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Abstract: Telomeres are structurally nucleoprotein complexes at termini of linear chromosomes and
essential to chromosome stability/integrity. In normal human cells, telomere length erodes progres-
sively with each round of cell divisions, which serves as an important barrier to uncontrolled prolifera-
tion and malignant transformation. In sharp contrast, telomere maintenance is a key feature of human
malignant cells and required for their infinite proliferation and maintenance of other cancer hallmarks
as well. Thus, a telomere-based anti-cancer strategy has long been suggested. However, clinically effi-
cient and specific drugs targeting cancer telomere-maintenance have still been in their infancy thus far.
To achieve this goal, it is highly necessary to elucidate how exactly cancer cells maintain functional
telomeres. In the last two decades, numerous studies have provided profound mechanistic insights, and
the identified mechanisms include the aberrant activation of telomerase or the alternative lengthening of
bor: telomere pathway responsible for telomere elongation, dysregulation and mutation of telomere-
10.2174/1568026620666200106145340
associated factors, and other telomere homeostasis-related signaling nodes. In the present review, these
@ CrossMark various strategies employed by malignant cells to regulate their telomere length, structure and function

have been summarized, and potential implications of these findings in the rational development of te-
lomere-based cancer therapy and other clinical applications for precision oncology have been discussed.
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One essential hallmark of telomeres is their progressive
attrition with successive divisions of human somatic cells
due to the end-replication problem plus the lack or insuffi-
ciency of telomere-lengthening activities [1, 2]. When te-
lomeres shorten to a threshold length to disrupt their capping
function, the DNA damage response pathway is activated
and cells are subsequently induced to enter a stable growth
arrest status named replicative senescence or M1 stage [1, 4,
5]. Thus, telomere shortening acts as a mitotic O’clock,
counting dividing times of cells and conferring them a lim-
ited lifespan. In sharp contrast, however, infinite prolifera-
tion is one of key hallmarks for cancer cells [6]. To acquire
an immortal phenotype, malignant cells must overcome the
senescence barrier by stabilizing their telomere length, and
two major mechanisms have so far been identified to ac-
tively lengthen telomeres in cancer cells: activation of te-
lomerase and Alternative-lengthening of Telomere (ALT) [1,

Human linear chromosomes terminate with arrays of
TTAGGG sequences lasting 6 — 20 kb long so-called te-
lomeric DNA, and these telomeric repeats normally harbor
3’-signle-stranded DNA overhang that invades into the du-
plexed region to generate T-loops [1, 2]. Such a DNA struc-
ture is further bound by a six protein-containing shelterin
(TRF1, TRF2, RAP1, TIN2, TPP1 and POT1) to form a spe-
cial nucleoprotein complex of telomeres [1, 2] (Fig. 1). The
nucleoprotein structure of telomeres functions as a protective
cap at the end of chromosomes to maintain genomic stability
and integrity, which is primarily achieved by inhibiting the
DNA damage response through the following mechanisms:
First, the telomere structure hides the chromosome end being
recognized as DNA breaks, and second, TRF2 retards Ataxia
Telangiectasia-mutated (ATM) Signaling/Non-homologous
End Joining (NHEJ), whereas POT! inhibits Rad3-related

(ATR) Signaling/Homologous Recombination (HR) [1, 2].
In addition, the telomere complex also contains long non-
coding RNA transcribed from telomeric repetitive DNA
(TERRA), a recently identified component required for the
maintenance of functional telomere structure [3] (Fig. 1).
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6-8]. The telomerase and ALT pathways are responsible for
telomere length maintenance of ~ 90% and 5% - 10% of hu-
man cancers, respectively [7-9].

As described above, telomerase activation is the pre-
dominant strategy utilized by cancer cells to maintain their
telomere length, and therefore has been one of the exten-
sively studied areas in cancer research [1, 5, 7, 8]. Telom-
erase is an RNA-dependent DNA polymerase adding te-
lomeric DNA onto chromosome ends [1, 7]. Although as a
multi-unit complex, its core components only include the
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catalytic Subunit Telomerase Reverse Transcriptase (TERT)
and a RNA component (TERC) as a template [1] (Fig. 1).
TERC is ubiquitously expressed in human somatic cells,
while the TERT gene is tightly repressed at the transcrip-
tional level in the vast majority of normal human cells [1, 8,
10], which results in telomerase silence in these cells. During
the tumorigenic process, the de-repression of the TERT gene
and induction of TERT expression are required for telom-
erase activation [1, 8, 10]. Thus, TERT is a rate-limiting
element to control telomerase activity. Moreover, in addition
to its canonical telomere-lengthening function, TERT has
recently been shown to exhibit multi-extratelomeric activi-
ties, which include its roles in DNA damage repair, tran-
scription regulation, mitochondrial function, stem cell biol-
ogy and among others [11-21]. All these telomere lengthen-
ing-dependent and independent functions significantly con-
tribute to cancer hallmarks, and promote cancer initiation
and progression.

In addition to the telomere lengthening pathways that ac-
tively elongate telomeric repeats, the shelterin proteins,
TERRA, and other telomere-associated components also
play an important part in the regulation of telomere length
and function [2, 22]. For instance, manipulating TRF1 or
TRF2 expression leads to significant changes in telomere
length and structure without affecting telomerase activity
[22, 23]. Moreover, aberrant alterations in the genetics and
expression of shelterin factors have been observed in human
cancer [2, 24, 25]. These cancer-related changes can remodel
telomere chromatin, promote telomerase recruitment and
accessibility to telomeres, increase genomic instability, and
even exert extratelomeric activities, eventually facilitating
cancer formation and/or progression.
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Collectively, the last two decades have evidenced tre-
mendous progress in cancer telomere biology. In the present
article, the key findings in the cancer-associated telomere-
maintenance research are summarized and how the current
knowledge can be translated into the rational development of
the telomere-based anti-cancer strategy and other potential
applications for precision oncology is discussed.

2. TELOMERE DYNAMICS IN CANCER CELLS:
SHORTER BUT STABILIZED

Cancer cells are known to maintain their telomere length
via the activation of either telomerase or ALT for their infi-
nite proliferation, but their telomeres are in general shorter
than those in their normal counterparts [1, 5] (Fig. 2A). The
co-existence of shorter telomeres and telomerase activity in
cancer cells, seemingly paradoxical, is primarily attributable
to late activation of telomerase during the oncogenic process
[1, 5]. Another potential explanation is that individuals with
shorter telomeres had increased cancer risk [26].

As stated above, dividing normal human cells lose their
telomeric repeats progressively due to the lack or insuffi-
ciency of telomere-maintaining activity and critical short-
ened (dysfunctional) telomeres activate the DNA damage
response signal through which tumor suppressive/growth-
inhibiting (checkpoint) genes are induced and cellular senes-
cence subsequently occurs [1, 5]. In this process, the TP53-
CDKNI1A and CDKN2A-pRB checkpoint signalings are the
major players to initiate stable growth arrest. However, pro-
liferating cells frequently accumulate DNA mutations result-
ing from genetic insults and some of them may acquire the
loss-of-function mutations of genes responsible for the DNA
damage response, including TP53 and pRB [1, 5]. In that
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Fig. (1). The telomere structure/shelterin association and telomerase complex. (A) Telomeric DNA association with the shelterin com-
plex. Telomeric DNA is 8 — 20 kb long double-stranded TTAGGG repeats with a shorter G-rich, single stranded overhang. The overhang
invades into the duplexed region to form T-loops. The shelterin complex is composed of six different factors, including TRF1 (telomeric
repeat-binding factor 1), TRF2 (telomeric repeat-binding factor 2), RAP1 (repressor and activator protein 1), TIN2 (TRF1-interacting nuclear
protein 2), POT1 (protection of telomeres 1) and TPP1 (TINT1/PTOP/PIT1) or ACD (adrendocortical dysplasia homolog). They bind to
either double- (TRF1, TRF2, RAP1 and TIN2) or single-stranded telomeric DNA (TPP1 and POT1). TRF2 and POTI inhibit ataxia te-
langiectasia-mutated (ATM) Signaling/Non-homologous End Joining (NHEJ) and Rad3-related (ATR) signaling, respectively, thereby pre-
venting DNA damage response. TPP1/POT1 regulates telomerase accessibility to telomeres for telomeric DNA synthesis in telomerase-
proficient cells. TERRA interacts with TRF1/2 and other factors associated with telomere chromatin, and it is required for the maintenance
of normal telomere structure and function. (B) The schematic of the telomerase complex. TERT and TERC are the core of the enzyme and
other components include dyskerin, NOP10, NHP2, GAR, repotin (RP), pontin (Pp), heat shock proteins (hsp) 90 and 23.
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case, cells are capable of bypassing senescence and continu-
ing to proliferate even if telomeres become dysfunctional
until a mitotic catastrophe or M2 stage crisis occurs [1, 5].
Cells at M2 crisis are characterized by a massive genomic
instability including loss of telomere capping, breakage fu-
sion-bridge cycles, end-end fusions, rearrangements of
chromosomes, and many other chromosome aberrations. The
vast majority of these cells undergoes apoptosis, while few
of them do survive genomic catastrophes due to TERT in-
duction/telomerase activation. Activated telomerase stabi-
lizes telomeres at a short balance and minimizes genomic
instability to a tolerable level, thereby conferring cells the
ability to proliferate infinitely, but usually insufficient to
further increase telomere length to the pre-senescent level [1,
5] (Fig. 2A). In addition, the activation of the ALT pathway
instead of telomerase may happen, although its frequency is
much lower [1, 5, 9] (Fig. 2A and B). Nevertheless, the sta-
bilization of telomere length and acquisition of immortality
create a prerequisite for cells to undergo malignant
transformation.

