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PVT1, a long non-coding RNA has been implicated in a variety of human cancers. Recent advancements have led to increasing discovery of the critical roles of PVT1 in cancer initiation and progression. Novel insight is emerging about PVT1's mechanism of action in different cancers. Identifying and understanding the variety of activities of PVT1 involved in cancers is a necessity for the development of PVT1 as a diagnostic biomarker or therapeutic target in cancers where PVT1 is dysregulated. PVT1's varied activities include overexpression, modulation of miRNA expression, protein interactions, targeting of regulatory genes, formation of fusion genes, functioning as a competing endogenous RNA (ceRNA), and interactions with MYC, among many others. Furthermore, bioinformatic analysis of PVT1 interactions in cancers has aided understanding of the numerous pathways involved in PVT1 contribution to carcinogenesis in a cancer type—specific manner. However, these recent findings show that there is much more to be learned to be able to fully exploit PVT1 for cancer prognostication and therapy. In this review, we summarize some of the latest findings on PVT1's oncogenic activities, signaling networks and how targeting these networks can be a strategy for cancer therapy.
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INTRODUCTION

Plasmacytoma variant translocation 1 (PVT1), a long non-coding RNA encoded by the human PVT1 gene, is located in the well-known cancer-related region, 8q24. Non-coding RNAs (ncRNAs) are RNA transcripts from genes not encoding for a protein (1). Non-coding RNAs can be grouped into two major classes based on the transcript size: (1) small ncRNAs <200 bp, such as piRNAs (Piwi-associated RNAs), miRNAs (microRNAs), and snoRNAs (small nucleolar RNAs), and (2) long ncRNAs (lncRNAs), >200 bp (1, 2). LncRNAs are generated from the exonic and intronic regions of coding genes with the majority of them produced from the intergenic regions (3). Since most lncRNAs have a deficit of sequence conservation compared with the protein coding RNAs, they were initially thought to be of limited biological functions (4, 5). But several studies have demonstrated that the lncRNAs are involved in the regulation of biological processes involving regulation of gene expression, transcription, translation, cell cycle control, chromatin modification, and cellular differentiation (6–9). Aberrant expression of lncRNAs have been observed in cancer and may serve as predicting tools for patient outcomes (10, 11).

The human PVT1 gene originates from an intergenic region on chromosome 8 (8q24) and it is homologous to the Pvt1 gene in mouse (chromosome 15) and rat (chromosome 7) (12, 13). Compared to the majority of lncRNAs, the PVT1 gene sequence is well-conserved across species (Figure 1). The oncogenic effects of PVT1 have been demonstrated by studies confirming its amplification/overexpression in many cancers (14–16). Lots of questions still need to be answered regarding the functions of PVT1, though strong suggestions point to its role as a regulatory RNA (13). Several studies have also suggested that PVT1 functions in a cell-type/ tissue-type specific manner (17–24). Currently, there is no one precise PVT1 mechanism of action that is unique to all the cancers, although there is frequently cancer progression when PVT1 is upregulated (8–10, 13, 15, 16).
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FIGURE 1. PVT1 (Top) PVT1 gene locus (Middle) alignment of human PVT1 and mouse pvt1 (Bottom) Sequence homology of human PVT1 and mouse pvt1. Figure was created using information from Ensembl genome browser.


Multiple studies carried out in cancer regulation have shown that miRNAs might be “sponged” by PVT1 [to reduce the miRNAs available to target the biological activity of mRNAs (22, 23, 25–27)]. PVT1 can also epigenetically silence miRNAs as part of its regulatory network in some cancers (28, 29). Transcription factors that play important roles during embryonic development, cell growth and cell proliferation are also major participants in tumorigenesis. Upregulation of transcription factors which act as activators in signal transduction is a major contribution of PVT1 to the regulation of carcinogenesis (30–32).

Many authors have also described the regulation of PVT1 in cancer by genes that suppress tumor growth (20, 33). Myc, a well-known oncogene situated in close proximity to PVT1 on chromosome 8 also functions as a PVT1 regulator. The human PVT1 gene contains two non-canonical MYC-binding sites (E-box CACGCG) in the promoter region proximal to the transcriptional start site (15). Other studies carried out on PVT1-Myc interactions have demonstrated established regulatory networks between these two (19, 34).

