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Abstract: MicroRNA-153 (miR-153), belongs to a class of small non-coding RNA. It is a critical regulator of gene expression at the post-transcriptional level which interacts with the functional mRNA at 3’UTR region and suppresses the expression of the mRNA. More recently, it has become apparent that changes in the miR-153 expression lead to invasion, metastasis, angiogenesis and various types of tumor progression. This review summarizes the connection between dysregulation of miR-153 and various types of cancer progression. miR-153 regulates various signaling pathways to inhibit the proliferation and induce apoptosis in the cancer cell and also show synergistic activity with anticancer drugs. In addition to this, the oncogenic behavior of miR-153 and their use as a potential biomarker in cancer was also reviewed.
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	Abbreviations

	ABCE1:
	ATP-binding cassette E1



	AKT:
	protein kinase B



	ALK-5:
	activin receptor-like kinase 5



	ANG1:
	angiopoietin 1



	As2O3:
	arsenic trioxide



	ATF3:
	activating transcription factor 3



	BC:
	breast cancer



	Bcl-2:
	B cell lymphoma 2



	CAM:
	chorioallantoic membrane



	CAR T:
	chimeric antigen receptor T cells



	CC:
	colon cancer



	CML:
	chronic myeloid leukemia



	CXCR4:
	C-X-C chemokine receptor type 4



	DCVs:
	dense-core vesicles



	EGFR:
	epidermal growth factor receptor



	EMT:
	epithelial-mesenchymal transition



	EOC:
	epithelial ovarian cancer



	ERG:
	ETS-related gene



	ESCC:
	esophageal squamous cell carcinoma



	FOXO1:
	forkhead box protein O1



	FOXO3:
	forkhead box protein O3



	GBM:
	glioblastoma multiform



	GBMSc:
	glioblastoma multiforme stem cells



	GFAP:
	glial fibrillary acidic protein



	hCMECs:
	human cerebral microvascular endothelial cells



	HIF1:
	hypoxia-inducible factor 1



	HUVECs:
	human umbilical vein endothelial cells



	IA:
	islet antigen



	IDO1:
	indoleamine 2,3-dioxygenase 1



	IFNγ-:
	interferon γ



	IGF:
	insulin like growth factor



	IGFBP-3:
	insulin-like growth factor-binding protein 3



	IRE1:
	inositol-requiring enzyme 1



	KLF5:
	Kruppel-like factor 5



	LC:
	lung cancer



	lncRNA:
	long non-coding RNA



	LSCC:
	laryngeal squamous cell carcinoma



	MALT1:
	mucosa-associated lymphoid tissue lymphoma translocation translocation protein 1



	MAP2:
	mitogen-activated protein 2



	Mcl-1:
	myeloid cell leukemia 1



	MDR-1:
	multiple drug resistant



	miR-153:
	microRNA 153



	miRNAs:
	microRNA



	mLST8:
	mTOR associated protein, LST8 homolog



	MMP-9:
	metalloprotease-9



	mSIN1:
	mammalian stress-activated protein kinase-interacting protein



	mToRC2:
	mechanistic target of rapamycin complex 2



	NHOst:
	normal osteoblast cells



	NPC:
	nesopharyngeal cancer



	NSCLC:
	non-small cell lung cancinoma



	nt:
	nucleotides



	p-AKT:
	phosphorylated AKT



	PC:
	pancreatic cancer



	PDAC:
	pancreatic ductal adenocarcinoma



	PTPRN:
	protein tyrosine phosphatase receptor



	Rictor:
	rapamycin-insensitive companion of mammalian target of ramamycin



	RUNX2:
	runt-related transcription factor 2



	SNHG15:
	small nucleolar RNA host gene 15



	TGFBR2:
	TGF-β receptor 2



	TGF-β:
	transforming growth factor-β



	TGFβRI:
	TGF-β type I receptor



	TGFβRII:
	TGF-β type II receptor



	TNBC:
	triple negative breast cancer



	TNM:
	tumor node metastasis



	TRBS:
	transactivating response RNA-binding protein



	VEGFA:
	vascular endothelial growth factor



	Wnt:
	wingless-related Integration sites



	XBP1:
	X-box binding protein 1



	XIST:
	X inactive-specific transcript



	ZEB2:
	zinc finger E-box binding homeobox 2




Introduction

MicroRNAs (miRNAs) represent highly conserved small non-coding RNAs of ~18–25 nucleotides (nt) in length. RNA polymerase II transcribes a hairpin structure known as pri-micro RNAs which is further processed by Drosha (RNAse III) into pre-micro RNA (70–100 nt). The pre-micro RNA is exported by Exportin-5 into the cytoplasm where it is further processed by RNAse III Dicer. RNAse III Dicer acts along with TRBS (transactivating response RNA-Binding Protein), and generates a double-stranded RNA (dsRNA) of 18–25 nt in length known as miRNA (Fig. 1) (Iorio and Croce, 2012). This miRNA binds to the 3’ untranslated regions (3’ UTR) of messenger RNA (mRNA). Its binding to the 3’ UTR either degrade the mRNA or exhibit translational repression and, thus, regulates the gene expression at post-transcriptional stage (Bartel, 2004; Engels and Hutvagner, 2006).

