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Down-Regulation of miR-7 in Gastric Cancer Is Associated With Elevated LDH-A Expression and Chemoresistance to Cisplatin
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MicroRNAs (miRNAs) are dysregulated in the context of many cancer types, making them potentially ideal diagnostic or therapeutic targets in patients in which they are aberrantly expressed. In the present study, we found miR-7 to be downregulated in gastric cancer (GC), and we further determined its expression to be closely linked to GC sensitivity to the chemotherapeutic compound cisplatin. This effect appears to be at least partially attributable to the regulation of LDH-A, which is a miR-7 target gene and expression of LDH-A is negatively correlated with miR-7 expression in primary GC tumor samples. When upregulated, we also determined that miR-7 was able to inhibit the proliferation, colony formation, and glycolysis of GC cells owing to its regulation of LDH-A. Moreover, overexpression of miR-7 render cells more sensitive to cisplatin. Our results thus provide novel evidence that miR-7 is a key mediator of GC growth and chemosensitivity through its regulation of LDH-A, thus potentially highlighting this pathway as a therapeutic target for treating affected patients.
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INTRODUCTION

Gastric cancer (GC) is one of the deadliest forms of cancer, accounting for almost 10% of cancer-associated mortality globally (Ferlay et al., 2010). This high mortality is in part attributable to the fact that most patients are not diagnosed until they are in a more advanced stage of the disease (An et al., 2015). The primary therapeutic strategy for treating GC is chemotherapy (especially cisplatin treatment), however, drug resistance to cisplatin remains a major obstacle to therapeutic success in these patients. Therefore, the development of novel therapies for GC is essential in order to improve patient outcomes.

MicroRNAs (miRNAs) are short RNA molecules that lack coding capacity but that are able to regulate key biological activities related to tumor development and progression, in addition to normal physiological processes (Krutzfeldt et al., 2006; Cho, 2007; Zheng et al., 2010). The miR-7 miRNA, for example, has been shown to act as a tumor suppressor such that when expression of this miRNA is lost there is an increase in tumor progression, as has been reported in many different cancers (Zhao et al., 2013; Luo et al., 2015; Shi et al., 2015; Cao et al., 2016; Giles et al., 2016; Hua et al., 2016). miR-7 has been found to have a variety of potential target genes in this context, including IGFIR, FAK, RelA, CKS2, PAX6, and REGγ (Zhao et al., 2013; Luo et al., 2015; Shi et al., 2015; Cao et al., 2016; Giles et al., 2016; Hua et al., 2016), all of which are directly relevant to cancer. While it has been studied in the context of various cancers to date, the importance of miR-7 in GC remains to be studied.

Lactate dehydrogenase A (LDH-A) is an enzyme important for controlling glycolytic metabolism, and its expression is elevated in a range of human cancer types in a manner associated with worse patient outcomes. Glycolysis relies upon the breakdown of glucose molecules into pyruvate, producing a total of two ATP molecules per glucose (Vander Heiden et al., 2009). As tumor cells rapidly utilize glucose, they additionally produce large quantities of pyruvate even when oxygen is available. LDH-A is then able to metabolize these pyruvate stores into lactate (Fantin et al., 2006; Le et al., 2010; Allison et al., 2014). As such, inhibition of LDH-A has been shown to induce cancer cell death and it appears to be required for survival of a range of cancer cell types (Fantin et al., 2006; Le et al., 2010; Allison et al., 2014). All other points raised below have now been mostly addressed – however, there are a few significant points indicated above that need addressing.

Herein, we investigated the role of miR-7 in human GC, revealing it to be downregulated in tumor samples. We then further assessed the molecular mechanisms whereby miR-7 influences GC through a series of experiments in which we assessed the effects of miR-7 expression levels on tumor cell proliferation, metabolism, and drug resistance. Through these experiments, we hope to yield novel insights into the metabolic and molecular basis of GC, therefore to facilitate the development of future therapeutic treatment strategies.



