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Abstract

Telomerase reactivation sustains telomere maintenance in most human cancers, making the enzyme an
attractive therapeutic target. However, the clinical development of telomerase inhibitors has been
constrained by delayed responses, toxicity in normal proliferative tissues, and incomplete understanding
of inhibitor binding to human telomerase. Structural studies of insect TERT-like proteins, ciliate and
yeast holoenzymes, and human telomerase have clarified the organization of the catalytic machinery
and the conformational changes required for telomeric repeat synthesis. A recent series of nine cryo-
electron microscopy structures of human telomerase, with and without BIBR1532, identified an
inhibitor-binding pocket between the TERT finger and palm regions. These structures revealed how
BIBR1532 interferes with template-DNA duplex repositioning, providing a mechanistic explanation for
its inhibition of repeat-addition processivity. Importantly, the human binding site differs substantially
from the pocket previously identified in an insect TERT-like protein, illustrating the limitations of
extrapolating inhibitor recognition across species. This Review integrates advances in telomerase
structural biology with the therapeutic development of RNA-template antagonists, nucleotide analogs,
and direct TERT inhibitors. We critically examine the translational limitations of these approaches,
including the gap between biochemical inhibition and antitumor efficacy. Finally, we discuss how the
newly characterized human TERT pocket could inform medicinal chemistry and computational drug
design, while identifying the experimental and clinical evidence needed to establish its therapeutic
potential.

Keywords: Telomerase; telomere maintenance; telomerase reverse transcriptase (TERT); telomerase
inhibitors; BIBR1532; structure-guided drug design.
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The inability of conventional DNA polymerases to fully replicate the ends of linear chromosomes was
recognized in the 1970s and led to the prediction that a dedicated activity must compensate for terminal
sequence loss (1). Telomerase activity was subsequently identified in Tetrahymena in 1985, establishing
an RNA-templated mechanism for adding telomeric repeats to chromosome ends (2). Human telomeric
DNA consists of tandem TTAGGG repeats ending in a G-rich 3’ overhang and is protected by shelterin
and associated factors that suppress inappropriate DNA-damage signaling, nucleolytic degradation, and
chromosome fusion (3, 4). Direct measurements established that telomeres shorten during serial
proliferation of human cells, and subsequent work defined distinct replication and end-processing
challenges at leading- and lagging-strand telomeres (4—7). Critically short or uncapped telomeres
activate a persistent DNA-damage response and senescence, whereas checkpoint bypass permits
dicentric chromosome formation and crisis-associated genome rearrangement (8, 9). Telomerase
counteracts this process by copying an internal RNA template to extend chromosome 3’ ends (2, 4). The
minimal catalytic machinery comprises telomerase reverse transcriptase (TERT) and telomerase RNA
(TER; hTR or TERC in humans), whereas accessory proteins regulate RNA maturation,
ribonucleoprotein assembly, trafficking, telomere recruitment, and processive repeat synthesis (4, 10,
11).

An important distinction throughout this Review is that biochemical inhibition of telomerase does not
necessarily translate into rapid tumor-cell killing. The consequences of enzyme inhibition depend on
baseline telomere length, proliferative rate, checkpoint integrity, and the extent to which a tumor relies
on telomerase rather than alternative telomere-maintenance mechanisms. Moreover, normal
hematopoietic and other proliferative compartments retain telomerase activity, limiting the assumption
that TERT-directed agents will be intrinsically tumor selective (10, 50). These considerations provide
the clinical context in which structural advances must be evaluated.

Telomerase regulation is extensively rewired during tumorigenesis (10, 12, 13). TERT expression is
low or undetectable in most differentiated somatic cells, whereas telomerase is reactivated in most
human malignancies and provides the telomere-maintenance capacity required to escape senescence
and crisis (10, 12, 14). Reactivation can arise through TERT promoter mutations, promoter
rearrangements, copy-number gain, altered DNA methylation and chromatin organization, enhancer
activation, or oncogenic transcriptional programs (12, 13). The recurrent —124C > T and —146C > T
promoter substitutions create de novo ETS-family motifs, and GABP selectively recognizes and
activates the mutant promoter (15-18). Telomerase activation is therefore not merely a marker of
transformation: stabilization of short telomeres permits sustained clonal expansion while preserving
sufficient chromosome-end function for continued tumor evolution (4, 10, 19). A smaller subset of
cancers, particularly several sarcoma and glioma subtypes, maintains telomeres through alternative
lengthening of telomeres (ALT), underscoring that telomere maintenance is nearly universal in
advanced malignancy even when the responsible mechanism differs (20).

Structural studies have progressively defined telomerase RNA architecture, catalytic organization, and
assembly requirements (21). Early solution structures identified a conserved triple-helix arrangement
in the human telomerase RNA pseudoknot and established the importance of its tertiary interactions for
enzymatic activity (22). Subsequent analyses clarified the organization of human telomerase RNA and
the contribution of its conserved domains to ribonucleoprotein assembly (23). Functional studies of the
TERT N-terminal domain identified its contribution to the catalytic reaction (24), while structural
characterization of telomerase RNA processing elements revealed distinct requirements for RNA
maturation and Cajal body localization (25). Single-molecule mechanical studies characterized folding
and unfolding pathways of an isolated human telomerase RNA pseudoknot (26), while mutational
analyses supported the functional importance of the pseudoknot structure (27). Despite these advances,
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the low abundance, compositional heterogeneity, and conformational flexibility of intact telomerase
initially limited high-resolution structural analysis. Crystal structures of the Tribolium castaneum
TERT-like protein established the architecture of the catalytic ring and its interactions with RNA-DNA
substrates (28-31).

Comparative structural analysis subsequently identified a conserved organization of the human and
Tetrahymena catalytic cores, including the telomerase-specific TEN-TRAP module (32). Electron
microscopy of Tetrahymena telomerase first established the overall organization of its multisubunit
holoenzyme (33, 34). Subsequent structures defined the trajectory of telomeric DNA through the
enzyme and revealed conformational changes associated with successive steps of repeat synthesis (35,
36). Structural characterization of human telomerase initially identified an active dimeric population,
although its physiological significance remained uncertain (37). Cryo-EM analysis subsequently
resolved the overall architecture of a substrate-bound human holoenzyme, providing a foundation for
higher-resolution studies (38). Atomic structures then defined the organization of the human catalytic
core, including the template-DNA path, RNA-protein interfaces, and conformational features associated
with telomeric repeat synthesis (39, 40). Structures incorporating the shelterin proteins TPP1 and POT]1
subsequently clarified how telomerase recruitment and DNA retention contribute to repeat-addition
processivity (41, 42).

