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Abstract

:

Simple Summary


Cells undergoing malignant transformation must circumvent replicative senescence and eventual cell death associated with progressive telomere shortening that occurs through successive cell division. To do so, malignant cells reactivate telomerase to extend their telomeres and achieve cellular immortality, which is a “Hallmark of Cancer”. Here we review the telomere-dependent and -independent functions of telomerase in cancer, as well as its potential as a biomarker and therapeutic target to diagnose and treat cancer patients.




Abstract


During the process of malignant transformation, cells undergo a series of genetic, epigenetic, and phenotypic alterations, including the acquisition and propagation of genomic aberrations that impart survival and proliferative advantages. These changes are mediated in part by the induction of replicative immortality that is accompanied by active telomere elongation. Indeed, telomeres undergo dynamic changes to their lengths and higher-order structures throughout tumor formation and progression, processes overseen in most cancers by telomerase. Telomerase is a multimeric enzyme whose function is exquisitely regulated through diverse transcriptional, post-transcriptional, and post-translational mechanisms to facilitate telomere extension. In turn, telomerase function depends not only on its core components, but also on a suite of binding partners, transcription factors, and intra- and extracellular signaling effectors. Additionally, telomerase exhibits telomere-independent regulation of cancer cell growth by participating directly in cellular metabolism, signal transduction, and the regulation of gene expression in ways that are critical for tumorigenesis. In this review, we summarize the complex mechanisms underlying telomere maintenance, with a particular focus on both the telomeric and extratelomeric functions of telomerase. We also explore the clinical utility of telomeres and telomerase in the diagnosis, prognosis, and development of targeted therapies for primary, metastatic, and recurrent cancers.
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1. Introduction


In higher eukaryotes, somatic cells undergo a finite number of divisions before entering senescence and ultimately undergoing apoptosis, thereby preventing the generation and accumulation of pathologic genetic anomalies [1]. However, cells capable of circumventing these defenses typically exhibit enhanced proliferative abilities, together with heightened capacities to evade growth suppressing and cell death signals. These features constitute several of the hallmarks of cancer, which also include mechanisms governing the manipulation of local immune and angiogenic microenvironments, as well as those promoting the metastatic dissemination of cancer cells [2]. Thus, genomic instability can be viewed as a wellspring for many of the remaining cancer hallmarks, with the attainment of replicative immortality serving as a necessary condition for the propagation of tumor-promoting genomic aberrations. Telomeres, the terminal structures of linear chromosomes, provide a substrate for cellular aging and function as essential determinants of replicative potential [3,4]. Consequently, aberrant telomere homeostasis imparts cells with replicative immortality [5]. More broadly, telomeres and their associated factors have been implicated in regulating nearly all of the tumorigenic features of cancer, including genome instability [6,7], sustaining proliferative signaling [8,9], evading growth suppressors [10], resisting cell death [11], inducing angiogenesis [12,13] and immune modulation [14], and activating invasion and metastasis [15]. Importantly, the functional versatility of telomeres is determined by their structural dynamics and the regulatory mechanisms that exist to maintain them.



Telomeres are nucleoprotein structures composed of tandem DNA repeats ((TTAGGG)n, average length of ~10 kb [16] in humans) and a core six-member protein complex known as shelterin [17,18]. Shelterin-bound telomeres provide parallel solutions to two potentially catastrophic problems posed by the packaging of genetic information into linear, discontinuously-replicated chromosomes: (i) the end-replication problem, which describes the iterative loss of genetic information secondary to asymmetric replication of DNA strands [19,20]; and (ii) the end-protection problem, in which unprotected chromosome ends are detected as DNA double-strand breaks (DSBs) and erroneously repaired, yielding chromosome end-to-end fusions and driving the acquisition of genomic abnormalities that manifest many of the behaviors of cancer [21,22]. Shelterin assembly occurs hierarchically, with double-stranded telomere DNA first bound sequentially by telomeric repeat-binding factor 1 and 2 (TRF1 and TRF2) homodimers. Importantly, TRF1 aids in DNA replication through G-rich telomeric sequences [23]. Moreover, TRF1 and TRF2 binding protects against illicit DNA repair by shielding chromosome ends from DNA damage recognition [24] and facilitating telomere loop (t-loop) formation, whereby obligate 3′ single-stranded telomere overhangs are sequestered within triplex DNA structures [25]. These terminal single-stranded overhangs are further engaged by the ssDNA-binding protein protection of telomeres 1 (POT1), which coordinates chromosome nucleolytic end-processing following DNA replication and safeguards telomere ssDNA from DNA damage response (DDR) activation in conjunction with the shelterin component TPP1 [26] by opposing the activity of multiple DNA repair pathways [27,28,29]. Once bound to telomeric repeat sequences, TRF1 and TRF2 assemble the remaining shelterin components, which include POT1-TPP1, TRF1-interacting nuclear protein 2 (TIN2) and repressor/activator protein 1 (RAP1) [30,31]. In addition, shelterin binding serves to regulate recruitment of an array of accessory factors to telomeres. These include (i) alternative telomere dsDNA-binding proteins, such as TERB1/TERB2 [32] and TZAP, which preferentially binds to long telomeres and institutes an upper limit to telomere length via initiation of telomere trimming [33]; (ii) proteins involved in modulating DDRs, including the exonuclease Apollo, which processes telomere overhangs and prevents aberrant recombination-based DNA repair [34,35]; NBS1 and Ku70/Ku80, which collectively sense DSBs and coordinate end-resection and diminution of DSB repair at telomeres [24,36]; and the structure-specific endonuclease scaffold SLX4 together with its associated nucleases [37]; (iii) proteins that exert temporal control and impart strand specificity during telomere replication, namely the CTC1-STN1-TEN1 (CST) and DNA polymerase α-DNA primase (pol α-primase) complexes [38], as well as the DNA helicase RTEL1 [39]; and (iv) the poly(ADP-ribose) polymerase (PARP) homologs tankyrase 1 and tankyrase 2, which promote telomere maintenance by modifying TRF1 and liberating it from telomeres [40,41]. The telomere proteomic landscape is further defined by the cadre of histone proteins that imprint telomeric chromatin with specific architectures [42,43,44,45,46,47,48] or serve as components of telomere-processing enzyme complexes [49]. Collectively, shelterin and other telomere-binding proteins act as critical mediators to combat the end-replication and end-protection problems, thereby orchestrating the events that govern telomere homeostasis.



