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Abstract

:

Simple Summary


Tumor cells exhibit dysregulation in metabolic activities compared with normal cells. Lung cancer is one of the most commonly diagnosed cancers globally. Studies have shown that miRNAs play important roles in metabolic reprogramming and our review aims to identify the roles of different miRNAs in metabolic aberrancies of lung cancer. Potentially, a few miRNAs could serve as biomarkers and therapeutic avenues depending on their significance to lung cancer metabolism.




Abstract


MicroRNAs (miRNAs) are short-strand non-coding RNAs that are responsible for post-transcriptional regulation of many biological processes. Their differential expression is important in supporting tumorigenesis by causing dysregulation in normal biological functions including cell proliferation, apoptosis, metastasis and invasion and cellular metabolism. Cellular metabolic processes are a tightly regulated mechanism. However, cancer cells have adapted features to circumvent these regulations, recognizing metabolic reprogramming as an important hallmark of cancer. The miRNA expression profile may differ between localized lung cancers, advanced lung cancers and solid tumors, which lead to a varying extent of metabolic deregulation. Emerging evidence has shown the relationship between the differential expression of miRNAs with lung cancer metabolic reprogramming in perpetuating tumorigenesis. This review provides an insight into the role of different miRNAs in lung cancer metabolic reprogramming by targeting key enzymes, transporter proteins or regulatory components alongside metabolic signaling pathways. These discussions would allow a deeper understanding of the importance of miRNAs in tumor progression therefore providing new avenues for diagnostic, therapeutic and disease management applications.
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1. Introduction


According to The International Agency for Research on Cancer (IARC), lung cancer (LC) is the most commonly diagnosed cancer type, enveloping 11.6% of total cancer cases [1]. Statistics show a gender bias leaning towards men in terms of incidence and mortality of LC cases. These LC cases show a wide geographical variation, respectively, with gender-dependent variance, which could be attributed to the country’s socioeconomic standing as risk factors such as occupational hazards, lifestyle, pollution, environmental stress and genetic predisposition play a critical role in LC tumorigenicity [2]. LC can be categorized into two major groups: small cell lung carcinoma (SCLC) and non-small cell lung carcinoma (NSCLC). The latter represents 85% of all LC cases and can be further subcategorized into large cell carcinoma, squamous cell carcinoma (SCC) and adenocarcinoma (ADC). The SCC tends to arise in the main bronchi meanwhile the ADC tends to occur in the peripheral bronchi and alveolar tissues. These subtypes can metastasize to extrathoracic organs in advanced cancer stages. Growing evidence suggests lung cancer to be histologically and molecularly heterogenous even within the same histological subtypes [3,4].



There are ten distinct features characteristic of cancer cells that depict tumorigenicity. One such prominent feature is cellular energetic dysregulation, an adaptive ability to circumvent conventional metabolism to support tumor pathogenesis [5]. Under normal conditions, glucose will be converted into pyruvate and fed into the tricarboxylic acid cycle then further reduced to carbon dioxide by the mitochondria in the presence of oxygen. However, in cancer cells, even in the presence of oxygen glucose is reduced through glycolysis and this aberrant process is termed aerobic glycolysis and was coined by Otto Warburg [6]. The event of aerobic glycolysis was initially challenged as it produces significantly less ATP; therefore, it may not support the high proliferative rate and energy demands of cancer cells. However, this was later found to support other branches of metabolic processes. By channeling glucose through aerobic glycolysis, although producing lesser ATP, this process generates higher levels of intermediaries supporting other branches of metabolism to meet rapid cellular proliferative demand alongside generating ATP through alternative mechanisms switching between oxidative phosphorylation and aerobic glycolysis [7]. Metabolic reprogramming is regulated through a complex network, namely, the increased expression of key metabolic enzymes, mutations on metabolism driver genes, the activation of signaling pathways, enhanced mitochondrial biogenesis, oxidation of fatty acids and the suppression of oxidative phosphorylation (OXPHOS). Growing evidence has shown that miRNAs play an important role in the metabolic deregulation of lung cancer cells. Enhanced lipid and glutamine metabolism also occurs in lung cancer metabolism reprogramming to meet the high energy and proliferative demands of cancer cells [8,9,10].



MiRNAs are short, non-coding RNAs usually about 18–25 nucleotides in length and have the ability to regulate gene expression either by mRNA degradation or by translation inhibition by binding to RNA-induced silencing complex (RISC). Post-translational gene modulation is elicited by the 3′-untranslated region (3′-UTR) sequence of the target messenger RNA (mRNA). MiRNA expression dysregulation involves the dysfunctional miRNA biogenesis machinery. These envelope the regulatory enzymes such as Drosha, DGCR8, Dicer and transport proteins. These components are critical in ensuring proper miRNA maturity [11]. Moreover, whole genome sequencing has shown that high amounts of miRNA genes are located in cancer-associated genomic regions that are responsible for tumor-suppressive genes, oncogenes and common breakpoint regions. Amplification, deletion and translocation of these genomic sites are responsible for the altered expression of miRNAs [12]. In addition, a high proportion of miRNA loci are associated with the CpG island, showing a DNA methylation-based epigenetic regulation on miRNA expression. Atypical tumor suppressor gene methylation, global DNA hypomethylation and alteration in histone modification patterns can result in differentially expressed miRNA in cancer cells [13,14]. A major number of genes encoding for miRNAs are present in the introns or long non-coding RNA genes having their respective promoter and enhancer regions. Gene transcription solely for miRNA expression are performed by RNA polymerase II and transcribed as a polycistronic message as miRNA genes present in a clustered form. Several miRNA genes can be governed by a vast number of RNA polymerase II-associated transcription factors by a single factor, usually via a complex feedback loop and feed-forward loop.



