al., 2018) and liver cancer (Lu et al., 2018). HDACs inhibitors can induce tumor cell apoptosis or programmed cell death (Shao et al., 2004), and was used to treat neurodegenerative diseases (Krishna et al., 2016) and diabetes (Li et al., 2021). HDAC3 upregulation predicted poor prognosis (Zhao et al., 2018). RGFP966 acts as an inhibitor of HDAC3 and plays an inhibitory role in different types of cancer, such as prostate cancer and colon cancer (He et al., 2018; McLeod et al., 2018). Furthermore, it has been reported that the signal transducer and activator of transcription 3 (STAT3) intersect cancer-related signal pathways and can be activated by cytokines, growth factors, and oncogene signals (Bai et al., 2019). It is highly expressed in tumor cells and participates in many cellular processes, such as survival, angiogenesis, cell cycle and differentiation of tumor cells (Hanlon et al., 2019). NSC74859, an inhibitor of STAT3, also known as S31-201, was reported to selectively inhibit dimerization, phosphorylation, and nuclear translocation of STAT3. It has been reported to play a tumor-suppressing role in breast, glioma and liver cancer (Siddiquee et al., 2007; Wu et al., 2011; See et al., 2012). Targeting STAT3 has now become the main focus of drug development in cancer.

			As a downstream target of phosphatidylinositol-3-kinase (PI3K) and Akt, mTOR is overexpressed in tumors. Activation of mTOR promotes tumor growth and metastasis (Hua et al., 2019), while mTOR inactivation inhibits tumor development in colorectal carcinoma (Xu et al., 2020). The PI3K/Akt/mTOR signaling pathway can regulate autophagy which is essential in tumor initiation and progression (Yang et al., 2018). In addition, Janus Kinases 2 (JAK2)/STAT3 signaling pathway is associated with cell cycle arrest in tumor cells (Park et al., 2022). 

			In the present study, we explored underlying anticancer mechanisms of KD on CT26+ murine colon cancer by determining cell cycle and autophagy.

			MATERIALS AND METHODS

			Animals

			Seven-week-old male BALB/c mice (weight approximately 20g) were purchased from Pengyue Experimental Animal Breeding (Jinan, China). All the mice were fed in a specific pathogen-free (SPF) mouse facility (temperature was maintained at 23 ± 2 ℃), 60-65% humidity, with free access to food and water, and the dark cycle of 12h/12h. The experimental protocol was reviewed and approved by the Animal Care and Use Committee of Liaocheng University (permit number 2021111030).

			 

			Tumor implantation

			Approximately one million CT26+ cells were implanted subcutaneously in BALB/c mice.

			 

			Ketogenic diet treatments

			Colon cancer CT26 cells were inoculated into BALB/c mice, SD and KD dietary interventions were initiated on the seventh day after tumor inoculation. The macronutrient composition of KD (% w/w) was: 1.0% carbohydrate, 69% fat, and 16.25% protein, while SD was 62.6% carbohydrate, 7% fat and 20% protein. The macronutrients of KD used in our experiment refer to our previous research (Zhang et al., 2020).

			Tissue preparation

			After 15 days of tumor inoculation, mice were euthanized, and the tumor was removed. Tissue samples were partly embedded in paraffin and cut into serial transverse sections (5μm). Another part of the tumor tissue was put into liquid nitrogen immediately and stored at −80 °C (Liu et al., 2022).

			Cell culture

			The CT26+ cell line was obtained from RIKEN BioResource Center (Tsukuba, Japan). Cells were cultured in RPMI 1640 medium (Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA) and 1% penicillin-streptomycin. All cells were cultured in a sterile incubator at 37°C and 5% CO2.

