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Matrix Stiffness-Upregulated MicroRNA-17-5p Attenuates the Intervention Effects of Metformin on HCC Invasion and Metastasis by Targeting the PTEN/PI3K/Akt Pathway












	 
	ORIGINAL RESEARCH
published: 19 August 2020
doi: 10.3389/fonc.2020.01563





[image: image]

Matrix Stiffness-Upregulated MicroRNA-17-5p Attenuates the Intervention Effects of Metformin on HCC Invasion and Metastasis by Targeting the PTEN/PI3K/Akt Pathway

Xiangyu Gao1, Xiaona Qiao1, Xiaoxia Xing2, Jinya Huang1, Jiali Qian1, Yi Wang1, Yawen Zhang1, Xi Zhang2, Miao Li2, Jiefeng Cui2* and Yehong Yang1*

1Department of Endocrinology, Huashan Hospital, Fudan University, Shanghai, China

2Liver Cancer Institute, Zhongshan Hospital, Fudan University & Key Laboratory of Carcinogenesis and Cancer Invasion, Ministry of Education, Shanghai, China

Edited by:
Emilio Hirsch, University of Turin, Italy

Reviewed by:
Federico Gulluni, University of Turin, Italy
Chun-Hsien Chu, National Cheng Kung University, Taiwan

*Correspondence: Jiefeng Cui, cui.jiefeng@zs-hospital.sh.cn; Yehong Yang, yehongyang@fudan.edu.cn

Specialty section: This article was submitted to Molecular and Cellular Oncology, a section of the journal Frontiers in Oncology

Received: 05 April 2020
Accepted: 20 July 2020
Published: 19 August 2020

Citation: Gao X, Qiao X, Xing X, Huang J, Qian J, Wang Y, Zhang Y, Zhang X, Li M, Cui J and Yang Y (2020) Matrix Stiffness-Upregulated MicroRNA-17-5p Attenuates the Intervention Effects of Metformin on HCC Invasion and Metastasis by Targeting the PTEN/PI3K/Akt Pathway. Front. Oncol. 10:1563. doi: 10.3389/fonc.2020.01563

Background: Metformin, a traditional first-line anti-hyperglycemic agent for diabetes, recently exhibits better antitumor effect in hepatocellular carcinoma (HCC). However, its resistance and tolerance mechanism in HCC remains largely unknown. Here, we investigated whether increased matrix stiffness attenuated the intervention effects of metformin on HCC invasion and metastasis, and explored its underlying molecular mechanism.

Methods: FN-coated gel substrates with 6, 10, and 16 kPa, which simulated the stiffness of normal, fibrotic, and cirrhotic liver tissues respectively, were established to evaluate matrix stiffness-mediated effects on HCC cells. Alterations in morphology, proliferation, motility, and invasive/metastatic-associated genes (PTEN, MMP2, MMP9) of HCC cells grown on different-stiffness substrates were comparatively analyzed before and after metformin intervention. Subsequently, the underlying molecular mechanism by which higher matrix stiffness attenuates antitumor effects of metformin in HCC was further elucidated.

Results: Metformin significantly inhibited proliferation, migration, and invasion of HCC cells. Compared with the controls on lower-stiffness substrate, HCC cells grown on higher-stiffness substrate exhibited an obvious resistance to intervention effects of metformin on proliferation, migration, invasion and metastasis. High stiffness stimulation significantly activated the miR-17-5p/PTEN/PI3K/Akt signaling pathway in HCC cells via integrin β1 and in turn resulted in MMP2 and MMP9 upregulation. Meanwhile, integrin β1 knockdown or PI3K inhibitor partially reversed the activation of the above signaling molecules. For HCC cells grown on the same-stiffness substrate, metformin remarkably upregulated PTEN expression and suppressed the activation of the PI3K/Akt/MMP pathway, but no effect on integrin β1 expression. Importantly, the increase in fold of PTEN expression and decrease in folds of Akt phosphorylation level and MMP2 and MMP9 expressions in the treated HCC cells with metformin on 16-kPa stiffness substrate were evidently weakened compared with those in the controls on the 6-kPa stiffness substrate.

Conclusions: Increased matrix stiffness significantly attenuates the inhibitory effect of metformin on HCC invasion and metastasis, and a common pathway of PTEN/PI3K/Akt/MMPs activated by mechanical stiffness signal and inactivated by metformin contributes to matrix stiffness-caused metformin resistance. To the best of our knowledge, this is the first report to clarify the mechanism of metformin intervention resistance from the perspective of tumor biophysical microenvironment.
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INTRODUCTION