MiRNA regulates various functions including cell proliferation, metabolism, apoptosis and survival, which are commonly dysregulated mechanisms in cancer. In cancer cells, miRNA genes can either be amplified or deleted, which results in miRNA expression dysregulation. In advanced NSCLC, a common deletion was observed on 5q33, resulting in the decreased expression of miR-143 and miR-145 [11,15,16]; meanwhile, amplifying the miR-17-92 cluster gene caused an increased expression of respective miRNA [15]. It was found that miRNA genes can be identified in a cancer-associated genomic region, which could carry tumor suppressor genes to which altercations from fragile sites and breakpoint genes would result in the loss of heterogeneity and support tumorigenesis. In this review, we focus on the role of miRNAs in lung cancer metabolism. To date, investigations into their roles, especially in metabolic signaling pathways, requires more attention.



Therefore, the mechanistic action of miRNAs in lung cancer warrants further research to understand the therapeutic and prognostic value better. The summary of miRNAs and their key target metabolic enzymes including the associated signaling pathways involved in lung cancer metabolism are shown in Table 1 and Figure 1 [16].




2. MiRNAs Involved in Lung Cancer Metabolism


Metabolic reprogramming is a key feature in tumorigenesis to ensure cell survival, proliferation and growth. This metabolic shift provides cancer cells with the necessary nutrients and intermediaries to support many biological processes such as rapid ATP generation and enhanced biosynthesis and allows a fast adaptation to the microenvironment. Research has shown that miRNAs are capable of either directly or indirectly affecting changes on metabolic enzymes, signaling pathways or modulating transcription factors [35].



2.1. MiRNAs Associated with Glucose Metabolism


The amplified cellular proliferative ability of cancer cells requires a high energy demand to generate sufficient nutrients, cellular components and microenvironment modifications to sustain tumorigenicity, which is supported by metabolic dysregulation [36]. As previously mentioned, the “Warburg effect” was first coined by Otto Warburg when they observed the exaggeration of glycolysis even in the presence of sufficient oxygen. Initially thought to compensate for high ATP demands, it led to significant discoveries. The escalated aerobic glycolysis also provides intermediaries to supply biosynthesis pathways such as protein, lipid and nucleotide synthesis alongside intermediaries to replenish the citric acid cycle such as glutamine [37], which provides an alternate source to TCA progression and ATP generation. The metabolic reprogramming of glycolysis in cancer involves alterations to the glucose transport protein (GLUT) or glycolytic enzymes such as hexokinase (HK), pyruvate kinase (PKM) and enolase (ENO) [9]. The glucose transporter mediates the transmembrane migration of glucose into the cell, which allows for a higher glucose intake by cancer cells. An increased expression or activity of glycolytic enzymes results in higher metabolic rates by driving forward the regeneration of metabolic intermediaries.



2.1.1. MiR-144


Solute carriers are embedded proteins responsible for transporting nutrients, ions and metabolites across cells. Glucose can be carried by two solute carrier proteins via active transport by the SGLT transporter protein (encoded by SLC5A gene family) and facilitative transport via the GLUT transporter protein (encoded by SLC2A gene family) [38]. Additionally, the GLUT protein family consists of 14 proteins. The two most common types that are aberrantly found in lung cancer are GLUT1, GLUT3 or both and have been identified to have a high affinity with and turnover rate of glucose [39]. MiR-144 is commonly found to be downregulated in various cancer types; similarly in NSCLC, which has tumor-suppressive properties. It was recorded that miR-144 has a direct inverse correlation with the glucose transporter GLUT1 whereby it causes an increase in glucose uptake and lactate secretion in NSCLC, therefore accelerating cell proliferation in cancer cells by supporting the accelerated energy demands [17].




2.1.2. MiR-124


Glycolytic enzymes regulate the glucose flux into the cells and, more importantly, the hexokinases (HKs), which are responsible for the first-step reaction into committing the glucose molecule to the metabolic activity by phosphorylating glucose into glucose-6-phosphate (G6P) [40]. HK1 and HK2 are known as high affinity enzymes and while distribution varies in different tissue, the dysregulated expression of HK2 is marked as a tumor indicator [41]. Studies have been done on the cancer cell lines and mice models to indicate that HK2 is exclusively upregulated in lung cancer [42]. MiR-124 is an example of a tumor-suppressing miRNA that inversely regulates the glycolytic rate, lactate production and ATP generation. A low expression of miR-124 in lung cancer cells shows a significant increment in glucose consumption and ATP production [18] by upregulating GLUT1 and HK2 expressions, both of which are key enzymes in the rate-limiting step of the glycolytic pathway. MiR-124 was also found to affect p-Akt1 and p-Akt2 subunits negatively; the claim is supported when the increased expression of Akt reverses the effect of miR-124 inhibition reflecting the involvement of the miR-124-Akt axis in the glycolysis regulation.