More recent work resolved the human telomerase H/ACA ribonucleoprotein at near-atomic resolution,
providing insight into RNA recognition and the structural consequences of disease-associated mutations
(43). A subsequent study identified an H/ACA-mediated dimeric assembly and linked disruption of
dimer formation to defects in telomerase assembly, activity, and telomere maintenance (44). The
budding yeast telomerase structure revealed a distinct arrangement of RNA and accessory proteins
surrounding a conserved TERT-centered catalytic core, illustrating the evolutionary diversity of
holoenzyme organization (45). Recent cryo-EM structures of nucleotide-bound human telomerase have
resolved distinct catalytic intermediates during telomeric DNA repeat addition, providing structural
insight into nucleotide incorporation and associated conformational changes (46). Complementary
biochemical and kinetic analyses previously identified a rate-limiting nucleotide-incorporation step
during the human telomerase repeat-addition cycle (47). Together, these findings connect structural
intermediates with experimentally characterized catalytic kinetics.

Together, these studies establish the structural foundation for investigating human telomerase
inhibition. However, the differences in RNA architecture, accessory proteins, conformational states,
and local binding-pocket geometry among species limit the direct extrapolation of inhibitor-binding
mechanisms from nonhuman systems to human TERT. Direct pharmacological strategies target three
components of the telomerase reaction: the hTR template, the TERT protein, and nucleotide utilization
(48, 49). Approval of the hTR-template antagonist imetelstat established clinical proof that telomerase
can be inhibited therapeutically, although its indication, intravenous administration, and hematological
toxicity leave a need for complementary approaches (48, 50). Nucleotide analogs exploit telomerase-
mediated DNA synthesis, whereas BIBR1532 remains the best-characterized non-nucleosidic inhibitor
of TERT (48, 49).

Telomerase-related therapies also include suppression of TERT transcription or epigenetic reactivation,
stabilization of telomeric G-quadruplexes, and TERT-directed vaccination; these modalities do not
directly engage the catalytic RNP and are not discussed in detail here (13, 51, 52). Accordingly, this
Review first examines how telomerase reactivation creates a cancer dependency that provides the
biological rationale for therapeutic targeting. We then consider comparative telomerase structures to
distinguish conserved catalytic principles from lineage-specific features and to define the architecture
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relevant to human drug development. On this structural foundation, we discuss the major classes of
direct telomerase inhibition and their translational limitations, before focusing on the recently defined
human telomerase-BIBR 1532 structures as a case study of how mechanistic structural information can
enable structure-guided development of next-generation TERT inhibitors.

2. Telomerase Reactivation Drives Replicative Immortality in Cancer

In human cells, telomere length reflects the balance between sequence loss and compensatory extension
rather than a simple count of cell divisions (4—7). Replication-associated shortening is compounded by
end-processing reactions that generate the terminal 3’ overhang, oxidative damage within G-rich
repeats, and occasional replication-fork failure (3—7). As telomeres shorten, shelterin-dependent end
protection becomes increasingly vulnerable, and critically short or uncapped telomeres activate ATM-
or ATR-dependent signaling and stable replicative senescence (3, 8). If checkpoint control is lost,
chromosome ends undergo fusion, producing dicentric chromosomes that break during mitosis and
initiate fusion—breakage cycles (3, 9). Telomere crisis is therefore highly deleterious but also mutagenic,
generating complex rearrangements that can accelerate malignant evolution (9). Telomerase changes
this trajectory by restoring telomeric repeats and chromosome-end protection, thereby coupling
telomere stabilization to long-term proliferative competence (4, 10).

Selection for telomerase reactivation commonly converges on TERT, which is rate-limiting for
enzymatic activity in many cellular settings (10). Recurrent TERT promoter mutations create de novo
ETS-family motifs, whereas structural rearrangements can reposition strong enhancers near TERT (12,
13, 15-18). Additional tumors use focal amplification, altered promoter methylation and chromatin
accessibility, or transcriptional inputs from MYC, MAPK, Wnt/B-catenin, and NF-kB pathways (12,
13). These mechanisms need not restore long telomeres; cancer cells frequently maintain short but
functional telomeres, indicating that the selected advantage is avoidance of lethal telomere dysfunction
rather than reversal of previous attrition (4, 10). The timing of reactivation is also important: transient
telomere instability can promote genome diversification early in tumorigenesis, whereas subsequent
telomerase activation stabilizes clones that have acquired advantageous oncogenic alterations (9, 19).
In tumors that depend on telomerase, its reactivation can stabilize critically short telomeres and permit
continued clonal expansion after checkpoint escape. However, the timing and selective consequences
of reactivation differ among tumor lineages, and ALT-positive cancers demonstrate that replicative
immortality does not universally require TERT activation (19).

The distribution of telomerase activation reflects tumor lineage and the route of transformation (12, 20,
53). A pan-cancer analysis of 6,835 tumors detected TERT expression in 73% of evaluable cancers and
linked it to promoter mutation, structural rearrangement, amplification, transcript fusion, and promoter
methylation (12). This estimate should not be interpreted as the prevalence of functionally active
telomerase. TERT transcript abundance, telomerase enzymatic activity, and dependence on telomerase-
mediated telomere maintenance are related but distinct measurements. Their concordance may vary
with tumor purity, cellular composition, transcript abundance, and the presence of alternative telomere-
maintenance pathways. Therapeutic stratification will therefore require functional or appropriately
validated surrogate biomarkers rather than TERT expression alone. TERT promoter mutations are
particularly frequent in cutaneous melanoma, glioblastoma and other diffuse gliomas, urothelial
carcinoma, hepatocellular carcinoma, and subsets of thyroid carcinoma (15-17, 53).

In many epithelial cancers and hematological malignancies, however, telomerase activation occurs
without recurrent promoter mutation, indicating reliance on alternative transcriptional or epigenetic
mechanisms (12—14). By contrast, ALT is enriched in specific mesenchymal and neuroendocrine
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contexts, including subsets of sarcomas, astrocytic tumors, and pancreatic neuroendocrine tumors (20).
These patterns suggest that therapeutic sensitivity will depend on the operative telomere-maintenance
mechanism, baseline telomere reserve, proliferative history, and the integrity of senescence and cell-
death pathways (12, 20).

Telomerase is an attractive therapeutic target in many cancers, but its inhibition differs from the acute
blockade of oncogenic signaling pathways. Agents that act primarily through progressive telomere
shortening may require multiple cell divisions before producing sustained antiproliferative effects,
whereas agents that induce telomere dysfunction can act more rapidly (48). Baseline telomere length,
proliferative rate, and checkpoint integrity may influence treatment responses, while alternative
lengthening of telomeres (ALT) provides a distinct telomere-maintenance mechanism that could limit
the applicability of telomerase-directed therapies (12, 20). Normal hematopoietic and other proliferative
compartments also require consideration because sustained telomere dysfunction may compromise
tissue renewal (7).