The M1 senescence and M2 crisis cell model above is not
only demonstrated by in vitro cellular experiments but also
supported by the findings from analyses of human tissues
during a stepwise carcinogenesis process [27, 28]. In a pre-
vious study, telomere length, DNA damage response and
proliferation during the evolution from precursor lesions
(cervical intraepithelial neoplasia, CIN) have been examined
to invasive cancers of the uterine cervix in sequential patient
samples. Significantly shorter telomeres, the activated DNA
damage response signaling and increased cellular
proliferation were readily present in CIN tissues (Fig. 2C),
while TERT induction occurred preferably at stages of CIN3
and in invasive cancers [27]. Shorter telomeres were coupled
with the activation of DNA damage response and increased
proliferation in both CINs and invasive cervical cancers (Fig.
2C). Such telomere erosions were similarly observed in
other types of pre-malignant lesions and carcinomas [1, 5].
Based on the analysis of 18 430 cancerous materials derived
from 31 different cancer types in The Cancer Genome Atlas
(TCGA) dataset, Barthel et al. [7] further showed that telom-
erase-positive tumors had shorter telomeres than did their
normal adjacent tissues, whereas those ALT-positive tumors
carried heterogeneous lengths of telomeres, either longer,
shorter or unchanged.

All the above in vitro and in vivo findings demonstrate
that shorter telomeres coupled with telomerase activation are
widely present in human cancers, which provide great advan-
tages for the application of telomerase-based therapies in
cancer patients. First, telomerase is silent in most human
somatic cells, and targeting telomerase should thus be spe-
cific to cancer cells with minimal side-effects on normal
ones. Second, tumor cells should be more sensitive to telom-
erase inhibition [5]. It is known that small subsets of normal
human cells, including stem/progenitor cells, activated lym-
phocytes and other highly proliferative cells exhibit telom-
erase activity, and they may be potentially affected by te-
lomerase inhibition. However, these cells carry significantly
longer telomeres than do cancer cells, which offer a valuable
therapeutic window: Telomere stabilization can be readily
disrupted in tumor cells by telomerase perturbation long be-
fore detrimental side-effects occur to normal telomerase-
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positive human cells. Moreover, it was shown that the level
of telomerase activity was only sufficient to maintain the
shortest telomeres in most cancer cells and these cells might
be even super-sensitive to telomerase inhibition [1]. How-
ever, this also indicates that minimal residual levels of te-
lomerase activity may compromise the efficacy of telom-
erase-targeted therapies if the enzyme function is not fully
abolished.

3. THE ACTIVATION OF TELOMERASE OR ALT IN
CANCER: MECHANISTIC INSIGHTS

3.1. Telomerase Activation Through Multiple Mecha-
nisms in Cancer

Present as a multi component-containing complex (Fig.
1), telomerase activity is theoretically subject to being regu-
lated at numerous different levels. However, TERC and
TERT are two essential subunits of the telomerase holy-
enzyme, and have been shown as master determinants to
govern telomerase activation in cancer. Therefore, most stud-
ies have been focused on these two telomerase components,
especially the catalytic subunit TERT.

3.1.1. TERT Expression and Regulation in Normal Human
Cells

Profund insights into the controlling mechanism for the
TERT transcription in a physiological setting are very helpful
to better understandings of the de-repression of the TERT
gene during oncogenesis. The TERT gene is transcriptionally
repressed in most differentiated human cells, which results in
telomerase silencing [1, 8]. However, TERT is expressed in
subsets of cells, including stem cells, activated lymphocytes
and other cells with highly proliferative potentials [1, 8, 29].
The MY C network family transcription factors and WNT/-
catenin signaling have been shown as the key players to acti-
vate the TERT gene transcription and telomerase in these
cells [30-34]. In addition, the TERT promoter bears estrogen
response elements, and estrogen is capable of inducing
TERT expression in certain types of estrogen receptor-
expressing cells, such as lymphocytes, endometrial epithelial
cells and endothelial cells [35-38]. Such TERT expres-
sion/telomerase activation is essential to maintain physio-
logical activities and functions of these normal cells, while
impaired TERT induction results in defective cell prolifera-
tion and/or differentiation, eventually leading to organ or
tissue dysfunction [29, 32, 39].

3.1.2. Cancer-specific TERT Induction via Transcriptional
De-repression

The transcriptional regulation of the TERT gene repre-
sents a fundamental mechanism to suppress telomerase ac-
tivity in normal cells [19, 40, 41]. Induction of TERT ex-
pression by de-repressing this gene is an essential step to
activate telomerase during oncogenesis [8, 19]. It has now
been clear that various strategies are employed by malignant
cells to stimulate TERT transcription and expression, which
include the gain of oncogenic signals and/or loss of tumor
suppression function, tumor virus-derived exogenous onco-
proteins, and epigenetic and/or genetic alterations such as the
promoter hypermethylation or mutation, gene rearrange-
ments and amplification [8, 19] (Fig. 3).
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cell divisions and critical short telomeres trigger senescence if the checkpoint signaling (TP53 and pRB) is intact. However, their inactivation
induces cells to bypass the senescence barrier and to continue proliferation until the M2 crisis stage where genomic catastrophes occur. Most
cells undergo apoptosis, while rare cells survive and acquire immortal phenotype through telomerase activation. The presence of telomerase
activity stabilizes cell telomeres at a short balance even after their transformation. Under rare circumstances, the alternative lengthening of
telomere (ALT) pathway may be activated and the cells have heterogeneous telomere length (Shown as different lengths of orange lines). (B)
The ALT activation induces longer telomere in cervical tumors. The CIN and invasive cancer samples from the same patient are analyzed for
telomere length using FISH. Telomere signals (length) are very weak in CIN, but became significantly stronger in fully transformed tumor
derived from that same patient. The patient was confirmed with ALT in her tumor. (C) Significantly telomere shortening occurs already in
precursors during the carcinogenesis of uterine cervix. Telomere length assessment using quantitative fluorescence in sifu hybridization (Q-
FISH) shows that telomere length (green signals) is comparable between normal cervical epithelial (EP) and stromal cells, but greatly reduced
telomere signals are seen at CIN2 and 3, and telomerase-positive invasive cancer cells as well. Telomere shortening is coupled with the
activation of DNA damage response and increased proliferation as indicated by positive staining of the phosphorylated CHK2 (pCHK2) and
PCNA, respectively. Left: The normal/CIN1 and CIN2 samples were derived from the same patient and the black arrowheads indicate a
transition site between normal and CINI tissues in the patient sample. Right: The CIN3 and cancer samples were derived from the same

patient. The images in (B) and (C) are adapted from Oncogene [27] with permission from Springer/Nature.

3.1.2.1. Cellular or Viral Oncogenes and Tumor Suppres-
sors

Given the critical role of TERT and telomerase in malig-
nant transformation, it is natural that oncogenic factors target
the TERT gene for transcription and telomerase activation.
Indeed, MYC was the first identified cellular oncogene to
possess such a function [30]. Consistently, the cloned TERT
promoter did reveal the presence of two E-boxes (MYC
binding motifs) in the proximal region required for the pro-
moter activity [40, 41]. Further analyses showed that the
MYC family network proteins (MYC/MAX/MADI1) were
heavily involved in the regulation of the TERT transcription
in both normal and cancerous cells [31, 34, 42]. Using a ge-
netic screening system, Lin et al. identified the MYC an-
tagonist MADI as one key negative regulator for TERT tran-
scription in normal human cells [34]. It is well characterized
that the MYC/MAX and MAX/MADI1 heterodimers com-
pete to bind the E-box on their target gene promoters de-
pendent on the abundance of MYC and MADI expression
[34]. Using a differentiation model of human leukemic cells
(HL60 cells), the dynamic changes in the MYC/MAX and
MADI1/MAX occupancy on the TERT promoter and TERT
expression during cellular terminal differentiation have been
analyzed [42]. The MYC/MAX association with the pro-
moter was coupled with high levels of MYC and TERT ex-
pression in undifferentiated HL60 cells, while MAD1 ex-
pression was up-regulated and the MAD1/MAX complex
replaced MYC/MAX to occupy the TERT promoter accom-
panied by the diminished TERT expression upon terminal
differentiation of these leukemia cells [42]. In contrast, the
totally opposite scenario occurred in the in vitro conversion
of normal human cells to malignant ones [43]. Clinically,
MYC is overexpressed in almost half of the human malig-
nancies, and moreover, certain factors may indirectly regu-
late the TERT transcription through the MYC/MAX/MAD1
network family, which collectively suggest the importance of
the MYC-mediated TERT transcription in human carcino-
genesis.