2.1.3. MiR-143, MiR-206, MiR-1


In a study by Fang and colleagues, the relationship between HK2 enzyme, the first rate-limiting step in glycolysis, drives the Warburg effect and miR-143 was found to be inversely related [19]. MiR-143 was found to be downregulated in lung cancer. The upregulation of miR-143 causes the downregulation of HK2 enzymes in lung cancer cells subsequently causing a significant reduction in glucose consumption and lactate production while the shRNA mediated silencing of HK2 also shows a similar response of reduced colony formation and declining cell proliferation together with impeded glucose consumption. The effects of ShRNA mediated HK2 silencing and enhanced HK2 expression restoring glucose consumption, proliferative ability and colony formation after miR-143 mediated inhibition displays a close interaction between HK2 and miR-143. MiR-206 is also a tumor-suppressive miRNA by modulating the HK2 expression by binding on the 3′-UTR of HK2 [20]. The downregulation of miR-206 in NSCLC leads to a higher expression of HK2, an increased glucose uptake and lactate production and ATP generation to meet cell proliferative energy demand. Consequently, this effect will also cause an incline in the colony-forming capacity, cell proliferation and migration. Additionally, the expression of miR-206 and miR-1 in lung adenocarcinoma cells is significantly downregulated resulting in glucose metabolism reprogramming. These miRNAs are responsible for the regulation of several genes of key pentose phosphate pathway (PPP) enzymes such as glycerol-3-phosphate dehydrogenase (GPD2), glucose-6-phosphate dehydrogenase (G6PD), transketolase (TKT) and 6-phosphogluconate dehydrogenase (6PGD). The oxidative branch of PPP also generates NADPH, a reducing power for nucleic acids and fatty acid synthesis and maintaining redox balance. This regulatory mechanism is achieved by the NRF2/KEAP1 axis. KEAP1 is a regulatory component to the NRF2/KEAP1 complex. During oxidative stress, KEAP1 dissociates from NRF2 therefore stabilizing and activating NRF2. In turn, NRF2 inhibits the expression of miR-1 and miR-206 [43].




2.1.4. MiR-133


Another example of a tumor-suppressive miRNA is miR-133, which was found to be downregulated in radiation-resistant A549 lung cancer cells relative to radiation-sensitive A549 cells [21]. Radio-sensitivity has been linked to a variable level of dysregulation of glucose consumption and lactate production in cancer cells. MiR-133 was found to target and is inversely correlated with the PKM2 expression profile in NSCLC. A study has shown that radio-sensitive and radio-resistant NSCLC that expresses miR-133 at a low level indicates a higher level of PKM2 expression level, enhanced glucose consumption and lactate production [44]. PKM2 is a rate-limiting enzyme that converts phosphoenolpyruvate and ADP into pyruvate and ATP, respectively, in the glycolytic pathway. Furthermore, PKM2 serves multiple functions such as a metabolic enzyme, protein kinase and gene co-activator, which regulates cell proliferation and apoptosis [45].




2.1.5. MiR-29


A study done by Muniyappa and colleagues using two-dimensional difference gel-electrophoresis (2D DIGE) protein profiling demonstrated that miR-29 is downregulated in highly invasive and poorly differentiated lung carcinoma cells [22] and targets several metabolic enzymes involved in various pathways including enolase-alpha (ENO1), phosphoglycerate kinase 1 (PGK1), phosphoglycerate mutase (PGAM1), cytidine monophosphate kinase (CMPK1) and lysophospholipase II (LYPLA2). ENO1, PGK1 and PGAM1 are involved in different stages of glycolysis. Firstly, ENO1 is a metalloenzyme that catalyzes the conversion of 2-phosphoglyceric acid to phosphoenolpyruvic acid [46]. Furthermore, PGK1 catalyzes the conversion of 1,3-bisphosphoglycerate to 3-phosphoglycerate while generating ATP from ADP. Meanwhile, PGAM1 catalyzes the conversion of 3-phosphoglycerate to 2-phosphoglycerate. This step of glycolysis is downstream to many intermediates that supply anabolic metabolism [47].





2.2. MiRNAs Associated with Lipid Metabolism


Lipid metabolism dysregulation is essential in cancer progression. Fatty acid biosynthesis is supplied by either de novo lipogenesis or from dietary sources. They are vital for membrane synthesis, redox balance and cell survival [48,49]. Fatty acids (FAs) are crucial building blocks in actively proliferating cells, energy production and storage and even cellular signaling [50]. Cancer cells upregulate lipid metabolism, more commonly de novo lipogenesis, to support this oncogenic feature. Citrate from the tricarboxylic acid (TCA) cycle mainly provides the acetyl groups in fatty acid biogenesis. The coupling of acetyl and malonyl groups form fatty acid chains, which then undergo further processes to supply cell membrane building blocks [50]. However, lipid metabolism is also supported by glucose metabolism by feeding the glycolysis intermediary, glyceraldehyde-3-phosphate, into lipogenesis. In lung cancer, there are several alterations in the deploy of lipid metabolism cancer cells to propagate tumorigenicity. Most common is an increased de novo lipogenesis by potentiating the expression of lipogenic enzymes such as fatty acid synthase (FAS), stearoyl CoA desaturase 1 (SCD1) and ATP citrate lyase (ACLY). A higher FAS expression in lung cancer has been correlated to a poor prognosis and low survival [51] and is indicative of cancer aggressiveness [52]. Meanwhile SCD1 is a key enzyme in maintaining a proper ratio of saturated fatty acids (SFA) and monounsaturated fatty acids (MUFA) to ensure cell function and fluidity. The upregulation of SCD and SCD1 gene expression is a key factor for lung cancer-initiating cells and marked poor prognosis [53] along with increased metastasis in in vitro and in vivo studies [54]. ACLY is one of the enzymes linking glucose and lipid metabolism. In in vitro studies, a higher expression of ACLY demonstrated a poorer overall survival [55] while the inhibition of ACLY showed the induction of apoptosis and cell differentiation [56]. Moreover, apart from relying on lipogenesis, lung cancer cells also increase the uptake of extracellular fatty acids. Fatty acids transport protein such as FABP4, a cytoplasmic transport protein for fatty acids [57].