			CCK8 assay 

			Cell viability was assessed by Cell Counting Kit-8 (CCK8) assay according to the manufacturer’s protocols (Zhou et al., 2020). CT26 + cells were plated at a density of 5x103 cells per well on 96-well microplates in 100 μL of culture medium. The CT26+ cells were seeded in 96-well microplates at the density of 5 × 103 per well. RGFP966 (an HDAC3 inhibitor) and NSC74859 (a STAT3 inhibitor) were purchased from Apex Bio (Houston, USA). Cells were treated with different concentrations of RGFP966 and NSC74859, after incubation of 24h, 10 μl CCK8 reagent was added to all wells, and incubation was continued for two hours. Three replicate wells were set up for each experiment. The absorbance of each well was analyzed at 450 nm using a Microplate Reader. Wells without cells were used as blanks. Additionally, RGFP966 at 15 μM could specifically inhibit HDAC3 and has no inhibitory effect on other HDACs (Malvaez et al., 2013). NSC74859 at 100 μM could specifically inhibit STAT3 activation (Zhang et al., 2014). Therefore, 15μM RGFP966 and 100μM NSC74859 were used as reported before.

			Flow cytometry

			CT26+ cells were cultured in 6-well microplates at the density of 2 × 105 per well in RPMI 1640 medium for 24h. RGFP966 (15μM) and NSC74859 (100μM) were added into the cells for 24h. Cells were collected into a centrifuge tube and centrifuged at 1000 × g/min for 5 min to precipitate the cells. Centrifuged cells were suspended in PBS and adjusted the cell concentration to 1 × 106/ml at 1000 × g/min for 5 min to precipitate cells. 1ml of 70 % cold ethanol was added and cells were fixed overnight. On the second day, cells were washed with the fixing solution with pre-cooled PBS before dyeing. 100 μ L of RNase A was added and the cells were placed at 37 ℃ for 30 minutes. 500 μ L propidium iodide staining solution was added to the cells and incubated in the dark room at 4℃ for 30 minutes (Wan et al., 2019). Red fluorescence and light were detected and analyzed using a flow cytometer set at the excitation wavelength of 488nm.

			Western blotting

			The total proteins from tumor cells or tissues were extracted by RIPA buffer (Beyotime, China) with 1% protease inhibitor and 1% phosphatase inhibitor. Protein extracts were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membranes (Liu et al., 2022). Then 5% nonfat milk in Tris-buffered saline solution was added to block the membranes for 2h at room temperature (RT). After that, the membranes were incubated with primary antibodies at 4℃ overnight. The membranes were rinsed three times and then incubated with anti-rabbit IgG (H+L) secondary antibody (1:1,0000, Proteintech) and anti-mouse IgG (H+L) secondary antibody (1:1,0000, Proteintech) at room temperature for 1h. After the membranes were washed three times, the proteins were visualized using a chemiluminescent detection system (Amersham Biosciences, NJ, USA). Relative expression levels of proteins in different groups were analyzed. Each experiment was repeated three times. β-actin was used as the internal control. All the antibodies used are shown in Table I.

			Table I. Antibodies of Western blot experiment.

			
				
					
					
					
					
					
				
				
					
							
							Protein

						
							
							Catalog No

						
							
							Molecular weight

						
							
							Manufacturers

						
							
							Dilution ratio

						
					

					
							
							PI3K

						
							
							67121-1-Ig 

						
							
							110kDa

						
							
							Proteintech

						
							
							1:1000

						
					

					
							
							Akt

							P-Akt

						
							
							60203-2-Ig

							ab38449

						
							
							60kDa

							56 kDa

						
							
							Proteintech

							abcam

						
							
							1:5000

							1:1000

						
					

					
							
							mTOR

							p- mTOR

							JAK2

						
							
							ab137133

							ab109268

							ab108596

						
							
							289 kDa

							289kDa

							131kDa

						
							
							abcam

							abcam

							abcam

						
							
							1:2000

							1:5000

							1:5000

						
					

					
							
							p-JAK2

						
							
							ab32101

						
							
							120kDa

						
							
							abcam

						
							
							1:5000

						
					

					
							
							STAT3

						
							
							10253-2-AP

						
							
							88kDa

						
							
							Proteintech

						
							
							1:2000

						
					

					
							
							p-STAT3

							HDAC3

						
							
							ab267373

							ab32369

						
							