“New uses of old drugs” has gradually become a new highlight in therapy research of hepatocellular carcinoma (HCC). Metformin, as a traditional first-line anti-hypoglycemic agent for diabetes, recently exhibits better antitumor effects in HCC. Type 2 diabetes patients treated with metformin have a lower risk for HCC development compared with those taking other antidiabetic drugs in a large population-based prospective clinical epidemiological survey (1). Besides, metformin alone or combined with other drugs obviously counteracts malignant features of HCC through multiple mechanisms (2–5), suggesting an obvious antitumor role of metformin in HCC development and progression. Similar to other chemotherapy drugs, metformin may be also developed into drug tolerance and resistance in HCC during long-term treatment. However, to date little is known about the underlying molecular mechanisms of metformin resistance and tolerance in HCC. Generally, drug resistance and tolerance frequently attribute to gene mutation of tumor cells and their surrounding microenvironment alteration. A recent study demonstrates that colorectal cancer (CRC) cells could increase DNA mutation to evade targeted therapies (6). Other studies also reveal that gene KRAS mutation-mediated acquired resistance occurs in CRC (7, 8). NOXA mRNA destabilization/MCL-1 adaptation limits apoptotic response of multiple cancer cell lineages in the course of targeted therapy (9). Additionally, metabolic reprogramming also participates in the regulation of tumor resistance to conventional chemotherapy (10, 11). Most of these studies on explaining therapeutic resistance mainly focus on biochemical and metabolic factors but pay little attention to biophysical and biomechanical cues within the tumor microenvironment. Higher matrix stiffness, as a mechanical feature of solid tumor, can remarkably strengthen the malignant characteristics of HCC cells such as stemness (12), proliferation (13), invasion and metastasis (14), chemoresistance (15), pre-metastatic niche formation (16), and epithelial–mesenchymal transition (EMT) (17). Additionally, HCC cells under higher stiffness stimulation present chemotherapeutic resistance to cisplatin (15). Analysis of a 3D HCC model with controllable matrix stiffness also reveals that higher matrix stiffness results in the strongest chemotherapeutic resistance to paclitaxel, 5-FU, and cisplatin in HCC (18). Except that, our previous work also implies that higher matrix stiffness weakens oxaliplatin-induced apoptosis in HCC cells (12). Accordingly, we speculate that high matrix stiffness might attenuate the intervention effect of metformin on HCC invasion and metastasis. Unlike other studies about biochemical cue-caused chemotherapeutic resistance, this study aimed to explore the potential roles of biophysical mechanical signals in metformin intervention resistance on HCC invasion and metastasis and its underlying molecular mechanism.



MATERIALS AND METHODS


Preparation of FN-Coated Polyacrylamide Gel Substrates With Stiffness 6, 10, and 16 kPa in vitro

FN-coated polyacrylamide gel substrates with stiffness 6, 10, and 16 kPa were respectively established as the method described previously except for the coated matrix protein (13). A gel substrate with a diameter of 6 cm was coated with 320 μl fibronectin solution (0.17 mg/ml, Corning, NY, United States).



Cells and Cell Culture

MHCC97H cells, established at the Liver Cancer Institute of Fudan University, were grown in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, United States) supplemented with 10% fetal bovine serum (FBS, Biowest, South America Origin) and 1% penicillin/streptomycin (Gibco, United States). Hep3B cells, obtained from the Cell Bank of Shanghai Institute of Biochemistry and Cell Biology (CAS), were cultured in Minimum Essential Medium (MEM, Gibco, Gibco, United States) with 12.5% FBS and 1% penicillin/streptomycin. Approximately 1 × 106 HCC cells in a 0.3-ml culture medium were spread onto an FN-coated gel substrate and cultured for 2 h at room temperature. Subsequently, a 10-ml medium was added into a dish and the cells were transferred into the incubator for the next 48 h culture at 37°C with 5% CO2. Cells were collected from the gel surface with a cell scraper for the following analysis.



Metformin

Metformin was purchased from Sigma-Aldrich (St. Louis, MO, Gibco, United States). Metformin was dissolved in 1 × PBS at a concentration of 1,000 mM to be a stock solution for storage.



Cell Proliferation Assay

Cell viability was detected by cell counting kit-8 assay (CCK-8, DOJINDO, Kyushu, Japan). About 1 × 104 HCC cells in 100 μl were transferred into a 96-well plate. When they grew and reached approximate 70% confluence, the cells were treated with different concentrations of metformin (0, 2, 4, 8, 16, 32, 64, 100 mM) for 24 h. Subsequently, the culture supernatant was abandoned and 10 μl CCK-8 reagent was added into the well for 2 h incubation at 37°C. Absorbance was measured by a spectrophotometer at 450-nm wavelength, and the absorbance of untreated cells was considered as 100% cell viability.



Cell Motility and Invasion Assay

Cell motility and invasion abilities were examined using Boyden Chamber Assay (Corning, United States). Briefly, for cell motility assay, 200 μl HCC cells (1 × 106/ml) pretreated with metformin were suspended in a serum-free medium and delivered into the upper chamber. A complete culture medium with 20% FBS was added into the lower chamber as a chemoattractant. After 36 hours of culture, the migrated cells at the bottom membrane were fixed by 4% paraformaldehyde and stained with crystal violet. The number of migrated cells in five random fields was counted under a light microscope. For cell invasion assay, the procedures were the same as that of migration assay except for the Matrigel-coated bottom membrane (Corning, NY, United States) of the upper chamber and 48 h cell culture.