Many of these miRNAs are integral part of diverse cellular physiologies, like metabolism, apoptosis, cellular proliferation and differentiation, invasion, migration, and drug resistance (Kloosterman and Plasterk, 2006). It is predicted that nearly 60% gene expression in human is directly controlled by miRNAs (Kloosterman and Plasterk, 2006). It is known that abnormal expression (down-regulation or over-expression) of miRNAs can lead to cell progression and angiogenesis which further leads to tumor formation or cancer (Lu et al., 2005). It was observed that various miRNAs can act either as potent oncogenes or tumor suppressor genes, and thus their dysregulation could trigger cancer (Lu et al., 2005; Esquela-Kerscher and Slack, 2006).

miRNA can be defined by two factors; (1) share similar promoter with encoded target genes, (2) spliced out of the transcript and processed into mature miRNA. Some miRNA encoded in a palindromic region of the genomic intron and known as non-intronic or intergenic miRNA because the promoter is situated in the antisense direction to the gene, such as let-7c. However, intronic miRNA share similar promoter with gene transcript such as miR-208 (Gao et al., 2012).

In this review, we are discussing about miR-153 and its functional role in tumor apoptosis. miR-153, a conserved intragenic miRNA, is located on chromosome 2 in the intron 19 of Islet antigen (IA)-2 and on chromosome 7 of IA-2β in the intronic region between exon 19 and 20 (Mandemakers et al., 2013). Both IA (2 and 2β) are the integral transmembrane proteins of synaptic vesicles and dense-core vesicles (DCVs) (Xu et al., 2015), which are expressed in neuroendocrine cells throughout the body (adrenals, pancreatic islets, gastrointestinal and in the brain) (Solimena et al., 1996; Nishimura et al., 2009; Gomi et al., 2013). In these cells, miR-153 functions as both tumor suppressor and tumor mediator and, this function varies from cell to cell.

miR-153 and Its Dysregulation in Cancer

Dysregulation of various miRNAs has been found in different categories of cancer. Such dysregulations can be caused by transcriptional dysregulation, mutation, deletion, amplification, and epigenetic changes (Chen et al., 2012; Croce, 2009). Several reports have suggested that miR-153 is dysregulated in several human cancers and mostly these dysregulations are the major factors responsible for tumorigenesis.
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Figure 1: Schematic representation of miRNA synthesis and mechanism of action. Reprinted with permission from (EMBO Molecular Medicine 2012, 4, 143-159) Copyright (2012) EMBO Press.

Using in silico and methylation-sensitive PCR amplification, Bao et al. (2012) showed three methylation sites in cytosine in two genes transcribing miR-153. One cytosine is located at 434 bp upstream in the miR-153-1 gene and other two are located at 2721 bp and 4028 bp upstream in miR-153-2 gene of mature miR-153 gene promoter, and can dysregulate miR-153 by repressing its expression in HEK-293cells. The levels of methylation were found to be inversely proportional to the expression of miR-153, and thus regulate the expression of the target 3’ UTR of holocarboxylase synthetase and histone biotinylation in HEK-293 cells. Methylation generally depends upon folate and on methyl donors. So, it might be possible that epigenetic synergies between biotin and folate mediated the gene silencing, and it can be speculated that epigenetic regulation is involved in the dysregulation of miR-153 in various tissue (Bao et al., 2012).

miR-153 is found to be dysregulated in many types of cancer. In breast cancer (BC) MDA-MB-231 cell line, its expression was found to be decreased by ~30 fold as compared to the non-malignant mammary epithelial cell (Zuo et al., 2019; Wang et al., 2019a). Overexpression and downregulation of miR-153 can lead to tumor formation depending upon the presence of miR-153 in various tissues and their action on various mRNAs. On self-regulation, miR-153 can control the tumor formation, angiogenesis and can leads to apoptosis of cancer cells, like in MDA-MB-231 cells. The upregulation of miR-153 expression can decrease the invasion behavior of BC cells and can also inhibit the tumor growth (Zuo et al., 2019; Wang et al., 2019a). Overexpression of miR-153 can inhibit epithelial to mesenchymal transition (EMT) in BC cells via the downregulation of the EMT-related transcription factors, like zinc finger E-box binding homeobox 2 (ZEB2), Notch1, TWIST, ETS-related gene (ERG), and SNA1 (Li et al., 2015).