Telomeres buffer against the loss of genetic information during DNA replication and cell division by serving as a medium for genomic attrition. As a corollary, telomeres may counteract the end-replication problem by employing one or more telomere maintenance mechanisms (TMMs) that actively synthesize new telomere repeats. Telomeres are dynamically extended during embryonic development and in germ cell and stem cell populations postnatally but are otherwise not maintained in most cell types [50,51,52]. However, TMM reactivation occurs in cancer cells when their telomere length becomes critically short (longest telomere <12.8 repeats in length [53]; so-called telomere crisis), which induces genome instability and facilitates the transmission of DNA damage lesions that promote tumorigenesis [54,55,56]. Notably, telomere homeostatic factors act cooperatively with DDR proteins to bypass apoptosis secondary to telomere crisis, such that many cancers exhibit telomeres that are stably maintained close to their critical length [57,58]. In this way, both telomere shortening and extension serve as necessary steps in telomere-dependent malignant transformation. Currently, two disparate mechanisms for telomere elongation exist, namely telomerase and Alternative Lengthening of Telomeres (ALT). Telomerase is a ribonucleoprotein (RNP) made up of a core dimer consisting of a reverse transcriptase (RT) protein component (TERT) and an RNA component (TR or TERC) that serves as a template for RNA-dependent DNA synthesis [49]. In contrast, ALT relies on homologous recombination-mediated invasion of contiguous telomeres for templated DNA synthesis in a manner that is highly reminiscent of break-induced replication [59]. The vast majority of cancers appear to engage telomerase for telomere extension. Importantly, the molecular constituents of telomerase function as additional telomere accessory factors that affect the replicative and protective functions of telomeres, frequently doing so in conjunction with shelterin or other core telomere-binding proteins. In addition, telomerase possesses a host of extratelomeric (i.e., telomere-independent) functions that influence telomere homeostasis, as well as signal transduction, cellular energetics, and transcriptional regulation of gene expression [60]. In this review, we outline the pathways controlling the expression, assembly, and function telomerase, as well as discuss the telomeric and extratelomeric mechanisms connecting telomerase to the hallmarks of cancer. Finally, we examine how these mechanistic insights can facilitate the development of telomere-directed cancer therapies.




2. Regulation of Telomerase Component Expression and Function


2.1. Transcriptional Regulation of TERT


In addition to the core TERT:TR dimer, telomerase is composed of (i) the dyskerin-NOP10-NHP2-GAR1 tetramer (also known as the H/ACA RNP complex) that functions in telomerase RNP biogenesis [61]; (ii) TCAB1, which recruits the telomerase core to subnuclear Cajal bodies (CBs) for further processing by the H/ACA complex [62]; and (iii) the histone proteins H2A and H2B, which stabilize a critical TERT-interacting domain in TR during holoenzyme assembly [49]. TERT and TR are necessary to carry out telomere extension by telomerase [63]; thus, the expression of these components, particularly TERT, is under tight transcriptional control downstream of a host of intracellular signaling pathways that mediate changes in chromatin structure and transcription factor (TF) binding (Figure 1).



