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Abstract

Telomere maintenance via telomerase reactivation is a nearly universal hallmark of cancer cells
which enables replicative immortality. In contrast, telomerase activity is silenced in most adult
somatic cells. Thus, telomerase represents an attractive target for highly selective cancer
therapeutics. However, development of telomerase inhibitors has been challenging and thus far
there are no clinically approved strategies exploiting this cancer target. The discovery of prevalent
mutations in the 7ERT promoter region in many cancers and recent advances in telomerase
biology has led to a renewed interest in targeting this enzyme. Here we discuss recent efforts
targeting telomerase, including immunotherapies and direct telomerase inhibitors, as well as
emerging approaches such as targeting 7ERT gene expression driven by 7ERT promoter
mutations. We also address some of the challenges to telomerase-directed therapies including
potential therapeutic resistance and considerations for future therapeutic applications and
translation into the clinical setting. Although much work remains to be done, effective strategies
targeting telomerase will have a transformative impact for cancer therapy and the prospect of
clinically effective drugs is boosted by recent advances in structural models of human telomerase.

Telomerase has been considered an attractive target for cancer therapy since the discovery
over 20 years ago that reactivation of this enzyme in cancer cells mediates immortalization
via telomere extension [1]. Telomerase represents a highly specific target for transformed
cells, as its reverse transcriptase activity is silenced in most normal adult somatic cells,
except in some stem-like cells and T-cells which transiently activate telomerase during
proliferation [2]. Furthermore, upregulation of telomerase is a nearly universal feature across
diverse cancer types, suggesting that strategies targeting telomerase could have broad
therapeutic applicability. Additionally, whereas oncogenic signalling pathways typically
exhibit substantial redundancy, facilitating therapeutic resistance, thus far only a single
alternative pathway for telomere maintenance has been identified. Tumour cells are therefore
expected to possess a limited capacity for resistance to telomerase therapies. Accordingly,
significant effort has been directed towards developing drugs that target telomerase for
cancer therapy. Herein we discuss the status of telomerase as a cancer target, focusing on
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recent advances, challenges to translate promising preclinical results, and opportunities for
future directions.

Telomerase and telomere maintenance

Vertebrate telomeres consist of an array of TTAGGG nucleotide repeats at the chromosome
termini, which are bound by a six-member protein complex known as shelterin. These
structures preserve genomic integrity, protecting chromosomes from unchecked degradation
and preventing aberrant activation of a DNA damage response (DDR) that could lead to
inappropriate processing of telomeres as sites for double-strand break repair [3]. Telomeres
terminate with a 50-200 nucleotide single-stranded 3’ overhang that can invade preceding
telomeric dsDNA to form a stable telomere loop (T-loop) structure with shelterin [4]. Each
cell division results in the loss of 50-100 bp from telomeres due to the inability of DNA
polymerases to replicate the end of the lagging strand, oxidative damage, and exonuclease
resection [5] [6].

Telomere shortening can be counteracted by the telomerase ribonucleoprotein complex,
which extends the 3’ overhang via telomerase reverse transcriptase (TERT) catalytic activity
[7]. TERT uses an RNA template (TERC) to synthesize single-stranded TTAGGG repeats.
TERT and TERC are sufficient to reconstitute telomerase activity in vitro, although
additional factors such as H/ACA RNPs and TCABL1 regulate assembly and localization of
the human telomerase holoenzyme in vivo (reviewed in [8]). TERT expression is silenced
during development, unlike TERC and other telomerase components which are
constitutively expressed. Consequently, TERT levels typically act as the limiting factor for
telomerase activity in somatic human cells, although TERC can be limiting in some cancers
and stem cells [9] [10] [11]. TERC levels have been found to be upregulated in certain
cancer types, such as carcinomas of the cervix, ovary, head and neck, and lung, thereby
providing a potential anti-tumour target [10] [11].

Telomerase and telomere dysfunction in cancer

Silencing of TERT expression results in gradual telomere shortening with each cell division.
Eventually, critical telomere attrition elicits a DDR that mediates cell cycle arrest leading to
replicative senescence or apoptosis via the p53 or Rb tumour suppressor pathways [12].
Thus, telomere attrition acts as a barrier to replicative immortality. Neoplastic alterations can
permit replication beyond this checkpoint. However, continued telomere erosion eventually
elicits telomere crisis, a process characterized by telomere dysfunction driving extensive
genomic instability and cell death. Rare viable clones may escape from crisis via
reactivation of telomere maintenance mechanisms [13].

The vast majority of cancers overcome replicative senescence by upregulating TERT
expression and hence telomerase activity; telomerase activity has been reported in ~90% of
cancers [1]. A recent pan-cancer genomics study detected TERT expression in ~75% of
tumour samples [14], with 31% of TERT-expressing samples harbouring point mutations in
the TERT promoter and 53% exhibiting 7ERT promoter methylation. However, this may not
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fully reflect the prevalence of telomerase reactivation in cancer, as minimal TERT
expression is sufficient to maintain telomeres [15].

Aberrant expression of TERT in approximately 15-25% of tumours [14] [16] is driven by
mutually exclusive mutations in the 7ERT promoter (=57 A>C; -124 C>T; -138/-139
CC>TT; —146 C>T) that generate de novo binding sites for ETS family transcription factors,
such as GABP [17] [18]. TERT promoter mutations (TPMs) are predominantly
heterozygous and lead to the allele-specific re-expression of TERT from the mutant
promoter via recruitment of GABP, promoting an epigenetic shift from a repressed to active
chromatin conformation [19]. Notably, TPMs constitute the most common non-coding driver
mutations in cancer [20]. For example, ~85% of cutaneous melanomas harbour TPMs [21].
Importantly, TPMs are associated with elevated TERT expression and worse overall survival
in many cancers including glioblastoma [22], cutaneous melanoma [23] and meningioma
[24]. Furthermore, tumours harbouring TPMs may have a higher risk of recurrence [25].
Cancers with high TPM incidence generally have low rates of self-renewal and/or are
associated with exposure to specific mutagenic factors such as ultraviolet radiation [26].

