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1 | INTRODUCTION

Abstract

The telomere is the specialized nucleoprotein complex at the end of the chromo-
some. Its highly conserved 5-TTAGGG-3' repeats and shelterin protein complexes
form a protective loop structure to maintain the integrity and stability of linear chro-
mosomes. Although human somatic cells gradually shorten telomeres to undergo
senescence or crisis, cancer cells activate telomerase, or the recombination-based
mechanism to maintain telomeres and exhibit immortality. As the most frequent
non-coding mutations in cancer, gain-of-function mutations in the promoter region
of the telomerase catalytic subunit, TERT, trigger telomerase activation. Promoter
methylation and copy number gain are also associated with the enhanced TERT ex-
pression. Although telomerase inhibitors were pioneered from telomere-directed
therapeutics, their efficacies are limited to cancer with short telomeres and some
hematological malignancies. Other therapeutic approaches include a nucleoside
analog incorporated to telomeres and TERT promoter-driven oncolytic adenoviruses.
Tankyrase poly(ADP-ribose) polymerase, a positive regulator of telomerase, has been
rediscovered as a target for Wnt-driven cancer. Meanwhile, telomeric nucleic acids
form a higher-order structure called a G-quadruplex (G4). G4s are formed genome-
wide and their dynamics affect various events, including replication, transcription,
and translation. G4-stabilizing compounds (G4 ligands) exert anticancer effects and
are in clinical investigations. Collectively, telomere biology has provided clues for
deeper understanding of cancer, which expands opportunities to discover innovative

anticancer drugs.
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shelterin.! Among the shelterin components (TRF1/TRF2/RAP1/
TIN2/TPP1/POT1), TRF2 and POT1 play major roles in end-capping.

Telomeres are distinguished from DNA double-strand breaks
(DSBs), which otherwise induce cell cycle checkpoint, homologous
recombination (HR), non-homologous end-joining, and cell senes-
cence/death (Figure 1). Telomeric DNA consists of 5-TTAGGG-3'
repeats in vertebrates, and bind to the protein complexes called

Mechanistically, the telomeric 3'-overhang/G-tail forms a lasso-like
“t-loop” structure under the control of CDK-mediated TRF2 phos-
phorylation,? and prevents the DNA damage response. In fission
yeast, telomere loss causes lethality, whereas viable cells arise with

all 3 chromosomes circularized.® These cells cannot produce viable
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FIGURE 1 Functions, structure, and components of telomeres. A, Telomeres form t-loops and protect chromosome ends from the DNA
damage response. HR, homologous recombination; NHEJ, non-homologous end-joining. B, Telomeres gradually shorten according to the
end-replication problem and resection, which defines the cell replicative capacity. C, Shelterin complexes. TRF1/TRF2 and POT1 directly
bind the double-stranded and single-stranded telomeric repeats, respectively

spores, and it is possible that eukaryotic chromosomes need to be
linear, not circular, for meiotic recombination.

Linear chromosomes have another issue called the end-repli-
cation problem; the classical replication machinery cannot com-
pletely replicate the DNA ends. Accordingly, telomeres gradually
shorten at each replication in human somatic cells. Eventually,
dysfunctional telomeres are marked by DNA damage response
proteins, including YH2AX, 53BP1 and phosphorylated ATM, and
the p53-dependent response is induced.* Consequently, the cell
undergoes replicative senescence, characterized by cell cycle ar-
rest, flattened cell morphology, and senescence-associated secre-
tory phenotype.® Thus, telomere shortening prevents unlimited
growth of cells (eg, pre-cancerous cells that obtained oncogenic
mutations). Meanwhile, telomeres are the buffer zone against

the end-replication problem: the telomeric sequence does not

encode any gene, and its erosion will not cause loss of genomic

information.