MATERIALS AND METHODS


Tissue Samples

A total of 32 GC samples were isolated following their surgical resection from patients treated at the First Affiliated Hospital of Zhengzhou University, Zhengzhou, China. A pathologist confirmed that all samples were tumors or normal tissue as appropriate, and samples were snap frozen prior to eventual analysis. The Research Ethics Committee of Zhengzhou University approved this study, with all patients giving written informed consent.



Cell Culture

Human gastric cancer cell lines SGC7901 and BGC823 were purchased from the Type Culture Collection of the Chinese Academy of Sciences. Cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Stable cell lines were established by infecting lentivirus into cells and selected by puromycin. To stably overexpress miR-7 in GC cells, the lentiviral packaging kit was used (Thermo Fisher Scientific). Lentivirus carrying miR-7 or negative control (miR-NC) was packaged following the manufacturer’s manual.



qRT-PCR

Trizol (Takara) was used to extract sample RNA based on provided directions (Li et al., 2019; Jin et al., 2020) LDH-A To quantify the mRNA levels of LDH-A, RNAs were transcribed using oligodT primer using RT Reagent Kit (Vazyme, China). To measure miR-7 expression levels, RNAs were transcribed by stem-loop RT primer using RT Reagent Kit (Vazyme, China). qRT-PCR was performed using SYBR Green Master Mix (Vazyme, China) on a 7500HT system (Applied Biosystems, United States). β-actin or U6 levels were used as an internal control, respectively. miR-7 and U6 primer kit were purchased from Riobio (Guangzhou, China). Primers for genes as below:

LDH-A: Forward (GGATCTCCAACATGGCAGCCTT), Reverse (AGACGGCTTTCTCCCTCTTGCT); and β-actin: Forward (CACCATTGGCAATGAGCGGTTC), Reverse (AGGTCTTTGCGGATGTCCACGT).



Cell Proliferation Assay

To determine the effects of miR-7 on growth of gastric cancer cells, cells (2,500 cells per well) were seeded in 96-well plates and incubated in corresponding medium supplemented with 10% FBS. The absorptions of the cells (Absorbance value at 450 nm) were measured using a CCK8 kit (Dojindo Laboratories, Japan) according to the manufacturer’s instruction at different indicated time points.



Colony Formation Assay

A total of 300 cells were added to wells of 12 well plates, with media changed every third day. After 15 days, cells underwent methanol fixation and staining using 0.1% crystal violet (Sigma-Aldrich). Colonies were then counted for three independent experiments.



Assessment of Cellular Metabolism

Cells were seeded into 96-well plates with 200 μL media each well. To determine the levels of glucose and lactate in BGC823 and SGC7901 cells, the supernatants of cell culture media(miR-7 or miR-NC) were collected and assayed for glucose and lactate levels by using glucose assay kit and lactate assay kit (BioVision, San Francisco, United States) according to the manufacturer’s instructions. The values at different time periods were analyzed by the OD values. Glucose consumption and lactate production were calculated based on the standard curve, and normalized to the cell number.



Immunoblotting

RIPA buffer containing protease inhibitors was used to lyse cells, after which a BCA assay (Beyotime Institute of Biotechnology, Jiangsu, China) was used for protein quantification. Protein was then separated using SDS-PAGE, transferred to a PVDF membrane, and subjected to immunoblotting with appropriate reagents. Protein signal was visualized with an ECL Detection System (Thermo Scientific, IL, United States). Antibody against LDH-A was from Abcam (Abcam, United States, catalog mumber: ab101562), and antibody against β-actin was from Santa Cruz Biotechnology (Santa Cruz, United States, catalog mumber: sc-69879), respectively.



