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Colorectal cancer (CRC) is one of the most commonly diagnosed cancers with high mortality worldwide. Type 2 diabetes mellitus (T2D), known as a risk factor of CRC, can promote the deterioration of CRC, but the underlying mechanism is elusive. In this study, we aimed to reveal the relationship between CRC and T2D from the perspective of small-molecule metabolism. First, a list of common dysregulated metabolites in CRC and T2D was obtained by retrieving existing metabolomics publications. Among these metabolites, oleic acid (OA) was found to be able to promote the proliferation and migration of colon carcinoma cell HCT116. Further experiments proved that insulin could significantly strengthen this promotion and showed a synergistic effect with OA. Mechanism study found that OA and insulin acted synergistically through the extracellular signal-regulated kinase (ERK)1/2/c-Myc/cyclin D1 pathway. In addition, the combination of ERK1/2 inhibitor SCH772984 and cyclin-dependent kinase (CDK)4/6 inhibitor palbociclib showed a remarkable inhibitory effect on tumor growth in vivo. Taken together, the current study found that OA plays an important role in CRC development by using a functional metabolomics approach. More importantly, insulin and OA were confirmed to synergistically promote the deterioration of CRC in vitro and in vivo via ERK1/2/c-Myc/cyclin D1 pathway. Our findings may shed light on CRC treatment among the T2D population.
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Introduction

Colorectal cancer (CRC), one of the most common malignancies, has a high incidence and mortality rate globally. In 2020, it is estimated that 1.93 million people were diagnosed with CRC, and >900,000 died from CRC worldwide (1). While the 5-year survival rate after curative surgery reaches ~90% at the early stage of CRC, it decreases to only 14% when distant metastasis occurs (2). The major risk factors of CRC are age and family history (3); however, studies have shown that CRC is also highly associated with unhealthy lifestyles like alcohol consumption and smoking (4) and diseases such as obesity (5), inflammatory bowel disease (6), and diabetes (7). Particularly, diabetes is a risk factor for multiple cancers such as pancreatic ductal adenocarcinoma (8), hepatocellular carcinoma (9), colon cancer (10), and breast cancer (11). The International Diabetes Federation (IDF) reports that the number of diabetes patients would increase from 415 million in 2015 to 642 million by 2040 (12). It has been discovered that the incidence of CRC in the type 2 diabetes mellitus (T2D) population increases up to three times compared to that of the general population (12). Also, diabetes is associated with a reduced survival rate and increased relapse risk in CRC patients (13).

It has been reported that type 1 diabetes (T1D) is associated with only 7% of the increase in cancer risk, while T2D has a greater impact, indicating that the single chronic hyperglycemia environment in diabetes patients is insufficient to aggravate cancer deterioration (14). Hormonal (insulin resistance), inflammatory, and metabolic characteristics of diabetes are potential links between diabetes and CRC (15). Moreover, studies found that diabetogenic levels of glucose and insulin can regulate the growth and migration of colon cancer cells (16), which may be helpful for understanding the relationship between T2D and CRC. Signal pathways such as AMP-activated protein kinase (AMPK), mammalian target of rapamycin (mTOR), and sirtuin 1 (SIRT1) and autophagy-related pathways may also bridge T2D and CRC and participate in cancer progression (12). MEK1/2/ERK1/2/c-Myc/cyclin D1 is an important pathway in the development of CRC, which may take part in T2D-associated CRC deterioration progress as well. In addition, as the terminal of biological process in vivo, metabolites are associated with both T2D and CRC development and may serve as a bridge linking these two diseases. It has been reported that the level of metabolites such as octanoic acid, decanoic acid, and histidine are correlated with CRC stages (17), and high plasma levels of leucine, valine, and branched chain amino acids (BCAAs) are inversely associated with colorectal adenoma (18). Endogenous metabolites such as BCAA and aromatic amino acids are significantly associated with the incidence of T2D (19). However, to reveal the metabolic connection of the two diseases, systematic retrieving and analysis of existing data generated from various metabolomics studies are necessary.

In this study, human metabolomics studies on CRC and T2D from 2000 to 2018 were retrieved. Common dysregulated metabolites found in both diseases were studied. Eventually, oleic acid (OA), a fatty acid upregulated in both CRC and T2D, was found to be able to promote the development of CRC. We further investigated the role of insulin and OA in the deterioration of CRC in vitro and in vivo. We discovered that in the presence of high insulin, OA could significantly aggravate the malignant phenotype of CRC via the ERK1/2/c-Myc/cyclin D1 pathway. These results provide a possible explanation for T2D promoting CRC development from the small-molecule point of view.