Other mechanisms that promote TERT expression in cancer include TERT gene
amplification, chromosomal rearrangement, and promoter hypermethylation [14] [27].
Additionally, telomere shortening has been implicated in re-expression of TERT in cancer
via an epigenetic looping mechanism whereby the 5p sub-telomeric region forms a
chromatin loop with the 7ERT locus that represses telomerase transcription when telomeres
are long, but is disengaged upon telomere shortening [28].

Telomere length in cancer

Telomere length in tumours is generally shorter than that of matched normal tissue [14].
This is likely to be a consequence of tumour cells having undergone more cell divisions than
non-malignant cells. Although prospective studies have found little or no association
between telomere length and cancer risk [29], Mendelian randomization analyses, which are
less susceptible to confounding effects and reverse causation, indicate that germline genetic
variants associated with long telomeres increase cancer risk for most cancer types [30] [31].
This may be due to longer telomeres permitting more cell divisions before the onset of
replicative senescence and thereby increasing the likelihood of non-malignant cells
acquiring oncogenic lesions [32].

Telomere length can impact the efficacy of telomerase-directed therapy. Time taken for
telomerase inhibitors to exert anticancer effects is expected to depend on initial telomere
length since the length of the shortest telomere in a cell dictates the onset of telomere
dysfunction [33]. Consequently, determining the distribution of telomere lengths rather than
mean telomere length is advisable when monitoring response to telomerase therapies [34]. A
phase 11 trial of the telomerase inhibitor imetelstat identified a trend towards increased
survival in patients with short telomeres, indicating that telomerase inhibition could be most
beneficial in this subpopulation [35]. Cancer cells typically have shorter telomeres than
normal somatic cells and, conversely, telomere length in most telomerase-expressing stem
cells is longer than in the corresponding differentiated somatic cells [36]. This differential
telomere length may provide a suitable therapeutic window for telomerase inhibitors to
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selectively kill cancer cells without eliciting excessive toxicity due to effects on telomerase-
expressing stem cells. Nonetheless, the predictive value of telomere length to cancer risk and
response to therapy requires further evaluation.

Non-canonical functions of telomerase

Pro-survival roles for telomerase have been proposed beyond its canonical role in telomere
maintenance. These non-canonical functions include modulation of chromatin state, DNA
damage responses, oxidative stress protection, and proliferative gene activity [37] [38] [39].
For example, telomerase may promote MY C-driven tumourigenesis independently of its
reverse transcriptase activity. Homozygous deletion of 7ERT, but not TERC, delays MYC-
induced lymphogenesis in mice [39]. Short-term depletion of endogenous TERT mediates
telomere dysfunction independently of telomere shortening by destabilizing a telomere
protective complex containing the nuclease Snm1B/Apollo and TRF2 [40]. Although still
debatable, these non-canonical functions may explain the rapid cell death and apparent
reverse transcriptase activity-independent effects observed upon telomerase inhibition in
some models [41]. Nonetheless, these findings are provocative and suggest the value of
developing novel strategies inhibiting extra-telomeric functions.

Telomerase as a cancer target: challenges and opportunities

Although telomerase possesses many desirable properties as a cancer target, development of
successful clinical therapies has been hampered by significant challenges including
limitations of preclinical models, lack of high resolution structure of human telomerase, and
adaptive drug resistance, as summarized below.

Therapies based on inhibiting telomerase reverse transcriptase activity require an extended
period of treatment before anti-cancer effects are exerted due to their reliance on the gradual
attrition of telomeres with each cell division. This may make them unsuitable for use as first-
line therapy and increase the potential for evolution and outgrowth of resistant clones.
Furthermore, side effects of telomerase-directed therapies could potentially arise due to
expression of telomerase in stem and precursor cells such as hematopoietic lineages.
Additionally, telomerase inhibitor efficacy is likely to be constrained by the ability of low
levels of telomerase activity to maintain short telomeres and sustain tumour cell
proliferation, indicating a need for highly potent inhibitors. Nevertheless, telomerase is an
attractive cancer target in terms of its near universality, high specificity to cancer cells and
ability to confer replicative immortality.

Preclinical modelling of telomerase-directed therapies

Preclinical studies often rely upon the availability of mouse models that closely recapitulate
human pathology. However, mice have several shortcomings as models of human telomere
biology. Established inbred mouse strains have far longer telomeres (5-10 times) than
humans or more recently derived strains and do not appear to rely upon telomere erosion-
induced replicative senescence as a protective mechanism against cancer [42]. Unlike
humans, mouse telomerase is widely expressed in adult tissues [43]. Thus, telomerase
activation does not present a comparable barrier to replicative immortality in mice as it does
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in humans. This likely contributes to the greater susceptibility of mouse cells to
transformation on a per-cell basis [44]. Defects in telomerase function or telomere
maintenance elicit distinct phenotypes in mice vs. humans. For instance, mice tolerate
complete loss of telomere extension due to 7ERC knockout for several generations before
telomeres become dysfunctional and mice exhibit haematopoietic deficiencies [45] [46],
whereas heterozygous telomerase point mutations are sufficient to predispose to regenerative
diseases in humans due to haploinsufficiency [47].