Viability Analysis of HCC Cells Grown on 16-kPa and 6-kPa Stiffness Substrates

HCC cells grown on 16- and 6-kPa stiffness substrates in a 12-well plate were divided into the metformin intervention group and the untreated group. The treated and untreated HCC cells were continuously imaged and recorded for 72 h using Cell-IQ continuous live cell imaging and analysis platform (Chip-Man, Finland). Dividing cells were automatically identified and counted by computer software “Cell-IQ Analyser,” and the number of dividing cells at different time periods represented the proliferative viability of the HCC cells.



Migration of HCC Cells Grown on 16-kPa and 6-kPa Stiffness Substrates

HCC cells grown on 16- and 6-kPa stiffness substrates in a 12-well plate were divided into the metformin intervention group and the untreated group. The trace of individual cells in two groups was continuously imaged and recorded every one hour for 48 h by using Cell-IQ instrument described above. Individual cell tracking was performed by the “Manual tracking” plugin in ImageJ software, which enables the selection and tracking of a cell and its position in each frame. Acquired data was then analyzed by the “Chemotaxis tool” software to obtain cell migration speeds.



Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from HCC cells using TRIzol reagent (Invitrogen, United States) and then reverse-transcribed into cDNA using First-Strand Synthesis Kit (Thermo Scientific, United States). The target gene was amplified in SYBR Green PCR Master Mix (Yeasen Biotech, China) with a specific primer by a QuantStudio® 5 Real-Time PCR instrument (96-well 0.2-ml Block). The relative expression of target gene mRNA was normalized to GAPDH and calculated by using the 2–ΔΔCt method. Three replicates were set for each gene, and the primer sequences of the detected genes are listed in Table 1.


TABLE 1. Primer sequence used for qRT-PCR.
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HCC Tissue Microarray and Immunohistochemistry

A HCC tissue microarray constructed previously was derived from buffalo rat HCC models with different liver stiffness backgrounds (13, 17). A tissue microarray was composed of six HCC tissues with normal liver stiffness background, six HCC tissues with medium liver stiffness background, and six HCC tissues with high liver stiffness background. Tissue microarrays were incubated with a primary antibody against PTEN (1:100, Abcam), MMP2 (1:50, Boster), MMP9 (1:50, Boster), respectively, at 4°C overnight and then reacted with biotin-labeled goat anti-rabbit IgG (SA1022, Boster). Photographs of the stained slides were captured by Aperio ImageScope v12.3.3, and the intensity of the stained area was measured and calculated by ImageJ software (United States). The detailed quantitative value is found in Supplementary Table S1.



Western Blot

Total proteins of HCC cells were extracted in RIPA buffer (Beyotime, China) supplemented with 1 mM PMSF (Beyotime, China) and 10% PhosSTOP (Roche, Switzerland). Western blot was done as the method in our previous work (13). The primary antibodies were diluted as follows: GAPDH (1:1000, Cell Signal Technology), PTEN (1:1000, Cell Signal Technology), MMP2 (1:1000, Proteintech), MMP9 (1:1000, Cell Signal Technology), PI3K p110α (1:1000, Cell Signal Technology), Akt (1:000, Cell Signal Technology), p-Akt Thr308 (1:000, Cell Signal Technology), and integrin β1 (1:1000, Cell Signal Technology). The HRP-conjugated secondary antibody (goat anti-mouse or goat anti-rabbit IgG, Proteintech) was diluted as 1:5000. The target protein band was visualized using an electrochemiluminescence kit (Tanon, China). The density of the protein band was quantified by ImageJ software (United States).



Establishment of HCC Cells With LV-shRNA-ITGβ1 Using Lentiviral-Mediated RNAi Technology

The interference sequence of human integrin β1 (ITGβ1, 5′-CCTCCAGATGACATAGAAA-3′) was designed and cloned into the plasmid pGCSIL. Subsequently, 20 μg recombinant plasmid, 15 μg pHelper 1.0 plasmid, and 10 μg pHelper 2.0 plasmid were incubated in Opti-MEM for 5 min at room temperature. The mixture was co-transfected into HEK293T cells by Lipofectamine 2000. The viral supernatant was harvested, and the viral titer was determined. Design of interference sequence, lentivirus preparations, and packaging were collaborated with Shanghai GeneChem, Co. Ltd, China. HCC cells were infected with LV-shRNA-ITGβ1 plus 1 × Hitrans GP (MHCC97H cells with a multiplicity of infection (MOI) of 5, Hep3B cells with a multiplicity of infection (MOI) of 10) to obtain stably transfected HCC cells with LV-shRNA-ITGβ1.



PI3K Inhibition Assay

LY294002 (Cell Signal Technology), a selective PI3K inhibitor, inhibits phosphorylation of downstream molecule Akt (Thr308/Ser473). LY294002 was dissolved in 488 μl DMSO to reach 10 mM storage concentration and then diluted into 20 μM work solution in the complete culture medium for cell intervention. An equal amount of DMSO was set as the control (VDMSO:Vcomplete culture medium = 2‰). HCC cells grown on high-stiffness substrates were treated with LY294002 for 48 h before they were collected from gels.