2.2.1. MiR-33b


MiR-33b is significantly downregulated in NSCLC. Its overexpression has a marked decrease in glucose consumption, lactate metabolism and ATP production. This effect is due to the lactate dehydrogenase (LDHA) targeting ability of miR-33b in NSCLC, which is an essential enzyme in converting pyruvate to lactate [23]. MiR-33b downregulates LDHA expression therefore reducing lactate production. LDHA plays a significant role in glycolysis; in this case, promoting cancer progression via aerobic glycolysis. Enhanced lactate production generates NAD+, lowering the tumor microenvironment’s pH for invasion and aiding in immune evasion [58].




2.2.2. MiR-21


Another miRNA regulating lipid metabolism is miR-21, which has been studied to promote cancer progression by targeting the tumor suppressor genes involved in apoptosis, proliferation and invasion [59] specifically in drug-resistant human lung adenocarcinomas through HBP1 [25]. The relationship between miR-21 and CD36, a lipid and fatty acid receptor, has been studied in multiple cancer types [60,61]. In human non-small lung carcinomas, the upregulation of miR-21 significantly enhanced proliferation and migration. Furthermore, the intracellular lipid and lipid metabolic enzymes increased approximately three-fold. Meanwhile, the effect of miR-21 was impeded with the suppression of CD36, which suggests miR-21 acts on lipid metabolism through CD36 with the involvement of PPARGC1B [62]. In normal cells, CD36 is a transmembrane glycoprotein expressed on the surface of multiple cell types where, depending on the tissue type, it serves different purposes. CD36, also known as fatty acid translocase (FAT), is responsible for maintaining lipid homeostasis, angiogenesis and metastasis in cancer cells [63]. Meanwhile, PPARGC1B is a master regulator of mitochondrial biogenesis and is a dynamic system mediated by a feedback loop to cater for the metabolic needs of cells [64].




2.2.3. MiR-182


MiR-182 was found to be overexpressed in A549 cells and supports lung tumorigenesis with pyruvate dehydrogenase lipoamide kinase isozyme (PDK4) being its direct target. The upregulation of the miR-182 expression in A549 cells promotes cell proliferation and colony-forming abilities and drives cell cycle progression by causing cells to exit the G0/G1 phase. The inhibitory effect of miR-182 on PDK4 leads to the upregulation of pyruvate dehydrogenase (PDH), which encourages de novo lipogenesis and increases triglycerides levels. Subsequently, the ectopic level of lipogenesis increases the ROS level. ROS oxidates and inhibits c-Jun N-terminal kinase (JNK) inactivating phosphates [65]; this activates JNK signaling; which implicates the miR-182/PD4 axis dysregulation and elicits its effect by enhancing de novo lipogenesis through PDH upregulation and ultimately the activation of the JNK signaling pathway [26]. PDH acts at the checkpoint between glycolysis and other metabolic pathways, either branching off into amino acid metabolism, increasing lipogenesis or channeling substrates into the TCA cycle. This enzyme catalyzes the irreversible oxidative decarboxylation of pyruvate into Acetyl-CoA, then feeds into the TCA for energy production [66]. Meanwhile, PDK4 responds to the metabolic demands of tissues and is a regulator of PDH activity; this PDK/PDH axis is commonly dysregulated in cancer [67].





2.3. MiRNAs Associated with Amino Acid Metabolism


The importance of amino acid metabolism has been highlighted in cancer progression especially the involvement of glutamine. The TCA cycle is imperative in supplying citrate as an Acetyl-CoA precursor for the fatty acid synthesis and replenishing oxaloacetate levels in the cycle. However, high demands from other metabolic pathways during tumorigenesis may diminish the citrate pool. The withdrawal of TCA intermediaries causes an influx of carbon to compensate for the increase of efflux [16]. Amino acid metabolism is commonly upregulated to meet cellular demands especially in highly proliferating cells for protein synthesis. One of the most important aspects of amino acid metabolism is glutamine metabolism [68]. Glutamine is an abundantly available amino acid that contributes to an array of pathways including energy production, macromolecule synthesis and cell signaling. Glutamine is transported into the cytoplasm via its respective transporter proteins then converted to glutamate by glutaminase [69]. Glutamate can be channeled into the mitochondria to generate α-ketoglutarate, which supports the TCA cycle in energy generation or undergoes transamination in the cytoplasm to synthesize non-essential amino acids. Furthermore, glutamate is important for replenishing fumarate, malate and citrate. The influx of α-ketoglutarate could increase the citrate level by a forward reaction in the TCA cycle but glutamine-derived citrate could also be generated by the reverse reaction by the action of isocitrate dehydrogenase-1 (IDH-1) and aconitase 1 (ACO1) [70].