Certainly, identifying the molecular mechanisms of PVT1 could have important implications for therapeutically targeting cancer. Some factors are highly expressed in some cancers while they might be rarely expressed in some other forms of cancer. Thus, direct and specific approaches can be used to facilitate targeted anti-PVT1 therapies in patients with cancers. This article discusses the regulatory effects of PVT1 on cellular functions, other regulatory mechanisms including transcription factors and other signaling mechanisms. And we discuss the potential for exploiting these PVT1 regulated mechanisms for therapeutically targeting cancers.



PVT1 REGULATION OF MIRNAS

MicroRNAs (miRNAs) are 19-24 nucleotide non-coding RNA molecules that regulate the expression of target mRNAs both at the transcriptional and translational level (35, 36). PVT1 encodes six miRNAs, that is miR-1204, miR-1205, miR-1206, miR-1207-3p, miR-1207-5p, and miR-1208 (Figure 2). PVT1 and miR-1204 have a strong correlation of expression as they share promoters and are probably under the same regulatory circuit (37, 38). PVT1 acts as a competing endogenous RNA (ceRNA) to sponge i.e., regulate miRNA. PVT1 can bind to miRNA, thereby hindering the activity of miRNA on its target genes. However, this sponging mechanism is annulled in cancer.
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FIGURE 2. PVT1 is located at the 8q24 chromosomal region downstream of MYC. (A) Ideogram of chromosome 8 with the arrow located at 8q24. (B) PVT1 is one of the genes located at the 8q24 chromosomal region (C) PVT1 exons and the encoded miRNAs are depicted in the diagram. Illustration created with information from NCBI.


In gastric cancer, miR-186 which binds directly to PVT1 exon 2 through complementary base coupling reduced the expression of the tumorigenic marker HIF-1a (25). miR-186-5p acts similarly to upregulate yes-associated protein 1 (YAP1) expression, thus promoting the tumorigenesis of hepatocellular carcinoma (26). Another miRNA, miR-152 was found to be negatively correlated with PVT1 in gastric cancer tissues (39). A luciferase assay verified the regulation of PVT1 by miR-152 via CD151 and FGF2 expression.

This mechanism of sponging by PVT1 was further observed in esophageal squamous cell carcinoma where PVT1 acted as a molecular sponge of miR-203 and LASP1. Down-regulation of LASP1 because of PVT1 inhibition was countered by transfection of miR-203 inhibitor or ectopic expression of LASP1 lacking the 3'-UTR (40). This appears to be a common trend in the regulation of PVT1 by miRNA as many other studies have confirmed. Tumor xenografts experiments suggested that silencing PVT1 sensitized NSCLC (Non-small-cell lung carcinoma) cells to radiotherapy in vivo, and this could be reverted by miR-195 inhibitor (41). An understanding of the level at which sponging by PVT1 take place was confirmed by measuring the effect of PVT1 on pre-miR-448 and pri-miR-448 in pancreatic cancer cells (42). PVT1 could not affect the level of pre-miR-448 and pri-miR-448 and this points toward an evidence of post-transcriptional regulation.

While most studies have indicated only one miRNA being targeted by PVT1 in most cancers, this should not be taken as the norm. More than one miRNA can be targeted by PVT1 in a cancer. In glioma cells, miR-190a-5p and miR-488-3p were both downregulated by PVT1 (43). And studies done on osteosarcoma separately have found different miRNAs as PVT1 targets (27, 44). A negative correlation dominates the relationship between PVT1 and miRNAs in cancer. This looks like a regular and predictable trend for most cancers. On the contrary, a positive correlation in expression was observed between PVT1 and miR-1207-5p in breast cancer cells, with the overexpression of both promoting cell proliferation of breast cancer cells. miR-1207-5p is produced by PVT1 introns (37).



