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Abstract

:

Telomerase provides cancer cells with replicative immortality, and its overexpression serves as a near-universal marker of cancer. Anti-cancer therapeutics targeting telomerase have garnered interest as possible alternatives to chemotherapy and radiotherapy. Oligonucleotide-based therapies that inhibit telomerase through direct or indirect modulation of its subunits, human telomerase reverse transcriptase (hTERT) and human telomerase RNA gene (hTERC), are a unique and diverse subclass of telomerase inhibitors which hold clinical promise. MicroRNAs that play a role in the upregulation or downregulation of hTERT and respective progression or attenuation of cancer development have been effectively targeted to reduce telomerase activity in various cancer types. Tumor suppressor miRNAs, such as miRNA-512-5p, miRNA-138, and miRNA-128, and oncogenic miRNAs, such as miRNA-19b, miRNA-346, and miRNA-21, have displayed preclinical promise as potential hTERT-based therapeutic targets. Antisense oligonucleotides like GRN163L and T-oligos have also been shown to uniquely target the telomerase subunits and have become popular in the design of novel cancer therapies. Finally, studies suggest that G-quadruplex stabilizers, such as Telomestatin, preserve telomeric oligonucleotide architecture, thus inhibiting hTERC binding to the telomere. This review aims to provide an adept understanding of the conceptual foundation and current state of therapeutics utilizing oligonucleotides to target the telomerase subunits, including the advantages and drawbacks of each of these approaches.
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1. Introduction


The terminal portions of human chromosomes are capped by nucleoprotein structures called telomeres [1,2,3,4]. Telomeres maintain genomic stability in normal somatic cells and protect against chromosomal degradation [5,6]. Telomeres are progressively shortened by each round of cell division, and, after approximately 50 divisions, they reach a critically short length that induces DNA damage responses leading to cellular senescence or apoptosis [7,8,9]. Telomerase is an enzymatic ribonucleoprotein complex that maintains telomere length by adding single-stranded TTAGGG stretches to the 3′ end of the chromosome [6,8,10,11,12]. Human telomerase is composed of two subunits, a reverse transcriptase component called human telomerase reverse transcriptase (hTERT) and a template RNA component called human telomerase RNA gene (hTERC) [11,12,13]. These two subunits adopt a well-defined tertiary structure in the catalytic core of the telomerase complex and exhibit limited protein-RNA interaction [12]. Telomerase activity is relatively quiescent in most normal tissue; however, studies have found it to be significantly increased in up to 90% of malignancies [8,14,15,16]. The activation of telomerase allows cells to circumvent senescence and continue to divide while accumulating oncogenic mutations that can ultimately lead to cancer [17,18]. Cancer therapeutics specifically targeting telomerase-positive cells have garnered interest as a possible alternative to traditional chemotherapy and radiotherapy methods, which are toxic to both cancerous and normal cells [8,15]. The use of oligonucleotides and microRNAs (miRNAs) that inhibit the function of hTERC and hTERT is a further specified subclass of telomerase-centered therapies that has shown promise in treatment for a number of human malignancies [19,20,21,22]. This comprehensive review will elaborate on the current state and underlying concepts of cancer therapeutics aimed at reducing telomerase activity by targeting telomerase subunits with oligonucleotide-based approaches.



miRNAs are endogenous oligonucleotides that play an important role in post-transcriptional gene regulation. miRNAs often target genes involved in cancer-related processes, such as the expression of hTERT, the catalytic subunit of telomerase [23]. Most tumor suppressor miRNAs downregulate hTERT through direct interaction with the 3′-untranslated region (3′-UTR) of hTERT mRNA, while oncogenic miRNAs indirectly upregulate hTERT activity through inhibition of genes involved in the suppression of hTERT [22]. The therapeutic manipulation of miRNA-mediated hTERT expression to treat human malignancies largely remains in preclinical stages; however, the array of potential miRNA targets explored in this review demonstrates the clinical promise of this approach [15]. Antisense oligonucleotides (AS-ODNs) like GRN163L (Imetelstat) and T-oligos have also been utilized to target telomerase activity through inhibitory interactions with hTERC and hTERT, respectively, and GRN163L has progressed into clinical trials [15,19,21,24,25,26,27,28]. Furthermore, telomeric G-quadruplex (G4) secondary structures formed by sequences rich in guanine serve as nucleotide sites intrinsic to telomere architecture that can also be targeted to modulate the action and expression of the telomerase subunits [25,29,30,31]. The therapeutic inhibition of telomerase through the activity of the aforementioned oligonucleotide targets has been thoroughly explored in a number of cancer types [28,32]. A comprehensive understanding of these anti-cancer approaches is crucial for the development and improvement of new telomere-based cancer therapies that could serve as possible alternatives to traditional chemotherapy-based treatment modalities.