Telomerase offers several intervention points beyond the polymerase active site. Its activity depends on
hTR folding and maturation, ribonucleoprotein assembly, intracellular trafficking, and recruitment to
chromosome ends (10, 11). Early structural studies of the isolated insect TERT-like protein established
the organization of the catalytic ring and its interaction with RNA-DNA substrates (28, 29).
Comparative analysis subsequently identified the conserved TEN-TRAP architecture of human and
Tetrahymena TERT (32). Studies of the Tetrahymena holoenzyme clarified the arrangement of
accessory proteins and the conformational changes accompanying repeat synthesis (34-36). In human
telomerase, the initial substrate-bound holoenzyme reconstruction established an architectural
framework (38), while later atomic structures defined the catalytic core and its interactions with hTR
and telomeric DNA (39, 40). Structures incorporating TPP1 and POT1 further clarified telomere
recruitment and DNA retention during processive synthesis (41, 42). More recent nucleotide-bound
structures revealed catalytic intermediates that complement earlier biochemical characterization of the
rate-limiting nucleotide-incorporation step (46, 47).

These structural advances provide a foundation for therapeutic development, but conserved catalytic
architecture does not guarantee conserved inhibitor-binding sites. Differences in RNA organization,
accessory proteins, and local amino acid environments can limit the direct extrapolation of inhibitor-
binding mechanisms from nonhuman systems to human telomerase (21, 32). The distinct BIBR1532-
binding sites identified in insect and human TERT illustrate this limitation and emphasize the
importance of studying inhibitors in the authentic human enzyme (30, 49).

3. Structural Diversity of Telomerase Holoenzymes

High-resolution structural analysis of the TERT core began with the putative TERT-like protein from
the red flour beetle Tribolium castaneum (tcTERT), which can be produced as a stable recombinant
protein (28). The 2008 apo structure showed that the telomerase RNA-binding domain (TRBD), reverse
transcriptase domain (RT), and C-terminal extension (CTE) form a ring-like architecture adapted to
surround a template-primer substrate (28). A subsequent tcTERT structure with an engineered RNA-
DNA duplex showed how a template—primer duplex can be accommodated and stabilized within the
TERT catalytic ring, although the RNA component was not derived from a physiological telomerase
RNA template (29, 30). tcTERT later yielded the first BIBR1532-bound TERT structure, and additional
RNA-DNA-bound structures revealed a central cavity and substrate flexibility relevant to template
translocation (30, 31). These studies provided an important protein-level framework for TERT catalysis
(Fig. 1A) (28-31). However, tcTERT lacks both the telomerase-essential N-terminal (TEN) domain
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and the telomerase repeat-addition-processivity (RAP) motif (TRAP), two coevolved telomerase-
specific elements present in confirmed human and Tetrahymena TERTs (32). An endogenous beetle
TER has also not been identified (31, 32). Thus, tcTERT is a useful reductionist model for the TRBD-
RT-CTE ring but does not reproduce the complete domain organization or RNP environment of a
physiological telomerase holoenzyme (28-32).

Tetrahymena thermophila provided the transition from an isolated catalytic protein to a multisubunit
telomerase holoenzyme (33-36). Negative-stain electron microscopy initially resolved the overall
organization of the Tetrahymena telomerase holoenzyme and localized six of the seven protein subunits
known at the time (33). The first cryo-EM holoenzyme structure subsequently revealed three
interconnected subcomplexes and previously unrecognized RPA- and CST-related components (34).
Complementary p65—RNA structures clarified RNA recognition and assembly interactions (54, 55). A
higher-resolution structure subsequently traced TER through the TERT ring, defined the single-stranded
DNA exit path, and showed how p50 and the Teb1-Teb2-Teb3 complex connect the catalytic core to
telomeric DNA (35). Structures at successive nucleotide-addition states then visualized movement of
the template-DNA duplex and surrounding TERT elements during repeat synthesis (36). More recently,
cryo-EM structures of Tetrahymena telomerase-bound CST, with and without polymerase o-primase
(PolaPrim), established the p75-p45-p19 complex as Ctc1-Stnl-Tenl (TtCST) and revealed how CST
associates with p50 and recruits PolaPrim to coordinate telomeric G-strand extension with C-strand
synthesis (56). The resulting architecture places the TERT-TER-p65 catalytic core beside a p50-
centered interaction hub and the Teb RNP, explaining how RNA folding, telomere recruitment, DNA
handling, and repeat-addition processivity are coordinated in the ciliate holoenzyme (Fig. 1B) (33-36).

Human telomerase structures extended these principles to the enzyme directly implicated in cancer and
telomere biology disorders. Early NMR studies characterized the conserved tertiary structure and
dynamics of the human telomerase RNA pseudoknot (22, 57), while complementary structural analyses
defined essential elements of its CR4/5 activation domain (58). Subsequent work established the
broader architecture of human telomerase RNA, providing a foundation for structural analysis of the
assembled enzyme (23, 59). A negative-stain reconstruction subsequently identified an active dimeric
population, although the physiological relevance of this assembly remains uncertain (37).

In 2018, cryo-electron microscopy resolved the overall architecture of a substrate-bound human
telomerase holoenzyme, establishing a framework for higher-resolution structural studies (38).
Comparative analysis subsequently identified a conserved TEN-TRAP organization in human and
Tetrahymena TERT, clarifying the arrangement of telomerase-specific domains within the catalytic
core (32). Atomic structures reported in 2021 then defined the template—DNA path, RNA- and DNA-
binding interfaces, an H2A-H2B dimer associated with CR4/5, and the bilobal organization of the
catalytic core and H/ACA ribonucleoprotein (39, 40). Structures incorporating TPP1 and the TPP1-
POT1 complex further characterized the interfaces involved in telomerase recruitment, DNA retention,
and repeat-addition processivity (41, 42).

More recent structural studies resolved the human H/ACA ribonucleoprotein at 2.7 A, providing
additional insight into RNA-protein recognition and the effects of disease-associated mutations (43). A
subsequent study characterized an H/ACA-mediated telomerase dimer and provided cellular evidence
supporting its functional importance, although its physiological abundance and precise role remain
incompletely resolved (44). Together, these structures define human telomerase as a modular
ribonucleoprotein in which the catalytic core, RNA-processing machinery, and telomere-recruitment
factors perform distinct but coordinated functions (Fig. 1C).
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The cryo-EM structure of Saccharomyces cerevisiae telomerase completed a major comparative gap
(45). The unusually large TLC1 RNA organizes Est2, the TERT orthologue, together with Estl, Est3,
and the Pop1-Pop6-Pop7 complex (45). The structure revealed a stable core assembled around these
factors and identified a zinc-finger element in Est2 that contributes to telomerase function (Fig. 1D)
(45). This architecture differs markedly from the ciliate p5S0-Teb organization and the vertebrate H/ACA
RNP, yet it preserves a conserved TERT-centered catalytic core. However, the TLC1 RNA template
and its interactions with the DNA primer were not resolved in the cryo-EM structure (45). Across
eukaryotic lineages, the catalytic chemistry and core geometry of RNA-templated DNA synthesis are
conserved, whereas the RNA scaffolds and accessory proteins governing telomerase maturation,
recruitment, substrate retention, and regulation have diversified (32). Comparative structures therefore
provide complementary insights into conserved catalytic mechanisms and lineage-specific holoenzyme
organization. However, the relevance of model systems to structure-guided drug development depends
on whether individual binding pockets and associated conformational networks are conserved in human
telomerase (38, 49).