EPIGENETIC REGULATION BY PVT1

Epigenetic studies provide additional details about the interaction of PVT1 and miRNAs. PVT1 is one of the IncRNAs identified in association with PRC2 to regulate gene expression. Studies show that the upregulation of PVT1 favors its binding to EZH2 (Enhancer of Zeste Homolog-2), a subunit of Polycomb Repressive Complex 2 (PRC2) to inhibit miR-200b expression by increasing histone H3 lysine 27 trimethylation (H3K27me2) on the miR-200b promoter in cervical cancer (28). This demonstrates epigenetic silencing of a miRNA by PVT1. A classification of Diffuse Intrinsic Pontine Glioma (DIPG) in the pediatric group based on whole genome sequencing, analysis of copy number variations, expression and CpG island methylation led to the identification of subgroups including (H3-K27M, Silent, MYCN) in addition to mutation in ACVR1 (activin receptor) in 20% of DIPGs examined (45). A number of PVT1/MYC loci gains/amplifications discovered among the DIPGs occurred in the H3-K27M subgroup (histone 3 mutation). This H3-K27M subgroup demonstrated frequent genome instability as well as TP53 mutations and telomere length instability suggesting the need for multiple targeting of molecular abnormalities in this mostly fatal pediatric cancer.

A significant decrease in thyroid-stimulating hormone receptor (TSHR), a major regulator of thyroid metabolism, was confirmed by RNA immunoprecipitation (RIP) assay when PVT1 was silenced (21). This effect was modulated by PVT1 binding to EZH2 in thyroid cells. Consistently, the transcription of LATS2 which is suggested to be a tumor suppressor gene that is dysregulated in NSCLC (Non-small-cell lung carcinoma), was repressed by the recruitment of EZH2 by PVT1 (46). Many studies have suggested that there is a positive correlation between the expression level of EZH2 and PVT1 in many types of cancer. In vitro and in vivo studies verified that PVT1 overexpression could up-regulate EZH2 mRNA and protein levels in glioma (47).

However, protein–RNA immunoprecipitation assays confirmed that PVT1 directly bind FOXM1 protein in gastric cancer cells with no significant change in the protein level of EZH2 (48). This could be due to PVT1 tissue specific mechanism of action. No study has been carried up to date out to compare how PVT1 modulates EZH2 in different cells.



PVT1: A REGULATOR OF THE CELL CYCLE

In a parallel or as an alternative mechanism, PVT1 also modulates cell cycle regulatory proteins [cyclin-dependent kinase (CDK) proteins and cyclins]. PVT1 negatively regulates the expression of p15 and p16 and its inhibition may contribute to cell-cycle arrest in gastric cancer (20). In thyroid cancer cells, data revealed that PVT1 suppression arrested the cell cycle at G0/G1 stage and decreased cyclin D1 expression (21). This effect appears to be mediated in conjunction with miRNA, and not PVT1 acting solely to regulate the cell cycle in this interaction. For example, in breast cancer cells, the percentage of breast cancer cells at G2 phase increased after transfection with the PVT1-derived miR-1207-5p mimic compared with the control (49). In another study by Chen et al. silenced PVT1 decreased the relative expression level of cyclin D1 and miR200c by binding to EZH2 (50).

The cyclin-dependent kinase (CDK) inhibitor p21 promotes cell cycle arrest by inhibiting CDK2 and CDK1 activity (51). An assessment of the effect of PVT1 on p21 expression in PANC-1 cells revealed a significantly increase in p21 at the transcriptional level when PVT1 was suppressed (33). Additionally, the tumor promoting activity of PVT1 was confirmed to be partially dependent on the negatively regulation on p21 in breast cancer (52).

A pathway analysis of the upregulated genes in the PVT1-overexpressing hepatocellular carcinoma cells revealed that the main pathway associated with PVT1 overexpression was the cell cycle pathway (5). Upregulated cell cycle genes in the PVT1 overexpressed cells were detected by microarray and confirmed by western blotting. Further studies on the cell cycle regulation by PVT1 in cancer are required for better comprehension on its function.



PVT1 MEDIATES DRUG RESISTANCE

Drug resistance poses a great challenge to cancer treatment. It is a major determinant of patient mortality. Identifying and understanding the molecular processes of PVT1 impact on drug resistance will allow for more precise therapeutic interventions in cancer. The role of PVT1 in cisplatin resistance gastric cancer was explored by examining the effects of PVT1 on the expression of some genes associated with drug resistance. qRT-PCR and western blotting studies revealed that PVT1 up-regulation increased the expression of MDR1, MRP, mammalian target of rapamycin (mTOR), and hypoxia inducible factor-1 (HIF-1a) (53).