Materials and Methods


Materials and Reagents

Fatty acid-free bovine serum albumin (BSA) and recombinant human insulin were purchased from Solarbio Life Science (Beijing, China). Chemical compounds including leucine, isoleucine, valine, alanine, phenylalanine, serine, threonine, glutamic acid, glutamine, arginine, glycine, ornithine, tyrosine, proline, lysine, 3-hydroxybutyric acid (BHB), palmitic acid (PA), linoleic acid (LOA), stearic acid (SA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). U0126-EtOH was purchased from MedChemExpress (Monmouth Junction, NJ, USA). The antibodies of ERK1/2, phosphor-ERK1/2 (Thr202/Tyr204) were purchased from Affinity Biosciences (USA) and c-Myc, cyclin D1, and alpha-tubulin were purchased from Proteintech (Chicago, IL, USA). Palbociclib and SCH772984 were purchased from Jiangsu Aikang Biomedicine Research Co., Ltd. (Nanjing, China). Isophane Protamine Biosynthetic Human Insulin Injection (Pre-mixed 30R) was purchased from Novo Nordisk (China) Pharmaceuticals Co., Ltd.



Discovery of Common Dysregulated Metabolites in Colorectal Cancer and Type 2 Diabetes Mellitus

Human metabolomics studies on CRC and T2D from the year 2000 to 2018 were retrieved by using “Type 2 diabetes,” “diabetes,” “colorectal cancer,” “colon cancer,” and “metabolomics” as keywords in Web of Science (TS = “type 2 diabetes” OR TS = “T2D” OR TS = “colorectal cancer” OR TS = “colon cancer” OR TS = “CRC” AND TS = “metabolomics” OR TS = “metabonomics”) and PubMed (“type 2 diabetes” [All Fields]) OR (“T2D” [All Fields]) OR (“colorectal cancer” [All Fields]) OR (“colon cancer” [All Fields]) OR (“CRC” [All Fields]) AND (“metabolomics” [All Fields]) OR (“metabonomics” [All Fields]). As a result, 87 CRC-related literature and 72 T2D-related literature were obtained. The up- or down-regulated metabolites presented in these studies were extracted to generate a database. Dysregulated metabolites were listed, and those found in both CRC and T2D were highlighted for further verification. Functional metabolomics experiments were then designed to check whether these metabolites were able to affect CRC cell development.



Cell Line and Cell Culture

Human colon carcinoma cell line HCT116 was purchased from Nanjing Hongxin Biotechnology Co., Ltd. (Nanjing, China) in 2019. HCT116 was cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco, Grand Island, NY, USA) and 1% penicillin–streptomycin in a humidified atmosphere containing 5% CO2 at 37°C. Cells were identified by Shanghai Biowing Biotechnology Co., Ltd. (Shanghai, China) using STR profiling in the year 2019. All cell experiments were performed with mycoplasma-free cells.



Cell Stimulation and Oleic Acid–Bovine Serum Albumin Complex Preparation

After being washed twice with PBS, the cells were treated with 50 nM insulin in a serum-free medium for 6 h. Then, the cells were cultured with OA–BSA complex for 48 h. OA–BSA complex solution was prepared by stirring OA sodium salt at 55°C with 10% fatty acid-free BSA as Cousin et al. (20) described. The corresponding concentration of BSA was used as a control. Insulin was dissolved in 0.1 M HCl, and 0.1 M HCl was therefore set as control. In brief, a 100-mM fatty acid stock solution was prepared in 0.1 M NaOH by heating at 70°C, and a 10% (w/v) fatty acid-free BSA solution was prepared in ddH2O at 55°C. A 5-mM OA–10% BSA stock solution was prepared by adding 50 μl of the 100-mM OA solution dropwise to 950 μl of 10% BSA solution at 55°C. The mixture was cooled to room temperature before use.



Cell Viability Assay

Cells were seeded in 96-well plates at a density of 1.5 × 103 cells/well. After 24 h, cells were treated with Leu, Ile, Val, Ala, Phe, Ser, Thr, Glu, Gln, Arg, Gly, Orn, Tyr, Pro, Lys, BHB, lactic acid, pyroglutamic acid, OA, PA, LOA, SA for 48 h. Then, to investigate the synergistic effect of insulin and the above metabolites, cells were incubated in 50 nM insulin for 6 h before the metabolite stimulation. All of the treatments were in serum-free condition. After the stimulation (48 h), the cell viability was measured using an 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) assay.