While the identity of TERT transcriptional regulators can be highly cancer-specific [69], there exists a set of shared TFs that serve to influence TERT expression across numerous cancer types. The most well-characterized of these is the Myc/Max/Mad1 family of TFs, which bind to specific sequences in the TERT promoter and coordinate the recruitment of additional TFs and chromatin-modifying enzymes that modulate TERT promoter accessibility and gene expression [70,71]. Moreover, c-Myc sits at the convergence of multiple signaling pathways, which allows for fine-tuning of TERT expression and telomerase activity in response to specific cellular and environmental cues. For instance, NF-κB functions broadly during malignant transformation, tumor progression, and modulation of the tumor immune milieu; it also directly stimulates TERT expression [67,72] and upregulates c-Myc, thereby potentiating the transcriptional effects of c-Myc on TERT [66]. Along these lines, members of the signal transducer and activator of transcription (STAT) family of TFs, which function downstream of a variety of cytokine and growth factor receptors, activate both TERT and c-Myc transcription in cancer cells [65,73,74]; they also bind cooperatively with c-Myc to regulate target gene expression [75]. Similar cooperativity occurs between c-Myc and specificity protein (Sp) family TFs, particularly Sp1 [76], which exhibits differential expression in numerous tumor types and is functionally implicated in driving cancer phenotypes [77]. Moreover, c-Myc and Sp1 mediate the transcriptional responses brought about by engagement of mitogenic and pro-survival signaling pathways, including epidermal growth factor (EGF) [78], vascular endothelial growth factor (VEGF) [79,80], transforming growth factor β (TGF-β) [81], Wnt/β-catenin [82,83,84], and NF-κB. Importantly, numerous cancer types harbor monoallelic TERT promoter mutations that create de novo TF binding sites, namely for members of the ETS family of TFs (reviewed in [85,86]). Engagement of the TERT promoter by ETS proteins stimulates TERT transcription, providing a mechanistic connection between cancer associated TERT mutations and telomerase reactivation. Of note, aberrant overexpression from the mutant TERT promoter is further enhanced by the upregulation of several ETS TFs through mitogen-activated protein kinase (MAPK) signaling [87,88]. Conversely, effectors that diminish TERT expression, which include several important tumor suppressors, become dysregulated in cancer cells as a means of de-repressing telomerase activity. For example, exchanging c-Myc for Mad1 at the TERT promoter results in decreased TERT expression via direct competition between the two proteins for at the TERT promoter binding [71,89]. This competition has a dual effect by simultaneously reversing the transcriptional activation effects of c-Myc, while also actively inhibiting gene expression through Mad1-mediated recruitment of transcriptional repressors. TERT expression is similarly reduced by the DNA damage-responsive cell cycle regulator p53, one of the most commonly mutated tumor suppressors across diverse cancer types. Specifically, p53 interacts with Sp1 at the TERT promoter, an interaction that is sufficient to abrogate TERT expression [90,91]. Another tumor suppressor, CCCTC-binding factor (CTCF), blocks TERT expression by binding within its open reading frame and physically displacing the transcription machinery [92,93]. Intriguingly, the telomere-binding protein TRF2 exerts direct transcriptional control over TERT expression by binding specific DNA secondary structural elements and recruiting the polycomb repressive (PRC) complex to the TERT promoter [64], suggesting that telomere-binding proteins act as critical regulators of telomerase activity through both telomere-dependent and -independent mechanisms. Taken together, these findings illuminate the myriad pathways that integrate intracellular and extracellular signals to enable combinatorial control of telomerase function.



Many of the events that characterize the TERT transcriptional landscape are mediated by epigenetic modifiers that are differentially recruited or activated by specific TFs. These include enzymes that modify both DNA and histones with an assortment of chemical moieties (Figure 1). For instance, the relative binding of c-Myc versus Max1 at the TERT promoter modulates the recruitment of histone acetyltransferase (HAT) and histone deacetylase (HDAC) co-regulatory proteins, which in turn influences TERT expression [71]. More broadly, numerous TFs recruit HAT and HDAC proteins to the TERT locus [94]. Similarly, specific histone methytransferases share overlapping binding sites in the TERT promoter with CTCF. Once bound, these enzymes catalyze targeted lysine trimethylation on histone H3 (H3K4me3), which facilitates TERT expression by eliciting optimal TF occupancy at the TERT promoter [95]. Histone methylation dynamics play a parallel role in suppressing TERT expression through the actions of the non-metastatic 2 (NME2; also known as nucleoside diphosphate kinase 2) metastasis suppressor protein [96]. Specifically, NME2 recruits the RE1-silencing transcription factor (REST)–lysine-specific histone demethylase 1 (LSD1) co-repressor complex to the TERT promoter, where it erases activating methyl marks on histones to transcriptionally silence TERT [97]. Notably, this transcriptional function of NME2 is augmented by its direct association with the telomerase holoenzyme and inhibition of telomerase activity [98]. Relatedly, the TERT promoter undergoes extensive DNA methylation, which quite paradoxically stimulates gene expression. The mechanism for this is incompletely understood but may involve blocking CTCF recruitment secondary to methylation of CG-rich DNA sequences in the TERT promoter [92,99]. Collectively, the covalent modification of DNA and histones exerts powerful control over the set of TFs bound at the TERT genomic locus, which in turn dictates TERT expression and telomerase function. Intriguingly, given the presence of histone proteins in the telomerase holoenzyme structure [49], histone modification may play an as-yet-unexplored role in telomerase regulation at the post-translational level as well.




2.2. Post-Transcriptional Regulation of TERT and TR


In addition to transcription, TERT abundance is heavily influenced by post-transcriptional regulatory mechanisms. Importantly, these mechanisms also play a central role in TR processing and function (Figure 2). First, TERT mRNA is subject to extensive alternative splicing, with the functions of many of these splice variants remaining to be elucidated [100]. Two variants that have been extensively studied, termed α- and β-, both disrupt TERT translation and preclude telomerase activity [101,102]. While the α-variant is missing a critical motif in its RT domain that imparts a dominant-negative effect on telomerase [103], the β- variant reduces telomerase activity via nonsense-mediated decay while simultaneously shielding cancer cells from treatment-induced apoptosis [102]. Interestingly, other TERT variants that lack catalytic activity can still stimulate cell proliferation [9]. In this way, alternative splicing of TERT can mobilize multiple mechanisms that endow cells with malignant phenotypes. Moreover, TERT alternative splicing is coordinated by many of the key signaling effectors that control TERT transcription, including c-Myc and TGF-β [104]. In addition to alternative splicing, TERT expression is post-transcriptionally regulated through the actions of noncoding RNAs (ncRNAs), namely microRNAs (miRNAs). Typically, cognate miRNAs bind the TERT 3′-UTR to suppress its expression via RNA degradation or repression of translation. However, a subset of miRNAs can paradoxically upregulate TERT [105]. Likewise, TERT expression can be indirectly influenced by miRNAs through alterations in the abundance of TERT transcriptional regulators [106]. miRNAs, in turn, interact with other ncRNAs to modulate their availability [107,108]. Additional regulation of telomerase by ncRNAs is carried out by the telomeric repeat containing RNA (TERRA), which is the product of telomere DNA transcription [109]. Specifically, TERRA binds TERT and base-pairs with TR to inhibit telomerase activity [110]. In addition, TERRA has been shown to form DNA-RNA hybrid structures, known as R-loops, at telomeres [111]. These structures may play a dual role in blocking telomerase by (i) recruiting histone-modifying enzymes that induce telomeric heterochromatin [112], which can attenuate extension by telomerase [113]; and (ii) promoting telomere extension by homologous recombination (i.e., ALT) [114]. Collectively, the combined actions of RNA splicing and ncRNAs exert critical control over TERT abundance and telomerase function.