The functional and phenotypic differences between mouse and human telomere biology
hinder preclinical evaluation of telomerase-directed therapies. Mouse models are unlikely to
closely recapitulate side effects of telomerase inhibition on telomerase-expressing cells
considering their tolerance for telomerase ablation. Furthermore, testing therapies based on
telomere attrition in mice bearing fast-growing tumours can be problematic, as animals may
need to be euthanized before the anti-tumour effects of telomerase inhibition become
evident. Hence, better models to bolster the predictive value of preclinical telomerase
therapy studies are sorely needed. Early passage patient-derived xenografts, which closely
match the genetic complexity of human cancers, may prove such models.

Structural models of telomerase

Until recently, the structure and composition of the human telomerase holoenzyme were
poorly characterized, hampering drug design and mechanistic analysis. This is partly a
consequence of the low cellular abundance of telomerase hindering purification and
crystallization of active telomerase. Initial low-resolution (30 A) negative-stain electron
microscopy reconstruction of human telomerase revealed a bilobal structure interpreted as a
TERT dimer [48]. Our understanding of human telomerase architecture has been guided by
high-resolution structures from the flour beetle 7ribolium castaneum (2.7 A) [49] and the
protozoan Tetrahymena thermophila (4.8 A) [50], which revealed that the TERT domains
form a ring structure. Although not yet at atomic resolution, a recent cryo-electron
microscopy study indicates that substrate-bound human telomerase forms a monomeric
structure (7-8 A) [51] consisting of two lobes linked by an extended hTR RNA scaffold; a
catalytic lobe contains TERT and its associated hTR motifs, while an H/ACA
ribonucleoprotein (RNP) lobe harbours two sets of heterotetrameric H/ACA proteins bound
to RNA hairpins plus a single copy of the nuclear trafficking regulator, TCAB1 [52].
Ultimately, these improvements to structural resolution should facilitate the design of more
effective small molecule inhibitors targeting human telomerase.

Activation of adaptive mechanisms of telomere maintenance

Telomeres are maintained by telomerase-independent homologous recombination
mechanisms known as alternative lengthening of telomeres (ALT) in ~10% of cancers that
lack telomerase expression [53] [54]. ALT is uncommon in epithelial malignancies, but
highly prevalent in cancers of a mesenchymal origin such as certain sarcomas [55]. ALT-
positive cells are characterized by long, heterogeneous telomere length, extrachromosomal
telomeric DNA, telomeric-sister chromatid exchange (T-SCE) and PML nuclear bodies
containing telomeric DNA (ALT-associated PML bodies; APBs). Although ALT
mechanisms are not well-defined, cancers with high ALT prevalence frequently harbour
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loss-of-function mutations in the ATRX/DAXX chromatin remodelling complex, which may
promote telomeric recombination by impairing resolution of sister telomere cohesion [56].
ATRX suppresses ALT, however, additional genetic alterations are required to activate ALT
[57]. In p53/pRb-deficient glioma models, oncogenic IDH1 point mutation cooperates with
ATRX loss to promote ALT [58]. Likewise, depletion of ASFla and ASF1b histone
chaperones is sufficient to trigger ALT in cell lines with long telomeres that may be
predisposed to ALT such as HelLa LT, highlighting the key role of chromatin disruption to
ALT activation [59].

The existence of telomerase-independent mechanisms of telomere maintenance raises the
question of whether telomerase inhibition could be circumvented by switching telomere
maintenance to ALT pathways. This would be a concern if ALT activity pre-exists in clonal
populations prior to treatment. Studies of the prevalence of ALT in non-neoplastic tissues or
following telomerase ablation in model systems indicate the rarity of this phenomenon in
humans. ALT activity was not detected in benign neoplasms or normal human tissue
samples monitored for APBs [53]. Although the emergence of ALT as a resistance
mechanism to genetic ablation of telomerase activity was identified in rare (~2.5x1077)
clones following 7ERC knockout from telomerase-positive human cells [60]. In mice, ALT
switching has been identified in a conditional TERT-driven ATM-null model of T-cell
lymphoma [61]. However, an ATM-null model may be predisposed to ALT considering
ATM has dual roles at telomeres; involved in signalling telomere dysfunction and regulating
telomere elongation [62]. Moreover, susceptibility to ALT switching may be distinct
between mice and humans, considering intrinsic differences in telomere biology, tumour
suppression and immortalization rates.

Anticancer strategies targeting telomerase

Approaches to targeting telomerase range from immunotherapies that recognize TERT
tumour-associated antigens, to small molecule inhibitors or oligonucleotides that directly
bind telomerase and suppress telomere extension, to indirect methods of disrupting
telomerase regulation or function such as G-quadruplex stabilization, targeting TERT gene
expression or inducing telomere dysfunction through the incorporation of nucleoside
analogues into newly extended telomeres (Figure 1).

Immunotherapies

The development of immunotherapies targeting telomerase was prompted by its
identification as a widely expressed tumour-associated antigen [63]. Endogenous TERT
peptides produced by cancer cells can be recognized by major histocompatibility complex
(MHC) class I or Il molecules and trigger adaptive immune responses. Telomerase-directed
immunotherapies include vaccines, adoptive cell transfer and arguably oncolytic virotherapy.