Wound Healing Assay

Cells were seeded in 24-well plates at a density of 2 × 105 cells/well. Confluent monolayer cells were scratched using a 20-μl pipette tip, washed with PBS three times, then added with fresh medium spiked with insulin and/or OA. Photographs were taken at 0, 24, and 48 h at the same location of the scratch with an inverted microscope (Nikon TS100, Japan). The wound area was analyzed by ImageJ software (NIH, Bethesda, MD, USA). The relative migration rate was calculated by the following formula: Relative migration rate (%, of control) = 100% × (Area model, 0 h – Area model, 24 or 48 h)/(Area control, 0 h – Area control, 24 or 48 h).



Western Blotting

Cells were seeded in six-well plates at a density of 7 × 105 cells/well in a complete medium. After 24 h, cells were treated with insulin 50 nM (INS), 200 or 500 μM OA in serum-free condition for 48 h. After being washed twice with phosphate buffered saline (PBS), cells were harvested in 1% phenylmethylsulfonyl fluoride (PMSF) radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime Biotechnology, Shanghai, China) and centrifuged at 14,000 rpm for 20 min at 4°C to collect the supernatants. The lysates were supplemented with sample loading buffer (Beyotime Biotechnology, Shanghai, China) and denatured at 100°C for 10 min. The protein content was measured by a bicinchoninic acid (BCA) protein assay kit (Beyotime Biotechnology, Shanghai, China). Then, the samples were separated on an 8% or 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred to polyvinylidene fluoride (PVDF) membranes. The membranes were blocked with 5% BSA in PBS containing 0.1% Tween 20 (PBST) for 2 h at room temperature, then incubated with primary antibodies overnight at 4°C. After being washed three times with PBST, the membranes were incubated with a secondary antibody conjugated to horseradish peroxidase (HRP; Proteintech) for 1.5 h at room temperature. Finally, the immunoreactive bands were visualized with an enhanced chemiluminescence (ECL) system on a Tanon 5200 chemiluminescent imaging system (Tanon Science & Technology). Densitometric analysis was performed using ImageJ software (NIH, Bethesda, MD, USA).



Colony Formation Assay

Cells were seeded in six-well plates at a density of 1 × 104 cells/well with a medium containing 10% FBS. Then, the cells were treated with insulin and/or OA for 2 weeks as described before. Colonies were fixed with 4% paraformaldehyde for 20 min and stained with 0.1% crystal violet solution for 10 min. Photographs were taken at the end of the experiment.



Cell Apoptosis Assay

Cells were planted in 12-well plates at a density of 3 × 105 cells/well. The cells were treated with insulin and OA as described before. Then, the cells were collected and washed twice with PBS and resuspended in 500 μl of binding buffer. The reaction between Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) was induced at room temperature in the dark for 5–15 min. The results were analyzed immediately by a BD Accuri™ C6 flow cytometer (BD Biosciences, USA). Each experiment was independently performed at least three times. All the data were analyzed using FlowJo software (TreeStar, Ashland, OR, USA).



Cell Cycle Assay

Cells were seeded in 12-well plates at a density of 3 × 105 cells/well. The cells were treated with insulin and OA as described before. After 48 h, cells were harvested and washed with PBS. Then, 1 ml of DNA staining solution and 10 μl of permeabilization solution were added and vortex-mixed for 5–10 s and incubated in the dark for 30 min at room temperature. Finally, the cells were analyzed using a BD Accuri™ C6 flow cytometer (BD Biosciences, USA). All the data were analyzed by FlowJo software (TreeStar, Ashland, OR, USA).



siRNA Infections

The target sequences of CCND1 were 5’-CCA CAG AUG UGA AGU UCA UTT-3’ and 5’-AUG AAC UUC ACA UCU GUG GTT-3’ and the negative control were 5’-UUC UCC GAA CGU GUC ACG UTT-3’ and 5’-ACG UGA CAC GUU CGG AGA ATT-3’, respectively. All the siRNA sequences were purchased from Shanghai GenePharma Co., Ltd. (Shanghai, China). Cells were transiently transfected with 50 nM siCCND1 or negative control using GP-transfect-Mate in serum and penicillin–streptomycin free condition according to the manufacturer’s instructions. Briefly, GP-transfect-Mate-medium mixture and RNA oligo-medium mixture were prepared and placed at room temperature for 5 min. Then, the GP-transfect-Mate-medium mixture was added dropwise into RNA oligo-medium mixture and placed at room temperature for 15–20 min before the infection. Then, 24 h after the transfection, cells were treated with insulin and OA alone or in combination as described before.