Luciferase Reporter Assay

The LDH-A 3′UTR sequence was generated and added to the pMIR-reporter luciferase vector (Ambion), with a mutant construct also being created in which the normal miR-7 binding site (UCUUCC) was changed to UGAUGA. Then wild type and mutant constructs were validated by DNA sequencing, and cells were seeded in 24-well plates and co-transfected with 0.3 μg of luciferase reporter plasmids, 0.1 μg of Renilla luciferase reporter (internal control) and equal amounts (50 nM) of miR-7 or miR-NC using Lipofectamine 3000 (Invitrogen). Firefly and Renilla luciferase activities were measured 24 h after transfection using a dual luciferase assay kit (Promega).



In vitro Chemosensitivity

A total of 4000 cells were added to wells of 96-well plates overnight, after which 1.25 – 80 μM of freshly made cisplatin (Sigma-Aldrich) was used to treat cells for 48 h, followed by CCK-8 analysis as above.



Apoptosis Assessment

Cells were stained using PE-Annexin V and propidium iodide (BD Pharmingen), after which they were assessed on a flow cytometer (FACS Canto II, BD Biosciences), with FlowJo used for data analysis.



Measurement of Caspase-3 Activity

A Beyotime caspase-3 activity kit was used based on provided directions, assessing caspase-3 activity using cell lysates added to 96-well plates with a buffer containing the appropriate caspase-3 substrate (Ac-DEVD-pNA). Assays were performed on 96-well plates by incubating 10 μL protein of cell lysate per sample (10 μg) in 80 μL reaction buffer containing 10 μL caspase-3 substrate (Ac-DEVD-pNA; 2 mM) at 37°C for 2 h. The reaction was then measured at 405 nm for absorbance.



In vivo Models

Nude BALB/c mice (4-6-weeks-old) from the Shanghai Laboratory Animal Center were housed for 1 week prior to experimental use, after which they were subcutaneously implanted into both flanks with 5 × 106 cells BGC823 cells stably expressing miR-7 or miR-NC (Negative Control) in 100 μl. Calipers were used to measure tumors every other day, and tumor volume was calculated as 0.5 × Length × Width2. After 24 days, animals were euthanized and tumors were excised for western blotting and qRT-PCR. All animal studies were consistent with the Guide for the Care and Use of Laboratory Animals.



Statistical Analysis

GraphPad Prism 5 (CA, United States) was used for statistical analysis of triplicate experiments. Pearson’s correlation test was used to gage the relationship between miR-7 and LDH-A expression in GC, with t-tests used for other statistical comparisons. P < 0.05 was the significance threshold.



RESULTS


Human GC Tissues Exhibit Reduced miR-7 Expression

We first explored the relevance of miR-7 in GC tissues by assessing the expression of this miRNA via qRT-PCR in 32 paired GC tumor and adjacent normal tissues, revealing significantly lower miR-7 levels in tumor samples (Figure 1A). These samples were also subjected to staging by a clinical pathologist, revealing that WHO stage III-IV GC tissue samples exhibited significantly lower miR-7 expression than stage I-II samples, suggesting more pronounced miR-7 downregulation at later stages of disease (Figure 1B). In addition, miR-7 levels were markedly lower in the patients with lymph node metastasis than those in the patients without lymph node metastasis (Table 1). These findings thus indicate that miR-7 downregulation occurs within GC tissues.
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FIGURE 1. Human GC tissues exhibit decreased miR-7 expression. (A) The expression of miR-7 was examined via qRT-PCR in 32 paired GC and adjacent normal stomach tissue samples, with U6 used for normalization. (B) A pathologist conducted histological examination of all samples, and relative miR-7 expression as a function of tumor stage is shown. Data are means ± SD. *P < 0.05; **P < 0.01.