Dual Luciferase Reporter Assay

The wild type of PTEN-3′UTR containing the binding site of miR-17-5p and its mutant type were recombined into pmirGLO vectors (Bio-link, China) respectively. 293T cells in a good growth state were cultured into a 24-well culture plate on the day before plasmid transfection. Plasmid transfection experiments were carried out based on the designed groups in the experiment. The expression of fluorescent marker genes in cells was measured under a fluorescence microscope after 24 h of transfection, and luciferase expression was assayed with the Dual-Luciferase® Reporter Assay System Kit (E1910, Promega).



MicroRNA RT-PCR

Total RNA was extracted the same as the method described above, and the cDNA of miRNA was reverse-transcribed using the reverse translate kit (GeneCopoeia, Guangzhou, China) according to the manufacturer’s protocol. Sequence-specific primers for U6-2 and miR-17-5p were synthesized from GeneCopoeia. The relative expression level of miR-17-5p in each sample was calculated using the 2–ΔΔct method. hsnRNA U6-2 was selected as an endogenous reference. All experiments were performed independently in triplicate.



MicroRNA-17-5p Transfection

MiR-17-5p mimic, mimic-NC, miR-17-5p inhibitor, and inhibitor-NC were designed and synthesized by Sangon Biotech (Shanghai, China) with following sequences: hsa-miR-17-5p mimic: F: 5′-CAAAGUGCUUACAGUGCAGGUAG-3′, R: 5′-CUACCUGCACUGUAAGCACUUUG-3′; mimic-NC: F: 5′-UUCUCCGAACGUGUCACGUTT-3′, R: 5′-ACGUGACACGUUCGGAGAATT-3′; hsa-miR-17-5p inhibitor: 5′-CUACCUGCACUGUAAGCACUUUG-3′; hsa-miR-17-5p inhibitor-NC: 5′-CAGUACUUUUGUGUAGUACAA-3′. Hsa-miR-17-5p mimic (50 nmol/l) was transfected into HCC cells grown on a lower-stiffness substrate using Lipofectamine 2000 (Invitrogen, United States). Hsa-miR-17-5p mimic-NC was set as the control. Contrarily, hsa-miR-17-5p inhibitor (50 nmol/l) was transfected into HCC cells grown on a higher-stiffness substrate and hsa-miR-17-5p inhibitor-NC also acted as the control. Transient transfections were performed according to manufacturers’ instructions.



Statistical Analysis

GraphPad Prism 8.0 (San Diego, CA, United States) and SPSS 22.0 statistical software (SPSS Inc., Chicago, IL, United States) were used for all statistical analyses. Data were presented as mean ± standard error of the mean (SEM). Statistical analysis was performed by Student’s t-test. p < 0.05 is considered to be statistically significant.



RESULTS


Metformin Inhibits Proliferation, Migration, and Invasion of HCC Cells

Based on a dose–response curve of metformin in HCC cells, we determined the half inhibition concentration (IC50) of metformin as 57.54 mM in MHCC97H cells and 37.15 mM in Hep3B cells (Figure 1A i, ii). Afterward, we defined the most suitable intervention concentration of metformin as 27 mM in MHCC97H cells and 22 mM in Hep3B cells, which corresponded to the 80% survival rate of HCC cells, for the following experiments. The viability of HCC cells treated with metformin was significantly suppressed compared with that of the untreated cells; moreover, the inhibition effect of metformin was dose-dependent, indicating that metformin possesses better inhibition effects on the proliferation and growth of HCC cells. Simultaneously, cell motility and invasion assay showed that the number of the migrated or invaded HCC cells in exposure to metformin were all obviously decreased compared with that of the untreated HCC cells, demonstrating that metformin is able to markedly weaken the migratory and invasive ability of HCC cells (Figure 1B i, ii).
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FIGURE 1. Metformin inhibits proliferation, migration, and invasion of HCC cells. (A) (i) A dose–response curve of metformin in MHCC97H cells in concentrations of 0, 2, 4, 8, 16, 32, 64, and 100 mM for 24 h. (ii) A dose–response curve of metformin in Hep3B cells in concentrations of 0, 2, 4, 8, 16, 32, 64, and 100 mM for 24 h. (B) (i) The migration and invasion abilities of MHCC97H cells were remarkably inhibited after metformin treatment (27 mM) for 36 or 48 h. (ii) The migration and invasion abilities of Hep3B cells were remarkably inhibited after metformin treatment (22 mM) for 36 or 48 h. Error bar represents a standard error of the means (SEM), *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.