Similarly, downregulation of miR-153 is observed in endometrial cancer (Myatt et al., 2010), in epithelial cancer cells that underwent EMT (Xu et al., 2013), in glioblastoma multiform (GBM) relative to normal brain tissues (Zhao et al., 2013), and in glioma tissues and cell lines (U87MG, T98G, U373MG, and U251MG cell lines) (Cui et al., 2016; Zhao et al., 2019). As compared to the normal human cerebral microvascular endothelial cells (hCMECs) in primary astrocyte cells, miR-153 was found to be dysregulated in glioma induced hCMECs (Ma et al., 2017). The miR-153 is also dysregulated in K562 drug-tolerant cells as well as in CD+34 cells (Liu et al., 2012), in lung cancer (LC) tissue and its cell lines (A549, H460, and H157) (Yuan et al., 2015; Shan et al., 2015), in nasopharyngeal cancer (13-9B cell line) (Guo et al., 2019), in laryngeal squamous cell carcinoma (Liu et al., 2016a) and, in osteosarcoma tissue and other cell lines (U2OS, Saos-2, HOS, and MG-63) in comparison to normal osteoblast cells (NHOst) (Niu et al., 2015). Similarly, its downregulation is observed in ovarian tumors (Kim et al., 2010; Zhou et al., 2015; Bai et al., 2015) and can be used as a diagnostic biomarker for distinguishing grade 1–3 ovarian tumors by International Federation of Gynecology and Obstetrics- (Kim et al., 2010). The expression of miR-153 is also seen to be altered in the pancreatic ductal adenocarcinoma (PADC) cell line, whereas, the normal expression was found in the pancreatic duct epithelial cell line. Dysregulated miR-153 was also found in patients with advanced TNM tumor stage (Tumor Node Metastasis is a staging system), tumor recurrence, lymph node metastasis and tumor differentiation (Bai et al., 2015). The altered expression of miR-153 in various cells is shown in Tab. 1.
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Role of miR-153 in Tumor Suppression

BC patients with low miR-153 expression have poorer prognosis than the patients with higher expression of miR-153. Overexpressed miR-153 can reduce the invasion, migration, proliferation, tube formation ability, and EMT in BC cells (BT-549, SK-BR-3 cells, MDA-MB-231 cells (Zuo et al., 2019; Wang et al., 2019a). It was shown that miR-153 decreased the invasive behavior of MCF-7 cells and suppressed the EMT by downregulating Vimentin and upregulating cadherin, and thus inhibited the tumor growth. To determine the function of miR-153 as a tumor suppressor, Li et al. (2015) have increased the expression of miR-153 in MCF-7 and MDA-MB-231 cells, and found suppression of their invasive behavior and lower proliferation rate. High levels of miR-153 downmodulated the EMT-associated transcription factors, like ZEB2, Notch1, TWIST, ERG, and SNA1 in BC cells (Li et al., 2015). In one of the studies, it was shown that miR-153 targeted the Runt-related transcription factor 2 (RUNX2) gene which is responsible for BC, bone metastasis, and osteogenesis (Vishal et al., 2017). Upregulation of RUNX2 led to lymph node metastasis and reduced the suppression mechanism of miR-153, thereby further led to increased invasion, migration, proliferation, and EMT in BC cells viz BT-549 and SK-BR-3 cells (Zuo et al., 2019).

The transforming growth factor-β (TGF-β) signalling pathway induces EMT via TGF-β receptor 2 (TGFBR2), and thus increases the malignancy of BC cells. The increased expression of TGFBR2 is found to be associated with the overall low survival rate of BC patients (Wei et al., 2015). It has been shown through luciferase reporter assay that 3’UTR of TGFBR2 mRNA has two target sites for miR-153 which knockdown the expression of TGFBR2 (Fig. 2) (Wang et al., 2019a).
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Figure 2: Expression of TGFBR2 regulated by miR-153. (A). miR-153 and TGFBR2 3’-UTR targeting binding sites; (B). Luciferase activity in cells. (C). Level of TGFBR2 protein in transfected cells with miR-153 mimics or miR-153 inhibitors. Reprinted (Journal of Cellular Biochemistry) with permission from John Wiley and Sons (License number 5020561012043).

miR-153 also suppresses the angiogenesis by targeting the vascular endothelial growth factor/hypoxia-inducible factor 1α (VEGFA/HIF1α) axis. Liang et al. (2018b) showed that hypoxia triggered the ER stress which further followed the inositol-requiring enzyme 1[a]/X-box binding protein spliced (IRE1α/XBP1) pathway, and increased the expression of miR-153 and downregulated VEGFA/HIF1α at the post-transcriptional level (Liang et al., 2018b). miR-153 gene is located in the gene encoding for PTPRN (Protein Tyrosine Phosphatase Receptor Type N or Islet Antigen 2) and PTPRN2 (or Islet Antigen 2β) and its promoter region has XBP1-binding site. They demonstrated using chromatin immunoprecipitation assay that under hypoxia, XBP1 and PTPRN interacted with each other and activated PTPRN promoter which induced the miR-153 expression (Fig. 3) (Liang et al., 2018b).

miR-153 has been shown to have a direct impact on angiogenesis by regulating the levels of Angiopoietin 1 (ANG1) which is a glycoprotein involved in the development of new blood vessels and sprouting of endothelial cells. Clinical data shows around four-fold high expression level of ANG1 in BC tissue versus the matched adjacent normal tissue. High levels of ANG1 in tumor is due to the elimination of the repressor complex BRCA1/CtIP/ZBRK1 from the promoter of ANG1 (Furuta et al., 2006). ANG1 mRNA expression triggers migration of HUVECs (human umbilical vein endothelial cells) and the tube formation ability as shown in BC cell lines (MCF7, MDA-MB-231 and HCC1937). The bioinformatic analysis showed that miR-153 can bind at three sites in the 3’UTR of ANG1 mRNA and can downregulate its expression, thereby suppressing the HUVECs migration and tube formation ability (Liang et al., 2018a).
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Figure 3: X-box binding protein 1 induces miR-153 expression by binding to the PTPRN promoter. (A) XBP1 knockdown suppresses the miR-153 upregulation induced by hypoxia. (B) XBP1 knockdown suppress the miR-153 upregulation induced by TM. (C) Hypoxia induces expression of miR-153 and PTPRN, but not PTPRN2, at the mRNA level. Reprinted (Oncogene 2018, 37, 1961-1975) with permission from Nature Research, Copyright (2018) (License number CC BY-NC-SA 4.0).