The Wnt/B-Catenin signaling is another good example.
The dysregulated p-Catenin expression and its activating
mutations are frequently observed in human cancer and func-
tion as a driver for malignant transformation and progres-
sion. In 2012, two groups showed that B-Catenin directly

regulates the TERT transcription by binding to the TCF site
in the TERT promoter [32, 33]. Upon B-Catenin binding, the
lysine methyltransferase Setdla is recruited to the promoter,
catalyzing histone H3K4 trimethylation locally and initiating
transcription [32]. TCF1, TCF4 and KLF4 may be also
involved in B-Catenin-mediated TERT transcription [32, 33].

In addition to the MYC/MAX/MAD family and Wnt/j-
Catenin pathways, other cancer-promoting factors, which
include estrogen, HIFs, Ets, NFX1, Tax, DJ-1, E2F, COX2,
survivin, FoxM1, Reptin, mutant FLT3, seminal fluids,
growth factors and cytokines, directly or indirectly regulate
the transcription of the TERT gene, as well [8, 21, 44-50].
On the other hand, it should be pointed out that tumor
suppressors may transcriptionally inhibit TERT expression
under physiological settings. Menin, wt p53, WT1, TGF-B
and MADI act as strong repressors for the TERT gene in
normal cells, while their inhibition or inactivation can lead to
TERT re-expression [34, 51]. Indeed, during oncogenesis,
the inactivation of tumor suppressors is widespread. A
smarter strategy is even employed in renal cell carcinoma
where the mutation of E-box on the TERT promoter erases
the MADI1 binding and its inhibitory action [52]. Taken
together, oncogene activation and/or loss of tumor
suppression function coordinate to induce TERT expression
in human cancer.

Intriguingly, cellular oncogenes may be hijacked by
exogenous viral onco-proteins to induce TERT expression
and to amplify their oncogenic effects. Infection with tumor
viruses is believed to be related to 15% of human cancer, and
these viruses include Human Papillomavirus (HPV),
Hepatitis B Virus (HBV), Hepatitis C Virus (HCV), Epstein-
Barr Virus (EBV), Cytomegalovirus (CMV), Kaposi
sarcoma-associated Herpesvirus (KSHV), human T-cell
Leukemia Virus-1 (HTLV-1) and others [53-55]. Among all
these tumor viruses, the HPV-encoded E6 is a well-
characterized viral oncogene to activate telomerase by
inducing the TERT transcription. E6 and E6-associated
protein interact with c-MYC to transcriptionally activate the
TERT gene through the E-box-binding in the TERT core
promoter [44, 55]. The CMV immediate-early protein 72
was shown to cooperate with the host transcription factor
Spl to robustly promote TERT expression at the
transcriptional level in glioblastoma cells [54]. Such targeted
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activation of TERT transcription might be one of the key
strategies for virus-mediated carcinogenesis.

3.1.2.2. Epigenetic Alterations

The presence and recruitment/assembling of transcription
factors to the TERT promoter are required for its
transcription, but their access and binding to the promoter is
tightly controlled by an epigenetic mechanism involved in

DNA methylation, and histone acetylation, methylation and
phosphorylation [8, 19, 31, 42, 56-60]. The TERT promoter
is embedded in a CpG island and in general, unmethylated in
normal human cells [8, 57, 58]. It is believed that the
hypomethylated TERT promoter allows the binding of
repressors to maintain the closed chromatin structure in those
cells [58]. In sharp contrast, the TERT promoter is
hypermethylated in cancer cells, and sequencing-based high-
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resolution mapping has recently identified the TERT
Hypermethylated Oncological Region (THOR) as a key
epigenetic mechanism to activate TERT expression [58].
THOR is a 433-bp genomic region covering 52 CpGs
located immediately upstream of the TERT core promoter
and responsible for telomerase activation in 90% of human
malignancies [58].

However, such TERT promoter hypermethylation or
THOR is only seen in cancer cells [58, 61]. Normal
lymphocytes, when activated, express high levels of TERT
mRNA and telomerase activity but lack the promoter
hypermethylation [57, 61]. It is currently unclear how the
THOR hypermethylation occurs in oncogenesis and why it is
not required for the TERT trans-activation in normal human
cells. Elucidating this issue may provide new strategies for
telomerase-based cancer therapy.

The chromatin configuration is further governed by
histone modifications. Histone acetylation/deacetylation,
methylation/demethylation and phosphorylation/de-
phosphorylation are all involved in the regulation of TERT
transcription [8, 19, 31, 42, 56, 59, 60, 62]. It was previously
shown that inhibiting histone deacetylases (HDACS)
increased histone acetylation at the TERT promoter and
thereby directly induced TERT expression in normal human
cells lacking telomerase activity [42, 62]. The tumor
suppressor MAD1 occupies the E-box in the TERT promoter
and recruits HDACs to catalyze histone deacetylation
through which repressive chromatin is maintained, while the
oncogene MYC attracts histone acetyltransferases to
acetylate histones associated with the TERT promoter [42,
62]. Therefore, histone acetylation/deacetylation is a
common underlying feature of TERT transactivation/
repression in human cells. In addition, the histone
methytransferase SMYD3 directly binds to (CCCTCC)
motifs within the TERT proximal promoter and specifically
catalyzes histone H3-K4 tri-methylation, thereby activating
TERT transcription [60]. It has also been shown that
SMYD3-mediated H3-K4 tri-methylation licenses the MYC
and Spl binding to the TERT promoter [60]. Taken together,
epigenetic regulators intimately interact with transcription
factors to exert their regulatory effects on the TERT
transcription.

The epigenetic mechanism is also involved in the TERT
regulation via Telomere Position Effect-over Long Distances
(TPE-OLD), a TPE-like mechanism [63]. Long telomeres,
present in early passages of normal human cells, form a te-
lomere-loop structure in the region near the TERT locus,
which mimics the compacted chromatin and leads to a re-
pressed TERT epigenetic state, however, the replication-
induced telomere shortening in aged cells disrupt the repres-
sive loop, which in turn re-configures the chromatin struc-
ture characterized by increased H3-K4 acetylation and meth-
ylation associated with the TERT promoter [63]. Signifi-
cantly altered DNA methylation in the TERT promoter was
also observed in cells carrying very short telomeres. These
permissive changes in the TERT chromatin favor the activa-
tion of the TERT transcription. As very short telomeres are
widespread in human cancer, TPE-OLD may contribute to
TERT/telomerase activation in cancer cells [63]. Indeed, the
effect of TPE-OLD on the TERT expression was observed in
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HeLa cells when their telomere length was experimentally
manipulated.

3.1.2.3. Genetic Aberrations and Germline Variants

The comprehensive characterization of human cancer ge-
nomics by high-throughput sequencing technologies has un-
raveled novel mechanisms to activate TERT transcription
and telomerase. Recurrent TERT promoter mutations, focal
rearrangements/amplification of the TERT locus, and onco-
viral DNA insertion have been shown to play a key role in
the cancer-specific TERT induction [8]. Additionally, certain
Single Nucleotide Polymorphisms (SNPs) in the TERT gene
are involved in the regulation of TERT transcription and te-
lomere length, thereby contributing to the susceptibility or
initiation and even progression of cancer [64-66].

3.1.2.3.1. TERT Promoter Mutations

Two hotspot mutations with a cytidine-to-thymidine
(C>T) dipyrimidine transition at the proximal region of the
TERT promoter (—124 and —146 bp from the ATG), so-
named C228T and C250T, respectively, were originally
identified in sporadic and familiar malignant melanomas six
years ago [67, 68]. Since then, almost all human cancer types
have been analyzed and the mutations frequently observed
[69]. Based on the analysis of all TCGA cohorts with avail-
able mutation data, Barthel e al. [7] showed that average
27% of tumors carried either C228T or C250T mutation,
being the most common mutations of non-coding regulatory
regions in human cancer. The highest mutation rate (up to 80
— 90%) occurs in malignant melanoma, glioblastoma,
urothelial bladder cancer, myxoid liposarcoma, certain types
of skin cancer and medulloblastoma [7, 67-71]. The interme-
diate level of the mutation frequency (15 — 50%) is observed
in Upper Tract Urinary Carcinoma (UTUC), thyroid cancer,
hepatocellular carcinoma (HCC), head and neck cancer,
ovarian clear cell carcinoma and among others. Malignancies
derived from lung, breast, gastrointestinal, prostate and kid-
ney, and blood or bone marrow either lack the mutations or
have a low mutation rate (<10%) [7, 69, 70, 72-74]. Impor-
tantly, the TERT promoter mutation is not found in adjacent
non-tumorous tissues, or other types of normal cells from
sporadic cancer patients. When the C228T mutation was
introduced into normal human bladder stem cells (SCs), this
mutation alone was sufficient to promote transformation of
these SCs by up-regulating TERT expression and activating
telomerase [75], indicating its functional importance in
tumorigenesis.