Higher Matrix Stiffness Attenuates the Inhibition Effects of Metformin on HCC Invasion and Metastasis

We established 6-, 10-, and 16-kPa stiffness substrates as previously reported (13), which mirrored the stiffness level of normal, fibrotic, and cirrhotic livers, respectively, to explore matrix stiffness-mediated metformin resistance in HCC cells. Considering that morphological alteration of cancer cells frequently reflects the changes of their malignant biological behaviors, we firstly observed the morphology of HCC cells grown on different-stiffness substrates and found that HCC cells presented a more extended and expanded morphology as matrix stiffness increased; simultaneously, we mentioned that little change occurred in the shape and spread area of HCC cells grown on the 16-kPa stiffness substrate in response to metformin compared to the cells on 10- and 6-kPa stiffness substrates (Figure 2A), implying that the higher-stiffness substrate may resist the effects of metformin on cell morphology such as shape and spread area. Subsequently, we further analyzed whether increased matrix stiffness influenced the inhibition effects of metformin on proliferation, migration, invasion and metastasis. As shown in Figure 2B i, ii, the division activity of HCC cells grown on the higher-stiffness substrate was stronger, and the inhibition of proliferation after metformin intervention was weaker than those on the lower-stiffness substrate, suggesting that higher matrix stiffness contributes to promoting cell proliferation and resists metformin inhibitory efficacy in proliferation.
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FIGURE 2. Higher matrix stiffness resists the inhibition effects of metformin on HCC invasion and metastasis. (A) Morphology of HCC cells grown on low (L, 6 kPa), median (M, 10 kPa), and high (H, 16 kPa) stiffness substrates before and after metformin intervention (27 mM for MHCC97H cells and 22 mM for Hep3B cells for 24 h). (B) (i) Proliferation viability of MHCC97H cells grown on 16 and 6-kPa stiffness substrates before and after 27-mM metformin intervention for 72 h. (ii) Proliferation viability of Hep3B cells grown on 16-kPa and 6-kPa stiffness substrates before and after 22-mM metformin intervention for 72 h. (C) (i) Migration ability changes of MHCC97H cells grown on 16 and 6-kPa stiffness substrates after 27-mM metformin intervention for 48 h. (ii) Migration ability changes of Hep3B cells grown on 16 and 6-kPa stiffness substrates after 22-mM metformin intervention for 48 h. (D) (i) mRNA expression changes of PTEN, MMP2, and MMP9 in MHCC97H cells under higher or lower stiffness stimulation after 27-mM metformin intervention for 24 h. (ii) mRNA expression changes of PTEN, MMP2, and MMP9 in Hep3B cells under higher or lower stiffness stimulation after 22-mM metformin intervention for 24 h. (E) (i) Protein expression changes of PTEN, MMP2, and MMP9 in MHCC97H cells after 27-mM metformin intervention for 24 h under higher or lower stiffness stimulation. (ii) Protein expression changes of PTEN, MMP2, and MMP9 in Hep3B cells after 22-mM metformin intervention for 24 h under higher or lower stiffness stimulation. Error bar represents SEM, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.


In the presence or absence of metformin, HCC cells grown on the higher-stiffness substrate migrated faster than those on the lower-stiffness substrate, in agreement with the results of our previous study (17). Besides, metformin intervention suppressed the migratory ability of HCC cells irrespective of being grown on the lower- or higher-stiffness substrate, but the reduction of cell velocity after metformin intervention was more significant for HCC cells cultured on the 6-kPa stiffness substrate compared to the cells on the 16-kPa stiffness substrate (Figure 2C i, ii), suggesting that higher matrix stiffness counteracts the inhibition effect of metformin on HCC cell migration.

We further detected the expressions of invasive and metastasis-associated genes (PTEN, MMP2, and MMP9) in HCC cells grown on 6- and 16-kPa stiffness substrates in the presence or absence of metformin intervention and found that metformin intervention could remarkably upregulate the expression of PTEN and downregulate the expressions of MMP2 and MMP9 in HCC cells irrespective of being grown on a 16- or 6-kPa stiffness substrate. More importantly, our results also showed that higher matrix stiffness attenuated the effects of metformin on PTEN, MMP9, and MMP2 expressions obviously (Figures 2D,E), supporting our hypothesis by which matrix stiffness participates in inducing metformin resistance. Taken together, higher matrix stiffness weakened the intervention effects of metformin on proliferation, invasion and metastasis.



Increased Matrix Stiffness Activates the PI3K/Akt Signal Pathway, Simultaneously Upregulates MMP2 and MMP9 Expressions, and Downregulates PTEN Expression