An increase in the expression of EZH2 has been identified as a key role in cancer progression and drug resistance (54). PVT1 has been identified as one of the LncRNAs that recruit EZH2 to consolidate their oncogenic roles (21). A study done on gemcitabine resistance in pancreatic cancer noted that curcumin down-regulates the expression of EZH2, PVT1 and their down-stream targets in gemcitabine-resistant cells (55). The role of PVT1 in mediating radiation resistance, though not as extensively studied compared with drug resistance, has shown that there are numerous pathways responsible for drug resistance in cancer. PVT1 fostered radiotherapy resistance in nasopharyngeal carcinoma by downregulating cleaved caspase-9, cleaved caspase-7, and cleaved PARP, thereby inhibiting apoptosis and subsequently causing radiation resistance (56). Altogether, PVT1 has been shown to be a promising target for treating drug resistance in cancer therapy.



PVT1 IS A PARTICIPANT IN MULTIPLE SIGNALING PATHWAYS

Numerous pathways have been linked to PVT1. This is certain for a lncRNA that has been implicated in almost every type of cancer known. See Table 1 for a list of biological axes and signaling pathways linked to PVT1 in cancer.


Table 1. Signaling pathways linked to PVT1 in cancer.
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PVT1 AND MYC IN CANCER

PVT1 and c-Myc are both located on the 8q24 chromosomal locus (a frequent site for copy number gain and alterations in cancer) (62). The human PVT-1 gene contains two non-canonical MYC-binding sites (E-box CACGCG) in the promoter region proximal to the transcriptional start site (15). In a study by Carramusa et al., it was indicated that one of the two E-boxes is important for PVT1 promoter transcriptional regulation by c-Myc proteins (27). ChIP analysis of the same region in neuroblastoma cells revealed a novel network between PVT1 and N-Myc.

Many studies have long established the co-amplification of c-Myc and PVT1 in many cancers (57, 63–66). The upregulation of the expression of both PVT1 and c-Myc has been implicated and confirmed by observing a corresponding decrease in the level of c-myc upon silencing of PVT1. PVT1 has been shown to be an activator of c-Myc transcription, and likewise, c-Myc has also been implicated as a PVT1 activator in cancer cells (12). The possibility of common functional pathways has been described, yet, there is also evidence for independent contribution of PVT1 and MYC to tumorigenesis.

By utilizing chromosome engineering in transgenic mice models, it was demonstrated that a combination of PVT1 and MYC is essential to the formation of tumors (6). Extra copies of the MYC gene along with extra copies of Pvt1, Ccdc26, and Gsdmc (all located in the 8q24.21 chromosomal region) were shown to be necessary for the formation of mammary tumors. Alongside in the same study, PVT1 RNA and the MYC protein were shown to be significantly associated in primary tumors while siPVT1 resulted in repression of MYC protein level.

One of the proposed mechanisms of action for this correlation between PVT1 and MYC include PVT1 regulating and stabilizing the MYC protein by preventing MYC from proteolytic degradation. As mentioned earlier in this review, copy number changes found in the pediatric DIPG subgroup K27M-H3.3 included gains/amplifications of the MYC/PVT1 loci (45). The study suggested that the amplified MYC/PVT1 locus was as a result of K27M-H3.3 mutations.

Another proposition for the PVT1 and MYC linkage is the activation of regulators by the interaction of the increase in copy number of PVT1 and MYC to induce tumorigenesis. An example of such regulators is RSPO1. Elevated levels of RSPO1 (an activator of the canonical Wnt signaling pathway with essential roles in ovary determination) combined with PVT1 and MYC transcripts were found in human breast cancer tumors than tumors with low levels of MYC (67). This reciprocal action might involve other mediators which are unknown presently.

Even though the amplification of 8q24 has been demonstrated in many studies (68–70), pan-cancer analysis of the MYC-PVT1 dysregulation in different cancers yielded a strong correlation between PVT1 and MYC in tumor patients lacking 8q24 locus amplification. An example of PVT1-MYC upregulation without 8q24 amplification was demonstrated to be the result of PVT1 promoter hypomethylation in renal cell cancer and not extra copies of the genes as seen in mammary glands tumors (71). The lower the methylation levels of PVT1 promoter, the higher the levels of the PVT1 and MYC expression and the worse the prognosis of these patients.