							88kDa

							49kD

						
							
							abcam

							abcam

						
							
							1:1000

							1:5000

						
					

					
							
							p16

							Beclin-1

							p62

							p21

							LC3

							Cyclin D1

							Cyclin E

							CDK2

							CDK4

							β-actin

							Goat anti-rabbit

							Goat anti-mouse

						
							
							10883-1-AP

							11306-1-AP

							ab109012

							ab109199

							14600-1-AP 

							60186-1-Ig

							11554-1-AP

							ab32147 

							ab108357

							66009-1-Ig

							SA00001-2

							SA00001-1

						
							
							16kDa

							52-60kDa

							62kDa

							21kDa

							14,16kDa

							34kDa

							47kDa

							33kDa

							34kDa

							42kDa

						
							
							Proteintech

							Prteintech

							abcam

							abcam

							Proteintech

							Proteintech

							Proteintech

							abcam

							abcam

							Proteintech

							Proteintech

							Proteintech

						
							
							1:4000

							1:4000

							1:20000

							1:1000

							1:2000

							1:5000

							1:1000

							1:2000

							1:2000

							1:10000

							1:10000

							1:10000

						
					

				
			

			Statistical analyses

			All the data were statistically performed by SPSS 24.0 software. This paper used GraphPad Prism software (GraphPad Software Inc., San Diego, CA, USA) for statistical analysis and mapping. All data were expressed as mean ± standard error of the mean (SEM) in each case. Independent-samples T-test was used when two sets of data were compared. Moreover, comparisons of more than two sets of data were performed using a one-way analysis of variance (ANOVA). Significant differences between different groups were indicated as *p < 0.05, **p < 0.01, ***p < 0.001 and ns: no significance.

			RESULTS

			Our previous results have shown that KD inhibited the development of CT26+ colon cancer by enhancing immune response, inhibiting angiogenesis and epithelial-mesenchymal transition (EMT) (Sun et al., 2022). However, the effect of KD on autophagy and cell cycle is still unclear. Therefore, we studied the effect of KD on autophagy and cell cycle to investigate the mechanisms underlying the KD-mediated inhibition of cell proliferation.

			KD induced autophagy in CT26+ colon cancer mouse model

			Beclin-1, LC3, and p62 are regarded as autophagy-related proteins. In the early stages of cancer development, autophagy contributes to the suppression of tumor growth (He et al., 2020). However, whether KD can cause autophagy in colon cancer has not been reported. In the present study, the protein expression levels of Beclin-1, LC3 and p62 in the tumor tissues were measured by western blot analysis. Compared with the SD group, Beclin-1 and LC3 protein expression levels were significantly increased in the KD group (Fig. 1B, C, *p < 0.05 and ***p < 0.001). In contrast, the expression level of p62 was significantly decreased, as shown in Figure 1D (*p < 0.05). These results suggested that KD treatment induced the accumulation of autophagosomes in the mouse CT26+ colon cancer model.

			STAT3/HDAC3 and PI3K/Akt/mTOR expressions were downregulated after KD treatment

			The PI3K/Akt/mTOR pathway is closely associated with autophagy regulation (Wullschleger et al., 2006). Phosphorylated STAT3 enters the nucleus and interacts with transcription factors, leading to increased transcriptional initiation. STAT3 can inhibit autophagy by recruiting HDAC3 (You et al., 2015). Thus, we detected the expression of PI3K, p-Akt, Akt, p-mTOR, mTOR, HDAC3, p-STAT3 and STAT3 proteins in CT26+ colon cancer. Our results suggested that after KD treatment, the total expression levels of Akt, mTOR and STAT3 proteins remained unchanged, while the phosphorylation levels of Akt, mTOR and STAT3 decreased significantly (Fig. 2C, D, F, *p < 0.05, **p < 0.01 and ***p < 0.001), and the expression of PI3K and HDAC3 proteins were significantly decreased (Fig. 2B, E, **p < 0.01). These results suggested that KD-regulated autophagy was related to STAT3/HDAC3 and PI3K/Akt/mTOR pathways.