Numerous TERT peptide vaccines have progressed to early stage clinical trials, typically
eliciting few adverse events despite concerns over potential autoimmune responses against
haematopoietic cells that express telomerase during clonal expansion. Therapeutic TERT-
based vaccines are capable of mediating specific T-cell responses in a high proportion of
cancer patients. For example, the TERT peptide vaccine UV1 elicited an immune response
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in 86% of patients with metastatic hormone-naive prostate cancer enrolled in a phase 1/lla
trial [64]. However, immune responses to TERT vaccines have proved insufficient to control
disease progression. Four vaccines have progressed to phase Il trials, of which one TERT
vaccine (GV1001) has advanced to phase 111 (see [65] for a summary of TERT
immunotherapy trials). The phase Il trial of GV1001 in patients with advanced pancreatic
cancer failed to demonstrate any survival advantage over chemotherapy [66]. In contrast to
vaccines, immune checkpoint inhibitors unleash potent anti-tumour immune responses in a
subset of patients, dramatically improving patient outcomes in many cancers [67]. Thus,
TERT vaccines have been evaluated in combination with immune checkpoint blockade in
preclinical studies. A synthetic TERT DNA vaccine synergized with anti-CTLA-4 therapy to
suppress tumour growth and prolong survival in a mouse model weakly responsive to single
immune checkpoint inhibitors, providing a strong rationale to support further development
of immunotherapies combining TERT vaccines with immune checkpoint inhibitors [68].

While TERT vaccination has hitherto achieved limited anti-tumour efficacy, clinical trials
have not selected for patients or cancer types most likely to respond. Responses to TERT
immunotherapy may be boosted by enrolling patients with 7£R7 promoter mutations and/or
high TERT expression, as high TERT expression may enhance TERT antigen presentation.
Vaccine efficacy may be limited by immune-tolerance processes selecting against T-cells
expressing T-cell receptors with high avidity for wildtype TERT antigens. In light of this,
adoptive cell transfer (ACT) has been evaluated in preclinical studies. High avidity
telomerase-specific cytotoxic T-cells impaired tumour growth and enhanced survival in
mouse cancer models, but also caused transient B-cell depletion due to autoimmunity [69].
T-cells transduced with a high avidity T-cell receptor for human TERT suppressed acute
myeloid leukaemia or acute lymphoblastic leukaemia progression following ACT in
humanized mouse models [70].

The elevated telomerase expression characteristic of cancer has been exploited by oncolytic
virotherapies that target telomerase-expressing cells. Telomelysin is an oncolytic adenovirus
designed to selectively replicate in cancer cells via E1 gene expression under the control of
the ATERT promoter. This strategy enriched, but did not confine, viral replication to cancer
cells versus untransformed cells in vitro [71]. Telomelysin induced cell death in cancer cells,
suppressed xenograft growth, and sensitized non-immunogenic gastrointestinal tumours to
anti-PD1 immunotherapy in preclinical mouse models [72]. Intratumoural injection of
telomelysin was well tolerated in a phase I trial, however there was limited evidence for an
anti-tumour response [73]. Questions remain over the selectivity of an oncovirus regulated
by the wildtype ATERT promoter considering that TERT reactivation in cancer cells is
commonly mediated by alterations to the 7ERT locus rather than upstream factors.

Direct inhibitors

Oligonucleotide inhibitors—Despite the extensive history of telomerase as a cancer
target, only a single direct telomerase inhibitor, imetelstat, has progressed to clinical trials.
Imetelstat is a lipidated 13-mer thiophosphoramidate oligonucleotide complementary to the
TERC template region, which competitively inhibits telomerase activity, suppressing cancer
cell viability in vitro and tumour growth in mouse xenograft models [74]. Imetelstat
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promotes gradual telomere attrition resulting in activation of a DNA damage response and
cell death following a prolonged lag period. Clinical trials on patients with solid tumours
uncovered dose-limiting toxicity due to haematological side effects including
thrombocytopenia and neutropenia that can necessitate treatment lapse [75]. Moreover, no
improvement in progression-free survival (PFS) or overall survival (OS) was evident in a
phase Il trial of imetelstat on patients with advanced non-small cell lung cancer, although a
trend towards improved survival was observed in patients with the shortest telomeres [35].
Based on these results, imetelstat is being repurposed for myeloproliferative disorders.
Imetelstat has elicited robust response rates in phase Il trials involving patients with
myelofibrosis or essential thrombocytopenia [76] [77]. However, responses neither
correlated with baseline telomere length nor was telomere shortening observed in
responders, raising concerns that the mechanism of action of imetelstat in responders may be
due to sequence-independent side effects of phosphoramidates on immunostimulation and
not due to telomerase inhibition [78].

Small molecule inhibitors—While oligonucleotide and immunotherapeutic approaches
to targeting telomerase have progressed furthest in clinical development, small molecule
inhibitors such as BIBR1532 have generated promising preclinical results. BIBR1532 is a
non-competitive small molecule inhibitor of telomerase that mediates progressive telomere
shortening in cancer cells and replicative senescence following extended treatment [79].
Structural analysis using 7ribolium castaneum TERT has revealed that BIBR1532 impairs
telomerase assembly by binding to a conserved hydrophobic pocket (FVYL motif) of TERT
and disrupting interactions with the activation domain of TERC (CR4/5) [80]. Although
BIBR1532 has poor pharmacokinetic properties that restrict its clinical applicability,
resolution of the BIBR1532 binding site should assist design of more potent and
bioavailable telomerase inhibitors. It is important to keep in mind that the efficacy of
inhibitors of telomerase catalytic activity may be limited by the prolonged treatment period
required before anti-tumour effects caused by critical telomere attrition are exerted.
However, high doses of BIBR1532 administered to leukaemia cells rapidly elicit
cytotoxicity independent of telomere shortening, which has been attributed to acute
induction of telomere dysfunction involving a p53-mediated DDR [41]. This highlights the
potential value of developing strategies that acutely trigger anticancer responses such as
telomere ‘uncapping’.