PVT1 and c-myc interaction may also be fostered by transcriptional factors that activate the expression of either gene. Two binding sites for FOXM1 (a transcriptional factor that promotes oncogenesis) was found on the promoter region of PVT1 in gastric cancer cells (48). The effect of FOXM1 on PVT1 transcription was also observed on c-myc protein levels. A combination of an overexpression of PVT1 or FOXM1 led to a corresponding elevation in c-myc protein level resulting in oncogenesis. PVT1 exon 1 (the closest to MYC) was reported to have the highest correlation of expression in proximity to MYC when compared to PVT1 exon 4 and exon 8 in CRC (72). The expression of c-myc control genes including FUBP1, NPM1, and EZH2 also correlated positively with the expression of PVT1 exons 1, 4, and 8 in CRC patients. This collaboration suggests an indirect regulation of PVT1 through the regulators of c-myc transcription.

Rearrangements of MYC stemming from microhomology-mediated end joining were located by sequencing data in 36% of patients newly diagnosed with multiple myeloma and resulted in increased expression of c-myc and PVT1 (73). In the 8q24 region, the scramble of the Topologically Associated Domain (TAD) as a result of translocation breakpoints within led to its rearrangements. The new domain formed by the interaction of the super enhancer from the partner loci adjacent to MYC gave rise to an overexpression of MYC.

A promoter competition model (as described by Cho et al.) (74), proposed to unravel the puzzle of c-myc and PVT1 interactions indicated that the PVT1 promoter regulates MYC's transcription in breast cancer as a result of the PVT1 promoter (not PVT1 RNA) acting as a DNA boundary element to regulate the transcription of MYC. Using CRISPRi-PVT1 to silence PVT1 transcription resulted in increased MYC expression in most of the cells in the experiment. The promoters of PVT1 and MYC compete for interactions with the four intragenic enhancers in the PVT1 locus to allow regulation. Usually, these four enhancers preferentially contact PVT1 promoter over the locus of MYC. Silencing PVT1 effectuates the enhancers to contact MYC promoter instead. This contrasts with the action of PVT1 RNA prolonging MYC protein level. Interestingly, CRISPRi-MYC promoter also increased PVT1 transcription.

This model might explain the tissue-specificity of PVT1 expression based on some outcomes in this study. The CRISPRi-PVT1 did not induce an increase in MYC transcription in some cell types, and not all cancers examined had mutations of the PVT1 promoter. Alternatively, PVT1 contribution to tumorigenesis may be independent of MYC (14, 75). This suggests different mechanisms of PVT1 and MYC cooperation in different cancers.



PVT1 GENE FUSIONS

PVT1 fusion genes were first described when amplified allele of MYC in colorectal adenocarcinoma cell line showed displacement of Exon 1 and Intron 1 of MYC by PVT1 resulting in DNA rearrangement (63). In combination with coamplification of MYC and PVT1, this DNA rearrangement/fusion genes resulted in the transcription of chimeric RNA transcripts. The PVT1 domain is also noted for frequent translocations in mouse plasmacytomas (76, 77) It was presumed that the rearrangements occurred before the amplification observed.

In the Medulloblastoma Advanced Genomics International Consortium (MAGIC) study, RNA-seq of medulloblastoma Group 3 tumors identified two different PVT1 gene fusions (78). Both types involved the 5′ end of PVT1 (with exon 1 or exon 1 and 3) fused to MYC (exons 2 and 3). Whole Genome sequencing carried out on these PVT1 fusion tumors further revealed genomic rearrangements on chr8q and deletion of chr17p. PVT1 was also shown to be linked with NDRG1, thereby forming the gene fusion PVT1-NDRG1. Computational biology analysis suggested chromothripsis as the process responsible for the creation these gene fusion transcripts. Additionally, RT-PCR demonstrated the upregulation of miR-1204 in PVT1-MYC fusion (+) Group 3 tumors and an increase in cell proliferation of specific medulloblastoma cells; proposing a regulatory system among fusion partners in oncogenesis.