Primary tumors harboring the TERT promoter mutations
in general express high levels of TERT and telomerase activ-
ity [69]. Mechanistically, either C228T or C250T mutation
creates a de novo binding motif for ETS transcription factors,
thereby up-regulating TERT expression [67, 76]. It was soon
demonstrated that GA-binding proteins (GABPA and
GABPBI), the members of the ETS family transcription
factors, were specifically recruited to the mutant TERT
promoter in cancer cells through which the TERT gene is
transcriptionally induced [76]. In accordance with these
observations, inhibiting the expression of GABPA or
GABPBI led to the down-regulation of TERT expression in
cancer cells bearing a mutant TERT promoter [76-78]. In
mutant TERT promoter-harboring glioblastoma cells,
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GABPBI1 knockdown inhibited TERT expression, induced
telomere shortening/dysfunction, impaired proliferation/
survival, and eventually attenuated tumorigenic ability [78].
Given these findings, GABPA/B1 was thus suggested as a
therapeutic target for mutant TERT promoter-carrying ma-
lignancies.

However, recent findings raised a number of questions
regarding the relationship between GABPA and TERT pro-
moter mutations [79, 80]. In Thyroid Cancer (TC) cells,
GABPA knocking-down inhibited TERT expression in both
wt and mutant TERT promoter-bearing cells [79]. This indi-
cates that GABPA regulates TERT expression independently
of the TERT promoter mutation in TC cells. Moreover,
GABPA depletion facilitated the invasion of TC cells, al-
though TERT expression was down-regulated. Consistently,
higher GABPA expression was inversely associated with
metastatic disease and poor outcomes in TC patients [79].
Mechanistically, DICER1, a component of the microRNA
machinery to inhibit cancer metastasis, was identified as a
direct target gene for GABPA [79]. By promoting DICER1
expression, GABPA inhibits the invasive phenotype of TC
cells [79]. Furthermore, GABPA was shown to suppress the
aggressive phenotype of bladder cancer (BC) by activating
the transcription of FoxAl and GATA3, two transcription
factors responsible for luminal differentiation of urothelial
cells [80]. The TERT promoter mutations occur in up to 85%
of BC tumors, while the GABPA inhibition indeed leads to
the down-regulation of TERT expression, but promotes pro-
liferation, stemness, invasion and drug resistance of BC cells
[80]. In the clinical setting, the aberrant methylation and
deletion of the GABPA gene are widespread in primary BC
tumors [80]. Taken together, the GABPA effect is context-
dependent in oncogenesis and it may act as a tumor suppres-
sor rather than the oncogenic driver in the TC and BC patho-
genesis despite its stimulatory effect on TERT expression
[79, 80]. Importantly, because it takes time for cancer cells to
undergo senescence/apoptosis resulting from telomerase
inhibition mediated by GABP factor depletion [78], while
GABPA knockdown-induced invasiveness may occur im-
mediately, GABPA inactivation will likely lead to rapid TC
and BC tumor disseminating [79, 80]. Thus, it should be
very cautious to target GABP factors for telomerase-based
cancer therapeutics.

3.1.2.3.2. TERT Gene Rearrangements

The rearrangement involved in the TERT locus has long
been noticed in cancer, however, its functional significance
has not yet been well addressed until recently. Several lines
of evidence demonstrate that the rearrangement alters the
genomic structure of the TERT locus, thereby leading to in-
trinsic enhancer hijacking to activate TERT transcription [53,
81].

The TCGA cohort patient analyses revealed that the
TERT structural variants/rearrangements were observed in
more than 15 cancer types and the highest frequency oc-
curred in sarcoma (22%), however, the detailed dissection of
this genetic alteration was not performed. Neuroblastoma is
a tumor where The TERT gene rearrangement has been most
comprehensively analyzed so far [7]. Peifer et al. showed
that 23% of neuroblastoma patients (39/169) at advanced
stages exhibited recurrent rearrangements in a 50 kb region
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proximal of the TERT gene [82]. Similar findings were
reported by the other two groups [81, 83]. Based on these
findings, Valentijn et al. further reviewed NIH Epigenomics
Roadmap data (containing 127 human tissues), and they con-
sistently observed a highly repressed region within 20-kbs
upstream of TERT characterized by a Polycomb-modified
chromatin signature, whereas super-enhancers were readily
found beyond this repressive region [81]. The majority of the
TERT rearrangements lead to the disruption of the Poly-
comb-silenced region and the direct overlapping between
super-enhancers and juxtaposed TERT coding sequence.
Such overlapping results in enhancer-hijacking through
which massive chromatin remodeling and transcriptional
activation of the TERT gene are achieved [81]. All the find-
ings above indicate that TERT rearrangements are not ran-
dom events, and it was observed that the TERT rearrange-
ment induced TERT expression much more efficiently than
did TERT promoter mutations [7].

In neuroblastoma, the TERT gene rearrangement is
mutually exclusive with MYCN amplification and the
mutation of the o-thalassemia/mental retardation X-linked
(ATRX) gene, encoding a SWI/SNF chromatin-remodeling
ATP-dependent helicase [81, 83]. Amplification of the
MYCN gene, the most frequent genomic event in neuro-
blastoma, leads to its over-expression, thereby promoting
TERT transcription [81, 83]. The ATRX mutation is
associated with the acquisition of ALT activity, a recombina-
tion-based mechanism for telomere maintenance [84] (See
the ALT part below for details).

3.1.2.3.3. Tumor Viral DNA Insertions at the TERT Locus

In tumor virus-associated cancer, the TERT transcription
is activated not only by viral oncoproteins as described
above but also by the host genome integration of the viral
DNA. This later mechanism is especially important in HBV-
related pathogenesis of HCC. Horikawa et al. first demon-
strated the presence of the HBV enhancer-containing DNA
in the TERT promoter region and the exogenous viral en-
hancer-driven TERT up-regulation in HCC cells [85]. Using
the next generation sequencing technology to analyze 81
HBV-positive HCC tumors, Sung et al. showed that the
TERT locus was the most frequent target as HBV integration
breakpoints; and they identified the insertion of HBV DNA
there in 18 of examined HCC tumors [86]. The HBV DNA
insertion is not random, because it occurred predominantly
in the TERT promoter region, and almost all the inserted
sequences contained at least one viral enhancer or promoter
[53]. These exogenous enhancers or promoters are hijacked
by HCC cells to promote the TERT transcription and telom-
erase activation. Higher levels of TERT expression were
readily observed in these tumors [86].

HBV-related HCC is widespread in East Asian, espe-
cially in China, but HBV-negative HCC is predominant in
western countries. In these HCCs, the integration of viral
DNA derived from adeno-associated virus type 2 (AAV2)
was observed in 11 of 193 tumors and all the insertion
breakpoints were localized in the regions of cancer-related
genes including TERT [87]. Interestingly, the AAV2 DNA
fragment cloned from the HCC patient tumor substantially
augmented the TERT promoter activity [87]. Likely, a
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similar hijacking mechanism is employed by AAV2 to
activate telomerase in the HCC pathogenesis.

Hijacking inserted HBV promoters or enhancers to acti-
vate the TERT gene is well documented in HCC, however, it
has remained elusive whether the TERT locus is perturbed by
other onco-viral insertions. Analyzing the DNA integration
from HPV, EBV, and BKV in human malignancies, Chen et
al. observed the breakpoints and integrating events at a num-
ber of cancer-driving genes, but the TERT locus was not the
target for insertions by any of these viruses [53]. A recent
preliminary analysis on cells and tumors derived from head
and neck cancer showed that HPV DNA was inserted into
the TERT locus [88], but it is unclear if this finding is repre-
sentative, and functionally important. As HPV infection is
intimately associated with the vast majority of cervical can-
cer [27], more detailed and comprehensive analyses of this
cancer type should help to answer the question above.