MiR-126


MiR-126 was found to inhibit cell proliferation by halting progression in the G1 phase and has an inverse relationship with SLC7A5, one of the target proteins that regulates the proliferative effect of SCLC cells [27]. SLC7A5 is a light-chain protein in a sodium-independent transporter allowing an amino acid exchange and, more importantly, the glutamine-leucine exchange [71]. Essentially, this supplies amino acids to cancer cells for accelerated proliferation while maintaining intracellular leucine levels, which, in turn, activate mTOR [72]. It is important to note that miR-126 can also act on the PI3K pathway by targeting the p85β subunit via a translation inhibition [73].





2.4. MiRNAs Involved in the Metabolic Signaling Pathway


A study investigated the target gene of miR-144-3p in correlation with its downregulation in lung cancer. Using a Gene Expression Profiling Interactive Analysis (GEPIA), overlapping highly expressed genes in a lung adenocarcinoma and a lung squamous cell carcinoma were identified as targets of miR-144-3p. Inclusive of all three aspects, miR-144-3p was found to prominently target genes involved in nucleobase-containing small molecule metabolic processes, mitochondria envelopes and transferase activity alongside other target genes involved in processes such as carbohydrate metabolism, glycoprotein metabolism, protein localization into the nucleus, the regulation of nucleobase-containing small molecule metabolic processes and kinase binding [17]. The differential expression of miRNAs has been linked to an intervention in metabolic signaling pathways to support cancer pathogenesis and progressions.



2.4.1. PI3k/Akt/PTEN Pathway


The recruitment of class I phosphoinositide-3-kinase (PI3K) is enabled by the activation of receptor tyrosine kinase (RTK) or G-protein-coupled receptors. This leads to the phosphorylation of phosphatidylinositol-(4,5)-bisphosphate (PIP2) into phosphatidylinositol-(3,4,5)-triphosphate (PIP3). The amassing of PIP3 allows the localization of Akt to the plasma membrane and subsequent activation by mTORC2 or PDK1 [74]. Akt is a crucial downstream effector of PI3K that regulates an array of functions such as cell survival, proliferation and metabolic processes [75]. The phosphatase and tensin homolog (PTEN) is a negative regulator of PI3K by inhibiting the phosphorylation of PIP2 to PIP3. Tumorigenic adaptations involve aberrantly regulating PTEN expression, PIK3CA genes (a PI3K regulatory subunit) and Akt phosphorylation. This pathway mediates glycolytic signals including glucose transporter proteins, glycolytic enzymes and lipogenesis [76]. The central activator in this pathway is Akt, which can affect multiple downstream effectors to promote glucose, nucleotides and lipid metabolism and restore redox balance. For example, Akt can inhibit the Forkhead box O (FOXO) family [77] while activating HIF [78] and stabilizing the c-Myc protein [79] to promote glucose metabolism. Meanwhile, Myc and ATF4 [80] activation would potentiate nucleotide biosynthesis. Moreover, Akt also activates the SREBP family protein to support lipid synthesis [81] and the pentose phosphate pathway. The acceleration of lipid synthesis and Akt mediated NRF2 activation restores the redox balance by supplying reducing agents for biosynthetic processes.



The negative regulation of PTEN and by extension Akt activation was observed in several miRNAs in lung cancer to modulate metabolism. These effects lead to a higher glucose uptake and lactate production and an increased proliferation and migration of the metastatic and invasive capacity of cancer cells. Examples of these miRNAs are miR-21, miR-155 [24] and miR-26 [82], which target and inhibit PTEN subsequently allowing the continued activation of Akt. In NSCLC, the overexpression of miR-21 significantly inhibits FBP-1 expression leading to an increase in glucose consumption and lactate production while suppressing oxidative phosphorylation (OXPHOS) [83]. Meanwhile, the overexpression of miR-155 targets HK2 and promotes glycolysis in NSCLC [84].In addition, miR-125b was upregulated in lung cancer cells correlating with a higher expression of p-Akt. Interestingly, miR-125b was also found to increase the protein expression of GSK-3β, a serine-threonine protein kinase that modulates multiple downstream pathways, which include metabolic and signaling proteins that increases glycogen and protein synthesis [85]. This leads to an increased cell proliferation while inhibiting apoptosis via the Wnt/β-catenin pathway [28]. This relationship was also observed between miR-21, PTEN and Wnt/β-catenin [86]. Additionally, miR-181a-5p shows an anti-cancer ability by regulating aerobic glycolysis and lipid contents by binding to the 3′-UTR of SIRT1 and ACLS4 [87].




2.4.2. c-Myc Pathway


Under normal circumstances, c-Myc is stringently regulated and expressed in low levels except in the presence of developmental or mitogenic positive signals. However, c-Myc is commonly found to be dysregulated in cancer cells via gene mutation, mRNA translation disruption or alteration to c-Myc protein stability [88]. The expression level of c-Myc may oscillate between oncogenic and tumor-suppressive as it regulates cell transformation and metabolism while being able to induce apoptosis at a certain expression level, warranting the term ‘master regulator’ due to its dichotomy in providing a promising therapeutic foundation [89]. Downstream effects of c-Myc include ribosome and mitochondrial biogenesis, cell cycle progression, protein translation and metabolism. Aberrancy in c-Myc regulation serves as a major metabolic reprogramming in cancer, affecting glucose, glutamine and serine metabolism [90].