The Tribolium TERT-like protein established the conserved TRBD-RT-CTE ring and provided an
important structural framework for understanding telomerase polymerase architecture (28, 29).
Subsequent comparative analyses further clarified the organization of its catalytic core and its
relationship to telomerase proteins from other eukaryotic lineages (30, 31). Nevertheless, the absence
of TEN and TRAP domains, the lack of an identified endogenous TER, and differences in the local
sequence environment limit this model's utility for predicting human ligand-binding sites (32). In
contrast, Tetrahymena telomerase provides a more complete model for investigating TEN-TRAP
organization and the contributions of accessory proteins to holoenzyme function (33, 34). Structural
and mechanistic studies have also advanced understanding of telomeric DNA handling, repeat-addition
processivity, and the conformational transitions associated with repeat synthesis (35, 36). Despite these
conserved features, its accessory proteins and local binding environments remain lineage-specific. The
lack of BIBR1532 inhibition of Tetrahymena telomerase further demonstrates that conservation of the
overall catalytic architecture does not necessarily confer equivalent inhibitor sensitivity (49).

The budding yeast holoenzyme illustrates a different aspect of telomerase evolution: conserved TERT-
centered catalytic machinery can function within a substantially divergent RNA-protein assembly. Its
structure is therefore particularly informative for understanding the evolutionary flexibility of
holoenzyme organization rather than for predicting human drug-binding pockets (45). Human
telomerase structures, by comparison, establish the domain organization and RNA-protein environment
of the therapeutic target itself (38, 39). Additional structural studies have characterized the organization
of the human catalytic core, the trajectory of its DNA substrate, and conformational features associated
with telomere repeat synthesis (40—42). Analyses of distinct structural and functional states have further
refined the mechanistic framework for understanding human telomerase activity and regulation (43,
44).

Together with complementary studies of human telomerase structure and function (46, 47), these
findings establish the molecular context required to evaluate target-specific binding pockets and
develop structure-guided inhibitors. They also provide the foundation for examining human telomerase
catalysis and the repeat-addition cycle in the following section.

285



Wau et al. Cancer Biome and Targeted Therapy 2026; 1(4):279-301

A Beetle TERT catalytic subunit C Human telomerase holoenzyme
(Tribolium castaneum, Insect) (Homo sapiens, Vertebrate)

Catalytic subunit Catalytic core H/ACA RNP
B Tetrahymena telomerase holoenzyme D Budding yeast telomerase holoenzyme
(Tetrahymena thermophila, Ciliate) (Saccharomyces cerevisiae, Fungus)

Teb RNP Catalytic core Est-Pop RNP Catalytic core

Figure 1. Structural diversity of telomerase across representative eukaryotic lineages. (4) Isolated TERT-like catalytic
subunit from Tribolium castaneum bound to RNA and DNA (PDB: 7KOM). The protein contains the telomerase RNA-binding
domain (TRBD), reverse transcriptase domain (RT), and C-terminal extension (CTE), but lacks the telomerase-specific TEN
and TRAP domains. (B) Tetrahymena thermophila telomerase holoenzyme, showing the TERT-TER catalytic core and
associated p50-Teb ribonucleoprotein (RNP) module involved in telomeric DNA engagement and product handling (PDB:
7LMA). (C) Human telomerase holoenzyme, illustrating the TERT-TER catalytic core associated with TPPI and histones
H2A-H2B, together with the H/ACA RNP containing dyskerin, NOP10, NHP2, GARI, and TCABI (catalytic core, PDB:
7TRD; H/ACA RNP, PDB: 7TRC). The arrangement is a composite representation and does not imply that all components
were resolved in a single rigid conformation. (D) Budding yeast telomerase holoenzyme from Saccharomyces cerevisiae,
comprising Est2, TLC1 RNA, Estl, Est3, and the Popl—-Pop6—Pop7 complex (PDB: 9SWN). The structures illustrate
differences in catalytic-domain organization, telomerase RNA architecture, and accessory-protein composition across species.
This figure was created with PyMOL. Abbreviations: CTE, C-terminal extension, Est, ever shorter telomeres; GARI, glycine-
and arginine-rich protein 1; H/ACA RNP, H/ACA ribonucleoprotein; NHP2, non-histone protein 2; NOP10, nucleolar protein
10; PDB, Protein Data Bank; RNP, ribonucleoprotein; RT, reverse transcriptase; ssDNA, single-stranded DNA; TCABI,
telomerase Cajal body protein 1; TEN, telomerase essential N-terminal domain; TER, telomerase RNA; TERT, telomerase
reverse transcriptase; TLCI, telomerase component 1; TPPI, shelterin protein TPP1 (also known as ACD); TRAP,
telomerase-specific processivity motif; TRBD, telomerase RNA-binding domain.

A recurring limitation of comparative telomerase structural studies is that conservation of the overall
catalytic fold does not necessarily ensure conservation of ligand recognition or inhibitor sensitivity (30,
49). Species-specific amino acid substitutions, differences in RNA architecture and accessory-protein
interactions, and distinct conformational equilibria can alter the geometry, accessibility, and chemical
environment of potential drug-binding pockets. Consequently, compounds developed using isolated or
nonhuman TERT constructs require renewed biochemical and structural validation in the assembled
human enzyme. This distinction is particularly important for BIBR1532. The binding pocket originally
identified in the Tribolium TERT-like protein differs substantially from the site subsequently observed
in human telomerase, illustrating the limitations of extrapolating inhibitor-binding mechanisms across
species. These findings underscore the importance of human telomerase structures for establishing
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target engagement, interpreting species-dependent inhibitor responses, and guiding the development of
compounds directed against therapeutically relevant binding sites.