Lastly, natural compounds have been reported to act as telomerase inhibitors through diverse
poorly-defined mechanisms. These compounds are invariably pan-assay interference
compounds (PAINS) with promiscuous activity across unrelated bioassays and are not
considered optimizable clinical prospects. For example, epigallocatechin (EGCG) and its
derivative MST-312 have been declared telomerase inhibitors despite EGCG being a
notorious pan-assay interference compound. EGCG contains a catechol motif responsible for
PAINS behaviour due to redox activity, metal chelation and non-specific membrane
perturbation [81].
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Indirect inhibitors

G-quadruplex stabilizers—G-quadruplex secondary structures can form in guanine-rich
DNA or RNA sequences including telomeres [82]. These structures contain stacks of
guanine tetrads formed by Hoogsteen hydrogen bonding between four guanine bases in a
square planar arrangement. Telomeric G-quadruplexes are resolved by DNA helicases prior
to telomere extension [83]. Consequently, small molecules that stabilize G-quadruplexes can
disrupt telomere extension by telomerase, triggering a DNA damage response and cell death
[84] [85]. G-quadruplex stabilizers have elicited anticancer effects in preclinical studies, but
have undergone limited clinical development. For example, the G-quadruplex stabilizer
telomestatin suppresses telomerase activity and tumour growth in leukaemia xenograft
models [84]. However, affinity for non-telomeric G-quadruplexes may lead to unacceptable
toxicity. Although G-quadruplex motifs are most over-represented at telomeres,
computational analysis predicts potential G-quadruplex formation at over 300,000 sites in
the human genome [86]. Thus, it is essential to establish which conformations of G-
quadruplex stably form at telomeres in vivo in order to identify more telomere-specific G-
quadruplex ligands [87]. It remains to be seen whether the vast number of G-quadruplexes in
the genome and structural similarity between G-quadruplexes at telomeres and non-
telomeric sites will ultimately preclude sufficient selectivity of G-quadruplex ligands for
telomeres.

Nucleoside analogues—Inhibitors of telomerase catalytic activity rely upon gradual
telomere attrition with successive rounds of DNA replication, until critical telomere erosion
triggers a DNA damage response mediated by ATM and ATR, replicative senescence and
cell death. Prolonged telomerase inhibition can cause haematological toxicities requiring
treatment lapse, hence undermining treatment efficacy by permitting telomere length
recovery. Furthermore, adaptations that overcome progressive telomere shortening, such as
alternative lengthening of telomeres, may be selected for during prolonged telomerase
inhibition. Accordingly, alternative strategies have been developed that co-opt telomerase
activity to acutely target cancer cells. Nucleoside analogues such as 6-thio-2’-
deoxyguanosine (6-thio-dG) or 5-fluoro-2’-deoxyuridine (5-FdU) triphosphate rapidly
induce telomere dysfunction and cell death in telomerase-expressing cells following their
incorporation into newly synthesized telomeres [88] [89]. These nucleoside analogues act as
telomerase-dependent ‘uncapping agents’ that impede the binding of the shelterin complex
to telomeric DNA and activate a DDR.

Telomere uncapping agents have minimal effects on non-transformed and telomerase-
negative cells, however they have proved effective at mediating telomerase-expressing
cancer cell cytotoxicity and impairing tumour growth in mouse xenografts. For example, 6-
thio-dG induces shrinkage of non-small cell lung cancer xenografts resistant to EGFR
inhibitors or chemotherapy [90] and impairs growth of therapy-resistant medulloblastoma
[91] and melanoma xenografts [92]. In contrast, therapeutically relevant doses of 6-thio-dG
do not elicit significant toxicity in non-tumour-bearing mice besides minor neutropenia [88].
Notably, telomere uncapping agents acutely induce cell death in telomerase-expressing
tumour cells independently of initial telomere length. Consequently, efficacy of this method
is not restricted by telomere length heterogeneity and it is possible that toxicities associated
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with prolonged telomerase inhibition may be avoided. Telomere uncapping agents may be
effective across a range of cancers including melanoma [92]. However, treatment with 6-
thio-dG can trigger adaptive responses to oxidative stress that counteract cell death in
melanoma models [93]. In this scenario, the anti-melanoma effects of 6-thio-dG are
potentiated by combination with the mitochondrial Hsp90 inhibitor Gamitrinib, which blunts
the SOD2-mediated antioxidant response. Evidence for the anticancer efficacy and limited
toxicity of 6-thio-dG in vivo supports further development of this strategy, although the
mechanistic basis of telomere uncapping by nucleoside analogues requires further
investigation.

Targeting TERT gene expression

TERT expression is regulated by an atypical GC-rich promoter that harbours multiple
binding sites for SP1 and c-Myc transcription factors, but lacks TATA and CAAT boxes
(Figure 2). Repressive chromatin remodelling and epigenetic modifications silence TERT
expression in non-transformed cells [94] [95]. In contrast, the vast majority of cancers
acquire replicative immortality through telomerase re-expression. Approximately 15-25% of
cancers appear to reactivate telomerase via mutations in the 7ERT promoter that generate de
novo binding motifs for ETS transcription factors. Genome editing reveals that 7TERT
promoter mutations are sufficient to prevent TERT silencing and maintain telomere length
upon differentiation of human embryonic stem cells without concomitant oncogenic
mutations [96]. However, it has not been demonstrated that acquisition of TPMs is sufficient
to activate telomerase in the context of a differentiated cell and reactivation likely has other
requirements such as concomitant mutations in the MAPK pathway [97]. TPMs emerge
early in tumour evolution [98] [99]; for example, in melanoma, TPMs arise at the transition
from a benign naevus with activated MAPK signalling to malignant melanoma [100]. If
TPMs are necessary to sustain replicative immortality, then targeting the regulators that bind
to the de novo ETS binding sites may represent an effective therapeutic strategy.