2. MicroRNAs


miRNAs comprise a non-coding class of RNA in eukaryotes that stretch 18–24 nucleotides in length and function as endogenous post-transcriptional regulators of gene expression [8,33,34,35]. Primary miRNAs (pri-miRNAs) are transcribed and cleaved in the nucleus by RNAse III Drosha to form hairpin-shaped pre-miRNAs (Figure 1) [36]. In the cytoplasm, these structures are cleaved by RNAse III Dicer to form mature miRNAs, which then associate with the RNA-induced silencing complex (RISC) (Figure 1) [34,37]. Once complexed to RISC, miRNA base pairs with a complementary sequence on its target messenger-RNA site (mRNA), typically within the 3′-UTR, and induces its degradation by RISC or prevents productive translation of the mRNA, thus effectively silencing the associated gene (Figure 1) [8,33,34,35,37,38]. More than 50% of gene sequences encoding miRNAs exist in regions associated with cancer and/or increased mutability [22]. As a result, miRNAs have been the subject of recent clinical attention due to their involvement in driving cancer progression or in silencing genes associated with cancer progression [35]. Oncogenic miRNAs facilitate cancer growth, while tumor suppressor miRNAs inhibit proliferation [35,39]. Many tumor suppressor and oncogenic miRNAs impact cancer development by directly or indirectly targeting hTERT, the reverse transcriptase component of telomerase, causing it to be downregulated or upregulated, respectively. Increased hTERT expression leads to increased telomerase activity and angiogenic characteristics, while hTERT downregulation limits telomerase activity and causes antiproliferative effects. A vast amount of therapeutic potential lies in the use of miRNA-induced gene modulation to regulate hTERT expression and prevent the overexpression of telomerase, which is a common characteristic of human cancers [35].



Some of the most well-studied hTERT-targeting tumor suppressor miRNAs include miRNA-1182, miRNA-133a, miRNA-342, miRNA-491, miRNA-541, miRNA-512-5p, miRNA-138, and miRNA-128 (Table 1) [15,20]. miRNA-1182 has been shown to reduce gastric cancer cell proliferation and migration by targeting the open reading frame-1 (ORF-1) of hTERT [40]. Furthermore, an inverse correlation between miRNA-1182 expression and hTERT protein levels in gastric cancer cells suggested that miRNA-1182 could be utilized as a biomarker and potential treatment for this form of cancer [40]. Other studies suggested that miRNA-1182 overexpression inhibited bladder cancer cell proliferation, colony formation, and invasion by binding to the 3′-UTR of hTERT transcripts [41]. miRNA-1182 has also been shown to slow metastasis in ovarian cancer cells through hTERT inhibition and thus holds promise as a potential therapeutic target for this form of cancer [42]. In HeLa adenocarcinoma cells, miRNA-133a was shown to bind directly to the 3′-UTR of hTERT mRNA, demonstrated through inhibition of TERT 3′-UTR-driven reporter activity [20]. In the same study, miRNA-342, miRNA-491, and miRNA-541 were each shown to bind the 3′-UTR of hTERT as well [20]. Combining all three miRNAs yielded increasing inhibitory effects, suggesting each miRNA binds to a unique region of the 3′-UTR on hTERT mRNA [20]. miRNA-512-5p is another tumor suppressor miRNA that has been shown to post-transcriptionally regulate hTERT through a unique 3′-UTR binding site on hTERT mRNA [43]. In head and neck squamous cell carcinoma (HNSCC) cells, miRNA-512-5p inhibited cell growth by decreasing telomerase activity, shortening telomere length, and disrupting telomere-binding proteins [43]. Tumor suppressor miRNA-138 has also been associated with antiproliferative effects and inhibition of tumor growth as a result of direct targeting of hTERT [44,45]. In human anaplastic thyroid carcinoma cells, miRNA-138 downregulation was associated with hTERT overexpression [15,45]. In cervical cancer cells, overexpression of miRNA-138 led to inhibition of cell proliferation, migration, and invasion, as well as induction of apoptosis, caused by binding of miRNA-138 to the 3′-UTR of hTERT mRNA [44]. Furthermore, upregulation of miRNA-138 proved to be more effective than hTERT knockdown in potentiating Apigenin-induced apoptosis, a process caused by the release and activation of caspases, in malignant neuroblastoma cells both in vivo and in vitro [46,47]. This suggests that miRNA-138 upregulation may serve as a promising alternate pathway to control tumor growth [47]. miRNA-128 is another unique miRNA that can act as both an oncogenic miRNA and a tumor suppressor miRNA depending on the tumor type [33,48,49]. miRNA-128 has been shown to interact with the coding sequence of hTERT mRNA in HeLa and teratoma cells [48]. In HeLa cells, overexpression of miRNA-128 led to reduced levels of hTERT mRNA and TERT protein, as well as reduced cell proliferation [48]. On the other hand, downregulation of miRNA-128 has been associated with metastasis and development of a number of malignancies, including glioma, prostate, head and neck, lung, and colorectal cancers [33,48].