4. Structural Basis of Human Telomerase Repeat Synthesis

At the center of the human telomerase holoenzyme, hTERT, hTR, and telomeric DNA assemble into a
compact catalytic core (39). hTERT comprises four major domains, TEN, TRBD, RT, and CTE, with
the telomerase-specific IFD-TRAP insertion located within the RT region (Fig. 2A) (32). The TRBD,
RT, and CTE domains form a ring around the short template—-DNA duplex, while TEN and IFD-TRAP
cap one face of the ring and contribute to the DNA-binding channel (Fig. 2A, B) (40). hTR is not merely
a passive template: its template-pseudoknot domain traverses the catalytic core and helps define the
template boundary, whereas CR4/5 contacts distinct surfaces of TRBD and CTE and is stabilized by
H2A-H2B (39). These RNA-protein interactions organize the catalytic core and help position the DNA
3’ end and incoming nucleotide for DNA synthesis. Within this architecture, TRBD anchors
conserved hTR elements and helps position the RNA template, whereas the RT palm contains the
canonical catalytic motifs and acidic residues that coordinate divalent metal ions (32). The finger and
motif-B elements contribute to nucleotide entry and template interactions, while CTE constrains the
template-DNA duplex and its trajectory (40). TEN and TRAP form a telomerase-specific module
involved in DNA handling and repeat-addition processivity. Structural studies of active human
telomerase have also defined the interaction of this region with the shelterin protein TPP1 and its role
in telomerase recruitment (41, 42). Together, these domains couple RNA recognition and nucleotide
addition to DNA retention and template repositioning, enabling successive rounds of telomere-repeat
synthesis.

Human telomerase initiates synthesis by aligning the telomeric DNA 3’ end with its internal RNA
template and extending the primer through successive nucleotide-addition steps. Upon completion of a
repeat, the short template-DNA duplex dissociates, the RNA template repositions, and the DNA 3’
end realigns with the beginning of the template. The DNA product remains associated with the enzyme,
permitting another round of synthesis and thereby supporting repeat-addition processivity (Fig. 2C) (46,
47). Nucleotide-bound structures show a four-base-pair primer—template duplex, with the incoming
nucleotide forming an additional base pair (46). A separate structural study identified a five-base-pair
alignment intermediate that requires one-nucleotide repositioning before the first incoming nucleotide
can occupy the active site (49). Unlike many conventional DNA polymerases and HIV-1 reverse
transcriptase, human TERT undergoes little finger movement upon dNTP binding, with only limited
rearrangement of its active-site geometry (49). Telomerase catalysis therefore relies heavily on precise
duplex positioning and translocation rather than a large finger-closing transition.

Biochemical analysis identified the first nucleotide-addition step as intrinsically slow, suggesting that
initiation represents a kinetically distinct stage of the telomerase catalytic cycle (47). Subsequent cryo-
EM structures representing initiation, elongation, and pre-termination states revealed a largely
preformed active-site architecture in which surrounding RNA and TERT elements accommodate
progression through the repeat (46). Together, these findings indicate that efficient repeat synthesis
requires coordinated duplex positioning, DNA anchoring, RNA flexibility, and domain movements,
rather than nucleotide incorporation alone. In particular, maintaining the nascent DNA within the
enzyme while repositioning the RNA template is essential for successive rounds of repeat synthesis.
These mechanistic features reveal therapeutic opportunities beyond the nucleotide-binding site.
Imetelstat blocks productive template—primer pairing through sequence-specific antagonism of hTR
(60, 61), whereas BIBR1532 perturbs the conformational network involved in duplex repositioning
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(49). Human telomerase structures thus provide a mechanistic framework for developing inhibitors that
disrupt substrate engagement, nucleotide utilization, product retention, or duplex translocation.
Targeting these distinct stages may enable therapeutic strategies that exploit the specialized catalytic
cycle of telomerase rather than the conserved polymerase active site alone.
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Figure 2. Domain organization, catalytic-core architecture, and repeat-addition cycle of human telomerase. (4)
Schematic of human telomerase reverse transcriptase (hTERT), showing the telomerase essential N-terminal domain (TEN),
telomerase RNA-binding domain (TRBD), reverse transcriptase domain (RT), insertion in fingers domain—telomerase-specific
processivity motif (IFD-TRAP), and C-terminal extension (CTE). The finger, palm, and thumb regions and conserved RT
motifs are indicated. (B) Two orthogonal views of the human telomerase catalytic core, illustrating the arrangement of h-TERT
domains around telomerase RNA (TER) and single-stranded telomeric DNA (PDB: 7TRD). (C) Schematic of the repeat-
addition cycle, illustrating primer alignment with the RNA template, nucleotide addition, completion of a telomeric repeat,
template—-DNA duplex translocation, and primer realignment for the next round of synthesis. Representative nucleotide-bound
human telomerase structures (PDB.: 9SHY, 9SHZ, and 9S10) provide structural insights into distinct stages of this cycle. The
schematic illustrates the proposed sequence of catalytic events rather than directly observed continuous molecular motion.
This figure was created with PyMOL. Abbreviations: CTE, C-terminal extension; hTERT, human telomerase reverse
transcriptase; IFD, insertion in fingers domain; PDB, Protein Data Bank; RT, reverse transcriptase; ssDNA, single-stranded
DNA; TEN, telomerase essential N-terminal domain; TER, telomerase RNA; TRAP, telomerase-specific processivity motif;
TRBD, telomerase RNA-binding domain.

Although cryo-EM has resolved multiple catalytic intermediates, these structures represent
experimentally stabilized populations rather than continuous observations of individual enzyme
molecules undergoing catalysis. Their mechanistic interpretation therefore requires complementary
kinetic measurements and targeted perturbation experiments to establish the sequence and functional
significance of the observed states. In particular, the relative occupancy of individual states under
structural conditions may not accurately reflect their distribution during telomere extension in living
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cells, where shelterin interactions, substrate availability, and additional telomere-associated factors can
influence enzyme recruitment, catalytic dynamics, and repeat-addition processivity.

5. Direct Strategies for Human Telomerase Inhibition

Telomerase reactivation in the majority of human cancers provides a strong rationale for targeting
telomere maintenance as an anticancer strategy (4, 10). Therapeutic approaches can be broadly divided
into direct inhibition of the telomerase catalytic machinery and indirect strategies that suppress
telomerase expression or disrupt telomere maintenance (48). Despite substantial preclinical progress,
clinical translation remains challenging. Inhibitors that act primarily through progressive telomere
shortening may require prolonged treatment before producing antitumor effects, while telomerase
inhibition can also affect normal hematopoietic progenitors (48, 63). Additional challenges include
variation in tumor telomere length, the potential for alternative lengthening of telomeres (ALT), and
delivery constraints associated with oligonucleotide therapeutics (20, 61). Table 1 summarizes
representative strategies, their mechanisms, development status, advantages, and limitations. Among
direct approaches, the hTR-template antagonist imetelstat has progressed to phase III clinical evaluation
and regulatory approval for a defined population of patients with lower-risk myelodysplastic syndromes

(50, 63). The following discussion focuses on the major classes of direct telomerase inhibition.

Table 1. Therapeutic strategies targeting telomerase and telomere maintenance in cancer.

Strategy Agents Molecular Development Potential advantage Limitations
mechanism status

hTR- Imetelstat. Binds the FDA approved Sequence-specific Intravenous dosing;

template hTR/TERC for transfusion- telomerase inhibition frequent

antagonism template and dependent with proven reduction | thrombocytopenia and
blocks productive anemia in in transfusion neutropenia; benefit
primer pairing and | eligible adults dependence in eligible | established in a
telomere repeat with lower-risk patients with MDS restricted hematologic
synthesis. myelodysplastic | (50, 60, 63). indication (50, 63).

syndromes.