2 | MECHANISMS AND IMPLICATIONS
FOR ALTERED TELOMERE DYNAMICS IN
CANCER

2.1 | Telomerase confers cell immortality, a hallmark
of cancer

Cells with infinite replicative capacity solve the end-replication
problem by activating the telomere-synthesizing enzyme, telom-
erase. Telomerase holoenzyme consists of a catalytic subunit,
TERT, and a template RNA, TR/TERC (Figure 2A,B). While TR is
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FIGURE 2 Telomerase-mediated telomere synthesis and TERT promoter mutations. A, Telomerase components. Because telomerase
uses RNA as a template for telomeric DNA synthesis, it is classified as a reverse transcriptase. B, The template region of TR anneals the

telomeric 3’-overhang, and telomerase repeats the strand synthesis and translocation. C, Gain-of-function mutations in the TERT promoter

that produce ETS/TCF-binding sites and cause TERT transcription

ubiquitously expressed, TERT is the limiting factor for telomerase
activation. Ectopic TERT expression in fibroblasts maintains the tel-
omere length and extends the replicative capacity or immortalizes
the cells.® As well as proliferative germline cells and some reproduc-
tive cells, 85%-95% of human cancer cells possess telomerase activ-
ity.” TERT has an RNA-dependent RNA polymerase activity, which is
also implicated for cancer progression.8 TERT expression is mediated
by various transcription factors, including MYC, SP-1, E2F, and AP1.
In addition, estrogen receptor o interacts with TERT promoter and
induces its transcription.9

Recent cancer genome analyses have identified gain-of-function
mutations in TERT promoter.10 Mutually exclusive C228T/C250T
mutations produce binding motifs for ETS/TCF family transcription
factors and activate TERT (Figure 2C). These mutations are the most
commonly observed non-coding somatic mutations in cancer. For

example, 83% of primary glioblastoma, 67% of melanoma, and 59%

of bladder cancer harbor the TERT promoter mutations. The fre-
quency of these mutations tends to be higher in cells that originally
exhibited lower self-renewal activity.!! In addition to the TERT pro-
moter mutations, TERT promoter methylation, and copy number gain

of TERT are also associated with upregulation of TERT expression.'?

2.2 | Telomere paradox in cancer and a potential
role of the telomeric non-coding RNA

Without telomerase, longer telomeres would be advantageous for the
replicative lifespan of cells. Once telomerase is reactivated, however,
cancer cells often maintain telomeres shorter than those of normal
cells.*?*3 There would be reasons for this paradoxical phenomenon
(Figure 3). First, a longer telomere has more TRF1s, which suppress

telomerase access. This protein-counting mechanism is conserved
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position effect and TERRA expression

from yeast to human.'* Second, length would not matter if t-loops are
intact. Third, shortened telomeres could easily induce genomic altera-
tions, including aneuploidy, translocations and chromothripsis,*> which
are advantageous to cancer evolution. In fact, cancer with short telom-
eres exhibits poor prognosis.*® Another explanation is that telomeres

that are too long are disadvantageous to cancer. When human cancer

cells with artificially elongated telomeres were injected into immuno-
deficient mice, the resulting tumors exhibited tissue reorganization, in-
cluding duct-like structure formation, downregulation of N-cadherin (a
poor prognostic factor), and repression of interferon-stimulated genes
(1SGs).Y” In those tumors, telomere-elongated cancer cells expressed

higher levels of the telomeric non-coding RNA, TERRA. Because
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TERRA-mimicking oligonucleotides inhibit ISG upregulation in three-
dimensional culture of cancer cells,*® TERRA may repress ISGs in the
telomere-elongated tumors. Given that ISGs are implicated in cancer

19,20

progression, cancer cells may maintain short telomeres to allow

ISG expression.?! Furthermore, the telomere position effect modu-

lates gene expression near telomeres and at long distances.?2%%°

2.3 | ALTernative way to cell immortality
without telomerase

Telomerase-independent HR maintains telomeres in 5%-15% of can-

cer cells.?*2?° This mechanism is called alternative lengthening of

telomeres (ALT) and characterized by telomere length heterogene-
ity and formation of the nuclear promyelocytic leukemia (PML) bod-
ies. ALT is more commonly observed in cancers from mesenchymal
and neuroepithelial cell origins, including osteosarcoma, soft tissue
sarcoma, and astrocytoma. Ectopic expression of TERT in ALT cells
allows the co-existence of telomerase-mediated telomere mainte-
nance and ALT, whereas telomerase-positive cells have a factor that
represses ALT.?® At the genetic level, TERT promoter mutations are
mutually exclusive with ALT-associated loss-of-function mutations,
including ATRX and DAXX, which work for chromatin remodeling
at telomeres.?’ It has been postulated that ATRX/DAXX dysfunc-
tion induces loss of heterochromatin at telomeres, resulting in a