Oncogenic miRNAs that directly or indirectly upregulate hTERT expression and drive cancer metastasis and aggression through increased telomerase activity can also be targeted as a therapeutic approach. Some of the most well-studied oncogenic miRNAs in this category include miRNA-19b, miRNA-346, and miRNA-21 (Table 1) [8,51]. Studies suggest that miRNA-19b expression indirectly upregulates hTERT expression through inhibition of a novel hTERT suppressor gene, paired-like homeodomain1 (PITX1) [51]. PITX1 is a negative regulator in the RAS signaling pathway that binds directly to the hTERT promoter region, repressing hTERT transcription and telomerase activity, as well as preventing cellular proliferation [51]. miRNA-19b binds to a complementary sequence in the 3′-UTR of PITX1 mRNA, repressing PITX1 translation and activating hTERT expression [51]. Overexpression of miRNA-19b led to 1.5- to 1.7-fold increases in telomerase activity in melanoma cells and has been associated with oncogenesis in lung cancer, melanoma, breast cancer, and osteosarcoma [50,51]. In cervical cancer cells, miRNA-346 has been shown to mediate hTERT upregulation through a competitive process with miRNA-138, which binds to the same region of the 3′-UTR of hTERT mRNA as miRNA-346 but promotes an opposite effect on hTERT expression [55]. The binding of miRNA-346 to the 3′-UTR induces the binding of G-rich RNA sequence binding factor 1 (GRSF1) to the miRNA-346 CCGCAU sequence [55]. This interaction forms a “bulge loop” that recruits hTERT mRNA to ribosomes for translation [55]. By way of this translation process independent of argonaute RISC catalytic component 2 (AGO2), miRNA-346 enhances proliferation in cervical cancer cells [55]. Conversely, when miRNA-138 binds, it mediates the suppression of hTERT translation in an AGO2-dependent manner [55]. Studies suggest that miRNA-21 regulates hTERT expression through several indirect pathways. miRNA-21 impacts telomerase activity through downregulation of phosphate and tensin homolog deleted on chromosome 10 (PTEN), a tumor suppressor gene tied to tumor progression through activation of the PI3K/AKT pathway [54]. In hypertrophic scar fibroblasts, transfection with a miRNA-21 mimic led to increased hTERT mRNA and protein levels as well as increased PI3K/AKT signaling [54]. Additionally, the introduction of PTEN cDNA inhibited the effects of miRNA-21 overexpression [54]. In malignant melanoma cells, miRNA-21 was found to be associated with hTERT upregulation, resulting in increased invasiveness, oxidative stress, genomic instability, and cell proliferation, as well as evasion of apoptosis [52]. Furthermore, in colorectal cancer, a 3.4-fold increase in miRNA-21 expression was correlated with a 2-fold increase in hTERT expression [53]. Studies have also shown that miRNA-21 enhances carcinogenesis through STAT3, a transcription factor that plays a key role in Th17 helper T-cell differentiation [15]. When miRNA-21 was knocked down in murine glioblastoma xenografts, reduced expression of both hTERT and STAT3 was observed, as well as slowed tumor growth [15].