Animal Experiment

All the animal studies and procedures were approved by the Animal Ethics Committee of China Pharmaceutical University (License No.: SYXK 2018-0019). Five-week-old male athymic nude mice were purchased from Vital River Laboratory Animal Technology. All the mice were housed in a temperature-controlled specific pathogen-free (SPF) environment (24°C ± 2°C) and kept on a 12-h light/dark cycle, having free access to sterilized food and water. The mice were randomly divided into five groups: control (n = 6); oleic acid treatment (OA, n = 6); insulin treatment (INS, n = 6); oleic acid plus insulin treatment (IO, n = 6); oleic acid, insulin, palbociclib [cyclin-dependent kinase (CDK)4/6 inhibitor] and SCH772984 [extracellular signal-regulated kinase (ERK)1/2 inhibitor] treatment (IOPS, n = 6). Oleic acid and palbociclib were administered intragastrically (i.g.) at a dose of 2.0 g/kg/day and 120 mg/kg/day, respectively. Insulin was administered subcutaneously (s.c.) at a dose of 2.5 U/kg/day. SCH772984 was administered intraperitoneally (i.p.) at a dose of 50 mg/kg/day. In addition, individuals in the groups of INS, IO, and IOPS were given 10% glucose to prevent hypoglycemia. Before the injection of HCT116 cells, individuals in the OA and INS groups were pretreated with oleic acid and insulin respectively, and mice in the IO and IOPS groups were pretreated with both oleic acid and insulin for 10 days to build a high oleic acid and insulin environment.

On day 0, HCT116 cells (~1 × 107) suspended in 0.2 ml serum-free DMEM were subcutaneously inoculated in the right flank region. Six days later when colon carcinoma cells were confirmed to plant successfully, we continued to treat controls with vector, OA with oleic acid, INS with insulin, IO with insulin and oleic acid, and IOPS with insulin, oleic acid, palbociclib, and SCH772984. Tumor volume (TV = length × width2/2) and body weight were monitored every day. Mice were euthanized when the tumor volume of the IO group reached 2,000 mm3. Blood and tumor tissue samples were collected for further experiments.



Immunohistochemistry and Hematoxylin and Eosin Staining

Tumor tissues were fixed in 4% paraformaldehyde for 3 days and then embedded in paraffin. Hematoxylin and eosin (H&E) staining was performed to observe histopathological features of the tumor. The expression of Ki67, p-ERK1/2, c-Myc, and cyclin D1 were detected by immunohistochemistry (IHC). IHC and H&E staining were performed by professionals in Jiangsu Hospital of Integrated Traditional and Western Medicine (Nanjing, China).



Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.0 software (GraphPad Software Inc., San Diego, USA), and the results were expressed as mean ± SD. Each experiment was performed at least three times independently. All the data were statistically analyzed using Student’s t-test unless otherwise noted. p < 0.05 was considered significantly different.




Results


Insulin and Oleic Acid Served as the Bridge Between Type 2 Diabetes Mellitus and Colorectal Cancer

In total, 22 metabolites were found dysregulated in both T2D and CRC based on published metabolomics studies. A heatmap showing the relative concentration of these metabolites compared to controls was generated (Figure 1A). We then explored whether these metabolites could promote the development of CRC by supplementing them to the cell culture medium of HCT116, and an MTT assay was applied to check the cell viability. As a result, only OA slightly promoted the proliferation of HCT116 and did not show obvious cell toxicity even at 1,000 μM. The rest of the metabolites showed almost no effects (Figure S1A). The other three fatty acids (LOA, PA, and SA) in the list were confirmed to have no similar effects as OA did (Figure S1B). Existing metabolomic papers related to the dysregulation of OA in CRC and T2D are summarized in Table S1. We then treated the cells in serum-free condition for 48 h to check whether the existence of FBS affected the proliferation of HCT116. Surprisingly, OA promoted the proliferation of HCT116 much more significantly without FBS at the concentration of 200 or 500 μM (Figure 1B).