Reversion of 7TERT promoter mutations in cancer cell lines to wildtype via CRISPR genome
editing depletes active chromatin marks and suppresses, but does not completely eliminate,
TERT expression and telomerase activity [101]. Thus, it would be important to determine
the efficacy of targeting regulators of TPMs, which could circumvent the side effects of
telomerase inhibition on telomerase-expressing stem cells harbouring wildtype 7TERT
promoters. The dependence of TERT expression on individual ETS family transcription
factors following the acquisition of TPMs appears to differ between cancer types (Table 1)
[102] [18] [103]. ETSL1 is implicated in reactivating TERT expression at TPMs in melanoma
[102], but may act as an indirect regulator of the mutant TERT promoter in glioblastoma
[18]. In contrast, the ETS transcription factor GABP has been shown to directly activate the
mutant 7ERT promoter in glioblastoma cell lines via a GABPa.,f3; tetramer containing the
dispensable GABPB1L isoform [104]. Functionally, GABPB1L depletion promotes telomere
shortening and induces cell death in glioblastoma cells and xenografts harbouring TPMs but
not in those with wildtype 7ERT promoters. Loss of viability was rescued by TERT
overexpression indicating that cell death was dependent on loss of TERT expression (and
likely telomerase activity). Genetic ablation of GABPB1L incompletely suppresses TERT
expression, indicating that although the GABPBLL tetramer is the primary trans factor
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responsible for regulating TERT expression at TPMs, it may not be the sole player
regulating TPM-dependent TERT expression. Residual TERT expression may be mediated
by other ETS family members or GABP isoforms. This raises the possibility that a drug
capable of targeting GABPB1L would leave residual TERT expression sufficient for
maintaining the shortest telomeres, which would require elimination with a secondary drug.
Nevertheless, GABPBLL seems a viable, albeit challenging target for reversing TPM-driven
cellular immortality. GABP functions as an obligate multimer of DNA-binding GABPa and
transactivating GABPp subunits, either as a heterodimer composed of one GABPa and one
GABP1S subunit or as a heterotetramer of two GABPa and two GABPB1L/B2 subunits.
Notably, whereas GABPa is essential for mouse development, GABPB1L is not [105] [106].
Hence, to develop a well-tolerated inhibitor it will be important to isolate the essential
heterodimeric functions of GABP from the dispensable GABPB1L heterotetrameric
functions, potentially by targeting the GABPa.,f1L, tetramerization interface.

Inhibition of oncogenic signalling pathways that impinge on 7ERT transcription may
concomitantly suppress both TERT expression and telomerase activity. MEK or BRAF
inhibitors decrease TERT expression and telomerase activity in BRAF-mutant melanoma
cells harbouring TERT promoter mutations [107]. Similarly, NRAS knockdown diminishes
TERT expression and activity in NRAS-mutant melanoma cells harbouring TPMs and, to a
lesser extent, in those without a TPM [93]. The core TERT promoter contains GC-boxes that
are bound by SP1; thus, regulation of 7ERT transcription by SP1 may be targetable via
MAPK pathway inhibition. MAPK inhibition is proposed to suppress recruitment of
activated ERK to the 7ERT promoter where ERK phosphorylation of SP1 facilitates
dissociation of the histone deacetylase 1 repressor complex, although modulation of SP1
levels at the TERT promoter was not evident in this system [107]. Taken together, these
findings suggest that FDA-approved MAPK pathway inhibitors could be leveraged to
downregulate telomerase activity in combination with other methods. Likewise, non-
canonical NF-xB signalling has been implicated in driving TERT re-expression specifically
from the C250T 7ERT promoter mutant, which generates a p52 half-site binding motif.
Non-canonical NF-xB stimuli are reported to mediate p52 recruitment to the C250T TPM,
enhancing 7ERT transcription in cooperation with ETS transcription factors [103]. This
suggests that inhibiting non-canonical NF-xB signalling could selectively target cancer cells
harbouring this TPM, although further investigation of TERT regulation by non-canonical
NF-xB signalling is required.

TERT pre-mRNA can be spliced into multiple isoforms, only one of which encodes
catalytically active telomerase. The splicing factors required for production of full-length
TERT mRNA have been identified from an RNAI screen [108]. Notably, knockdown of the
lead candidate, NOVAL, impaired full-length telomerase production and telomerase activity,
and suppressed cancer cell growth in vitro and in xenografts. Similarly, knockdown of the
NOVAL1-dependent splicing factor PTBP1 promoted telomere shortening [109]. Considering
that splicing factors are likely to have pleiotropic effects, it is important to clarify whether
the effects of NOVAL/PTBP1 depletion on cancer cell growth are primarily due to reduced
telomerase activity. For instance, rescue experiments with ectopic TERT would help to
establish whether the splicing machinery required for active telomerase production is a
viable anticancer target.
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Regulation of telomerase localization and catalysis

The telomerase holoenzyme complex incorporates an RNA scaffold protein, TCAB1, which
controls nuclear trafficking of telomerase and stimulates telomerase catalysis by regulating
conformation of the TERC CR4/5 RNA domain [110]. Loss of TCAB1 disrupts telomerase
localization and impairs telomere extension [111]. TCAB1 depletion suppresses growth of
xenografted tumours, indicating that TCAB1 may be a potential anticancer target [112].