The episome model (79), rather than the chromothripsis process was suggested as the major mechanism for chimeric transcripts generated from the 8q24-amplified genes in AML (80). 5′PVT1/3′CCDC26 chimera and the reciprocal 5′NSMCE2/ 3′PVT1 were detected by WGS and RNA-seq in 23 AML cell lines. Using ChimeraScan and FusionMap, these chimeric transcripts were shown to be closely connected with unusual gene expression profile at areas of amplification and breakpoints.



PVT1 IN PROSTATE CANCER

The second leading cause of cancer death in men in the United States is prostate cancer; which is also most common cancer among men, except for skin cancer1. About 1 man in 9 will be diagnosed with prostate cancer during his lifetime2. Data from many sources suggest that PVT1 is a major contributor to the development of prostate cancer (81, 82). A CCK-8 (Cell Counting Kit-8) assay assessment of the effect of PVT1 downregulation in PC3 and DU145 cells showed an inhibition of cell proliferation (83). Confirming this effect in the same study, PVT1 downregulation also reduced the size of tumors in mice. Admixture mapping/scanning has identified multiple regions within 8q24 as a prostate cancer risk locus in African-American men (84, 85). An increased expression of PVT1 was observed when the risk allele of rs378854 at chromosome 8q24 is present in prostate tissue, thereby increasing the risk for prostate cancer (86).

Studies carried out have shown that the mechanisms underlying the regulation of PVT1 in prostate cancer vary considerably. Methylation of the miR-146a promoter induced by the overexpressed PVT1 resulted in the down-regulation of miR-146a and upregulation of PVT1 in prostate cancer (87). This negative regulation of miRNAs is seen in many cancers where PVT1 is overexpressed (22, 27). Consistent with this pattern, PVT1 negatively regulates and reduces the expression of miR-186 as ceRNA in prostate cancer (88). This study further shows that when siRNA-PVT1 or pcDNA-PVT1 was co-transfected with a miR-186 inhibitor or miR186 mimics, Twist1 (a transcription factor associated with EMT) was downregulated by silencing PVT1. On the other hand, co-transfection of siRNA-PVT1 and miR-186 resulted in the upregulation of Twist1.

MiRNA-1207-3p, encoded by PVT1 is significantly under expressed in prostate cancer cell lines whereas apoptosis is induced in prostate cancer by the overexpression of this microRNA (89). The adhesion molecule CD44 was identified as one of the factors under negative regulation by miR-34a in prostate cancer cells (90). An increased expression of miR-34a in CD44+ prostate cancer cells prohibited prostate cancer metastasis. These findings indicate that the mechanisms of miRNAs regulation by PVT1 in prostate cancer certainly involves other coactivators and coregulators.

Additionally, the effect of neighboring genes highlights the complexity of PVT1 in prostate cancer. PVT1 knockdown significantly accelerated prostate cancer cells apoptosis and downregulated the expression of c-myc in an in vitro study (56). Both PVT1 and MYC have been suggested as co-regulators of each (27, 47, 48). A molecular assessment of SNP-SNP interactions in the CASC11-MYC-PVT1 region (CASC11 is also located on 8q24) utilizing SNP interaction pattern identifier (SIPI) revealed the CASC11-PVT1 interaction as the most common gene-gene interaction (55 out of 79 pairs) amid 79 top SNP pairs (91). This interaction involving rs16902359 in CASC11 and PVT1 plays a great role in SNP-SNP interactions and could be linked with the high risk of prostate cancer in men of African Ancestry (MoAA). The highest incidence rates for prostate cancer are among (MoAA) men, who have a higher risk of prostate cancer than white American men (92).