The mechanisms that dictate TERT expression are reminiscent of those that regulate TR, with TR undergoing additional post-transcriptional processing as well (Figure 2) [115]. For instance, TR is expressed as a heterogeneous pool of transcript isoforms that are post-transcriptionally processed to a mature form [116,117]. The stability and utility of alternative and pre-processed TR transcripts remains an active area of investigation. In contrast to TERT mRNA, TR requires extensive chemical modification in order to optimize its function. At least six nucleotides in TR undergo pseudouridylation, including two sites that lie within a highly conserved domain essential for telomerase catalytic activity. Although in vitro reconstitution with synthetically pseudouridylated TR results in modest alterations in telomerase activity and processivity, the relevance of these modifications to telomerase function in vivo remains an open question [118]. Furthermore, TR precursors undergo cycles of oligo-adenylation and de-adenylation, which together control the steady-state levels of TR. Oligo-adenylation is carried out primarily by the poly(A) polymerase PAPD5 [119], while de-adenylation is performed on oligo-adenylated intermediates by poly(A) ribonuclease (PARN) [120,121]. In the absence of de-adenylation, TR intermediates initially accumulate and are subsequently degraded within RNA exosomes [122], resulting in reduced telomerase activity. In parallel, TR acquires a 5′ cap that is hypermethylated (i.e., m2,2,7G) by the enzyme trimethylguanosine synthase (TGS1) [123]. Hypermethylation leads to TR decay, while TGS1 deficiency increases telomere length and telomerase activity [124], indicating that TR capping and adenylation negatively regulate telomerase. Taken together, telomerase biogenesis and activity are profoundly impacted by post-transcriptional regulation of its core components through both shared and distinct pathways.




2.3. Regulation of Other Telomerase Components


In comparison to TERT and TR, far less is known about the regulation of other telomerase components. Moreover, it is important to note that many of these accessory components also have diverse cellular functions unrelated to telomere homeostasis. For example, two members of the H/ACA RNP complex, dyskerin and GAR1, are post-translationally modified by PARP1, an event that may promote telomerase assembly and activity [125,126]. However, the H/ACA complex is also responsible for catalyzing pseudouridylation, the most abundant post-transcriptional RNA modification in cells [127]. By exerting quality control over the stability and function of a variety of cellular RNAs, including tRNAs, rRNAs, and the RNA constituents of the spliceosome, the H/ACA complex possesses broad functionality in promoting fidelitous gene expression. For instance, TCAB1 recruits telomerase to CBs, which are sites of assembly for spliceosomal snRNPs [128,129]. Furthermore, CBs appear to nucleate chromosomal clusters that contain genomic loci rich in histone genes, thereby influencing their expression [130]. Coupled with the presence of histone proteins in the telomerase holoenzyme, these findings emphasize the critical functional diversity of all of the telomerase accessory components. Thus, it is conceivable that expression of these factors is less stringently regulated than TERT and TR, or alternatively, that the mechanisms governing the expression of these factors is disjoint from those overseeing TERT and TR. Future studies need to examine whether, and by what means, accessory proteins function as regulatory nodes for telomerase biogenesis in a manner akin to TERT and TR.





3. Extratelomeric Functions of Telomerase: Implications for Cancer Initiation and Progression


The ability of telomerase to execute its role in telomere homeostasis is dependent not only on the proper expression and assembly of its constituents, but also on its recruitment to and engagement of the telomere template for DNA synthesis. Accordingly, telomerase recruitment and processivity are dictated by the presence of specific telomere-binding proteins—namely, the shelterin components POT1 [131,132], TPP1 [133], and TIN2 [134], and by the resolution of higher-order telomere DNA structures through differential protein binding [135,136] or post-translational modification [137]. The multifaceted nature of telomerase recruitment and catalytic activity can be viewed as a series of bifurcation points, at which the constituents of telomerase can either (i) assemble sequentially into active holoenzyme units, (ii) adopt and execute alternative functions via recruitment to other genomic loci, or (iii) form complexes with discrete binding partners throughout the cell. As outlined in the succeeding sections, these “extratelomeric” functions of telomerase drastically expand its functional repertoire to encompass regulation of signal transduction, metabolism, and gene expression.