A number of different therapeutic approaches targeting miRNAs to reduce hTERT expression and telomerase activity have been investigated. The administration of hTERT-targeting tumor suppressor miRNAs to act as telomerase inhibitors in combination with chemotherapy drugs has been explored in numerous clinical applications and shown to be more effective than use of chemotherapy drugs alone [56]. The use of anti-miRNA oligonucleotides (AMOs), which are synthetic sequences antisense to a specific miRNA, to reduce the activity of hTERT-targeting oncogenic miRNAs, has also garnered significant interest [57]. Treatment with anti-miRNA-21 oligonucleotides successfully reduced STAT3 and hTERT levels in cancer cells, while administration of anti-miRNA-19b to melanoma cells reduced hTERT mRNA expression and increased PITX1 mRNA expression [51,58]. Studies have shown that unique subsets, or “families,” of miRNAs tend to be upregulated together in cancer [15]. miRNA sponges are stretches of DNA with artificial miRNA binding sites incorporated into the 3′-UTR of a gene that are utilized to simultaneously downregulate a group of hTERT-targeting miRNAs [59]. A recent study in bladder cancer cells showed that synthetic miRNA sponges driven by a mutant hTERT promoter were successful in downregulating four oncogenic miRNAs, thus inhibiting cell growth, decreasing motility, and inducing apoptosis in cancer cells but not in normal cells [59]. Studies have investigated the use of small RNA-specific ligands targeting the narrow groove of specific pre-miRNAs to inhibit the formation of mature oncogenic miRNAs [60]. Finally, the use of CRISPR/Cas9 to knockdown genes encoding oncogenic miRNAs, most notably miRNA-21, has also been explored extensively and was shown to reduce the expression of oncogenic miRNAs by up to 96% [61,62].



A wide range of techniques that utilize tumor suppressor and oncogenic miRNAs to regulate hTERT expression and limit telomerase activity have been explored; however, these therapies remain largely in preclinical stages, likely due to inherent issues associated with telomerase inhibition. It often takes several weeks for telomerase inhibition to cause critical telomere shortening and anti-cancer effects, a long timeframe which compromises the efficacy of these therapies [63]. Furthermore, studies have suggested that critical telomere shortening may lead to deleterious side effects such as cell crisis, genomic instability, and cancer progression [64]. Previous research also suggested that telomerase may re-localize under certain stress conditions and participate in responses that remain poorly characterized [64]. The long-term effects of telomerase inhibition are also not well-understood because the specific action of telomerase after therapeutic targeting has not been fully characterized. Before miRNA therapies targeting hTERT can be broadly implemented as a clinical approach, an added depth of understanding and clarification regarding the exact mechanism of telomerase inhibition is required. Another issue limiting the applicability and effectiveness of these therapies is the tissue-specific expression patterns of different miRNAs [65]. Depending on the tissue type, some miRNAs can act as either a tumor suppressor or an oncogenic miRNA [48,65,66]. Future studies should take these limitations into account when designing miRNA-based therapies targeting telomerase for specific forms of cancer. Some miRNA-based therapies have progressed to clinical trials; however, none mechanistically target hTERT. Inhibition of miRNA-122 for treatment of hepatitis C has progressed to Phase II clinical trials [15]. Additionally, MRG-106 oligonucleotides used as antisense inhibitors to miRNA-155 for treatment of cutaneous T-cell lymphoma has moved into Phase I trials [15]. The clinical progression of these therapies demonstrates the promise of miRNA-based treatment approaches. The design of hTERT-targeting miRNAs that overcome the limitations of telomerase inhibition may hold significant clinical promise. Furthermore, due to the tissue specificity of miRNAs, the use of miRNAs as a blood and tumor biomarker in prostate, lung, and breast cancers has been thoroughly investigated [67,68,69]. Since hTERT upregulation also serves as a meaningful biomarker for several cancers, the diagnostic and prognostic utilization of hTERT-targeting oncogenic or tumor suppressor miRNAs is an approach with significant therapeutic potential [70].