3.1.2.3.4. TERT Gene Amplification

Chromosome Sp gains in various kinds of human cancer
have long been documented, for instance, this genomic event
was observed in 70% of tumors derived from patients with
lung adenocarcinoma [89], however, its functional signifi-
cance had been elusive until the TERT gene was cloned in
1997 [90, 91]. Mapping the TERT gene within a ~40 kb gene
body on the short arm of the chromosome 5 (5p.15:33) im-
mediately attracted our attention: the TERT locus might be a
target for the amplification in carcinogenesis. Using
Fluorescence In Situ Hybridization (FISH), it has been dem-
onstrated that the TERT amplification was widespread in
human cancer [92]. Focal copy gains or amplification at the
TERT locus were frequently detected in most cancer types,
while the TERT gene was typically amplified in double-
minuses in neuroblastoma-derived cells, and each cell car-
ried more than 100 TERT copies [92]. During last 20 years,
numerous conventional FISH or qPCR studies and recent
next-generation sequencing analyses have revealed the
prevalence of TERT amplification in multiple types of ma-
lignancies [8]. Moreover, the examination of the TCGA co-
hort (6835 patients from 31 tumor types) showed that TERT-
amplified tumors expressed the highest levels of TERT
mRNA and telomerase activity [7], which suggests a critical
role of the TERT amplification in telomerase activation for
cancer initiation and/or progression.

3.1.2.3.5. SNPs at the TERT Locus

The TERT gene carries multiple SNPs or genetic variants
and a panel of them has been shown to regulate the 7TERT
transcription and telomerase activity, thereby contributing to
cancer susceptibility, cancer treatment resistance, progres-
sion and patient survival [66]. In all the TERT SNPs,
rs2736100 (located in TERT intron 2) is most investigated,
and the variants are associated with the risk of multiple types
of cancer, as shown by published observations [66]. In mye-
loproliferative neoplasia (MPN), MPN cells derived from
patients with rs2736100-CC genotype were found to express
the highest levels of TERT mRNA compared with those
from AC- and AA-carriers (CC>AC>AA) [93]. Consistently,
the luciferase reporter assay showed that the reporter driven
by the rs2736100-CC-containing sequences exhibited sig-
nificantly higher luciferase activity than that by the AA al-
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lele-carrying fragments [94]. Higher TERT mRNA levels
coupled with longer telomere were observed in lung cancer
patients harboring CC genotypes [94]. Taken together, the
1s2736100-CC genotype may facilitate TERT transcription
and expression, which is consistent with increased cancer
risk in individuals carrying this variant [94, 95].

In addition to its direct effect on TERT expression, the
152736100 variant was also shown to affect the occurrence of
TERT promoter mutations in HCC [65]. The rs2736100-CC-
bearing HCC patients exhibited significantly lower rates of
TERT promoter mutations than those with the AA genotype
[65]. This scenario is likely due to the presence of shorter
telomeres in patients carrying rs2376100-AA, because
shorter telomere length is a driver for TERT promoter muta-
tions [72]. Another TERT variant rs2853669, located in the
TERT core promoter, also acts as a modifier of the effect of
the TERT promoter mutations on survival and tumor recur-
rence in different cancer types [96]. These data collectively
suggest that germline TERT variants cross-talk with somatic
genetic alterations to coordinately regulate TERT expression
and oncogenesis. In addition, many other TERT SNPs may
be associated with TERT regulation and cancer risk [66].
The rs2736098 is an SNP in the second exon of the TERT
gene, and its G-allele associated with the risk of multiple
cancer types [66]. The AA genotype of this SNP is also in-
volved in the regulation of the TERT promotor mutation
frequency in HCC [65]. Moreover, individuals carrying
rs2736098-AA exhibit a lower risk for HBV infection [97],
an onco-virus to drive the HCC pathogenesis.

3.1.2.4. TERT Regulation at Post-transcriptional _and
Translational Levels

3.1.2.4.1. The Post-transcriptional Regulation of TERT Ex-
pression

The TERT is a single copy gene consisting of 16 exons
and 15 introns. With a single transcription start site, the
TERT gene is subject to regulation by an alternative splicing
mechanism [41, 98]. The major splicing sites within a TERT
pre-mRNA include three deletion (o, B, and y) and four in-
sertion sites. Splicing at one of these sites alone or different
combinations generates various types of spliced TERT
mRNA, and so far, more than 20 splicing variants have been
identified [98, 99]. As the functional reverse transcriptase
and telomerase-specific T motifs of the TERT protein are
scattered on separate individual exons, the spliced variants
such as a-, B- and y-variants miss parts of sequences encod-
ing the reverse transcriptase domain, and may exert a domi-
nant-negative effect [99]. Some other variants have defective
termination Condon or translation [98, 99]. Therefore,
despite the presence of many transcript variants, the full-
length TERT mRNA is the only transcript that is translated
into a functional protein for telomerase activity.

Intriguingly, certain normal human cells express non-
functional or dominant-negative TERT transcripts, but the
underlying physiological significance is unclear [100].
Likely, residual levels of TERT promoter activity remain in
these cells, and the splicing mechanism is required to totally
inhibit telomerase activity by switching-off expression of the
full-length  TERT mRNA [99]. Conceivably, a TERT
splicing switch to a functional TERT mRNA is necessary for
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tumorigenesis. It has been previously observed that MYC
expression was closely correlated with the presence of the
full-length TERT mRNA in renal cell carcinoma and acti-
vated lymphocytes [101]. Turning on and off MYC expres-
sion led to corresponding changes in expression of full-
length TERT mRNA in lymphoid cells transfected with an
inducible MYC expression vector. Thus, MYC is a key
driver for expression of the functional TERT transcript. The
oncogenic fusion protein EWS-FLI1 was also observed to
promote the full-length TERT splicing switch [102]. In addi-
tion, BRG1 and BRM, the catalytic subunits of the
chromatin-remodeling SWI/SNF complex, are actively
involved in the TERT splicing regulation. They interact with
the splicing factors p54(nrb) and PSF, and are specifically
co-localized with phosphorylated RNA polymerase II in a
region incorporating an alternative splicing acceptor site of
TERT exon 7, which contributes to splicing switch toward
full-length TERT transcripts. Whereas BRM depletion led to
down-regulation of TERT expression and enhancement of
ratios of exon-7-and-8-excluded TERT mRNA that encodes
a (-site-deleted inactive protein [103]. These cells underwent
telomere shortening and eventual replicative senescence
within a period. More recently, a number of splicing factors
and RNA-binding proteins were shown to directly regulate
TERT pre-mRNA splicing. The over-expression of splicing
proteins SRSF11, hnRNPL and hnRNPH2 contribute to
TERT minus beta splicing choice [104]. Sayed ef al. identi-
fied that Neuro-oncological Ventral Antigen 1 (NOVAL), an
RNA-binding factor, directly interacted with TERT pre-
mRNA and promoted the inclusion of exons in the reverse
transcriptase domain of TERT through which splicing was
switched to the production of active TERT transcripts [105].
Stably inhibiting NOVA1 expression in cancer cells leads to
splicing away from full-length TERT transcripts, thereby
inactivating telomerase, inducing telomere dysfunction and
eventually triggering cell growth arrest and apoptosis [105].
These data suggest that the splicing regulation of TERT tran-
scripts may be targeted for cancer therapy.

3.1.2.4.2. The Post-translational Regulation of TERT Ex-
pression/Localization via Phosphorylation _and Ubiquitina-
tion

TERT expression is subject to the post-translational regu-
lation by phosphorylation and ubiquitination. Liu’s group
first documented that protein phosphorylation was involved
in the regulation of telomerase activity [106]. It was soon
identified that AKT kinase phosphorylated TERT protein at
Ser”®” and Ser®** sites, and thereby increased telomerase ac-
tivity [107]. Many studies have so far shown that TERT pro-
tein can be phosphorylated by a number of protein kinases,
including AKT, PKCs, SRC and c-ABL [107-110], but the
functional consequence of TERT phosphorylation is differ-
ent, dependent on the phosphorylated sites. In general, AKT
and PKCs promote while SRC and c-ABL inhibit TERT
activity.

Phosphorylated TERT exhibits a direct effect on the
regulation of telomerase activity, but its subcellular re-
distribution may be equally important. AKT-mediated TERT
phosphorylation at Ser’”’ enhances the interaction between
TERT and importin-a, a nuclear import receptor, and in-
creases TERT retention and availability in nuclei, and this
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phosphorylation event is required for telomere stabilization
and cellular immortalization [111]. In contrast, the TERT
Tyr" phosphorylated by Src kinase promotes its cytoplas-
mic translocation from nuclei via the export receptor CRM1
when cells suffer from oxidative insults [109, 112]. In that
case, TERT is no longer available for telomere lengthening
or other activities and undergoes a rapid degradation in the
cytoplasm, which subsequently compromises cell survival. It
is thus evident from these studies that TERT phosphorylation
mediated by protein kinases is functionally important in tu-
morigenesis.