A study has shown that in docetaxel-resistant lung adenocarcinoma cells, the expression level of miR-451 is significantly downregulated leading to enhanced migration and invasion phenotypes. A further gene profile investigation dictates that c-Myc is the direct target to miR-451 and their expression profiles are inversely correlated. The loss of miR-451 or overexpression of c-Myc leads to GSK-3β inactivation, which subsequently amplifies the mesenchymal-epithelial transition (MET) phenotype [29].




2.4.3. P53 Pathway


Tumor suppressor p53 is a key regulator to diverse biological functions such as controlling cell cycles, apoptosis and, more importantly, cellular metabolism. In normal cells, p53 levels are kept low but increase during stress. P53 is a commonly mutated gene in cancer and tightly regulated by ubiquitination and protein degradation. Mutations on p53 are more commonly missense mutations leading to loss-of-function or gain-of-function, acquiring oncogenic properties that are independent of the wild-type. While the p53 expression level directly mediates biological functions, it also acts as a transcription factor affecting the downstream effector to promote tumorigenesis [91]. P53 plays an important role in regulating metabolism. For example, p53 inhibits glycolysis through multiple ways, i.e., downregulating the expression of glucose transport proteins, the GLUT family, on the transcriptional level [92]. P53 also downregulates the expression and protein levels of glycolytic enzymes such as pyruvate dehydrogenase kinase 2 (PDK2) and phosphoglycerate mutase (PGM) [93,94] while also inducing glycolysis negative regulators such as Parkin (PARK2) [95]. Meanwhile, in lipid metabolism p53 inhibits fatty acid synthase (FASN) and ACLY [91]. These features are achieved by p53 direct regulation on metabolic enzymes or intermediate activators such as mTORC1, SREBPs and NF-κB [96]. P53 levels in normal cells are kept low but increase when stress is introduced.



P53 is another regulatory pathway for miRNA expression that is encoded by the tumor suppressor TP53 gene, which is commonly mutated in cancer cells. Much like p53, miR-34 is related to the regulation of cell cycle progression, senescence and apoptosis; together, they form a complex signaling network [31]. P53 has been found to promote the expression of miR-34 to induce apoptosis via binding to the miR-34a gene promoter site [30]. MiR-34, in turn, promotes the expression of p53 by SIRT1 targeting, which is a p53 negative regulator [97].






3. Relationship between MiRNAs and Hypoxia in Lung Cancer


Hypoxia refers to oxygen supply deprivation, commonly found in most tumors and prominently in solid tumors where the oxygen demand to support rapid cell proliferation, survival and metabolic activity surpasses available oxygen supply [98]. Cancer cells deploy an adaptive mechanism to alter their microenvironment to meet demands. Hypoxia is associated with poor prognosis and radiation and chemoresistance [99]. Therefore, targeting hypoxia provides promising therapeutic grounds. The hypoxia-inducible factor (HIF) is a critical transcription factor activated as an oxygen stress response. The HIF pathway further regulates an array of downstream effectors, i.e., gene expression and signaling pathway regulation ranging from survival and potentiating oncogenic features to cellular metabolism [100]. While the HIF expression, in part, is controlled by the expression profile of miRNAs, it is important to note that the HIF can also affect miRNA expression as a downstream effector.



3.1. MiR-210


The effect of miR-210 has been studied in high grade lung cancer cells and found to affect mitochondria via structural deregulation. This is achieved by the miR-210 mediated inhibition of complex I and complex II subunits NDUFA4 and succinate dehydrogenase (SDHD), respectively, which cause phenotypic disfigurement of the mitochondria and cristae arrangement. Although NDUFA4 inhibition does not reduce electron transport chain (ETC) complex activity, SDHD inhibition elicits reduced expression and activity along with reduced cell viability and increased apoptotic capacity via the activation of caspases [33]. Previous studies have shown miR-210 involvement in ISCU1/2, which is responsible for integrating iron-sulfur clusters into the enzymes involved in energy production via the TCA cycle and contributing to ETC activity [101]. A greater highlight of SDHD inhibition by miR-210 is the stabilization of HIF-1α, which induces angiogenesis. Increased HIF-1α stability explains the increased expression in high grade lung cancer cells that supports invasion and growth and plays a role in the increased glycolytic ability in cancer cells [102].




3.2. MiR-31-5p


Another miRNA that is commonly found to be overexpressed in cancer cells is miR-31-5p, which includes lung adenocarcinomas and non-small cell lung carcinomas. The aberrant expression of miR-31-5p was confirmed to support tumor progression and the expression level progressively increases as the cancer develops into later stages [34]. This miRNA promotes aerobic glycolysis via the HIF/FIH axis to amplify HIF transactivation. Factor-inhibiting HIF-1α (FIH) inhibits the transactivation of HIF [103] by preventing binding to the co-activator via hydroxylation of the HIF-1α subunit [104]. It is a direct target of miR-31-5p and their expression levels are inversely correlated. In lung cancer, the upregulation of miR-31-5p causes a significantly decreased FIH expression level that increases HIF activation thus driving the Warburg effect marked by increased pyruvate and lactic acid production. Ultimately, this leads to elevated cell proliferation and tumor growth [105]. This regulatory pathway can be observed in in vitro and in vivo studies using the A549 cell xenograft mouse model.