			STAT3/HDAC3 regulated autophagy by PI3K/Akt/mTOR pathway

			To further explore the relationship between STAT3/HDAC3 and autophagy, we investigated Beclin-1, LC3, and p62 protein expression levels in CT26+ colon cancer cells with RGFP966 and NSC74859 treatments. Firstly, we examined whether RGFP966 and NSC74859 could affect the viability of CT26+ cells by a CCK8 assay. Our results revealed the dose-dependent cytotoxicity of RGFP966 and NSC74859 on CT26+ cells (Fig. 3A, B). RGFP966 at 15 μM could specifically inhibit HDAC3 and has no
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			Fig. 1. KD induced autophagy in CT26+ colon cancer mouse model. (A) The representative expression of Beclin-1, LC3, and p62 proteins in CT26+ tumor tissues and β-actin as the internal control for normalization. Quantitative analysis of Beclin-1 (B), LC3 (C), and p62 (D) proteins. Each experiment was repeated thrice, and all the data were presented as mean ± SEM in each case. Independent-sample T-test was used when different sets of data were compared. Statistically significant differences between different groups were indicated as *p < 0.05, **p < 0.01 and ***p < 0.001.
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			Fig. 2. The expression of PI3K, p-Akt, Akt, p-mTOR, mTOR, p-STAT3, STAT3 and HDAC3 proteins in CT26+ colon cancer mouse model with SD and KD treatment. (A) The representative expression of PI3K, p-Akt, Akt, p-mTOR, mTOR, p-STAT3, STAT3 and HDAC3 in CT26+ tumor tissues and β-actin as the internal control for normalization. Quantitative analysis of PI3K protein (B), the ratios of p-Akt to total Akt protein (C), the ratios of p-mTOR to total mTOR protein (D), HDAC3 protein (E) and the ratios of p-STAT3 to total STAT3 protein (F). Each experiment was repeated three times, and all the data were presented as mean ± SEM in each case. Independent-sample T-test was used when different sets of data were compared. Statistically significant differences between different groups were indicated as *p < 0.05, **p < 0.01 and ***p < 0.001.
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			Fig. 3. HDAC3 and STAT3 regulated the expression of PI3K, p-Akt, Akt, p-mTOR, mTOR, Beclin-1, LC3 and p62 in CT26+ colon cancer cells. The viability of CT26+ cells was detected by CCK8 with RGFP966 treatment (A) and NSC74859 treatment (B). (C) The representative expression of Beclin-1, LC3 and p62 in CT26+ cells treated with RGFP966 and NSC74859, β-actin as the internal control for normalization. Quantitative analysis of Beclin-1 (D), LC3 (E) and p62 (F) proteins in RGFP966 and NSC74859 treated groups. (G) The representative expression of PI3K, p-Akt, Akt, p-mTOR, mTOR, p-STAT3, STAT3 and HDAC3 in CT26+ colon cells treated with RGFP966 and NSC74859, β-actin as the internal control for normalization. Quantitative analysis of PI3K (H), p-Akt/Akt (I), p-mTOR/mTOR (J), HDAC3 (K) and p-STAT3/STAT3 (L) in RGFP966 and NSC74859 treated groups. Each experiment was repeated three times, and all the data were presented as mean ± SEM in each case. ANOVA was used when different sets of data were compared. Statistically significant differences between different groups were indicated as *p < 0.05, **p < 0.01 and ***p < 0.001 and ns: no significance.