3. Oligonucleotides


Oligonucleotides are molecules composed of short segments of DNA or RNA that have been used for a variety of purposes in the fields of medicine and biomedical research. Because of their ability to bind to complementary sequences of DNA or RNA, oligonucleotides have been employed as simple nucleic acid probes using a number of basic science laboratory techniques, such as polymerase chain reaction (PCR) and DNA sequencing, as well as in the specific targeting and regulation of the expression and function of a wide range of proteins [71,72]. Due to their diverse functionality, oligonucleotides have been at the center of many research studies in numerous disease models [73]. They have been particularly useful in studying cancer biology, as their ability to bind and regulate specific nucleotide sequences allows for the study of both the etiology and treatment of many different cancers [15,19,21]. Specific oligonucleotide molecules such as miRNAs and AS-ODNs, including T-oligos, have been used to target distinct complementary DNA and RNA sequences in order to modulate both aberrant protein levels and enzyme activities implicated in various cancers [8,15,74]. 6-Thio-2′-Deoxyguanosine (6-Thio-dG) is an effective nucleoside analog and telomerase substrate which brings about several anti-cancer effects through incorporation into DNA [8,15].



Much progress has been made in the use of oligonucleotides to target molecular events leading to the upregulation of telomerase [23,75]. As previously mentioned, hTERT is the catalytic component of telomerase that is essential for the replication of chromosomal telomeres, a process that confers cells with perpetual replicative potential [23,75,76]. Oligonucleotides can be tailored to target hTERT at specific steps in its synthesis and activity, including at the hTERT promoter, hTERT mRNA, or in its protein form [15,77]. In order for hTERT to successfully perform its catalytic function, it must be able to properly interact with telomere-related proteins in the shelterin complex and bind to the telomeric nucleotide sequence using hTERC. Regulation of the hTERT protein itself has been accomplished through oligonucleotide-based interference of hTERT at a number of different points [8,15].



AS-ODNs have shown promise in both preclinical and clinical trials as a potential treatment for various cancers. A number of preclinical studies used AS-ODNs to target the hTERT initiator sequence, pre-mRNA, or transcribed mRNA, which significantly decreased hTERT activity and increased growth inhibition in human hepatoma, prostate adenocarcinoma, bladder cancer, and hepatic lymphoma [24,78,79,80]. In particular, Folini et al. found that antisense oligonucleotide-mediated inhibition of hTERT, but not hTERC, inhibited cell growth and induced apoptosis in human prostate cancer cells, implying that telomerase can retain its role in telomere replication even in the absence of a properly functioning RNA template. Another study found that the simultaneous in vitro targeting of both hTERT and hTERC with AS-ODNS resulted in the synergistic inhibition of growth in human colon cancer cells [81]. The results of these early preclinical studies showed that hTERT could be successfully targeted at a number of regulatory points involved in its cellular production [81]. They also demonstrated the wide applicability of specifically engineered oligonucleotides to target cells with abnormal hTERT activity [81]. Additionally, various preclinical and clinical studies have revealed the synergistic anti-cancer effects of AS-ODNs with other cancer drugs on the inhibition of abnormal cancer cell growth [82,83,84].



Although AS-ODNs can be used to target the production of hTERT, one of the best-studied AS-ODNs GRN163L (Imetelstat) acts as a competitive inhibitor of telomerase activity. GRN163L is a 13-merthiophosphoramidate deoxyribo-oligonucleotide that is a complement and antagonist to the hTERT-associated hTERC RNA template sequence. By binding to hTERC, Imetelstat prevents hTERT-mediated telomere elongation, leading to progressive telomere attrition and eventual cell death [8]. Imetelstat preferentially targets cancer cells due to their intrinsically high level of telomerase activity and has been tested in a number of preclinical and clinical trials conducted to assess its effect on different types of cancers, with varying levels of success [82,84,85].



In preclinical studies using both in vitro human cells and in vivo murine models, Imetelstat has shown great promise in its ability to decrease the growth of many cancers, as well as downregulate hTERT activity. Imetelstat alone significantly decreased telomere length through hTERT inhibition and increased cell death of human myeloma and pancreatic cancer cells in an in vitro model [63,86]. Xenograft murine models showed similar results for both myeloma and malignant rhabdoid tumor cells, demonstrating telomere shortening, decreased growth, and increased cell death [86,87]. Additionally, Imetelstat has exhibited anti-metastatic properties in mouse models of lung cancer [88,89]. Imetelstat has been tested in numerous preclinical trials involving other types of cancers, both by itself and in combination with other anti-cancer therapeutics, with similar patterns of inhibition of telomerase and decreasing cell viability being observed [15,28]. Despite the apparent effectiveness of Imetelstat in preclinical studies, many preclinical trials using it have severe limitations which prevent its applicability to human treatments. Some of these issues include significant differences observed between in vitro and in vivo models for human cells as well as apparent variations between telomere structure and maintenance in mice compared to humans [15].