3.3. MiR-199a-5p, MiR-34


A study has shown that miR-199a-5p has a negative correlation with HIF-1α expression and Akt activation while miR-34 exhibits an inverse relationship with pAkt. A further study connected the different signaling components that stated that p53 is an upstream regulator of miR-34 while miR-199a-5p is downstream of Akt and miR-34 but upstream of HIF-1α [32]. The involvement of Akt activation and HIF-1α is a crucial element in lung cancer metabolic dysregulation given that Akt is upstream to many metabolism-regulating pathways and HIF-1α drives the Warburg effect forward. P53 also plays an important role in this model given that the majority of cancer types, including lung cancer, exhibit a mutated form of p53 [106].




3.4. MiR-21, MiR-200c, MiR-519c


MiR-21 has been shown to play a major role in oncogenesis by regulating aerobic glycolysis-related enzymes. In a study done by Jiang and colleagues, miR-21 was found to enhance the HIF1α expression level, which mediates radio-resistance in A549 cells and promotes the mRNA transcription of aerobic glycolysis-related enzymes, i.e., HK2, PKM2 and LDHA. This provides radio-protection to lung cancer cells and amplifies the Warburg effect [107]. MiR-200c was found to inversely regulate the HIF1α expression level on protein and the mRNA level in lung cancer. Subsequently, HIF-1α affects the gene transcriptional activity of glycolytic enzymes such as LDHA, PGK1, PKM, fructose-bisphosphate aldolase (ALDOA) and the hypoxia indicator carbonic anhydrase 9 (CA9). In A549 cells, HIF-1α was shown to promote cell migration in hypoxia and normoxia while inhibition by miR-200c negatively affected this ability [108]. MiR-519c has been proven to negatively regulate endogenous HIF-1α at post-translational level via the hepatocyte growth factor (HGF)/c-Met pathway in a hypoxic-independent manner. This axis affects the shift in angiogenic and metastatic ability in vitro and in vivo. It is also important to note that HGF regulates mature miR-519c contrary to the pre-miRNA and primary miRNA (pri-miRNA) form [109].





4. Future Perspective of MiRNA Targeted Lung Cancer Therapy and Clinical Implication of Existing Chemotherapies on MiRNA Expression


The advantageous properties of miRNAs such as multiple effector targets and short sequences allow for a broad oncogenic silencing and a low probability of miRNA mutations and make miRNAs an effective target therapy. Several studies have also shown that relatively small alterations in miRNAs could revert malignant phenotypes [110,111,112]. Deploying tumor-suppressive miRNA mimicking or inhibiting oncogenic miRNAs can be effective miRNA targeted therapies [113]. Several miRNAs have been studied for their therapeutic application in in vivo NSCLC such as miR-15/16 [114], miR-29b [115], miR-7 [116], miR-34a [117], miR-200 [118], miR-145 [119] and let-7 [120] using different delivery systems. While promising preclinical studies have shown the potential of miRNA mimics and anti-miRNA to restore the normal gene network, concerns such as delivery method, stability, safety profile and interaction with other treatment forms remain a hurdle for strategy implementation.



Distinct miRNA profiles have been studied to aid in diagnostic processes by allowing a classification between lung cancer subtypes and even between primary and metastasized tumors. Even at an early stage, lung cancer shows molecular heterogenicity that contributes to its high incidence rate. By studying the miRNA profile, it provides a better prediction for more effective therapies. In the context of tumorigenesis, miRNAs can be categorized into tumor-suppressive miRNAs and tumor-promoting miRNAs. Currently, two main strategies of equipping miRNAs as therapeutic targets are to either restore tumor-suppressive miRNA functions or impede tumor-supporting miRNAs [121]. There are several methods for restoring tumor-suppressive miRNAs including a vector-based delivery and global miRNA expression regulation using pharmaceutical agents. However, each method presents their own concerns. With a vector-based delivery, stability, permeability and off-target toxicity are factors that require attention [122,123]. With global miRNA expression regulation using clinical drugs, there is an issue with target specificity [124]. The most promising effort is using miRNA mimics as they reduce off-target toxicity and can be personalized. The use of an anti-sense oligonucleotide is the primary strategy for inhibiting tumor-promoting miRNAs. This approach includes antagomirs, locked nucleic acid (LNA) miRNAs and miRNA sponges [121]. Antagomirs and miRNA sponges face the same challenge in that they require a large dose to elicit significant effects [125]. On the other hand, LNA miRNAs have a high target affinity and can reduce off-target toxicity [126]. An example of this is Miravirsen, a LNA miRNA that targets miR-122 to treat Hepatitis C but the therapeutic success of this treatment shows potential for the treatment of other diseases including lung-associated diseases [127,128].



A few existing clinical drugs, chemical or synthetic, can potentially target miRNAs and alter their expression profile. For example, Gefitinib downregulates the expression of miR-155 in NSCLC [129] while Lapatinib suppresses lactate dehydrogenase activity via miR-133b in cisplatin-treated cells [130]. In A549 cells, treatment with cisplatin (CDDP) downregulates the expression level of miR-21 while elevating the level of MSH2, a DNA mismatch repair protein, which has a tumor-suppressive effect [131]. Meanwhile, curcumin inhibits the expression of miR-21 leading to the upregulation of PTEN [132]. Solasodine inhibits the invasive ability of A549 cells possibly by reducing the matrix metalloproteinase (MMP) and blocking the PI3K/Akt pathway and downregulates miR-21 [133]. CDDP also significantly upregulates HER2 through miR-125a and miR-125b in SBC-3 and SBC-5 cell lines [134]. It was observed that in A549 cells, apoptosis was induced in CDDP-treated cells by the regulating of miR-98 through the TP53 pathway, which led to a further increase in bcl-2 and decreased levels of miR-34 [135]. MiR-34a-5p is upregulated in CDDP-treated A549 and H460 cells, inducing apoptosis [136]. Furthermore, H1299 and H460 cells treated with Epigallocatechin gallate (ECGC) induces the expression of miR-210, therefore inhibiting cell proliferation via HIF-1α [137].