Although many studies have been carried out on the role of PVT1 in cancer, the specific roles of PVT1 transcripts in prostate cancer have been examined by very few groups. For example, the Ogunwobi laboratory has found that PVT1 exon 9 is a major regulatory component of the PVT1 gene in RWPE1 (human prostate epithelial cell line) (93). The expressions of PVT1 exons 4A, 4B and c-MYC were decreased upon silencing PVT1 exon 9 in RWPE1 cells. Knock down of PVT1 exons 4A and 4B in turn did not yield similar effects. The Ogunwobi laboratory also reported that PVT1 exon 9 is significantly overexpressed in prostate cancer cell lines derived from men of African Ancestry (MoAA) (94) (Figure 3). This observation was made from comparing the relative expression of PVT1 exons in different cell lines derived from men of different ethnic and racial backgrounds. In a more recent study by the Ogunwobi laboratory, PVT1 exon 9 was found to be upregulated in prostate cancer tissues when compared to normal prostate tissues (95). This is consistent with previous studies on the expression of PVT1 exon 9 in prostate cancer cell lines (96). PVT1 exon 9 overexpression in RWPE1 cells promoted cell proliferation and migration compared with the non-transfected cells. A possible mechanism for the oncogenic function of PVT1 exon 9 is by the regulation of PCNA (Proliferating Cell Nuclear Antigen) expression in prostate cancer. In the same study, western blotting performed showed an overexpression of PCNA in cell lysates of RWPE1 cells transfected with PVT1 exon 9 compared to the non-transfected cells. An in vivo experiment confirmed the tumor initiation and tumor progression capability of PVT1 exon 9 (97). Male mice implanted with RWPE1 cells overexpressing PVT1 exon 9 developed malignant tumors. Histopathologic investigation of the tumors revealed features typical of the neuroendocrine subtype of aggressive prostate cancer. PVT1 exon 9 was also shown to confer resistance to androgen deprivation therapy in prostate cancer cells overexpressing PVT1 exon 9. These insights into the mechanisms of aggressive prostate cancer deserve further study.



[image: Figure 3]
FIGURE 3. Schematic representation of PVT1 transcripts implicated in prostate cancer. PVT1 exon 9 (red) is significantly overexpressed while miR-1207-3p (blue) is significantly under expressed in prostate cancer in men of African Ancestry.


Furthermore, the Ogunwobi laboratory has also described correlation between miR-1207-3p expression and clinicopathological features of prostate cancer [(66); Figure 3]. A decreased expression of miR-1207-3p was found in prostate cancer tissue samples of patients who succumbed to prostate cancer specific death. The expression of miR-1207-3p in prostate cancer tissues of MoAA (men of African Ancestry) was significantly decreased and might explain the genetic differences underlying racial disparity in prostate cancer. Although these studies have opened the possibilities of new diagnostic biomarkers in prostate cancer, further clarification are needed to explore how these transcripts are regulated and if they regulate each other.



THERAPEUTIC IMPLICATIONS

Targeting PVT1 in cancer is a promising novel approach to cancer treatment. Many of PVT1's interacting factors (including MYC) with PVT1 in carcinogenesis are essential transcription factors that have been very difficult to drug. Modulating the functions of PVT1 where implicated in cancer may give rise to successful anti-cancer therapies. Modulation of PVT1 can take many forms including potential development of specific PVT1 inhibitors. Some modulation of IncRNA functions have been established with future anticancer potentials (96).

The role of PVT1 as a cancer biomarker is progressively becoming established. It has been demonstrated that PVT1 is quantifiable in cancer cells and in serum from cancer patients (97–99). Potentially, PVT1 can be used in early diagnosis of cancer or for monitoring response to cancer treatment, and chemoresistance. The participation of PVT1 in many signaling pathways and the tissue-specific mechanisms of action suggests the need to tailor any PVT1-based therapeutic strategies developed.



CONCLUSION

Despite the remarkable progress already made in uncovering the role of PVT1 and its mechanisms of action in cancer (Figure 4), there is so much more about PVT1 that remains unknown. Details of PVT1's fundamental biology, such as its biogenesis, transcription, alternative splicing, etc. remain unknown. Furthermore, a much more comprehensive understanding of PVT1 specific interactions with downstream molecular mediators in different cancers is still needed to be able to fully exploit PVT1 for clinical applications. How and when to target PVT1 in cancer remains an important focus. Further studies are needed to explore how PVT1 transcripts are regulated by each other, and which PVT1 transcripts participate in regulatory activities with neighboring genes, as well as the functions of PVT1 transcripts in different types of cancers.


[image: Figure 4]
FIGURE 4. Summary of PVT1 mechanisms of action in cancer. (A) PVT1 regulation by miRNA. (B) Epigenetic regulation by PVT1. (C) PVT1: a regulator of the cell cycle. (D) PVT1 mediates drug resistance. (E) PVT1 at the center of biological axes and signaling pathways. (F) The activation of PVT1 and MYC in cancer.
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