Figure 1 | Insulin and oleic acid (OA) synergistically promoted the proliferation and migration of colon carcinoma cell line HCT116. (A) Heatmap of common dysregulated metabolites found in both colorectal cancer (CRC) and type 2 diabetes mellitus (T2D) based on reported metabolomics data. (B) OA promoted the proliferation of HCT116 in FBS-free condition. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with control. (C) Cell viability of HCT116 in insulin (50 nM) environment. X axis represents the concentration of OA. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with OA. #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with INS. (D) Combination index analysis of insulin (50 nM) and OA (50, 100, 200, 500, and 1,000 μM). CI < 0.85 defines an antagonistic effect, CI > 1.15 a synergistic effect, and CI 0.85–1.15 a nearly additive effect. (E) Wound healing assay to investigate the migration ability of HCT116 under insulin and OA alone or in combination treatments. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 compared with OA; #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with INS.



It is known that hyperglycemia and insulin resistance are the typical features of T2D. We therefore further explored the effect of high glucose and insulin on OA-induced promotion of cell proliferation. Glucose at concentrations of 5.5 and 11 mM was used to simulate physiological and diabetogenic conditions, respectively (16). It was found that the promotion effect of OA was increased remarkably in the presence of 50 nM of insulin (Figure 1C). However, high glucose showed no similar effect (Figure S1C). In addition, no further promotion was observed under both high insulin (50 nM) and high glucose condition compared to only high insulin (Figure S1D). Herein, we assumed that insulin and OA might have a synergistic effect in promoting the proliferation of HCT116. To prove this, we referred to Jin’s formula (21) to calculate the combination index of insulin (50 nM) and OA (50, 100, 200, 500, and 1,000 μM). A synergistic effect is usually acknowledged when the combination index exceeds 1.15. The results showed that the combination indices at different OA concentrations were all above 1.35 (Figure 1D). We then further confirmed that insulin and OA promoted the migration of HCT116 synergistically by wound healing assay (Figures 1E and S2). Taken together, our results showed that the combination of insulin and OA synergistically promoted the proliferation and migration of HCT116. Insulin and OA may serve as the bridge between T2D and CRC.



P-ERK1/2 and Cyclin D1 Served as the Crosstalk in Insulin and Oleic Acid-Mediated Colorectal Cancer Deterioration Process

Based on the results obtained above, we investigated the key pathways involved in the process of insulin and OA synergistically promoting the proliferation and migration of HCT116. Kyoto Encyclopedia of Genes and Genomes (KEGG) database indicates MEK1/2/ERK1/2/c-Myc/cyclin D1 is a canonical pathway during the occurrence and development of CRC, and we suspected that this pathway may be involved in the synergistic effect of insulin and OA. As a result, we found that insulin and OA upregulated the expression of cyclin D1 and showed a synergistic effect (Figures 2A, B). Based on this, we explored whether the upstream of cyclin D1 was also regulated, and the results showed that insulin can upregulate the expression of p-ERK1/2, but not c-Myc (Figures 2A, B). This indicated that insulin did not act directly on c-Myc. Interestingly, we discovered that OA could upregulate the expression of all the three proteins and that the combination of insulin and OA showed more significant effects (Figures 2A, B). In summary, we confirmed that OA could promote CRC development via the ERK1/2/c-Myc/cyclin D1 pathway (Figures 2A, B). Meanwhile, insulin aggravated the effect of OA by acting on p-ERK1/2 and cyclin D1. Two vital proteins, p-ERK1/2 and cyclin D1, as the crosstalk between insulin and OA-mediated pathway, promoted CRC deterioration together (Figure 2C).




Figure 2 | Insulin and oleic acid (OA) promoted the development of colorectal cancer (CRC) synergistically through ERK/c-Myc/cyclin D1 pathway. Protein level of p-ERK1/2, ERK1/2, c-Myc, and cyclin D1 treated with (A) insulin (50 nM) and/or OA 200 μM and (B) 500 μM were measured. Alpha-tubulin served as an internal control. Groups HCl, BSA, and HCl+BSA are the control of INS, OA, and INS+OA, respectively. (C) Pathway diagram of the synergistic effect of insulin and oleic acid in CRC progression. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.