miR-153 could also bind to the mRNA of transcription factor kruppel-like factor 5 (KLF5). KLF5 serves as an oncogene in different types of human cancer (Ghaleb et al., 2005; Dong and Chen, 2009) by inhibiting apoptosis and promoting cell survival via multiple mechanisms (Li et al., 2014a; Li et al., 2014b; Nakaya et al., 2014). miR-153 can target the 3’UTR region of KLF5; therefore, it was speculated that miR-153 could suppress the expression of KLF5 (Liu et al., 2016b). Very importantly, it was shown that in triple-negative BC (TNBC) which accounts for ~15% of all BC, mifepristone (a synthetic progesterone receptor) inhibited the cell proliferation and survival through miR-153 via suppressing KLF5 expression (Liu et al., 2016b). Derivatives of mifepristone, FZU-00,003 also induced the miR-153 expression at a lower dosage than the mifepristone and inhibited the KLF5 expression in TNBC (Liu et al., 2020). Similarly, the relationship between miR-153 and KLF5 was seen in laryngeal squamous cell carcinoma (LSCC). The upregulation of miR-153 in LSCC promotes the inhibition of cell proliferation and progression. Therefore, it was speculated that inhibition of cell proliferation is due to the suppression of KLF5 (Liu et al., 2016b).

miR-153 also inhibits the TNBC invasion, migration and proliferation by regulating ZEB2/EMT axis. ZEB2 is a protein which functions to transform tumor cells into a mesenchymal phenotype that results in EMT. Shi et al. (2019) confirmed by Luciferase reporter assay that miR-153 could bind at 3’UTR region of ZEB2 (Fig. 4). miR-153 targets SNA1 and ZEB2 at 3’UTR sites and downregulate their expression in epithelial cancer (HNH and HN12 cells). SNA1 and ZEB2 are transcriptional repressors of E-cadherin and its downregulation leads to EMT (Xu et al., 2013). miR-153 ectopic expression also prevents the EMT induced by TGF-β and reverts epithelial-like phenotype from mesenchymal-like cells (Xu et al., 2013). In this way, miR-153 could be used to regulate the TNBC.
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Figure 4: ZEB as a direct target of miR-153. (A) ZEB2 expression level with low and high miR-153 expression. (B) Correlation between ZEB2 and miR-153 in TNBC. (E) Expression of ZEB2 mRNA and protein in MDA-MB-231 cells. Reprinted (OncoTargets and Therapy 2019, 12, p. 9611) with permission from Dovepress, Copyright (2019) (License number CC BY-NC 3.0).

miR-153 has been shown to reduce cell proliferation and induce the cell death via reducing the expression of myeloid cell leukemia 1 (Mcl-1) and B cell lymphoma 2 (Bcl-2) in GBM by targeting their mRNAs (Xu et al., 2010). Glioblastoma Multiforme stem cells (GBMSc) transfected with miR-153 showed the lower expression of CD133 and nestin but a higher expression of glial fibrillary acidic protein (GFAP) and mitogen-activated protein 2 (MAP2), indicating that miR-153 can enhance GBMSc differentiation and tends to direct the cells towards neuron fates and astrocyte. It was speculated by Zhao et al. (2013) that miR-153 suppresses the GBMSCs activity by suppressing Dvl-3 in canonical Wnt (Wingless-related Integration sites) signaling which affects the cell proliferation and stemness properties of GBM-SCs (Zhao et al., 2013).

In glioma cells, miR-153 downregulates the rapamycin-insensitive companion of mammalian target of rapamycin (Rictor) protein expression which is responsible for mToRC2 (mechanistic Target of Rapamycin Complex 2) activation (p-Akt ser 473) that promotes glioma cell proliferation and migration (Sarbassov et al., 2004; Jacinto et al., 2006). Generally, in glioma tissues the level of miR-153 is dramatically downregulated than the normal brain tissues and, the mTOR activity and expression of Rictor protein are upregulated. Therefore, Rictor is the direct target of miR-153, and overexpression of this miRNA exerts a pro-apoptotic activity in glioma cells (U87MG and U373MG) (Cui et al., 2016). As already discussed, SNAI1 promotes EMT, represses the E-cadherin expression and endows normal cells with the ability to metastasize (Zhao et al., 2019). SNA1 is also overexpressed in glioma cells and promotes cell invasion ability. The number of invasive cells in the glioma cell line (U87MG and U251) is decreased with the increase in the level of miR-153 (Zhao et al., 2019).

miR-153 is shown to be negatively regulated by the small nucleolar RNA host gene 15 (SNHG15) which is a long non-coding RNA (Ma et al., 2017). The expression of SNHG15 is high in endothelial cells which are induced by glioma. SNHG15 increases the levels of VEGFA and Cdc42, whereas down-regulates the expression of miR-153 and promotes the cancer cell proliferation, tube formation, and migration. miR-153 binds with SNHG15 at its 3’UTR site and hinder the Cdc42 and VEGFA expressions. The knockdown of SNG15 hinders the proliferation, tube formation and migration of endothelial cell. All these suggest that for glioma anti-angiogenesis therapy, miR-153 could be a potential target (Ma et al., 2017).