The ubiquitination pathway also participates in the regu-
lation of TERT expression in cancer. It was previously iden-
tified that the chaperones Hsp23 and Hsp90 interacted with
TERT and were required for the active telomerase complex
assembling [113]. Further studies showed that Hsp23 and
Hsp90 protected TERT from degradation through ubiquitin-
dependent proteolysis. When the interaction between Hsp90
and TERT is disrupted, TERT undergoes ubiquitination
modification catalyzed by the E3 ligase MKRNI and
subsequent  proteasome-mediated  degradation  [114].
Immunophilin FK506-binding protein (FKBP)52, an Hsp90-
binding factor, is also within the TERT-Hsp90 complex, and
FKBP52 inhibition mimics Hsp90-TERT disassociation,
abolishes the nuclear translocation of TERT, resulting in
cytoplasmic accumulation where the proteasome-dependent
degradation of TERT occurs rapidly [115]. On the other
hand, C terminus of Hsc70-interacting protein sequesters
Hsp23 from the TERT complex, thereby leading to the
cytoplasmic retention and degradation of TERT [116]. In
addition, another E3-ligase HDM2 was shown to directly
interact with and polyubiquitinate TERT for its degradation
independently of Hsp90 or Hsp23 [117].

3.1.2.4.3. MicroRNA and Long Non-Coding RNA Regulation
of TERT Expression

The dysregulation of microRNAs (miRNAs), widespread
in human cancer, plays a key role in oncogenesis [118].
Given the critical role of telomerase activation in cancer
formation or progression, TERT could be a key target for
cancer-related miRNAs. Indeed, a panel of such miRNAs
has been identified to regulate TERT expression in various
types of cancer, and interestingly, oncogenic and tumor-
suppressive miRNAs in general exhibit opposite effects on
TERT expression. Tumor suppressive miRNAs include
miRNA-34, 133, 138, 299, 422, 491, 498, 512, 532, 615,
661, 1182, 1266, etc.; and they directly bind to 3’-UTR of
TERT mRNA, inhibiting its translation and/or promoting
mRNA degradation [118]. Oncogenic miRNAs such as
miRNA-19b, 21, and 202 mainly enhance TERT expression
by targeting TERT regulators in an indirect manner [118].

Long non-coding RNAs (IncRNAs) have recently
emerged as players in tumorigenesis, but their regulatory
effect on telomere homeostasis and telomerase activation not
well explored except telomerase-associated TERC and
TERRA (See the discussion below for details). BC032469, a
IncRNA over-expressed in gastric and esophageal cancer,
was observed to up-regulate TERT expression by sponging
miR-1207-5p, a negative TERT regulator [119]. Estrogen
receptor regulates and cooperates with IncRNAs HOTAIR
and MALATI to control the TERT transcription by binding
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to the estrogen response element on the TERT promoter in
prostate cancer cells [120]. Compared to miRNAs, IncRNAs
seem to employ diverse strategies to regulate TERT
expression.

3.1.2.5. Dysregulation of TERC and Other Telomerase
Components in Human Cancer

TERC, a 451 nucleotide-long IncRNA, functions as an
intrinsic ~ template for telomerase-mediated telomere
lengthening, and it together with TERT forms the core of the
telomerase holoenzyme. Unlike TERT, TERC is
ubiquitously expressed in human somatic cells, but its up-
regulation still occurs widely in human cancer, which
indicates the importance of TERC over-expression in cancer
formation and progression [10]. The cancer-promoting effect
of TERC is well exemplified by Marek's disease herpesvirus
(MDV)-mediated malignant T cell lymphoma in chickens
[121]. MDYV encodes a viral TERC (VTERC) sharing 88%
sequence identity with chicken TERC (chTERC). MDV
infection of one-day-old chickens drives tumor formation via
VTERC expression. Moreover, the replacement of vTERC by
chTERC in the MDV genome retains a strong oncogenic
activity, suggesting a similar oncogenic effect of cellular
TERC [122]. In TERC-/- mice, when the tumor suppressor
TP53 is functional, the tumor incidence declined
substantially [123]. Papilloma frequency induced by car-
cinogen treatment was 20-fold lower in TERC—/— mice
compared with their wt counterparts [124]. In humans, indi-
viduals with defective TERC have very low cancer inci-
dences despite an increased hematological precursor lesion
such as myelodysplastic syndrome [125].

All the data above collectively support the cancer-
promoting activity of TERC, which may be telomere-
lengthening dependent or independent. Like TERT, TERC is
not only required for telomere extension, but also exhibits
extra-telomeric functions. For example, TERC interacts with
ATR and inhibits the ATR-mediated DNA damage response,
thereby suppressing the activation of the p53/CHKI-
dependent signaling in response to genotoxic insults [126],
while TERC inhibition results in cell cycle arrest by activat-
ing p53 and CHKI1. More recently, TERC was shown to
function as a transcription factor to stimulate expression of
inflammatory mediators, including LIN37, TPRGIL,
TYROBP, USP16 and others, by forming RNA-DNA
triplexes on the promoters of these genes [127]. This novel
finding raises the possibility of the direct activation of
oncogenic factors by TERC.

The TERC gene is localized at chromosome 3q26 and its
expression in cancer is regulated by many different
mechanisms, including aberrant alterations in transcriptional
and epigenetic statuses, oncogenic signalings, gene
amplification, and among others, which depend on cancer
types [10]. The TERC promoter is rich with binding sites for
numbers of hormone receptors, and transcription factors Spl,
AP1, ETS, and HIF-1 [10]. In addition, three non-canonical
E-boxes are present on the promoter region and MYC
strongly activates the TERC transcription in prostate, breast,
lung and colorectal cancer-derived cells [128]. Therefore, the
transcriptional controlling of TERC expression is one of the
key regulatory mechanisms in these tumors. While in
cervical cancer, the TERC amplification is a predominant
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approach to up-regulate TERC expression and observed in
the vast majority of patients [10].

A key feature of TERC RNA is its unusual long half-life,
lasting more than 2 weeks in TERT-positive cancer cells
[129], however, its maturation and stability may decline
dramatically under certain pathological conditions. Dyskerin,
encoded by dyskeratosis congenita 1 (DKCI) gene, is a
known component in the telomerase complex and stabilizes
TERC RNA, while its mutation accelerates TERC RNA
degradation through which telomerase activity is diminished,
telomere homeostasis is impaired and the onset of
dyskeratosis congenita is triggered [130]. In addition, TERC
RNA maturation was recently shown to be governed by
Poly(A)-specific Ribonuclease (PARN) at a posttranscrip-
tional level, and the inactivating PARN mutations result in
incomplete 3’ end processing and increased destruction of
nascent TERC transcripts [131]. Therefore, telomerase defi-
ciency and related disorders are observed in PARN-
mutation-bearing individuals [131, 132].

In addition to TERT and TERC, two essential subunits
for telomerase activity, alterations of other known
components in the telomerase complex may occur in
tumorigenesis, too. The augmented DKCI expression
mediated by GATA1 robustly increases telomerase activity
in human erythroblasts [133]. Hsp90 was shown to be up-
regulated during prostate cancer progression, through which
telomerase activity was enhanced [134]. The AAA+
superfamily ATPase Reptin is not only associated with the
telomerase complex [135], but also acts as a transcription
factor to promote TERT expression [136], while it, together
with its partner Pontin, is widely overexpressed in human
malignancies [135, 136]. All these factors in the telomerase
complex are required for telomerase activation/telomere
lengthening on the one hand, and may also display other
biological activities to promote tumorigenesis independent of
their stimulatory effect on telomerase on the other.

3.2. The ALT Pathway Activation in Human Cancer

Different from telomerase-mediated telomere synthesis,
the ALT pathway employs HR and homology-based te-
lomere lengthening strategies to maintain telomeres [9]. Ac-
cording to the analysis of TCGA cohorts of cancer patients,
Berthal ef al. estimated that the ALT activation occurred in
5% of all human tumors, lower than previously expected [7],
however, a high frequency (up to 50% or even higher) of
ALT is seen in malignancies derived from mesenchymal and
neural epithelial origins, including various sarcomas, glio-
mas, neuroblastomas, medullary thyroid carcinoma, pancre-
atic neuroendocrine tumors and among others [7, 9]. The
ALT-positive cancer cells are characterized by the following
features [7, 9]: (1) Lack of TERT expression and telomerase
activity; (2) Heterogeneous telomere length coupled with
frequent telomeric-sister chromatid exchange and extrachro-
mosomal linear/circular DNA of telomeric repeats; and (3)
Presence of AL T-associated promyelocytic leukemia bodies
(APBs).