Nucleoside | AZT; 6- After intracellular 6-thio-dG 6-thio-dG exploits AZT has limited

analogs thio-dG. activation, AZT- (ateganosine/TH | telomerase-mediated telomerase selectivity.
TP inhibits 10), sequenced incorporation to Both agents require
telomerase- with induce telomere intracellular activation;
mediated DNA cemiplimab, is dysfunction without potential off-target
extension, whereas | being evaluated | requiring progressive effects and effects on
6-thio-dGTP in phase II and telomere shortening normal cells require
incorporation III NSCLC trials | (65, 66). consideration (48, 64—
induces telomere (NCT05208944; 66).
dysfunction and NCT06908304).
can stall repeat
synthesis (64—66).

Direct BIBR1532 | Binds the hTERT Preclinical / A structurally Limited cellular

hTERT RT finger—palm chemical probe characterized human potency and uncertain

inhibition pocket and restricts TERT pocket provides | pharmacokinetics;
conformational a basis for developing | derivatives require
changes required non-nucleotide-site validation of target
for template-DNA inhibitors (49). engagement,
duplex selectivity, and in vivo
repositioning. efficacy (49, 67-69).

Telomeric Telomestati | Stabilizes Preclinical Targets telomeric Selectivity among

G- n and telomeric G- DNA without direct cellular G-

quadruplex | related G4 | quadruplex DNA, engagement of the quadruplexes is

stabilizatio | ligands. limiting productive telomerase catalytic challenging, with

n telomerase access complex (51). potential effects on
and perturbing replication and
telomere function transcription (48, 51).
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TERT- VX-001 Can elicit TERT- Clinical trials Targets a tumor- Responses depend on
directed and related | specific T-cell associated antigen HLA type and immune
immunothe | TERT responses without without requiring context; VX-001 did
rapy vaccines. directly inhibiting access to the not demonstrate an
telomerase telomerase catalytic overall-survival benefit
catalysis (52). pocket (52). in the randomized
phase II trial (52).

Abbreviations: ALT, alternative lengthening of telomeres; AZT, zidovudine (3'-azido-3'-
deoxythymidine); AZT-TP, zidovudine triphosphate; FDA, US Food and Drug Administration; G4, G-
quadruplex; HLA, human leukocyte antigen; hTERT, human telomerase reverse transcriptase; hTR,
human telomerase RNA; RT, reverse transcriptase; TERC, telomerase RNA component; TERT,
telomerase reverse transcriptase; 6-thio-dG, 6-thio-2'-deoxyguanosine; 6-thio-dGTP, 6-thio-2'-
deoxyguanosine triphosphate.

Direct approaches to telomerase inhibition include hTR-template antagonism, interference with
nucleotide utilization, and small-molecule inhibition of TERT (Fig. 3) (48). Oligonucleotide antagonists
bind the hTR template and prevent productive primer pairing (60, 61); nucleoside metabolites interfere
with telomerase-mediated DNA synthesis or induce telomere dysfunction following incorporation (64—
66); and BIBR1532 binds a distinct TERT pocket and impairs template-DNA duplex repositioning and
repeat-addition processivity (49, 67). These mechanisms differ from indirect strategies that suppress
TERT transcription, alter telomeric chromatin, stabilize telomeric G-quadruplexes, or elicit TERT-
directed immunity (13, 51, 52). The central question for direct inhibition is whether a defined
component or catalytic state of telomerase can be engaged with sufficient selectivity, potency, and
pharmacological control to produce a therapeutic window (48).
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Imetelstat AZT 6-thio-dG BIBR1532

hTERT translocation
inhibition

hTR-template antagonism Nucleotide analogues

Figure 3. Mechanistic classes of direct human telomerase inhibition. (4) hTR-template antagonism. Imetelstat is a lipid-
conjugated oligonucleotide that binds the human telomerase RNA template, preventing productive primer pairing and
telomeric repeat synthesis. (B) Nucleotide analog-mediated inhibition. Zidovudine (AZT) inhibits telomerase-mediated DNA
extension following conversion to its triphosphate form, whereas 6-thio-2"-deoxyguanosine (6-thio-dG) is converted to 6-thio-
dGTP and incorporated into newly synthesized telomeres, inducing telomere dysfunction and potentially impairing further
telomerase activity. (C) Inhibition of telomerase translocation. BIBR1532 binds a pocket between the finger and palm regions
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of the human telomerase reverse transcriptase domain, disrupting template—DNA duplex repositioning and repeat-addition
processivity. The lower panels schematically illustrate the human telomerase catalytic core and the principal site or step
affected by each therapeutic strategy, they do not represent experimentally determined structures of telomerase bound to every
depicted agent. This figure was created with PyMOL. Abbreviations: AZT, zidovudine (3'-azido-3'-deoxythymidine); CTE, C-
terminal extension; hTERT, human telomerase reverse transcriptase; hTR, human telomerase RNA; RT, reverse transcriptase;
TEN, telomerase essential N-terminal domain; TRBD, telomerase RNA-binding domain; 6-thio-dG, 6-thio-2"-deoxyguanosine;
6-thio-dGTP, 6-thio-2'-deoxyguanosine triphosphate.

Imetelstat (GRN163L) is a lipid-conjugated, 13-nucleotide oligonucleotide complementary to the
template region of human telomerase RNA (hTR). By competitively blocking access of telomeric DNA
to the RNA template, it directly inhibits telomerase activity rather than binding to the TERT catalytic
pocket (Fig. 3) (60, 61). Its clinical development culminated in the randomized, double-blind phase I11
IMerge trial in patients with transfusion-dependent lower-risk myelodysplastic syndromes (MDS) who
were refractory to, had relapsed after, or were ineligible for erythropoiesis-stimulating agents. Red
blood cell transfusion independence lasting at least eight weeks was achieved in 40% of imetelstat-
treated patients compared with 15% of placebo-treated patients; the corresponding rates for transfusion
independence lasting at least 24 weeks were 28% and 3%, respectively (63). On June 6, 2024, the US
Food and Drug Administration approved imetelstat for adults with low- to intermediate-1-risk MDS
with transfusion-dependent anemia who meet the specified transfusion-burden and prior-treatment
criteria (50). However, grade 3-4 neutropenia and thrombocytopenia were frequent in the phase III trial,
underscoring the importance of hematologic toxicity monitoring (63). Although imetelstat establishes
the clinical feasibility of directly targeting telomerase, its demonstrated benefit in this setting is reduced
transfusion dependence; these findings do not support efficacy against solid tumors or a survival benefit.