In colon cancer (CC), high level of indoleamine 2,3-dioxygenase 1 (IDO1) is inversely correlated with CC patient survival and can be upregulated by interferon-γ (IFN-γ). IDO1 degrades the tryptophan in the kynurenine pathway leading to the formation of tumor microenvironment. Huang et al. (2018) has downregulated the expression of IDO1 by targeting its 3’UTR site with miR-153 that further enhances the chimeric antigen receptor T cells (CAR T) based immunotherapy against CC. Therefore, both miR-153 and CAR T cell shows a synergistic effect against CC (Fig. 5) (Huang et al., 2018).
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Figure 5: Overexpressed miR-153 enhances the CAR T cells growth and inhibit tumor growth in colon cancer cells. (a) Cytokine production of CAR T cells co-cultured with DLD-1 cells with or without miR-153. (b) CFSE based proliferation of CAR T cells cultured with DLD-1 + NC or DLD-1 + miR-153. (c) Body weight of NSG mice injected with tumor cells and T cells. (d) Xenograft tumor growth in NSG mice inoculated with DLD-1 + NC or DLD-1 + miR-153 cells and treated with CAR T or WT T cells. Reprinted (Journal of Hematology and Oncology 2018, 11, 1-12) with permission from Springer link, Copyright (2018) (License number CC BY 4.0).

In LC it was shown that the forced expression of miR-153 inhibited the cell proliferation and migration by targeting AKT (Protein Kinase B, PKB), leading to the apoptosis of LC cells. AKT is a cytosolic signal transduction protein, and its activation leads to cell proliferation, tissue invasion, survival and angiogenesis by regulating various pathways and promote carcinogenesis (Hutchinson et al., 2001; Altomare and Testa, 2005). Overexpression of phosphorylated AKT (p-AKT) in clinical non-small cell LC (NSCLC) specimens relates with poor prognosis of NSCLS patients (Tang et al., 2006). The expression level of miR-153 is significantly lower in the LC tissues with high AKT expression is high. So miR-153 based therapy can be applied to treat the LC patients with decreased endogenous miR-153 and increased AKT level (Yuan et al., 2015).

The expression of miR-153 is also inversely correlated with the level of ADAM19, and the overexpression of ADAM19 is correlated with NSCLC lymph node status and advanced tumor stage. High level of ADAM19 inhibits the function of miR-153 and it is also a target for miR-153 in NSCLC. miR-153 downregulates the ADAM19 expression, and inhibits migration and invasion in A549 and H157 cell lines (Shan et al., 2015). Jagged1 is a ligand for Notch signaling pathway, shows higher expression in NSCLC and responsible for the progression of cancer, poor prognosis and stemness properties of LC cells. By targeting Jagged1, miR-153 successfully inhibits the stem-like properties and suppresses LC growth (Fig. 6) (Zhao et al., 2020).
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Figure 6: miR-153 suppressed Jagged1/Notch pathway and reduced lung carcinoma cell stemness. (a) Jagged1 mRNA expression. (b) Protein expression of Jagged1, NCID, and Notch target gene Hes1. (c) Tumor sphere formation capacity of SPC-A-1 cells was analyzed after Jagged1 overexpression. (d) Stem cell marker CD133 expression. Reprinted (Stem Cell Research & Therapy 2020, 11, 1-12) with permission from BMC (License number CC BY 4.0).

One of the key mediators required for the epithelial to mesenchymal transition is the SNAI1 protein. The levels of miR-153 and SNAI1 protein expressions are also inversely correlated in esophageal squamous cell carcinoma (ESCC). In ESCC, miR-153 targets the 3’UTR of SNAI1, and downregulates its expression that further inhibits the ESCC cell’s migration and invasion ability (Zuo et al., 2016). Zuo et al. (2016) have performed xenograft assay on 6-week-old female nude mice and injected 106 OE-21 cells overexpressing miR-153 mimic and C-X-C chemokine receptor type 4 (CXCR4). Mice were observed for lung metastasis by bioluminescence imaging using an IVIS Imaging System for 56 days. They observed metastasis in OE21/CXCR4 treated animals; whereas, animals treated with OE21/miR-153 shows significant attenuation of lung colonization and greatly reduce lung metastasis (Zuo et al., 2016).