3.1. TERT as a Transcription Factor and Signaling Effector


In addition to endowing transformed cells with replicative immortality, telomerase also regulates multiple processes of tumor formation and progression by acting as a TF (Figure 3). Indeed, studies examining the relationship between telomerase activity and transcriptomic alterations in cancer cells have revealed a host of genes whose transcription appears to be directly overseen by TERT, including EGFR and VEGF [12,138]. In line with this, TERT binds to the VEGF promoter [139] and functions as a downstream effector of VEGF signaling [140], while inhibition of telomerase abrogates VEGF expression and angiogenesis [141,142]. Additionally, TERT exhibits functionally significant intersections with the Wnt/β-catenin pathway. Specifically, TERT complexes with the chromatin remodeler SMARCA4 to induce the expression of Wnt-responsive genes that promote tumor formation, such as c-Myc and VEGF [143,144,145]. Conversely, TERT expression is reciprocally regulated by β-catenin [146], which may sustain a positive feedback loop between Wnt signaling and TERT transcriptional activity. Similarly, TERT can bind NF-κB following nuclear import and modulate the expression of specific NF-κB-dependent target genes that orchestrate both cell-intrinsic and -extrinsic mechanisms of tumor progression [14,147]. Moreover, NF-κB acts in conjunction with TGF-β to drive cancer cell dissemination and disease progression, which is potentiated by TERT through its interaction with the TGF-β-responsive TF, ZEB1 [148,149]. The signaling inputs that modulate the transcriptional versus canonical functions of TERT are presently unknown. However, given that TERT frequently operates within transcriptional feedback loops, it is conceivable that signals that activate these loops simultaneously promote the extratelomeric functions of TERT. For example, cytokines such as interleukin 6 (IL-6), insulin-like growth factor 1 (IGF-1) [150], and tumor necrosis factor α (TNF-α) [14] stimulate both NF-κB transcriptional activity and telomerase function. Similarly, Wnt ligands released within the tumor microenvironment [151] may drive TERT expression without compensatory upregulation of other telomerase components [146]. Taken together, these findings underscore the ability of TERT to function within a transcriptional nexus controlled by numerous oncogenic signaling inputs.




3.2. TERT as a Regulator of Cellular Energetics


Tumor formation and progression are associated with dramatic shifts in nutrient utilization and energy mobilization as cells traverse the path from healthy tissue to aggressive disease [152]. This metabolic derangement of cell bioenergetics is mediated by altered mitochondrial function, which impacts cancer cell redox homeostasis, intracellular signaling, and survival [153]. Importantly, mitochondrial function is reliant upon the expression and subcellular localization of TERT, which shields the mitochondrial genome from damage and buffers cells against oxidative stress (Figure 3; [154,155]). At a molecular level, TERT acts synergistically with the master regulator of mitochondrial biogenesis, PCG-1α, thereby exerting direct transcriptional control over mitochondrial function [156]. In addition, TERT plays a role in coordinating the expression of the mitochondrial genome, which serves as a critical determinant of cellular metabolism [157]. Furthermore, TERT is capable of binding to mitochondrial DNA (mtDNA) and maintaining genome integrity under oxidative stress, in part by shielding mtDNA from oxidative damage [154] as well as alleviating reactive oxygen species (ROS) production through upregulation of superoxide dismutase [158] and components of the electron transport chain [159]. Thus, protection from oxidative stress appears to occur through both metabolic and transcriptional mechanisms that are initiated by TERT. Notably, exposure to ROS generated within primary versus metastatic sites can have differential effects on cancer cell growth and metastatic dissemination [160,161]. More broadly, telomerase activation in cancer cells alters the catabolic-anabolic balance for both lipids [162] and carbohydrates [156,163,164], which may in turn regulate mitochondrial biogenesis [165]. Furthermore, TERT mediates nuclear-mitochondrial crosstalk that is critical for circumventing potentially deleterious DNA damage that would otherwise induce apoptosis [7]. Taken together, these findings highlight the ability to TERT to oversee multiple metabolic and cellular detoxification functions that substantially influence cancer cell survival, adaptation, and dissemination.




3.3. Telomerase, DNA Damage, and Genome Stability


Through their role in chromosomal end-protection, telomeres defend against genomic instability by masking chromosome ends from constitutive exposure to the DDR machinery [22,166]. Moreover, in spite of the protection afforded by the suite of shelterin and other telomere-binding proteins, telomeres possess features of chromosomal fragile sites and are susceptible to replication stress [23,56]. During malignant transformation, telomerase activation frequently occurs in the context of telomere crisis, which facilitates the stable propagation of cancer-promoting genomic rearrangements while limiting the excessive accumulation of senescence-inducing mutations and structural aberrations [167]. Thus, telomerase plays a central part in maintaining the delicate balance between adaptive genome instability and maladaptive replication stress in the context of tumor initiation and progression. Along these lines, telomerase activation is sufficient to reduce replication stress brought on by oncogene induction [168], aneuploidy, or the administration of DNA-damaging agents [169]. At a molecular level, TERT can bind and repair collapsed replication forks at stressed telomeres by coordinating recruitment of the DNA repair machinery [170], although this mechanism has not yet been observed in humans. Conversely, the absence of TERT impairs the ability of cells to recognize and repair DNA damage lesions, including lesions that are extratelomeric [6]. Intriguingly, this DNA repair deficiency is independent of alterations in telomere length. Collectively, these results suggest parallel telomere-dependent and -independent roles for TERT in orchestrating cellular responses to DNA damage and consequent replication stress.