The shelterin complex consists of six subunits (TRF1, TRF2, POT1, RAP1, TIN2 and TPP1)
that regulate telomerase activity and prevent chromosome ends from erroneously engaging a
DDR by sequestering the 3’ telomeric overhang and compacting chromatin [113]. Genetic
ablation of shelterin complex components elicits telomere dysfunction via telomere
uncapping. For instance, systemic depletion of the negative regulator of telomere extension
TRF1 in a p53-null Kras®22V lung adenocarcinoma mouse model induced telomere
dysfunction and impaired tumour development, without overtly compromising viability of
control mice [114]. Phosphorylation of TRF1 by BRAF and ERK2 has recently been shown
to regulate TRF1 telomere localization [115]. Accordingly, inhibition of MEK/ERK mimics
TRF1 depletion and induces telomeric DNA damage, indicating that inhibition of the MAPK
pathway could be used to enhance telomere uncapping strategies. Additionally,
phosphorylation of TRF1 by ATM promotes the dissociation of TRF1 from telomeres and
impairs its ability to inhibit telomere extension [116] [62]. The shelterin component TPP1
mediates telomerase recruitment to telomeres and stimulates telomerase repeat addition
processivity. These activities depend on interactions between the TEL patch of TPP1 and
telomerase. Mutation of key TEL patch residues disrupts telomerase recruitment and inhibits
telomere length maintenance [117]. Thus, this interface could serve as a therapeutic target.
Accordingly, concomitant targeting of TPP1 and telomerase has been explored. Inhibition of
telomerase activity by BIBR1532 synergistically induces cell death and telomere shortening
in combination with TEL patch mutation [118]. Although targeting shelterin components
elicits telomere dysfunction, questions remain as to how specific cytotoxic effects are likely
to be for telomerase-expressing cancer cells.

Recent research has provided proof of concept that synthetic RNA-binding pentatricopeptide
repeat protein (PPR) mimics of POT1 can bind to telomeric single-stranded DNA (sSDNA)
and inhibit telomerase [119]. The shelterin subunit POT1 binds telomeric sSSDNA, thereby
antagonizing RPA accumulation and activation of the ATR DDR checkpoint. Native PPRs
consist of arrays of ~35 amino acid repeats that recognize specific RNA repeat sequences.
PPRs engineered to mimic POT1 recognition of telomeric sSSDNA block primer extension by
immunopurified telomerase. Although this approach is far from clinical translation, it is
interesting to note that PPRs were able to bind ssDNA targets independently of G-
quadruplex forming potential.

Conclusions and future directions

Tumours rely on the reactivation of telomerase to maintain telomeres and enable replicative
immortality. In the absence of telomere maintenance, continued telomere attrition triggers
replicative senescence, acting as a barrier to the indefinite expansion of neoplastic cells. The
identification of this crucial dependence supports the therapeutic value of targeting
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telomerase and has driven the development of strategies targeting telomerase-expressing
cells for cancer therapy.

Although vaccines (e.g. GVV1001) and oligonucleotide inhibitors (e.g. imetelstat) of
telomerase have advanced to early stage clinical trials [66] [35], neither approach has yet
demonstrated clinical efficacy despite their well-founded therapeutic rationale, raising
questions over their failure to translate. Indeed, the primary mechanistic basis of imetelstat is
still not fully resolved. This is an important consideration as it would provide further insight
into the clinical relevance of direct telomerase inhibitors. While imetelstat promotes
telomere shortening in cell culture and xenograft studies, leading to replicative senescence, a
correlation between baseline telomere length or telomere shortening and patient benefit has
not been established in clinical trials for solid tumours. Imetelstat and most telomerase-
directed approaches rely upon cumulative telomere shortening before anticancer effects are
exerted. However, minimal residual telomerase activity can extend and protect the shortest
telomeres, sustaining tumour cell proliferation. This implies that highly potent telomerase
inhibitors are required to fully deplete telomerase activity and maintain selective pressure on
cancer cells. Consequently, the current generation of telomerase inhibitors may be
insufficiently potent to control disease progression in humans. However, recent advances in
structural models of human telomerase should facilitate the rational design of more effective
telomerase inhibitors that may prove clinically effective [51].

Ultimately, strategies relying on telomere attrition may be more effective as maintenance
therapy to control cancer recurrence than as frontline therapy because the lag period may
permit disease progression before critical telomere erosion. To maximize therapeutic benefit,
telomerase inhibitors could be introduced as adjuvants following initial debulking surgery on
solid tumours. Furthermore, inhibitors of telomere maintenance should be preferentially
directed towards tumours with the shortest telomeres that are likely to respond more rapidly.
In contrast, approaches based on telomere uncapping, such as nucleoside analogues that
acutely induce telomere dysfunction, can rapidly trigger cancer cell death [90], warranting
further investigation of tolerability and their potential clinical translatability. Although TERT
vaccines have elicited high immunological response rates, the effects have proved
insufficient to control cancer progression. In this context, it will be important to evaluate
potential synergy between TERT vaccines and immune checkpoint inhibitors which can
markedly extend survival in responsive patients.

The discovery that telomerase is frequently reactivated in cancer by non-coding mutations in
the TERT promoter has sparked renewed interest in therapeutic means to target telomerase
[17]. Emerging efforts are attempting to specifically target cancer cells harbouring these
TERT promoter mutations; for example, by suppressing GABPB1L-driven transcription at
these de novo ETS binding sites [104]. A key theoretical advantage of TPM-based
approaches is that they should discriminate between normal and transformed telomerase-
expressing cells. However, the incidence and nature of TPMs differs vastly between cancer
types. The underlying reasons for this remain a significant question in the field, as
understanding the pattern of occurrence may reveal important regulatory dynamics of TERT
in cancer cells with TPMs versus those without these mutations.
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Overall, and despite significant challenges, telomerase remains an attractive target for cancer
therapy. For therapies to achieve clinical efficacy, studies should focus on developing
improved inhibitors in tandem with higher resolution structural models of human

tel

omerase. Additionally, it is critical to investigate approaches that acutely induce telomere

dysfunction and determine potential synergy between TERT vaccines and immune

ch
ca
tel

eckpoint blockade. Finally, considering the heterogeneity of tumours and ability of most
ncer cells to rapidly adapt to pharmacological challenges, successful strategies targeting
omerase will likely need to be combined with either targeted therapies or

immunotherapies to achieve optimal anti-tumour effects.
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Figure 1 -,