			inhibitory effect on other HDACs (Malvaez et al., 2013). As previously reported, low cytotoxic concentration (100 μM) NSC74859 was selected to inhibit STAT3 activation specifically for our experiments (Zhang et al., 2014). In addition, the result of CCK8 also suggested the used doses of RGFP966 and NSC74859 are 15 and 100 μM, respectively. Thus, RGFP966 at 15μM and NSC74859 at 100 μM were used for subsequent experiments. In addition, western blot revealed that the expression of Beclin-1 and LC3 proteins increased (Fig. 3D, E, **p < 0.01 and ***p < 0.001), while the expression of p62 protein decreased (Fig. 3F, *p < 0.05 and **p < 0.01) both in RGFP966 and NSC74859 treated group. Moreover, we also found that the RGFP966 and NSC74859 treatment downregulated the expression of PI3K protein, ratio of p-Akt/Akt and ratio of p-mTOR/mTOR when compared with the control group (Fig. 3G-J, *p < 0.05, **p < 0.01, ***p < 0.001 and ns: no significance). These results suggested that the PI3K/Akt/mTOR signaling pathway was involved in autophagy regulation, inhibiting the HDAC3 and STAT3 promotes autophagy.

			KD induced cell cycle arrest in G1/S phase

			Some studies have indicated that the Cyclin D1-CDK 4 complex regulates cells in the G0/G1 phase, while the Cyclin E-CDK 2 complex controls cells from the G0/G1 phase to the S phase (Gesing et al., 2003). To investigate whether KD treatment affects the cell cycle, the expressions of Cyclin E, CDK2, Cyclin D, CDK4, p16 and p21 were detected by western blot. Compared with the SD group, CDK2, CDK4, Cyclin E and Cyclin D1 expression levels were decreased (Fig. 4B-E, *p < 0.05, **p < 0.01 and ***p < 0.001), whereas p16 and p21 expressions were significantly increased in KD group (Fig. 4F, G, *p < 0.05, **p < 0.01 and ***p < 0.001). These results showed that KD treatment led to the arrest of cell cycle in G1/S phase in CT26+ colon cancer mouse model.
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			Fig. 4. The effect of KD on the expression of Cyclins and CDKs in CT26+ colon cancer mouse model. (A) The representative expression of CDK4, Cyclin D1, CDK2, Cyclin E, p21 and p16 proteins in tumor tissues and β-actin as the internal control for normalization. Quantitative analysis of CDK4 (B) and Cyclin D1 (C), CDK2 (D) and Cyclin E (E), p16 (F) and p21 (G) proteins. Each experiment was repeated thrice, and all the data were presented as mean ± SEM in each case. Independent-sample T-test was used when different sets of data were compared. Statistically significant differences between different groups were indicated as *p < 0.05, **p < 0.01 and ***p < 0.001.
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			Fig. 5. The effect of KD on the expression of JAK2 in the CT26+ colon cancer mouse model. (A) The representative expression of p-JAK2 and JAK2 protein tumor tissues and β-actin as the internal control for normalization. (B) Quantitative analysis of p-JAK2/JAK2 ratio in tumor tissues. Each experiment was repeated three times, and all the data were presented as mean ± SEM in each case. Independent-sample T-test was used when different sets of data were compared. Statistically significant differences between different groups were indicated as *p < 0.05, **p < 0.01 and ***p < 0.001.
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			Fig. 6. Effect of RGFP966 and NSC74859 on the cell cycle of CT26+ colon cancer cells. (A) The representative expression of CDK4, Cyclin D1, CDK2, Cyclin E, p21 and p16 in CT26+ colon cancer cells and β-actin as the internal control for normalization. Quantitative analysis of CDK4 (B), Cyclin D1 (C), CDK2 (D), Cyclin E (E), p16 (F) and p21 (G) proteins. (H) Flow cytometric analysis of CT26+ colon cancer cells treated with RGFP966 and NSC74859. Each experiment was repeated three times, and all the data were presented as mean ± SEM in each case. One-way analysis of variance (ANOVA) was used when different data sets were compared. Statistically significant differences between different groups were indicated as *p < 0.05, **p < 0.01, ***p < 0.001and ns: no significance.