P-ERK1/2 Inhibition Blocked the Proliferation and Migration of HCT116 Induced by Insulin and Oleic Acid

A MEK1/2 inhibitor, U0126, was applied to verify our findings. HCT116 was pretreated with U0126 for 2 h before insulin treatment, and the results showed that U0126 significantly decreased p-ERK1/2, c-Myc, and cyclin D1 expressions that were highly increased with OA and insulin treatment (Figures 3A, B). On the other hand, U0126 decreased the cell viability (Figure 3C and Figure S3) and cell migration rate (Figure 3D and Figure S4) and increased the cell apoptosis remarkably (Figure 3E and Figure S5). These results indicated p-ERK1/2 inhibition partially prevented the deterioration of CRC induced by insulin and OA and promoted cell apoptosis, indicating that p-ERK1/2 might be a potential target for T2D-associated CRC treatment.




Figure 3 | U0126 blocked the carcinogenic effect of insulin and/or oleic acid (OA) via ERK1/2/c-Myc/cyclin D1 pathway in HCT116. Protein expression level of (A, B) p-ERK1/2, ERK1/2, c-Myc, and cyclin D1. (C) Cell viability, (D) cell migration, and (E) cell apoptosis assay were performed on HCT116 that were pretreated with U0126 (10 μM) for 2 h before insulin (50 nM) and/or OA (200 or 500 μM) stimulation. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 compared with corresponding groups with U0126 treatment.





Silence of Cyclin D1 Reverted the Proliferation and Migration of HCT116 Induced by Insulin and Oleic Acid

To further verify our findings, cyclin D1 was silenced to investigate the proliferation and migration index of HCT116. The results showed that the protein expression level of cyclin D1 was significantly downregulated after the transfection, proving that the target sequence was effective (Figure 4A). The MTT results showed that cell viability decreased significantly when cyclin D1 was silenced (Figure 4B), and the wound healing assay showed that the cell migration rate also decreased (Figure 4C and Figure S6). In addition, we investigated the potential changes in the cell cycle as cyclin D1 is a cell cycle protein and mediates the cell cycle G1–S transition. As a result, insulin and OA combination significantly shortened cell G0/G1 phase compared with control (p < 0.05). However, cyclin D1 silence induced G0/G1 phase arrest, and there was no significant difference between the siRNA intervention group and the controls (Figure 4D and Figure S7). These results proved that insulin and OA upregulated the expression of cyclin D1 and promoted cell G1–S phase transition to accelerate the tumor growth, and the silence of cyclin D1 reverted this effect.




Figure 4 | Cyclin D1 knockdown inhibited the oncogenic phenotypes of HCT116. (A) Cyclin D1 relative expression level after CCND1 knockdown using siRNA. (B) Cell viability, (C) cell migration in 24 and 48 h, and (D) cell cycle were detected in HCT116 after cyclin D1 knockdown using siRNA before insulin (50 nM) and/or OA (200 or 500 μM) stimulation. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 compared with the corresponding groups without siCCND1. #p < 0.05 compared with corresponding controls; ns, not significant.





ERK Inhibitor SCH772984 and CDK4/6 Inhibitor Palbociclib Prevented the HCT116 Proliferation Induced by Insulin and Oleic Acid In Vitro

Although U0126 significantly hindered the proliferation and migration of HCT116, there is the issue of drug resistance, and it has been reported that ERK1/2 inhibitor is effective in the treatment of MEK1/2 inhibitor resistance (22). Therefore, ERK1/2 inhibitor SCH772984 was chosen for the in vivo validation. For another vital protein cyclin D1 in the pathway, as it does not show enzymatic activity until formed with CDK4 or CDK6 into active complexes (23), and silencing cyclin D1 in vivo is challenging, an approved CDK4/6 inhibitor (palbociclib) was selected to inhibit cyclin D1/CDKs axis. Before the animal experiment, we validated the antitumor effect of SCH772984 and palbociclib in vitro. The IC50 of palbociclib and SCH772984 in normal conditions (no insulin and OA) was 1.6 μM and 23.9 nM, respectively, while the values were much higher when the cells were treated with insulin and OA (3.8 μM and 72.1 nM with 50 nM of insulin and 200 μM of OA, 5.9 μM and 132.9 nM with 50 nM of insulin and 500 μM of OA; Figure S8). In addition, palbociclib and SCH772984 showed a cell suppression effect under high insulin and OA condition (Figures 5A, B). These results proved that insulin and OA could promote CRC cell proliferation and induce drug resistance. Importantly, ERK1/2 inhibitor SCH772984 and CDK4/6 inhibitor palbociclib were proven to have a significant antitumor effect in vitro.