recombination-permissive status. ALT cells exhibit a reduced ability
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to release replication protein A from the single-stranded telomere
DNA, which presumably facilitates recruitment of ATM- and Rad3-
Related (ATR) kinase and telomeric HR. As a potential therapeutic
strategy, it has been reported that ATR kinase inhibitors, such as VE-
821, preferentially inhibit the growth and induce apoptosis of ALT

cells.?®

3 | TELOMERASE AS A THERAPEUTIC
TARGET AND BEYOND

3.1 | Telomerase inhibitors induce telomere
shortening and crisis in cancer cells

The first proof-of-concept for telomerase-targeted therapy was
established by a dominant-negative mutant TERT, which causes
telomere erosion and apoptosis of cancer cells.?? Telomerase in-
hibitors, such as imetelstat/GRN163L, BIBR1532, and MST-312,
shorten telomeres and induce senescence/apoptosis in telomerase-
positive cancer cells.’%3% The first and only telomerase inhibitor
under clinical development is imetelstat, which is a lipid-conjugated
N3'—-P5’ thio-phosphoramidate oligonucleotide with complemen-
tary sequence to TR (Figure 4). However, the anticancer effects of
telomerase inhibitors must await the emergence of critically short-
ened telomeres after continuous drug treatment. Accordingly, can-
cer cells with shorter telomeres are more sensitive to telomerase
inhibitors.3#3> Imetelstat can be administered to pediatric brain can-
cer patients for only 13 d on average.®® Among the adverse effects,
thrombocytopenia is frequent and major cause of discontinuation.
Still, this drug has efficacies against myelofibrosis37 and essential
thrombocythemia,38 and a clinical study is recruiting patients of my-
elodysplastic syndromes. In experimental settings, acquired resist-
ance to telomerase inhibition is caused by enhanced access of the

32

residual telomerase activity to shortened telomeres> or activation

of ALT.%?

3.2 | 6-Thio-2"-deoxyguanosine hijacks telomerase
to induce telomere dysfunction

Instead of its inhibition, telomerase activity may be also used
for producing anticancer impacts. The nucleoside analog 6-thio-
2'-deoxyguanosine (6-thio-dG) is incorporated into telomeres
by telomerase (Figure 4). 6-Thio-dG-incorporated telomeres
induce DNA damage response and senescence or crisis only
in telomerase-positive cells.*® Because this mechanism does
not involve the end-replication problem, its efficacy emerges
rapidly. In mouse xenograft models, 6-thio-dG induces tel-
omere dysfunction and inhibits tumor growth without signifi-
cant side effects. 6-Thio-dG has been effective against various
cancers, including NRAS-driven melanoma, BRAF inhibitor/
immunotherapy-resistant melanoma, therapy-resistant lung

cancer, and pediatric brain cancer in preclinical settings.*! In

6-thio-dG-resistant cancer cells, SLC43A3, an equilibrative nu-
cleobase transporter, is downregulated and is thus proposed as
a biomarker for the drug sensitivity.*?

To date, the relationship between types of TERT gene abnor-
malities and the effects of telomere-directed therapeutics remain
speculative. For example, TERT promoter mutations and methylation
are associated with shorter telomeres compared with other types of
TERT alteration,'? suggesting that these types of tumors might be
more sensitive to telomerase inhibitors. In contrast, copy number
gain of TERT is predicted to correlate with the highest telomerase ac-
tivity among various TERT alterations.*? Accordingly, TERT-amplified
tumors might be more susceptible to the antiproliferative effect of
6-thio-dG because this compound is incorporated into telomeres in
a telomerase-dependent manner.