			JAK2/STAT3 expression were downregulated after KD treatment

			It has been reported that JAK2/STAT3 signaling pathway inhibition results in cell cycle arrest (Xu et al., 2018). Western blot results showed the total expression levels of JAK2 protein remained unchanged, while the phosphorylation levels of JAK2 significantly decreased (Fig. 5A, B, *p < 0.05) in KD treated group compared with the control group. Correspondingly, the level of phosphorylated STAT3 and cycle-associated proteins were decreased in the KD group. Thus, our results suggested that the cell cycle arrest induced by KD might be associated with the JAK2/STAT3 signaling pathway.

			STAT3 induced cell cycle arrest at G1/S phase

			The cell cycle was detected by western blot and flow cytometry to analyze further the effect of STAT3/HDAC3 on the cell cycle of CT26+ colon cancer. Western blot results suggested that NSC74859 treatment significantly reduced the expression of CDK4, Cyclin D1, CDK2 and Cyclin E, while increasing the expression of p21 and p16 in CT26+ colon cancer cell lines (Fig. 6B-G, *p < 0.05, **p < 0.01, ***p < 0.001 and ns: no significance). In addition, upon RGFP966 induction, the expression of p21 and p16 was increased. However, CDK4, Cyclin D1, CDK2 and Cyclin E proteins expression levels were not affected by RGFP966 treatment (Fig. 6B-G, *p < 0.05, **p < 0.01, ***p < 0.001 and ns: no significance).

			In addition, flow cytometry results showed that 24h treatment with NSC74859 decreased the G0/G1 phase DNA content from 48.4% to 37% and decreased the G2/M phase DNA content from 15.6% to 4.86%, whereas the S phase DNA content increased, from 14.4% to 31.3%, when compared with the control group. Meanwhile, RGFP966 treatment decreased the G0/G1 phase DNA content from 48.4% to 23.3% and decreased G2/M phase DNA content from 15.6% to 2.16%. At the same time, the S phase DNA content decreased from 23.4% to 13.9%, compared with the control group (Fig. 6H). The results suggested that inhibition of STAT3 induced G1/S cell cycle arrest in CT26+ colon cancer cells.

			DISCUSSION

			We have previously shown that KD suppressed proliferation, growth, and invasion of CT26+ colon cancer via inhibiting tumor angiogenesis and altering the tumor microenvironment (Zhang et al., 2020). Moreover, our previous research results also showed that KD inhibits the growth of CT26+ tumor volumes in vivo (Sun et al., 2022). However, the effects of KD on autophagy and cell cycle arrest in CT26+ colon cancer have not been reported. Our study found that (1) RGFP966 combined with NSC74859 enhances autophagy inhibition by strongly reducing HADC3 and STAT3 activation, the results showed the autophagy induced by KD in the CT26+ colon cancer mouse model was regulated by STAT3/HDAC3 and PI3K/Akt/mTOR signal pathways; (2) RGFP966 combined with NSC74859 strongly reduces HADC3 and STAT3 activation, and
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			Fig. 7. Suggested mechanism of KD on autophagy and cell cycle arrest in CT26+ tumor bearing mice.

			we found that treatment of NSC blocked G1/S cell cycle. Therefore, the G1/S phase cell cycle arrest induced by KD was mainly regulated by JAK2/STAT3 signal pathway. As a way of programmed cell death, autophagy is a catabolic process that can degrade and recycle damaged organelles, lipids and cellular proteins (Singh et al., 2018), enabling some cells to survive in harsh environments (Han et al., 2019). Autophagy plays different roles in different stages and types of tumor growth. At the early stage of tumor development, autophagy acts as a tumor suppressor, and in advanced stages, autophagy promotes tumor development. Some drugs can induce autophagy, leading to tumor cell death (Lin et al., 2017). He et al. (2020) established the neuroblastoma BALB/c-nu mouse model and concluded that KD exerts an anti-tumor effect by inducing autophagy (He et al., 2020). A previous study has shown that combining curcumin and temozolomide could induce autophagy and promote apoptosis of glioblastoma cells (Zanotto-Filho et al., 2015). PI3K/Akt/mTOR signaling pathway is a classic pathway involved in the regulation of autophagy. STAT3 also can inhibit autophagy and promote migration/invasion of primary cancers, such as liver cancer (Wu et al., 2019). Our research showed that KD contributed to the up-regulation of autophagy-related protein expression and down-regulation of PI3K, p-Akt, p-mTOR, p-STAT3 and HDAC3 expression, suggesting that KD could effectively reduce the growth of CT26+ tumor cells via promotion of autophagy through STAT3/HDAC3 and PI3K/AKT/mTOR signaling pathways.