Figure 5 | ERK1/2 and CDK4/6 inhibitors performed significant antitumor effect in vitro and insulin and oleic acid (OA) aggravated tumor growth via ERK1/2/c-Myc/cyclin D1 in a colorectal cancer (CRC) xenograft model. Cell viability when HCT116 cells were treated with palbociclib (4 or 6 μM) and SCH772984 (70 or 130 nM) in (A) insulin (50 nM) and OA 200 μM or (B) 500 μM condition; each experiment was performed three times independently. (C) Body weight and (D) tumor volume monitor of each group across the whole experiment. (E) Tumor volume at the end of the experiment. (F) Photos of subcutaneous tumor at the end of the experiment. (G) Western blot analysis of p-ERK1/2, c-Myc, and cyclin D1 in tumors. (H) H&E staining and immunohistochemistry (IHC) analysis of Ki67, p-ERK1/2, c-Myc, and cyclin D1 in tumors. The scale was 400×. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.





Insulin and Oleic Acid-Simulated Type 2 Diabetes Mellitus Environment Promoted the Development of Colorectal Cancer in Xenograft Mice

To investigate the effect of high insulin and OA environment on tumor growth in T2D, we established the HCT116 cell xenograft model (Figure S9). Body weight (Figure 5C) and tumor volume (Figure 5D) of each individual were monitored. At the end of the experiment, the tumor volume of the individuals in the OA group showed almost no difference compared with the controls. The tumor volume of the INS individuals was bigger than that of the controls, and in the IO group, it was much bigger than that of any other group (Figure 5E). These results indicated that OA alone almost had no effect on cancer cell proliferation in vivo, and insulin alone promoted the proliferation of tumor cells to some extent. Importantly, the combination of insulin and OA (IO group) had a more severe influence on solid tumor formation as well as its growth. In addition, to validate the mechanism we speculated from in vitro experiments in vivo, CDK4/6 and ERK1/2 inhibitors (palbociclib and SCH772984, respectively) were administered (IOPS group). The results showed that the combination of the two inhibitors significantly suppressed the stimulated proliferation of HCT116 xenografts by insulin and OA (Figures 5E, F), and the tumor shrank remarkably and tended to become smaller as time went (Figure 5D). This suggests that the cancer cell activity was reduced, and the p-ERK1/2 and cyclin D1/CDK4/6 axis was involved in the development of CRC.

Furthermore, IHC and Western blot showed that the level of p-ERK1/2, c-Myc, and cyclin D1 increased significantly in IO individuals, and the results were in accordance with the above in vitro experiments (Figures 5G, H). Also, Ki67, a marker of cell proliferation and tumor deterioration, was highly expressed in the IO group. And for IOPS individuals, Ki67 was downregulated remarkably (Figure 5H). Taken together, insulin and OA promoted colon carcinoma cell colonization and outgrowth in the progress of CRC occurrence and development and performed a synergistic oncogenic effect in vivo. The combination of palbociclib and SCH772984 might be a promising means for clinical T2D-associated CRC therapy.




Discussion

Epidemiology studies showed that diabetes could cause many health problems, such as cardiovascular disease (24), Alzheimer’s disease (25), and multiple types of cancers. While it has been reported that T2D is strongly associated with CRC, the underlying molecular mechanisms were poorly understood. In this study, by utilizing a functional metabolomics strategy, we found that insulin and OA promoted the development of CRC synergistically via the ERK1/2/c-Myc/cyclin D1 pathway.

OA (C18:1), an endogenous monounsaturated fatty acid, is one of the upregulated metabolites in the T2D population (26, 27). It has been shown that abnormally elevated OA level was associated with the development of cervical cancer (28), breast cancer (29), prostate cancer (30), and liver cancer (31), as cancer cells require fatty acids for membrane proliferation, energy storage, and signaling molecule generation (28). Studies showed that OA induced the activation of Src kinase and its downstream ERK1/2 via a CD36-dependent manner to promote cervical cancer cell growth and metastasis (28). Another pathway, phosphatase and tensin homolog (PTEN)/mTOR/nuclear factor kappa B (NF-κB), is also mediated by OA in the process of hepatoma proliferation and progression (31). In our study, OA was proven to promote the progression of CRC. More importantly, the oncogenic effect was more significant under high insulin conditions.