3.3 | Adenoviral gene therapies that induce
telomerase promoter-driven oncolytic activities

Telomelysin/OBP-301 is a recombinant adenovirus, in which adenovi-
ral E1A/E1B expression is driven by TERT promoter (Figure 4).** This
adenovirus is selectively propagated in TERT-positive cells and effi-
ciently kills them, including esophageal, gastric, and colorectal cancers.
Telomelysin also inhibits lymph node metastasis and enhances the
efficacy of ionizing radiation in orthotopic colorectal and esophageal
cancer xenografts, respectively. Cancer cells killed by OBP-502, a telo-
melysin variant for mouse cells, release ATP and HMGB1 protein, which
recruit CD8-positive lymphocytes and inhibit Foxp3-positive lympho-
cyte infiltration into tumors. Accordingly, OBP-502 enhances the an-
ticancer effect of an anti-PD-1 antibody.44 Furthermore, OBP-702, a
p53-expressing telomelysin variant, inhibits migration, invasion, and or-
thotopic xenograft tumor growth of pancreatic ductal adenocarcinoma
cells more potently than telomelysin.*®

Other TERT promoter-driven oncolytic adenoviruses include
those driven by modified TERT promoters, which contain additional
SP-1/MYC-binding sites and are combined with E2F promoter and
hypoxia response elements.*® These adenoviruses are efficiently
replicated in cancer cells and exhibit anticancer efficacy. In addition,
TERT promoter-driven activation of the CRISPR/Cas9 system is used

for targeting the HRAS gene in bladder cancer cells.*

3.4 | Tankyrase as a positive regulator for
telomerase and Wnt signaling

The efficiency of telomere shortening by a telomerase inhibitor de-
creases when telomeres are shortened because the residual telomer-
ase activity easily accesses the shortened telomeres.*? This paradoxical
issue is alleviated by blocking tankyrase, a member of poly(ADP-ribose)
polymerase (PARP) family (Figure 5A,B).32 Tankyrase has 2 homologs
(TNKS/PARP-5a and TNKS2/PARP-5b) and has been identified as a
TRF1-binding protein.*® It recognizes TRF1 at the ankyrin repeat clus-

ter regions,* and PARylated TRF1 dissociates from telomeres and are
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ubiquitinated for proteasomal degradation.“s'50 PARP inhibitors that
block tankyrase-mediated PARylation retain more TRF1s on telomeres
and fasten telomere shortening by MST-312.32 Intriguingly, murine
(Mus musculus) and rat TRF1s lack tankyrase-binding motifs and are not
PARylated by tankyrase.>* Given that mice and rats have much longer
telomeres (up to 150 kb) than humans (about 10 kb at birth) and activate
telomerase in somatic tissues, tankyrase may not be necessary for these
rodent telomerases.

Apart from human TRF1, tankyrase-binding proteins include
NuMA, MIKI, MCL1, TNKS1BP1, AXIN1/2, PTEN, and MERIT40.
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Tankyrase PARylates them, which affects proliferation, mitosis,
apoptosis, motility, invasion, and DNA repair. Among such functions,
most striking is the positive regulation of Wnt/p-catenin signal-
ing. Tankyrase PARylates AXIN, a negative regulator for Wnt/-
catenin signaling®® (Figure 5C). PARylated AXIN is ubiquitinated
by RNF146 E3 ligase and subjected to proteasomal degradation.53
Tankyrase inhibitors, such as XAV939, GO07-LK, and RK-287107,
block AXIN PARylation, which in turn stabilizes AXIN and degrades
ﬁ-catenin.52'54'55 Accordingly, tankyrase inhibitors downregulate

Wnt/p-catenin signaling and block colorectal cancer cell growth
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in xenograft models. APC loss-of-function mutations are potential

56,57

predictive biomarkers of tankyrase inhibitors, whereas p-caten-

in/CTNNB1 gain-of-function mutations confer the drug resistance.>®
Because Wnt/f-catenin signaling works for intestinal epithelial cells,
continuous administration of tankyrase inhibitors may cause intesti-
nal toxicity.54 Regardless, tankyrase inhibitors target CD44-positive
colorectal cancer stem cells through c-KIT repression and exhibit

promising antitumor activities in combination with irinotecan.””

4 | G-QUADRUPLEX: A PARADIGM
SHIFT FROM THE LENGTH TO SHAPE OF
TELOMERES

4.1 | Biological significance of G-quadruplex and its
connection with cancer

The free energies required for histone association with telomeric DNA
are 10-15 times higher than average DNAs. The reason for such G-rich
repeats being conserved is elusive. Intriguingly, telomeric DNA/RNA
can form a non-canonical nucleic acid structure called G-quadruplex
(G4) (Figure 6A). G4 comprises stacks of planar G-quartets, each
formed by 4 guanines through Hoogsteen hydrogen bonding.%° G4-
forming sequences exist in a genome-wide manner, consisting of 4
G-tracts with loop sequences between the G-tracts.