Given that metformin intervention remarkably altered the expression levels of PTEN, MMP2, and MMP9 in HCC cells, we further clarified whether matrix stiffness also modulated the expressions of these invasive/metastasis-associated molecules. Our results demonstrated that increased matrix stiffness not only upregulated MMP2 and MMP9 expressions in HCC cells but also downregulated PTEN expression, which is contrary to the results of metformin intervention. Subsequently, analysis of an HCC tissue microarray derived from buffalo rat HCC models with different liver stiffness backgrounds (13) also revealed that higher liver stiffness backgrounds promoted MMP2 and MMP9 expression but suppressed PTEN expression in rat HCC tissues (Figure 3A), in agreement with the results of experiments in vitro. Thereby, PTEN, MMP2, and MMP9 may be the common targets in HCC cells for matrix stiffness stimulation and metformin intervention. PTEN acts as a negative regulator of PI3K signaling, whose main substrate is phosphatidylinositol-3,4,5-triphosphate (PIP3) (19, 20). Moreover, the activation of the PI3K/Akt signaling pathway is positively correlated with the expressions of MMP2 and MMP9 (21, 22). As a result, we continued to analyze the activation of the PI3K/Akt signaling pathway in HCC cells grown on different-stiffness substrates and found that increased matrix stiffness evidently activated the PI3K/Akt signaling pathway (Figure 3B), illustrating that a common pathway of PTEN/PI3K/Akt/MMPs activated by the mechanical stiffness signal and inactivated by metformin intervention may contribute to matrix stiffness-caused metformin resistance.
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FIGURE 3. Increased matrix stiffness activates the PI3K/Akt signal pathway, simultaneously upregulates MMP2/MMP9 expressions, and downregulates PTEN expression. (A) The expression levels of PTEN, MMP2, and MMP9 in HCC tissues derived from buffalo rat HCC models with different liver stiffness backgrounds. L, normal liver stiffness group; M, medium liver stiffness group; H, high liver stiffness group. (B) Increased matrix stiffness activated the PI3K/Akt/MMP signaling pathway, simultaneously upregulated MMP2/MMP9 expressions, and downregulated the PTEN expression in MHCC97H and Hep3B cells. Error bar represents SEM, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.




A Common Signaling Pathway of PTEN/PI3K/Akt/MMPs Activated by Mechanical Stiffness Signal and Inactivated by Metformin Contributes to Matrix Stiffness-Caused Metformin Resistance

Integrin β1, as a stiffness sensor molecule identified previously, delivers extracellular matrix (ECM) mechanical signals into HCC cells and initiate downstream cascade molecular events (13). Here, as matrix stiffness increased, integrin β1 expression showed an increase tendency in HCC cells irrespective of metformin treatment or not (Figure 4A i, ii). Simultaneously, integrin β1 knockdown partially reversed PTEN expression and the activation of the PI3K/Akt/MMPs pathway in HCC cells grown on the 16-kPa stiffness substrate (Figure 4B). These results not only reconfirmed that integrin β1 acted as a stiffness sensor molecule to transduce stiffness the mechanical signal into HCC cells but also further validated that stiffness mechanical signal activated the PTEN/PI3K/Akt pathway to upregulate MMP9 and MMP2 expressions. After metformin intervention, HCC cells grown on different-stiffness substrates had no significant change in expression of integrin β1 (Figure 4C i, ii) but exhibited a more obvious decrease in Akt phosphorylation in HCC cells grown on a lower-stiffness substrate compared with the cells grown on a higher-stiffness substrate (Figure 4D i, ii). These findings suggest that metformin influences the activation of the PI3K/Akt pathway and PTEN expression but has no effect on integrin β1 expression. We further used PI3K inhibitor LY294002 to examine the phosphorylation level of Akt and MMP2/MMP9 expressions in HCC cells grown on a high-stiffness substrate; the PI3K inhibitor significantly suppressed the level of Akt phosphorylation and downregulated the expressions of MMP2 and MMP9, indicating that the PI3K/Akt pathway specifically regulates MMP2 and MMP9 expression in HCC cells (Figure 4E). Taken altogether, a common pathway of PTEN/PI3K/Akt/MMPs activated by mechanical stiffness signal and inactivated by metformin contributes to matrix stiffness-caused metformin resistance.
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FIGURE 4. PTEN/PI3K/Akt/MMPs as a common signaling pathway contributes to matrix stiffness-caused metformin resistance. (A) (i,ii) Irrespective of metformin intervention or not, integrin β1 expression shows an obvious increase tendency in two HCC cells as matrix stiffness increases. (B) (i,ii) Knockdown of integrin β1 significantly upregulates the expressions of PTEN and partially inhibited the activation of the PI3K/Akt pathway in HCC cells grown on 16-kPa stiffness substrate. (C) (i,ii) Metformin intervention (27 mM for MHCC97H cells and 22 mM for Hep3B cells) had little effect on the expression of integrin β1 in HCC cells grown on 16 or 6-kPa stiffness substrates. (D) (i) MHCC97H cells grown on lower-stiffness substrate exhibited an obvious decrease in Akt phosphorylation after 27-mM metformin treatment for 24 h compared with the cells grown on a higher-stiffness substrate. (ii) Hep3B cells grown on a lower-stiffness substrate exhibited an obvious decrease in Akt phosphorylation after 22-mM metformin treatment for 24 h compared with the cells grown on higher-stiffness substrate. (E) PI3K inhibitor (LY294002, 20 μM) suppressed Akt phosphorylation and MMP2/MMP9 expression in HCC cells grown on the 16-kPa stiffness substrate. Error bar represents SEM, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.