TABLE 1. Comparison of clinicopatothologic factors and normalized expression of miR-7 in 32 pairs of GC.
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MiR-7 Suppresses GC Cell Proliferation and Glycolysis

We next assessed the mechanistic role of miR-7 in GC using the BGC823 and SGC7901 cell lines, which we induced to stably express either miR-7 or negative control (NC) via lentiviral transduction. qRT-PCR was then used to confirm elevated miR-7 expression in the BGC823 and SGC7901 cells transduced with the miR-7 lentivirus, confirming successful model generation (Figures 2A,B).
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FIGURE 2. miR-7 expression disrupts GC cell proliferation and glycolysis. (A,B) Relative miR-7 levels were assessed via qRT-PCR in BGC823 or SGC7901 cells transduced to stably express miR-7 or miR-NC. (C,D) A total of 2000 cells were added to wells of 96-well plates, and a CCK-8 kit was used to assess proliferation daily. (E,F) A colony formation assay was conducted using stably transduced cells. (G,H) Glucose utilization and lactate production were assessed for all cells. Three independent experiments were conducted in triplicate. Data are means ± SD. *P < 0.05; **P < 0.01.


When these cells were analyzed in detail, we determined that miR-7 overexpression decreased proliferation and colony formation in relative to NC cells (Figures 2C–F, Supplementary Figure S1). We additionally assessed the metabolism of these cells in the context of miR-7 overexpression, revealing it to impair the utilization of glucose and production of lactate in both cell lines (Figures 2G,H). Moreover, inhibition of miR-7 in BGC823 induced cell proliferation, colony formation activity and lactate production (Supplementary Figure S2). These results thus indicate that miR-7 suppresses GC cell proliferation and glycolysis, thus acting as a tumor suppressor.



miR-7 Inhibits LDH-A Expression in GC Cells

In order to better understand how miR-7 influences GC growth and metabolism, we next used TargetScan1 to predict possible miR-7 target genes, identifying LDH-A as one such target (Figure 3A). To test this possibility, we next co-transfected BGC823 cells using miR-7 or NC along with a luciferase reporter construct containing the WT or mutant (MT) miR-7 binding sequence in the LDH-A 3′UTR. After 24 h, luciferase activity was assessed, revealing that miR-7 signfiicantly reduced WT but not MT luciferase signal, confirming binding activity (Figure 3B). LDH-A protein levels were also assessed by western blotting, confirming decreased levels of this protein in cells overexpressing miR-7 (Figure 3C). This thus suggested that miR-7 can directly target LDH-A in GC cells. This was further confirmed when we observed elevated LDH-A expression in GC tissue samples relative to normal controls (Figure 3D). Pearson’s correlation analysis further confirmed that LDH-A and miR-7 expression were inversely correlated in GC tissue samples, further supporting this result (Figure 3E; r = −0.5668, p < 0.01).
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FIGURE 3. miR-7 targets LDH-A in GC tissues. (A) Human miR-7 sequence aligned to the putative 3′UTR binding site in human LDH-A, with the mutated LDH-A sequence also shown (mutated nucleotides are red). (B) BGC823 were transfected with WT or mutant (MT) LDH-A 3′-UTR luciferase reporters along with miR-7 or miR-NC, and then after 24 h luciferase activity was assessed, revealing a miR-7-dependent suppression of WT promoter activity. Three independent experiments were conducted in triplicate. (C) Western blotting revealed reduced LDH-A expression in cells overexpressing miR-7. (D) LDH-A expression in human control and GC samples, measured via qRT-PCR with β-actin used for normalization. (E) The correlation between LDH-A and miR-7 in GC patient tissues was assessed via Pearson correlation analysis. Data are means ± SD. **P < 0.01.




miR-7 Overexpression Inhibits GC Cell Proliferation and Glycolysis via Targeting LDH-A