G4s affect replication, transcription, mRNA splicing, transla-
tion, and epigenetics. Although G4s stall DNA replication forks, G4
formed at the origin G-rich repeated element contributes to replica-
tion origin activity.* G4s in transcription sites bidirectionally regu-
late transcription, presumably by recruiting transcription factors or
inhibiting the progression of RNA polymerase 11.5263 G4s on mRNA
repress translation by blocking the progression of ribosomes or the
recruitment of translation initiation factors.64%

Tumor tissues exhibit elevated G4 formation compared with nor-
mal tissues.®” Because dysfunction of G4 helicases, such as Werner
syndrome protein (WRN) and Bloom syndrome protein (BLM), causes
genome instability,®® G4s may accelerate cancer genome evolution.
Of note, putative G4-forming sequences and G4s are enriched in
proto-oncogenes and cancer-related loci.®””° Upregulation of elF4A,
a translation initiation factor with helicase activity, facilitates onco-
gene translation, including MYC, MYB, NOTCH1, MDM2, and BCL2, by
unwinding G4s on the 5 UTR of mRNAs, and promotes T-cell acute
lymphoblastic leukemia.®® Furthermore, G4s in TERRA are implicated
for ISG repression.’® These observations suggest a functional linkage

between altered G4 dynamics and carcinogenesis.

4.2 | G-quadruplex ligands as novel
anticancer therapeutic drugs

G4 ligands are chemical compounds that stabilize G4s (Figure 6B).
Telomestatin, a natural G4 ligand from Streptomyces anulatus, binds

G4s and inhibits telomerase activity.”! Telomestatin removes TRF2
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and POT1 from telomeres and causes telomere dysfunction in can-
cer cells.”?”® Telomestatin especially inhibits the growth of glioma
stem cells by inducing replication stress and DNA damage.”*”>
Y2H2-6M(4)-oxazole telomestatin derivative inhibits the growth of
glioma stem cells and glioblastoma cells in vivo.”® Other G4 ligands,
pyridostatin, quarfloxin/CX-3543 and CX-5461, cause synthetic le-
thality in BRCA1/2-deficient’””® and ATRX-deficient cancer cells.”’
CMO03, another G4 ligand, inhibits the growth of pancreatic xeno-
graft tumors.8° This ligand represses the genes that have putative
G4-forming sequences and are frequently upregulated in pancreatic
cancer.

Together, the anticancer impacts of G4 ligands involve their DNA
damaging activities and abilities to alter cancer-related gene expres-
sion (Figure 6C). Because G4s in proto-oncogenes repress their
translation,®® those stabilized by G4 ligands may also contribute
to therapeutic efficacy. Among various G4 ligands, quarfloxin and
CX-5461 are being clinically investigated. As exemplified by the CX-
5461 trial, which recruits patients with BRCA1/2 or HR deficiency
germline aberrations, it is important to set biomarkers to predict the
patients who will benefit from treatment.

5 | CONCLUSIONS

The advancement of cancer genome analyses has revealed de-
tailed genomic landscapes of cancer. This knowledge and expand-
ing repertoire of molecularly targeted drugs have opened the door
to cancer precision medicine. Although telomerase-mediated
cell immortality is a general hallmark of cancer, at least in cul-
tures, anticancer impacts of telomerase inhibitors are limited on
those with very short telomeres. In contrast, the nucleoside sub-
strate analog and TERT promoter-driven oncolytic adenoviruses
seem to be broadly applicable to telomerase-positive cancers.
Furthermore, tankyrase inhibitors are cutting edge seeds that tar-
get the yet undruggable Wnt pathway. G4 ligands are intriguing
drug seeds that target the shape of nucleic acids, although the
precise mechanisms for the efficacy await further studies. In con-
clusion, starting from the chromosome ends, telomeres and their
functional modulators have brought new facets to our strategies
for anticancer drug discovery. The time is coming to harvest these

fruits for cancer patients.
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