			The occurrence and development of tumors is a multifactor and gradual development process, which includes abnormal cell cycle regulation. Inhibiting the expression of CDK4/6 can effectively suppress the development of tumors (Álvarez-Fernández and Malumbres, 2020). It has been reported that anthraquinone derivative C10 blocked the cell cycle of colon cancer cells via JAK2/STAT3 signal pathway (Li et al., 2021). Bauerane induced S-phase cell cycle arrest of A549 human lung cancer cells through PI3K/Akt and STAT3 signaling pathways (Chen et al., 2020). Our study found that KD treatment significantly reduced the phosphorylation levels of JAK2 and STAT3, and the expression level of cell cycle-related proteins (including Cyclin D1, CDK4, Cyclin E and CDK2) and increased the expression of CDKI (including p21 and p16). Meanwhile, NSC74859 further confirmed that CT26+ colon cell cycle arrest was mediated by inhibiting JAK2/STAT3 signaling pathway. Based on the above analysis, the JAK2/STAT3 signaling pathway mainly regulated KD-induced cell cycle arrest.

			Our results demonstrated that KD-induced colon cancer cells autophagy mainly by inhibiting STAT3/HDAC3 and PI3K/Akt/mTOR signaling pathways, and KD reduced cell proliferation by inhibiting the G1/S phase transition during the cell cycle. The specific mechanism of action is shown in Figure 7.
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ABSTRACT

Colon cancer often has problems of recurrence and chemotherapy resistance in the late stage. Metabolic
reprogramming is one of the characteristics of colon tumors and contributes to autophagy and cell cycle
progression of tumors. A ketogenic diet (KD) is a high-fat, adequate-protein, and low-carbohydrate diet
with documented anti-tumor effects. However, the mechanism of KD inhibiting colon cancer remains
unclear. In this study, we investigated the molecular mechanism underlying the effects of KD on cell
cycle and autophagy in colon tumor-bearing mice. Our results showed that compared with the SD group,
KD treatment upregulated the expressions of autophagy-related proteins LC3-II and Beclin-1 while
downregulated the expression of p62 protein in CT26* tumor-bearing mice. In parallel, the expressions
of CDK4-Cyclin D1 and CDK2-Cyclin E proteins were decreased, while the expression of p21 and pl6
proteins increased in KD group. The data analysis suggested that KD promoted autophagy and blocked
the tumor cell cycle in the G1/S phase. In addition, the western blot showed that KD significantly
downregulated the expressions of PI3K, p-Akt, p-mTOR, HDAC3, p-JAK2 and p-STAT3 proteins. In
vitro results (RGFP966, an HDACS3 inhibitor, and NSC74859, a STAT3 inhibitor) also supported those
of the in vivo findings. Overall, the current study demonstrated that KD induced autophagy and G1/S
phase cell cycle arrest in tumors by inhibiting the activation of the PI3K/Akt/mTOR, STAT3/HDACS3 and
JAK?2/STAT3 signaling pathways. Together, we can conclude that KD prevents colon cancer progression
by regulating autophagy and cell cycle arrest of tumor cells.
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INTRODUCTION

olon cancer is one of the leading causes of death

among all malignant cancers (Yaghoubi ef al., 2020).
The current treatment options available for colon cancer
include surgery (Biondo ef al., 2019), radiotherapy
(Tamas et al., 2015), and chemotherapy (Gosavi et al.,
2021). However, these therapies have some side effects
and limitations. Therefore, it is urgent to search for a
novel strategy for the treatment of colon cancer. Metabolic
reprogramming is a hallmark of tumor cells and critical
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