As LDH-A is known to play a key role in tumor growth, knockdown with LDHA siRNA decreased cell proliferation, colony formation activity, and lactate production activity (Supplementary Figure S3). We next assessed its role in the context of miR-7 expression in BGC823 cells. To investigate whether LDHA, the target gene of miR-7, was involved in miR-7-regulated cell proliferation and colony formation, we overexpressed LDHA protein levels in BGC823/miR-7 cells by infecting cells with LDHA overexpression plasmids (vector control: pcDNA3-empty plasmid, 1μg), and restoration of LDHA rescued by WB (Figure 4A). We found that when LDH-A expression was induced in cells overexpressing miR-7, this rescued the miR-7-induced inhibition in cell proliferation (Figure 4B).
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FIGURE 4. LDH-A overexpression overcomes the inhibition effects of miR-7. (A) LDH-A expression was increased via plasmid transient transfection, 72 h later, protein were extracted, and results as shown. (B) When miR-7 was overexpressed, cell proliferation decreased, whereas co-overexpression of LDH-A rescued this phenotype. (C) A colony formation assay was performed with the indicated cells. (D) Glucose utilization and lactate production were assessed for all indicated cells. Data are means ± SD. *P < 0.05 vs control; #P < 0.05 vs miR-7 and LDH-A overexpression. **P < 0.01.


Consistent with this, we found that miR-7 significantly impaired colony formation and glycolysis in BGC823 cells, whereas inducing LDH-A expression partially reversed these phenotypes (Figures 4C,D). Together, these findings thus indicated that miR-7 overexpression can suppress the growth and glycolysis of GC cells at least in part via LDH-A inhibition.



miR-7 Overexpression Elevated GC Cell Cisplatin Chemosensitivity via Targeting LDH-A

Cisplatin resistance is a major driver of chemotherapy failure during GC treatment. We found that increasing miR-7 expression increased the chemosensitivity of BGC823 cells to cisplatin (Figure 5A). When these cells were induced to also express LDH-A and were then treated with 5 μM cisplatin, we found that enforced expression of LDH-A was sufficient to reverse this miR-7-dependent rise in cisplatin sensitivity (Figure 5B). We further analyzed the apoptotic death of these cells via flow cytometry and measuring the activity of caspase 3, revealing that miR-7 overexpression increased apoptosis and caspase-3 activation, whereas inducing LDH-A expression reversed this phenotype (Figures 5C,D). Together these findings thus demonstrate that miR-7 increases GC sensitivity to cisplatin-induced cell death.
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FIGURE 5. miR-7 overexpression increased GC cell cisplatin sensitivity via LDH-A inhibition. (A) BGC823 cells that had undergone stable transduction to express miR-7 or miR-NC were treated with the indicated amounts of cisplatin prior to CCK-8 assessment (48 h after cisplatin treatment). (B) BGC823 cells that had undergone stable transduction to express miR-7, miR-NC, or both miR-7 and LDH-A were treated with the indicated amounts of cisplatin (5 μM) prior to CCK-8 assessment. (C,D) Apoptosis was measured via flow cytometry in cells treated with or without cisplatin (5 μM). Three independent experiments were conducted in triplicate. Data are means ± SD. *P < 0.05 vs control; #P < 0.05 vs miR-7 and LDH-A overexpression. **P < 0.01.




MiR-7 Impairs in vivo Tumor Growth

We next explored the clinical relevant of miR-7 in GC in vivo using a murine xenograft model in which mice were implanted subcutaneously on both flanks with BGC823 cells stably expressing miR-7 or NC. Tumor sizes were measured regularly, revealing significantly larger NC tumors relative to miR-7 tumors from weeks 2–4 of tumor growth (Figure 6A). Indeed, tumors in which miR-7 was stably expressed were significantly smaller than control tumors, with a smaller final tumor weight (Figure 6B). Consistent with our previous findings, LDH-A expression was significantly lower in tumors overexpressing miR-7 relative to NC tumors as measured by western blotting and qRT-PCR (Figures 6C,D). These find thus indicate that miR-7 can inhibit the growth of tumors and target LDH-A in vivo.
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FIGURE 6. MiR-7 impairs in vivo tumor growth. (A,B) A total of 5 × 106 BGC823 cells that had been stably transduced to express miR-7 or miR-NC were implanted subcutaneously in nude BALB/c null mice, after which tumor volumes were assessed over time. After 24 days, tumors were collected and weighed, revealing a lower weight for miR-7 overexpressing tumors. Scale bar = 1 mm. (C,D) LDH-A expression was decreased in miR-7 overexpressing tumors relative to NC controls as assessed via qRT-PCR. *P < 0.05; **P < 0.01.