3.4. Extratelomeric Functions of TR and Other Telomerase Components


As discussed above, the non-TERT protein components of telomerase perform a wide array of telomere-independent functions, such as RNA editing and the assembly of RNA-protein complexes. In contrast, the existence and nature of extratelomeric functions for TR are not well-understood but are beginning to be uncovered. Indeed, upregulation of TR during tumorigenesis can occur in the absence of increased telomerase activity [171], suggesting that TR possesses telomerase-independent functions in cancer cells (Figure 3). In support of this, genome-wide mapping of ncRNA occupancy identified a TR-binding motif that was present at loci encoding Wnt and c-Myc signaling effectors, and at NF-κB targets [172,173]. Moreover, TR can also be trafficked into mitochondria, where it is nucleolytically processed and re-exported into the cytosol [174]. The function of this processed form of TR remains unclear, although its abundance is responsive to mitochondrial oxidative activity. An alternative mechanism underlying the extratelomeric functions of TR is based on the existence of an optional open reading frame within the TR primary transcript, whose translation produces a 13 kDa protein called hTERP (human TElomerase RNA Protein) that protects cells against apoptosis [175]. Along these lines, TR mutants deficient in TERT binding still protect cells against drug-induced apoptosis via hTERP production. Moreover, TR knockdown promotes drug-induced apoptosis in the absence of detectable telomere shortening, while TERT knockdown has no impact on cell survival, findings consistent with the anti-apoptotic actions of TR being dependent on its translation [176]. Thus, TR harbors many of the same extratelomeric functions as TERT, but the mechanisms underlying these functions may be distinct and complementary. As a consequence, both core components of telomerase may independently and synergistically orchestrate the acquisition of aggressive cancer traits, particularly dysregulated cell proliferation and survival.





4. Clinical Applications of Telomeres and Telomerase in Oncology


In spite of the mechanistic insights gained through molecular interrogations of telomerase, much work remains to translate these insights into clinical action. Nevertheless, the determination of telomere homeostatic mechanisms in individual tumors presents a promising avenue for improved cancer diagnosis, prognosis, and therapy. Indeed, shorter telomere length is observed in tumor cells compared to adjacent normal tissue in biopsy specimens [177]. However, the relationship between telomere length and disease progression is not as clear, as some cancers exhibit a positive correlation between telomere length and disease stage [177], while others reflect a negative correlation [178,179]. These inconsistencies may stem from differences in telomere dynamics across distinct tissues, or from unique interactions between telomere and cellular homeostatic mechanisms that are characteristic of particular tumor types. Moreover, telomere lengths in tumors and surrogate tissues may be employed to predict patient survival [180], as well as to assess patient response to therapy [181]. In addition to telomere length, TMM identity can be directly assayed in individual tumors and associated with pathologic and clinical features, including survival and metastasis [182,183]. Similar approaches can be employed to quantify TERRA expression, whose decreased expression is associated with poor survival and increased progression to metastasis across multiple cancer types [184,185,186]. Relatedly, the presence of mutations, rearrangements, or duplications that hyperactivate telomerase are pathognomonic in numerous cancers, where they upregulate TERT through a variety of genetic and epigenetic mechanisms [187,188]. Importantly, the presence of specific TMMs and their underlying genomic aberrations may presage potential therapeutic vulnerabilities. Future studies designed to systematically catalog the connections between telomere length, TMM identity, and disease progression across cancers are necessary to shed additional light on the nature of telomere homeostasis in specific tumor types, and to provide a foundation for personalized diagnosis and prognosis based on telomere features.



Recent efforts aimed at the therapeutic targeting of telomerase have been centered on enzyme inhibition, cytotoxic substrate incorporation, telomere destabilization, and anti-telomerase immunotherapy [189]. Enzyme inhibitors include both small molecules and TR template antagonists, both of which have demonstrated antitumor activity in multiple preclinical cancer models [190,191,192]. Moreover, the inhibitors BIBR1532 and GRN163L (also known as Imetelstat) have been assessed in several clinical trials across diverse cancer types and in recurrent and metastatic disease settings [193]. To date, these trials have revealed modest benefit over standard-of-care, although a handful of trials have demonstrated a potential telomere length-dependent therapeutic effect [194], an effect that is likely attributable to the inherently complex relationship between telomere length and tumor progression. In addition, it is possible that telomerase-driven tumors adaptively activate secondary TMMs, such as ALT, in response to treatment, as previously observed in the context of experimental abrogation of telomerase [195,196,197]. Such a phenomenon could explain the heretofore observed lack of therapeutic benefit from telomerase inhibitors and would provide a basis for examining the efficacy of combinatorial therapies targeting multiple TMMs [198]. As noted above, telomere crisis is a necessary step not only in TMM reactivation and tumorigenesis, but also in the acquisition of metastatic phenotypes [198,199]. As such, the administration of telomerase inhibitors must be precisely timed to avoid facilitating telomere length-dependent disease progression, which manifests as treatment resistance. To this end, small molecule inhibitors of other telomeric proteins, such as tankyrase 1, may reduce resistance when administered in combination with telomerase inhibitors, thereby enhancing telomere attrition and cell death [200]. Notably, these effects appear to be driven not only by diminution of telomerase activity, but also by a reduction in Wnt signaling that provides for a complementary, length-independent mechanism for anti-telomerase therapy [201,202].