It remains elusive why the ALT pathway is preferably
activated in mesenchymal/neural epithelial tissue-originated
malignancies. One potential explanation is the absence or
trace of TERT and telomerase activity in normal human
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mesenchymal stem cells [7, 9]. Genetically, the inactivation
of the ATP-dependent chromatin remodelers, ATRX and/or
death associated protein-6 (DAXX) promotes ALT and is
frequently observed in ALT-positive tumors [9, 84, 137].
ATRX and DAXX cooperate to deposit histone H3.3 into
telomeric and pericentromeric chromatin to prevent the
formation of a G-quadruplex DNA structure facilitating HR,
thereby leading to telomere shortening. Therefore, the loss-
of-function of ATRX or DAXX gene mutations/deletions con-
tributes to the ALT activation by destabilizing repressive
heterochromatin, accumulating G-quadruplex structures of
telomeric DNA and inducing HR [84, 137]. In line with the
inhibitory effect of ATRX and DAXX on ALT, the re-
introduction of ATRX and DAXX into ALT-positive, ATRX
and DAXX-negative cells, respectively, has been shown to
abolish the ALT phenotype [137, 138]. In addition, IncRNA
TERRA plays a part in the ALT activation. High levels of
TERRA are observed in ALT-positive cells and present in
APBs [139]. TERRA may form RNA/DNA hybrids with the
telomeric C-rich strand, which creates a permissive
environment for the recombination of telomeric DNA [139].

The ALT pathway is only seen in 5% of human cancer,
but has important significances in telomere-based cancer
therapy. If the telomere-lengthening mechanism by
telomerase and ATL is switchable, targeting telomerase in
telomerase-proficient cancer cells may induce treatment
resistance through the ALT activation. Indeed, Hu et al.
[140] showed the ALT switch in telomerase-positive cells
when telomerase was inhibited, combined with the
disruption of ATRX/DAXX complex and induction of
telomeric DNA damage. In addition, the depletion of histone
chaperons ASF1-A/B alone was reported to be sufficient for
the ALT induction, coupled with TERT inhibition [141], in
telomerase-positive cancer cells, suggesting a key role of
ASF1 in suppressing ALT. However, we failed to observe
significantly inhibitory effects of ASF1 knocking-down on
TERT expression in different cancer cells; instead, these
cells underwent senescence due to DNA damage response
provoked by ASF1 inhibition [142, 143]. Because the forced
TERT expression in ALT-positive cells constituted
telomerase activity and both mechanisms are active for
telomere lengthening [41], the additional issue is whether
telomerase and ALT can be co-present in the same tumor
cell or in different clones in same tumor tissues. If it is the
case, targeting telomerase-positive clones will most likely
fuel outgrowth of ALT-positive clones. Further
investigations are required to answer these questions.

4. THE ABERRANT ALTERATIONS IN TELOMERE-
ASSOCIATED SHELTERIN FACTORS AND TERRA
IN CANCER

The physiological function of telomeres is dependent on
its intact structure formed by telomeric DNA, associated
factors (mainly the shelterin complex) and TERRA.
Telomerase or ALT activation stabilizes telomere length in
cancer cells, however, the aberrant alterations in shelterin
factors and TERRA expression also occur frequently during
oncogenesis, which directly or indirectly shapes telomere
chromatins favoring tumor formation and/or progression.
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4.1. The Genetic Aberrations and Dysregulation of
Shelterin Factors in Cancer

4.1.1. Mutations of the Shelterin Factor-encoded Genes in
Human Cancer

Cancer-associated shelterin mutations occur in the POT/
and TPPl-encoded ACD genes. Somatic POTI mutations
were initially identified in Chronic Lymphocytic Leukemia
(CLL), and more frequently seen (up to 9%) in patients
bearing a non-mutated Immunoglobulin Heavy Chain
(IGHV) gene [25, 144]. The mutations are predominantly
within the region encoding the domain harboring
oligosaccharide-oligonucleotide (OB) folds, which impairs
POT1 binding to telomeric DNA and thereby leads to
telomere dysfunction and genomic instability. Consistently,
CLL cells from these POT1 mutation-harboring patients do
have numerous telomeric and chromosomal abnormalities
[25]. The disruption of the interaction between POT1 and
telomeric DNA increases the accessibility of telomerase to
telomeres for their extension. Longer telomeres render CLL
cells more malignant characters. It is known that CLL
without /GHV mutations is aggressive [28], in which POT!
mutation-mediated chromosome instability likely drives the
disease, even more, exacerbated [25, 144]. Thus, the analysis
of POTI mutations in CLL should help improve disease
prognostication and management.

In addition to the somatic POTI mutations in sporadic
CLL, Speedy et al. further identified its germline mutations
in familiar CLL (4/66 families, 6%) [145]. The mutations
either impair the POT1 association with telomeric DNA or
disrupt the interaction between POT1 and TPP1. Telomeric
and cytogenetic aberrations in these patients are similar to
those seen in POTI-mutated sporadic CLLs. Moreover, the
POTI germline mutation has also been found in other
familiar malignancies, including Hodgkin lymphoma,
colorectal cancer, melanoma, cardiac angiosarcoma and
glioma [146-149]. Each of these different familiar
malignancies with POTI mutations, in general, does not
cross with each other, suggesting the modest penetrance of
this genetic event [145].

Searching for potential mutational-drivers in 3 childhood
patients with acute lymphoblastic leukemia (ALL), Spinella
et al. [150] identified the somatic mutation of ACD, a gene
encoding TPP1 shelterin protein in one patient. The mutation
(ACD p.G223V) is adjacent to the TEL patch in the OB-fold
domain of TPP1. The introduction of this mutant form of
TPP1 into leukemia cells promotes telomere lengthening and
resistance to apoptosis induced by chemotherapeutic drugs.
Based on the analyses of the public cancer database
COSMIC (version 71), missense or frameshift mutations in
the ACD gene are found in various cancer types, and many
of these mutations are located in the OB-fold, adjacent to the
TEL patch, and in the POT1 interaction domain. In addition,
the ACD mutations have also been observed in familiar CLL
and melanoma [145, 146]. Thus, the ACD mutation may not
be a rare genetic event in human cancer.

4.1.2. Dysregulation of Shelterin Factor Expression in
Cancer

The regulation of shelterin factor expression in cancer
cells may occur at multiple levels, including transcriptional,
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post-transcriptional and post-translational. TRF1 mRNA
expression in breast cancer is in general down-regulated,
likely due to the promoter hypermethylation and miRNA-
mediated degradation [151-153]. However, contradictory
results obtained from TRFI mRNA and protein analyses,
either high or low, were reported in gastric, lung, liver,
prostate and other cancers [24, 154-159]. Nevertheless,
Bejarano et al. showed that TRF1 was over-expressed in
Glioblastoma Multiforme (GBM) cells, especially GBM
stem cells (GSCs), independently of telomere length. TRF1
deletion induced telomeric DNA damage and reduced
proliferation and GSC phenotypes. TRF1 chemical inhibitors
recapitulated these effects in human GBM cells, and
inhibited GSC self-renewal and tumor growth in xenografts
from patient-derived primary GSCs. Interestingly, BRAF
and ERK2 kinases, in the downstream of the RAS pathway,
phosphorylate TRF1 protein [160, 161], thereby increasing
its stability and binding to telomeres. Inhibition of these
kinases mimicked the effects of TRF1 deletion on telomere
damage and GSC phenotypes in GBM cells, exhibiting good
therapeutic efficacy both in vifro and in vivo. One critical
issue is whether TRF1 inhibitors are useful for tumors with
normal and even lower levels of TRF1 expression, or
whether low TRF1-expressing tumors are more sensitive to
TRF1 inhibition. Further investigations are required to
determine the effect of TRF1 inhibitors on tumor cells
expressing different levels of TRF1. In addition, drugs
specifically targeting BRAF and MEK have been applied in
malignancies carrying BRAF or RAS mutations, and it may
be worthy of assessing whether TRF1 is able to serve as a
variable to predict treatment response.

Unlike TRF1, most studies revealed that TRF2 was over-
expressed in different types of human cancer and promoted
tumorigenesis through telomere protection-dependent or
independent manners [24, 158, 159, 162-164]. Interestingly,
TREF2 is also a direct target gene of f-Catenin, an oncogenic
factor frequently dysregulated in human malignancies [163].
In addition, higher POT1 expression was observed in several
cancer types and hematological neoplasia [24, 165-168].
Increased POT1 expression was suggested as a driver during
the evolution from a precursor lesion monoclonal
gammopathy of undetermined significance to multiple
myeloma, a fully transformed malignancy [165]. However,
the down-regulation of POTI occurred in ALL and was
associated with chromosomal instability [125, 169]. Three
other shelterin proteins (TPP1, TIN2 and RAPI) in cancer
have been so far rarely explored and will not be discussed
here.

4.1.3. TERRA Expression in Cancer

LncRNA TERRA is transcribed by RNA Pol II from the
subtelomere C-rich strand towards the telomere, and its ex-
pression is transcriptionally activated by the chromatin
organizing factor CTCF and the cohesin Rad21 [3, 170,
171]. In addition, TRFI interacts directly with Pol II to
promote TERRA transcription. It has also been shown that a
compacted chromatin status mediated by H3K9 and H4K20
trimethylation and telomeric DNA methylation represses
TERRA expression, which results in differential expression
levels of TERRA between normal and telomerase-positive
malignant cells. The hypermethylation of subtelomere
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regions coupled with reduced TERRA expression was
observed in telomerase-proficient tumors compared to those
in normal cells [172]. ALT-activated tumor cells, in general,
express the highest TERRA, likely due to open chromatin
conformation at subtelomeres and abnormally long telomeres
resulting from the mutation of chromatin remodeling factors
ATRX or DAXX [9].