miR-153 could also modulate the invasion and cell proliferation via regulating TGF-β2 expression. The 3’UTR region of TGF-β2 has sites for miR-153 binding, and it has been shown that overexpression of miR-153 is associated with a reduction in mRNA and protein levels of TGF-β2 (Guo et al., 2019). TGF-β2 induces EMT in nasopharyngeal cancer (NPC) through the smad2 pathway. Upregulation of miR-153 significantly increases the caspase-3 and 9 activities, which promotes the Bax/Bcl2 protein expression and suppresses the TGF-β2 expression by targeting the TGF-β2/smad2 pathway, thus induces apoptosis in NPC (13-9B cells) (Guo et al., 2019). As an example, in osteosarcoma tissue and its cell lines, miR-153 suppressed the TGF-β2 expression, and inhibited the cell proliferation and invasion in MG-63 cells (Niu et al., 2015). Bone releases the TGF-β growth factor, which is known to induce cell proliferation in various cancers (Perera et al., 2010; Schedlich et al., 2013). It promotes cancer metastasis by regulating the composition of proteolysis, inflammatory responses, and extracellular matrix (Kato et al., 2009; Taylor et al., 2013; Lyu et al., 2014). TGF-β was also shown to stimulate MG-63 cell growth via ALK-5, the type-1 receptor of TGF-β, with a concomitant induction of growth factor mainly the platelet-derived growth factor AA (Matsuyama et al., 2003). The induction in growth of ALK-5 (Activin receptor-like kinase 5) expressing MG-63 by TGF-β also involved the unexpected induction of c-Myc. In another study, TGF-β also led to the activation of the Raf/MAPK pathway that is closely linked with cell invasion and cell growth (Janda et al., 2002). Insulin-like growth factor-binding protein 3 (IGFBP-3) expression was also observed to be induced by TGF-β2, which further induced the action of insulin like growth factor (IGF) via high-affinity binding (Schedlich et al., 2013). Due to the involvement of TGF-β signaling in EMT and cell proliferation, it is considered as a therapeutic target in osteosarcoma as well (Hou et al., 2014; Sung et al., 2014). TGF can also induce IGFBP-3, EGFR (Epidermal growth factor receptor) and P-SMAD3 expressions, but the overexpression of miR-153 represses the expression of all of them (Niu et al., 2015). According to some previous studies, overexpression of long non-coding RNA (lncRNA) X inactive-specific transcript (XIST) is linked with metastasis, tumorigenesis and shows resistance towards chemotherapy and radiotherapy (Yang et al., 2018; Li et al., 2019; Gao et al., 2019). It was also found by Wen et al. (2020) that under oxidative stress expression of XIST was increased whereas expression of miR-153 was decreased in osteosarcoma tumor tissues. They also speculated that miR-153 is a potential target of XIST and recommended to target XIST-miR-153 axis for osteosarcoma therapy.

Many oncogenes (HMGA2, UNC45A, ACTN4, and PIK3R1) involved in ovarian cancer are the predicted targets for miR-153, thereby suggesting its tumor suppressor role. miR-153 is differentially expressed in various histological subtypes of ovarian cancer that include endometrioid, serous clear cell, and mucinous carcinoma. Overexpressed miR-153 in mucinous carcinoma also represents a marker to discriminate mucinous carcinoma from endometroid, serous, and clear cell carcinoma (Kim et al., 2010). In ovarian cancer, upregulated miR-153 inhibits the cell proliferation and invasion of the OVCAR3 cell line. For this, miR-153 binds to the 3’UTR region of SET7/ZEB2, and promotes its mRNA degradation. By downregulating SET7 and ZEB2, miR-153 inhibits the proliferation in EOC (Epithelial ovarian cancer) cells and suppresses EMT (Zaman et al., 2012). miR-153 also targets the AKT1 in EOC to inhibit proliferation, migration, and colony formation since PI3K/AKT pathway inhibition and EOC tumor growth is negatively correlated (Li et al., 2017).

Human pancreatic ductal adenocarcinoma (PDAC) is usually diagnosed at a late stage and have early metastasis. Generally, the expression of miR-153 is remarkably lower in PDAC cell lines in comparison to normal pancreatic duct epithelial cell lines. The transcription of miR-153 is low in the patients with tumor differentiation, tumor recurrence, lymph node metastasis, and advanced TNM tumor stage. On upregulation, the level of miR-153 prevents the PDAC cell invasion and migration by binding 3’UTR of SNA1 (Bai et al., 2015), which is considered as a crucial pro-metastatic agent in PDAC (Chen et al., 2014).

In the case of bladder cancer, miR-153 overexpression inhibits the vimentin and N-cadherin expression. Overexpressed miR-153 also suppresses the tryptophan metabolism by targeting IDOI to inactivate IL6/STAT3/VEGF signaling. IDOI plays an important role in tryptophan metabolism and has the complementary target sequence for miR-153 at its 3’UTR. Thus miR-153 inhibits the tumor cell growth, invasion, migration, and EMT in bladder cancer. It also suppresses the angiogenesis of chorioallantoic membrane (CAM) and human umbilical vein endothelial cells (HUVEC) (Zhang et al., 2019). miR-153 elevates the expression of Mcl-1, Bcl-2, and forkhead box protein O1 (FOXO1) protein, and suppresses the bladder cancer cell viability (Wu et al., 2019). Different roles of miR-153 are summarized in Tab. 2.
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Role of miR-153 in Cancer Drug Resistance

In chronic myeloid leukemia (CML) therapy, arsenic trioxide (As2O3) has been considered very effective in combination with other drugs, but resistance towards the As2O3 was also developed by CML cells. It is known that CML CD34+ cells are insensitive towards the various chemotherapeutic drugs, and drug therapy might enforce cells with some molecular characters similar to CD34+ cells (Huang et al., 2018). Generally, the expression of miR-153 is low in K562 drug-tolerant cells as well as in CD34+ cells. So, forced expression of miR-153 with the treatment of As2O3 synergistically induced apoptosis in K562 drug-resistant cells, suggesting that miR-153 inhibition plays an important role in drug resistance. So, rescuing the miR-153 expression in drug-resistant cells may give benefit to eradicate CML (Liu et al., 2012).

miR-153 also inhibits the cell proliferation and invasion in NSCLC by knocking down the ATP- binding cassette E1 (ABCE1), and suppresses the multiple drug resistant genes (MDR-1) expression. In LC, gefitinib-resistant cancer is one of the major problems and the cells with gefitinib resistance have a high expression of ABCE1. So, by knocking down ABCE1 expression, miR-153 can regulate gefitinib resistance (Wang et al., 2019b).