Nucleoside analogs can interfere with telomerase-mediated DNA synthesis following intracellular
conversion to their nucleotide metabolites (Fig. 3B) (48, 64—66). AZT is converted to AZT triphosphate,
which lacks the 3’-hydroxyl group required for continued DNA elongation. Early studies in
immortalized human cell lines linked reverse-transcriptase inhibitor exposure to altered telomerase
activity and telomere shortening (64). However, limited selectivity among cellular polymerases
constrains its potential application as a telomerase-directed anticancer agent (48). A mechanistically
distinct approach uses 6-thio-2'-deoxyguanosine (6-thio-dG), which is metabolized to 6-thio-dGTP and
incorporated by telomerase into newly synthesized telomeric DNA, inducing telomere dysfunction in
telomerase-positive cancer models (65). Subsequent work showed that incorporation can inhibit further
repeat synthesis after template translocation, producing a nonproductive telomerase complex rather than
immediate enzyme dissociation (66). Unlike inhibitors that act primarily through progressive telomere
shortening, 6-thio-dG can induce telomeric damage without prolonged telomere attrition. Nevertheless,
intracellular activation, competition with endogenous nucleotide pools, potential off-target effects, and
the therapeutic window remain important considerations (48, 65, 66).

The distinction between gradual telomere shortening and acute telomere dysfunction has important
therapeutic implications. Inhibition of telomerase can require sustained treatment before progressive
telomere attrition limits proliferation (48, 60, 61), whereas 6-thio-dG incorporation can induce
telomeric dysfunction without prolonged telomere shortening (65, 66). However, rapid telomere
dysfunction does not necessarily confer tumor selectivity. The extent of off-target nucleotide
incorporation, dependence on intracellular metabolic activation, effects on normal progenitor cells, and
durability of tumor responses require direct comparison in clinically relevant models. These
considerations make it premature to infer comparative therapeutic efficacy from biochemical
differences alone.
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BIBR1532 was identified as a selective, non-nucleosidic telomerase inhibitor associated with
progressive telomere shortening and delayed proliferative arrest in telomerase-positive cancer-cell
models (62). Subsequent kinetic analysis characterized mixed-type noncompetitive inhibition and
reduced repeat-addition processivity, consistent with a binding site distinct from the DNA-primer and
dNTP sites (67). BIBR1532 therefore became the principal chemical probe for TERT-directed
inhibition (Fig. 3C) (62, 67). However, limited cellular potency, incompletely characterized
pharmacokinetic properties, and the historical lack of a validated human binding site have constrained
its clinical development (48, 49). Previous medicinal-chemistry studies explored BIBR1532-derived
analogs and related scaffolds, using ligand-based design and preclinical activity assays to investigate
their telomerase-inhibitory potential (68, 69). However, these compounds were developed before the
human BIBR1532-binding pocket was structurally characterized. The identification of this pocket now
provides an experimentally defined framework for future structure-guided optimization (49).

6. Structural Basis of BIBR1532-Mediated Human TERT Inhibition

Early biochemical studies established that BIBR1532 inhibits human telomerase without directly
competing with nucleotide substrates, although its binding site initially remained unknown (67). The
first structural evidence for BIBR1532 binding came from a crystal structure of the inhibitor bound to
the isolated Tribolium castaneum TERT-like protein (tcTERT). In this beetle model, BIBR1532
occupied a hydrophobic pocket formed by the FVYL region of the C-terminal extension (CTE), or
thumb domain, outside the catalytic center (Fig. 4A) (30). However, a subsequent RNA-DNA-bound
tcTERT structure revealed an alternative conformation in which residues T487-N492 form an o-helix,
positioning L490 and F494 within the proposed pocket and preventing inhibitor occupancy (31). These
findings indicated that the beetle CTE pocket is conformationally variable. Sequence and structural
differences, including replacement of beetle F494 with asparagine in human TERT, further limited
direct extrapolation to the human enzyme (30, 32). The absence of an identified endogenous Tribolium
telomerase RNA and the incomplete domain architecture of the isolated beetle protein introduced
additional limitations (31, 32). Although subsequent medicinal-chemistry studies investigated
BIBR1532-related scaffolds, these efforts preceded experimental identification of its binding site in
human telomerase (68, 69).

More recently, nine cryo-EM structures of human telomerase, encompassing inhibitor-bound and
inhibitor-free catalytic states, identified a distinct BIBR1532-binding pocket within the human TERT
reverse transcriptase domain, between the finger and palm regions (Fig. 4B, C) (49). Unlike the beetle
CTE pocket, the human site lies near the template—DNA duplex but remains separate from the catalytic
center, consistent with the previously observed noncompetitive inhibition (49, 67). The ligand is
surrounded by residues from the finger, motif 3, motif B, the motif-B loop, and the IFD-TRAP
connecting region (49). Within this pocket, S835 forms a hydrogen bond with the BIBR1532
carboxylate, H816 stacks against its naphthalene group, and L617 rearranges to accommodate the ligand
(Fig. 4D) (49). Mutational analysis linked these interactions to inhibitor sensitivity, providing
experimental support for the human binding-site assignment (49). Thus, the beetle and human structures
identify spatially and mechanistically distinct binding sites; the human structures, rather than the earlier
beetle model, establish the molecular basis for interpreting BIBR1532 inhibition of human telomerase.

Comparison of inhibitor-bound and inhibitor-free states supports a mechanism in which BIBR1532
impairs template—DNA duplex repositioning rather than directly occupying the nucleotide-binding site
(49). Before adding the first nucleotide, the initially aligned template-DNA duplex undergoes an
additional one-nucleotide repositioning step to reach a catalytically competent register. BIBR1532-
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bound particles populated distorted and partially translocated intermediates, indicating that ligand
binding slows this transition. The pocket lies within a network formed by the finger p-sheet, motif-B
loop, and template-interacting elements; pocket occupation restrains the coordinated protein and RNA-
template dynamics required for the template to follow the movement of the DNA primer (49).

BIBR1532 preferentially inhibits the intrinsically slow first nucleotide-addition step (47, 49). The
authors proposed that pyrophosphate release helps drive subsequent duplex translocation, contributing
to the smaller inhibitory effects at later steps (49). Together, the structural, biochemical, and mutational
results support a model in which BIBR 1532 inhibits human telomerase by restricting the conformational
changes required for template—-DNA duplex repositioning rather than competing directly with incoming
nucleotides (49, 67). The preferential effect on the slow first nucleotide-addition step is consistent with
this mechanism, although further time-resolved and cellular studies are needed to define how pocket
occupancy influences the complete catalytic cycle under physiological conditions.