MicroRNA-17-5p Participates in Stiffness-Mediated Effect on PTEN Expression

We further explored whether the upstream microRNA also participated in the stiffness-mediated effect on PTEN expression. Using the TargetScan database (Human 7.2, United States), we predicted that miR-17-5p had a possible binding site in the PTEN mRNA 3′-UTR, suggesting that miR-17-5p may be a potential microRNA to regulate PTEN expression (Figure 5A i). Dual-luciferase reporter assay validated that miR-17-5p specifically bound 3′-UTR of PTEN, indicating that miR-17-5p may reversely regulate PTEN expression (Figure 5A ii). Subsequently, we transfected miR-17-5p mimics or miR-17-5p inhibitor into HCC cells to upregulate or downregulate miR-17-5p and detected its roles in the expression of target protein PTEN. The results demonstrated that PTEN expression was significantly decreased in the group with miR-17-5p mimics and increased in the group with the miR-17-5p inhibitor (Figure 5B i, ii), all revealing the regulation role of miR-17-5p in PTEN expression. MiR-17-5p belongs to the miRNA-17-92 cluster, which are involved in biological development of various cancers (23). Since higher stiffness as a physical factor promoted malignant features of HCC, we wondered whether miR-17-5p participates in stiffness-mediated effect on PTEN expression. As shown in Figure 5C i, ii, with increase in matrix stiffness, the relative expression of miR-17-5p showed an increase tendency, which is opposite to PTEN expression described above. Integrin β1 knockdown weakened stiffness signal stimulation and partially reversed miR-17-5p expression in HCC cells grown on the 16-kPa stiffness substrate. All the above results indicated that microRNA-17-5p participated in stiffness-mediated effect on PTEN expression.
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FIGURE 5. MiR-17-5p participates in stiffness-mediated effect on PTEN expression. (A) (i) The predicted binding sites of miR-17-5p in the PTEN mRNA 3′-UTR using the TargetScan database and the mutation sequences of PTEN mRNA 3′-UTR. (ii) Dual-luciferase reporter assay validated that miR-17-5p specifically binds 3′-UTR of PTEN. (B) (i,ii) PTEN expression is significantly decreased in HCC cells with miR-17-5p mimics (50 nmol/l) cultured on the 6-kPa stiffness substrate and increased in HCC cells with miR-17-5p inhibitor (50 nmol/l) under the 16-kPa stiffness substrate. (C) (i,ii) Higher matrix stiffness upregulates the expression of miR-17-5p, and knockdown of integrin β1 obviously reverses this change. Error bar represents SEM, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.




DISCUSSION

Biochemical cue-regulated drug resistance and tolerance have been well documented (6, 7, 10). However, how biomechanical cues within the tumor microenvironment influence or modulate therapeutic resistance remains largely uncharacterized. Here we devoted to clarify the potential roles of biophysical mechanical signals in metformin intervention resistance on HCC invasion and metastasis and discussed its underlying mechanism. Clinical data have demonstrated that most of HCC patients develop on a background of fibrotic or cirrhotic liver, and HCC patients with advanced cirrhotic liver have lower medium survival time and unfavorable outcome (24). Liver stiffness acts as an indicator in clinic to assess the risk of HCC development and progression (25, 26). In addition to clinical evidences, some basic researches also support that increased matrix stiffness heightens malignant characteristics of cancer including proliferation, invasion, metastasis, angiogenesis, and recurrence (13, 27, 28). In addition, increased matrix stiffness exerts significant roles in chemotherapeutic resistance to cisplatin, 5-FU, and paclitaxel in HCC (15, 18). In our previous research, HCC cells grown on higher-stiffness substrate also exhibit resistance to oxaliplatin-induced apoptosis (12). All these studies implicate that there probably exists a close linkage between matrix stiffness and therapeutic resistance.

Metformin, as a well-tolerated traditional first-line anti-hyperglycemic drug for diabetes, has recently been found to have therapeutic effects in obesity, non-alcoholic fatty liver disease (NAFLD), polycystic ovary syndrome (PCOS), and metabolic syndrome (29, 30). Besides, metformin alone or combined with other chemotherapy drugs exhibits an obvious inhibition effect on the malignant properties of various cancers including HCC (3, 5, 31, 32). Our data also revealed that metformin at appropriate concentrations obviously suppressed proliferation, motility, invasion and metastasis of HCC cells. However, little is known about the underlying mechanisms of metformin resistance and tolerance on HCC. Accordingly, we speculated that higher matrix stiffness might attenuate the inhibition effects of metformin on HCC invasion and metastasis.

The expression levels of PTEN, MMP2, and MMP9 often indicate invasive and metastatic ability of tumor cells (33–35). Metformin alone or in combination with curcumin presents a better intervention effect on HCC invasion and metastasis via upregulating PTEN expression and downregulating MMP2 and MMP9 expressions (5). Our results also demonstrated that metformin was able to markedly weaken the proliferation, migratory, and invasive abilities of HCC cells, supporting antitumor roles of metformin in HCC. Simultaneously, we obtained another important finding that increased matrix stiffness significantly attenuated the intervention effects of metformin on proliferation, migration, invasion, and metastasis. These results confirmed our hypothesis and laid a solid foundation for following mechanism exploration.