[image: images]

Figure 7: HECTD3 increases the MALT1 protein stability. (A) Overexpression of HECTD3 increased the endogenous MALT1 protein level in MDA-MB-231. (B) Knockdown of HECTD3 in both HeLa and MCF7 decreased the endogenous protein levels of MALT1, especially when the cells were treated with cisplatin. Reprinted (Neoplasia 2013, 15, pp.39-IN15) with permission from Elsevier (License number CC BY-NC-ND 3.0).

In Pancreatic cancer (PC) chemoresistance (gemcitabine-resistance) is developed with the overexpression of SNAIl. SNAIl is a pro-metastatic factor that induces EMT and thus participates in chemoresistance. miR-153 reverses gemcitabine resistance in PC cells by targeting SNAIl and increased the sensitivity for gemcitabine (Liu et al., 2017). PC also shows resistance towards radiotherapy however the mechanism of resistance is still unknown. A recent study reveals that JAG1 is responsible to enhance radiotherapy resistance in PC. Overexpressed JAG1 was directly targeted by miR-153 and further mediates the resistance towards the radiotherapy (Zhao et al., 2021).

HECTD3, a E3 ubiquitin ligase promotes BC cell survival by hampering apoptosis through caspase 8 (Li et al., 2013a), and shields the tumor cells from cisplatin mediated apoptosis through MALT1 (Mucosa-associated lymphoid tissue lymphoma translocation protein 1) (Fig. 7) (Li et al., 2013b). Generally, in the absence of HECTD3, the stability of MALT1 is significantly reduced by cisplatin. However, the presence of HECTD3 promotes MALT1 non-degradative polyubiquitination, prevents the proteasomal degradation of MALT1, and escalates the protein stability, thereby conferring cisplatin resistance (Li et al., 2013b). On the other hand, miR-153 promotes the cisplatin mediated apoptosis by suppressing HECTD3. The combined therapy of chemotherapeutic drug and miR-153 induces cytotoxicity in BC cells (Wu et al., 2016a).

Although miR-153 has been identified as a cancer inhibitor in various types of cancer, it can also serve the role in tumor progression. Zhang et al. (2013) showed that upregulation of miR-153 in colorectal cancer cells (SW480 and SW620) led to the enhanced invasiveness and resistance towards the chemotherapy. Upregulation of miR-153 enhances the matrix metalloprotease-9 (MMP-9) enzyme activity that further enhances the invasiveness of colorectal cancer cells. Zhang et al. (2013) have also speculated that miR-153 enhances the resistance to oxaliplatin by altering the effect of forkhead box protein O3 (FOXO3a). FOXO3a is responsible for upregulating pro-apoptotic genes, like Bin and PUMA, and initiation of apoptotic programs via downregulation of the antiapoptotic genes as well (You and Mak, 2005). The increased expression of miR-153 downregulates the FOXO3a transcription and further reduces their protein level as miR-153 directly interacts with the 3’UTR of FOXO3a (Zhang et al., 2013; Moradi Marjaneh et al., 2019).

Regulation of different pathways by miR-153

Various signaling pathways play an important role in tumorigenesis. miRNA-153 has emerged as an EMT controller in cancer development through transcription network regulation. It downregulates the expression of transcription factors associated with EMT, like TWIST, Nitch1, ERG, SNAI1, and ZEB2 (Li et al., 2015). The phenomenon of EMT is associated with loss of cell-cell contact and interference with an intracellular tight junction that facilitates the change in the phenotype from epithelial to mesenchymal (Wu et al., 2016b). EMT can be stimulated by various growth factor signaling, tumor-stromal cell interaction, and cytokines. Various transcription factors, such as ZEB1, ZEB2, Twist, Snail, and Slug induces EMT through various cell signaling pathways.

TGF-β, Notch, and Wnt/β-catenin pathways are generally known to induce EMT in cancer. In TGF-β pathway, TGFR2 gets activated and phosphorylates TGFR1, thereby promoting the activation of the Smad pathway. Further, TGF-β turns on type II receptor (TGFβRII) which phosphorylates type I receptor (TGFβRI), and activates Smad3. Upon phosphorylation, Smad3 engages Smad4 and translocates into the nucleus where they activate EMT-inducers and suppress ID2 by interacting with activating transcription factor 3 (ATF3) and leads to high Twist expression and EMT (Wu et al., 2016b).