Despite its success in preclinical trials, Imetelstat has not had as much success in clinical trials due to its severe hematological side effects, including thrombocytopenia and myelosuppression, and as a result has not been approved by the U.S. Food and Drug Administration (FDA) [1]. It has been involved in numerous Phase I/Phase II clinical trials that have been completed as well as some Phase II/Phase III trials that are still ongoing [15,28,90]. These studies have shown mixed results, with some reporting no significant increase in long-term patient survival and others reporting no significant reduction in tumor size despite a 95% reduction in telomerase activity [91,92].



Preclinical and clinical trials have tested the drug both alone and in combination with other anti-cancer drugs in the treatment of various types of cancers [1]. The most promising results with Imetelstat have been obtained when it is used alongside other chemotherapeutic agents, such as 3-aminobenzamide (3AB) and trastuzumab, or conventional radiation therapy, possibly through the increased sensitization of cancer cells to these other treatments [15,93,94]. Future studies on Imetelstat should investigate the synergistic targeting of hTERT by Imetelstat in combination with other drugs, such as small molecule inhibitors, that target other sources of cancer aggression while simultaneously minimizing unfavorable toxicity. Both preclinical and clinical trials are currently ongoing in these areas [15,28].



In addition to the aforementioned oligonucleotides, both T-oligos and 6-thio-dG have generated interest due to their potential to regulate hTERT and possible use in treating various cancers. T-oligos are oligonucleotides with a sequence homologous to the 3′ telomere overhang. Their anti-cancer effects are proposed to occur by activation of DNA damage responses (DDRs) and subsequent cell death, either by mimicking damaged DNA or by triggering the dissociation of critical shelterin proteins from telomeres [15,27]. T11 is a specific 11-base T-oligo that has been shown to demonstrate anti-cancer properties in a number of different cancers [8,15,27,28]. T11 is proposed to function through its resemblance to the telomeric overhang DNA sequence and displays promise because it has no effect on normal cells (Figure 2) [27]. Administration of T11 also had no detectable toxic effects in mice [28,95,96,97]. In preclinical studies, T-oligo was shown to inhibit mRNA expression of hTERT by 50% in a melanoma cell model [98]. Additionally, concurrent administration of T-oligo with vemurafenib in V600E-positive melanoma cells demonstrated an additive anti-cancer effect, implicating the potential benefit of T-oligo administration with chemotherapeutics in current use [98,99]. 6-thio-dG, a nucleoside analog, has been shown to possess anti-cancer properties by being incorporated into telomeric DNA, leading to the uncapping of telomeric DNA and dissociation of the shelterin complex (Figure 2). This results in telomere dysfunction-induced foci (TIFs) and subsequent cellular senescence and apoptosis [82]. Furthermore, this effect has been shown to be partly dependent on the activity of hTERT, as TIFs were not seen in cells lacking hTERT activity [82]. Future studies should focus on the specific molecular interactions of 6-thio-dG and hTERT in order to better establish the effect of 6-thio-dG on telomerase activity.




4. G-Quadruplex


The human genome contains DNA that is primarily in the duplex state, allowing for the formation of a double helix. However, it is becoming increasingly apparent that non-canonical structures arise in DNA through non-Watson–Crick base pairing [100,101]. One such structure, the G-quadruplex (G4), is formed when a nucleic acid sequence with multiple runs of guanine bases can spontaneously fold into secondary structures. The G4 structure is formed around a tetrad of Hoogsteen hydrogen-bonded guanine residues that are stabilized by monovalent ions including Na+ and K+ [30]. The tetrads stack on top of each other, forming a multi-layered planar scaffold [26]. In vitro studies have demonstrated that G4 structures are more thermodynamically stable than double-stranded DNA and the kinetics of G4 unfolding are considerably slower than that of double-stranded DNA or RNA hairpin structures [102]. Therefore, since the thermodynamic properties of G4s are likely to interfere with DNA and RNA in transcription, translation, and genomic stability, these structures need some form of regulation [103]. Unlike miRNA and oligonucleotide cancer therapies, which introduce nucleotide structures to target different telomere and telomerase sites, G4 serves as an intramolecular DNA sequence that is inherent to telomere structure, regulates telomerase function, and may be targeted by a diverse range of therapeutics [27,28].