TERRA plays an important role in the regulation of
telomere structure and function. First, it interacts with TRF1
and TRF2, directing the proper assembly of the shelterin
factors at telomeres. Second, it facilitates telomeric DNA
replication by recruiting origin replication complex 1, or
forming R-loops at chromosome ends [173]. Third, it
promotes DNA damage response and repair at dysfunctional
telomeres. Finally, it is actively involved in the formation of
heterochromatin at subtelomere and telomere regions. In
addition, TERRA may bind to TERC or telomeric repeats to
interfere with telomerase action in telomerase-activated cells,
while promote HR-mediated telomere lengthening through
R-loop formation in ATL-positive cancer cells. Intriguingly,
the deletion of the major TERRA locus induces dramatic
loss of telomeric repeats and a massive DNA damage
response in cancer cells regardless activation of telomerase
or ALT [174]. These findings suggest that targeting TERRA
may be a potential strategy for cancer therapy.

5. IMPLICATIONS OF CANCER-RELATED TE-
LOMERE MAINTENANCE IN PRECISION ONCOL-
OGY

Telomere maintenance is essential to cancer development
and progression, and malignant cells have evolved multiple
specific strategies to achieve this goal. These strategies or
mechanisms involve featured alterations in transcriptomes,
genetics and epigenetics of telomere-related factors (Fig. 4),
which have aroused great enthusiasm for their potential
clinical applications for precision oncology including cancer
intervention, diagnosis and surveillance and prognostication.

5.1. Targeting Telomere Maintenance for Cancer
Therapy

As discussed above, the unique features of telomere
maintenance in cancer make it an ideal target for cancer
therapy: (1) The vast majority of cancer cells carry
significantly shorter telomeres than do normal cells; and (2)
Telomerase is activated in up to 90% of human cancer.
These scenarios thus provide a valuable therapeutic window
for specifically killing cancer cells with minimal side-effects.
Indeed, various types of small-molecules compounds inhibit-
ing telomerase activity through different mechanisms have
been developed [5, 175]. Imetelstat or GRN163L, a synthetic
lipid-conjugated 13-mer N3'—P5’ thio-phosphoramidate
deoxyribo-oligonucleotide that interferes with TERC
function, has been shown to efficiently inhibit telomerase
activity in cancer cells [5, 175]. Imetelstat bears a
complementary sequence to TERC, antagonizing a 13-mer
template within TERC for TTAGGG repeat synthesis. Thus,
Imetelstat treatment of cancer cells leads to telomerase
inhibition accompanied by progressive telomere erosions,
eventually inducing cellular senescence or apoptosis. More
importantly, the Imetelstat application in Myeloproliferative



Telomere-related Markers for Cancer

Current Topics in Medicinal Chemistry, 2020, Vol. 20, No. 6 423

Oncogenic
events

Telomere length

SRS Telomere structure

maintenance — maintenance
4 N
(" Telomerase " (* ALT | ghelterin: TERRA
activation
TERT ATRX TRF1 TL
TERC DAXX TRF2 CTCF
Hsp90/23 APB TIN2 DNMTs
Pontin/Reptin ATR POT1 Rad2
DKC1 TERRA TPP1 TRF1
RAP1
K / \_ ) \ J \_ Y,

Cancer development & progression
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more components in telomere length maintenance and/or telomere chromatin for telomere stabilization and protection during the malignant

transformation and cancer progression.

Neoplasia (MPN) has proven highly effective, and most
patients underwent rapid and durable hematologic and
molecular remissions following the drug administration
[176-178]. However, the therapeutic benefit of Imetelstat to
patients with solid tumors is minimal and severe side-effects
have been documented [179]. Imetelstat seems suitable for
slowly developed malignancies rather than aggressive tu-
mors [179]. Its combination with other therapeutic strategies
may be required to treat solid cancers.

Theoretically, TERT should be the most perfect target for
telomerase inhibition in cancer. However, despite tremen-
dous efforts, the development of the catalytic TERT inhibi-
tors has so far not been very successful. BIBR1532, a potent
and selective telomerase inhibitor, is a non-competitive small
molecule targeting the superficial region of TERT [180,
181]. It was shown to inhibit TERT activity and reduce te-
lomere length in cultured cancer cells without causing acute
cytotoxicity, however, its efficacy is highly telomere length-
dependent, so that it may not be an ideal single therapy agent
for most cancers [5, 180]. In addition, MST-312, the synthe-

sized tea catechin EGCG analogue, was observed to potently
inhibit telomerase activity in different types of malignant
cells [182, 183]. An epigenetic mechanism may be involved
in the down-regulation of TERT expression mediated by
EGCG and MST-312 [184].

For ALT-activated cancer cells, ATR inhibitors VE-821
and KU-55933 were found to induce chromosome fragmen-
tation and cell apoptosis [137]. Mechanistically, these mole-
cules inhibit telomere lengthening by interfering with the HR
activity mediated by ATR kinase [137]. Several ATR
inhibitors have been under clinical trials for cancer treatment
and it is important to evaluate their efficacy on ALT-positive
tumors in clinical studies.

A number of factors maintaining telomere structure such
as TRF1, TERRA and others have been experimentally
tested for their potential values in anti-cancer therapies, and
obtained results did show that their inhibition led to telomere
dysfunction and reduced tumor growth [23, 174]. It should
be highlighted, however, that highly selective killing of tu-
mor cells is of great importance for the development of anti-
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cancer drugs. Telomere structure maintenance is similarly
essential to normal human cells, and it is currently unclear
whether these same treatments are deleterious to them, espe-
cially to normal stem/progenitor cells, immune cells and
other highly proliferative cells. If it is the case, severe side-
effects might be expected, which will certainly prevent their
potential clinical applications. Therefore, it is important to
assess whether targeting these factors is highly selective to
tumor cells and how wide a therapeutic window is.

5.2. Telomere-related Biomarkers for Cancer Diagnosis,
Disease Monitoring and Prognostication

Telomere-related biomarkers specific to cancer are very
useful for cancer diagnosis, progression surveillance and
outcome predictions. Telomerase activity, TERT mRNA,
TERT and TERC gene copy numbers and TERT promoter
mutation or hypermethylation have been extensively tested
for their application in cancer diagnostics. The non-invasive
detection of these biomarkers in circulation or plasma, urine,
stool, and cerebrospinal fluid for the diagnosis/monitoring of
different kinds of cancer are especially attractive [57, 69, 71,
73, 185, 186]. For instance, a very high frequency of the
TERT promoter mutation occurs in bladder cancer and
UTUC, and the urinary assessment of the mutant TERT
promoter has proven valuable in the disease diagnosis and
relapse prediction [71, 73, 185, 187]. The TERC copy num-
ber assay showed high sensitivity and specificity for CINs
and cervical cancer [188].

Telomerase/telomere-related alterations as prognostic
factors for cancer patients have been evaluated in many
clinical observations, but most of them are focused on
TERT. In most analyzed human tumors, higher telomerase
activity and/or TERT expression are closely associated with
poor patient outcomes [7, 64, 69, 79, 189]. GBM patients
with ALT have better outcomes than those with telomerase
activation/TERT expression. In neuroblastoma, tumors with-
out detectable TERT mRNA frequently undergo spontaneous
regression [190], whereas TERT expression, and/or its gene
amplification or rearrangements are the driving-force for the
aggressive disease and associated with significantly shorter
patient survival [81-83]. The presence of TERT promoter
mutations has recently been shown as an unfavorable prog-
nostic factor in a number of cancer types including papillary
thyroid carcinoma, glioblastoma, bladder cancer, and others
[69, 79, 191-193]. In addition, the association between
TERT promoter hypermehtylation and poor outcomes or
progression was reported in brain tumors and adrenocortical
carcinoma [58, 61, 194].

A very few of studies have explored the association be-
tween alterations in cancer-related shelterin factors and
prognosis. TRF2 over-expression was shown to predict
shorter survival in oral carcinoma and HCC [24, 195]. POT1
mutations were associated with aggressive diseases in CLL
patients [144].

CONCLUSION

Telomere stabilization through activation of either telom-
erase or ALT pathway is required for malignant transforma-
tion of human somatic cells and cancer progression. In the
meanwhile, many other telomere-related elements are aber-
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rantly altered in oncogenesis. These cancer-associated
changes have been extensively investigated and the obtained
results have so far provided profound insights into cancer
telomere biology, which is expected to path the way for the
application of telomere-based strategies in precision oncol-
ogy. It should also be highlighted that the telomere stabiliza-
tion is only one part of the whole oncogenic program. Thus,
a better understanding of the oncogenic program and target-
ing upstream events may help efficiently block telomere-
related aberrations in cancer.
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