Therapeutic strategies for targeting telomerase

Approaches to targeting telomerase include: 1. Immunotherapies - Peptide or DNA vaccines
supply immunogenic TERT epitopes that stimulate immune responses against telomerase-
expressing cancer cells. Adoptive cell transfer therapies entail the infusion of telomerase-
specific cytotoxic T-cells. 2. Direct telomerase inhibitors — small molecules can bind to
TERT and inhibit its catalytic activity resulting in gradual telomere attrition. Alternatively,
oligonucleotides complementary to the TERC template region can act as competitive
telomerase inhibitors. 3. G-quadruplex (G4) stabilizers disrupt telomerase function by
blocking the resolution of telomeric G-quadruplex DNA. 4. Incorporation of nucleoside
analogues into newly synthesized telomeres impairs POT1 binding, causing telomere
dysfunction that elicits a DNA damage response and cell death. 5. Targeting 7ERT gene
expression - 7ERT promoter mutations (TPMs) generate novel binding sites for ETS
transcription factors that reactivate TERT expression in cancer (see Figure 2). Targeting
regulation of the mutant 7ERT promoter represents an emerging approach. 6. Disrupting
telomerase localization — interference with telomerase recruitment mediated by TCAB1 and
shelterin subunits elicits telomere dysfunction.
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Figure 2 —.

TERT promoter regulation: a new therapeutic avenue in cancer?

The TERT core promoter region harbours multiple binding sites for SP1, Myc-Max-Mad1
and ETS family transcription factors (corresponding to GC boxes, E-boxes and ETS motifs
respectively; panel A). TERT transcription is suppressed in telomerase-negative cells by
different mechanisms including repressive chromatin modifications and binding of
Mad1/Max to E-boxes in the core promoter [95] [120]. Telomerase expression is reactivated
in cancers (panel B) via diverse mechanisms, such as 7ERT promoter mutation,
hypermethylation, and 7ERT gene amplification [14] [27]. Mutually exclusive point
mutations in the 7ERT promoter generate de novo binding sites (depicted with yellow-
bordered rectangles) for ETS transcription factors in ~15-25% of tumours. These de novo
ETS motifs can be bound by distinct ETS family members in different tumour types, thereby
enhancing TERT transcription (see Table 1). The activity of these TFs can be regulated by
oncogenic pathways such as MAPK. For instance, in glioblastoma, heterotetrameric GABP
is recruited to de novo ETS sites in the mutant promoter, enhancing TERT expression [18].
GABP activation of the mutant 7ERT promoter is responsive to MAPK stimulation [121].
Similarly, ETS1 activation of TERT is suppressed by MEK inhibition in BRAF-mutant
melanoma models [102]. Methylation of CpG sites upstream of the core promoter
upregulates 7TERT expression in cancer. This TERT hypermethylated oncological region
(THOR) spans from approximately —217 to —649, relative to the ATG start codon [27]. Point
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mutation of a Myc-Max-Mad1 binding site (yellow-bordered diamond) in clear cell renal
cell carcinoma may impair repression of 7ERT transcription by Mad1 [122].

Oncogene. Author manuscript; available in PMC 2021 January 30.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Guterres and Villanueva

Page 25

Table 1 -

Regulation of the mutant 7ERT promoter by ETS transcription factors

Thyroid cancer

Trans-
acting
factor Cell type Reference | Notes
[18] GABPA knockdown suppressed TERT expression/activity. GABPA binding to mutant
TERT promoter also identified in melanoma, hepatocellular carcinoma and neuroblastoma
GABP Glioblastoma cell lines.
[104] Disruption of tetramer-forming GABPB1L isoform depleted TERT expression, leading to
Glioblastoma telomere shortening and loss of replicative immortality.
Melanoma [123] GABP binding to mutant 7ERT promoter excluded ELF1, promoting TERT expression.
Melanoma & [101] CRISPR reversion of TPMs to wildtype suppressed GABPA binding and TERT expression
glioblastoma in isogenic cell lines.
Thyroid cancer & [121] BRAF™! MAPK activation of FOS enhanced GABPB expression, GABP recruitment to
melanoma mutant 7ERT promoter, and TERT expression.
Thyroid cancer [124] GABPA knockdown suppressed TERT in 7ERT promoter mutant and wildtype cells.
[102] BRAF™t, MEK inhibition suppressed phospho-ETS1 (Thr38) and TERT expression/
ETS1 Melanoma activity.
Glioma [125] BRAFM, BRAF inhibition attenuated TERT expression/activity.
[103] ETS1/2, in cooperation with non-canonical NF-xB signalling, enhanced TERT expression/
Glioblastoma activity selectively in cells with C250T, but not C228T 7ERT promoter mutations.
ETV5 Thyroid cancer [126] ETV5 transactivated 7ERT in thyroid cancer cells lacking GABP activity.
[127] MAPK pathway inhibition suppressed TERT in TPM cells and the expression and binding

of ETV1, 4 & 5 to the mutant 7ERT promoter.

Point mutations in the TERT promoter generate novel ETS motifs in ~15-25% of tumours. Binding and transactivation at these sites by ETS family
transcription factors displays a distinct pattern between tumour types.
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