An orthogonal approach to telomerase inhibition involves the administration of small molecules that act as high-affinity substrates for telomerase, but instead activate cytotoxic DDRs when they are incorporated into telomere DNA [203]. Such agents exhibit high selectivity for cells that harbor active telomerase, thus limiting their off-target effects. Importantly, this approach has a distinct advantage over traditional pharmacologic inhibition of telomerase in that therapy-induced cell death occurs much faster, thereby minimizing the risk of developing resistance. Accordingly, cytotoxic telomerase substrates have shown marked efficacy in preclinical models of breast [198], lung, colon, and pancreatic cancers [203]. Moving forward, more research is needed to better determine the in vivo pharmacokinetic and pharmacodynamic properties of these agents, as well as their safety and efficacy in patients. In a similar vein, telomere destabilization can be accomplished by introducing mutant-template TR, which causes misincorporation during telomere DNA synthesis that results in cell death or increased sensitivity to other anti-cancer agents [204,205]. The effects of telomere destabilization have been investigated preclinically; however, clinical implementation of such modalities may be clinically intractable and will require additional research on the optimal delivery, expression, and incorporation of mutant TR templates in vivo.



Telomerase can be viewed as a tumor-associated neoantigen that, when leveraged therapeutically, may elicit potent anti-tumor immune responses. Current investigational telomerase immunotherapeutic platforms include peptide and dendritic cell (DC) vaccines, both of which are being assessed in diverse preclinical and clinical settings [206]. Peptide vaccines consist of short amino acid chains derived from the full-length TERT sequence that are administered as single agents or in combination with immune modulatory or other anti-cancer agents. TERT peptide vaccines, including GV1001 [207], GX301 [208], and Vx-001 [209], are displayed on the surface of antigen-presenting cells, which express major histocompatibility complex class II (MHCII) proteins that are responsible for coordinating robust, antigen-specific cell-mediated and humoral immune responses through the activation of CD4+ T cells and B cells, respectively. Importantly, multiple clinical trials have revealed that these vaccines are generally safe and well-tolerated; they also yield survival benefits for patients across a host of tumor types that correlate with the strength of antitumor immune responses [206]. On the other hand, DC vaccines introduce a concentrated population of dendritic cells that have been engineered to express, process, and present specific tumor-associated antigens. Through the activation of naïve T cells, DCs initiate and orchestrate an adaptive immune response against cancer cells [210]. In preclinical [211] and clinical studies [212], TERT DC vaccines stimulated cytotoxic T cell responses and induced immune memory. Indeed, in clinical trials involving multiple cancer types, patients achieved an immunologic response [206], with further analyses revealing putative disease stabilization and increased disease-free survival [213,214,215]. Of note, peptide and DC vaccines have been assessed specifically in the context of metastatic disease, where they have shown promise despite lingering questions related to their general efficacy in metastatic settings [216,217]. More recently, the effectiveness of telomerase DNA vaccines has been examined [218,219], as has the feasibility of adoptive transfer of anti-telomerase chimeric antigen receptor (CAR) T cells [220]. It should be noted that, while telomerase is not widely expressed throughout the body, its activity is maintained by tissue-resident stem cell populations, including hematopoietic [221], intestinal [222], and germline [223]. It remains to be seen whether therapies designed to eradicate telomerase-positive cancer cells impact the survival and regenerative capacity of these stem cell populations. However, despite the difficulties inherent in these approaches, telomerase remains an appealing therapeutic target in need of continued innovation.



Targeting the extratelomeric functions of telomerase poses an exciting alternative approach to telomere-directed therapy, but one that is accompanied by formidable challenges. First and foremost, our knowledge of the molecular mechanisms underlying these pathways remains incomplete, which limits our ability to rationally design targeted therapies. Critically, however, cancer cells that are exposed to traditional telomerase-targeting therapies may activate resistance mechanisms that enable not only their continued survival, but also their acquisition of highly aggressive features [198,224,225]. These findings suggest that specific targeting TMM plasticity may best be achieved using a multimodal strategy. As a corollary, combinatorial telomeric and extratelomeric approaches may serve to effectively eradicate telomerase-driven cancers, while limiting their ability to give rise to resistant and recurrent disease [226,227]. Moving forward, significant attention should be devoted to (i) developing improved methods for measuring and understanding patient telomere length and TMM status, both at the time of diagnosis and longitudinally; (ii) exploring improved therapies that target the canonical and extratelomeric functions of telomerase; and (iii) propelling these therapies into clinical trials.




5. Conclusions


Telomeres are exquisitely complex structures whose composition and length are dynamically organized by a host of factors, notably the core and accessory components of telomerase. The abundance of these components and their ability to be assembled into telomerase holoenzyme units significantly impacts telomere homeostasis and the acquisition of cancer phenotypes. These effects are mediated not only by the enzymatic activity of telomerase, but also by the heterogeneous extratelomeric functions that are carried out by individual telomerase components. Regulation of telomerase expression, assembly, and function occur at all levels of gene expression and is governed by a range of intracellular and environmental stimuli that share substantial overlap with pathways that control malignant transformation and tumor progression. This regulatory diversity has major implications for telomere maintenance and underscores the immense potential for incorporating telomeres into clinical oncology paradigms through precision diagnostics and the design of novel therapies that target both telomere-dependent and -independent functions of telomerase.
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	Alternative Lengthening of Telomeres