PTEN negatively mediates the PI3K/Akt signaling pathway (20), and the activation of the PI3K/Akt pathway is positively correlated with the expressions of MMP2 and MMP9 (21, 22). Our data suggested that higher matrix stiffness stimulation reduced metformin-induced PTEN upregulation and MMP2/MMP9 downregulation. Because activation of the PI3K/Akt signaling pathway is associated with PTEN and MMP2/MMP9 expression reported in previous studies, we further inferred that increased matrix stiffness might downregulate PTEN to activate the PI3K/Akt signaling pathway and subsequently promote MMP2/MMP9 expression. The results in vitro and in vivo confirmed that increased matrix stiffness remarkably suppressed PTEN expression and improved MMP2 and MMP9 expressions in HCC cells. Meanwhile, increased matrix stiffness also activated the PI3K/Akt pathway. Since metformin and matrix stiffness have opposite effects on PTEN expression, PTEN as an upstream molecule, which could negatively regulate the PI3K/Akt/MMP signaling pathway, is supposed to be a common target of matrix stiffness and metformin. Integrin β1 was identified previously as stiffness sensor molecule, which mediates the transmission of ECM stiffness signals into HCC cells (13, 15, 36). Here, knockdown of integrin β1 upregulated PTEN expression in HCC cells grown on higher-stiffness substrate and also inhibited the activation of the PI3K/Akt/MMP pathway. Additionally, the PI3K inhibitor specifically inactivated the PI3K/Akt pathway and downregulated MMP2 and MMP9 expression in HCC cells. All these data suggested that increased matrix stiffness counteracted the intervention effects of metformin through the PTEN/PI3K/Akt/MMP pathway.

MicroRNAs could contribute to cell–matrix interactions and promote integrin-dependent cell adhesion (37). Also, miRNAs may regulate biological behaviors of cancer cells in response to mechanical signal and ECM stiffness. A study shows that the expressions of 122 microRNAs encoding cytoskeletal, contractile, adhesive, and ECM proteins are elevated in endothelial cells grown on stiffer substrates (38). Another study suggests that mechanics modulate miR-18a-dependent PTEN expression to control malignant progression of breast cancer (39). So, we continued to elucidate whether the upstream microRNA participated in the stiffness-mediated effect on PTEN expression. Our results revealed that higher matrix stiffness obviously upregulated miR-17-5p expression and miR-17-5p negatively regulated downstream target molecule PTEN. Dual-luciferase reporter assay and miR-17-5p mimic or inhibitor transfection analysis all supported that miR-17-5p participated in the stiffness-mediated effect on PTEN expression, which were consistent with the results of previous study (40). Therefore, higher matrix stiffness-upregulated miR-17-5p, which negatively mediates PTEN, triggered a cascade of the downstream signaling pathway.

Although all the data in vitro support high matrix stiffness, resisting the inhibition effect of metformin on HCC invasion and metastasis, matrix stiffness-caused metformin resistance still deserves to be further validated in HCC animal models in the future.



CONCLUSION

Higher matrix stiffness attenuates a metformin-induced inhibitory effect on HCC invasion and metastasis, and a common pathway of PTEN/PI3K/Akt/MMPs, which was activated by mechanical stiffness signal and inactivated by metformin, contributing to matrix stiffness-caused metformin resistance (Figure 6). To the best of our knowledge, this is the first report to clarify the mechanism of metformin intervention resistance from the perspective of the tumor biophysical microenvironment, maybe providing new directions and ideas for prevention of therapeutic resistance in HCC.


[image: image]

FIGURE 6. Schematic diagram of the proposed molecular mechanism by which higher matrix stiffness attenuates the inhibitory effect of metformin on HCC invasion and metastasis.
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FIGURE S1 | Schematic diagram of metformin intervention on HCC cells grown on different-stiffness substrates.

FIGURE S2 | Assessment of miRNA-17-5p transfection efficiency. (A) MiRNA-17-5p mimic (50 nmol/l) transient transfection in MHCC97H and Hep3B cells. (B) MiRNA-17-5p inhibitor (50 nmol/l) transient transfection in MHCC97H and Hep3B cells.

FIGURE S3 | Metformin has little effect on miR-17-5p expression level in HCC cells (27 mM for MHCC97H cells and 22 mM for Hep3B cells for 24 h).

TABLE S1 | Quantitative density area value of immunohistochemistry in HCC tissue microarray.
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Forward primer (5'-3')

GCTGGAAAGGGACGAACTGG
GTTCATTTGGCGGACTGT
GGGACGCAGACATCGTCATC
CTCCTCCACCTTTGACGC

Reverse primer (5'-3')

CTTGTCTTCCCGTCGTGTGG
AGGGTGCTGGCTGAGTAG
TCGTCATCGTCGAAATGGGC
CCACCACCCTGTTGCTGT