The sequencing of numerous genomes has revealed an abundance of DNA stretches that meet the criteria for potential G4 formation [104]. Interestingly, potential G4 structure sequences are non-randomly distributed within genomes. Approximately 90% of the origins of replication in the human genome contain potential G4 structures [105,106]. Additionally, potential G4 structure sequences have been found to be enriched near the ends of chromosomes, functioning in a regulatory capacity by providing a capping structure for telomeres [30]. Telomeric G4 structures were initially thought to impair telomerase function, but recent studies have suggested that they might also play a role in telomerase recruitment [31,107]. Discovery of telomere repeats containing potential G4 sequences has proposed a link to telomerase-mediated elongation of telomeres, leading researchers to inquire about the use of G4-targeted therapies in cancer treatment through disrupting telomere maintenance.



The process of telomere maintenance has been linked to the function of G4 helicase enzymes [108]. During DNA replication, once the replication fork reaches the telomere sequence, G4 structures must be unwound by helicase enzymes such as BLM, RTEL1, and WRN [26,109,110]. During the cell cycle S phase, WRN has also been shown to localize to telomeres [111]. When WRN does not co-localize to aid in unfolding G4 structures, the replication fork eventually stalls at lagging telomeres and disrupts their replication [112]. The importance of properly unfolding G4 structures during DNA replication highlights the therapeutic potential for G4-stabilizing molecules in the treatment of cancer cells (Figure 2). A few molecules which have demonstrated an ability to disrupt telomere replication and function as anti-cancer agents include BRACO-19, RHPS4, and telomestatin [113,114,115].



Telomestatin functions by stabilizing G4 structures through binding to guanine nucleotides at the 3′ and 5′ ends of telomeres, thus forming a stable complex that inhibits the telomerase RNA component, hTERC, from binding the single stranded overhang [116,117]. Stabilizing G4 structure through telomestatin has resulted in telomerase inhibition in breast, cervical, neuroblastoma, and other cancer cell lines during preclinical studies while also displaying minimal effect on non-cancerous cells [28,32]. However, the drug’s low water solubility resulted in poor bioavailability and has impeded research progress [118]. BRACO-19 and RHPS4 act through a similar mechanism as telomestatin in stabilizing G4 structures, but they have demonstrated less tumor selectivity [119,120].



The repetitive nature of telomere sequences is conducive to many potential G4 structures, providing a target for therapeutic-based G4-forming molecules. T-oligo has demonstrated the ability to form stable intermolecular G4 structures in vitro and induce activation of the SAPK/JNK signaling as well as inhibition of hTERT expression in melanoma cells [25]. Previous studies proposed that JNK activation might result in decreased hTERT expression, thus the anti-cancer effects of T-oligo may be in part due to JNK activation [25,121]. Further interactions with telomeres were highlighted after T-oligo treatment resulted in the upregulation of shelterin complex proteins TRF2 and POT1, offering an additional pathway to telomere dysfunction [25].



The targeting of G4 structures through hTERT promoter mutations has also recently garnered interest. In melanoma, increases in hTERT expression were caused by the same mutations as in 70% of other tumors [29]. Within these tumors, C-to-T sense strand mutations that correspond with G-to-A antisense strand mutations in the promoter of hTERT activated transcription by altering the consensus sequence [122]. Researchers found that these promoter mutations interfered with G4 structure folding by disrupting a silencer element that reduced G4 transcriptional repression [123]. In an attempt to counteract this mutation, a small pharmacological chaperone molecule that acts on the mutated promoter has been proposed as a potential therapeutic [123]. This molecule, GTC365, functioned by partially returning to wild type G4 folding and thus regaining some transcriptional repression ability [123]. In melanoma cells, GTC365 treatment was able to induce cancer cell death through apoptosis and senescence by inhibiting transcription of hTERT and decreasing telomerase activity, ultimately leading to reduced telomere extension [123].