The binding of the Wnt ligand with a transmembrane receptor of Frizzled family initiates the Wnt signaling pathway, and promotes the destruction of E-cadherin, cell-cell adhesion, and APC complex which lead to β-catenin stabilization. In the nucleus, β-catenin form the β-catenin/TCF/LEF transcriptional complex, and direct the Wnt signaling-targeted genes for transactivation and subsequently promote EMT (Wu et al., 2016b). Notch signaling also initiates EMTvia interaction with Jagged1. Following activation, Notch represses E-cadherin by Slug, and induces EMT (Zhao et al., 2020). miR-153 can suppress EMT by modifying these pathways via targeting key mediators.

VEGFA and ANG1, both are proangiogenic factors. ANG1 interacts with tyrosine-protein kinase receptor Tie2 and initiate phosphorylation of Tie2 that leads to the sprouting of endothelial cells, blood vessels maturation and angiogenesis (Hawighorst et al., 2002). miR-153 inhibits the expression and secretion of ANG1, and regulates the ANG1/Tie2 signaling pathway (Liang et al., 2018a).

PI3K pathway is a key regulator for cell survival and proliferation. PTEN is known as a tumor suppressor gene. It negatively regulates the PI3K signaling pathway and inhibits its activation. But mutation or inactivation of PTEN drives the activation of PI3K that further activates the PKB/Akt and initiates tumorigenesis (Cully et al., 2006). Akt is also phosphorylated by mTORC2 at Ser473 that further initiates cell proliferation, metabolism, survival, and cytoskeletal organization (Li et al., 2016). The main components of mTORC2 are mTOR, mSIN1 (mammalian stress-activated protein kinase-interacting protein), Rictor, mLST8 (mTOR associated protein, LST8 homolog), and Protor1. Rictor plays a vital role in mTORC2 activation and is associated with mLST8 and Protor1 to construct the mTORC2 complex. Depletion of Rictor by miR-153 regulates this pathway, and results in apoptosis of cancer cells (Masri et al., 2007; Cui et al., 2016). Further, it also suppresses the AKT/p-AKT and ceases the PI3K/Akt pathway (Yuan et al., 2015). miR-153 regulates PI3K/Akt signaling pathway by altering the expression of the RUNX2 transcription factor, Rictor and Akt.

miR-153 as a Biomarker in Cancer

Over the past few years, biomarkers based targeted therapeutic technique has gained great attention and focuses on the understanding that how an individual’s genetic environment helps to determine the best treatment method for cancer. Biomarkers are biological molecules such as peptides, proteins, hormones, lipids, nucleic acid (DNA, RNA, siRNA, miRNA, etc.) (Gutschner et al., 2018).

miR-153 is involved in various biological processes related to cancer. As we have already discussed that miR-153 can act as a tumor suppressor in various types of cancer, but some studies also show that miR-153 also acts as an oncogene and helps in tumor progression. Anaya-Ruiz et al. (2013) have reported high expression of miR-153 in MDA-MB-231 cells which results in high proliferation of these cells and development of BC. However, silencing of miR-153 affects cell viability and leads to apoptosis of MDA-MB-231 cells (Anaya-Ruiz et al., 2013). Along with this, miR-153 also show high expression in TNBC and can be used as a biomarker (M’hamed et al., 2017). Similarly, Wu et al. (2013) also reported high expression of miR-153 in prostate cancer where it inactivates the function of the PTEN tumor suppressor gene and promotes cell proliferation by activating PI3K/Akt pathway (Wu et al., 2013; Bi et al., 2019). Additionally, miR-153 is also highly expressed in mucinous carcinoma (a subtype of ovarian carcinoma), whereas the other subtypes of ovarian carcinoma, such as endometrioid, serous, and clear cell carcinoma show less expression of miR-153. Therefore, it can be used as a marker to differentiate the histological subtypes of ovarian cancer (Kim et al., 2010).

Bai et al. (2015) has reported lower expression of miR-153 in PDAC patients with advance TNM tumor stage lymph node metastasis, poor tumor differentiation and tumor recurrence, thereby suggesting that lower expression of miR-153 plays a crucial role in PDAC development and progression. They have also suggested that miR-153 is an independent prognostic biomarker to predict the 3-year survival of PDAC patients (Bai et al., 2015). A recent study by Baber et al. (2021) shows that miR-153 expression was low in the peripheral blood of oral squamous cell carcinoma patients than normal individuals and speculated that expression of miR-153 in the serum can function as a diagnostic biomarker (Baber et al., 2021). The meta-analysis data also shows the correlation between low mir-153 expression and poor overall survival of cancer patient and suggest miR-153 as an effective biomarker for various type of cancer (Huang et al., 2020).

The function of miR-153 in various cancer cell lines is still unexplored, but the present studies give evidence that miR-153 serve as both tumor suppressor and oncogene; therefore, it could serve as a potential predictive biomarker in cancer.

Conclusion

The importance of miR-153 in the regulation of various physiological processes has become evident in the past few years. Our current knowledge provides pieces of evidence about the oncogenic and tumor suppressor role of miR-153 gene and the platform to further develop diagnosis tools, and therapeutic strategies for curing cancer. In the future, we expect some novel techniques to introduce miR-153 or its inhibitors into cancer cells to inhibit cancer progression by regulating the cellular pathways. Further, we need to develop integrated approaches to incorporate miR-153 into clinical intervention so that cancer patients can be benefited.
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