5. Conclusions


Lung cancer is one of the most commonly diagnosed cancers with a high incidence, morbidity and mortality rate. Efforts to advance our understanding of the underlying molecular mechanisms of lung cancer for better therapeutic opportunity, diagnosis and management have been relentless. This review highlights the crucial role miRNAs play in regulating the cellular metabolism of lung cancer. Metabolic reprogramming is a hallmark of cancer that is achieved through alterations in several major aspects of metabolism including the Warburg effect, lipid metabolism, glutamine metabolism and hypoxia. MiRNAs act as regulators by promoting or inhibiting effector components in response to stress. The interactions between miRNAs and signaling pathways are equally important as they contribute to tumorigenesis. These regulations by miRNAs confer other oncogenic phenotypes for cancer cell propagation such as survival, metastases and treatment resistance. The wide involvement of miRNAs in lung cancer cell pathology provides a promising avenue for biomarkers and target-specific treatment using miRNA mimics or inhibitors on metabolism-regulating genes and proteins to improve overall survival. Nonetheless, there is still a knowledge gap in lung cancer metabolism that is yet to be answered.
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Figure 1. MicroRNAs regulate lung cancer metabolism by targeting key enzymes and protein mRNAs. The red sign indicates inhibition while the green arrow indicates promotion. DHAP: dihydroxyacetone phosphate, GA3P: glyceraldehyde-3-phosphate, BPG: 1,3-bisphosphoglycerate, 3PG: 3-phosphoglycerate, 2PG: 2-phosphoglycerate, PEP: phosphoenolpyruvate, α-KG: α-ketoglutarate, HK: hexokinase, PGK: phosphoglycerate kinase, PGAM: phosphoglyceromutase, ENO: enolase, PKM: pyruvate kinase, PDH: pyruvate dehydrogenase, PDK: pyruvate dehydrogenase lipoamide kinase, LDHA: lactate dehydrogenase, ACC: acetyl-CoA carboxylase, HMGCR: 3-hydroxy-3-methylglutaryl-CoA, FAS: fatty acid synthase. 
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Table 1. The list of miRNAs associated with lung cancer (LC) metabolic reprogramming.
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Metabolic/Signaling Pathway

	
MiRNA

	
Up/Downregulated

	
Target

	
Function(s)

	
Reference






	
Glucose metabolism

	
miR-144

	
Downregulated

	
GLUT1

	
Enhances Warburg effect

	
[17]




	
miR-124

	
Downregulated

	
GLUT1, HK2, p-Akt1/2

	
Enhances Warburg effect and ATP generation

	
[18]




	
miR-143

	
Downregulated

	
HK2

	
Enhances Warburg effect

	
[19]




	
miR-206

	
Downregulated

	
HK2

	
Enhances Warburg effect

	
[20]




	
miR-133

	
Downregulated

	
PKM2

	
Enhances Warburg effect and radiation resistance

	
[21]




	
miR-29

	
Downregulated

	
ENO1, PGAM1, PGK1, CMPK1

	
Facilitates glycolysis

	
[22]




	
Lipid metabolism

	
miR-33b

	
Downregulated

	
LDHA

	
Enhances aerobic glycolysis and tumor invasion

	
[23]




	
miR-21

	
Upregulated

	
HBP1, CD36

	
Promotes proliferation and increase intracellular lipid influx

	
[24,25]




	
miR-182

	
Upregulated

	
PDK4/PDH axis

	
Enhances de novo lipogenesis and JNK activation

	
[26]




	
Amino acid metabolism

	
miR-126

	
Downregulated

	
SLC7A5

	
Facilitates amino acid exchange and activate mTOR

	
[27]




	
PI3K/Akt/PTEN

	
miR-21, miR-155

	
Upregulated

	
SOCS1, SOCS6, PTEN

	
PTEN inhibition

	
[24]




	
miR-125

	
Upregulated

	
p-Akt, GSK3β

	
PI3K/Akt and GSK3β/Wnt/β-catenin activation

	
[28]




	
c-Myc

	
miR-451

	
Downregulated

	
c-Myc, GSK3β

	
Enhanced metabolic dysregulation and migration

	
[29]




	
Hypoxia

	
miR-34

	
Upregulation

	
SIRT1

	
Facilitate mutant p53 expression via a feedback loop

	
[30,31]




	
miR-199-5p

	

	

	
Activates HIF-1α

	
[32]




	
miR-210

	
Upregulated

	
NDUFA4, SDHD

	
Mitochondria disfiguration and cristae formation

	
[33]




	
miR-31-5p

	
Upregulated

	
FIH

	
Promotes hypoxia and enhances aerobic glycolysis

	
[34]








JNK: c-Jun N-terminal kinase, PTEN: phosphatase and tensin homolog, PI3K: phosphoinositide-3-kinase, HIF-1α: hypoxia-inducible factor 1-alpha, Wnt/β-catenin: Wnt/β-catenin, GSK3β: glycogen synthase kinase 3 beta, Akt: protein kinase B, p-AKT: phosphorylate protein kinase B.
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