The study of DNA-based G4 structures during the past few decades has progressed from structural analysis to cancer therapy studies in increasingly complex biological systems [124,125,126,127]. Researchers have further uncovered the mechanisms of G4 structures that serve as key factors in a number of DNA and RNA processes. While significant progress has been made in this area, additional studies are needed to better understand G4 function. Some areas of future research should focus on the enrichment of G4 structures near specific cancer genes and the exact mechanism through which these structures affect transcription.




5. Conclusions


In this review, we have analyzed the current state of oligonucleotide-based anti-cancer therapeutics that work by targeting telomerase subunits. The mechanistic diversity of this subclass of telomerase inhibitors demonstrates the clinical promise of endogenously derived and exogenously synthesized oligonucleotides for the treatment of various cancers. The administration of miRNAs and AS-ODNs as well as the structural manipulation of telomeric G4s have proven to be effective means of inhibiting hTERT or hTERC, reducing telomerase activity, and slowing tumor growth [24,57,78,79,80,121]. Novel therapies developed in light of these approaches hold the theoretical capacity to target cancer cells expressing telomerase while leaving normal cells unharmed, making them possible alternatives to traditional cancer methods. At the same time, several issues surrounding telomerase inhibition as a potential cancer treatment must be navigated. The long lag time between administration and cancer response, possible deleterious side effects associated with critical telomere shortening, as well as the unknown long-term effects of telomerase inhibition comprise the common criticisms against telomerase inhibition in the treatment of cancer [28,63]. Continued research in the field of oligonucleotide therapies, including how different oligonucleotides interact with each other, telomerase, and telomere architecture, is crucial for the sustained development of innovative cancer treatment regimens.
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Figure 1. Tumor suppressor miRNAs targeting human telomerase reverse transcriptase (hTERT) inhibit telomerase activity by binding to hTERT mRNA and preventing productive translation of the reverse transcriptase component of telomerase. miRNAs are transcribed in the nucleus, cleaved by Drosha and Dicer, then associated with RNA-induced silencing complex (RISC) in the cytoplasm. Tumor suppressor miRNAs prevent angiogenetic characteristics associated with increased telomerase activity in cancers. 
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Figure 2. T-oligo, 6-thio-dG, and G-quadruplex stabilizing ligands like telomestatin function to prevent telomere elongation through unique processes related to inhibition of the telomerase subunits. T-oligo has been shown to inhibit expression of hTERT mRNA in melanoma cells with activated JNK signaling. 6-thio-dG incorporates into telomeric DNA and stimulates TIFs in cells that exhibit hTERT activity. G-quadruplex stabilizing ligands prevent hTERC from binding to the single-stranded telomere overhang. 
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Table 1. A list of important hTERT-targeting tumor suppressor and oncogenic miRNAs, including which cancers each has been studied in and the specific mechanism of action targeting hTERT.
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	miRNA
	Class
	Cancers
	Action (Targets)





	miRNA-1182

[40,41,42]
	Tumor Suppressor
	Bladder, Gastric
	Direct (ORF-1, 3′-UTR)



	miRNA-19b

[50,51]
	Oncogenic
	Adenocarcinoma, Breast, Glioma, Lung, Melanoma, Osteosarcoma
	Indirect (PITX1)



	miRNA-128

[33,48]
	Either
	Colorectal, Head and Neck, Lung, Prostate, Teratoma,
	Direct or Indirect



	miRNA-133a

[20]
	Tumor Suppressor
	Adenocarcinoma
	Direct (3′-UTR)



	miRNA-138

[15,44,45,46,47]
	Tumor Suppressor
	Thyroid, Cervical, Neuroblastoma
	Direct (3′-UTR)



	miRNA-21

[15,52,53,54]
	Oncogenic
	Melanoma, Colorectal, Glioblastoma
	Indirect (PTEN, STAT3)



	miRNA-342

[20]
	Tumor Suppressor
	Adenocarcinoma
	Direct (3′-UTR)



	miRNA-346

[55]
	Oncogenic
	Cervical
	Direct (3′-UTR)



	miRNA-491

[20]
	Tumor Suppressor
	Adenocarcinoma
	Direct (3′-UTR)



	miRNA-512-5p

[43]
	Tumor Suppressor
	Head and Neck
	Direct (3′-UTR)



	miRNA-541

[20]
	Tumor Suppressor
	Adenocarcinoma
	Direct (3′-UTR)
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