An important unresolved question is whether the conformational states captured in purified telomerase
accurately represent inhibitor action at chromosome ends in cancer cells. The structural experiments
establish the location of BIBR1532 and its effects on the catalytic cycle, but they do not directly measure
the duration of intracellular target occupancy or the influence of shelterin-associated factors, local
substrate availability, and telomere-associated chromatin. These variables could alter inhibitor
sensitivity or the consequences of impaired repeat synthesis. Complementary studies in cancer cells
should therefore connect pocket-specific target engagement with telomerase activity, telomere
dysfunction, and sustained proliferative responses. Such experiments would also help distinguish
effects caused by direct telomerase inhibition from unrelated activities of candidate compounds.
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Figure 4. Distinct BIBR1532-binding sites in beetle and human telomerase reverse transcriptase. (4) Structure of the
Tribolium castaneum TERT-like protein (tcTERT) bound to BIBR1532, showing the inhibitor in a pocket within the C-terminal
extension (CTE). (B) Structure of human TERT (hTERT) bound to BIBR1532, showing the inhibitor in a distinct pocket within
the reverse transcriptase (RT) domain, between the finger and palm regions. The telomerase essential N-terminal (TEN),
telomerase RNA-binding (TRBD), RT, and CTE domains are indicated. (C) Structural alignment of beetle and human TERT
illustrates the spatial separation of the two inhibitor-binding sites (approximately 56 A in the depicted alignment). (D) Human
telomerase catalytic core showing the position of BIBR1532 within hTERT (left) and an enlarged view of its binding pocket
(right). The inset shows motif-B-loop residues P832 and S835, finger residues L617 and M636, motif-B residue H816, and
residues F812 and M813 in the IFD connecting region surrounding BIBR1532. Dashed lines indicate the depicted polar
interactions. The beetle and human structures reveal distinct inhibitor-binding sites, the beetle pocket should not be interpreted
as the corresponding human binding site. This figure was created with PyMOL. Abbreviations: CTE, C-terminal extension;
hTERT, human telomerase reverse transcriptase; IFD, insertion in fingers domain; RT, reverse transcriptase; tcTERT,
Tribolium castaneum telomerase reverse transcriptase-like protein; TEN, telomerase essential N-terminal domain; TRBD,
telomerase RNA-binding domain.

Discussion

The human telomerase—-BIBR1532 structures establish an experimentally validated small-molecule-
binding pocket in hTERT that is linked to an essential catalytic transition (49). By locating BIBR1532
between the finger and palm regions of the reverse transcriptase domain, these structures demonstrate
that telomerase can be inhibited through interference with template-DNA duplex repositioning without
direct occupation of the nucleotide-binding site (49). This finding provides a human-specific structural
foundation for inhibitor development, particularly because the human pocket differs from the binding
site previously identified in the beetle TERT-like protein (30, 49). Nevertheless, BIBR1532 remains a
structural and biochemical starting point rather than an established anticancer drug candidate. Earlier
medicinal-chemistry studies of BIBR1532-related compounds support the feasibility of scaffold
modification, but their optimization preceded identification of the human binding pocket and should
not be interpreted as human-structure-guided drug development (68, 69).

The next challenge is to translate this structural information into compounds with improved potency,
selectivity, physicochemical properties, and cellular exposure. The resolved human pocket provides
opportunities to preserve the S835 hydrogen bond and interactions involving H816 and L617 while
exploring adjacent regions near the motif-B loop, motif 3N entrance, and IFD-TRAP connecting region
(49). Because pocket conformation and ligand accessibility may vary across catalytic states, lead
optimization should consider both inhibitor-bound and inhibitor-free structures. Candidate compounds
should first be assessed through quantitative binding measurements, telomerase activity and repeat-
addition processivity assays, inhibitor-bound structural studies, and mutational analysis of pocket
residues. Compounds with convincing biochemical activity should then undergo cellular target-
engagement studies, evaluation of telomere dysfunction and antiproliferative effects, selectivity testing,
and pharmacokinetic—pharmacodynamic assessment. These experiments are essential because binding
to purified telomerase does not establish adequate intracellular exposure, sustained target occupancy,
or an acceptable therapeutic window.

Clinical translation will also require identifying tumors in which telomerase inhibition is likely to
produce a meaningful therapeutic effect. Telomerase activation, baseline telomere length, proliferative
capacity, and the presence of alternative lengthening of telomeres (ALT) may influence treatment
response (12, 20). Highly proliferative, telomerase-dependent tumors with relatively short telomeres
and no detectable ALT activity could be investigated in initial proof-of-concept studies, although these
selection criteria remain hypothetical and require prospective validation. TERT expression alone is
unlikely to provide a sufficient predictive biomarker; functional telomerase activity, telomere-
maintenance mechanism, checkpoint status, and intratumoral heterogeneity should also be considered.
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Resistance to direct TERT inhibition also requires systematic investigation. Mutations that alter the
newly characterized binding pocket could potentially reduce inhibitor affinity while preserving
sufficient catalytic activity, although clinically relevant resistance substitutions have not been
established. Tumors may also differ in their capacity to tolerate telomere dysfunction or adapt through
alternative telomere-maintenance mechanisms (20, 48, 62, 65). Longitudinal studies using molecularly
characterized cancer models, including models with distinct checkpoint backgrounds and telomere
lengths, could help distinguish primary resistance from adaptation during treatment. Serial
measurements of telomerase activity, telomere length, telomere-associated DNA damage, and ALT-
associated phenotypes would be particularly informative. These studies should precede claims that
human-pocket-directed TERT inhibitors can overcome resistance associated with existing telomerase-
directed treatments.

Combination approaches may help address delayed responses or adaptive resistance. For example,
telomerase-dependent incorporation of 6-thio-2'-deoxyguanosine offers a mechanistically distinct
means of inducing telomere dysfunction (65). Combinations with agents that increase replication stress
or impair DNA-damage tolerance also merit investigation, but their development should depend on
experimentally demonstrated benefit and acceptable toxicity. Hematologic safety is particularly
important, as the clinical experience with imetelstat has demonstrated substantial risks of neutropenia
and thrombocytopenia (63).

DiffSBDD uses protein-pocket-conditioned equivariant diffusion to generate three-dimensional ligands
and supports molecular redesign and computational property optimization (70). CMD-GEN combines
pocket-conditioned pharmacophore generation with molecular design and conformation alignment,
with experimental validation involving PARP1/2 inhibitors (71). PocketXMol provides an atom-level
framework for docking, de novo design, fragment growing, fragment linking, and molecular
optimization (72). None of these methods has yet been established as effective for developing human
TERT inhibitors. Nevertheless, the human telomerase-BIBR1532 structures provide a defined ligand
pose, experimentally characterized contact residues, and multiple catalytic conformations that could
support scaffold optimization and exploration of alternative chemotypes (49). Computational
approaches should account for pocket flexibility, the neighboring RNA-DNA duplex, and relevant
solvent interactions rather than relying on a single static structure. Their principal contribution would
be to prioritize chemically diverse candidates for the staged experimental program outlined above,
potentially expanding the range of human TERT inhibitors beyond BIBR1532-related scaffolds.
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