	CAR
	chimeric antigen receptor



	CB
	Cajal body



	CST
	CTC1-STN1-TEN1



	CTCF
	CCCTC-binding factor



	DC
	dendritic cell



	DDR
	DNA damage response



	DSBs
	DNA double-strand breaks



	EGF
	epidermal growth factor



	HAT
	histone acetyltransferase



	HDAC
	histone deacetylase



	hTERP
	human telomerase RNA protein



	miRNA
	microRNA



	ncRNA
	noncoding RNA



	PARN
	poly(A) ribonuclease



	PARP
	poly(ADP-ribose) polymerase



	POT1
	protection of telomeres 1



	RAP1
	repressor/activator protein 1



	RNP
	ribonucleoprotein



	RT
	reverse transcriptase



	Sp
	specificity protein



	TERRA
	telomeric repeat containing RNA



	TERT
	protein component of telomerase



	TF
	transcription factor



	TGF-β
	transforming growth factor-β



	TIN2
	TRF1-interacting nuclear protein 2



	TMM
	telomere maintenance mechanism



	TR or TERC
	RNA component of telomerase



	TRF1
	telomeric repeat-binding factor 1



	TRF2
	telomeric repeat-binding factor 1



	VEGF
	vascular endothelial growth factor
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Figure 1. Transcriptional regulation of TERT. (A) TERT transcription is mediated by the coordinated actions of myriad intracellular signaling pathways that are initiated by specific ligands (e.g., growth factors, cytokines). The downstream effectors of these receptor-ligand interactions activate (green arrow) or repress (red arrow) the expression of TERT as well as TFs that regulate TERT expression (1). As a consequence of transcriptional up- or downregulation, these TFs (represented by the green protein) are more or less able to engage the TERT promoter, both on their own (2) and in conjunction with accessory transcriptional regulators (represented by the pink and blue proteins) (3). These accessory factors include histone-modifying enzymes, which alter the chromatin landscape at the TERT promoter to facilitate or inhibit transcription (4). The diversity of signaling inputs and TFs that oversee TERT transcription enable combinatorial control of telomerase function in response to intracellular and extracellular conditions. (B) The human TERT promoter harbors binding sites for the major transcriptional regulators of TERT expression [shown as approximate nucleotide position relative to the transcription start site (TSS)] [64,65,66,67,68]. TFs shown above and below the chromosome (rectangle) have binding motifs located on overlapping segment of the TERT promoter, rather than binding in opposing orientations. 
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Figure 2. Post-transcriptional regulation of TERT and TR. Both TERT and TR undergo substantial post-transcriptional processing that is required for telomerase maturation and activity. TERT is expressed as multiple alternatively spliced isoforms, most notably the catalytically inactive α- and β- variants. Shown are exons 5–9 of the TERT primary transcript, with canonical splice junctions shown in black and alternative splice junctions corresponding to α- and β- shown in blue and red, respectively, along with their corresponding mature mRNAs. TERT mRNA is also targeted by multiple miRNAs, which hybridize to complementary sequences in the TERT transcript and suppress TERT expression via RNA degradation or translational repression. Paradoxically, some TERT-targeting miRNAs can also stimulate TERT expression (see text). In turn, miRNA availability is regulated by other noncoding RNAs, including lncRNAs. In contrast, TR is synthesized as a pool of alternative transcripts (represented in blue, green, and purple). TR subsequently undergoes extensive pseudouridylation (Ψ), which may be important for telomerase assembly, activity, or processivity. In addition, TR undergoes addition and removal of a 5′ cap (represented by the yellow “G”) and 3′ oligo-adenosine tail (represented by the green “A” sequence), whose presence or absence dictate TR stability and dramatically influence telomerase function. 






Figure 2. Post-transcriptional regulation of TERT and TR. Both TERT and TR undergo substantial post-transcriptional processing that is required for telomerase maturation and activity. TERT is expressed as multiple alternatively spliced isoforms, most notably the catalytically inactive α- and β- variants. Shown are exons 5–9 of the TERT primary transcript, with canonical splice junctions shown in black and alternative splice junctions corresponding to α- and β- shown in blue and red, respectively, along with their corresponding mature mRNAs. TERT mRNA is also targeted by multiple miRNAs, which hybridize to complementary sequences in the TERT transcript and suppress TERT expression via RNA degradation or translational repression. Paradoxically, some TERT-targeting miRNAs can also stimulate TERT expression (see text). In turn, miRNA availability is regulated by other noncoding RNAs, including lncRNAs. In contrast, TR is synthesized as a pool of alternative transcripts (represented in blue, green, and purple). TR subsequently undergoes extensive pseudouridylation (Ψ), which may be important for telomerase assembly, activity, or processivity. In addition, TR undergoes addition and removal of a 5′ cap (represented by the yellow “G”) and 3′ oligo-adenosine tail (represented by the green “A” sequence), whose presence or absence dictate TR stability and dramatically influence telomerase function.



[image: Cancers 14 00808 g002]







[image: Cancers 14 00808 g003 550] 





Figure 3. Extratelomeric functions of TERT. In the nucleus (left), TERT carries out its canonical role in telomere extension in complex with the other components of the telomerase holoenzyme (TR, dyskerin, GAR1, NOP10, NHP2). In addition, TERT binds to the promoters of genes that encode key growth factors (EGF, VEGF), as well as secondary effectors of tumor-promoting signaling pathways (Wnt, NF-κB, TGF-β), thereby positively or negatively regulating their expression. These transcriptional effects are frequently mediated by the actions of TFs or chromatin remodelers (CR) that complex with TERT at its target loci and influence both local and distant chromatin structure (i.e., at enhancers). In mitochondria (right), TERT possesses transcriptional, metabolic, and detoxification functions. In particular, TERT recognizes specific sites in the mitochondrial genome (mtDNA), which both alters mitochondrial gene expression and shields mtDNA from damage. Additionally, TERT plays a DNA-independent role in the neutralization of reactive oxygen species (ROS), which otherwise induces DNA damage and institute a host of aberrations in cellular metabolism and survival. 
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