Insulin resistance, defined as a defect in the capacity of insulin to drive glucose to its target tissue, is one of the major characteristics of T2D (32). In other words, it is the condition in which the cell, tissue, or organism fails to respond to insulin effectively (33). As a result, insulin compensatory secretion is initiated. It is reported that insulin has profound metabolic and mitogenic effects through binding to different receptors (34). Multiple studies revealed that insulin promoted tumor growth by upregulating the expression of p-AKT and p-ERK1/2 (35), which are crucial proteins during the process of cancer deterioration. It has also been reported that hyperinsulinemia could activate the insulin receptor (IR)/insulin-like growth factor 1 receptor (IGF-1R) signaling pathway to promote the development of breast cancer (36). In the current study, we discovered that insulin promoted CRC deterioration in vitro and in vivo, particularly, with the presence of OA, insulin showed a more powerful tumor-promoting effect. As metabolic reprogramming has been suggested as a key hallmark of cancer progression (37), we speculated that the pathological characteristics of T2D provided a favorable environment for CRC deterioration. As T2D has many other pathological features (chronic low-grade inflammation, glucose and lipid metabolism dysregulation, etc.), there are possibly other pathways mediating T2D-associated CRC.

Mitogen-activated protein kinase (MAPK) cascades play an important role in the regulation of cell proliferation, survival, and differentiation under physiological conditions (38). However, MAPK cascades were found activated aberrantly in multiple cancers (39). Therefore, inhibitors acting on these cascades have caught extensive attention as they hold great potential in cancer therapeutics (38). The KEGG database indicates that the MEK1/2/ERK1/2/c-Myc/cyclin D1 is an important pathway in the development of CRC. In this pathway, ERK1/2 is activated by the phosphorylation of the Thr202/Tyr204 site and subsequently phosphorylates numerous proteins involved in multiple malignant phenotypic features and ultimately aggravates cancer deterioration (40).

Another crucial protein, cyclin D1, a downstream protein of c-Myc to drive cell G1-to-S phase transition, plays an important role in normal cell proliferation and aberrant tumor cell diffusion (23). It has been reported that abnormally expressed cyclin D1 was associated with multiple cancers, such as pancreatic cancer (41), non-small-cell lung carcinoma (42), breast cancer (43), head and neck squamous cell carcinoma (44), endometrial cancer (45), and colorectal carcinoma (46). Studies on cyclin D1 showed that this protein does not show enzymatic activity until it forms active complexes with CDK4 or CDK6 (23). Therefore, inhibiting CDK4/6 is a potential means to inhibit tumor growth. Selective CDK4/6 inhibitors such as palbociclib, ribociclib, and abemaciclib have achieved curative effects in breast cancer (47). As a first-in-class CDK4/6 inhibitor, palbociclib has been introduced for the treatment of estrogen receptor-positive, human epidermal growth factor receptor 2-negative metastatic breast cancer (48), but it has the side effects of myelosuppression and fatigue (49). Side effects were also found in our study. Adverse effects including weakness, weight loss, diarrhea, hematochezia, and hematuria were observed in the IOPS mice. However, the side effects were very mild, and not all of them occurred in each individual. We speculated that the gastrointestinal tract response might correlate with the high doses applied. Although we discovered that the combination of ERK1/2 and CDK4/6 inhibitors had a profound effect on CRC treatment in vitro and in vivo, the effect of palbociclib or SCH772984 alone in vivo is yet to be investigated.

It has been reported that there are six key driver genes, namely, APC, KRAS, BRAF, PIK3CA, SMAD4, and p53, in CRC. The cell line HCT116 used in our study primarily has mutations in KRAS and PIK3CA. Similar experiments should be performed on other CRC cell lines that harbor distinct mutations to investigate whether the findings are consistent. In conclusion, existing human metabolomics data were utilized to find common dysregulated metabolites in CRC and T2D, and OA was confirmed to promote the development of colon carcinoma cell HCT116. Further study revealed that insulin and OA synergistically promoted the deterioration of CRC in vitro and in vivo, and this effect was accomplished through acting on the ERK1/2/c-Myc/cyclin D1 pathway. In addition, we proved that ERK1/2 and CDK4/6 might be promising therapeutic targets against T2D-associated CRC in the clinic.
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