DISCUSSION

miRNAs have the ability to post-transcriptionally regulate a wide array of genes, with nearly a third of genes thought to undergo some form of miRNA-mediated regulation (Lu et al., 2005). Depending on the specific miRNA and context, these noncoding RNAs can serve to promote or suppress tumor growth, leading to their dysregulation in many cancers (Ling et al., 2013; Niu et al., 2017; Ge et al., 2018). miR-7 has been found in recent years to serve as a tumor suppressor in several tumor types, but its role in GC has not previously been demonstrated. Recent reports showed that miR-7 plays a certain role in gastric cancer and can be regulated by Circular RNA, long non-coding RNA or DNA methylation (Pan et al., 2018; Yang et al., 2018; Xin et al., 2020). Herein, we found miR-7 to be expressed at lower levels in GC tumors, and when overexpressed miR-7 inhibited the proliferation and glycolytic metabolism of GC cells, in addition to increasing their cisplatin sensitivity.

Aerobic glycolysis rates are often substantially increased in tumors, in what has been termed the Warburg effect, which is a major cancer hallmark (Cai et al., 2010; Sheng et al., 2012; Cui et al., 2014; Girgis et al., 2014; Yang et al., 2014; Wang et al., 2015). This shift in normal cellular metabolism can offer cancerous cells an advantage by allowing them to more readily utilize available energy to fuel their unrestrained growth. LDH-A is an essential enzyme in the glycolytic pathway, metabolizing pyruvate into lactate to assist with tumor growth. Indeed, LDH-A expression is elevated in a wide range of tumor types, and is correlated with worse patient outcomes (Cai et al., 2010; Sheng et al., 2012; Cui et al., 2014; Girgis et al., 2014; Yang et al., 2014; Wang et al., 2015). reported that colorectal cancer express higher levels of LDHA compared with adjacent normal tissue. Knockdown of LDHA resulted in decreased lactate and ATP production, and glucose uptake. Furthermore, Wang et al. found that miR-34a, miR-34c, miR-369-3p, miR-374a, and miR-4524a/b target LDHA and regulate glycolysis in cancer cells (Wang et al., 2015). In breast cancer cells, higher LDH-A expression can increase tumor cell growth and metastasis (Xiao et al., 2016). miRNAs have recently been shown to regulate LDH-A. Consistent with this, we found miR-7 to target LDH-A directly, with GC tissues exhibiting a corresponding negative correlation between LDH-A and miR-7 expression. Our results thus offer novel insight into a mechanism whereby miR-7 can suppress GC cancer progression via inhibiting LDH-A expression.

Although research into GC progression and development has offered unparalleled insight into the mechanisms of this deadly disease, at present its clinical treatment remains challenging owing in part to chemoresistance. miRNAs have recently been identified as potential regulators of chemosensitivity in many cancers. Fore example, miR-143 can increase the sensitivity of glioma cells to apoptotic death upon temozolomide treatment owing to its targeting of N-Ras, and miR-124 can similarly enhance the chemosensitivity of glioma cells via its regulation of both N-Ras and R-Ras (Shi et al., 2014; Wang et al., 2014). Consistent with their relevance to chemoresistance, we found that miR-7 overexpression rendered GC cells more sensitive to cisplatin-induced apoptosis in BGC823 cells with miR-7 to cisplatin was induced by apoptosis. As such, therapeutic interventions that increase miR-7 expression have the potential to help overcome cisplatin resistance in GC.

In conclusion, our results offer novel insight into the importance of miR-7 in GC, wherein it regulates LDH-A expression to control tumor progression. We found that miR-7 was able to constrain proliferation, glycolysis, and chemoresistance in GC cells at least in part owing to its ability to directly target LDH-A. With this improved understanding of the molecular mechanisms of GC, it may be possible to leverage this novel biomarker to improve GC patient diagnosis and therapeutic treatment in the future.
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